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Vapour-phase Synthesis of Titanium Nitride Powder
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Titanium nitride powder has been synthesized using titanium tetrachloride, ammonia and hydrogen. The influence of
the reaction temperature on stoichiometry, particle size and production rate in the gas phase has been investigated.
Crystalline titanium nitride powders were formed in all cases. The observed lattice parameter of the powders as a
function of reaction temperature suggests that only at high reaction temperatures can a stoichiometric titanium nitride
powder be formed. In the temperature range 900-1173 K the mean primary particle size varies between 100 and

200 nm, and the geometric standard deviation varies
temperature of 1173 K. A significantly smaller primary
fractal dimension analysis indicates that at low reaction

between 1.1 and 1.3 for the powders formed below a reaction

particle size is observed at higher reaction temperatures. A
temperatures the powders are not agglomerated.

There is a demand for sintered ceramic products with
increased hardness and strength. Submicrometre powders are
desired to fabricate such products, because these yield a fine
microstructure with uniform chemical composition. Non-
oxide powders are attractive for the production of sintered
parts because of their high melting points, high-temperature
strengths, high hardness and corrosion resistance. Because of
these requirements titanium nitride (TiN) is an attractive
material. For example, it might be a substitute for tungsten
carbide in cutting tools and wear-resistant parts.! In addition,
the vapour-phase synthesis of TiN powder is an important
prerequisite of the particle precipitation aided chemical vapour
deposition process of TiN. Non-oxide powders can be pro-
duced by gas-phase reactions,® solid-state reactions,** or
thermal decomposition of solids.® Gas-phase reactions at high
temperatures, such as the oxidation of metal halides have
been proven to be a cost-effective method to produce uniform
submicrometre particles with high purity.® The kinetics of
fqrmation of these oxide particles such as titania (TiO,) and
S}lica (SiO,) have been investigated extensively.”? The forma-
tion of several metal nitrides in the gas phase at high
temperatures using their respective metal halides and
ammonia (NH,) has been shown to be possible as well 21011
Although the criteria for the synthesis of these solids in the
gas phase are not well understood, the formation of a solid
in the gas phase seems to be dependent on the thermodynamic
equilibriur constant. In general, a homogeneous reaction will
only occur if the equilibrium constant of the reaction is
sufficiently high? TiN can be formed at high temperatures
using titanium tetrachloride (TiCly), hydrogen (H,) and NH,,
according to the overall reaction,

2TiCl4(g)+2NH§(g)+Hz(g)—+2TiN(S)+3HC1(8) (1)

We believe that the production of TiN powders can be 2 cost-
effective method, because this chemical route involves rather
cheap chemicals. However, reports on the formation of this
metal nitride are scarce.2112 Kato’s group®®! have investi-
gated among other metal nitrides and metal carbides the TIN
formation in the gas phase. The reduction of TiCl, with
magnesium (Mg) in a nitrogen atmosphere has been reported
to be effective for the production of TIN.! However, a disad-
vantage is that Mg itself is an impurity source.

_We have investigated the synthesis of TiN powder using
TiCl,, NH,, and H, at a high temperature. The influence of
the reaction temperature on stoichiometry, particle size, and
Pfqduction rate in the gas phase has been investigated. The
stoichiometry is determined by XRD analysis, and particle

sizes are obtained by quasi-elastic light scattering (QELS)
analysis,*® sedimentation field flow fractionation (SdFFF)
analysis,**** and SEM/TEM analysis. The diffusion coefficient
of small particles in dilute liquid suspensions can be measured
with QELS analysis or the photon correlation spectroscopy
technique. Here, the autocorrelation function of the intensity
of laser light, scattered by particles in a dilute liquid suspension
is calcutated. This power spectrum of scattered light allows
determination of the particle diffusion coefficient, which can
easily be correlated to a particle diameter if it is assumed that
the particles are spherical and have a relatively monodisperse
particle size distribution. A powder suspended in water can
be fractionated by the SAFFF technique. In SAFFF a suspen-
sion flows through a force field in a centrifuge. The mass
distribution of the dispersed powder is exponentionally distrib-
uted in the field as a result of the counteracting combination
of Brownian diffusion and centrifugal force. Owing to this
induced mass distribution within the laminar flow, the reten-
tion time of particles in the apparatus is 2 function of their
weight. The retention time of the particles can be correlated
to their mass. This technique can be used to fractionate the
powder to obtain dilute particle suspensions with narrow size
distributions for QELS analysis.

