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TiC powders were successfully synthesized by carbothermal reduction of Ti-O-C precursor in argon at 1,400 °C for 2 h. And
the Ti-O-C precursor was formed by sol-gel method using titanium butyrate (Ti(OC;Hy),), fructose (CcH,Og), and acetyl
acetone (acac). Here, acac was used as chemical modifier to control Ti(OC,H,), hydrolysis to obtain stable sol. Furthermore,
TG-DSC, XRD, FTIR, Raman, SEM, and EDS were employed to characterize the precursor and TiC powders. Moreover, acac
as stabilizer was studied using FTIR when reacted with Ti(OC4Hy), formed stable six-member ring as a result of the existence
of tautomer, prevent the nucleophilic attack of water, which reduced the hydrolysis rate of Ti(OC,H,),. Besides, the composition
of TiC phase was further understood by the Raman spectra, and the results showed that the peaks at 403 em™, 513 em™, and
629 cm™ were ascribed to the characteristic peaks of TiC. Finally, the photomicrograph revealed an equiaxed shape and the
average grain size of TiC particles was ca. 1 um. The EDS indicated that the particles contain elements of Ti and carbon
according to dot and line scan.
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Introduction TiOx(s) + 3C(s) = TiC(s) + 2CO(g)1 (D

Titanium carbide (TiC) has become an important Carbothermal reduction was widely used to synthesize
nonoxide ceramic material as it possesses a number of TiC due to a convenient process route, low cost of raw
desirable properties such as high melting temperature, material, and capacity of production. However, such

high hardness, high modulus, high chemical stability, process usually required high temperature (1,700 ~
and good electrical conductivity [1-3]. Combined with 2,100 °C) and a long production period. Besides this,

high surface area and unique physical properties, TiC several methods have been proposed to synthesize TiC
material has great potential for applications as leaning powder, such as hydrogen plasma [18], mechanical
edge parts, rocket nozzle throat liners, hypersonic re- alloying [19], microwave carbothermal reduction (CR)
entry vehicles, jet engine components, and high-speed [20], petroleum coke salt bath [21], Mg thermal reduction
cutting tools [4-14]. However, the applications of TiC [22], self-propagating high temperature synthesis (SHS)
ceramic material have been limited as its strong covalent [23-25], and Chemical Vapor Deposition (CVD) [26].
bonding contribute to properties of low self-diffusion However, such processes need an higher temperature or
coefficient and poor sintering ability [15, 16]. a long production period. Besides, the synthesized

As known, the properties of powder have significant powders usually have a relatively coarse particle and a
influence on the subsequent forming and sintering of low purity. Comparing with traditional synthetic methods,
ceramics, especially on the microstructure and mechanical the sol-gel chemical process with carbothermal reduction
properties of ceramics. In general, powders with high is a novel routine to synthesize metal carbides [27].
activity, high purity, and small particle size are When prepared by a sol-gel technique, the polymeric
conducive to the preparation of ceramic materials with precursor reactants are homogeneously distributed at a
uniform structure and high performance. Therefore, a molecular level that reduces the kinetic barriers between
synthesis method to meet the above requirements is the developed metal oxides and carbon particles created
needed. Until now, TiC powders can be prepared by in pyrolysis of a metal alkoxide polymer precursor.
high- temperature carbothermal reduction of a mixture Increased contact area of the nanoparticles results in
of rutile (TiO,) and carbon (C) according to reaction carbothermal reduction of metal oxide and carbon at
(M17]: lower temperature and shorter time as compared to

conventional methods of carbide synthesis. Moreover,
the use of molecular precursors and the control of the

*Corresponding author: process conditions allow preparation of homogeneous
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gel method. For example, Kwon et al. synthesized
K(Tag¢Nby 4)O3/SrTiO; double layer thin films [32].
Muiiiz-Serrato et al. prepared TiO, thin films by sol-gel
method [33].

In the present study, a single phase of TiC powders
was prepared by sol-gel method combining with
carbothermal reduction process. Here, acac was used
as chemical modifier to control Ti(OC4Hy), hydrolysis
to obtain stable sol. Fructose was selected as carbon
source because it can decompose to carbon and H,O
completely, so that the C/Ti molar ratio in the Ti-O-C
precursor can be fixed precisely. Then, a metal alkoxide
reaction system with acac was investigated by FTIR
spectra. Besides, the Ti-O and Ti-B bonds were analyzed
by FTIR and Raman spectra. And the elements of Ti
and boron were investigated by energy dispersive
spectrum (EDS).

Experimental

Titanium butyrate (TBOT, Ti(OC4Hy),) and fructose
(C¢H206) were utilized as starting materials in the
present work. Acetylacetone (acac) was used as chelating
agent and chemical modifier. Methyl alcohol (CH;0OH)
and water (H,O) were used as solvent. These materials
were supplied by the Lanyi Reagents Co. Ltd., Beijing,
China. The grade of all the above reagents was analytical.

