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Abstract 

The reaction between amorphous boron powder and 
TiO 2, T iOx(OH)  ~ or titanium-alkoxide derived 
polymers ( B: 77 = 4:1 ) was stutfied at 25-1500~C in a 
.[tow ~?[" argon. The borothermic reduction o f  TiO 2 
resulted inJi~rmation ~?[ Ti20 3 and TiBO 3 at 600'=C; 
TiB 2 was.lormed by.further borothermic reduction o1 
TizO 3 and TiB03 above 700C; the overall reaction 
wasJbund to be complete at 1300'C. The particle sizes 
~71 TiB 2 powders obtained were directh' related to the 
starting material used as the titania source. The 
largest particles were obtained when 7702 powder was 
used as the starting material The particles were 
smaller when TiOx( OH ) r powder was used, and the 
smallest particles were obtained when the partialO'- 
hydrolyzed 77 poO'mer, [BuOTiOl .s] , ,  was used as 
the titanium source. The pyroO,sis chemisto' o /  these 
precursors as well as the morphology o J the pyrolysis 
products were studied by FT-IR, TGA, SEM, XRD, 
BET, elemental analyses and particle size anaO,ses. 

Die Reaktion :wischen amorphem Borpulver und 

TiO 2, TiOx( OH)y oder yon Titanalkoxid abgeleite- 
ten Poh,meren ( B: Ti = 4 : 1 ) wurde bei 25-1500~C in 
einem Argonstrom untersucht. Die borthermische 
Reduktion yon TiOzJ~ihrte bei 600°C zur Bildung yon 
Ti20 3 und TiBO 3. Die Bildung yon TiB 2 erJolgte bei 
weiterer borthermischer Reduktion yon 7720 3 und 
TiB03 oberhalb yon 700°C. Die gesamte Reaktion 
war bei 1300':C abgeschlossen. Eine Beziehung 
zwischen erhaltener Teilchengr6fle der TiB2-Pulver 
and dem Titan-Ausgangsmaterial wurde hergestellt. 
Die gr?~[3ten Teilchen ergaben sich bei Verwendung 
yon TiO2-Pulver als Ausgangsmaterial, wiihrend die 
Teilchen bei Verwendung yon TiOx(OH)y klemer 
waren. Die kleinsten Teilehen ergaben sich aus 
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teilhvdroh'sierten Ti-Polymeren, [BuOTiO1.5]  n. Die 
PyroO'sechemie der Precursor als auch die Mor- 
phologie der Pyrolyseprodukte wurden mit Hilfe yon 
FT-IR, TGA, SEM, XRD, BET, E/ementanalyse und 
Teilehengr?~[¢enanalyse untersucht. 

Les auteurs ont ~;tudiO At rOaction entre une poudre de 
bore amorphe et Ti02, TiOx( OH )y ou des polymOres 
d&'iv~,s d'aleoolates de titane, et ce entre 25-1500°C 
dans un .flux d'argon. La rOduction borothermique 
conduit ~'t lajormation de Ti203 el TiBO 3 h 600~;C; 
TiB 2 est .[brmO par une r~;duction borothermique 

subs~quente de Ti20 3 et de TiBO 3 au dessus de 
700C: elTl~n la rOaction globale est complOte h 
1300C. La taille des particules des poudres de TiB 2 
obtenues est directement en rapport at'ec la matiOre 

premiX're utiliske comme source de titane. Les parti- 
cules les plus grossiOres correspondent h l'utilisation 
de TiO 2, des particules plus fines sont obtenues avecla 
poudres de TiO×( OH )y et les plusjines lorsqu'on part 
du polymkre de titane partiellement hydrolysO, 
[BuOTiOt.5] .. La dOcomposition pyroO,tique et la 
morphologie des produits de cette poO'nu;risation ont 
~;t~; ~tudiOes par IR h transJbrmOe de Fourier, TG, 
MEB, d(ffraction RX, BBT, analyse Ol~mentaire et 
analyse de la distribution granulomOtrique. 

