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Abstract Ultrafine TiN powders were synthesized

by Carbothermal Reduction-Nitridation (CRN)

method using nano titania and nano carbon black

as raw materials. Phase transition sequences during

reaction and influence of main technological factors

were investigated using X-ray diffraction (XRD),

thermogravimetric analysis (TGA) and scanning

electron microscope (SEM). The results indicate that

phase transition sequences were TiO2 fi Ti10O19 fi
Ti3O5 fi TiOxNy fi TiN. At the same time, CRN

reaction consists of three continuous stages. In the

first stage, nano TiO2 powders were reduced to

Ti3O5. In the second stage, Ti3O5 was totally

converted into TiOxNy. TiN solid solution formed

completely by the end of the third stage. The

rapidest reaction rate was observed in the second

stage and the lowest was in the third stage. Higher

reaction temperature, longer isothermal time, or

larger nitrogen pressure was in favor of synthesizing

TiN powders.

Introduction

Titanium nitride (TiN) belongs to transition metal

nitride, and it is a typical material with a wide range

of stoichiometry (TiN1-x 0 < x < 0.61). Due to its

excellent physical and chemical properties such as

high melting temperature (2930 �C), high hardness,

wear resistance, oxidation resistance, relatively low

specific gravity, Titanium nitride is very attractive in

various engineering technology fields such as cutting

tools , hard coating on machining tools.

Many study results [1–6] show that properties of

titanium nitride particle have significant effect on its

advanced applications. The smaller the size of

titanium nitride particle and the lower the sintering

temperature is, the better the mechanical properties

are, such as transverse rupture strength (TRS), wears

resistance and fracture toughness. So in recent years,

more and more studies have focused on the prepa-

ration of powders with high purity, ultrafine or nano

particle size, narrow particle-size distribution, and

minimum agglomeration. The present methods of

preparing ultrafine or nano titanium nitride include

microwave plasma chemical vapor deposition

(MPCVD) [7], direct current arc plasma [8], micro-

wave plasma [1], RF plasma [9], thermal nitridation

synthesis [10, 11], mechanic alloying [12–15],

mechanic alloying and subsequent heat treatment

[16, 17], combustion-reduction [18], ammonia gas

nitridation [19]. Carbothermal Reduction Nitridation

(CRN) method is deemed as an economical method

for production of non-oxide ceramic materials [20].

However, to our knowledge, nobody had synthesized

ultrafine titanium nitride powders via CRN so far. In

the study, we attempt to synthesize ultrafine titanium

nitride powders via CRN, in which nano titania and

nano carbon black are used as starting materials. Its

phase transition and influence factors are investi-

gated.
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Experimental procedure

Materials

The starting materials for the experiments are shown in

Fig. 1. The mixtures of nano titania and nano carbon

black were prepared with a C-to-Ti molar ratio of 2:1,

hard alloy balls were used as the milling media, and the

ball-to-powder weight ratio is 5:1 for all the tests

conducted. The mixtures were put into polyurethane

jar and roll milled for 10 h in absolute alcohol.

Subsequently, the milled powder was transferred into

oven for drying.

Heating experiments

A given weight of dried powder was put into the

graphite crucible in a vacuum carbon tube furnace

(model ZR-50-22Y, China), followed by evacuation

to 1.0 · 10–2 MPa. Then the furnace was heated at

the temperature increase rate of 20 �C/min. When

the temperature was up to 900 �C, stopped evacuat-

ing and filled the furnace with nitrogen gas until

pressure reached 0.02 or 0.05 Mpa. After that, the

furnace was heated at 10�C/min rate continuously.

When reaching the desired temperature (1200–

1400 �C),the sample was isothermally treated for

1–3 h. Finally, the sample was taken out from the

furnace and analyzed when the furnace was cooled

down to room temperature.

Products characterization

A multifunctional thermal analyzer (model NETZSCH

STA 449 C, Germany) was used to investigate the

TGA of TiO2 CRN process under a flowing nitrogen

atmosphere with the temperature increase rate of

5�C /min. The phase composition analysis of reaction

products was carried out by X-ray diffraction (model

DX-2000, China). The experimental parameters were

as follows: tube voltage was 40 KV, current was

30 mA, CuKa, k = 1.54056Å, scanning speed was

0.05�/s. The shape, particle size, particle size distribu-

tion and agglomeration of reaction products were

observed with scanning electron microscopy (SEM)

(model S-450, Japan).

Results and Discussion

Reaction sequences analysis

Generally speaking, the overall reaction equation of

synthesizing titanium nitride by carbothermal reduc-

tion of titania can be expressed as follows:

TiO2 þ 2Cþ 1

2
N2 ! TiNþ 2CO ð1Þ

In fact, reaction (1) should include a series of

complicated intermediate reactions. For years,

researchers have different views on which kind of

intermediate products occur in this reaction. Accord-

ing to White [21], the reaction sequences were

TiO2 fi Ti4O7 fi Ti3O5 fi TiN; While Soey [22] con-

sider the phase transformation of reaction process is:

TiO2 fi Ti3O5 fi TiNxCyOz fi TiNx (x £ 1).