In the present work, the TiC powders were synthesized
by sol-gel method as shown in Fig. 1. In a typical
synthesis, 3.0 g acac was dissolved in 25 mL of CH;0H
using a 80 mL beaker at 25°C for 10 min on the
magnetic stirrer. We refer to this solution as Solution 1.
Then, 1.8 g of C¢H,0¢ was dissolved in 5 mL of H,O
using a 80 mL beaker at 70 °C for 10 min in the water
bath pot. We refer to this solution as Solution 2.
Afterward, 6.8 g of Ti(OC,Hy), was dropwise added to
the Solution 1. This was Solution 3. After that, the
Solution 2 was slowly dripped into the Solution 3.
Then, the sol was formed at 25 °C for 30 min. The
resulting sol was heated with vigorous stirring to 80 °C
and maintained for 2 h to form a wet gel. Finally, it
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was dried by freeze-drying under vacuum for 12 h
followed by grinding process using an agate mortar and
a pestle. In this way, a precursor was prepared. After
that, the precursor was placed in alumina crucible using
an alumina tube furnace in argon at 1,400 °C for 2 h.
Then, the TiC powders were synthesized by carbothermal
reduction according to the eq. (1).

The mass and heat flow of the samples were
monitored by thermal analysis (TG-DSC, Beijing
Hengjiu instrument Co. Ltd., Beijing, China). The
crystallographic constitution was identified by means
of an X-ray diffractometer (XRD) using graphite
monochromatized CuK, radiation (Rigaku, D/MAX
2200 PC). Crystallite size was estimated using the
Debye-Scherrer equation,

D,, =094/, cosd @

Where Dy, is the crystallite size, 4 is the wavelength
of CuK, radiation, [ is the full-width at half maximum,
and 6 is the Bragg diffraction angle. The sol and
precursor were characterized by FTIR in the range of
400 ~ 4,000 cm™" using SHIMADZU 8400S apparatus.
Raman spectra were measured with the spectrometer
Aramis (Horiba Jobin Yvon) equipped with 532 nm
laser. The morphology and element of the final products
were characterized by SEM and EDS using a JEOL
S4800 JAPAN microscope.

Results and Discussion

As known, metal alkoxides tend to react spontaneously
with water and form precipitates resulting from successive
hydrolysis and condensation reactions. In order to obtain
a sol, Ti(OC4Hy), must be chemically modified by a
complexing agent to decrease the alkoxide reactivity
with water. In this work, acac was used as a chemical
modifier. In order to reveal the transformation of chemical
group and mechanism of reactions during the early
stage of the synthesis process, the FTIR spectrums of
acac, Ti(acac), and precursor powders were presented
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Fig. 1. Flow chart of synthesis of TiC powders.
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Fig. 2. FTIR spectra for starting material (acac) and material after
being reacting with Ti(OC4Hy),.
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Fig. 3. FTIR spectra of TiC precusor.

in Fig. 2 and Fig. 3. Fig. 2(a) shows the FTIR of acac.
It could be seen that the bond centred at 1,625 cm™
was ascribed to the C=0 double bond in acac. As can
be seen from Fig. 2(b), the bands situated at 1591 and
1,529 cm™' correspond, respectively, to the C=O and
C=C stretching vibration of acetylacetone tautomers
[34]. The C-H bending vibration of RCH=CH, was
observed as a band close to 1,375 cm™'. The band centered
at 1,029 cm™' corresponds to the C-O stretching vibration.
Therefore, the keto-enol tautomeric formation occurs as
the following equation [see eq. (3)]:

H:
P -
H;C—C—CH;y—(C—CH; === H3C—C\ j—cm 3)
!

The electron withdrawing effect caused by the
carbonyl makes the polarity of CH, increase and the o—
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H be a proton to derivate from the CH, bond easily
[34]. The presence of n-BuOH, which was produced by
the chelating reaction between alkoxide and acetylacetone,
was corroborated by the bands located at 3369 and 655
cm™' that were assigned to O-H stretching vibration and
formation vibration in n-BuOH, respectively. As regards
the broad band close to 568 cm™, it was deduced to
correspond to the hexatomic ring vibration caused by
the a—H of acetylacetone substituting for the BuO-
band. Therefore, the chelation reaction between the
Ti(C4Hs0)4 and acetylacetone is deduced to take place
according to the following equation [34]:

BN

|

O
Ti(C4HyO)y +2 Hyc—C ):—CH3 —_—
e

C,H,0

C H + 2C,H,OH
o’ Mo T
CH; C4H,0 H, 4)

As a chelating agent, the acetylacetone not only
substitutes the alkoxy group of the double alkoxide to
enhance the steric effects, but also forms steady hexatomic
rings, which embarrasses the nucleophilic attack of water
molecule to the alkoxide and slows down the hydrolysis
effectively. According to different needs, diverse kinds
and amount of chelating agent could be added to
control the structure of gel and achieve the intention of
designing and tailoring molecules. Then, the processes
of hydrolysis and concentration were taken place in the
following equations [see eq. (5) - (8)].

