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ANISOTROPIC PHASE TRANSFORMATION
MECHANISM ON COARSE-GRAINED

AND FINE-GRAINED PURE TITANIUM

AT LOW-TEMPERATURE PLASMA NITRIDING

The nitriding process of the coarse-grained and fine-grained pure titanium proceed-
ed by multidirectional forging technique has been investigated at temperatures of
623, 673, and 723 K. The process was carried out by high-density radiofrequency-
direct current plasma combined with a rectangular hollow cathode device. The result
obtained is a significant increase in surface hardness with increasing holding tem-
perature. The surface hardness increases due to forming a surface layer composed
of 3-Ti,N, &-Ti,N, and Ti N, observed from x-ray diffraction results. This paper
explains the mechanism of surface layer formation. We also observed anisotropic
phase transformation of titanium nitride through the right shift of the x-ray dif-
fraction peaks. Diffused nitrogen atoms during the nitriding process cause a change
in crystal orientation through structural transformation of the metastable 5-Ti,N to
the stable e-Ti,N. The structural reconstruction will continue by forming Ti N_ to
achieve stoichiometric equilibrium. More compacting of the surface microstructure
is also obtained by increasing nitriding temperature.
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1. Introduction

Commercially pure titanium (Cp-Ti) is superior implant material due to
its excellent biocompatibility, especially the osseointegration capability
[1, 2]. In addition, this material also exhibits high toughness and corro-
sion resistance to be used as an orthopaedic implant. However, an im-
plant material from Cp-Ti still suffers from high abrasive and adhesive
wear due to its relatively low hardness and high friction coefficient [3—7].

Titanium properties could improve by the severe plastic deformation
(SPD) processes. Several SPD techniques have been successfully develo-
ped for grain refinement in Cp-Ti, such as equal channel angular press-
ing [8], high-pressure torsion [9], severe shot peening [10], hydrostatic
extrusion [11], twist extrusion [12], accumulative roll bonding [13],
cryorolling [14], and high-ratio differential speed rolling [15], friction
stir processing [16], and multidirectional forging (MDF) [1, 17].

A plasma nitriding process can increase wear and corrosion resis-
tance [18]. In addition, the surface roughness is decreased by this pro-
cess to lower the friction coefficient [2]. In particular, a low-tempera-
ture plasma nitriding is recently high-lighted to harden the pure
titanium and titanium alloys without heat treatment effects [5]. The
nitride la-yer formed by plasma nitriding comprises the face-centred
cubic 3-TiN phase and the tetragonal &-Ti,N phase. Beneath these com-
pound layers, a nitrogen-rich a-Ti solid solution is formed by diffusion.
The TiN,_ la-yer is formed by a reorganization of nitrogen atoms from
the a-Ti solid solution and the &-Ti,N phase [19, 20].

Fouquet et al. [18] reported that a radiofrequency (RF) plasma nit-
riding system was utilized to nitride Ti—6Al-4V alloy and that the TiN,
layer acted as a diffusion barrier for nitrogen. The diffusion coefficient
of nitrogen into the titanium matrix reduced by two orders of magni-
tude (D™ = 3.95-107'% cm?/s and DI = 1.81-107!* at 850 °C) [18, 21].
This unavoidable limitation resulted in the thin thickness of the nitride
layer at a relatively low temperature and for a short processing time
without change in the nitriding process. The fine-grained structure
plays to accelerates the nitrogen diffusion over the grain boundaries
and solves this limitation [10, 22].