1 Introduction 

Titanium diboride (TiB2) is a hard refractory 
material, which possesses a high melting point, low 
electrical resistivity and high thermal conductivity. 
In addition, sintered TiB 2 is resistant to oxidation to 
l l00°C and chemically stable in many harsh, 
corrosive environments. 2 TiB 2 also has low solu- 
bility and is wetted by most molten metals up to 
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1000°C. The combination of these properties makes 
TiB 2 a very interesting engineering ceramic material 
which can be used as ballistic armor, coatings for 
cutting tools, 3 crucibles and electrodes in metal- 
refining equipment such as aluminium reduction 
cellsff Furthermore, previous studies indicated that 
TiB 2 is an excellent component  of high-temperature 
composite materials such as TiB2/SiC, 5'6 and 
TiC/TiB2 .7 

An important element controlling the commercial 
success of TiB 2 as an engineered ceramic material is 
the availability of pure TiB 2 in various forms 
(powder, whiskers, fibers, etc.) for fabricating 
materials at low processing temperatures. There are 
currently four principle methods for preparing TiB 2 
powders: synthesis from the elements (Ti and B) at 
over 2000°C, s reduction of TiO 2 and B203 by 
carbon at 2000°C, 9 reduction of TiO 2 by boron 
carbide and carbon at 2000°C,1'1° and reduction of 
the titanium and boron halides by hydrogen at 
1200°C. 11 Except for the latter, these methods 
require high temperatures. The powders generated 
from these methods, in general, have large particle 
sizes (5-30 ~m) and require extensive milling before 
the material can be processed. Titanium diboride 
powders prepared by carbothermic reduction 
methods are usually contaminated by carbon and 
oxygen which adversely affect the mechanical 
properties of TiB2.1'I2 Therefore, improved 
methods are needed. 

In a recent communication x 3 we reported that the 
reaction between B, C and TiO 2 proceeded by a 
combination of borothermic and carbothermic 
reduction reactions. Since the borothermic reduc- 
tion of TiO 2 proceeded at low temperatures, we 
decided to examine this approach in more detail. 
One of the advantages of this method is that the 
carbon impurity, which usually exists in the TiB2 
products generated from the carbothermic reduc- 
tion of oxides, can be avoided. However, details 
about the reaction mechanism, the composition and 
morphology of intermediate phases for the 
borothermic reduction of TiO 2, as well as the effect 
of the Ti source on these factors, are unresolved 
issues. Our intention was to begin addressing some 
of these issues of borothermic reduction by reacting 
boron powder with TiO 2, TiOx(OH) r, or Ti(O-n- 
Buh-derived polymer. 

2 Experimental Section 

TiB 2 was prepared from boron powder and three 
different titanium oxide sources, TiO2, TiOx(OH) r, 
and [BuOTiO1.5],. The methods used to prepare the 
mixtures of boron powder and the Ti source are 
described below. 

2.1 Preparation of mixtures of boron and TiO 2 
A mixture of boron powder (Gallery Chemical 
Company, Gallery, PA, USA) and TiO2 powder 
(Fluka AG, Buchs, Germany) in a molar ratio of 4:1 
was prepared by adding the powders to a round- 
bottomed flask and dispersing them in tetrahydro- 
furan (THF). After the resulting suspension was 
stirred at room temperature for 2 h, the solvent was 
removed under vacuum at 100°C, leaving a grayish 
powder. 

2.2 Preparation of mixtures of boron and Ti203, 
B203, or TiBO 3 
To study the mechanism for the reaction between 
boron and TiO2, mixtures of boron and other oxides 
were prepared. The same procedure as described 
above was used to prepare these mixtures of boron 
with Ti203, B203 and TiBO 3. The ratios of oxide to 
the boron in these samples were Ti203:7B , 
3TiO/:B, 3TiOz:B203:B and TiBO3:4B. 

2.3 Synthesis of TiB 2 precursors from boron and 
TiO~(OH)., 
The starting material, TiOy(OH)x, for preparation of 
TiB 2 was synthesized by hydrolyzing titanium 
butoxide with five equivalents of water (containing 
ammonium hydroxide) in THF  solvent under 
vigorous stirring. The B :Ti: H20  ratio of the starting 
material is 4:1 : 5; NH4OH was used as the hydroly- 
sis catalyst. Adding the ammonium hydroxide 
(NH~OH) to the Ti(O-n-Bu)4 solution in THF 
resulted in the immediate formation of a white 
precipitate. After stirring the suspension for 0"5 h, 
the boron powder was added into the system. After 
the resulting dark suspension was stirred for 0"5 h, 
the volatile components  were removed under 
vacuum at 150°C, leaving a dark powder. This 
precursor had a nominal composition of 
4B/TiOx(OH)y (2x + y = 4). 

