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Abstract⎯We have studied the variation in the phase composition, elemental composition, and microstruc-
ture of rolled titanium samples during thermal annealing in a nitrogen atmosphere at 1300, 1500, 1700, and
2000°C. The results demonstrate that the nitridation process can yield compact titanium nitride-based
ceramics or TiN/TiNx/α-Ti〈N〉 heterostructures. X-ray diffraction data for the near-surface region of the
samples before and after nitridation and those for cross-sectional fracture surfaces of heterostructures are
used to infer orientation relationships between the TiN phase and α-Ti〈N〉 solid solution. Scanning electron
microscopy results for cross-sectional fracture surfaces indicate that complete nitridation of the samples leads
to the formation of a three-layer microstructure.
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INTRODUCTION

Titanium nitride has the inherent advantages of
thermal stability, high hardness, good wear and corro-
sion resistances, good stability in chemically aggres-
sive media, high thermal conductivity, and biocom-
patibility [1–4]. Owing to this, titanium nitride-based
ceramic materials continue to attract considerable
interest. Various approaches are currently used to syn-
thesize titanium nitride, aimed mainly at producing
films and coatings by various physical and chemical
methods [5–9], as well as at fabricating ceramic parts
by compacting and sintering appropriate powders, fol-
lowed by nitridation of the resultant bodies [10–16].

An approach proposed by Kuznetsov et al. [17] for
producing ceramics through complete nitridation of a
metallic preform of particular shape allows one to
obtain ceramic parts that are difficult to prepare by
conventional ceramic processing techniques.

It follows from the phase diagram of the titanium–
nitrogen system [18] that nitridation is the simplest
approach for modifying the properties of the metal. As
shown earlier [19], complete nitridation is possible as
well above the melting point of the metal.

In this work, proceeding from the fact that the
approach in question differs fundamentally from nitri-
dation of, for example, powder compacts, we aim at
gaining insight into the structural changes that accom-

pany the complete nitridation of rolled titanium in the
temperature range 1300–2000°C.

EXPERIMENTAL
The starting material used had the form of VT1-0

titanium ribbons 60 mm in length and 3.0 × 0.3 mm in
cross section. The ribbons were heat-treated in an
extrapure-grade nitrogen atmosphere at a pressure of
(1.2 ± 0.1) × 105 Pa and temperatures of 1300, 1500,
1700, and 2000°C for 6, 11, 16, 21, and 60 min at each
temperature. The temperature in the reactor was mon-
itored with an ISR 50-LO pyrometer in the tempera-
ture range 700–3000°C with an accuracy of 0.5%
below 1500°C and 1.0% above 1500°C.

The phase composition of the samples was deter-
mined by X-ray diffraction1 (Thermo Scientific ARL
X’TRA diffractometer, θ–θ geometry, CuKα radia-
tion). We used two optical schemes: classic Bragg–
Brentano focusing configuration in symmetric geom-
etry for analysis of the bulk of the samples and the par-
allel beam configuration (parabolic mirror + thin-film
collimator) in grazing incidence mode for analysis of
the near-surface region and cross-sectional fracture
surfaces. The depth of the saturated layer was evalu-
ated as t (mm) = 3.45(μeff)–1sinθmax [20] (where θmax is

1 At the Shared Research Facilities Center, Voronezh State Uni-
versity.
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the maximum angle of incidence of the X-ray beam
and μeff is the linear absorption coefficient, which can
be calculated from crystallographic data for TiN using
the JANA2006 program [21]). In the data collection
geometry used, the depth of the saturated layer ranged
from 10 to 35 μm, depending on the angle of incidence

of the primary beam. The lattice parameter (a) of the
TiNx nitride as a function of nitrogen content was
determined using the equation a (Å) = 0.0467x +
4.1925 [22]. In the grazing incidence mode, the angle
of incidence of the primary beam was 5° relative to the
sample surface, and the data were collected while rotat-
ing the detector. The analysis depth was then 3 μm.

The surface morphology of cross-sectional fracture
surfaces and the local elemental composition of the
samples were studied by scanning electron microscopy
(SEM) on a Carl Zeiss LEO 1420 equipped with an
Oxford Instruments INCA Energy 300 energy disper-
sive X-ray microanalysis system.

