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the nitriding process of the coarse­grained and fine­grained 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 high­density 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 δ­ti2N, ε­ti2N, and tixNx observed from x­ray 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 x­ray dif­
fraction peaks. diffused nitrogen atoms during the nitriding process cause a change 
in crystal orientation through structural transformation of the metastable δ­ti2N to 
the stable ε­ti2N. the structural reconstruction will continue by forming tixNx 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 (Cp­ti) 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 Cp­ti 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 deve lo­
ped for grain refinement in Cp­ti, such as equal channel angular press­
ing [8], high­pressure torsion [9], severe shot peening [10], hydrostatic 
extrusion [11], twist extrusion [12], accumulative roll bonding [13], 
cryorolling [14], and high­ratio 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 low­tempera­
ture plasma nitriding is recently high­lighted to harden the pure 
titanium and titanium alloys without heat treatment effects [5]. the 
nitride la­yer formed by plasma nitriding comprises the face­centred 
cubic δ­tiN phase and the tetragonal ε­ti2N phase. Beneath these com­
pound layers, a nitrogen­rich α­ti solid solution is formed by diffusion. 
the tiNx la­yer is formed by a reorganization of nitrogen atoms from 
the α­ti solid solution and the ε­ti2N 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 tiNx 
layer acted as a diffusion barrier for nitrogen. the diffusion coefficient 
of nitrogen into the titanium matrix reduced by two orders of magni­
tude (DN

tiN = 3.95 ∙ 10–13 cm2/s and DN
ti = 1.81 ∙ 10–11 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 fine­grained 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 fine­grained MdF structure. the Cp­ti grade 2, with the 
coarse­grained size and the fine­grained size, preceded by the MdF tech­
nique, was nitrided by high­density radiofrequency­direct­current (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 ti2N and tiN formation and nitrided layer 
thickness during plasma nitriding on the coarse­grained and fine­grained 
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 electro­discharge machining (EdM) wire, 
these Cp–ti plates were cut into a 20 mm (20 mm × 0.5 mm) rectangular 
spe cimen. the workpiece was cleaned using an alkaline solution in an 
ultraso so nic 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 ca thode 
device: 1 — vacuum cham­
ber; 2 — dipole electrode 
(anode); 3 — sample hold­
er (cathode); 4 — resistive 
heater; 5 — RF­generator; 
6 — dC­generator; 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 × 20 mm. 
the nitrided samples surfaces and cross­sections 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 MVK­h1). X­ray diffraction (XRd Rigaku 
Smart Lab) with monochromatic Cu Kα radiation at a wavelength of 
1.54060 Å was utilized for crystallographic analysis. the high­Score 
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 cross­sections of nitrided specimens at 
623, 673, and 723 K for the coarse­ and fine­grained 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 cross­section of the nitrided titanium samples: 623 K (a), 
673 K (b), 723 K (c) for the coarse­grained specimens, and 623 K (d), 673 K (e), and 
723 K (f) for the fine­grained 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 µm 
at 623 K while d = 2.34 µm at 723 K, for coarse­grained titanium, and 
d = 1.67 µm at 623 K while d = 2.41 µm at 723 K for fine­grained 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 

Cp­ti generally exhibits an h.c.p. crystal structure at low temperatures 
(α­ti). on the untreated titanium plate used as the sample in this study, 
all XRd pattern peaks showed the hexagonal α­ti of P63/mmc. table 1 
shows differences in the crystal lattice parameters on the coarse­grained 
and fine­grained Cp­ti grade 2 plates, which refer to the obtained XRd 
data based on the reference of ICSd 98­007­6265 and ICSd 98­005­
3784. the XRd pattern analysis results show that coarse­grained and 
fine­grained have a similar hexagonal structure. Still, the fine­grained 
titanium shows a larger lattice constant and smaller density when com­
pared to the coarse­grained.

