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Abstract

Experimental results demonstrate that TiC1ÿXNX ultra®ne powders can be synthesized by the sol±gel process. The factors in¯u-
encing the powder synthesizing process, such as temperature, C/Ti ratio in raw materials, holding time and ¯ow rate of nitrogen

gas, are discussed. TiC0.5N0.5 powders with particle sizes less than 100 nm were produced at 1550�C. The microhardness of hot-
pressed TiC0.5N0.5 samples at 1750�C was 19.6 GPa and the relative density was 98.9%. # 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Ti(C,N) is a kind of excellent nonoxide ceramic
material with good high temperature strength, thermal
and chemical stability, high hardness, high thermal
and electrical conductivity.1 It can be used as wear-
resistant parts, cutting tools, electrode and coating
materials.
Ti(C,N) exists as a solid solution of TiC and TiN, and

it can be expressed as TiC1ÿXNX with 0<x<1. The
producing methods of Ti(C,N) powders are classi®ed as
follows: (1) solid state methods, such as chemical
reduction of titanium oxide, titanium chloride, or tita-
nium hydride by carbon, nitrogen, and ammonia;2,3

direct reaction of TiC with TiN or Ti with C, N;4±9 self-
propagating high-temperature synthesis.10,11 (2) gaseous
state methods, such as chemical vapor deposition pro-
cess,12 (3) liquid state methods, such as thermal decom-
position process.13 However, there are many drawbacks

for these methods. For example, powders obtained from
solid state methods usually have large particle size and
low purity. The processes of liquid and gaseous methods
cannot be controlled easily and the raw materials are
generally very expensive. So there is a necessity to
develop a new way to synthesize Ti(C,N) powders con-
veniently and e�ectively.
In recent years, the sol±gel process has been widely

investigated as a new way to synthesize high purity
ultra®ne powders. It has many bene®ts, for instance,
good dispersion of the components, narrow distribution
of particle sizes, larger speci®c surface and higher purity
when compared with the conventional methods listed
above. In addition, this process does not require special
equipment and can be ®nished with low cost. There
have been many reports concerning synthesis of ultra-
®ne powders by the sol±gel process. For example, Yan
et al.14 prepared PbTiO3 powders with particle sizes less
than 50 nm; Taguchi et al.15 produced La1ÿXSrXMnO3

powders with particle sizes of about 18 nm. However,
research on the synthesis of TiC1ÿXNX ultra®ne powders
by sol±gel methods has so far been lacking. This work
presents the synthesis of ultra®ne TiC1ÿXNX powders by
a sol±gel method.
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2. Experimental procedure

The reactants used in this research include TiO(OH)2
sol with pH=3.5 (Zhuzhou Chemical-engineering Fac-
tory), activated charcoal (Nanping Carbon Factory),
and nitrogen gas (99% pure).
TiO(OH)2 and activated charcoal were mixed and

hydrolyzed in deionized water and gelatinized at 60�C.
Subsequently the gel was dried to constant weight at
120�C. The mixture was put into a graphite crucible and
the TiC1ÿXNX powders were synthesized in a carbon
tube furnace at 1400±1600�C in ¯owing nitrogen gas.
The synthesizing reaction can be expressed with the
following equation:

2 TiO OH� �2�2 3ÿ x� �C� xN2

� 2 Ti C1ÿXNX� � � 4 CO� 2 H2O �1�

Table 1 shows the synthesizing conditions of
TiC1ÿXNX powders. The initial raw materials and syn-
thesized powders were analyzed by D5000-XRD Ana-
lyzer (Simens Corporation). Particle sizes were
measured by SKC-2000R Particle Size Distribution
Analyzer. To test the sinterability, the synthesized pow-
ders were put into a graphite die and hot-pressed at
1550±1850�C for 20 min in ¯owing nitrogen gas. The
heating rate was 20±30�C/min.

The microstructure of sintered samples was observed
by H-800 TEM and JMS-35C SEM. The microhardness
of the sintered samples was determined by the MM6
Hardness Detector.

3. Results and discussion

3.1. Synthesis of powders

In this sol±gel process TiO2 is generated by hydrolyz-
ing a TiO(OH)2 sol and the TiC1ÿXNX powder is pro-
duced by carbothermal reduction of TiO2. The particle
sizes of the TiC1ÿXNX powders obtained from the sol±
gel method are small (generally the particle sizes are less
than 100 nm) and have a narrow distribution. This
method requires lower synthesizing temperature com-
pared with solid state methods. TiC0.5N0.5 can easily be
synthesized already at 1550�C by the sol±gel method
while it is di�cult at such a low temperature by solid
state methods.16