In the present study, we carried out a combination of the nitriding
process and fine-grained MDF structure. The Cp-Ti grade 2, with the
coarse-grained size and the fine-grained size, preceded by the MDF tech-
nique, was nitrided by high-density radiofrequency-direct-current (RF—
DC) plasma treatment. The nitriding process is carried out at relatively
low temperatures at 623 K, 673 K, and 723 K by enlarging the plasma
intensity using a rectangular hollow cathode placed on the cathode plate.
The growth mechanism of Ti,N and TiN formation and nitrided layer
thickness during plasma nitriding on the coarse-grained and fine-grained
samples compared as a temperature function.
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2. Experimental Methods

The nitriding process sample is a commercially pure titanium (Cp—Ti
grade 2) plate with Ti 99.2 mas.%, C < 0.1 mas.%, Fe < 0.3 mas.%,
H < 0.015 mas.%, N < 0.03 mas.%, and O < 0.25 mas.% after ASM
material datasheet. Using electro-discharge machining (EDM) wire,
these Cp—Ti plates were cut into a 20 mm (20 mm x 0.5 mm) rectangular
specimen. The workpiece was cleaned using an alkaline solution in an
ultrasosonic cleaning system for 1200 s, rinsed with water, and dried
with ethanol.

The specimen was placed in a rectangular hollow cathode in the
setup, as shown in Fig. 1; then, the specimen set was inserted into the
chamber of the plasma nitriding system [23]. The nitridation was car-
ried out by using the RF-DC plasma at 2 MHz. After specimens were
placed in a rectangular hollow cathode into the setup, the chamber was
evacuated to 0.5 Pa. High purity nitrogen gas was introduced into the
chamber. The specimen was heated up to a holding temperature at a
specified pressure. This temperature was monitored by thermocouples,
which were embedded into the setup.

The nitriding process was performed in two steps. First, the pre-
sputtering process was carried out for one hour or 3.6 ks using nitrogen
gas with a 200 mL/min flow rate at 70 Pa. This process removes the
oxide layer from the titanium surface and activates the nitrogen diffu-
sion into the titanium matrix. In second, the nitriding process was car-
ried out for 14.4 ks using the nitrogen and hydrogen gas mixture with
the flow rate ratio of 160 for nitrogen to 40 mL/min for hydrogen. In
this condition, the plasma was ignited by the RF voltage of 250 V and
the dc bias voltage of —600 V at 35 Pa. The nitriding temperature was

Fig. 1. The schematic de-
sign of the RF-DC plasma
system with the cathode
device: I — vacuum cham-
ber; 2 — dipole electrode
(anode); 3 — sample hold-
er (cathode); 4 — resistive
heater; 5 — RF-generator;
6 — DC-generator; 7 —
vacuum pump; 8 — gas cy-
linders; 9 — thermocoup-
le; 10 — hollow cathode
setup; 11 — gas nozzle;
12 — view window
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controlled to be 623, 673, and 723 K, respectively. After nitriding, the
specimen was cooled down in the chamber under the nitrogen atmosphere.

After nitridation, specimens were cut into a size of 10 mm x 20 mm.
The nitrided samples surfaces and cross-sections were polished with a
grade of #150 to #2400 to have the maximum roughness below 0.1.
Those pieces were analysed by a scanning electron microscope (FEI
Quanta FEG 150) at Central Laboratory of Life Science in Brawijaya
University. Their surface hardness was measured by a Vickers micro-
hardness tester (Akashi MVK-H1). X-ray diffraction (XRD Rigaku
SmartLab) with monochromatic Cu K, radiation at a wavelength of
1.54060 A was utilized for crystallographic analysis. The High-Score
Plus version 3.0 software analysed the XRD diagrams and the ICSD
reference data.

3. Obtained Results
3.1. Cross-Section Microstructure

SEM was utilized to measure the compound layer thickness (d). Figure 2
compares the SEM image on the cross-sections of nitrided specimens at
623, 673, and 723 K for the coarse- and fine-grained samples.

As reported recently, compound layer formation through the nitrid-
ing process causes a significant increase in surface hardness [24]. The
diffusion layer that appears as a dark area under the compound layer
also supports an increase in surface hardness.

