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Gradient microstructure of titanium nitride fabricated by
combustion synthesis with liquid nitrogen
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Abstract

Titanium nitride has been fabricated by combustion synthesis from a titanium powder compact and liquid nitrogen in a closed vessel. This
method drastically increases the pressure around the sample, resulting in combustion propagation. The products obtained in this system are
non-homogeneous in morphology and composition along the propagation direction. The nitridation and densification of the products have
improved with the increase of the maximum pressure or pressure gradient. With a pressure gradient of 9.5 MPa s−1, the first combustion part
o y.
T .3 GPa.
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f the product is almost unreacted titanium, but the main product at the last combustion part is titanium nitride (TiN0.75) with a dense bod
he Vickers micro-hardness of the product (at 0.98 N force) along the propagation direction is gradually increased from 9.7 to 17
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Titanium nitride is an important technological material
or many applications in which a high melting point, ex-
reme hardness, high electric conductivity and high chem-
cal stability are required.1 Recently, titanium nitride has
een used in composite materials and as a coating material

or improving the fracture toughness, strength and corrosion
haracteristics.2,3 Combustion synthesis4,5 is a conventional
ethod for the synthesis of titanium nitride. Titanium nitride
roduced by combustion synthesis should be better than that
roduced by conventional method because of the short time
eaction propagation at higher temperatures that results in a
igh purity product.

High conversion ratio to titanium nitride, however, has
ot been achieved by the combustion synthesis between pure
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titanium and gaseous nitrogen through a self-sustainin
action because the molten titanium in front of the propa
ing combustion wave prevented the nitrogen penetration
the reactant. In order to achieve a high conversion rat
the products, high pressure of gaseous nitrogen,6,7 sodium
azide8 and liquid nitrogen9 have been required. Recen
other simple techniques such as microwave activation
successfully achieved a very high conversion ratio du
the combustion synthesis of nitrides.10 The conversion rati
in the case used liquid nitrogen as nitrogen source was
than 70%. In contrast, a dense product with a conversio
tio of 89% has been fabricated by the nitriding reaction
closed vessel filled with liquid nitrogen, and this product
been densified up to 99% of the theoretical density11 in spite
of the difficulty for densification of titanium nitride with
high melting temperature and covalent bonding. The incr
of the conversion ratio and the densification of the pro
occurred because the pressure drastically increased d
the combustion synthesis. A drastic increase of the pre
around the reactant is produced by utilizing liquid nitroge
a closed system, according to its gasification by heat ge
Present address: IMRA-Europe, 220 rue Albert Caquot 06904 Sophia-
ntipolis, France.

tion during the combustion synthesis. The structural process
following the combustion process plays an important role
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in the final product.12,13 Products fabricated under increas-
ing pressure during the combustion reaction show differences
in conversion ratio, formation of the metastable phase, and
densification. From the thermodynamic point of view, the in-
crease of pressure in a solid–gas reaction increases the driving
force of the reaction and is expected to enhance the conver-
sion into the final product.14

In the present work, we investigated the effects of pressure
change during combustion synthesis just after the initiation of
the reaction on microstructural and mechanical properties in
order to clarify the reaction mechanisms of TiN combustion
synthesis with liquid nitrogen in closed system. Functionally
graded materials like products fabricated by this method have
different composition and structure in one direction.

2. Experimental procedure

Titanium powder with an average particle size of 30�m
(Nakarai Inc., Tokyo, Japan) was used. The packing density
of the powder compact, compressed uniaxially in a cylindri-
cal stainless steel die (diameter 15 mm) with double-acting
rams, was about 50%. At a packing density of 58%, the con-
version ratio of TiN combustion synthesis using liquid ni-
trogen is at maximum.9 In this study, however, the packing
d e Ti
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a
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c om-
p rom
t had
b pward
w bus-
t re

was measured by using W–Re5%/W–Re26% thermocouples
located inside the compact. The pressure inside the vessel
was measured by a strain gauge transducer (PH-B, Kyowa
Inc., Tokyo, Japan) with a dynamic strain amplifier (DPM-
711B, Kyowa Inc., Tokyo, Japan). The temperature and pres-
sure data were recorded with a data logger (sampling time
50 ms). The combustion velocity was calculated with data of
two thermocouples. The phases of the products were iden-
tified by X-ray diffraction (K�1 = 0.15402 nm) (RINT2500,
Rigaku Inc., Tokyo, Japan). The fracture surface of the prod-
ucts was observed by scanning electron microscopy (SEM)
(JSM-220, JEOL Inc., Tokyo, Japan). The hardness of each
product was determined by the Vickers micro-hardness ap-
paratus (HMV–2000, Shimazu Inc., Kyoto, Japan) at 0.98 N
force for 10 s.

