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Abstract

The effects of compacting pressure, powder degassing and high pressure sintering temperature and time on
the densification and properties of nanocrystalline titanium nitride have been investigated. For this reason,
TiN powder with a mean particle size of 55 nm was pressed in the range of compacting pressure from 0.2 to
1.0 GPa and sintered under static pressure of 3.5 GPa in the temperature range of 900—1600°C for 45—120 s.
Some of green bodies were degassed in vacuum before sintering. It was shown that samples compacted in the
pressure range of 0.2—0.6 GPa have the highest density after the thermobaric treatment. The maximum density
(about 97.3 %TD) was obtained with degassed samples. Microhardness and microstructure investigations
have shown that recrystallization of the TiN nanopowder begins at the sintering temperatures of 1100—1200°C
and sintering time less than one minute. The maximum microhardness obtained was 23.2+1.0 GPa and the
maximum Young modulus was 370 GPa.
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I. Introduction ical properties of sintered compacts [4]. Consolidation

Titanium nitride (TiN) is a high-melting-point com- of TiN nanopowders has been attempted using several
pound with high hardness, low electric resistance and  Sintering techniques: Spark Plasma Sintering (Field-As-
good thermal stability [1,2]. Usually, TiN is used in sisted Sintering) [4,5] and Gas Pressure Sintering [6].
coatings and there is virtually no information about its ~ Dense ceramics on the basis of TiN having nanocrys-
usage as a bulk material. The main reason for that is talline structure and increased hardness have been ob-
a low density of the sintered material which results in tained using High Pressure Sintering (HPS) [7-9]. HPS
poor mechanical properties. Pure TiN powders are very is especially effective for fabricating nanoceramics
difficult to fully densify because of covalent bonding, based on high-melting point compounds because dense
very low self-diffusion coefficient and tendency to de- materials can be produced without any additives while
compose at high temperatures [3]. The use of nanosized duration of sintering can be reduced [10-15].
powders shows great promise for producing dense TiN HPS of TiN nanopowders under pressures of 3 and

parts at lower temperatures and improving the mechan- 4 GPa was investigated in work [8]. It was shown that
the density and hardness of samples sintered from TiN

* Corresponding author: tel: +375 17 284 11 64 powder with a mean particle size of 40 nm at pressure of
fax: +375 17 2840 888, e-mail: kopylov@ifitp.bas-net.by 4 GPa are much higher than at pressure of 3 GPa. These
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results had demonstrated that value of applied pressure
plays an import role in the densification process of TiN
nanopowders during HPS.

However, there is virtually no information about
how the green density of the compacts affects the final
density of the sintered samples based on TiN nanopow-
der. The primary objective of the present work was to
investigate the effect of all stages of thermobaric treat-
ment on densification of titanium nitride nanopowder.
For this reason, we have studied densification of TiN
green bodies prepared at different compacting pres-
sures. Furthermore, we have investigated the role of de-
gassing in the densification process of TiN nanopowder.
The basic features of the sintering process and their ef-
fect on the resulting physical and mechanical properties
of the sintered material are examined.

I1. Experimental

Pure TiN powder (Institute of Problems of Chemi-
cal Physics RAS, Russia) with a specific surface of 20.5
m*g and a mean particle size of 55 nm was used as
starting material for the experiments. X-ray diffraction
analysis of investigated powder had identified only one
phase (Fig. 1): the face-centered cubic (FCC) modifica-
tion of TiN with lattice parameter a = 4.2361+0.0007 A.
According to [16] N/Ti ratio in this case is about 0.9.

Cylindrical green compacts, 11 mm in diameter and
5 mm high, were formed in a stainless steel die in the
range of compacting pressures of 0.2 to 1.0 GPa. Some
of green bodies were previously degassed in a vacuum
furnace at the temperature of 300°C for 30 min and then
at temperature of 800°C for 60 min. A modified high
pressure anvil-type apparatus [17] was used for HPS.
The samples were subjected to the pressure of 3.5 GPa
at room temperature and then heated to 900—1600°C (at
the same pressure) and sintered for 45—120 s. The sin-
tering process was controlled and monitored using pre-
viously developed automated control system for ther-
mobaric sintering [18].
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Figure 1. X-Ray data for initial
TiN nanopowder

