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Studies of the reactivity of six TiO, samples (two rutiles and four anatases) and nine carbon
samples towards the formation of TiN by reduction of TiO, with carbon in a nitrogen atmo-
sphere at 1150 °C show that the reaction is influenced by the chemical and physical properties
of both the TiO, and the carbon. Although anatases and rutiles behave similarly, their reactivi-
ties are adversely affected by the presence of impurities such as those deliberately added as
surface coatings in pigment-grade TiO,. There is some evidence that the reactivity of the TiO,
increases with increasing surface area. Carbons with higher ash contents appear to be more
reactive. The reactivity of the carbons generally increases with increasing surface area, as
measured by gas penetration methods (BET nitrogen adsorption and Blaine gas permeation).

1. Introduction

Titanium nitride is classed as an advanced ceramic
material, the hardness and abrasion resistance of
which makes it eminently suitable for engineering
applications, especially as thin hard coatings on metal
machining tools. Other applications include its in-
corporation as a dispersed powder in “hard metal”-
containing ceramic-metal composites, and as a decor-
ative coating on jewellery. Its metallic-type ¢lectrical
conductivity makes it a useful component of electrical-
ly conducting ceramics for self-heating crucibles and
ceramics which can be shaped by electro-discharge
machining, but the high melting point of TiN
( ~ 2950°C) makes fabrication of pure monolithic
articles by hot pressing difficult, and the products tend
to be porous [1]. Titanium nitride has also been
proposed as an oxygen-free starting material for the
production of titanium metal by electrolytic reduction
in a molten salt bath [2], or for the synthesis of
titanium boride by solid-state reaction with boron,
which should be more controllable and less violent
than the more usual reaction with titanium metal [3].

Several preparative methods can be used for titan-
ium nitride.

(i) The reaction of titanium metal powder with
nitrogen gas is capable of producing a pure powder
product [4]. Variations of the method include phys-
ical vapour deposition (PVD), in which titanium metal
(or some other titanium compound) is vaporized in a
nitrogen plasma, or by low-pressure sputtering or
electron beam evaporation under nitrogen, and depos-
ited as a thin film of TiN on a substrate heated to
200-500 °C. These PVD methods for producing thin
films have been discussed by Vaidyanathan [5] and
Dearnley and Bell [6]. Another variation, in which the
product is a mixture of nitrogen-deficient titanium
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nitride (TiN, _,) and titanium metal phases, involves
ignition of titanium metal powder in a self-propaga-
ting high-temperature synthesis (SHS) process which
is sustained by the exothermic nature of the nitrid-
ation [7].

(i) In the reaction of titanium metal powder with
sodium azide, the solid reactants are ignited in a
nitrogen atmosphere, the sodium being volatilized
during the combustion [4].

(iii) The reaction of titanium hydride with am-
monia which produces a high-purity product [8].

(iv) The reaction of titanium tetrachloride with a
mixture of hydrogen and nitrogen [9] or ammonia
and hydrogen [10] is used to deposit thin coatings by
chemical vapour deposition (CVD) on substrates
heated to = 1000 °C.

(v) In the reaction of sodium titanate with sodium
azide, some of the product is in the form of whiskers
(1]

(vi) Carbothermal reduction of titanium oxide in-
volves the reduction of the oxide by heating with
carbon powder in a nitrogen atmosphere, which sim-
ultaneously nitrides the reaction product. The overall
reaction can be written

TiO, + 2C + IN, -» TiN + 2CO (1)

Although this method does not produce a product of
high purity, one advantage of carbothermal reduction
is the inexpensive nature of the raw materials (espe-
cially if pigment-grade TiO, is available, as it is in
New Zealand, where it is recovered from locally
occurring ilmenite). Another advantage of this pre-
parative method is its potential for producing a range
of intermediate solid solutions with titanium carbide,
which also have applications as engineering ceramics.
However, to control the reaction products so precisely
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TABLE I Raw materials used in this investigation

Sample Description and source Total non- Median Blaine Calculated  BET Surface Reactivity
TiO, oxides particle size surface area surface area® area index
(%) (nm) {em*g™)  (m?g™Y) (mgg™)

R1 Rutile, Victoria University, Batch BH14/R1 0.9 1.0 22 92

R2 Rutile, Pigment grade, coated with SiO, 3.7 0.56 12.0 16
and Al, O, Dupont

Al Anatase, paper coating grade, SCM 0 0.33 10.0 100

A2 Anatase, <0.01% contaminants, 0.5 0.9 7.7 75
J. T. Baker, Lot 31310

A3 Anatase, Victoria University, Batch 24 0.48 6.9 47
BH12/125/Bulk

Ad Anatase, as A3, micronized, Batch 1.5 0.52 31 73
BH21/51, 52, 53

C1 Lampblack, Baird and Tatlock 7500 0.56 6.2 77

Cc2 Graphite 4900 b — 6

C3 Bituminous Coal, Stockton Mine, 2000 b 0.7 30
New Zealand

C4 Carbon. pigment, TintaCarb 300, 7300 0.69 72 39
Australian Carbon Black Pty Ltd