3. Results and discussion

3.1. Effects of simultaneous combustion reaction and
pressure increase on the product

The pressure inside a closed vessel fully filled with liquid
nitrogen increases from 0.1 to 65 MPa when the temperature
in the vessel changes from−196 to 0◦C according to the
v ni-
t s
g e
p ing
l
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t n
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d ng the
e and
c ith

aratus
ensity was about 50% because it is difficult to melt th
articles with a combustion initiation of Ti powder comp
ver 50%. The powder compact was placed in a com
ion synthesis apparatus as shown inFig. 1. The vessel wit
n inner volume of 785 cm3 was filled with liquid nitrogen
nd hermetically closed after cooling of inner closed
el. A tungsten ignition wire (0.5 mm in diameter) was
ontact with the bottom surface of the titanium powder c
act. After ignition, the reaction propagation occurred f

he bottom to the top of the sample. This configuration
een selected because the combustion propagating u
as more effective for higher conversion than the com

ion propagating downward.9 The combustion temperatu

Fig. 1. Schematic illustration of an app
olumetric expansion of nitrogen (the density of liquid
rogen is 808 kg m−3 at −196◦C, which is about 650 time
reater than the nitrogen density at 0◦C). With regard to th
ossibility of combustion synthesis of titanium nitride us

iquid nitrogen, the heat formation of TiN1.0 is 336 kJ mol−1

nd the heat of liquid nitrogen evaporation is 5.6 kJ mo−1.
he adiabatic temperature of TiN1.0 using liquid nitrogen a

he nitrogen source is 4527◦C. This is almost the same
he adiabatic temperature of TiN1.0 using gaseous nitroge
i.e. 4827◦C). The maximum pressure in the closed ve
epends on the heat generation of the reaction increasi
vaporation of the liquid nitrogen with the sample weight
onversion ratio. Titanium nitride is a typical material w

with a closed vessel used in the present work.
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Fig. 2. Relationship between weight of titanium as reactant and maximum
pressure in the present vessel.

a wide range of stoichiometry symbolized with the formula
TiNx, wherex ranges from 0.6 to 1.0.15 The dominant defect
in TiNx is vacancies at the nitrogen site.

The maximum pressure in the vessel could be measured
up to 50 MPa by a strain gauge transducer.Fig. 2shows the
relationship between the weight of titanium as a reactant and
the maximum pressure in the present vessel. For a sample
weight less than 0.1 mol, the pressure did not increase be-
cause the heat generation from the titanium nitride synthesis
was not sufficient. The strong cooling of the inner vessel by
the outer vessel quickly prevents the pressure increase by the
condensation of nitrogen gas at−196◦C. The critical size has
been estimated at around 0.15 mol, from which the maximum
pressure was coarsely increased in proportion to the sam-
ple weight. With a 0.7 mol sample, the maximum pressure
reached was approximately 50 MPa and the pressure took
about 20 s to increase from 0.1 to 50 MPa. Seventy seconds
after the maximum pressure, the pressure had decreased to
0.1 MPa due to the cooling of the surrounding liquid nitrogen.

Products fabricated under changing pressure have differ-
ent shapes in the combustion propagation direction. The first
part of the product was a porous body, but the last part was
a dense body due to the shrinkage of the sample. In com-
bustion synthesis, the structural process occurs just after the
combustion process; accordingly, the pressure evolves during
the structural process, providing a variable density along the
p

g di-
r n.
F rst
( rod-

F ts of
t

uct was fabricated while the nitrogen pressure changed from
0.1 to 34.5 MPa. The composition in both parts of the prod-
uct was identified as unreacted titanium and titanium nitride.
The sample displays an increase in the titanium nitride be-
tween the first and the last part. The lattice constant of the
titanium nitride in the last combustion part calculated from X-
ray diffraction peaks is 0.420 nm and corresponds to TiN0.65.
Thexvalue of TiNx can be estimated from data of relationship
between lattice constant and TiNx. However, the titanium did
not react completely with the nitrogen in either part. Actu-
ally, the maximum combustion temperature in this case was
2142◦C, more than 400◦C higher than the melting point of
titanium. Consequently, the molten titanium prevented the
penetration of nitrogen into the sample and the titanium ni-
tride synthesis was inhibited.