2.4 Synthesis of TiB 2 precursors from [BuOTiO]v 5 
A polymeric titanium precursor was also prepared 
by partially hydrolyzing titanium butoxide (Ti(O-n- 
Bu)J with 1-5 equivalents of H20  in THF solvent 
under vigorous stirring. The resulting yellow solution 
was then mixed with boron powder, yielding a dark 
suspension (the B :T i :H20  ratio in the starting 
material is 4:1 : 1.5). After this suspension was stirred 
at room temperature for 2h, the volatile com- 
ponents were removed by distillation at 150°C under 
vacuum, leaving a dark solid, which was insoluble in 
hydrocarbon solvents. This precursor has a nominal 
composition of 4B/(BuO)TiO 1.5. 

2.5 Pyrolysis of precursors 
Samples of the above mixtures (0"3-1 g) were placed 
in carbon crucibles and pyrolyzed in a carbon 
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furnace under a flow of argon (ultra-high grade) at a 
flow rate of 300ml/min. The temperature was 
increased from room temperature to 1500°C at a 
heating rate of 200~C/h, held at the desirable 
temperature for 6h, and then cooled to room 
temperature. 

The B 2 0  2 by-product was removed by washing 
the pyrolysis product (0-3g) in hot water (85JC, 
50 ml) for 20 min, and the TiB 2 product was isolated 
by filtering. The product was dried at 100C under 
vacuum. 

2.6 Characterization 
Diffuse reflectance infrared Fourier t ransform 
spectroscopy (DRIFTS) studies were performed 
with an infrared (IR) spectrometer (Nicolet PC/IR- 
44, Nicolet Analytical Instruments, Madison, WI, 
USA). Samples were prepared by mixing the starting 
material or the pyrolysis product with dry KBr in a 
drybox. The ground mixture was transferred into the 
IR sample cell in the drybox and quickly transferred 
to the IR spectrometer's sample chamber which was 
flushed with N 2 for a minimum 10 min before data 
collection. Thermal decomposition of the starting 
materials was studied by thermal gravimetric 
analysis (TGA) (TGAT, The Perkin-Elmer Corpor- 
ation, Norwalk, CT, USA). X-ray powder diffraction 
(XRD) patterns were measured with a X-ray 
diffractometer (Rigaku 300, Rigaku Corporation, 
Japan) employing CuK:~ radiation and a Ni filter at a 
scanning rate of 10/min.  The X-ray peak assign- 
ments were carried out using Rigaku software 
JCPDS peak indexing program. The preparation of 
the samples for the XRD measurements was 
performed by grinding the sample in the glove box 
and putting the resulting fine powder on a piece of 
greased glass slide to minimize the oxidation and 
hydrolysis of the samples. When the XRD samples 
were prepared by grinding the sample in air, 
dispersing the fine powder in collodion on a glass 
slide, and drying the slide in an oven, severe 
hydrolysis and oxidation of boron suboxides were 
observed. The particle-size distribution (by area) of 
the pyrolysis products was measured by a centrifugal 
analysis method (Capa-500, Horiba Inst. Irving, 
CA, USA) using samples dispersed in isopropanol 
with an ultrasonic bath. The specific surface area of 
the product was measured by single-point BET 
(Quantasorb, Quantachrome Corp., Syosset, NY, 
USA). The morphologies of the starting materials 
and the pyrolysis products were observed using a 
scanning electron microscope (SEM Model S-530; 
Hitachi Inst. Inc., Mountain View, CA, USA). 
Elemental analyses were obtained from E +  R 
Microanalytical Laboratory, Inc. (Corona, NY, 
USA). 

3 Results and Discussion 

The borothermic reduction of metal oxides is well 
knownflL°x4 17 and Peshev et al.l 5 have studied 
the reaction between boron and TiO 2. Based on 
these previous studies, we expected the borothermic 
reduction to proceed according to the following 
reaction: 

4B + TiO 2 --+ TiB 2 + B202 (1) 

The B202 produced by this reaction is reported to be 
an amorphous solid. ~ 7 To investigate the properties 
of the titanium diboride obtained by the above 
reaction, boron was reacted with TiO 2, TiOx(OH)~,, 
or partially hydrolyzed titanium butoxide at 500- 
1500C. The boron source used in this study was an 
amorphous powder, which was composed of sub- 
micrometre particles (the average size of the boron 
particles dispersed in isopropanol was 0.22 pm based 
on the centrifugal particle size measurement; the 
specific surface area was 20"41 m2/g from BET 
measurements). The elemental analysis of this 
powder indicated a 94.06% boron content; oxygen 
was assumed to be the major impurity due to surface 
oxidation. The TiO 2 sources were crystalline (ana- 
tase) TiO2 powder with an average particle size of 
0-63 ltm and a specific surface area of 2.94 m2/g, an 
amorphous titanium hydrous oxide (TiOx(OH)0, or 
the titanium butoxide-derived ([BuOTiO~.s],) 
polymer. 