Fig. 2. SEM images on the cross-section of the nitrided titanium samples: 623 K (a),
673 K (b), 723 K (c) for the coarse-grained specimens, and 623 K (d), 673 K (e), and
723 K (f) for the fine-grained specimens
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The compound layer thickness d monotonously increased with increa-
sing the holding temperature for both specimens [25]; e.g., d =2.29 um
at 623 K while d = 2.34 um at 723 K, for coarse-grained titanium, and
d=1.67 um at 623 K while d = 2.41 ym at 723 K for fine-grained tita-
nium depicted in Fig. 2.

The success of the titanium nitriding process at low temperatures is
determined by the synergistic relationship between the intensification
of nitrogen diffusion using a hollow cathode and the phase transforma-
tion forming the compound layer [23, 26]. The addition of a hollow
cathode device to the glow discharge plasma operated at an RF voltage
of 250 V and a DC bias voltage of —600 V indicates a high concentration
of nitrogen ion species [26]. These ions accelerated to impinge on the
workpiece, bombard, and remove the oxide from the surface so the dif-
fusion could be more effective, even at low temperatures [21]. The fol-
lowing section will discuss the mechanism of phase transformation
through XRD observations.

3.2. Phase Composition of Untreated Titanium

Cp-Ti generally exhibits an h.c.p. crystal structure at low temperatures
(a-Ti). On the untreated titanium plate used as the sample in this study,
all XRD pattern peaks showed the hexagonal a-Ti of P6,/mmc. Table 1
shows differences in the crystal lattice parameters on the coarse-grained
and fine-grained Cp-Ti grade 2 plates, which refer to the obtained XRD
data based on the reference of ICSD 98-007-6265 and ICSD 98-005-
3784. The XRD pattern analysis results show that coarse-grained and
fine-grained have a similar hexagonal structure. Still, the fine-grained
titanium shows a larger lattice constant and smaller density when com-
pared to the coarse-grained.

Table 1. Crystal lattice parameters of o-Ti on the untreated
coarse-grained and fine-grained Ti plate refer to the XRD data

Parameter Coarse-grained Ti Fine-grained Ti
Crystal system Hexagonal Hexagonal
Space group P6,/mmc P6,/mmc
a=b, A 2.944 2.970
c, A 4.678 4.720
c/a 1.58899 1.58923
Calculated density, g/cm? 4.53 4.41
Volume of cell, A3 35.11 36.06
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3.3. Phase Composition of Nitrided Coarse-Grained Titanium

In this section, we will explain how the mechanism of titanium phase
changes due to nitrogen diffusion during the nitriding process from
N,—H, working gas with a flow rate of 160—40 mL/min in the 4 hours
nitriding process at three different holding temperatures at 623, 673,
and 723 K for coarse-grained titanium samples. The XRD patterns of
each piece carried out the analysis results before and after the nitriding
process. Fig. 3 showed the XRD diffractogram of untreated and the
nitrided coarse-grained titanium after the 4 hours process in the RF-DC
plasma system with the hollow cathode device.

The XRD observations did not show any o-Ti phase shift for all
samples. The condition is similar to the Ti—6Al1-4V nitriding study re-
port, which stated no line shift in the a-phase for all changes in process
parameters [21]. However, they found the line shift occurred in the
B-phase. In the present investigation, only three o-Ti planes still ap-
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Fig. 3. The XRD diffractograms of the untreated coarse-grained titanium samples
were compared with the nitrided coarse-grained titanium samples at 623, 673, and
723 K, respectively
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Fig. 4. The XRD diffractograms of a-Ti peak observed in untreated coarse-
grained Ti and after nitriding process at 623, 673, and 723 K, respectively

pear in the form of prismatic planes (0111), (0112) and (0113) as shown
in Fig. 4.