Density of the sintered specimens was measured us-
ing the Archimedes principle by weighing them in car-
bon tetrachloride at room temperature. The accuracy
of this method is about £0.01 g/cm®. Relative density
was calculated in accordance to the theoretical density
of 5.388 g/cm’®. The microhardness measurements were
carried out at a load of 100 g and indentation time of
10 s. Young’s modulus of the sintered samples was ob-
tained by measured the velocity of the ultrasonic waves
transition through the sample [19]. The accuracy of cal-
culated Young’s modulus could be estimated to be 2
%. Microstructure investigations were carried out us-
ing Leica DM IRM metallurgical microscope and JSM-
6490 (JEOL Ltd., Tokyo, Japan) scanning electron mi-
croscope. The average grain size was measured using
linear intercept method.

IT1. Results and discussion

At the first stage of the investigation green samples
have been prepared from TiN nanopowder under five
compacting pressures: 0.2, 0.4, 0.6, 0.8 and 1.0 GPa.
Then the samples were sintered under the pressure of
3.5 GPa in the temperature range of 900—-1600°C for 60
s. Fig. 2 shows the relative densities of the sintered sam-
ples as a function of compacting pressure and sintering
temperature. As one can see, the final relative density
of the sintered samples depends on their green density
and HPS temperature. Obtained results indicate that the
higher sintering temperature is applied the lower com-
pacting pressure is needed for maximum densification
of the powder. Thus, under low sintering temperatures
(900-1100°C) density of the sintered samples increas-
es with raising the compacting pressure up to 0.6 GPa.
At the same time, after sintering at higher temperatures
(1400-1600°C) the specimens compacted in the pres-
sure range of 0.2—0.4 GPa have the highest relative den-
sities. It is known that there is a formation of cracks in
powder compacts if deformation degree exceeds limit-
ing value [20]. This process is accompanied by poros-
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Figure 2. Density of sintered TiN samples vs.
green bodies’ density
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ity increase. Most likely, this is the main reason why
the use of very high compacting pressure leads to a de-
crease in the relative density of the sintered material.
Accelerated recrystallization in the samples whose par-
ticles are in stronger contact might be the second rea-
son, on which the density goes down.

At the second stage we have investigated the effect of
powder degassing on densification during HPS. For this
reason, we used green bodies compacted under the pres-
sure of 0.2 GPa and degassed in a vacu-um furnace. Af-
ter degassing the samples were sintered under the pres-
sure of 3.5 GPa in the temperature range of 900-1600°C
for 60 s. The obtained results are presented in Fig. 3.
It has been shown that samples sintered after vacuum
annealing have the relative density about 1-2 % higher
than before. This means that initial investigated nanopo-
wder contains adsorbed gases that complicate its densi-
fication during the sintering. In all cases the most inten-
sive powder densification is observed in the temperature
range of 1100-1400°C while the maximum values of
density are achieved at the sintering temperatures of
1400-1600°C. At the same time decrease of microhard-
ness above 1100°C demonstrates that recrystallization
begins at temperatures above 1100-1200°C (Fig. 4).

The results of microstructure investigations are pre-
sented in Figs. 5-7. As one can see, investigated pow-
der has bimodal particle size distribution (Fig. 5a). As
a result, all SEM micrographs demonstrate that sin-
tered material also has bimodal grain size distribution
— smaller submicrometer grains and much larger grains
of few to several tens of micrometers (Fig. 5b-5f). Op-
tical micrographs (Fig. 6) also indicate presence of
two phases in the sintered material: small grains (ma-
trix) and big round grains. Small grains have yellow to
orange colouring meanwhile the colour of big round
grains is grey. So, in accordance with [16] the matrix
has N/Ti ratio about 0.8—1.0 meanwhile big grey par-
ticles have N/Ti ratio about 0.5 or less. It is to be no-
ticed that at sintering temperatures of 900°C, 1100°C
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Figure 3. Density of TiN samples vs. sintering
temperature

and 1250°C clear boundaries between the big particles
and the matrix are observed (Fig. 6a). At the same time,
at sintering temperatures of 1400°C and 1600°C these
boundaries become washed away (Fig. 6b). It is very
likely that free titanium located inside big particles dif-
fuses into the matrix and dissolves in it. Thus, the mate-
rial becomes more homogeneous. At that matrix colour
becomes brighter which means that N/Ti ratio of ma-
trix is reduced. It is possible, that this is one of the rea-
sons why the samples sintered at temperatures of 1400—
1600°C possess the lowest microhardness.