3.1 Synthesis of TiB 2 from boron and TiO2 
Based on the XRD studies, the reaction between 
TiO 2 and boron powders began at 600'C. The 
product obtained from TiO 2 and boron powders 
(B :Ti = 4: 1 ) after heating to 600°C for 6 h was a dark 
powdery solid. The XRD pattern of the product 
dispersed in grease indicated that crystalline TiO 2 
(anatase), TiBO 3 and Ti203 were present. After 
heating the mixture to 700cC, the XRD pattern 
indicated that the TiO 2 crystalline phase disap- 
peared and TiB 2 appeared (Fig. l(a)) and was now 
present in addition to Ti20 3 and TiBO 3. Further- 
more, the XRD pattern of the product dispersed 
in collodion (Fig. l(b)) showed that the same product 
also contained crystalline B(OH) 3 in addition to 
TiB 2, TiEO 3 and TiBO 3, as indicated by the large 
diffraction peak at 20=27-8 .  The small peak at 
20=27.8 in Fig. l(a) is due to either TiB 2 or to a 
small amount  of B(OH) 3 that formed during sample 
preparation. Either the solvents used for or the 
hydrophilic properties of collodion causes the B202 
in the sample to oxidize and hydrolyze forming 
B(OH)3 .17 The oxidation and hydrolysis of B202 
does not occur or is very slow for samples dispersed 
in a hydrocarbon grease (Fig. l(a)). 

After the mixture of TiO2 and boron was heated at 



406 Z. Jiang, W. E. Rhine 

] a 

D D 

Z 

• Ti203 

aTiB, 

b ~. BTiO 3 
D 

* B(OH)3 

e 

20 30 40 50 

2 THETA 

a 

60 70 80 

Fig. 1. X R D  patterns of  the pyrolysis product obtained from a 
mixture of  TiO2 and boron heated at (a) 700°C, 6 h (in grease), (b) 

700C,  6h (in collodion), and (c) 1300°C, 6h (in grease). 

Table 1. Pyrolysis residues (wt%) for the mixtures 

Ti source Temperature (° C) ~ 

700 900 1300 1500 
(6 h) (20 h) (6 h) (6 h) 

TiO 2 100 100 76.2 51"2 
TiOx(OH)~, 95-1 94.9 76-5 46" 1 
[BuOTiO1.s],  61.1 59.0 32'8 28"3 

a Heating time appears in parentheses. 

900°C, the XRD pattern (in grease) of the resulting 
product indicated that TiB 2 was the only crystalline 
phase. As indicated in Table 1, no weight loss was 
observed after firing a mixture of boron and TiO2 
under argon up to 900°C, which indicated that all the 
B20 2 by-product still remained in the product at 
900°C. The SEM micrograph of the product heated 
at 900°C (Fig. 2(a)) indicated that the product 
contained particles and a glassy phase; the latter 
phase was presumably B20 2. After this product was 
washed with hot water to remove the boron oxide, 
the XRD pattern of the resulting product illustrated 
that TiB 2 was the only crystalline phase, and the 
SEM micrograph (Fig. 2(b)) indicated that the 
product consisted of small agglomerated particles 
(surface area = 8.57 mZ/g). 