Several phases are formed as a surface layer, which increases the
surface hardness of the nitrided titanium. These phases occur due to the
redistribution of the h.c.p. structure of o-Ti after interstitial diffusion
of nitrogen atoms in the titanium crystal lattice to form a new phase of
Ti,N, which has a tetragonal structure, and TiN which has a cubic
structure. The XRD pattern in Figure 4 depicted the nitrided coarse-
grained titanium samples with solid solution phase according to the
chemical formula of Tij 4N, ,, with the space group of P6,/mmc. More-
over, there are two phases of Ti,N, indicated by the space group of P4,/
mnm and I4,/amd. It also detected the Ti, N, phase with a space
group of Fm-3m. All of the lattice parameters showed in Table 2.

Table 2. Crystal lattice parameters of the new phase
on the nitrided coarse-grained titanium plate referring to the XRD data

(1) (2) 3) (4)
Parameter
Ti, 43Ny 17 Phase| 8-Ti,N phase | &-Ti,N phase |Ti, 4N, s phase

Crystal system Hexagonal Tetragonal | Tetragonal Cubic
Space group P6,/mmc 14,/amd P4,/mnm Fm-3m
a=b, A 2.969 4.140 4.945 4.220
c, A 4.777 8.805 3.034 4.220
c/a 1.60896 2.12681 0.61355 —
Calculated density, g/cm? 3.84 4.83 4.91 4.41
Volume of cell, A3 36.47 150.91 74.19 36.06
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In the nitriding process on coarse-grained titanium samples, almost
all a-Ti peaks are suppressed due to phase changes. There are only two
peaks in the lattice plane (0112) and (0113). Nitrogen atoms were diffu-
sed interstitially into the titanium crystal lattice to form a solid solu-
tion if the nitrogen concentration was below 9.0 at.% . The x-ray diffrac-
tion pattern at 26 of 69.8° (in the nitrided samples) shows the hexagonal
structure of Ti, 4N, ;- For higher nitrogen concentration, the tetrago-
nal structure of 5-Ti,N phase will begin to form in the space group of
14,/amd. The peaks at 43.2° and 43.8° diffracted from the same crystal
plane (020) represent the 5-Ti,N phase. This structure is a metastable
phase of Ti,N obtained by increasing nitrogen concentration during the
nitriding process. Reconstruction will form a stable &-Ti,N with the ¢
value of 3.034 A, which was a significant change from the ¢ value.

Different process temperatures affect the anisotropic phase trans-
formation of the hard surface layer of the Ti,N and TiN precipitation.
The increasing holding temperatures influence the dynamics of the
phase transformation that occurs. Some peaks in the XRD pattern ap-
pear to shift slightly to the right when the nitriding temperature in-
creases. It indicates a reconstruction of the crystal structure during the
formation process of titanium nitride phases. At the nitriding tempera-
ture of 623 K and 673 K, it found two peaks at 20 of 61.36° and 84.2°
indicate the space group of I4,/amd. However, at 723 K, the slight
shifts to 20 of 61.43° and 84.7° showed the space group of P4,/mnm.
The existence of a right shift peak indicates that the crystal lattice is
getting smaller due to stress by nitrogen diffusion for the increasing
nitriding temperature, and going along with it, the surface hardness is
increased for the higher the nitriding temperature.

In the nitriding process of coarse-grained titanium samples, the
dominant produced phase is Ti,N. The stable &-Ti,N phase is a transfor-
mation that results from the 5-Ti,N due to the reconstruction process
with increasing nitrogen concentrations. A peak of cubic structure in
(111) plane at 20 of 37.1° indicates the formation of Ti, 4N, ¢, compound
with a space group of Fm—-3m.

3.4. Phase Composition of Nitrided Fine-Grained Titanium

The nitriding process with the same parameters was also carried out on
fine-grained titanium samples. We use the MDF fine-grained titanium
grade 2 as the sample in this process. The aim was to study the effect
of grain size on the effectiveness of the nitriding process for titanium
at low temperatures. It also determines whether there is a difference in
the structure of the nitrided titanium. Figure 5 depicted the XRD dif-
fractograms of the untreated fine-grained titanium compared to the
nitrided samples at 623, 673, and 723 K, respectively.
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Fig. 5. The XRD diffractograms of the untreated fine-grained titanium samples were
compared with the nitrided fine-grained titanium samples at 623, 673, and 723 K,
respectively