Often, gas-phase synthesis results in the formation of
agglomerates. For many applications this is undesirable. The
determination of the fractal dimension of the powder from
TEM micrographs can provide information on the history of
the agglomerates.'®*” The fractal dimension of an agglomerate
describes the relation between the mass (M ) or the number
of particles (N) and the radius (R) containing them:

MocRP:

or
NocRP* 2)

The second relation is only valid for clusters consisting of
monosized particles. The fractal dimension (D) depends on
certain features of the agglomerate-formation processes. For
example, if the cluster is formed in two-dimensional space
according to a particle—cluster diffusion-limited aggregation
process, then the fractal dimension is expected to be ca. 1.7,
while a cluster—cluster diffusion-limited aggregation will yield
a fractal dimension of <15.1%2° Ballistic aggregation pro-
cesses will often yield higher fractal dimensions, e.g. a par-
ticle—cluster ballistic aggregation will lead to a dimension of
more than 1.9, and a cluster—cluster ballistic aggregation will
give a dimension of more than 1.518-20
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Experimental

A cylindrical reactor (inmer diameter=50mm, length=
700 min) with, on the inside, a TilN coating in a three-zone
furnace equipped with resistive heating was used for the
synthesis experiments. In this set-up, the TiCl, is fed into the
reactor by a hydrogen carrier gas. This hydrogen is bubbled
through heated TiCl, in order to saturate the hydrogen stream
with reactant vapour. The TiCly concentration in the H,
stream is calculated assuming the TiCl, vapour pressure to
be in equilibrium with the TiCl, liquid. A nozzle is used for
the separated introduction of the reactants. H, and NH; flow
through the inner side of this nozzle, whereas TiCl,, H, and
N, are introduced at the entrance of the reactor outside the
nozzle. Thus, the reactants for homogeneous reaction are
mixed at a high temperature, ie. at the beginning of the
second heating zone of the furnace. An excess of Hj is used
for the reduction of the titanium-containing vapour species
to minimize incorporation of chlorine in the powder.

In the third heating zone of the reactor a cold finger is
placed to collect a representative amount of the powder for
further analysis. The cold finger is cooled from the inside by
pressurized air. For the experiments as a function of reaction
temperature an NH; excess of 10 with respect to TiCl, is
used. The reaction temperature of the second heating zone of
the reactor is varied from 900 to 1300 K, and the gas-phase
temperature in the third heating zone of the furnace is kept
constant at 865 K. For most experiments the temperature of
the tip of the cold finger is kept constant at 800 K. The
experimental conditions are summarized in Table 1.

The TiN powder collected on the cold finger in the third
heating zone of the furnace is suspended in an aqueous
ammonia solution (0.002 mol dm™?) with a powder concen-
tration of typically 1-2 wt.%. This suspension is fractionated
by a Dupont SF? analyser. The same instrument conditions
were used as reported by Scarlett et al,'* and the Dupont
SF? computer program was used for the particle-size distri-
bution calculations. The fractionated suspensions are collected
in optical cuvets, and these suspensions are analysed by a
Coulter N4 light scattering analyser. TEM grids and polished
silicon pieces are dipped in ethanol suspensions with a powder
concentration of a few weight percent for TEM and SEM
analysis, respectively. Screen printings of the TEM micro-
graphs are used for the determination of the fractal dimension.
The negative of the screen used yields white pixels on the
TEM micrographs where particles are present. Bach white
pixel represents a certain amount of mass visualized by the
screen on the TEM micrograph. The number of white pixels
is counted as a function of the radius for each agglomerate,
The fractal dimension can be obtained by fitting the data
according to eqa. (2).