The elemental analyses of the product heated to 
900°C indicated that it contained approximately 
10wt% oxygen, suggesting that the reaction be- 
tween boron and TiO2 was not complete at 900°C. 
Further heating the mixture to 1300°C resulted in a 
grayish powder. The XRD analysis (in grease) 
illustrated that TiB 2 was the only crystalline phase 
(Fig. l(c)). We determined (Table 1) that a significant 
weight loss occurred at 1300°C due to the vaporiz- 
ation of boron oxide. However, both SEM and XRD 
analysis (on collodion) of this product revealed that 
some boron oxide still remained in the product. The 
SEM micrograph of the product (Fig. 2(c)) indicated 
the particle sizes had increased relative to that of the 
product obtained at 900°C. The average particle size of 
the product dispersed in isopropanol was 0.74/~m 
(surface area = 6-65 m2/g). Furthermore, elemental 
analyses (Table 2) indicated that the product 

Table 2. Elemental analyses (wt%) of  the products obtained by heating the precursors 
under argon for 6 h 

Ti source Temperature 77 B C H Ba/Ti 
(oc) 

TiO 2 1300" 69.21 30'78 - -  - -  1.97 
1500 h 69.47 30'38 - -  - -  1.94 

TiOx(OH)y 1300 ~ 68'34 31'50 0'50 - -  2'04 
1500 b 68.74 31'38 - -  - -  2"02 

[BuOTiO1.5], 1300" 69.17 30.38 0-52 0"55 1'95 
1500 b 69.84 30.21 0.35 0-10 1.92 

a After washing with hot water. 
b As-pyrolyzed. 
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(a) (c) 

(b) (d) 

Fig. 2. SEM micrographs of product obtained from a mixture ofTiO 2 and boron heated at (a) 900C for 6 h, (b) the same product as (a) 
after washing with H20, (c) 1300 C for 6h, after washing, and (d) 1500C for 6h, as-synthesized. 

contained a low oxygen content (by difference) and a 
stoichiometry close to TiB 2, confirming that the 
reaction was complete after heating at 1300~C for 
6h. 

Heating the mixture to 1500°C resulted in further 
weight loss (Table 1) due to the vaporization of 
boron oxide, and the elemental analyses of  the as- 
fired product showed a stoichiometry close to that of 
the product obtained at 1300C (after washing). This 
result suggested that all the boron oxide by-product 
was vaporized at 1500C. However, the SEM 
micrograph (Fig. 2(d)) of  this product illustrated that 
the TiB 2 particles started to coarsen. 

Our results were slightly different than Peshev and 
Bliznakov's. 14 First, in their work, the crystalline 
TiO2 (either anatase or futile) phase remained in the 
product up to 1500 C; in addition, they did not ob- 
serve Ti20 3 and TiBO3 as intermediates. Secondly, 
our results indicated that the borothermic 
reduction was complete after heating to 1300~C for 
6 h, which was a lower temperature but longer time 
than that reported in Peshev and Bliznakov's work 
(1700°C for 1 h). 

The presence o f T i 2 0  3 and TiBO 3 as intermediate 

products suggested that the borothermic reduction 
of TiO2 is more complicated than depicted by 
reaction (1). Based on our XRD results it appears 
that boron reacts with TiO2 to form Ti203 and 
TiBO 3, and then these two phases disappear at 
900C,  presumably reacting with boron to form 
TiB 2. Therefore, we proposed that the following 
reactions are involved in the borothermic reduction 
of  TiO 2. 

4TiO 2 + 2B ~ 2Ti20 3 + B202 (2) 

B2O 2 + 2TiO 2 --~ 2TiBO 3 (3) 

3TIO2 + B ~ TiBO 3 + Ti20 3 (4) 

2Ti203 + 14B --~ 4TiB 2 + 3 B 2 0 2  (5) 

2TiBO3 + 8B ~ 2TiB 2 + 3 B 2 0  2 (6) 

Here, reaction (4) is the combination of reactions (2) 
and (3). 

To confirm reaction (4), a mixture of TiO 2 and 
boron (3:1 ratio as indicated by reaction 4) was fired 
at 90@C for 6 h under a flow of  argon; Ti20 3 and 
TiBO 3 were the only crystalline phases in the 
product. Furthermore,  since B 2 0  2 can  be formed 
from reaction (7), iv reaction (3) was confirmed by 
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preparing a sample of TiBO 3 by reaction (8). 