In general, the surface-layer formation process obtained in fine-
grained titanium samples is the same as coarse-grained titanium. How-
ever, there was a slightly different size of the a-Ti crystal lattice after
the nitriding process. It found a slight peak shift of a-Ti phase on the
20 of 52.6° before nitriding to 53.2° after nitrided at a temperature of
673 and 723 K. The a-Ti crystal lattice constants reduce from the value
of 2.97 to 2.95 A in the a and b axis and reduce from 4.72 to 4.68 A in
the ¢ axis after the nitriding process (Table 1 and Table 3). It was an
indication that fine-grained titanium crystals are more prone to rear-
ranging their crystal structure. The »-Ti phase was formed at the 673
and 723 K nitriding temperatures in the peak with 26 of 70.87°. In the
nitriding process, the specimen will be exposed to a compressive force
from bombarding titanium atoms by high-energy plasma species. This
situation allows the emergence of torque force that can cause shearing
stress. This shear stress is highly possible to trigger phase transforma-
tion from «-Ti to ®-Ti [27]. This transformation allows the diffusion
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Fig. 6. The XRD diffractograms of a-Ti peak observed in untreated fine-
grained Ti and after nitriding process at 623, 673, and 723 K, respectively

process to occur more effectively because the void space in ®-Ti is more
considerable than o-Ti.

The XRD pattern results for fine-grained titanium samples show
the effect of process temperature on the titanium-nitride phase forma-
tion. The change in the phase formation pattern occurs at a temperature
change from 623 to 673 K. The same phase of the titanium nitride de-
tects at a temperature change from 673 to 723 K. However, a more
compact structure visible at a process temperature of 723 K, character-
ized by a shift of the peak to the right in the XRD pattern. Moreover,
the right peak shift is more significant in the fine-grained samples than
in the coarse-grained samples, as shown in Fig. 5.

Similar to the XRD pattern observed in the coarse-grained samples,
the same o-Ti planes were observed in the fine-grained samples, but
shifts occurred at the process temperatures of 673 and 723 K described
in Fig. 6.

Several peaks at 34.3°, 38.9°, and 50.7° showed Ti,N,, compound at
623 K nitriding temperature. While at 673 and 723 K, the different
compound of &-Ti,N in the 20 of 34.9°, 39.6°, and 52.5° was detected.
Another phase difference occurred at a peak in the 20 of 75.7° that in-
dicates o-Ti in the plane (0113) at 623 K process temperature. Mean-
while, in the temperature process of 673 and 723 K, a &-Ti,N peak with
a space group P 4,/mnm was detected at 20 76.3°.

When the nitriding temperature increased from 623 K to 673 K,
several peaks with the same space groups and crystal planes were also
proven with different Ti and N compositions. At nitriding temperature
623 K, there is obtained TiN,,, represented by peak 43.1°. However,
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Table 3. Crystal lattice parameters of the new phase
on the nitrided fine-grained titanium plate refer to the XRD data

(1) (2) 3) (4)
Parameter
o-Ti phase o-Ti phase | TiN,4 phase* | §-Ti,N phase
Crystal system Hexagonal | Hexagonal | Tetragonal Tetragonal
Space group P6,/mmc P6/mmm I14,/amd I14,/amd
a=0b, A 2.951 4.600 4.198 4.150
c, A 4.679 2.820 8.591 8.801
c/a 1.58556 0.61304 2.04645 2.12072
Calculated density, g/cm? 4.51 4.62 4.95 4.81
Volume of cell, A3 35.29 51.68 151.40 151.58
Parameter (5) (6) () 8)
Ti,N,, phase*| &-Ti,N phase |Ti,4N,q phase*|  TiN phase
Crystal system Tetragonal | Tetragonal Cubic Cubic
Space group P4,/mnm P4,/mnm Fm-3m Fm-3m
a=0b, A 4.981 4.945 4.220 4.234
c, A 3.059 3.034 4.220 4.234
c/a 0.61413 0.61355 — —
Calculated density, g/cm? 4.68 4.91 4.82 5.41
Volume of cell, A3 75.89 74.19 75.15 75.90

