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Characteristic sample temperature and pressure
during processing of titanium nitride combustion
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Titanium nitride synthesis has been investigated by sustaining a nitriding reaction of
titanium powder compacts set in a closed vessel filled with liquid nitrogen. The
characteristic features of the present combustion synthesis technology are the accelerating
pressure in the vessel following sample heating through its combustion propagation, which
results in a specific structure formation of the products. It has been confirmed in the present
work that the pressure in the closed vessel was drastically increased (ca. 20 MPas™")

by propagating the nitriding reaction. The product was shrunk and densified up to

99%. The product was identified as TiNgg; without any trace of elemental titanium.
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1. Introduction

Titanium nitride is a typical material with a wide
range of stoichiometry, TiN,, where x varies from
0.6-1.0 [1]. TiN, has advantageous properties such as
hardness, chemical stability and electrical conducti-
vity [2,3]. Combustion synthesis [4,5] has been
applied to TiN synthesis, which is conventionally per-
formed with gaseous nitrogen [6-8]. At an atmo-
spheric pressure of gaseous nitrogen, the conversion
ratio was, at most, 40%. For the purpose of achieving
high conversion, a reaction method in gaseous nitro-
gen at high pressure has been proposed [9, 10]. Liquid
nitrogen [11] and sodium azide [12] have been used
as densified nitrogen sources and performed success-
fully in combustion synthesis with a rather high con-
version ratio.

In the case of utilizing liquid nitrogen, its gasifica-
tion by the reaction heat during combustion synthesis
would affect the environment around the reacting
sample, especially the pressure, which would increase
in the closed system.

In the present work, the combustion synthesis of
TiN with liquid nitrogen in a closed system was inves-
tigated in order to assess the potential of its technical
advantage in certain material processing. The pressure
change following the reaction propagation is con-
sidered to affect not only the propagation pheno-
menon itself, but also the product characteristics of
structure and properties.

2. Experimental procedure

2.1. Design of the closed vessel

The density of liquid nitrogen at 77K is 808kgm ~*,
which is almost 650 times larger than that of gaseous
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nitrogen (1.25kgm ™). In the case of a closed vessel
fully filled with liquid nitrogen, the pressure in the
vessel reaches 70 MPa at 298 K according to gasifica-
tion of liquid nitrogen as follows

[M} = [M} ~ 180 x (1)
VNZ(I) P PNZ(I) 14 77
Therefore, the vessel should be designed to be mech-
anically resistive to at least 100 MPa high pressure.
The vessel should also be adequate for use at the low
temperature of liquid nitrogen. A vessel was designed
to be suitable for use at a pressure of more than
100 MPa at 77 K. The inner volume was chosen equal
to 785 cm? (diameter 100 mm x 100 mm). The choice of
structural material was determined by its high resist-
ance to the induced inner pressure. In the present
work, the SNCM439 alloy (C 0.4%, Ni 1.8%, Cr
0.8%, Mo 0.23%, tensile strength > 980 MPa) was
used as the structural material for the vessel, which
was 30mm thick. Fig. 1 shows a schematic design of
the present apparatus.

2.2. Procedure
Titanium powder with an average particle size of
30 um was used. It was compressed uniaxially in a cy-
lindrical shape (approximately 25mm diameter and
43 mm long) at 2 MPa using a stainless steel die with
double-acting rams. The packing density was about
50% theoretical. Each compact was placed in the
central part of vessel, as shown in Fig. la.

A tungsten wire (diameter 0.5 mm), attached to the
bottom surface of sample compact, was used for igni-
tion by passage of an electric current. The upper part
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Figure 1 Schematic illustration of an apparatus with a closed vessel used in the present work: (a) perspective view, (b) sectional view.

of the vessel and the clamps were positioned as in Fig.
1b. The vessel was hermetically closed after filling with
liquid nitrogen. The sample temperature and pressure
in the vessel were measured using a W-Re ther-
mocouple and a strain gauge transducer with a dy-
namic strain amplifier, respectively. These data were
recorded with a data logger (sampling time 50 ms).
The fracture surface of the products was observed by
scanning electron microscopy (SEM) and the phases
were identified by X-ray diffraction.

3. Results and discussion
The reaction between titanium and nitrogen gas is as
follows

Ti + 1/2N, > TiN + 336kJ )

The adiabatic temperature is calculated to be 5100 K.
When using liquid nitrogen, the combustion reaction
could be sustained because its heat of reaction is
sufficient to compensate for the heat of liquid nitrogen
evaporation (5.6 kJ mol ™ 1). The adiabatic temperature
of this reaction with liquid nitrogen is calculated to be
4800 K, which is a little lower than that with gaseous
nitrogen.

