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Carbothermal synthesis of titanium nitride 
Part II The reaction sequence 
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The conversion of Ti02 (both anatase and rutile) to TiN by carbothermal reduction in 
nitrogen was found to proceed by progressive reduction through a homologous series of 
Magneli phase oxides TinO2n_ 1 , where n has values of 4-10. The next phase to be observed 
by X-ray diffraction is Ti305, whose formation from the most stable Magneli phase (Ti407) is 
not predicted by the phase diagram, nor by simple thermodynamic calculations. The 
conversion of triclinic Ti407 to monoclinic Ti305 appears to be the slow step in the reaction 
sequence. Formation of TiN then proceeds directly, apparently without the intervention of 
Ti203 or Ti0, as usually assumed. A possible cubic oxynitride intermediate was shown by 
surface analysis to contain no more than 5% oxygen. A small but significant amount of CO is 
evolved during the formation of Ti407, with a larger CO evolution occurring during the 
nitridation of Ti305. Although no direct mass spectroscopic evidence was found for the 
formation of C302, as suggested by previous workers, the present observed weight losses 
appear to be consistent with this concept. Both the observed reaction sequence and the 
pattern of CO evolution is consistent with thermodynamic calculations made usfng a 
computer program which takes into account the initial nitrogen concentration, and iterates 
over small temperature intervals. 

1. I n t r o d u c t i o n  
In Part  I [1] some of the raw material characteristics 
which influenced the reactivity of titanium oxides and 
carbon in the formation of titanium nitride were 
identified in a broad survey of a number of titanias 
and carbons. To quantify the reactivity, a novel X-ray 
analytical method was developed, in which the inter- 
nal standard (A1203) was added prior to heating the 
reactant mixture. On the basis of these results, two 
rutiles and four anatases were selected for more de- 
"tailed studies of the reaction sequence. 

The overall reaction equation for carbothermal re- 
duction and nitridation of TiO2 can be written [2-1 

TiO 2 + 2C + �89 2 ---, TiN + 2CO (1) 

However, it has long been clear that the reaction 
involves a number of steps, some of which overlap. 
Li~ko et al. [3] summarized these as 

(a) initial reduction of TiO2 to the lower oxides 
Ti305, Ti203 and finally TiO. The nitrogen atmo- 
sphere takes no part in these initial reactions; 

(b) substitution of oxygen by nitrogen in the cubic 
TiO. In concluding that TiO is the immediate pre- 
cursor for TiN, Li6ko et al. [3] quote work published 
60 years ago by Umezu [-4]. 

Although Equation 1 suggests CO to be the only 
gaseous reaction product, some workers have also 
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detected smaller amounts of C O  2 in the effluent gas 
stream [5]. Furthermore, when the evolved gas is 
rapidly removed by reduced pressure [5], or by in- 
creasing the nitrogen flow [6], the reaction rate is 
decreased, suggesting that the CO and CO2 are 
actively participating in the reaction rather than 
occurring simply as by-products. It is suggested [-6] 
that CO formed by initial reduction of TiO 2 also acts 
as a reducing agent 

CO + 3TiO 2 ~ Ti305 + CO 2 (2) 

The CO2 is then reduced 

C O  2 QI_ C --~ 2CO (3) 

Although Lyubimov et al. [-6] support the concept of 
progressive reduction to lower oxides, they failed to 
observe Ti203 and TiO as intermediates in their 
experiments, explaining this in terms of crystallo- 
graphic factors which favoured the direct conversion 
of Ti305 to a cubic oxycarbonitride. 

The failure by many workers to detect significant 
amounts of CO 2 in the effluent gases has led to a study 
using accurate analysis and weight measurement [7]. 
The results have been interpreted in terms of the initial 
formation of C302 which then acts as a reducing 
agent by supplying further accessible carbon 

6TIO2 + 3C --* 2Ti305 + C302 (4) 

C 3 O  2 ~ 2CO + C (5) 
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Although mass spectrometric evidence for gaseous 
CsO2 was not found, carbon condensed on the cooler 
parts of the furnace tube [7]. A thermodynamic ana- 
lysis also predicted the formation of small amounts of 
C302 [8]. 

The aim of this work was to investigate the car- 
bothermal reaction sequence in both rutile and ana- 
tase, with particular attention to the points on which 
the previous fiterature disagrees, namely 

(i) the formation sequence of the lower oxides and 
the identity of the TiN precursor; and 

(ii) the nature and role of the gaseous species in- 
volved. 