Microhardness was measured on polished micro-
sections of cross-sectional fracture surfaces with a
Wolpert 402MVD hardness tester in conformity with the
Russian Federation State Standard GOST 9450-76. The
indenter used was a regular four-sided diamond pyra-
mid with a vertex angle of 136°. The indentation load
was 0.5 N and the dwell time was 10 s.

RESULTS AND DISCUSSION
Figure 1 shows X-ray diffraction patterns of the

surface layer of the starting sample (Fig. 1a) and after

Fig. 1. X-ray diffraction patterns of the samples: (a) surface
layer of the parent titanium foil; (b, c) 1300°C, 6 min; (d)
1700°C, 6 min; (e) 2000°C, 60 min; (b, e) near-surface
region, (c, d) cross-sectional fracture surfaces.
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synthesis under different conditions (Figs. 1b, 1e) and
those of cross-sectional fracture surfaces of the sam-
ples (Figs. 1c, 1d). It follows from the X-ray diffrac-
tion patterns in Figs. 1a, 1b, and 1e that the starting
titanium samples and the α-solid solution are charac-
terized by 〈0002〉 texture, whereas the titanium nitride
has 〈110〉 texture. The X-ray diffraction patterns in
Figs. 1c and 1d demonstrate that the α-Ti has a 〈11 0〉
preferential direction, whereas the nitride has a 〈110〉
preferential direction. Based on the X-ray diffraction
results, we obtained the following orientation relation-
ships between the crystal lattices of the nitride and the
α-Ti〈N〉 solid solution: (110), [1 0] TiN || (0001),
[11 0] α-Ti〈N〉 (Fig. 2).

2

1
2

Table 1 presents data on the variation in the ele-
mental composition of the nitrides inferred from the
present X-ray diffraction and SEM results. With
increasing synthesis temperature and time, the lattice
parameter of TiNx increases, which is due to the
increase in nitrogen concentration. The broadening of
reflections observed in the diffraction patterns of the
samples synthesized at a temperature below 1700°C
may be caused by both the smaller grain size in com-
parison with the samples prepared at higher tempera-
tures and a nitrogen concentration gradient across the
layer analyzed. Because of this, it appears impossible
in this case to evaluate the crystallite size by X-ray dif-
fraction. In the X-ray diffraction patterns of the sam-
ples synthesized at 1700°C or a higher temperature,
the full width at half maximum of the reflections is
smaller and doublet splitting is observed even at small
angles, which may be associated with both an increase
in the grain size of the nitride and a more uniform
nitrogen concentration distribution across the nitride
layer [20].

The initial stage of nitridation (during the first
6 min) yields a three-layer heterostructure throughout
the temperature range studied. Figure 3 shows a char-
acteristic SEM image of a cross-sectional fracture sur-

Fig. 2. Basic orientation relationship between the TiN and
α-Ti according to the X-ray diffraction data in Fig. 1.
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Table 1. Effect of synthesis conditions on the lattice parameter and composition of the TiNx samples

* Data acquisition in the Bragg–Brentano geometry.
** Data acquisition in grazing incidence mode.

Synthesis conditions  a, Å xtemperature, °С time, min

1 300 6 4.2276 ± 0.0005*
4.2309 ± 0.0009**

0.752*
0.820**

1 500
21 4.2279 ± 0.0005

4.2353 ± 0.0003
0.758
0.916

60 4.2310 ± 0.0005
4.2371 ± 0.0005

0.824
0.955

1 700 60 4.2357 ± 0.0002
4.2400 ± 0.0002

0.925
1.020

2 000
21 4.2350 ± 0.0011

4.2401 ± 0.0003
0.910
1.020

60 4.2373 ± 0.0006
4.2392 ± 0.0019

0.959
1.000

Fig. 3. SEM image of a cross-sectional fracture surface of
the sample synthesized vie nitridation at 1300°C for 6 min
(see text for notation).