In order to study phase transition sequences

of reaction (1), three different temperatures (1200,

1250, 1300 �C) were chosen in our experiments.

Figure 2 shows the XRD patterns of reaction products
Fig. 1 SEM micrographs of nano TiO2 (a) and nano carbon
black (b)
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at 1200–1300 �C with isothermal treatment for 2 h

when nitrogen pressure was 0.05 MPa.

From Fig. 2, it was known that the phase compo-

sitions of products consisted of cubic TiN, TiO0.34

N0.74, and a little Ti3O5 when reaction temperature

was 1200 �C (Fig. 2a). When temperature increased to

1250 �C (Fig. 2b), most diffraction peak of Ti3O5

disappeared, intensity of characteristic peak of cubic

TiO0.34N0.74 weakened enormously, while intensity of

characteristic peak of TiN enhanced greatly. The

temperature was elevated to 1300 �C (Fig. 2c), there

was only characteristic peak of cubic TiN with

enhanced intensity, which indicated nano titania had

been transformed into cubic titanium nitride entirely.

Based on above analysis, the phase transition

sequences of carbothermal synthesis of titanium

nitride from titania and carbon black were:TiO2 fi
TinO2n-1 (4 £ n < 10) fi Ti3O5 fi TiOxNy fi TiN.

Because reaction temperature of TiO2 being reduced

to intermediate oxide TinO2n-1 (4 £ n < 10) [21] is

lower than the lowest experimental temperature of

1200 �C, thus no diffraction peak of TinO2n-1

(4 £ n < 10) appeared.

From the phase transition sequences, the reaction

equations included in overall reaction (1) were as

follows:

TiO2 þ
1

n
C! 1

n
TinO2n�1 þ

1

n
CO(4 � n\10) ð2Þ

TinO2n�1 þ
n� 3

3
C! n

3
Ti3O5

þ n� 3

3
COð4 � n\10Þ

ð3Þ

Ti3O5þð5�3xÞCþ3y

2
N2!3TiOxNyþð5�3xÞCO ð4Þ

TiOxNy þ xCþ 1� y

2
N2 ! TiNþ xCO ð5Þ

However, Boudeward gas–solid reaction existed in

this system,

2Cþ CO2 ! 2CO ð6Þ

and when temperature is above 800 �C, the reaction

will tend to produce CO. So intermediate oxide Ti3O5

was generated actually via,

TinO2n�1 þ
n� 3

3
CO! n

3
Ti3O5 þ

n� 3

3
CO2 ð7Þ

Fig. 2 XRD patterns of
synthesized products in the
temperature range 1200–
1300 �C. (a) 1200 �C; (b)
1250 �C; (c) 1300 �C. (>):
Ti3O5; (<): TiO0.34N0.74; (^):
TiN
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Fig. 3 TG curve of TiO2 CRN reaction
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Figure 3 shows the TGA results of reaction process for

synthesizing titanium nitride through nano titania CRN

under flowing nitrogen atmosphere. From the weight

loss curve of reactant in Fig. 3, it is obviously known that

the reaction process can be divided into three stages with

point 1, 2 as the dividing points. The first stage ended

when nano TiO2 had been reduced to intermediate oxide

Ti3O5 fully (weight loss is 8.97%). If titanium oxide

Ti10O19 (weight loss is 2.7%) appeared in reaction

process, it was considered as the dividing point 1¢. Before

the appearance of Ti10O19, weight loss rate of reactants

was very slow, which means the reaction progressed

slowly; whereas after that, weight loss of reactants

became quicker and quicker with synthesis of lower

titanium oxide until terminate of stage I. This can be

explained with Boudeward gas–solid reaction (9).

Because solid–solid reaction between titania and carbon

black occurred at the beginning of reaction, its rate was

very slow; but with resultant CO participating in

reducing reaction, the reaction was accelerated. Owing

to existence of Boudeward gas-solid reaction, content of

CO was kept at a highest level in system, which ensured

reaction (7) progressed continuously.

The second stage ended as Ti3O5 had been

converted into cubic TiOxNy fully. With Ti3O5 being

converted into cubic TiOxNy gradually, the amount of

CO produced raised rapidly, which was indicated by

the sudden accelerate of weight loss from Fig. 3.

Until the weight loss rose to 37% caused by reaction,

an inflexion appeared in TG curve. The weight loss

was close to theory value (38.65%) according to

reaction:

TiO2 þ 1:66C þ 0:37N2 ! TiO0:34N0:74 þ 1:66CO ð8Þ

Inhomogeneous mixing of raw materials and the

error of TG experiment were taken into accounted, it

could be judged that the cubic phase in the second

stage was TiO0.34N0.74, which agreed with XRD phase

compositions analysis result of reaction process com-

pletely.

The third stage ended with the formation of titanium

nitride. The main reaction was Eq. 5. It was seen from

TG curve that reaction rate in this stage was much

lower than that of the second stage. Because substitu-

tion reaction among C, N atoms and O atoms occurred

in the third stage was completed through diffusion, its

rate was awfully slow.