Fig. 4 shows scanning electron micrographs in the first
(a) and last (b) combustion parts of a cross section of the
same product. It is clear that the first combustion part of the
product is a porous body and the last combustion part is a
dense body. In general, the rate of densification of the sample
decreases with the increase of the nitrogen content.16 In our
case, densification occurred at the last part because the liquid
nitrogen served as a pressure source.

As indicated in experimental procedure, the temperature
and the velocity of the combustion were measured by W–Re
thermocouples in order to consider a model of combustion

Fig. 4. Scanning electron micrographs in first (a) and last (b) combustion
parts of the fracture surface of the product (maximum pressure: 34.5 MPa).
ropagation direction.
Typical different phases in the combustion propagatin

ection of the product were identified by X-ray diffractio
ig. 3 shows X-ray powder diffraction patterns in the fi
a) and last (b) combustion parts of the product. This p

ig. 3. X-ray diffraction patterns in first (a) and last (b) combustion par
he product (maximum pressure: 34.5 MPa).
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Fig. 5. Combustion temperature at several positions from the sample bottom.

synthesis and densification in this system.Fig. 5 shows the
combustion temperature at several points of the sample. At a
distance of 1 mm from the bottom, the combustion temper-
ature was about 2060◦C. That was almost the same as the
maximum temperature (1947◦C) of the combustion synthe-
sis between the titanium and liquid nitrogen in an open vessel.
In general, the maximum combustion temperature increased
with pressure.6 Therefore, the temperature in the initial stage
of the combustion synthesis indicated that the pressure in the
vessel did not increase owing to the heat consumption of the
liquid nitrogen around the reactant. However, the combustion
temperature reached about 2230◦C at distances exceeding
5 mm from the initiation point. This high combustion temper-
ature indicates the high conversion ratio. Thus, as the pressure
increase because of heat generation (which is directly pro-
portional to the conversion ratio), the conversion ratio and
pressure are associated. The measured combustion veloci-
ties were 6.17 mm s−1 at 5–10 mm from the initiation point,
6.59 mm s−1 at 10–17 mm, and 7.46 mm s−1 at 17–27 mm.
The combustion velocity increased because of expansion in
the reaction zone during the combustion process. This expan-
sion is due to the intensified convection of gaseous nitrogen
at the non-reacted part of the sample according to the increase
of pressure. In general, it has been reported that combustion
velocity does not depend on gaseous pressure for combus-
tion synthesis involving solid–solid reactions.5 For reactions
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Fig. 6. Combustion temperature profiles of the sample, pressure profiles in
the vessel and sample shape modifications.

the product occurs after combustion propagating as shown
in sample shape D. The structural stage in combustion syn-
thesis with titanium nitride continues until about 1230◦C.13

The conical shape of the sample as it is illustrated on “E” in
Fig. 6 results from the increasing pressure during and after
the combustion propagation. Of course, the pressure mea-
sured by the strain gauge transducer is the average pressure
in the vessel, it is not the real environmental pressure around
the reactant on a microscopic scale. Therefore, it is clear that
the pressure gradient in the linear part that is called the initial
stage is a very important parameter as a determining factor
of the conversion ratio and the densification of the final prod-
uct. Moreover, the pressure gradient increased in proportion
to the maximum pressure as shown inFig. 7.

3.2. Effect of pressure gradient on the structure of the
product

The maximum pressure and pressure gradient increased
with the heat generation (according to the weight of titanium
powder compacts) in the combustion synthesis of titanium
nitride with liquid nitrogen in a closed vessel.Fig. 2plots the

ient.
ith fluid phases, however, the combustion velocity dep
n the gaseous supply or the gaseous pressure. The co

ion velocities in the combustion synthesis of Ta–N syste17

nd TiN–TiB2 composite18 increased with nitrogen pressu
he higher combustion velocity at higher nitrogen pres

s thought to be related to the increase of the maximum
ustion temperature with nitrogen pressure.19

Consequently, the conversion ratio and densification o
roduct increased with pressure in the vessel. Next, we
idered the relationship between the combustion temper
nvironmental pressure and sample shape during the rea
ig. 6depicts combustion temperature profiles of the sam
ressure profiles in the vessel and sample shape modific
btained from this project. A–E indicate the modified sh
f the sample at several reaction times. T1 and T2 profiles
epresent the combustion temperature of the several pa
hown in the sample shape A. As shown inFig. 6, the com
ustion propagation terminates in C. The structural sta
.