1 2 3

10 μm
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face of a heterostructure synthesized vie nitridation at
1300°C for 6 min. Morphologically, there are three
distinct layers differing in thickness. The thickness of
the top surface nitride layer (1) is ~20 μm. The under-
lying nitride layer (2) is ~58 μm in thickness, and the
central zone of the sample consists of a nitrogen solid
solution in titanium (3). At other process tempera-
tures, the thickness of the layers of the nitride phase
increases, whereas the thickness of the solid solution

layer decreases. As a result, the formation of a bilayer
structure takes 21 min at 1500°C, 16 min at 1700°C,
and 6 min at 2000°C.

In the course of nitridation, the thickness of layer 3
decreases as a result of the movement of the concen-
tration front. In this process, the solid solution phase
may disappear and microcavities may form in the bulk
of the material (Fig. 4). Thus, the initial stages of nitri-
dation yield a three-layer heterostructure, whereas the
result of complete nitridation after heat treatment is a
single-layer structure.

Morphologically, layers 1 and 2 are separated by a
boundary. The morphological distinction between the
layers persists until the formation of a nitride phase
close in composition to TiN, which requires 30 min of
nitridation at 1500°C, 21 min at 1700°C, and 11 min at
2000°C (Fig. 5).

According to energy dispersive X-ray microanalysis
data, layer 1 is uniform in elemental composition,
which approaches TiN. Layer 2 has a composition
gradient: in going from its surface to its central part,
nitrogen content decreases (from x = 0.94 to 0.26).

Fig. 4. SEM images of inner cavities.

30 μm 20 μm

20 μm

20 μm

Fig. 5. SEM image of the sample synthesized at 1700°C for
30 min. The image was taken after the disappearance of the
solid solution phase.

20 μm

Table 2. Microhardness measured on cross sections of the samples as a function of synthesis time at 1500, 1700, and 2000°C
(the numbers 1–3 refer to forming layers revealed on cross-sectional fracture surfaces of the samples)

Synthesis 
time, min

Microhardness, MPa

1500 1700 2000

1 2 3 1 2 3 1 2 3

6 1649 ± 169 580 ± 35 445 ± 30 1690 ± 145 620 ± 18 470 ± 30 2003 ± 87 765 ± 61 545 ± 29

11 1600 ± 18 853 ± 144 452 ± 28 2004 ± 108 577 ± 23 498 ± 24 2136 ± 82 821 ± 75 –

16 1536 ± 78 1084 ± 113 568 ± 43 2332 ± 119 702 ± 133 – 2074 ± 82 634 ± 44 –

21 1644 ± 54 851 ± 63 – 2193 ± 108 646 ± 54 – 2103 ± 88 – –

60 2254 ± 170 713 ± 38 – 2509 ± 98 – – 1942 ± 51 – –
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The sequence of structural transformations in
question is well illustrated by microhardness measure-
ments on cross-sectional fracture surfaces of the sam-
ples (Table 2). It follows from these data that, at a
given temperature, the hardness of the nitride phase
within the forming layers undergoes no significant
changes during the nitridation process. The general
trend in the variation of microhardness with depth
reflects the well-defined graded structure for different
process durations (6–60 min). The greatest hardness
(from 2200 to 2500 MPa) at each temperature is
observed after the completion of the nitridation pro-
cess, that is, when the composition TiN is reached.
The microhardness data for the single-layer samples
confirm that they are uniform throughout their cross
section.

The measured hardness values correspond to the
limiting level for titanium nitride [23] and confirm the
above inference that, after high-temperature nitrida-
tion, the samples have a heterogeneous structure.

The possibility of a transition from a three-phase to
a single-phase structure over a cross section of the
samples ensures the formation of both a composite
material (with a relatively plastic core and hard shell),
which is also reflected in a cross-sectional fracture
surface of the sample (Fig. 3), and a coarse-grained
titanium nitride-based ceramic.

CONCLUSIONS
The nitridation of rolled titanium is characterized

by a sequence of structural changes which reflect the
formation of nitride phases differing in composition in
the nitrogen diffusion direction. The final stage of the
synthesis process yields a nitride close in composition
to TiN.

The nitridation process may yield composites in
the form of a TiN/TiNx/α-Ti〈N〉 heterostructure or
single-phase, compact titanium nitride-based ceram-
ics, depending on the process duration.
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