X-ray powder diffraction was used to identify the 
crystalline phases present at the various stages of the 
reaction, and the corresponding gas atmosphere was 
continuously monitored. The experimental results 
were compared with predictions arising from thermo- 
dynamic calculations. 
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Figure l Semischematic representation of the phases formed during 
heating in nitrogen (0.1 1 min-1)  of a typical anatase-carbon mix- 
ture (molar ratio 1:4) and the evolution curve for CO, monitored by, 
infrared spectroscopy. Heating rate 5 ~ min - 1. 

2. Experimental procedure 
The two rutiles and four anatases used in this and the 
subsequent kinetic studies (Part IlI [9]) are described 
in Part I [1] in Table I. The carbon used in all these 
experiments is designated C8 in that Table. Mixtures 
of TiO2 and powdered carbon (molar ratio 1 : 4) were 
heated in flowing oxygen-free nitrogen (0.1 1 min- 1 ) at 
a linear heating rate of 5 ~ min- 1 in an electric tube 
furnace. At various temperatures the samples were 
quenched under nitrogen and examined by X-ray 
powder diffraction (XRD) as previously described [1]. 

Analysis of the effluent gas stream was by infrared 
spectroscopy, using a gas cell in a Perkin-Elmer 337 
spectrophotometer set at the appropriate wavelength 
for CO. Although CO 2 was sought by this technique, 
it was of variable concentration, and generally not 
above the background level. Some heatings were made 
using a quadrupole mass spectrometer (Extranuclear 
Inc.) to monitor the composition of the effluent gas. 

Thermogravimetric analysis (TG) and differential 
thermal analysis (DTA) was carried out under a dy- 
namic nitrogen atmosphere (60 ml min- t ) at a heating 
rate of 10 ~ min - 1, using a Stanton Redcroft TG770 
thermobalance and a Stone Model 202 differential 
thermal analyser. 

Thermodynamic modelling was carried out using 
the computer program SOLGASMIX [10]. The pro- 
gram calculates the equilibrium amounts of all the 
condensed species, the partial pressures of the gas 
species, the mole fractions of all species in the conden- 
sed phase and the activities of the species in all 
mixtures by an iterative free-energy minimization 
method [10]. The thermodynamic data were from 
Chase [11] and Barin et  al. [12, 13]i 

3. Results and discussion 
3.1. Phases formed during the reaction 

sequence 
Fig. 1 shows semischematically the relative amounts 
of the various phases formed from anatase and carbon 

heated at 800-1300~ in a dynamic nitrogen atmo- 
sphere. In this diagram, the intensities of major XRD 
peaks are used as a measure of the relative amounts 
present. In the initial stage of the reaction sequence, 
conversion to rutile begins at the usual temperature 
(about 950~ As the temperature is increased, the 
rutile becomes progressively oxygen deficient, as evid- 
enced by a darkening of its colour, but retains the 
rutile XRD pattern. According to the titanium oxide 
phase diagram [14], further loss of oxygen should 
result in the formation of a homologous series of lower 
oxides called Magneli phases. These have the general 
formula Ti,O2,_l, with n having values of 4-10, 
although phases with n up to 38 have been reported 
[15]. The Magneli phases are triclinic, with structures 
consisting of Slabs of a rutile-like structure n octahe- 
dra thick, separated by a boundary region where 
octahedra from adjacent slabs share edges, corners 
and faces in a corundum-like structure [16]. The 
reduction of one oxide in the series to the next involves 
the loss of one TiO6 octahedral layer from each rutile- 
like slab. Fig. 1 shows that the only Magneli phase 
observed in the present quenched samples was the 
most highly reduced member, Ti40 7. Because the 
stability of the Magneli phases increases with decreas- 
ing n [17], only the most stable of these phases was 
observed here, appearing at the expense of rutile at 
about 1000~ and disappearing by 1100~ (Fig. 1). 
The JCPDS reference patterns for Ti40 7 and the 
other Magneli phases are generally quite poor, exten- 
ding over a limited range of lattice spacings, and with 
visually estimated intensities, which, although in lim- 
ited agreement with the present experimental powder 
patterns, are insufficiently good to engender confi- 
dence in the identification of Ti40 7 in these samples 
(Fig. 2). For this reason, the powder pattern for Ti407 
was calculated from the crystal structure of Marezio 
and Dernier [18] using the computer program DIS- 
POW [19]. The agreement between the calculated and 
the observed patterns of Ti40 7 represents a con- 
siderable improvement over the JCPDS pattern and 
confirms the presence of Ti~O7 in the fired samples. 
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Figure 2 (a) Observed X-ray powder pattern of Ti40 v, compared 
with (b) powder pattern calculated from the crystal structure [18] 
(present work), and (c) the JCPDS reference pattern (card no. 
18-1402). 