Cs Carbon Pigment, FEF, Australian 4700 1.0 42 22
Carbon Black Pty Ltd

C6 Anode Carbon, ex-coal, calcined 375°C, 900 b 1.7 3
Buller Mine, New Zealand

Cc7 Activated Carbon, ex-coconut shells, 3700 0.54 1190 65
Taylors Christchurch (NZ) Ltd

C8 Activated Charcoal, acid washed, for 7900 0.40 880 68
decolouring, BDH

C9 Decolouring Charcoal, J. T. Baker 10200 0.34 1100 100

Chemicals Ltd

2 Calculated from particle size distribution.
®Not available at time of publication.

requires considerably better knowledge of the influ-
ence of the variable reaction parameters than is pre-
sently available, despite investigations going back to
1824 [12].

The aim of this work was, therefore, to clarify a
number of aspects of the reaction of Equation 1,
including the effect of the starting materials, the nature
and stability of the intermediate phases and the
kinetics, thermodynamics and mechanism of the over-
all reaction. In Part I of this' work, the relative re-
activities of a number of different starting materials
are investigated, and the effects of parameters such as
impurities, particle size and the polymorphic form of
the TiO, are reported.

2. Experimental procedure

2.1. Materials

Nine different carbon samples ranging from activated
carbon to powdered bituminous coal, and six TiO,
samples (two rutiles and four anatases) were investig-
ated. The details of these samples are shown in Table I,
which includes the ash contents of the carbons, deter-
mined by weight loss after heating at 1000 °C in air for
1 h. Tables IT and ITI present the chemical analyses of
the TiO, samples and of the carbon ashes, respect-
ively, determined by energy dispersive analysis of X-
rays (EDX) using a Cambridge Stereoscan 250 Mk II
scanning electron microscope with a Link 860 Series 2
energy-dispersive X-ray analyser system. The size and
shape of the raw material particles was assessed by
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TABLE II Chemical analyses of reactant titanium ‘oxides

Sample Component (%) Total non-TiO,

oxides in

TiO, Si0, AlLO, MgO K,O reaction mixture
R1 9.1 06 - - 03 031
R2 963 60 37 - - 37
Al 100 - - - - 0
A2 99.5 05 - - - 0.19
A3 976 12 04 .04 02 092
Ad 985 10 - - 05 061

SEM (Cambridge Stercoscan 250 Mk II) and TEM
(Philips EM420ST).

Surface-area measurements were made by the BET
nitrogen adsorption method, using a Quantasorb
Quantachrome apparatus. Relative surface areas were
also measured by a modified Blaine permeametry
method [13] which determines the flow rate of air
through a powder compact. This measurement was
made because its methodology secems to be relevant to
the gas—solid carbothermal reduction reaction. Par-
ticle size distributions of the TiO, and carbon samples
(Table I) were determined on samples ultrasonically
dispersed in distilled water using a Malvern Masters-
ize MS20 laser diffraction apparatus.

2.2. Heating experiments
Intimate mixtures of the various carbons and titanium
oxides were prepared containing carbon in excess of



TABLE III (a) Chemical analyses of carbon ashes (by EDX) and (b) oxide content contributed to reaction mixture by the carbons

(@)
Sample Component (%)

TiO, SiO, AlLLO, MgO SO, K,O Na,O CaO MnO Fe,0; CuO  Ash content*
C1 - 7 1 7 3 - - 73 2 5 - 4.9
C2 3 11 3 - 2 - - 40 4 37 2 0.54
C3 1 53 18 3 2 6 - 10 - 1.8
c4 2 18 3 15 - - - 36 - 24 - 0.08
C5 3 27 - 9 - - - 28 - 32 - 0.46
C6 4 10 66 - ~ 1 - 5 - 14 - 0.55
C7 - 13 42 - 9 18 4 1 4 10 - 339
C8 2 32 11 - - 6 1 23 4 17 - 0.65
9 - 26 11 1 - 1 12 1 - 5 - 7.25
(b)
Sample Component (p.p.m.)