When titanium reacts with nitrogen through com-
bustion synthesis in a closed vessel fully filled with
liquid nitrogen, the pressure in the vessel increases as
in Equation 1. Fig. 2 shows the relationship between
the amount of titanium reacted and the change in
pressure. For example, in the case of the reaction with
1 mol titanium, the pressure change reaches about
77 MPa (vessel volume 785 cm?, conversion from tita-
nium to TiN: 100%).

In order to perform the present experiments, two
practical problems needed to be solved. The first was
how to maintain the vessel at a low temperature at
which liquid nitrogen would not evaporate in the
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Figure 2 Calculated pressure change following TiN complete com-
bustion synthesis in the present vessel (785 cm? inner volume) fully
filled with liquid nitrogen.

initial stage. The bubbling caused by evaporation of
liquid nitrogen could produce some unstable contact
between the sample and the tungsten wire. In order to
keep the vessel at low temperatures, the experiment
was carried out with the vessel surrounded by liquid
nitrogen. The second problem was the selection of
a hermetic seal joint between the parts of vessel which
could withstand the rapid increase of pressure. A Tef-
lon o-ring was used in the present work, which is
ductile even at cryogenic temperature.

The typical temperature and pressure changes in the
present experiments are shown in Fig. 3. As seen, the
pressure in the closed vessel drastically increased
(approximately 20 MPas™') after induction of the



reaction because of increasing sample temperature
(temperature reached more than 2000 K within 5s
after ignition).

The synthesized product was shrunk and densified
by the present reaction. The bulk density of the prod-
uct was approximately 4.96 x 10> kg m™>. Fig. 4 shows
scanning electron micrographs of the fracture surface
of the products obtained (a) under atmospheric pres-
sure and (b) in the present closed vessel. The latter was
found to be more densified than the former, the grain
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Figure 3 Typical results of temperature and pressure changes during
TiN combustion synthesis in the present work.

Figure 4 Scanning electron micrographs of the fracture surfaces of
the products obtained by combustion synthesis under (a) atmo-
spheric pressure and (b) closed conditions.

size of which was more than 100 um. During the com-
bustion propagation, the temperature in the reaction
system greatly exceeded the melting point of titanium
(1943 K). The densification mechanism can be ex-
plained as follows [9]. (1) Titanium melts around the
combustion front, (2) the molten titanium forms
closed pores which include gaseous nitrogen, (3) the
gaseous nitrogen trapped inside reacts with the molten
titanium, (4) the inner gas pressure subsequently be-
comes relatively lower than that outside, and (5) the
densification can occur. Fig. 5 shows X-ray diffraction
patterns of the products obtained under atmospheric
pressure and in a closed vessel. The present product
was identified as TiN with no trace of elemental
titanium. Its lattice constant was calculated from the
X-ray diffraction pattern, and the value (a =
0.4230 nm) was found to correspond to TiNg g+, which
is shown in Fig. 6. Thus, the density of the present
product (4.96 x 10° kgm ™) is considered to be about
99% densified TiNg g-.

Because the pressure around the sample increases
following reaction propagation, it may be expected
that the change in structure will occur in the direction
of the reaction propagation, because the structure
steps behind the combustion front would proceed
differently according to the gradual pressure change in
the propagation direction. However, the morphology
of the present sample was found to be uniform in every
way with the data of SEM observation and X-ray
analysis for several positions in the direction of propa-
gation. Because the initiation of TiN combustion syn-
thesis occurs above the melting point of titanium
(1943 K) [13], the change in structure takes place
during the reaction after the maximum temperature is
reached (i.e. in the “after-burn” region [7] ). In the
after-burn region, the pressure increase during the
process plays an important role in densification. As
shown in Fig. 3, the pressure gradient dp/dt is constant
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Figure 5 X-ray diffraction patterns of the products obtained by
combustion synthesis under (a) atmospheric pressure and (b) closed
conditions.
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Figure 6 Variation of lattice constant with composition for TiN,: (e)
present work, (—) after Wriedt et al. [1].

in the present case. Therefore, the effect of pressure on
product densification would be the same in the direc-
tion of propagation. To check this hypothesis, it is
important to investigate the behaviour of the combus-
tion wave velocity under increasing pressure.

4. Conclusions
TiN synthesis was carried out by sustaining the reac-
tion between titanium metal and nitrogen in a closed
vessel filled with liquid nitrogen. The following results
have been confirmed.

1. The pressure in the closed vessel drastically in-
creased by more than 60 MPa within 3 s with increas-
ing sample temperature after its reaction induction.
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2. The obtained product was densified up to more
than 99%.

3. The lattice constant of the product was measured
as 0.4230nm by X-ray diffraction and the value cor-
responds to a compound of TiNy g7.

4. The morphology of the product was uniformly
distributed in the direction of the reaction propaga-
tion.

The present results reveal that some new phase
could be formed following the gradual pressure in-
crease in combustion synthesis technology such as this
in a closed vessel filled with liquid nitrogen.
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