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

Parameter Coarse­grained ti Fine­grained ti

Crystal system hexagonal hexagonal
Space group P63/mmc P63/mmc
a = b, Å 2.944 2.970
c, Å 4.678 4.720
c/a 1.58899 1.58923
Calculated density, g/cm3 4.53 4.41
Volume of cell, Å 3 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 
N2–h2 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 coarse­grained 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 coarse­grained titanium after the 4 hours process in the RF–dC 
plasma system with the hollow cathode device.

the XRd observations did not show any α­ti phase shift for all 
samp les. the condition is similar to the ti–6Al–4V nitriding study re­
port, which stated no line shift in the α­phase for all changes in process 
parameters [21]. however, they found the line shift occurred in the 
β­phase. In the present investigation, only three α­ti planes still ap ­ 

Fig. 3. the XRd diffractograms of the untreated coarse­grained titanium samples 
were compared with the nitrided coarse­grained titanium samples at 623, 673, and 
723 K, respectively
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pear in the form of prismatic planes (011
–
1), (011

–
2) and (011

–
3) 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 α­ti after interstitial diffusion 
of nitrogen atoms in the titanium crystal lattice to form a new phase of 
ti2N, 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 ti0.83N0.17 with the space group of P63/mmc. More­
over, there are two phases of ti2N, indicated by the space group of P42/
mnm and I41/amd. It also detected the ti0.88N0.88 phase with a space 
group of Fm­3m. 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

Parameter
(1) (2) (3) (4)

ti0.83N0.17 phase δ­ti2N phase ε­ti2N phase ti0.88N0.88 phase

Crystal system hexagonal tetragonal tetragonal Cubic
Space group P63/mmc I41/amd P42/mnm Fm­3m
a = b, Å 2.969 4.140 4.945 4.220
c, Å 4.777 8.805 3.034 4.220
c/a 1.60896 2.12681 0.61355 —
Calculated density, g/cm3 3.84 4.83 4.91 4.41
Volume of cell, Å3 36.47 150.91 74.19 36.06

Fig. 4. the XRd diffractograms of α­ti peak observed in untreated coarse­
grained ti and after nitriding process at 623, 673, and 723 K, respectively
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In the nitriding process on coarse­grained titanium samples, almost 
all α­ti peaks are suppressed due to phase changes. there are only two 
peaks in the lattice plane (011

–
2) and (011

–
3). 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 x­ray diffrac­
tion pattern at 2θ of 69.8° (in the nitrided samples) shows the hexagonal 
structure of ti0.83N0.17. For higher nitrogen concentration, the tetrago­
nal structure of δ­ti2N phase will begin to form in the space group of 
I41/amd. the peaks at 43.2° and 43.8° diffracted from the same crystal 
plane (020) represent the δ­ti2N phase. this structure is a metastable 
phase of ti2N obtained by increasing nitrogen concentration during the 
nitriding process. Reconstruction will form a stable ε­ti2N with the c 
value of 3.034 Å, which was a significant change from the c value.

different process temperatures affect the anisotropic phase trans­
formation of the hard surface layer of the ti2N 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 2θ of 61.36° and 84.2° 
indicate the space group of I41/amd. however, at 723 K, the slight 
shifts to 2θ of 61.43° and 84.7° showed the space group of P42/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 coarse­grained titanium samples, the 
dominant produced phase is ti2N. the stable ε­ti2N phase is a transfor­
mation that results from the δ­ti2N due to the reconstruction process 
with increasing nitrogen concentrations. A peak of cubic structure in 
(111) plane at 2θ of 37.1° indicates the formation of ti0.88N0.88 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 
fine­grained titanium samples. We use the MdF fine­grained 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 fine­grained titanium compared to the 
nitrided samples at 623, 673, and 723 K, respectively.



98 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 1

J.M. Windajanti, M.S. Rajapadni, D.J.D.H. Santjojo, M.A. Pamungkas et al.

In general, the surface­layer formation process obtained in fine­
grained titanium samples is the same as coarse­grained titanium. how­
ever, there was a slightly different size of the α­ti crystal lattice after 
the nitriding process. It found a slight peak shift of α­ti phase on the 
2θ of 52.6° before nitriding to 53.2° after nitrided at a temperature of 
673 and 723 K. the α­ti crystal lattice constants reduce from the value 
of 2.97 to 2.95 Å in the a and b axis and reduce from 4.72 to 4.68 Å in 
the c axis after the nitriding process (table 1 and table 3). It was an 
indication that fine­grained titanium crystals are more prone to rear­
ranging their crystal structure. the ω­ti phase was formed at the 673 
and 723 K nitriding temperatures in the peak with 2θ of 70.87°. In the 
nitriding process, the specimen will be exposed to a compressive force 
from bombarding titanium atoms by high­energy 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 α­ti to ω­ti [27]. this transformation allows the diffusion 

Fig. 5. the XRd diffractograms of the untreated fine­grained titanium samples were 
compared with the nitrided fine­grained titanium samples at 623, 673, and 723 K, 
respectively
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process to occur more effectively because the void space in ω­ti is more 
considerable than α­ti.

the XRd pattern results for fine­grained titanium samples show 
the effect of process temperature on the titanium­nitride 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 fine­grained samples than 
in the coarse­grained samples, as shown in Fig. 5.