Table 1 Process parameters for the synthesis of TiN powder

inside nozzle NH, flow 0-140 pmol s~*
H, flow 0.39-0.20, 0.78 mmo] s™*
total flow 0.39, 0.78 mmol s~*
outside nozzle: TiCl, flow 7-24, 35 pmol s~
N, flow 0, 0.49 mmol s~!
H, flow 0.38-0.49 mmol s~*
) total flow 0.54, 1,015 mmol s~1
reaction time 1800, 3600 s
reaction temperature 9001300 K.
(second heating zone)
gas phase temperature 865 K
(third heating zone)
tip of cold finger 800-865 K.
reactor pressure 1x10° Pa
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Results and Discussion

The dark-brown titanium nitride powders formed were crys-
talline in all cases. Three characteristic XRD diffractograms
are presented in Fig. 1. These results are in agreement with
the reports of Hojo and Kato,!! who observed that TiCl, and
NH, react in the gas phase above 800 K to form a crystalline
TiN powder. The lattice parameter of the powders as a
function of reaction temperature is presented in Fig, 22422
There is an increase in lattice parameter with increasing
reaction temperature, If it is assumed that the impurities in
the powder are negligible, and that the composition of the
powder varies only with respect to the stoichiometry then the
lattice parameter can be correlated to the amount of nitrogen
present in the TiN lattice. The lattice parameter of TilN, as a
function of the stoichiometry number y is presented in Fig. 3.
A comparison of Fig.2 and 3 suggests that only at high
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Fig. 1 XRD patterns of TiN powder synthesized at three different
temperatures: (@) 923 K, (b) 973 K and (¢) 1023 K
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Fig. 2 Lattice parameter of fcc TiN powder as a function of reaction
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Fig. 3 Lattice parameter of fcc TiN, as a function of nitrogen
content y. Data from ref. 21 (x) and 22 (+)
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reaction temperatures can stoichiometric titanium nitride
powder be formed.

Particle sizes are obtained from SEM, TEM, QELS and
SAFFF analyses. The particle size appears to be unaffected
by the reactant concentrations. Only at lower TiCl, and NH;,
concentrations do the particle sizes tend to be smaller. In the
temperature range 9001173 K the mean primary particle size
varies between 100 and 200 nm, as identified by TEM analysis.
Particle-size distributions, typical for the experiments using a
reaction temperature lower than 1173 K, are shown on the
SEM and TEM micrographs in Fig. 4 and 5, respectively. A
significantly smaller primary particle size is observed at higher
reaction temperatures as can be seen in Fig. 6. All these

—1um

Fig.4 SEM micrograph of TiN powder, typical for synthesis
experiments within the temperature range 923-1173 K

+— 100 nm

fig' 5 TEM micrograph of TiN powder, typical for synthesis
Xperiments within the temperature range 923-1173K

) “— nm

Fig. 6 TEM micrograph of TiN powder using a reaction temperature
of 1223 K

particle sizes tend to be larger than the mean particle sizes
reported by Kato et al? as can be seen in Table 2.

The mass mean diameters derived from SAFFF analysis of
suspended powders are typically between 200 and 300 nm,
and the geometric standard deviation o ga.1350) varies between
1.1 and 1.3 for the powders formed below a reaction tempera-
ture of 1173 K. These diameters are in reasonable agreement
with the diameters obtained from the QELS analysis, where
the fractionated suspension corresponds to the mean mass
diameter of the SAFFF analysis, as can be seen in Fig. 7.
There is good agreement between the QELS diameters using
all the fractionated samples and their corresponding SAFFF

Table 2 Specific surfaces and mean particle diameters derived from
BET measurements and TEM micrographs

Kato et al. this paper
T/K drgw/nm Sper/m? g™t dygy/nm Spar/m?* g~*
973 110 16 172 33
1073 133 7-32
1173 70 19 185 17
1273 16
1373 50
1000 T
- ® -] [ § 6 %
"
£ ¥, .
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Fig. 7 Mean particle diameter as a function of reaction temperature
using different particle size analysis techniques: X, SAFFF; O, QELS;
+, TEM :
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diameters, as can be seen in Fig. 8. This is an indication that
the powders are not agglomerated, because the QELS tech-
nique determines a particle diameter independent of its mass,
whereas the SAFFF technique determines the mass of the
particles. Moreover, the TEM diameters of the primary par-
ticles are of the same order of magnitude as the QELS/SAFFF
diameters. Thus, from these results it can be concluded that
the primary particle size is only a weak function of the
reaction temperature, and that it is not likely that agglomer-
ates in the gas phase are formed within the temperature region
from 923 to 1173 K. At high reaction temperatures there is a
considerable mismatch between the TEM particle diameters
and the QELS/SAFFF diameters. This is an indication that
the particles are agglomerated. Apparently, a high reaction
temperature results in the formation of agglomerated particles.
The conclusion that the particles become agglomerated during
the synthesis process can be confirmed by a fractal-dimension
analysis of the TEM micrographs.

