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Synthesis of TiC via polymeric titanates: 
the preparation of fibres and thin films 
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Polymerization of titanium isopropoxide via its transesterification with o-xylene<z, cz'-diacetate 
enables the formation of a polymeric titanate that can be thermally converted into carbon- 
deficient TiC after inert atmosphere pyrolysis at 800 ~ The physical and rheological properties 
of this polymeric titanate allow for the production of crystalline TiC fibres and thin films. The 
synthesis of this polymeric precursor and the structural transformations leading to the 
formation of TiC are discussed. 

1. Introduction 
The physical and electrical properties of TiC are ideal 
for numerous high-temperature applications [1, 2]. 
Unfortunately, the techniques currently used for the 
production of TiC have restricted its use in these 
applications. In fact, the current production tech- 
niques are physically and economically limited to the 
formation of chemical vapour deposited (CVD) films 
and sintered TiC ceramics [-3, 4]. In order to exploit 
the advantages of TiC, alternative techniques for its 
fabrication must be developed. 

Recently, the preparation of non-oxide ceramics 
through the pyrolysis of polymeric precursors has 
attracted much attention [-5-8]. The use of polymeric 
precursors offers several unique advantages that can 
include lower processing temperatures, improved 
product purities and homogeneities and the ability to 
form fibres and thin films. In this report, these advant- 
ages have been exploited for the preparation of TiC 
fibres and films. 

Bulk titanium carbide is generally prepared by the 
carbothermal reduction of titania [5, 6]. As compared 
to traditional solid state reactions, polymeric pre- 
cursors made from titanium alkoxides are better 
suited for the preparation of TiC as they can provide 
an intimate, molecular scale mixture of titania and 
carbon. Furthermore, the rheological properties of the 
polymeric precursors can be controlled to enable the 
formation of fibres and films. Early attempts using 
such polymeric precursors showed that it is relatively 
simple to prepare crystalline TiC powders [9]. How- 
ever, the fabrication of TiC fibres has proved to be 
difficult. 

To prepare a polymer precursor appropriate for the 
production of TiC fibres, polymerization of titanium 
isopropoxide via transesterification with bifunc- 
tional acetates, H3CCOO-R-OOCCH 3 [R = ( C H 2 ) 3 ,  

(CHz)4, m-xylene, o-xylene, p-xylene], was employed 
[9]. This approach eliminates certain processing prob- 
lems inherent in the typically used sol-gel polymer- 
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izations [10, 11]. In addition, the proper choice and 
use of different orgariic (R) groups could enable con- 
trol of both the internal carbon concentration and the 
rheological properties of the resultant polymers. 

In this work, studies were conducted using poly- 
meric titanates prepared by the transesterification of 
titanium isopropoxide [Ti(O-i-C3HT)4] according to 
the reactions listed in Table I. The products were 
preliminarily screened based upon: (1) solubility, (2) 
ability to be drawn into fibres, (3) ability to form TiC, 
and (4) the temperature at which TiC formed. Trans- 
esterification of titanium isopropoxide with o-xylene- 
~,~'-diacetate results in a polynaeric titanate that is 
soluble in common solvents, can be easily drawn into 
fibres and yields carbon-deficient TiC upon pyrolysis 
at 800 ~ The synthesis, characterization and conver- 
sion of this polymeric precursor into TiC is described 
below. 

2. Experimental procedure 
All manipulations of the titanates were carried out 
either in an inert atmosphere glove box or by means of 
standard Schlenk techniques. Titanium(IV) isoprop- 
oxide and 1,2-benzene-dimethanol were purchased 
and used without further purification. Toluene was 
distilled from sodium and degassed immediately be- 
fore use and deuterated chloroform was dried over 
P205, distilled and stored in the glove box. 