* Titanium nitride phase found at temperature process of 623 K

e-Ti,N compound 43.2° found at 673, and 723 K. Similar indication oc-
curs in the cubic phase of TiN in the crystal plane (111) with the space
group Fm-3m. Ti, 4N, compound formed at 623 K, and the TiN,
formed at 673 and 723 K. The Ti,N, phase shows a more significant
lattice parameter and a higher density than the Ti, N, 4, phase, as seen
in Table 3. That indicator shows the higher nitrogen content in titanium
crystals causes structural reconstruction, so the Ti—N bonds expand.
A unique phenomenon exhibits in the temperature rise during the nitri-
ding process.

4. Discussion

The interstitial diffusion process in the h.c.p. a-Ti crystals by the nitro-
gen atom with the concentration of 0—9 at.% in the octahedral void
(interstice) will form a solid solution a-(N)Ti or TiN,. For concentration
up to 22 at.%, there has been a saturation condition of the o-(N)Ti
solid solution, and there will be cooperative deformation of the titanium
lattice [28]. The compound layer formed on the titanium surface has
been the major factor in the hardening process [29, 30].
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Fig. 7. The XRD pattern differences of structural phase transformation of a-Ti
(grey colour online) in coarse-grained Ti (a) and fine-grained Ti (b) at three different
holding temperatures: 623, 673, and 723 K, respectively
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Fig. 8. The a-Ti structure transformation forms the surface layer of Ti,N and TiN
during the nitriding process

Intensification of plasma nitrogen ions proved the formation of a com-
pound layer even though the plasma nitriding process was carried out at
low temperatures using a hollow cathode. On the other hand, a transfor-
mation will produce the Ti,N and TiN phases due to the structure’s re-
arrangement. It appears that the grain size of the titanium sample also
greatly influences the anisotropic formation of the compound layer. The lay-
er’s formation occurs at different holding temperatures, i.e., 623, 673,
and 723 K. The anisotropic phase transformation process is more evident
in the nitriding carried out on the fine-grain titanium sample. Figure 7
illustrates the differences of XRD pattern changes for the formation of
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Fig. 9. The arrangement of Ti and N atom in
8-Ti,N and &-Ti,N structure

Ti,N and Ti N, on coarse-grained and
fine-grained titanium samples.

In general, the formation, develop-
.6 ment, and reconstruction of the preferred
2 orientations and growth of the nitride
¢-Ti,N surface layer consist of Ti,N and TiN de-
picted in Fig. 8.

The crystallization of titanium ni-
tride to obtain the cubic structure of TiN
has a wide range of compositions from
TiN,,, to TiN, ,,. The crystallization is affected by the N concentration
that forms Ti and N bonds. A limited N concentration, initially, in TiN,
with 0.5 < x < 0.6, will be developed that creates a tetragonal structure
known as the metastable phase 8-Ti,N. Higher nitrogen concentration
will come into a stable &-Ti,N phase. Each N atom is surrounded by six
titanium atoms in both structures in a distorted octahedral position
with two Ti atoms at a slightly smaller N-Ti distance than the other
four atoms [31]. In the 6-Ti,N structure, the nitrogen atom is placed at
a position (0, 1/2, 0), while in the &-Ti,N structure, the nitrogen atom
at the centre of the octahedral structure deforms at position (3/4, 1/4, 0).
This structure has narrower spacing between the lattices and the typical
octahedral structure. The Ti atoms adjacent to the N atoms experience
a shift to form a tetragonal lattice structure with a smaller axis ratio.
The strong covalent bonds formed between Ti and N atoms give a stable
structure [32]. Ti and N atoms’ arrangement in 5-Ti,N and e-Ti,N is
depicted in Fig. 9. After the formation of Ti,N, the increasing nitrogen
concentration in the system will cause a reconstruction of the structure.
The high density of nitrogen ions in N,—H, plasma will drive the forma-
tion of TiN precipitate on the titanium surface.