A mean particle size of the initial powder and a
mean grain size in the samples sintered at temperatures
of 900-1100°C are in a range of 40-100 nm (Fig. Sa-
5c and 7) while in the sample sintered at temperature of
1250°C this range extends up to 200 nm (Fig. 5d and
7). In the samples sintered at temperatures of 1400 and
1600°C the mean crystallite sizes were in a range of
100-500 nm (Figs. 5e and 7) and 200-500 nm (Figs. 5f
and 7) respectively. It is to be noted, that we did not use
the sizes of big round particles for calculating the mean
particles size of initial powder and average grain size of
sintered material.

Finally, the effect of sintering time on the physical
and mechanical properties of ceramics sintered from TiN
nanopowder was investigated. For this reason, some of
the degassed samples were sintered under the pressure
of 3.5 GPa in the temperature range of 1100-1400°C
for 45—120 s. For sintering, the same green compacts as
on the second stage were used. The obtained results are
presented in Figs. 8 and 9.

As is shown in Fig. 8a, optimal sintering time for the
TiN nanopowder subjected to the pressure of 3.5 GPa de-
pends on the sintering temperature. The higher sintering
temperature is applied the shorter time is needed for end-
ing powder densification. After sintering at all investigat-
ed temperatures (1100, 1250 and 1400°C) microhardness
of the samples decreases with increasing the sintering
time (Fig. 8b). This means that increasing the sintering
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Figure 4. Relative density and microhardness of degassed
TiN samples depending on sintering temperature
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Figure 5. SEM micrographs of the initial TiN powder (a) and fracture surfaces of degassed samples sintered at different
temperatures: 900°C (b), 1100°C (c), 1250°C (d), 1400°C (e) and 1600°C (f)
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Figure 7. Average grain size of degassed TiN samples
sintered at different temperatures

time and temperature intensifies the rate of recrystalli-
zation processes of nanocrystalline titanium nitride. The
maximal value of microhardness obtained in current in-
vestigation (23.2+1.0 GPa) is lower compared to values
obtained earlier with use of TiN powder with the mean
particle size of 40 nm (about 30 GPa), but it is compa-
rable to hardness of samples sintered from TiN powder
with the mean particle size of 80 nm [8].
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Figure 8. Relative density (a) and microhardness (b) of
degassed TiN samples vs. sintering time
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The Young’s modulus of all sintered samples was
found to be proportional to their relative density (Fig.
9). Substantial improvement of the elastic properties is
observed with raising the sintering temperature from
1100 to 1250°C while at a further increase in the sin-
tering temperature (from 1250 to 1400°C) a change in
both the density and elasticity modulus of the samples is
insignificant. The maximal value of the Young’s modu-
lus obtained in present investigation (about 370 GPa) is
lower than some of previous results [21]. Probably, this
is concerned with nonstoichiometric composition of the
investigated material [22].

IV. Conclusions

The effects of compacting pressure, powder degas-
sing and high pressure sintering temperature and time
on the densification and properties of nanocrystalline
titanium nitride have been investigated. It has been
shown that the samples compacted from TiN powder
with a mean particle size of 55 nm in the pressure range
of 0.2-0.6 GPa exhibit the highest relative density after
thermobaric treatment under the pressure of 3.5 GPa,
about 95-96 %TD. In all cases the use of compacting
pressure exceeding 0.6 GPa leads to a decrease in the
density of the sintered material. Powder degassing per-
mitted raising the maximum relative density of sintered
samples up to 97.3 %TD.

Microstructure investigations have shown that mean
particle size of the initial powder and a mean grain size
in the samples sintered at temperatures of 900-1250°C
are in a range of 40200 nm while in the samples sin-
tered at temperatures of 1400-1600°C this range ex-
tends up to 100—500 nm. Microhardness measurements
had also demonstrated that recrystallization begins in
the temperature range of 1100-1200°C.

The maximum physical and mechanical properties
of sintered material (H = 23.2+1.0 GPa, E = 370 GPa)
are lower than some of known literature data. This fact
can be explained by nonstoichiometric composition of
investigated TiN nanopowder.
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