1H NMR spectra were recorded with a Bruker AF- 
200 (200.132 MHz)-Fourier transform-nuclear mag- 
netic resonance (FT-NMR) spectrometer, t3C NMR 
spectra were recorded using a Bruker AM-360 
(90.556 MHz) FT-NMR spectrometer. Solid state 
13 C cold plasma-magic angle spinning-NMR 
(CP-MAS-NMR) spectra were recorded with a 
Bruker MSL-300 (75.470 MHz) FT-NMR spectro- 
meter using a relaxation delay of 8.0 s and a pulse 
width of 10.0 gs. The CP-MAS-NMR samples were 
spun at approximately 4000 Hz. Transmission in- 
frared spectra were obtained using either a Perkin 

0022-2461 �9 1992 Chapman & Hall 



TAB L E I Summary of the reactions of various esters with titanium isopropoxide [Ti(O-i-C 3H7)4] 

Acetate Ratio Theoretical polymer 
structure 

Solubility Temperature 
at which TiC x 
was formed 
(~ 

O 
H C(CH2OCCH3)4 

O O 
H II H3CCO-(CH 2)3-OCCH3 

O O 
IJ II H3CCO-(CHzh-OCCHs 

O O 
H H H3CCO-(CH 2)4-OCCH3 

O O 
]l / U ~  H H3CCO-CH2~-CH2-OCCH 3 

O O 
JI ~ II 

H3CCO-CH 2 ~ -CH2-OCCH 3 

O 
H CH2-OCCH 3 

CH2-O~CH3 
O 

H3CCO-CHz-- \ [(~ 
CH2-OCCH 3 

1:1 

2:1 

1:1 

2:1 

2:1 

1:1 

1:1 

1:1 

/OCH2~ /CH20- ]--  
Ti C ~- 

\OCHz / \ r  

TiN O (CH2)3_O_ 

-Ti O-(CH:)3-O- 

(O-CH(CH3)2) 2 )~- 

Ti/O-(CH2)4-O- i - -  

~NO-(CH2)4 O- Jn-- 

f 1 _ Ti~OCHz-~-CH20- I-  - 

(O-CH(CH3)2)2 J. 

/CH2-O- 1--  

(O-CH(CH 3 )2 )2 

Insoluble 1500 

Insoluble NA 

Soluble in 
toluene, benzene, 
hexane, and CH2C12 

1600 

Soluble in No TiC 
toluene, benzene, TiO formed 
hexane, and CH2CI 2 

Insoluble 1100 

Insoluble 1100 

Insoluble 1100 

{ t -  Soluble in 
- - T i - O - C H 2 - - - @  toluene, benzene, 

I NCH2-O - hexane, and CH2Cl 2 
(O-CH(CH3)2)2 

800 

Elmer 1330 photospectrometer over a range of 
4000-200 cm-  1 or a Beckman FT-1100 photospectro- 
meter over a range of 4000-500 c m - t  

The differential thermal analysis (DTA) and the 
thermogravimetric analysis (TGA) results were ob- 
tained with a Perkin Elmer Thermostation using 
models DTA 1600 and TGS-2. X-ray diffraction pat- 
terns were obtained with a Phillips diffractometer 
using CuK~, radiation at 40 kV and 30 mA. Elemental 
analysis was conducted by Galbraith Laboratories, 
Knoxville, TN. 

The polymeric titanates were pyrolysed at temper- 
atures below 800 ~ in a refractory furnace operated 
inside a nitrogen atmosphere glove box. Pyrolysis at 
temperatures between 800 and 1500 ~ was conducted 
in a flowing argon atmosphere (99.999% Ar), graphite 

refractory furnace (Thermal Technology - Series 
1000). All samples were heated at a rate of approxi- 
mately 10 ~ rain- 1 