We propose the phase transformation mechanism of o-Ti during the
nitriding process as follows. In the first step, nitrogen atoms diffuse
interstitially to an «-Ti lattice and form the a-Ti—N solid solution. The
second step is the formation of 5-Ti,N and &-Ti,N. This nitride surface
layer is formed at the top layer, where the underneath layer is the dif-
fusion zone of a-Ti—N. Due to the negative AH, of Ti,N (15 kJ/mole) the
phase formation of Ti,N is inevitable due to the provided kinetic energy
and nitrogen concentration. In this step, &-Ti,N is not formed directly.
It occurs through the transformation from metastable 5-Ti,N to stable
e-Ti,N through a compacting process on the c axis. Another surface trans-
formation would occur by progressing nitrogen diffusion until its con-

~
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Fig. 10. The nitrogen transfer mechanism against a-Ti crystals form Ti,N and TiN
phases in the nitriding process

centration reaches more than needed 8-TiN formation. In this condition,
e-Ti,N will transform to 5-TiN [33]. According to the Ti—N equilibrium
diagram, the dispersed 6-TiN precipitates are formed in the region where
the nitrogen concentration exceeds the solubility limit [32, 34].

The nitrogen transfer mechanism in the nitriding process against
a-Ti crystals to form Ti,N and TiN phases are summarized in Fig. 10.
The phase change in the nitriding process starts from the h.c.p. a-Ti
structure to the tetragonal structure owned by Ti,N. Diffusion of nitro-
gen atoms into the o-Ti bonds them in tetrahedron co-ordination. The Ti
position change forms the new composition of the asymmetrical tetrago-
nal pyramid due to the Ti position change. It will cause the expansion
of the Ti—Ti bonds when they are interstice with nitrogen. The nitrogen
diffusion exerts a repulsive force and compresses the other Ti—Ti bonds.
The increasing nitrogen concentration in the increasing holding tem-
perature will stimulate a chemical reaction between Ti and N, which is
indicated by generating a new TiN phase.

The formation mechanism of &-Ti,N stable structure starting from
the asymmetric §-Ti,N structure is characterized by stretching the tita-
nium lattice in the ¢ axis to about 8.8 A and increasing the phase den-
sity. The structure rearrangement is marked by compacting the struc-
ture to form a more stable €-Ti,N structure with a cell volume that is
only about half of the cell volume of 5-Ti,N phase structure and is ac-
companied by an increase in phase density. Due to the increase of nitro-
gen concentration during temperature holding time, the reconstruction
process will continue until the achieving of stoichiometric equilibrium.
An asymmetric tetragonal pyramid structure of Ti,N was rearranged to
TiN with a more symmetrical and stoichiometric cubic coordination.
Besides, in these coarse-grained samples, the cubic structure is found
with the chemical formula of Ti, N, 4. Generally, the phase transfor-
mation depends on the plasma condition and process parameter, mainly
due to low pressure and increased temperature.
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5. Conclusions

The nitriding process has systematically studied the effect of titanium
grain size on forming the surface layer. The low temperatures process
utilizes high-density RF—DC plasmas, with a hollow cathode device sig-
nificantly affecting the nitride phase transformation. The phase trans-
formation in the surface layer begins with forming o-Ti—N solid solu-
tion. The preceded process shows the change of 5-Ti,N to &-Ti,N due to
the displacive transformation of tetragonal coordination. In addition, it
was followed by the formation of cubic coordination of TiN through the
reconstruction of the Ti—N bonds.