=Ti-OC,H, + H,0 == =Ti-OH + C,H,0H (5)

=Ti -acac + H,0 = =Ti -OH + C5H302 (6)
=Ti-OC4H, + HO-Ti= == =Ti-O-Ti= + C4H,OH (7)
=Ti-OH + HO-Ti= == =Ti-O-Ti= + H,0 (8)

Fig. 3 shows the FTIR of precusor powder. Acorrding
to literature[35], the peak of 655 cm™' was attributed to
stretching vibration of Ti-O bond. And the peaks of
1,033 em™, 1,359 em™, 1,537 em™, 2,935 cm™ and 3,388
cm! were attributed to stretching vibrations of —~CH,,
—CHj3;, and O-H bonds, respectively. The results of FTIR
explained what happened in the preparing process of
sol and precursor.

TG-DSC analysis in argon was conducted to understand
the thermal behavior and reactions of precursor during
the heat treatment from room temperature to 900 °C. The
complementary information obtained allows differentiation
between endothermic and exothermic events which have
no associated weight loss (e.g. melting and crystallization)
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and those which involve a weight loss (e.g. degradation).
TG analysis showed that a considerable weight loss
occurred in a temperature range of 92 ~ 590 °C for the
precursor as shown in Fig. 4. The whole process could
be divided into two stages according to TG curve. The
first stage of weight loss was mainly caused by the
evaporation of water less than 200 °C. The second stage
was completely caused by the transformation of C¢H;,O¢
to amorphous carbon and H,O from 200 °C to 590 °C
(C¢H 206 = 6C + 6H,0). Alternatively, DSC curve in
Fig. 4 revealed that one endothermic peaks and a broad
exothermic peak during these stages. It could be explained
that the former was mainly attributed to the evaporation
of the bonded water and the latter could be correlated
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Fig. 4. TG-DSC of TiC precursor from room temperature to
900 °C in argon.
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with the transformation of C¢H;,Og, remaining organic
compounds and crystallization of TiO,.

Moreover, the weight loss was slow and the DSC
curve was approximately straight as well from 600 °C
to 900 °C. It could be revealed that there was only the
change of crystallinity and crystal transformation of
TiO, during this stage, and scarcely any other reactions.
That is to say, the main weight loss of precursor was
mainly caused by the evaporation of water and the
decomposition of C¢H,04 during the process of heating.

Based on the above results of the thermal analysis,
the precursor was firstly heated to 600 °C in order to
completely transform C¢H;,Og, then to 1,100 °C at 3
°C/min and maintained at this temperature for 2 h in
argon using an alumina tube furnace. Afterwards, the
precursor powder was continued to heat from 1,100 °C
to 1,400 °C at a heating rate of 2 °C/min and kept at
this temperature for 2 h. Then, the sample was cooled
to room temperature at a cooling rate of 5 °C/min. Fig.
5 shows XRD patterns of the TiC precursor powders
calcined at different temperatures. Clearly, the precursor
was in a typical amorphous state without any peak in
its XRD pattern [see Fig. 5(a)]. Fig. 5(b) shows the
XRD pattern of the precursor heated at 1,400 °C for 2
h in argon, the peaks of TiC have been found at 26 =
41.7°, 35.9°, 60.4°, 72.3°, and 76.1° respectively. That
is to say, a single phase of TiC evolves by heating at
1,400 °C, for 2 h. And the reaction temperature of
synthesizing TiC powders was much lower than other
traditional method, which could be attributed to the
homogeneous mixing and enormous contact area of
reactants in the precursor. In this work, the experimental
conditions were limited, so the temperature was only

(a) [r-ac
! .
[ Ovserved TIC
1 ] Calculated
| { Diffecence
3 1 ' TC Bragg-position
s bl
> } }
— & 1 H -‘_
. o & l | {
S S £ { 1 !
(“‘ - o 3 H
= = AL -
e
-a 1 v
c % % 4 45 5 & 6 e 70 75 8
Q 2Theta (*)
c S
— o
o

e
NWMW MWWMWmeMuMa)

L

20 30 40

50 60 70 80

20 (deg.)
Fig. 5. XRD of patterns of (a) precursor, and the precursor reduced carbothermally at (b) 1,400 °C.
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raised 1,400 °C. A further study was conducted to
evaluate the average particle / grain size based on the
Debye-Scherrer equation. The result reveals that it was
about 1 um.