2.1. Preparation of o-xylene-0~,o(-diacetate 
To 50.5 g (0.365 tool) 1,2-benzene dimethanol was 
added 150 ml acetic anhydride. The resulting solution 
was refluxed for 2.5 h. The solution was allowed to 
cool to room temperature and then added to 400 ml 
water. The aqueous solution was then extracted with 
three portions toluene (total volume 400 ml). Removal 
of the toluene on a rotary evaporator yielded a yellow 
oil. Distillation of the oil at 150~ under vacuum 
resulted in the isolation of 78.2 g (96%) of o-xylene- 
~,~'-diacetate as a white solid. 
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1H NMR: 7.34 (m-aromatic H), 5.16p.p.m. (s, 
CH2), 2.06 p.p.m. (s), and 2.06 p.p.m. (s, 
CH 3): integration 2: 2: 3, respectively. 

t3C NMR: 160.68 p.p.m., 134.54 p.p.m., 129.87 
p.p.m., 128.77 p.p.m., 63.84 p.p.m., and 
20.96 p.p.m. 

Melting 36-37 ~ (TMp = 35 ~ [12]) 
point: 

2.2. Reaction of Ti (0-i-03H7) 4 with 
o-xylene- 0~,~'- diacetate 

In a nitrogen atmosphere glove box, 7.036g 
(25.38 mmol) titanium isopropoxide was weighed and 
quantitatively transferred, using 8 ml toluene, to a 
100 ml Schlenk flask. This flask was stoppered with a 
rubber septum and removed from the glove box. The 
Ti(O-i-C3H7L was transferred via a cannula to a 
triple necked, 500 ml round bottom flask, equipped 
with a gas inlet and two rubber stoppers. This flask 
contained 5.931 g (26.69 mmol)o-xylene-a,a'-diacetate 
in 250 ml deoxygenated toluene. The rubber stoppers 
were  replaced, under an argon flush, with a Dean 
Stark apparatus/condenser and a 500ml reservoir 
bulb equipped with a roto-flow teflon stopcock. The 

Ti(O-i-C3H7) 4 + H3CCOCH 2 CH2OCCH 3 
II II 
O O 

HvC30-~ 

reservoir bulb was charged with 500 ml toluene. The 
solution was brought to reflux and the distillate was 
periodically drained from the Dean-Stark apparatus. 
Simultaneously, toluene was added to the reaction 
flask to maintain a constant volume. The reflux was 
continued until the characteristic carbonyl vibration 
(C=O) of isopropyl acetate was no longer observed in 
the infrared spectra of the distillate. The final solution 
was allowed to cool to room temperature, filtered and 
the volatiles removed under vacuum yielding 5.945 g 
(77 %)of  a soluble, viscous material and 0.130 g (I.7 %) 
of an insoluble white solid on the frit, which was 
discarded. 

1HNMR: 7.55-6.79 p.p.m. (multiple resonances, 
7.11 max), 5.72-4.20p.p.m. (multiple 
resonances, 5.24 max), 2.25 p.p.m., and 
1.61-0.39 p.p.m. (multiple resonances). 

13CNMR: 142-139p.p.m. (multiple resonances), 
131-125 p.p.m. (multiple resonances), 
79-70 p.p.m. (multiple resonances), 
27-25 (multiple resonances), and 21.3 
p.p.m. 

Infrared: 2968, 2865, 1457, 1365, 1328, 1214, 1092 
(br), shoulder at 1160, 1006 (br), shoul- 
der at 950, 848, 810, 777, 736, 680, 668, 
626, and 616 cm- 1 
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Elemental: (theoretical) Ti, 15.49%; C, 55.70%; H, 
7A1%; O, 21.40%. 

Analysis: (observed) Ti, 14.44%; C, 58.85%; H, 
6.91%; O, 19.80%. 

3. Results and discussion 
3.1. Synthesis and characterization of the 

polymeric titanates 
The transesterification reaction of titanium isoprop- 
oxide that lead to the formation of the polymeric 
titanate is shown below. The reaction was forced to 
completion through the removal of isopropyl acetate 
by distillation. The reaction was stopped when the 
carbonyl peak of isopropyl acetate (1640 cm-1) was 
no longer observed in the infrared spectra of the 
reaction's distillate. The reaction yielded 77 wt % of a 
soluble viscous polymer and 1.7 wt % of an insoluble 
product that was discarded. The weight loss (21%) is 
assumed to be due to the distillation of the alkoxide 
precursor during the reaction, unrecovered product 
adhering to the reaction vessel and due to the loss of 
low molecular weight components during vacuum 
distillation of the solvent. 