According to the phase diagram [14], further loss of 
oxygen should result in the formation of Ti20 3 and 
cubic TiO. In the presence of nitrogen, the latter 
should form cubic TiN either by direct substitution of 
nitrogen for oxygen or via an intermediate oxynitride. 
In fact, no evidence was found of either Ti20 3 or TiO 
in numerous experiments; the phase which preceded 
the appearance of TiN, and frequently occurred to- 
gether with it, had an X-ray pattern corresponding 
most closely to monoclinic Ti30 5 (JCPDS card 23- 
606). The formation of Ti30 ~ is consistent with results 
reported by Lyubimov et  al. [20], who identified two 
Ti3Os-like phases found in the products of carbother- 
mal reduction of Ti20 3 and TiO as titanium oxynitri- 
des. Discrepancies between the intensity ratios of the 
present patterns and the JCPDS card, are significant, 
especially in the low-angle peak at d = 0.49 nm. This 
could indicate a degree of substitution of oxygen by 
nitrogen as suggested by Li~ko et al. [3], although a 
new calculated powder pattern for Ti30 5 [21] re- 
sembles the present patterns more closely than 
JCPDS 23-606. Thus, the present patterns do not 
necessarily imply the presence of nitrogen. The Ti30 5 
phase first appears above 1050~ and decreases in 
intensity with the growth of TiN above l l00~ 
(Fig. 1). 

The cubic lattice parameter of the TiN formed at 
1090-1250~ is 0.424 nm, in reasonable agreement 
with tabulated values for TiN (0.4213-0.4235 rim), but 
this does not, however, exclude the possibility of a 
significant oxygen content in this phase, because 
TiO has almost the same lattice parameter 
(0.4168-0.4201 nm); up to 40% substitution of ni- 
trogen in TiN by oxygen can occur without change in 
the TiN lattice parameter [-22]. Because the lattice 
parameter measurements are not a sensitive indicator 
of oxygen impurities in TiN, the sample fired at 
1250 ~ was subjected to oxygen analysis by particle- 
induced gamma-ray emission (PIGME). The resulting 
oxygen content was only about 5%, and may have 
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been influenced by oxygen adsorbed on the surface of 
the particles, because PIGME is a surface analysis 
technique. 

On firing the TiN product to considerably higher 
temperatures (1500 ~ for 4 h), the lattice parameter is 
increased to 0.428 nm, due to incorporation of carbon 
in the lattice. According to the relationship between 
lattice parameter and carbon content reported by 
Shimada et al. [23], this corresponds to a composition 
of TiCo.sNo.5. 

3.2. Thermal analysis of TiO2-carbon mixtures 
in nitrogen 

A typical set of thermal analysis curves for a 
TiOz-carbon mixture in nitrogen is shown in Fig. 3. 
The TG curve (Fig. 3a) suggests that the weight loss 
during the reaction occurs in several stages, which are 
more apparent from the DTG curve (Fig. 3b). The 
small weight loss at 100~ is associated with the 
endothermic loss of adsorbed water, as also shown by 
the DTA trace (Fig. 3c). The small weight loss at about 
730 ~ which is also seen as an endotherm in the DTA 
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Figure 3 Typical thermal analysis curves for an anatase A1 carbon 
C1 mixture (molar ratio 1:4) in nitrogen (60 m l m i n -  1), heating rate 
10 ~ min-  1. (a) TG curve, (b) DTG curve, (c) DTA curve. 



trace, results from the decomposition of CaCO3 impu- 
rity in the carbon. The two higher temperature weight 
loss stages appear to be related to the formation of 
TisO5 from Ti40 7 and of TiN from Ti305, respect- 
ively; at a slower heating rate, these DTG peaks occur 
at 1190 and 1240 ~ approximately the temperatures 
when these phases were first observed by XRD in 
quenched samples. The DTA.counterpart of the large 
high-temperature weight loss is the three very small 
DTA endotherms, at 1080, 1170 and 1280~ which 
are probably associated with these reactions. The 
formation of Ti30 5 from Ti40 v and of TiN from 
Ti30 5 is endothermic (76 and 281 kJmol-~, respect- 
ively [24, 25], but the formation of TiO is strongly 
exothermic, further ruling out this species as an inter- 
mediate in the reaction. 