2B + 2B20 3 ~ 3B20 2 (7) 

B + 3TIO2 + B203 ---* 3TiBO3 (8) 

Heating a mixture of TiO 2, B20 3 and B in an argon 
atmosphere for 9.5h at 700°C resulted in the 
formation of TiO 2 (futile) and TiBO 3. The conver- 
sion ofanatase to futile is expected since Pavlikov et 
al.~S reported that futile crystallizes from a mixture 
of B20 3 and TiO: if heated above 680°C. After 
heating the mixture at 900°C for 7h, TiBO 3 was 
obtained. The product had the same XRD pattern 
(Fig. 3) as reported by Schmid, 19 and no other 
phases were observed. Titanium borate was also 
prepared by reacting B203 with Ti203, but the 
reaction proceeded slowly and the yield was low. 
Although TiBO a could be prepared by reacting 
BzO 3 with Ti/O 3, BzO 3 is not expected to be a 
product in these reactions. These results imply that 
reaction (2) proceeds to produce B202 which 
subsequently reacts with TiO2 to produce TiBO 3 as 
indicated by reaction (3). 

Reaction (5) was confirmed by heating a mixture 
of boron and Ti203 (7B:Ti203) in an argon 
atmosphere at 900°C for 20 h; the XRD pattern of 
the resulting product indicated that TiB 2 was the 
major phase present and a small amount  of  
unreacted Ti20 3 still remained. Reaction (6) was 
confirmed by heating a mixture of TiBO 3 and B at 
900°C for 13h, and TiB 2 was the only product 
obtained. 

3.2 Synthesis of TiB 2 from boron and TiO,,(OH)y 
The TiB2 particles obtained from the mixture of 
boron and TiOx(OH)r powders were similar to those 

obtained from the mixture of TiO z and boron, but 
there was a significant difference in the particle sizes 
obtained. Pyrolyzing this mixture in an argon 
atmosphere at 900°C for 6h  resulted in small 
particles of TiB 2 (surface area = 20.34 m2/g). After 
heating at 1300°C for 6 h, the small particles ofTiB 2 
increased in size (Fig. 4(a)) (0.2-0-7~tm; surface 
area = 8" l 1 m2/g), and heating the mixture to 1500°C 
increased the particle sizes further (Fig. 4(b)). 
Although the product obtained at 900°C had a high 
surface area, SEM micrographs of the products 
obtained at 1300 and 1500°C indicated that the indi- 
vidual particles were larger than those obtained from 
TiO 2. A small weight loss was observed for the 
mixture at 700-900°C (Table 1); the weight loss 
below 900°C for the mixture of TiOx(OH)y and 
boron was attributed to the condensation of Ti-OH 
groups and subsequent evolution of H20.  In 
addition, the elemental analyses (Table 2) of 
products at 1300 and 1500°C indicated a B/Ti ratio 
of 2"02 and low carbon contents. 

3.3 Synthesis of TiB 2 from boron and Ti(O-n-Bu)4 
derived polymers 
The mixture of boron and [BuOTiO1.5], was 
synthesized by partially hydrolyzing the Ti butoxide 
and mixing the resulting Ti polymer with boron 
powder. The FT-IR spectrum of the as-synthesized 
mixture of boron and [BuOTiOx.5], (Fig. 5(a)) is 
similar to the spectrum reported previously 2° and 
indicated the existence of the -OBu groups; they are 
represented by the strong C-H stretching (2960, 
2929 and 2870cm -1) and C-H bending (1461 and 
1375 cm-1) vibrations. In addition, the broad band 
below 900 cm-1 in the IR spectrum is attributed to 
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(a) 
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Fig. 4. SEM micrographs of the product obtained from a 
mixture of TiOx(OH)y and boron (a) heated at 1300'~C for 6 h, 
after washing, and (b) heated at 1500C for 6 h, as-synthesized. 

the polymeric Ti-O units in the precursor. The 
broad absorption band around 3300 cm-1 is assig- 
ned as the TiO-H stretching vibration; these OH 
groups could be due to the hydrolysis of Ti-OBu 
units during the IR measurement. 

Pyrolysis of this mixture of boron and 
[BuOTiO1.5], in argon resulted in the decompo- 
sition of OBu groups and condensation of Ti-OH 
groups. By 300uC, no organics were left in the 
product based on the IR spectra (Fig. 5(b)). Table 1 
lists the weight of the pyrolysis residues obtained 
between 700 and 1500"C and reveals that there is 
almost a 40% weight loss by 700cC. The XRD 
pattern of the 600C as-pyrolyzed product dispersed 
in grease indicated that TiBO 3 was the only 
crystalline phase; at 700-C, TiB 2 was observed in 
addition to TiBO3. Heating the precursor to 900°C 
increased the crystallinity of TiB2, and the XRD 
peaks corresponding to TiBO 3 disappeared. We 
noticed, based on the XRD results, that no 
crystalline t i tanium oxides formed during the 
pyrolysis between 600 and 900°C, which indicates 
that any reduced titanium oxides are present in the 
amorphous state. 