Fig. 7. Relationship between maximum pressure and pressure grad
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Fig. 8. Relationship between the bulk densities of samples along the direc-
tion of propagation and the pressure gradient.

maximum pressure against the sample weight. The conver-
sion ratio increases with the pressure caused by the reaction
starting, and consequently produces a greater amount of heat.
This heat warms the nitrogen in the closed vessel and the pres-
sure is gradually increased. This phenomenon continues until
heat generation stops due to a lack of reactant.

The bulk density of the products increased with the pres-
sure gradient.Fig. 8shows the relationship between the bulk
densities of samples along the direction of propagation and
the pressure gradient. The three ranks of dots represent the
bulk density of the total, first, and last combustion synthe-
sis parts. The bulk density of the products was assessed as
4.6× 103 kg m−3 for a pressure gradient of 9.5 MPa s−1 and
5.0× 103 kg m−3 for a pressure gradient of 20 MPa s−1. The
bulk densities of the products in the last combustion part
are clearly higher than at the first combustion part. The dif-
ferences in the bulk density in the direction of propagation,
however, are small in the presence of high-pressure gradi-
ents. With a pressure gradient of 20 MPa s−1, there is no
difference in the bulk density between sample parts. This
may be because the combustion synthesis of titanium ni-
tride with liquid nitrogen as well as gaseous nitrogen is ini-
tiated at a temperature above the melting point of titanium
(1670◦C).20 The structural stage of the product occurs during
high-temperature term just after combustion propagation (i.e.
after burn).6 In the case of a pressure gradient of 20 MPa s−1,
t f the
p

cts
i
p f the

F ts of
t

Fig. 10. Scanning electron micrographs of the fracture surface in first (a) and
last (b) combustion parts of the product (pressure gradient: 9.5 MPa s−1).

product fabricated at a pressure gradient of 9.5 MPa s−1. The
main product in the first (last) combustion parts was identi-
fied as titanium (titanium nitride). The lattice constant of the
product in the last combustion part, calculated from the X-ray
diffraction peaks, is 0.422 nm, which corresponds to TiN0.75.
This value has been calculated from the reported dependence
of the lattice constant on deviation from stoichiometry for ti-
tanium nitride.15 According to conventional combustion syn-
thesis, the maximum conversion of the reaction of nitridation
of pure titanium using gaseous12,13,21and liquid nitrogen9

was lower than 70%. However, we could produce titanium
nitride with a high conversion ratio because we supplied liq-
uid nitrogen into the titanium compact at high density and
high pressure.

Fig. 10shows scanning electron micrographs of the frac-
ture surface in the first (a) and last (b) combustion parts of
the product fabricated at a pressure gradient of 9.5 MPa s−1.
Both parts of the fast and last are produced dense bodies, but
the morphologies are clearly different. In the first part, the
penetration of gaseous nitrogen into the space of the molten
reactant was interrupted by the effect of reducing the surface
area of the reactant. In the last combustion part, the product
was titanium nitride with a mean particle size of approxi-
mately 50�m. In this case, the heat of formation increased
he effect of the pressure during the structural stage o
roduct was approximately constant.

We investigated different morphologies of the produ
n the propagating direction.Fig. 9 shows X-ray diffraction
atterns in the first (a) and last (b) combustion parts o

ig. 9. X-ray diffraction patterns in first (a) and last (b) combustion par
he product (pressure gradient: 9.5 MPa s−1).
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owing to the high conversion in the last combustion part, but
the maximum combustion temperature was 2457◦C, lower
than the melting point of titanium nitride. The melting point
of TiNx, however, decreases with a lower content of nitro-
gen (i.e. less than 2947◦C). Therefore, the particle growth
occurred by volume diffusion which should allow transport
of matter from the grain boundaries to the neck regions.

We measured the Vickers micro-hardness (at 0.98 N) of
the products fabricated in a pressure gradient of 9.5 MPa s−1.
The hardness in the product varied along the combustion
propagating direction. The hardness is 9.7 GPa for the first
and 17.3 GPa for the last combustion part. We found that the
hardness increases with the conversion ratio and densification
of the product as shown in the XRD patterns and SEM pho-
tographs. Complete nitrides were synthesizes by combustion
synthesis by lowering the combustion temperature according
to the addition of a product to dilute the reactant powder.6

4. Conclusions

In this work, we investigated the effect of pressure changes
during combustion synthesis of titanium nitride with liquid
nitrogen in a closed vessel on the conversion ratio, the mi-
crostructure, and mechanical properties of the products in
order to clarify the reaction mechanisms. A drastic increase
o the
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