C3H7 ~ Ix 
O O 
I II 

-T i -O-CH 2 CH2.O-  -OCCH 3 + H3CCOCaH7 
I 
O 
C3H7 

(1) 

Characterization of the polymer was conducted 
using 1H NMR, 13C NMR and infrared spectroscopic 
analyses combined with elemental analysis. The spec- 
troscopic data support the proposed polymer struc- 
ture shown in Fig. 1. Characteristic infrared peaks and 
1H and 13CNMR resonance peaks confirm the pre- 
sence of both unreacted titanium isopropoxide ligands 
and bridging oxy-o-xylene groups [13, 143. The pre- 
sence of terminal acetate groups is also indicated in 
the 1H and t3CNMR spectra (Table II). 

The 1HNMR spectroscopic results were used to 
estimate quantitatively an average molecular weight 
(MWAv) for the polymeric titanate. This estimate is 
based upon the proposed polymer structure and upon 

(a) 
n3c 

([3) HC--O 
I 

H3C 
(~) 

(p) 
(cO H (cO 
H~C-- C-- CH3 (c) (c) 

1 

o 
t 

H3C-- C-- CH3 
(cr H (c0 

(p) 

(u (n) 
[~-CH3 
O 

Figure 1 Proposed structure of the polymeric titanate. (x ~ 15, 
MW~v ~ 4636 g mol- 1 .) 



TAB L E I I Assigned resonance peaks for 1H and l aC NMR spectroscopic analysis of the polymeric titanate 

Bond 1H NMR 13C CP-MAS NMR Integration of 
assignment (p.p.m.) (p.p.m.) 1H NMR 

Theoretical 
integration 
(x = 15) 

1.61-0.39 (1.14 max) 27-25 61.50 
+ X 5.72-4.20 (5.24 max) 79-70 25.10 

8 + ~  7.55-6.79 (7.11 max) 131-125 20.90 
- 142-139 - 

q 2.25 21.30 1.00 

62.00 
30.33 
20.00 

1.00 

integration of the ~HNMR signal intensities. The 
integration of the 1H NMR peaks was used to estim- 
ate the ratio of bridging oxy-o-xylene groups to ter- 
minal r 1 groups. The normalized integration results for 
the peaks represented by (6 + ~), (13 + Z), 1"1 and ~ were 
calculated as 20.9, 25.1, 1.00 and 61.5, respectively. 
Based upon the proposed linear polymer structure 
and an estimated repeat factor of 15.0, the res- 
pective theoretical areas would be: 20.00, 30.33, 
1.00 and 62.00. This estimate corresponds to an 
average molecular weight (MWAv) of approximately 
4636 g mol- 1 

3.2. Characterization of the structural 
transformations during pyrolysis 

The structural changes that occurred in the polymeric 
titanate during inert atmosphere pyrolysis were 
studied using thermoanalytical and spectroscopic 
techniques. The DTA results suggest that two signifi- 
cant reactions occur during pyrolysis (Fig. 2). 

20- 
A 
o 
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(a) 

I I I 
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DTA derivative 

290  ~ c 

100 350 600 850 1100 1350 
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Figure 2 (a) Differential thermal analysis (DTA) of the polymeric 
titanate, and (b) its derivative. (5 ~ rain 1, N2 atmosphere.) 

The derivation of the DTA results indicates that the 
first exothermic reaction occurs at approximately 
290 ~ (Fig. 2b). The TGA results, presented in Fig. 3, 
show that this reaction involves a significant weight 
loss of 60%. Elemental analysis, presented in 
Table III, shows that this weight reduction was due to 
the loss of carbon, hydrogen and oxygen. 