TiO, SiO, ALO;, MgO SO, K,O Na,O CaO  MnO Fe,O; CuO Total
C1 - 792 163 782 311 - - 8207 171 551 - 11276
C2 - 13t 34 - 21 - - 500 457 28 1170
C3 46 2202 748 125 87 83 29 228 4 415 - 4004
C4 3 33 6 28 - 1 - 66 - 43 - 185
CSs 36 291 - 101 - - - 292 - 342 - 1062
Cc6 45 133 835 - - 11 - 66 - 180 - 1269
C7 - 980 3271 - 739 1387 289 97 297 764 - 7824
C8 25 484 159 - - 86 13 349 55 252 - 1500
C9 - 4381 1923 247 - 161 1929 242 - 827 - 16 730

2 Ashed in air at 1000 °C for 16 h.

the~theoretical mole ratio TiO,/C of 1:2. The addi-
tional carbon is necessary to counteract the effect of
moisture and contaminating oxygen in the instru-
ment-grade nitrogen gas, which typically contains
7 ppm. O,, 3p.pm. CO, and 10 p.p.m. H,O. Ex-
periments with hand-mixed samples brushed through
a 150 um screen were found to produce similar results
to mixtures milled with ethanol in a planetary ball mill
with tungsten carbide balls; the hand grinding method
was therefore adopted.

The relative reactivities of the various reactants
were estimated as follows. Mixtures of all the titanium
oxides with carbon C8 were reacted for 4h at 1150°C
in ceramic boats placed in an electric tube furnace
under a flowing nitrogen atmosphere (0.1 1min™1).
The reactivities of the carbons were measured in
mixtures with anatase Al fired as above. After heating,
the degree of TiN formation in all the mixtures was
estimated by quantitative X-ray powder diffraction
(see below). The six most reactive carbon samples all
produced 100% TiN after 4 h heating; a further set of
1 h firings was thus necessary to distinguish the rela-
tive reactivities of these carbons. The reactivity indices
for each reactant are the amounts of TiIN formed,
estimated from X-ray diffraction (XRD) peak heights,
expressed as a percentage of the highest value.

2.3. Quantitative X-ray analysis (QXRD)
Normally, an internal standard for QXRD analysis is
added in known weight proportion after firing and

before analysis. This was not possible in the present
experiment because the final carbon content varied
with each firing, due to reaction with the variable
oxygen contaminants present in the apparatus. Thus,
the unusual step was taken of adding an inert internal
standard before firing. A suitable standard was found
by experiment to be a-Al, O (corundum), because, at
the reaction times and temperatures used in this work,
it neither reacts with the sample mixtures, nitrides or
changes its X-ray character. Furthermore, the diffrac-
tion lines of corundum do not seriously interfere with
those of TiN, nor of any other intermediate phases
encountered in the reaction sequence. Although very
fine corundum powder ( < 0.3 pm) was too reactive to
be used, BDH analytical grade Al,O; was found to be
suitable. The X-ray measurements were made using a
Philips PW1700 computer-controlled diffractometer.
The calibration standards were prepared using com-
mercial TiN diluted with Ti;Ogs, the latter phase
having been found most commonly to coexist with
TiN in the partially reacted systems (see Part IT [14]).
The Ti;O5 phase for calibration was synthesized by
heating rutile for 17 h at 1250 °C under hydrogen gas.
The analyses were made using the heights of the TiN
peak at d=0.212nm and the Al,O; peak at d
= 0.209 nm. The calibration curve is linear, passing
through the origin. To correct for broadening of the
TiN peaks in reaction mixtures at low concentration,
the integral breadth of the TiN peak was also meas-
ured, and the product of the peak height and integral
breadth used as a measure of the TiN content.
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3. Results and discussion

3.1. Reactivity of the TiO, samples

Fig. 1 shows the negative correlation between reactiv-
ity and total non-TiO, oxide content of the samples.
The precise oxide which is contributing to the decrease
in reactivity is not apparent from inspection of the
chemical analyses of the titanias, because there are
insufficient data for most of the individual oxides. In
the six samples investigated, there was measurable
SiQ,, which correlates in a similar manner with the
decrease in reactivity. There may, however, be no
single chemical species which particularly interferes
with the reactivity of the oxides, but the contaminants
present may simply act as a physical barrier to the
entry of nitrogen gas and exit of carbon monoxide
from the individual particles.

The physical properties of the titanias such as the
particle size and surface area were expected to show
strong correlations with the reactivity, but this did not
prove to be the case. There is a poor correlation with
the median particle size (Fig. 2). On this diagram are
also plotted several additional samples which were
included in an initial broad survey, but which were not
investigated in detail. These included several other
commercial pigment-grade rutile samples, and a suite
of the commercial samples which were chemically
treated to remove the surface coatings which are
applied to pigment-grade anatases and rutiles to aid
miscibility. No obvious relationship exists with the
BET surface area. No systematic differences in behavi-
our were noted between the rutile and anatase sam-
ples, all of which were shown by TEM to be of similar
particle morphology, with fairly uniform shape and

Reactivity index

Total oxide impurity in TiOgz (%)

Figure I Relationship between the reactivity and the total impurity
content of the titanium oxide starting materials, using carbon C8.
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size; the rod or lath-like morphology of the rutile
samples was not very pronounced, and no change in
morphology or state of aggregation was noted in the
washed samples.