In all cases, agglomerates are found on the TEM micro-
graphs. The degree of agglomeration is dependent on the
powder concentration of the suspension. Thus, these agglom-
erates have to be a result of the preparation method for TEM
samples. Agglomeration in the liquid film on the TEM grid
occurs during evaporation of the medium. This agglomeration
process is a typical two-dimensional diffusion-limited process.
In principle, two different agglomeration processes are likely
to occur on the TEM grid, i.e. a particle—cluster aggregation
or a cluster—cluster aggregation. If a fractal dimension is
found which is characteristic for a particle—cluster aggregation
then it is likely that all the agglomerates are formed on the
TEM grid, and not in the gas phase during the synthesis
process. It is very unlikely that particle—cluster agglomerates
can be formed in the gas phase, because each cluster present
in the gas phase will agglomerate with other clusters as well.
The fractal dimension for different agglomerates formed at
two reaction temperatures is determined according to the
circle method on TEM micrographs.'® TEM micrographs of
agglomerates were taken which were thought to be rep-
resentive for all the inspected agglomerates on the TEM grid.
The experimental fractal dimensions along with the expected
values based on computer simulations are given in Table 3.

An example of a computer-simulated particle-cluster
diffusion-limited aggregate (D;=1.7) is presented in Fig.9.
The choice of centre for the fractal dimension determination
of a computer-simulated agglomerate by the circle method is
straightforward. However, the determination of such a centre
of an agglomerate on a TEM micrograph is far more difficult.
‘We have chosen for the middle of the agglomerates %W, and
YL as a centre for the circle method. In Table 3 the number
of particles is equal to the total number of particles within
the largest radius used for the fractal-dimension determination.
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Fig. 8 QELS c_ﬁameter using the fractionated suspensions from the
SAFFF analysis as a function of the corresponding SAFFF diameter
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Table 3 Mass fractal dimension for TiN agglomerates synthesized at
two different temperatures

number of calculated 2D expected 2D
T/K particles L/w* dimension dimension
1073 1591 13 1.694-0.09 171 (P-Cy
1073 71 14 1.8040.14 171 (P-C)
1073 193 1.75 1.68+0.08 1.71 (P-C)
1073 447 1.42 1.754:0.06 1.71 (P-C)
1223 342 1.5 1.33+0.04 1.44 (C-Cyf
1223 312 1.67 1.181-0.07 1.44 (C-C)
1223 742 1.71 1.414+0.02 1.44 (C-C)

2Agglomerate length over width ratio; ‘Particle-cluster diffusion
¢Cluster-cluster

limited aggregation;®2°
aggregation,1*2°

diffusion  limited

Fig. 9 Computer-simulated diffusion-limited particle-cluster aggre-
gation. The meaning of L, W, and R is illustrated.

For agglomerates formed at a reaction temperature of
1073 X a fractal dimension is observed which is typical for a
particle~cluster agglomeration. As mentioned before, it is very
unlikely that such an process can occur during gas-phase
synthesis. Hence, it can be assumed that this powder is not
agglomerated. The observed fractal dimensions at a reaction
temperature of 1223 K suggest that the particles collected in
the reactor are already agglomerated. This is in agreement
with the TEM and QELS/SAFFF analyses. It should be noted
that a three-dimensional cluster—cluster diffusional aggre-
gation will result in a fractal dimension of 1.78.13-2° This value
is close to the experimental fractal dimensions for powders
formed at a reaction temperature of 1073 K. However, TEM
images of the samples in a tilted position reveal that the
agglomerates on the TEM grid are virtually two-dimensional.

The driving force for powder collection on the cold finger
in the reactor is thermophoresis. The thermophoretic velocity
(ve) is proportional to the temperature gradient.?