An infrared spectroscopic analysis of the polymeric 
titanate during pyrolysis is presented in Fig. 4. A 
relative reduction in the intensities of the character- 
istic isopropoxy and bridging o-xylene bonding vibra- 
tions was observed after pyrolysis at 180~ After a 
4 h isothermal pyrolysis at 300 ~ these characteristic 
peaks were no longer observed in the infrared spectra. 

The 13C CP-MAS-NMR spectra indicate a similar 
reduction in C-O bonding through the loss of the 
isopropoxy and the bridging oxy-o-xylene consti- 
tuents (Fig. 5). The characteristic resonance peaks for 
these bonding constituents are still observed in the 
13C CP-MAS-NMR spectra after a 4 h isothermal 
pyrolysis at 180 ~ However, these resonance peaks 
are no longer detected after pyrolysis at 360 ~ In this 
spectrum, the majority of peaks are due to the aro- 
matic carbon resonances of the 6, ~ and qb environ- 
ments and their spinning side bands. Remaining 
resonance peaks at 39 and 20 p.p.m., suggest the 
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60 

1350 

ZO 
50 do go 
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Figure 3 (a) Thermal gravimetric analysis (TGA) of the polymeric 
titanate, and (b) its derivative. (5 ~ 1 N2 atmosphere.) 
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T A B L E  I I I  Elemental analysis of the polymeric titanate after inert atmosphere pyrolysis (4h isothermal) 

Temperature Titanium Carbon Hydrogen Oxygen 
(of) 

Wt % Molar ratio Wt % Molar ratio Wt % Molar ratio Wt P/o Molar ratio 

Polymer 14.44 1.00 58.85 16.28 6.91 22.92 19.80 4.11 
180 15.60 1.00 56.53 14.46 4,46 13.69 23.41 4.48 
360 31.58 1.00 42.17 5.32 1,83 2.76 24.42 2.32 
700 32.30 1,00 42.85 5.21 < 0.5 < 0.74 24.85 2.30 

1200 52.53 1.00 38.32 2.91 < 0.5 < 0.46 8.60 0.49 
1500 57.99 1.00 38.94 2.68 < 0.5 < 0.41 3.07 0.16 

"Oxygen wt % determined from the experimental residue. 

g 

F-Y 
Polymeric 
titanote 

1800 C ~  

~300~ 

1700 1300 900 500 
Wove number (cm "I) 

Figure 4 Infrared spectroscopic analysis of the polymeric titanate 
during inert atmosphere pyrolysis. (4 h isothermal.) 
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Figure5 13CCP-MAS-NMR analysis of the polymeric titanate 
during inert atmosphere pyrolysis. 

presence of unreacted acetate ligands (20 p.p.m.) and 
hydrocarbon fragments. The existence of hydrocarbon 
fragments is supported by the aromatic resonance 
peaks and the peak at 39 p.p.m, that describes cross- 
linked - C H  2 -  (e.g. C6H4-CH/-C6H4 -) carbon envir- 
onments. 
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According to the experimental data, the exothermic 
reactions that occurred during low-temperature 
pyrolysis to 300~ involved the destruction of the 
titanium alkoxy constituents (Ti-O-C). The loss of 
organic by-products during the reaction would ex- 
plain the dramatic weight loss of carbon, hydrogen 
and oxygen. The destruction of the alkoxy bonds is 
proposed to result in the formation of an amorphous 
titanium oxide network with intimately dispersed hy- 
drocarbon fragments (Fig. 6). This proposal is sup- 
ported by the eventual crystallization of TiO 2 anatase 
and by the aromatic carbon resonance peaks observed 
in the 13CCP-MAS-NMR spectra. The crystalline 
anatase phase was detected in the XRD results after 
pyrolysis at 500 ~ (Fig. 7). Based on a Scherrer dif- 
fraction peak broadening analysis, an average TiO 2 
crystal diameter of 4nm was estimated [15]. This 
value can be used as an upper limit for the size of the 
amorphous titania particles proposed in Fig. 6. 