The result shows the anisotropic phase transformation on the sur-
face layer of titanium in different process temperatures. The titanium
nitride phase of the Ti,N and TiN phases at 673 and 723 K temperature
process is more stable than at 623 K. The increased process temperature
to 723 K obtained the peak shift to the right in the XRD pattern, where
a more significant shift occurs in the fine-grained titanium sample.
This shift indicates more compacting crystals that cause a higher sur-
face hardness than coarse-grained ones. The use of fine-grained titani-
um proved the more effective diffusion in the nitriding process due to
the formation of stable Ti,N and TiN.
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!Karenpa disuku, GakyabTeT MaTeMaTUKH Ta IPUPOJHUYNX HAYK,
YuiBepcurer Bpasimxas,
H:xaman Berepan Mamanr, Cxigna fBa, Iugonesia
2JlaGopaTopid iHMKEHEePHOr'0 MPOEKTYBAHHA IIOBEPXOHbD,
Texuosoriuanii imcruryt IliGaypa,
Ora-Ciri, Toxio, fAnonisa

MEXAHI3M AHISOTPOITHOI'O ®A30BOI'O ITEPETBOPEHHS
HA TPYBO- TA IPIBHO3EPHUCTOMY YMCTOMY TUTAHI
3A HUSBKOTEMIIEPATYPHOT'O ITJTASBMOBOI'O ASOTYBAHHS

HocaigskeHo mpoliec a3oTyBaHHA Ipy003epPHUCTOrO Ta APiOHO3€PHUCTOT'O YUCTOTO TH-
TaHy, 10 BifOyBaeThbCs 3a METOJOM Pi3HOCIPSAMOBAHOTO KYBaHHS 3a TeMIeparyp y
623, 673 i 723 K. IIporec mpoBOAUIN I1JIa3MOIO PAi0YaCTOTHOTO OZHOCIPAMOBAHOTO
CTPYMY BHCOKOI I'YyCTHMHU Yy ITOETHAHHI 3 IPUCTPOEM 3 IIOPOKHUCTOIO KATOLOI0 IPAMO-
KyTHBOI hopmu. B pesysbraTi omeps;kaHo 3HauHe 30iJbIIIeHHA TBEPAOCTH IMOBEPXHIi 3a
MiABUIIEHHS TeMIepaTypu BUTPUMKU. TBepaicTh moBepxHi 30iIbIIIYETHCA 38 PAXYHOK
YTBOPeHHSA IIOBePXHEBOTO 1Iapy, AKUH ckiaagaerscda 3 6-Ti,N, e-Ti,N i Ti N, 1o cmo-
crepiraeTbca 3a pedysabraTamMu PenTreHoBoi audpaxiii. ¥V 1mifi po6oTi mosAcHIOETHCA
MeXaHi3M YTBOPEHHSA IOBepXHeBOTo Iapy. TaKoK cmocTepiraerbcsa aHisoTpomHe da-
30Be MePEeTBOPEHHA HITPpUIY TUTAHY Uepesd 3CYB IIiKiB PeHTrenoBoi audpaxiiii mpaso-
py4. Posciaui aromu HiTporeny mim yac mpoiiecy as3oTyBaHHA CIPUYMHIOIOTH 3MiHY
opieHTanii Kpucrangy uepes CTPYKTypHe IlepeTBOopeHHsA MeTacTabinbHol dasu 5-Ti,N y
crabinbry &-Ti,N. CTPYKTypHa PEKOHCTPYKIIifA IPOJOBKYETHCA NIIAXOM (POPMYBaHHA
Ti N, pna pocArHeHHa cTexioMmeTpuuHol piBHOBaru. Binbmre yminbHeHHA Mikpo-
CTPYKTYPU MOBEPXHI TAKOXK OCATAETHCA HiABUINEHHAM TeMIIepaTypyu a30TyBaHHS.

Karouosi cioBa: mirasMoBe a30TyBaHHA, HU3bKa TeMIEpAaTypa, YUCTUH TUTaH, APiOHO-
3ePHUCTUM, aHiBOTpONHE (Da3oBe MEePETBOPEHHS.
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