Similar to the XRd pattern observed in the coarse­grained samples, 
the same α­ti planes were observed in the fine­grained 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 ti2N0.8 compound at 
623 K nitriding temperature. While at 673 and 723 K, the different 
compound of ε­ti2N in the 2θ of 34.9°, 39.6°, and 52.5° was detected. 
Another phase difference occurred at a peak in the 2θ of 75.7° that in­
dicates α­ti in the plane (011

–
3) at 623 K process temperature. Mean­

while, in the temperature process of 673 and 723 K, a ε­ti2N peak with 
a space group P 42/mnm was detected at 2θ 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 tiN0.61 represented by peak 43.1°. however, 

Fig. 6. the XRd diffractograms of α­ti peak observed in untreated fine­
grained ti and after nitriding process at 623, 673, and 723 K, respectively
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ε­ti2N 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 Fm­3m. ti0.88N0.88 compound formed at 623 K, and the ti1N1 
formed at 673 and 723 K. the ti1N1 phase shows a more significant  
lattice parameter and a higher density than the ti0.88N0.88 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. α­ti crystals by the nitro­
gen atom with the concentration of 0–9 at.% in the octahedral void 
(interstice) will form a solid solution α­(N)ti or tiNx. For concentration 
up to 22 at.%, there has been a saturation condition of the α­(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].

Table 3. Crystal lattice parameters of the new phase 
on the nitrided fine-grained titanium plate refer to the XRD data

Parameter
(1) (2) (3) (4)

α­ti phase ω­ti phase tiN0.61 phase * δ­ti2N phase

Crystal system hexagonal hexagonal tetragonal tetragonal
Space group P63/mmc P6/mmm I41/amd I41/amd
a = b, Å 2.951 4.600 4.198 4.150
c, Å 4.679 2.820 8.591 8.801
c/a 1.58556 0.61304 2.04645 2.12072
Calculated density, g/cm3 4.51 4.62 4.95 4.81
Volume of cell, Å3 35.29 51.68 151.40 151.58

Parameter (5) (6) (7) (8)

ti2N0.8 phase * ε­ti2N phase ti0.88N0.88 phase * tiN phase

Crystal system tetragonal tetragonal Cubic Cubic
Space group P42/mnm P42/mnm Fm­3m Fm­3m
a = b, Å 4.981 4.945 4.220 4.234
c, Å 3.059 3.034 4.220 4.234
c/a 0.61413 0.61355 — —
Calculated density, g/cm3 4.68 4.91 4.82 5.41
Volume of cell, Å3 75.89 74.19 75.15 75.90

* titanium nitride phase found at temperature process of 623 K
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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 ti2N 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 fine­grain titanium sample. Figure 7 
illustrates the differences of XRd pattern changes for the formation of 

Fig. 8. the α­ti structure transformation forms the surface layer of ti2N and tiN 
during the nitriding process

Fig. 7. the XRd pattern differences of structural phase transformation of α­ti 
(grey colour online) in coarse­grained ti (a) and fine­grained ti (b) at three different 
holding temperatures: 623, 673, and 723 K, respectively
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ti2N and tixNx on coarse­grained and 
fine­grained titanium samples.

In general, the formation, develop­
ment, and reconstruction of the preferred 
orientations and growth of the nitride 
surface layer consist of ti2N 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 

tiN0.42 to tiN1.02. the crystallization is affected by the N concentration 
that forms ti and N bonds. A limited N concentration, initially, in tiNx 
with 0.5 < x < 0.6, will be developed that creates a tetragonal structure 
known as the metastable phase δ­ti2N. higher nitrogen concentration 
will come into a stable ε­ti2N 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 δ­ti2N structure, the nitro gen atom is placed at 
a position (0, 1/2, 0), while in the ε­ti2N 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 δ­ti2N and ε­ti2N is 
depicted in Fig. 9. After the formation of ti2N, the increasing nitrogen 
concentration in the system will cause a reconstruction of the structure. 
the high density of nitrogen ions in N2–h2 plas ma will drive the forma­
tion of tiN precipitate on the titanium surface.