According to the XRD results, the TiO 2 anatase 
phase is stable during further pyrolysis to 700 ~ 
However, after a 4h isothermal pyrolysis at 800 ~ 
the XRD results indicate the presence of crystalline 
TiO 2 rutile and carbon-deficient TiCx (x < 1). The 
carbon deficiency of the TiC~ crystalline phase was 
indicated by the shift of the characteristic TiC diffrac- 
tion peaks to higher angles (Fig. 7) [4]. The broad 
diffraction peaks in this spectrum suggest that both 
the TiO 2 rutile and the TiCx crystallites are extremely 
small. 

Isothermal pyrolysis for 4h at elevated temper- 
atures of 900 and 1000~ caused no significant 
changes in the XRD spectra. However, after a 4 h 
isothermal pyrolysis at 1100 ~ the XRD results only 
indicate the presence of carbon deficient TiCx. The 
formation of TiC~ at these temperatures was un- 
expected because the DTA results did not indicate a 
reaction until approximately 1225 ~ Because TiC~ 
was detected after pyrolysis at lower temperatures, it 
can be inferred that its formation is both temperature 
and time dependent. This suggests that longer isother- 
mal heat treatments may enable the formation of pure 
TiCx ceramics at lower temperatures (800-1000 ~ 

The formation of TiC~ obviously involved the 
carbothermal reduction of the titanium oxide consti- 
tuents. Elemental analysis indicated that the loss of 
carbon and oxygen occurred at a molar ratio of 
approximately 1:1 between 700 and 1500~ This 
suggests that the carbothermal reduction of the oxide 
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Intimately dispersed, amorphous carbon panicles. It is proposed that these 
panicles are formed by  the agglomeration o f  the hydrocarbon fragments 
following the destruction o f  the titanium alkoxy bonds. 

Amorphous titania panicles that form after the destruction o f  the titanium 
alkoxy bonds. After  pyrolysis at temperatures exceeding 500~ these 
particles crystallize into TiO2 anatase with an approximate average crystal 
diameter o f  4 nm. 

Figure 6 Proposed morphology of polymeric titanate after inert atmosphere pyrolysis at temperatures exceeding 290 ~ 
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Figure 7 XRD analysis of the polymeric titanate during inert atmo- 
sphere pyrolysis. (4 h isothermal.) 

constituents occurred through the formation of car- 
bon monoxide gas. 

The lack of stoichiometry in the TiC~ crystal phase 
was not due to a lack of carbon because elemental 
analysis indicated that a large excess of carbon exists 
in the samples. It is assumed that the excess carbon is 
located at the TiCx grain boundaries as carbon inclu- 
sions and that not enough thermal energy was sup- 
plied to allow for the required diffusion of carbon into 
the crystal structure. 

According to the binary phase diagram of titanium 
and carbon [16], crystalline TiC= can exist with a 

carbon concentration ranging between 1.00 and 0.32. 
The concentration of carbon in the crystal structure 
can be estimated from the cubic lattice parameter, a o 
[4]. The carbon concentrations in the TiC crystals 
after pyrolysis at various temperatures and for differ- 
ent isothermal holding times are estimated in 
Table IV. The results clearly indicate that pyrolysis at 
elevated temperatures and for longer isotherms enab- 
les more carbon to diffuse into the crystalline phase, 
thereby resulting in a better proportioned TiC crystal. 

3.3. Exp lora tory  preparat ion and character -  
izat ion of  T iC  f ibres and th in  f i lms 

The polymeric titanate exhibited rheological proper- 
ties that allowed for the formation of fibres and thin 
films which could be thermally converted into TiC. In 
the following section, the preparation and the proper- 
ties of these fibres and films are discussed. 