Raman spectroscopy involves the spectral analysis
of the light produced by the inelastic scattering of
monochromatic light by molecules or crystal lattices.
This information can then be used to determine details
of the structure of the molecule or crystal lattice. As
reported in literature, stoichiometric TiC is Raman in-
active due to the high inversion symmetry present in
the Oy, point group of the crystal structure of TiC, and
the screening effect of the valence electron present in
most metallic bonds [36-38]. However, non-stoichiometric
TiC;— has been reported to be Raman-active, probably
due to the presence of carbon vacancies, deformation
defects and lattice imperfections contained in the off-
stoichiometric TiC;— structure. A Raman spectroscopic
signal for off- stoichiometric TiC;— has been reported
by Lohse et al. [39], Klein et al. [36], Amer et al. [37],
Huong et al. [40], Olah et al. [41], and Pellegrino et al.
[42]. Essentially, Klein et al. reported normal vibrations
of off-stoichiometric TiC,—; bonds that corresponds to
Raman-active modes [see eq.(9)][36].

= A +EgtTh, ©)

Fig. 6 shows the Raman spectra of the synthesized
TiC powder which give further insight into the depth of
the TiC phase formation. Obviously, there were not any
peaks in the Raman spectra in Fig. 6(a). As can be seen
from Fig. 6(b), Raman spectra obtained for the synthesized
TiC powder were observed to display five characteristic
peaks. Two of the peaks were broad and were located
at 1,384 and 1,573 cm™', assigned respectively to A,
and E,, Raman-active modes of carbon while the other
three peaks that were located at 403, 513, and 629
cm”' were reportedly associated to signal of Ti-C bond
vibrations of off-stoichiometric TiC,-, [39, 37]. According
to Klein et al. [36], these three peaks were assigned to
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Fig. 6. Raman spectra of (a) precursor; (b) TiC powders.
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Raman-active modes. The A, and E, peaks, typically
located in the optical phonons region were vibrational
bond motion due to the carbon atom while the T,, peak
located within the acoustic region is associated with the
titanium motion [36]. This implies that the vibrational
bond contribution due to carbon atoms present in the
off-stoichiometric TiC,-, is probably stronger than motion
that comes from the titanium bonded atoms. That is to
say, in addition to TiC, there was a small amount of carbon
in the powder.

In general, the morphology of particles is a compre-
hensive reflection of the synthesis reactions and processes.
Energy dispersive spectrum (EDS) reveals the distribution
of elements; these distributions can be displayed as either
dot maps or line profiles to distinguish particles with
different chemical compositions. Fig. 7 shows a SEM
image of TiC powders carbothermally reduced at 1,400
°C for 2 h. The SEM image revealed TiC particles with
equiaxed shape and the particle size was uniform,
around 1 um in diameter. The EDS indicated that the
particle contains Ti and carbon (arrowhead). Additionally,
the EDS of one particle was not completely proven the
whole TiC powders, so it was necessary to do the EDS
line scan for particles (arrowhead) (see Fig 8(a)). The
straight line in Fig. 8(b) was a reference line for the
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Fig. 7. SEM image of TiC powders along with the EDS pattern.
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Fig. 8. SEM image TiC powders (a, b), and the EDS spectra for elements Ti (c) and carbon (d).

EDS line scan; the signal profiles of line scans for Ti
and carbon following this reference line were also
shown. Figs. 8(c) and (d) show the total recorded EDS
line scans for Ti and carbon, respectively. The EDS
profiles of line scans shown in Fig. 8(b) were consistent
with the scans in Figs. 8(c) and (d). When scanning
along the reference line, the synchronized alternation of
Ti and carbon signals were clearly seen in Figs. 8(c)
and (d). That is to say, the changes in Ti and carbon
contents with distance across the particles were similar
and just as for the line scans, Ti and carbon showed
similar behavior.

Conclusions

TiC powders were synthesized by sol-gel method
using Ti(OC4Hy)s and C4H ;O as starting materials. It
was notable that the monophasic TiC could be obtained
at 1,400 °C for 2 h in argon. Moreover, acac as stabilizer
reacted with Ti(OC,H,), formed stable six-member ring
due to the existence of tautomer, prevent the nucleophilic
attack of water, which reduced the hydrolysis rate of
Ti(OC4Hy),. Besides, the formation of TiC phase was
characterized not only by XRD but also by Raman and
the results showed that the peaks at 403 cm™, 513 cm™,
and 629 cm™' were ascribed to the characteristic peaks
of TiC in Raman spectra. Finally, the SEM shows TiC

powders with equiaxed shape and the average grain
size of TiC particles was ca. 1 um. And EDS indicated
that the particles contain elements of Ti and carbon
according to dot and line scan.
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