We propose the phase transformation mechanism of α­ti during the 
nitriding process as follows. In the first step, nitrogen atoms diffuse 
interstitially to an α­ti lattice and form the α­ti–N solid solution. the 
second step is the formation of δ­ti2N and ε­ti2N. this nitride surface 
layer is formed at the top layer, where the underneath layer is the dif­
fusion zone of α­ti–N. due to the negative ∆Hf of ti2N (15 kj/mole) the 
phase formation of ti2N is inevitable due to the provided kinetic energy 
and nitrogen concentration. In this step, ε­ti2N is not formed directly. 
It occurs through the transformation from metastable δ­ti2N to stable 
ε­ti2N through a compacting process on the c axis. Another surface trans­
formation would occur by progressing nitrogen diffusion until its con­

Fig. 9. the arrangement of ti and N atom in 
δ­ti2N and ε­ti2N structure
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centration reaches more than needed δ­tiN formation. In this condition, 
ε­ti2N will transform to δ­tiN [33]. According to the ti–N equilibrium 
diagram, the dispersed δ­tiN 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 
α­ti crystals to form ti2N and tiN phases are summarized in Fig. 10. 
the phase change in the nitriding process starts from the h.c.p. α­ti 
structure to the tetragonal structure owned by ti2N. diffusion of nitro­
gen atoms into the α­ti bonds them in tetrahedron co­ordination. 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 ε­ti2N stable structure starting from 
the asymmetric δ­ti2N structure is characterized by stretching the tita­
nium lattice in the c axis to about 8.8 Å and increasing the phase den­
sity. the structure rearrangement is marked by compacting the struc­
ture to form a more stable ε­ti2N structure with a cell volume that is 
only about half of the cell volume of δ­ti2N 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 ti2N was rearranged to 
tiN with a more symmetrical and stoichiometric cubic coordination. 
Besides, in these coarse­grained samples, the cubic structure is found 
with the chemical formula of ti0.88N0.88. Generally, the phase transfor­
mation depends on the plasma condition and process parameter, mainly 
due to low pressure and increased temperature.

Fig. 10. the nitrogen transfer mechanism against α­ti crystals form ti2N and tiN 
phases in the nitriding process
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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 high­density 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 α­ti–N solid solu­
tion. the preceded process shows the change of δ­ti2N to ε­ti2N 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 ti2N 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 fine­grained titanium sample. 
this shift indicates more compacting crystals that cause a higher sur­
face hardness than coarse­grained ones. the use of fine­grained titani­
um proved the more effective diffusion in the nitriding process due to 
the formation of stable ti2N and tiN.
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МЕХАНІЗМ АНІЗОТРОПНОГО ФАЗОВОГО ПЕРЕТВОРЕННЯ  
НА ГРУБО­ ТА ДРІБНОЗЕРНИСТОМУ ЧИСТОМУ ТИТАНІ  
ЗА НИЗЬКОТЕМПЕРАТУРНОГО ПЛАЗМОВОГО АЗОТУВАННЯ

Досліджено процес азотування грубозернистого та дрібнозернистого чистого ти­
тану, що відбувається за методом різноспрямованого кування за температур у 
623, 673 і 723 К. Процес проводили плазмою радіочастотного односпрямованого 
струму високої густини у поєднанні з пристроєм з порожнистою катодою прямо­
кутньої форми. В результаті одержано значне збільшення твердости поверхні за 
підвищення температури витримки. Твердість поверхні збільшується за рахунок 
утворення поверхневого шару, який складається з δ­ti2N, ε­ti2N і tixNx, що спо­
стерігається за результатами Рентґенової дифракції. У цій роботі пояснюється 
механізм утворення поверхневого шару. Також спостерігається анізотропне фа­
зове перетворення нітриду титану через зсув піків Рентґенової дифракції право­
руч. Розсіяні атоми Нітроґену під час процесу азотування спричинюють зміну 
орієнтації кристалу через структурне перетворення метастабільної фази δ­ti2N у 
стабільну ε­ti2N. Структурна реконструкція продовжується шляхом формування 
tixNx для досягнення стехіометричної рівноваги. Більше ущільнення мікро­
структури поверхні також досягається підвищенням температури азотування.

Ключові слова: плазмове азотування, низька температура, чистий титан, дрібно­
зернистий, анізотропне фазове перетворення.