3.2. Reactivity of the carbon samples

Fig. 3 shows the reactivity of the carbon samples as a
function of the ash content indicating that in general
the more reactive carbons have more ash. Further, the
reactivity index is found to correlate to some extent
with the SiO,, Fe,O; and K,O contents of the ashes,
the higher reactivities tending to occur with carbons
which contribute more of these elements to the reac-
tion mixture. Figs 4 and 5 show the relationship
between reactivity and Fe,O; and SiO, contents,
respectively. Although the higher-ash carbons appear
to be more reactive, their use in the present reaction is
not desirable, in the interests of purity of the product,

_ (although the presence of small amounts (2%) of

impurities such as Al,O; have been claimed to assist
the high-temperature sintering of TiN [15]. Converse-
ly, the presence of CaO has been claimed to inhibit
TiN sintering [16]).

Relationships between the reactivity of the carbons
and the surface areas measured by BET nitrogen
adsorption and Blaine gas permeametry are shown in
Figs 6 and 7, respectively. The better correlation with
Blaine permeametry is unexpected; because the BET
technique measures the surface accessible to gaseous
nitrogen it might be expected to be the better predictor
of reactivity. However, the Blaine measurement re-
flects the area accessible to the gas flowing through a
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Figure 2 Relationship between the reactivity and the median par-
ticle size of the titanium oxide starting materials, using carbon C8.
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Figure 3 Relationship between the reactivity and the ash content of
the carbon starting materials, using anatase Al.
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Figure 4 Relationship between the reactivity and the Fe,O; content
of the reaction mixture originating from the carbon starting mater-
ials, using anatase Al,

compact of particles and apparently better represents
the situation in the sample mixture.

Fig. 8 shows the relationship between reactivity and
the surface area of the carbon particles calculated from

100

90

80

70

60

Reactivity index

30
o

20+
10F

@]

o
0 | - 1 !

] 10 20 30 40 50 60

SiOz in mixture (102 p.p.m.)

Figure 5 Relationship between the reactivity and the SiO, content
of the reaction mixture originating from the carbon starting mater-
ials, using anatase Al.

the particle size distribution. The trend to lower re-
activity with increasing surface area is unexpected; the
method of calculation is, however, based on the as-
sumption of spherical particles and is therefore the
least realistic of the three surface-related parameters
measured here. Although the detailed morphologies of
the carbon particles were not examined, their scanning
electron micrographs clearly reflect their various ori-
gins (two were prepared from charred wood, one was
made from coconut shells, two were the sooty product
of burnt oil or acetylene, two were coal by-products
and one was a well-ordered crystalline graphite). On
the basis of its high reactivity and low ash content,
carbon C8 was chosen for the further experiments
reported in Parts IT and III [14, 17].

4. Conclusions
The reactivity of TiO, involved in carbothermal re-
duction is adversely affected by the presence of other
oxides such as those deliberately added to pigment-
grade TiO,, principally as surface coatings to aid flow
properties and dispersion. Insufficient data exist to
indicate whether any particular contaminating oxide
species decreases the reactivity. There are no obvious
differences in the behaviour of the polymorphs ana-
tase and rutile. The median particle size and the
calculated surface area of the samples both show some
correlation with activity, which increases with increas-
ing surface area.

The reactivities of the carbon samples appear to be
related to the ash content, carbons with higher ash
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Figure 6 Relationship between the reactivity and the BET surface
areas of the carbon starting materials, using anatase Al.
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Figure 7 Relationship between the reactivity and the Blaine gas
permeability of the carbon starting materials, using anatase Al.

contents being more reactive. The components of the
ash which contribute to its particular reactivity could
not be identified, but there is some indication that
SiO, and Fe,O; exert positive influences on the re-
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Figure 8 Relationship between the reactivity and the surface area of
the carbon starting materials, calculated from particle size distribu-
tion data (anatase Al was used).

activity. The reactivity of the carbons generally in-
creases with their surface area, as measured both by
BET nitrogen adsorption and by the Blaine gas
permeation method, but decreases with increasing
surface area, as calculated from the particle size dis-
tribution. The latter calculation is based on the as-
sumption of spherical particles, which is probably
unwarranted in the present series of carbons origin-
ating from diverse sources.
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