D= —K(%)vm 3)

where K is a constant for a given particle size, v the kinematic
viscosity of the gas, and T the temperature. In this case, where
particles have a Knudsen number of order unity, K is only a
weak function of the particle diameter.?* Indeed, an increase
in the amount of deposited material is observed with increas-
ing temperature gradient. However, a quantitative analysis of
the collection efficiency is not possible, because the gas-phase
temperature near the cold finger has a complex non-linear
dependence with respect to the axial and radial position.
However, if the temperature of the cold finger and the
temperature of the gas phase are kept constant then the
weight of the harvested powder, which is a measure of the
total TiN mass concentration in the gas phase, can be used
to study the kinetics of the gas-to-particle conversion in the
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Fig. 10 Arrhenius plot of collected TiN powder mass rate on
cold finger

reactor. The powder weight collection rate as a function of
the reaction temperature is presented in an Arrhenius plot in
Fig. 10. The maximum experimental collection efficiency is
5% given these experimental conditions. The gas-to-particle
conversion shows an Arrhenius-like behaviour within the
temperature range 923-1173K. The apparent activation
energy of the powder-formation process in this reactor is
94kJ mol~*. This apparent activation energy is determined
by a combination of nuclei formation, particle growth and
loss of reactant to the reactor walls. The contribution of the
particle growth to the observed apparent activation energy
can be eliminated by dividing the amount of harvested mate-
rial by the particle mass with a mean primary particle diameter
as derived from TEM analysis. This yields an apparent
activation energy of 142 k¥ mol~! for the entire temperature
region as can be seen in Fig. 11. This activation energy is
related to the formation process of nuclei in the reactor. The
observed decrease in particle growth can be ascribed to an
increase in loss of reactant to the reactor wall or a change in
_growth mechanism. For example, a change in growth mechan-
ism might be conceivable, if the reaction rate involving TiCl,
as reactant is smaller than the reaction rate involving TiCl,.
Because, thermodynamic equilibrium calculations reveal that
in the temperature region where the decrease in powder
formation is observed the homogeneous equilibrium concen-
tration of TiCl, decreases, and TiCl; becomes the most
abundant titanium gas-phase species.!* However, given the
present experimental configuration, it can not be concluded
what is the precise reason for the observed decrease in growth
rate of the particles. Apparently, at low reaction temperatures
the particle size characteristics are determined by a heterogen-
ous growth on the nucleus, whereas at high reaction tempera-
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Fig. 11 Arrhenius plot of collected mass on cold finger divided by
the particle mass with the mean primary particle diameter, ie.
Proportional the nucleation rate in the reactor
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tures the particle size characteristics are determined by the
nucleus formation process itself.

Conclusions

Crystalline titanium nitride powders using TiCl,, NH;, and
H, were formed in all cases. The lattice parameter of the
powders as a function of reaction temperature suggests that
only at high reaction temperatures can a stoichiometric
titanium nitride powder be formed. In the temperature range
900-1173 K the mean primary TEM particle size varies
between 100 and 200 nm. The mass mean diameters derived
from SAFFF apalysis of suspended powders are typically
between 200 and 300 nm, and the geometric standard devi-
ation varies between 1.1 and 1.3 for the powders formed
below a reaction temperature of 1173 K, and a comparison
between the results of the QELS and the SdFFF techniques
indicates that the powders are not agglomerated. At high
reaction temperatures there is a comsiderable mismatch
between the TEM particle diameters and the QELS/SAFFF
diameters. This is an indication that these particles are agglom-
erated. This phenomenon is confirmed by a fractal dimension
analysis of the TEM micrographs. The gas-to-particle conver-
sion shows an Arrhenius-like behaviour within the tempera-
ture region 923-1173 K. The apparent activation energy of
the powder formation process in this reactor is 94 kY mol ™%,
From this result and the measured mass increase an activation
energy of 142 kJ mol™* for the homogeneous gas-phase reac-
tion can be derived.

Glossary

mean primary particle diameter derived from
TEM micrograph (nm)

De fractal dimension

length of an agglomerate on a TEM micrograph
thermophoretic velocity constant

mass of a part of an agglomerate within radius R
number of particles of an agglomerate within
radius R

radius

specific surface area derived from BET analy-
sis (m?g~*)

temperature (K)

thermophoretic velocity (m s™*)

width of an agglomerate on-a TEM micrograph
stoichiometric number of TiN,

geometric standard deviation

kinematic gas viscosity (m*s™*)

drem

GRS
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