After the product obtained at 900°C was washed 
with hot water, the resulting product consisted of 
large (30-1001~m), irregularly shaped agglomerates 
which could easily be milled into fine particles. An 
SEM micrograph (Fig. 6(a)) revealed that these 
agglomerates were loosely connected and consisted 
of fine particles. BET studies indicated that this 
product possessed a specific surface area of 
24.23 mZ/g, which is three times higher than that 
(8"57m2/g) for the product obtained from TiO2 
powder under the same conditions. The calculated 

b 

 ,ooo . . . .  3obo . . . .   obo . . . .  tobo ' ' 
NAVBqLII48L=RS 

Fig. 5. IR spectra of the mixture of boron and [BuOTiO1.5],: (a) as prepared and (b) after heating to 300"C. 
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Table3. Sur~ceareas(m2/g)  ~rpyrolys is res idues  

77 source Temperature (° C) a 

900 1300 1500 

TiO2 8"57 6-65 - -  
TiOx(OH)r 20'34 8.11 - -  
[BuOTiOi.5], 23.42 18.99 1.27 

"Heated for 6 h under argon. 

(a) 

(b) 

(c) 

Fig. 6. SEM micrographs of the product obtained from a 
mixture of [BuOTiOl.s] . and boron: (a) heated at 900°C for 6 h, 
after washing, (b) heated at 1300°C for 6 h, after washing, and (c) 

heated at 1500°C for 6 h, as-synthesized. 

equivalent spherical particle size for the TiB 2 
powders were 0"055 and 0.156pm, respectively. 

The differences in particle sizes and surface areas 
between the products generated from the mixture of 
boron and TiO 2 and the mixture of boron and 
[BuOTiOI.5] . could arise because the latter method 
provides more intimate mixing between reactants 

than does mixing boron and TiO 2 powders. There- 
fore, upon decomposition and subsequent 
borothermic reduction, the mixture of boron and 
part ial ly hydrolyzed t i tanium butoxide,  
[-BuOTiO1.5]n, yielded smaller particles and a highly 
agglomerated structure. 

It is also possible that the observed particle size 
differences are related to the particle size of the Ti 
source material. When boron and TiOx(OH)y 
powders were mixed, the surface area of the product 
obtained at 900°C was also high (20.34m2/g). The 
surface areas for the products are summarized in 
Table 3. The particle sizes of the TiB 2 product 
obtained are directly proportional to the expected 
particle size of the titania source material (TiO 2 > 
TiOx(OH)y>pyrolyzed [BuOTiOi.5],). More re- 
search would be needed to determine whether the 
particle size of the titania source or the level of 
mixing is more important. 

After the mixture of boron and [BuOTiO 1.5]. was 
heated at 1300°C for 6h, the XRD pattern (on 
collodion) indicated sharp TiB 2 peaks, and the 
elemental analyses of this product revealed that the 
borothermic reduction was complete. An SEM 
micrograph (Fig. 6(b)) illustrated that the TiB 2 
particles coarsened slightly, but the surface area 
determination indicated that the surface area 
decreased only slightly (18.99 m2/g). Further heating 
the precursor to 1500°C removed the remaining 
B 2 0 2  by-product. SEM micrographs indicated that 
the particles have increased in size and appear 
partially sintered (Fig. 6(c)). The surface area 
decreased to 1.27 m2/g after heating at 1500°C for 
6h. 

In summary, TiB 2 powders with submicron sizes 
can be prepared by the borothermic reduction of 
TiO 2 or TiOx(OH)y powders or [BuOTiOi.5], at 
1300°C for 6 h. The borothermic reduction of TiO 2 
began with the formation ofTi20 3 and TiBOa which 
subsequently reacted with boron to form TiB 2. The 
particle size and mixing of the precursors had an 
effect on the particle size of the TiB2 products, and 
the surface area of the TiB 2 product appeared to 
depend on the titanium starting material. As the 
mixing between boron and titanium became more 
intimate, the surface area of the product (at any 
given temperature) increased. For example, when the 
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partially-hydrolyzed Ti butoxide-derived polymer 
was used as the Ti source, very small TiB= particles 
were obtained, and at 1500~'C the particles appeared 
to be partially sintered. 
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