3.3. Comparison of the reaction sequence 
with thermodynamic predictions 

The thermodynamic feasibility of the various possible 
reactions occurring during carbothermal reduction of 
TiO 2 in nitrogen over the temperature range of pre- 
sent experiments was calculated using the thermodyn- 
amic data of Weeks and Block [24] and Robie et al. 

[25]. Although the comparison of thermodynamic 
data with the present experimental results is not 
strictly Valid because the former relate to equilibrium 
conditions which do not necessarily exist in these 
experiments, some interesting points emerge. 

Of all the possible phases which could form from 
TiO 2 below 1150 ~ with the evolution of CO, Ti40 7 
has the most negative free energy of reaction, followed 
by TisOs, Ti20 3, TiO and TiC (Fig. 4). Thus, below 
1150 ~ the formation of Ti4C v is the thermodynami- 
cally favoured reaction (although the data for the 
higher Magneli phases are not available). Above 

1150~ TiN is the thermodynamically favoured 
phase (Fig. 4). 

Similar calculations for the further reactions of 
Ti40 7 predict that it should form TiN directly at 
temperatures above 1080 ~ the free energy of forma- 
tion of Ti305, Ti203, or TiO from T i 4 0 7  is positive 
over this entire temperature range. This prediction is 
at variance with the experimental results, possibly due 
to the greater reactivity of the carbon used in this 
work, by comparison with the graphite used as the 
thermodynamic reference phase. Furthermore, the 
thermodynamic calculations indicate that if Ti305 or 
Ti203 were to form they would be unstable with 
respect to the formation of TiN. Thus, although these 
calculations correctly predict the stability of Ti407 
below 1150~ they do not suggest the formation of 
Ti30 s as an intermediate in the formation of TiN, as 
observed in these experiments. 

The SOLGASMIX computer program provides a 
more sophisticated thermodynamic model of the sys- 
tem, simultaneously taking into account the effect of 
the entire assemblage of gaseous species as well as the 
condensed phases. In these calculations, the initial 
composition was set at 2 tool TiOz, 5 tool C, and 1,3 
and 5 tool N2, with temperature intervals as small as 
5 K. The sequence of condensed phases thus calcu- 

lated for 3 tool N 2 is shown in Fig. 5. The phase 
sequence of Fig. 5 is strikingly similar to the experi- 
mental results (Fig. l), predicting the formation of 
Ti40 7 and TisOs as intermediates in the formation of 
TiN from TiO2. A similar result is found for 1 and 5 
tool N2, but at the lower nitrogen content, the forma- 
tion of some TiC at the expense of TiN is predicted 
above 1060~ due to the presence of the excess 
carbon assumed in the calculations. The transitory 
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Figure 4 Temperature dependence of the free energies of the pos- 
sible carbothermal reduction and nitridation reactions of TiO 2 

(a) TiO2 + �89 ~ �89 Ti203 + �89 CO 

(b) TiO2 + C ---, TiO + CO 

(c) TiO 2 + �89 ~ �89 Ti305 + 1CO 

(d) f iO 2 + �88 ~ �88 Ti407 + �88 CO 

(e) TiO 2 + 2 C + � 8 9  2 ~ T i N + 2 C O  

(f) TiO 2 + 3C ~ TiC + 2 CO 
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Figure 5 Equilibrium phases formed from TiO2-C mixtures (molar 
ratio 2: 5) in 3 mol N2, as a function of temperature, calculated by 
the SOLGASMIX program. 
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appearance of a small amount of Ti203 is also predic- 
ted at about 101.5 ~ At the lowest nitrogen level, a 
final equilibrium between TiC and TiN is reached at 
1130 ~ corresponding to a carbonitride composition 
of TiCo.sNo. 5. No TiO was predicted at the nitrogen 
contents assumed in these calculations. 

3.4. The nature of the gaseous species in the 
reaction 

Changes in the CO level during the reaction sequence 
are plotted in Fig. 1. This indicates that CO evolution 
occurs during the initial reduction of the  Magneli 
phases, and again during the later stages of the reac- 
tion. A minimum in the CO evolution coincides with 
the conversion of Ti407, the most stable of the 
Magneli phases, to Ti305. The two stages of CO 
evolution may be written 

4 T i O  2 + C --* Ti4Ov + CO (6) 

The Ti407 converts to Ti305, which then nitrides 

N2 
Ti30 s + 5C --* 3TiN + 5CO (7) 

These equations are consistent with the relatively 
larger CO evolution associated with the latter stage. 
The pause in the reaction indicated by the minimum in 
CO evolution suggests that the transformation from 
Ti407, the lowest member of the Magneli series, to 
Ti30 s (a different structure) may be the stow step in 
the sequence. 