Fig. 1(a) and (b) are TEM micrographs of TiC1ÿXNX

powders produced by sol±gel and solid state methods16

respectively. The results show that there are great dif-
ferences in particle size and shape between these two
powders. To explain the di�erences, XRD analysis was
carried out on the powder obtained from the sol±gel
process (Fig. 2). The gelatinized mixture of TiO(OH)2
and activated charcoal were heat-treated at 120, 400 and
1500�C, respectively. It can be seen that the mixture is
amorphous at 120�C. Anatase appears at about 400�C
and the particle size is about 5 nm which can be calcu-
lated from half-width of di�raction peak. This size is far
smaller than that of commercial TiO2 used in Ref. [16]
(more than 100 nm). Accordingly, the mixture has higher
reaction activity than TiO2 does and TiC1ÿXNX powders
can be synthesized at a certain low temperature. The

Table 1

Synthesizing conditions of TiC1ÿXNX powders

Ratio

of C/Ti

Temperature

(�C)
Holding time

(h)

Flow rate

of N2 (l/min)

TiC0.5N0.5 2.5 1550 1 0.2

TiC0.2N0.8 2.2 1550 1 0.2

Fig. 1. TEM micrographs of powders synthesized from (a) sol±gel process and (b) solid state method.
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di�raction peaks of TiC1ÿXNX are viewed at 1500�C. At
such a low temperature, grain growth can be suppressed
and ultra®ne powders can be produced. It was deter-
mined by particle size analyzer that the particle size is

about 100 nm for the TiC1ÿXNX powder synthesized at
1550�C from the sol±gel process.

3.2. In¯uence of synthesizing conditions on powder
property

3.2.1. C/Ti ratio in raw materials
The carbon content in the raw materials has a sig-

ni®cant in¯uence on the purity of synthesized powders.
The relationship between the C/Ti ratio and the content
of free carbon left in the products is displayed in Table 2.
It can be seen that the C/Ti ratio varies from 2.4 to 3
while the x value drops from 0.74 to 0.64, and the free
carbon content increases from 0.84 to 11.34 wt%. This

Fig. 2. XRD spectra of raw materials heat-treated at (a) 120�C, (b)
400�C, (c) 1500�C.

Table 2

Relationship of C/Ti ratio in raw materials to products

No. C/Ti

(molar)

Free C

(wt%)

x Value Color of

powders

1 3 11.34 0.64 Black

2 2.8 7.42 0.69 Black±grey

3 2.6 2.52 0.72 Black±grey

4 2.4 0.84 0.74 Grey

Fig. 3. TEM micrographs of powders synthesized at (a) 1400�C, (b) 1450�C, (c) 1500�C, (d) 1550�C.
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result means that the higher C/Ti ratio in the raw
materials, the lower the x value in TiC1ÿXNX resulting
in a higher content of free carbon in the ®nal product.
The removal of free carbon is very di�cult. In fact, both
the crucible and the furnace used in experiment are
made from carbon and maybe bring about some carbon
contamination. And in general, carbon in the raw
materials cannot react with titanium completely from
reaction kinetics viewpoint. Accordingly, free carbon
always found in synthesized Ti(C1ÿXNX) powders.
According to Eq. (1), the molar ratio of C/Ti in the

raw materials should be kept less than 3 in order to
decrease the content of free carbon left in the products.
At the same time, suitable synthesizing conditions
should be chosen to ensure that carbon in the raw
materials can be consumed as much as possible.
Besides carbon, oxygen is another factor in¯uencing

the purity of the products. There are always some oxy-
gen left in the synthesized powders from carbothermal
reduction. The in¯uence of oxygen is more complex than
that of carbon and will be investigated in further work.

3.2.2. Synthesizing temperature and holding time

In the process of TiC1ÿXNX synthesizing, nitrogen
does react more easily with titanium compared to
carbon. So the key point in the synthesizing process is
how to suppress the x value. The TEM micrographs of
TiC1ÿXNX powders synthesized at di�erent tempera-

tures are shown in Fig. 3. It can be observed that the
particle sizes become larger with the increment in tem-
perature, and better crystalline form can be obtained.
The holding time greatly in¯uences the transforma-

tion rate of the reactants and the particle size of the
products. To study the relationship of holding time with
the transformation rate and the particle size,
Ti(C1ÿXNX) powders were synthesized at 1590�C. Fig. 4
shows that a relative long holding time is bene®cial to
the reaction of carbon with titanium as well as to a sig-
ni®cant decrement of the x value, while the particle sizes
increases at the same time. When the holding time is
longer than 1 h the drop of x value is limited, and the
growth of grains is accelerated. Therefore, it is impor-
tant to keep the holding time in a suitable range to
ensure the property of synthesized powders.