3.4. Preparation and analysis of TiC fibres 
Hand-drawn fibres were obtained directly from the 
polymeric titanate. These fibres were cured at 80 ~ 
for approximately 20h and then slowly pyrolysed to 
temperatures between 500 and 1500~ Pyrolysis at 
1500 ~ resulted in the formation of a crystalline TiC 
fibre. 
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TABLE IV Summary of the XRD results for the polymeric titanate pyrolysed at various temperatures 

Temp. Time Crystal structure TiC lattice Crystal Crystal 
(~ (h) parameter stoichiometry size 

(nm) (nm) 

300 4 Amorphous - - - 
500 4 TiO 2 anatase-distorted cubic close-packed - - 4 
700 4 TiO 2 anatase-distorted cubic close-packed - - 4.8 
800 4 TiO2 rutile + TiC a = 0.4260 x < 0.40 5.0 + 6.0 
900 4 TiO2 rutile + TiC a = 0.4261 x < 0.40 5.2 + 6.4 

1000 4 TiO 2 rutile + TiC a = 0.4265 x < 0.40 5.4 + 7.4 
1100 4 TiC, cubic close-packed a = 0.4261 x < 0.40 11 
1200 1 TiC, cubic close-packed a = 0.4265 x < 0.40 6.8 

4 TiC, cubic close-packed a = 0.4281 TIC0.41 15 
1500 1 TiC, cubic close-packed a = 0.4278 TiCo.41 7.4 

2 TiC, cubic close-packed a = 0.4287 TiCo.42 18 
4 TiC, cubic close-packed a = 0.4313 TiC0.6o 30 

Figure 8 Scanning electron microscopic (SEM) analysis of the fibres prepared from the polymeric titanate: (a) 500 ~ 4 h; (b) 1500 ~ 4 h. 

T h e  quality of the TiC fibres prepared f rom the 
polymeric titanate was investigated using scanning 
electron microscopy (SEM). A compar ison  between a 
fibre pyrolysed a t  500 and at 1500~ is presented in 
Fig. 8. The fibre pyrolysed at 500~ exhibits a 
smooth,  slightly porous  surface morphology.  The 
microstructure of this fibre is assumed to include small 
crystallites of T iO 2 anatase and intimately dispersed 
hydroca rbon  fragments. The fibre pyrolysed at 
1500 ~ exhibits a highly porous  surface that  is princi- 
pally composed of TiC crystallites. The porosi ty ob- 
served in these fibres is a direct result of the large 
weight loss that  occurs during pyrolysis. 

The TiC fibres prepared from the polymeric  titanate 
are very brittle and difficult to handle. It is likely that  
this mechanical  behaviour  is due to the influence of 
the large number  of pores. A pore in a fibre acts as a 
stress concentra t ion site and the extreme poresi ty  
observed in these fibres would explain their lack of 
mechanical  strength. 

3.5. Preparation and analysis of TiC thin films 
Thin films were prepared by dipping fused quartz  or 
single-crystal silicon substrates into a dilute solution 
of the polymeric titanate. I n  our  experiments, films of 
varying thickness were obtained by controll ing the 

441 2 

substrate dipping speed into a 1 0 w t %  n-hexane 
solution. Dipping speeds ranging between 1 and 
4 in m i n -  1 ( ,,~ 2.5 and 10 cm m i n i  1 ) were used. The 
films were cured at 80~ for approximately 20h 
before high-temperature pyrolysis. 

Ellipsometry and scanning electron microscopy 
were used to study the thickness and the morpho logy  
of the dip-coated films. Films were prepared t h a t  
varied in thickness f rom several tens to a few hundred 
nanometres  depending upon the processing condi- 
tions. Films of 30 and 100 nm were prepared by single- 

d i p  processing at 4 and l i n m i n 7 1  (--~10 and 
2.5 cm min-1) ,  respectively. Scanning electron micro- 
graphs indicated that  the film surfaces were free of 
cracks and pores even after inert a tmosphere  pyrolysis 
at 1000~ (Fig. 9). The lack of pores is due to the 
strong adhesion bonding of the film and substrate. 
This bonding  limits densification and viscous material 
flow directionally towards the fi lm-substrate interface. 