Mass-spectrometric examination of the evolved 
gases was hampered by continual blockages of the 
bleed valve, possibly due to deposited carbon such as 
found by Lyubimov et  al. [7] and ascribed to the 
disproportionation of C302. Apart from CO and 
nitrogen (mass 28), the only other gas species of 
interest was CO2, which was detected in small but 
variable amounts. Further information on the possible 
formation of C302 may be derived from the weight 
losses recorded during the reaction. If, as suggested 
[-7], C302 is generated during the reaction and 
evolved into the gas stream, it will be lost from the 
.sample, which will therefore show a different weight 
loss. The two possibilities may be written 

TiO 2 + 4C + 1/2N 2 ~ TiN + 2CO T + 2C (8) 

(theoretical weight loss = 33%) 

TiO2 + 4C + 1/2N 2 --* TiN + C302 i" -1- C (9) 

(theoretical weight loss = 42%) 

Although the present weight losses measured for a 
number of samples were variable, they were all greater 
than 33%, and much nearer 42%, the maximum value 
which was recorded for one of the rutiles reacted for 
1 h at 1500~ Although these results appear to be 
more consistent with Equation 9, they should be 
viewed with some caution, because the presence of air 
trapped in the powder samples and the formation of a 
small amount of oxide on the surface on the powdered 
bed by the action of oxygen contaminants will influ- 
ence the weight losses. 
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The SOLGASMIX program can be used to predict 
the equilibrium CO contents at various temperatures 
throughout the range. Because these equilibrium res- 
ults cannot be compared directly with the dynamic 
results obtained by EGA (Fig. 1), an attempt was 
made to synthesize an evolved CO curve from the 
equilibrium CO data. The procedure involves sub- 
tracting the equilibrium CO concentrations at adja- 
cent temperatures, dividing by the temperature inter- 
val and assigning the result to the higher temperature. 
These data were then smoothed, fitted to a curve by a 
tension spline program and differentiated to give a 
graph of rate of change of CO equilibrium with tem- 
perature. Fig. 6 shows the resulting calculated curve 
for an initial nitrogen concentration of 3 mol, together 
with the experimental curve for  comparison. The 
agreement between the two curves is surprisingly 
good; both show a small CO peak associated with 
reduction to Ti407 followed by a larger CO evolution 
resulting from nitride formation (Fig. 6). 

4. Conclusions 
The initial stages of carbothermal reduction of anatase 
and rutile in a nitrogen atmosphere involve the pro- 
gressive reduction of the TiO 2 through a homologous 
series of Magneli phase oxides of general formula 
Ti,O2,_ 1 where n has values 4-10. Only the most 
stable of these oxides, Ti407 was observed by XRD. 
The formation of the next phase to be observed, 
Ti305, involves a change of structure from that of the 
Magneli series, and its appearance is not predicted by 
the phase diagram nor by simple thermodynamic 
considerations. The appearance of Ti30 s but not 
Ti203 and TiO as intermediates of finite lifetime in the 
formation of TiN is at variance with Li6ko et  al. [-3] 
but confirms findings of Lyubimov et  al. [-6], whose 
suggestion that this phase may also contain some 
nitrogen substitution cannot be excluded by the pre- 
sent results, TiN forms directly from Ti305 possibly 
via a cubic oxynitride which, however, was found by a 
surface analysis method to contain no more than 5% 
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Figure 6 Observed CO evolution from TiO2-C mixture as a func- 
tion of heating temperature, compared with the curve derived from 
thermodynamic calculations by the SOLGASMIX program for a 
system containing 3 mol N 2. 



oxygen. At much higher temperatures (1500 ~ car- 
bon is incorporated in the nitride lattice, replacing up 
to 50% of the nitrogen content. 

The major gaseous species observed in the reaction 
atmosphere is CO, which is evolved during the pro- 
gressive reduction of the Magneli phases, and again in 
greater concentration during the nitridation of Ti3Os. 
A pause in the CO evolution suggests that the forma- 
tion of Ti30 5 from T i 4 0  7 may be the slow step in the 
reaction. Direct evidence for the formation of C302 as 
postulated by Lyubimov et al. [7-] was not found, 
although observed weight losses during the reaction 
appear to be consistent with such a mechanism. No 
evidence was found for significant participation of 
CO2 in the reaction sequence. 
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