3.2.3. Flow rate of N2

The ¯ow rate of N2 is a key factor in the synthetic
reaction of TiC1ÿXNX. Large ¯ow rates will hinder the
combination of carbon with titanium because nitrogen
reacts more easily with titanium compared to carbon.
From thermodynamic calculation, it can be obtained
that the temperature of nitrogen begin to react with
titanium is about 1160�C, while the temperature of car-
bon begin to react with titanium is about 1260�C. The
larger the ¯ow rate of N2, the higher the x value of
TiC1ÿXNX powders. From Fig. 5, it can be seen that the
value of x varies from 0.15 to 0.66 (at 1590�C) and from
0.17 to 0.69 (at 1550�C) when the ¯ow rate of N2

increase from 0.2 to 0.8 l/min. This phenomenon due to
that during the temperature increasing process, more
titanium react with nitrogen before it can react with
carbon (T<1260�C) under a larger ¯ow rate of N2.
Therefore the ¯ow rate of N2 must be controlled at a
certain low level in order to make carbon react with
titanium completely.

3.3. Sinterability of synthesized powders

The synthesized powders were hot-pressed at 1550±
1850�C and 0.1 MPa nitrogen atmosphere to test their

Fig. 4. Relationship of hold time to x value and particle sizes of

powders synthesized at 1590�C.

Fig. 5. Relationship of ¯ow rate of N2 to x value.

Table 3

Properties of sintered samples

No. x Valuea Temperature

(�C)
Theoretical density

(%)

Microhardness

(GPa)

5 0.5 1750 98.9 19.6

6 0.5 1650 97.2 17.3

7 0.5 1550 90.1 14.9

8 0.8 1850 98.6 14.1

9 0.8 1800 98.9 14.6

10 0.8 1750 99.3 14.7

11 0.8 1700 97.3 13.1

12 0.8 1650 89.0 11.1

a x Value is the composition of starting powder.

936 J. Xiang et al. / Journal of the European Ceramic Society 20 (2000) 933±938



sinterability. The density and hardness of the sintered
bodies are list in Table 3.
The sintering temperature is important to the bulk

density of samples. The density increases with the
increased sintering temperature and reaches the max-
imum value of 99.3% theoretical density at 1750�C, but
it decreases when the temperature is higher than 1800�C.
SEMmicrographs of samples sintered at 1750 and 1850�C
respectively are displayed in Fig. 6(a) and (b). A more
densi®ed and homogeneous microstructure was
observed in the sample sintered at 1750�C. However,
there are many pores and larger grains in the sample
sintered at 1850�C. The results showed that 1850�C is
slightly high for sintering of Ti(C1ÿXNX) powder com-
pacts in 0.1 MPa nitrogen atmosphere.
Pore formation in sintered samples mainly due to the

denitri®cation phenomenon at high temperature. Deni-
tri®cation is a common phenomenon during the
Ti(C1ÿXNX) sintering process. It can be expressed as
following equation:

Ti C1ÿXNX� � ) Ti C1ÿYNY� �
� XÿY� �=2 N2; where X > Y

�2�

This reaction can be controlled by selecting suitable
sintering temperature and nitrogen pressure. More
details can be obtained by thermodynamic calculation
according to Ref. [13].
Another reason for pore formation may be due to the

coalescence of vacancies in Ti(C1ÿXNX)�&1ÿ� (& is the
vacancy) lattice. More experiments to prove this infer-
ence will be carried out in further investigations.
The relationship of microhardness to sintering tem-

perature is shown in Fig. 7. The microhardness increa-
ses almost linearly with increasing sintering temperature
up to 1750�C because the higher density at higher sin-
tering temperature lead to a higher microhardness.
When the temperature is above 1800�C, the microhard-
ness decreased signi®cantly due to the lower density.
For samples with di�erent x value sintered at the

same temperature (such as samples 5, 6, 10 and 12;
Table 3), those with lower x value has the highest
microhardness. One of the reasons is that C contributes
more to the microhardness than N does in these
samples.

4. Conclusion

1. Ultra®ne powders of TiC1ÿXNX with x=0.2±0.8
and particle sizes less than 100 nm can be success-
fully synthesized by a sol±gel process at high tem-
peratures in ¯owing nitrogen gas. TiC0.5N0.5

powders can be produced at 1550�C.
2. Increased C content in the raw materials, elevated

synthesizing temperature, prolongedholding time and
lower¯owrateofnitrogengasarebene®cial inorder to
produce TiC1ÿXNX powders with low x value.

3. Synthesized TiC1ÿXNX powders show best sinter-
ability at 1750�C and 0.1 MPa N2 pressure. The
sample with composition of TiC0.5N0.5, which was
hot-pressed at 1750�C for 20 min under 25 MPa,
has a 98.9% theoretical density and microhardness
of 19.6 GPa.

Fig. 6. SEM micrographs of sintered samples at (a) 1750�C and (b) 1850�C.

Fig. 7. Relationship of sintering temperature to microhardness.
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