The end temperature of every stages observed by TG

analysis lag for some time accordingly, compared with

the results showed in Fig. 2, because of difference of

open experimental system, rate of temperature increase,

quantity of N2, isothermal treatment time and so on.

Influence of main technological factors

Reaction temperature

Figure 4 shows the XRD patterns of reaction products

at 1300 and 1400 �C. TiN was prepared successfully at

these temperatures. Compared with that of products at

1300 �C, the characteristic diffraction peak intensity of

products at 1400 �C increased, which suggests TiO2

CRN reacts more thoroughly and gets titanium nitride

with higher purity at higher reaction temperature.

Figure 5a, b are SEM micrographs of TiN products.

In theory, specific surface area of ultrafine TiN

particles prepared was big with high surface energy.

However, absolute alcohol was used as dispersant

because no special dispersant was available for SEM

test, so agglomeration was observed in TiN particles.

The products prepared at different temperatures had

no pronounced particle change showed in Fig. 5 (a)

and (b), the main reason is that actual reaction

temperature (1300 and 1400 �C) is much lower than

its melting point.

Fig. 4 XRD patterns of synthesized products at different
reaction temperature. (a) 1300 �C; (b) 1400 �C. (^): TiN

Fig. 5 SEM micrographs of synthesized products at different
reaction temperature. (a) 1300 �C; (b) 1400 �C
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Isothermal treatment time

Figure 6 shows XRD patterns of products with different

isothermal treatment time of 1 h and 3 h, respectively.

There is also little amount of TiO0.34N0.74 in products

except for TiN, when nitridation time was 1 h. This

implies that most of nano TiO2 have been transformed

into TiN, the rest into TiO0.34N0.74, but nano TiO2 CRN

didn’t react entirely. As nitridation time was extended to

3 h, the characteristic diffraction peak of TiO0.34N0.74

had disappeared completely, just that of cubic TiN

existed and its intensity enhanced further, which indi-

cated that O atoms in TiO0.34N0.74 crystal lattice had

been substituted fully by C and N atoms.

Figure 7a, b are SEM micrographs of products.

Since isothermal treatment time was 1 h, the whole

reaction didn’t finish from the XRD compositions

analysis and some carbon black unreacted were found

in Fig. 7a. Isothermal time was extended to 3 h, TiO2

CRN progressed thoroughly. No small particles of

carbon black were found from Fig. 7(b) because almost

all carbon black were used up for substituting O atoms

in TiO0.34N0.74. Besides, compared with Fig. 7(a),

pronounced grain growth and shape change of TiN

were not observed from Fig. 7(b).

Nitrogen pressure

The XRD patterns of products synthesized under

nitrogen pressure of 0.02 and 0.05 MPa were shown

in Fig. 8.There were some differences between the

phase compositions at different nitrogen pressures,

which were concluded from Fig. 8. When nitrogen

pressure was 0.02 MPa, there was also small amount of

cubic TiO0.34N0.7 except for TiN for no enough

nitrogen was available in system. While nitrogen

pressure rose to 0.05 MPa, products were cubic TiN

for there were enough N atoms substituting O atoms in

TiO0.34N0.7. This indicated that nano TiO2 CRN could

react thoroughly as long as reaction temperature and

Fig. 6 XRD patterns of synthesized products at different
isothermal time. (a) 1 h; (b) 3 h. (<): TiO0.34N0.74; (^): TiN

Fig. 7 SEM micrographs of synthesized products at different
isothermal time. (a)1 h; (b)3 h

Fig. 8 XRD patterns of synthesized products at different
nitrogen pressure. (a) 0.02 MPa; (b) 0.05 Mpa. (<): TiO0.34N0.74;
(^): TiN

Fig. 9 SEM micrographs of synthesized products at different
nitrogen pressure. (a) 0.02 MPa; (b) 0.05 Mpa
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isothermal treatment time are proper and enough

nitrogen is available for reaction.

Figure 9a, b are SEM micrographs of products at

1330 �C with 3 h isothermal treatment, when nitrogen

pressure was 0.02 and 0.05 MPa, respectively. From

Fig. 9, it is known that change of nitrogen pressure has

little effect on the shape, grain size and distribution,

agglomeration of TiN powders.

Conclusions

The reaction of synthesizing TiN by CRN of nano

TiO2/carbon black mixture consists of three continuous

stages: the first stage ends with all TiO2 being reduced

to Ti3O5. Reaction rate increased more and more

quickly as the reaction progressed in this stage. The

second stage ends with all Ti3O5 were converted into

TiOxNy. Reaction rate was the rapidest in second

stage. The third stage ends with the formation of all

cubic TiN. Reaction rate of this stage was the lowest in

three stages. The phase transition sequences were:

TiO2 fi Ti10O19 fi Ti3O5 fi TiOxNy fi TiN. TiN

powders can be synthesized with elevated reaction

temperature or prolonged isothermal thermal treat-

ment time, or increased nitrogen pressure, when other

technological factors keep constant.
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