The d.c. electrical conductivities of the thin films 
were analysed at temperatures between 25 and 500 ~ 
using Seebeck and four-point  probe techniques. The 
results indicate that the films pyrolysed at 500, 700 
and 900~ behave as n-type semi-conductors with 
room-tempera ture  d.c. conductivities of 0.04, 0.80 and 
85.0 f~- ~ c m -  1, respectively (Fig. 10). 



The conductivity behaviour of the film pyrolysed at 
900~ is also thought to be due to oxygen-deficient 
TiO2_x conduction. The microstructure of the film 
pyrolysed at 900 ~ includes intimately dispersed car- 
bon inclusions and small crystallites of TiO z rutile and 
TiCx. Because both carbon and TiC are essentially 
metallic conductors [cr(TiC)30o c = 5000  f ~ -  1 c m -  1], 
it is again assumed that the n-type semiconductor 
behaviour of the film is due to oxygen deficient 
TiO2_ x conduction [17]. 

Figure 9 Cross-sectional scanning electron micrograph of a multi- 
dipped thin film prepared from the polymeric titanate and pyro- 
lysed at 1000~ for 4h. 
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Figure 10 Conductivity behaviour of the films prepared from the 
polymeric titanate after 4h isothermal pyrolysis at 500, 700 and 
900 ~ 

The microstructures of the films pyrolysed at 500 
and 700 ~ are characterized by small crystallites of 
TiO 2 anatase and intimately dispersed hydrocarbon 
fragments. Either phase could be responsible for the 
conductivity behaviour of the films. However, it is 
unlikely that the conductivity is due to the intimately 
dispersed hydrocarbon inclusions because carbon is 
essentially a metallic conductor (CY0o c = 750f~ -~ 
cm-1) [1]. If carbon was responsible for the electrical 
behaviour of the films, larger conductivity values 
would have been expected. Also, because carbon is a 
metallic conductor, its conductivity would be expected 
to decrease with increasing temperature. For these 
reasons, it is assumed that the electrical behaviour is 
due to conduction in the oxide phase. TiO 2 anatase is 
an insulator (cY30oc = 25 Uf2-1 cm- ~ ) [1], but it does 
behave as an n-type semi-conductor if it is oxygen 
deficient [17]. 

4. Conclusions 
Transesterification of titanium isopropoxide with 
o-xylene-a,~'-diacetate has been successfully employed 
in the preparation of a polymeric titanate that can be 
used for the production of TiC. During inert atmo- 
sphere pyrolysis at approximately 290~ this poly- 
meric titanate decomposes into an amorphous titania 
network with intimately dispersed, hydrocarbon frag- 
ments. The amorphous titania particles are assumed 
to have an average diameter of approximately 4 nm. 
Further pyrolysis involves the crystallization of TiO2 
anatase at 500~ Isothermal pyrolysis for 4h at 
800~ involves the formation of crystalline TiO 2 
rutile and carbon-deficient TiCx. After a 4 h isother- 
mal pyrolysis at 1100 ~ only carbon-deficient TiC x is 
detected. Pyrolysis at higher temperatures and for 
longer isotherms improves the internal ratio of tita- 
nium and carbon in this crystal phase. 

The physical and theological properties of the poly- 
meric titanate enabled the formation of fibres and thin 
films. The fibres are porous and brittle. The porosity is 
due to the large weight losses that occur during pyro- 
lysis and the brittleness is due to the stress concentra- 
tions caused by the pores. Thin films were easily 
obtained from the polymeric titanate and they were 
free of surface cracks and pores even after pyrolysis at 
1000 ~ The films pyrolysed at 500, 700 and 900~ 
behave as n-type semi-conductors and exhibit room- 
temperature d.c. conductivities of 0.04, 0.80 and 
85.0 f~-,~ cm- ~, respectively. 
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