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SPONTANEOUS FORMATION OF TITANIUM NITRIDE ON THE SURFACE OF A Ti ROD INDUCED 
BY ELECTRO-DISCHARGE-HEAT-TREATMENT IN AN N2 ATMOSPHERE

A single pulse of 2.0 to 3.5 kJ of input energy from a 450 mF capacitor was applied to a commercially pure Ti rod in a N2 
atmosphere. The surface of the Ti rod transformed from TiO2 into titanium nitride in times as short as 159 msec, providing a bi-
modal morphology of the cross-section. A much higher value of hardness that was observed at the edge of the cross-section was 
attributed to nitrogen-induced solid-solution hardening that occurred during the electrical discharge process. The activation energy 
(Ea) for the diffusion process was estimated to be approximately 86.9 kJ/mol. Results show that the electrical discharge process 
is a possible potential method for the nitriding of Ti; advantages include a short processing time and control of the nitrided layer 
without dimensional changes.
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1. Introduction

Ti and Ti-based alloys are very attractive materials for 
biomedical applications due to their excellent biocompatibility 
as well as several other outstanding properties, such as high spe-
cific strength, good fatigue properties, low modulus of elasticity 
and excellent corrosion resistance [1,2]. However, the practical 
use of these materials in biomedical applications is somewhat 
limited by their poor tribological properties [3,4]. Therefore, the 
surface treatments of Ti and Ti-based alloys have been intensively 
studied and widely reported in order to improve their surface 
characteristics. These cover a wide range of techniques, such as 
spraying, plating, chemical conversion coating, physical vapor 
deposition, laser surface modification, etc. [5-7], each with its 
own merits and limitations.

Among them, nitriding processes based on the thermo-
diffusion mechanism have been frequently used to form titanium 
nitrides on the Ti surface. Titanium nitrides have excellent 
corrosion and wear resistance properties as well as bioactivity, 
and are thus widely employed as coating materials to improve 
tribological performance [8,9]. Conventional nitriding processes 
have several disadvantages, however, such as long processing 
times, poor surface finish, poor control of the nitrided layer 
formation etc. [10,11].

Plasma nitriding techniques have also several problems, 
such as the formation of an arc which can damage the nitriding 
surface. In addition, a comparatively high operating pressure 

can increase the possibility of surface contamination and also 
retard the diffusion of nitrogen [11-13], which produces a very 
thin nitrided layer (0.1-0.2 μm) even after a long treatment 
time. This is neither economical nor favorable for biomedical 
applications [11,13]. Recently, laser nitriding has been viewed 
as attractive in comparison to other nitriding processes due to its 
short treatment time and accuracy in controlling the treatment 
location. However, it involves surface melting of the substrate, 
resulting in dimensional changes and also in a roughened surface 
after nitriding.

To overcome some of these problems related to the pre-
scribed nitriding processes, the electrical discharge technique, 
which uses a high voltage, high current pulse, was introduced 
in this study as a new nitriding process. The microstructures, 
hardness and surface chemistries of Ti rods in a N2 atmosphere 
subjected to an electrical discharge process were investigated.

2. Experimental

The commercial pure Ti rod (Grade 2) with a diameter 
of 3 mm and a length of 10 cm was ultrasonically cleaned and 
dried, and connected to the upper and lower tungsten electrodes. 
The discharge chamber was evacuated to 2×10–3 torr and then 
filled with N2 gas at 1000 torr. The capacitor bank of 450 μF 
was charged with four different electrical input energies (2.0, 
2.5, 3.0, and 3.5 kJ). The charged capacitor bank instantane-
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ously discharged through the Ti rod by turning on an on/off high 
vacuum switch to close the discharge circuit. The voltage and 
current that the Ti rod experienced when the circuit was closed 
were simultaneously picked up by a high voltage probe and a high 
current probe, respectively. Outputs from these probes were fed 
into a high speed oscilloscope that stored them as a function of 
discharge time. The overall process is referred to as electrical 
discharge process.

The microstructures of as-received and electrical discharged 
Ti rods were examined with an optical microscope (OM) and 
a scanning electron microscope (SEM). To determine if any 
change had occurred during the electrical discharge, micro-
hardness was measured on the cross section of Ti rod with a load 
of 50 g and a dwell time of 20 seconds. The electrical discharged 
Ti rod without any surface treatment was subjected to X-ray 
photoelectron spectroscopy (XPS) to measure the elemental 
compositions.

3. Results and discussion

A typical discharge curve (Fig. 1a) shows voltage and 
current in terms of discharge time. 450 μF in capacitance and 
3.94 kV in input voltage were employed to yield 3.5 kJ. The input 
energy (E) was pre-determined by controlling input voltage (V) 
according to the equation:

 E = CV 2/2 (1)

where C is the capacitance of the capacitor. Figure 1(a) shows that 
the peak current was 35.2 kA and the peak voltage was 3.2 kV. 
From the results shown in (Fig. 1a), the power (watt) curve is 
plotted in (Fig. 1b) against the discharge time. The power was 
obtained from the following equation:

 P (watt) = current (A) × voltage (V) = I 2R (J/s) (2)

The power increases with an increase of input energy at 
same capacitance. The discharge times for the duration of the 

first cycle at four different input energies were identical to be 
approximately 159 μsec [14,15]. The amount of heat generated 
(ΔH) during an electrical discharge was obtained by using Eq. 3:

 ΔH = S [i2(t)R(t)Δt] (3)

Typical discharge characteristics under current conditions 
are listed in Table 1 in terms of peak current, peak voltage, dis-
charge time, and ΔH. It can be seen that ΔH increases with an 
increase of input energy at constant capacitance.

TABLE 1

Peak voltage, peak current, discharge time, ΔH, and ΔT during elec-
trical discharge processes with various input energies

Input
energy 

(kJ)

Peak 
voltage 

(kV)

Peak 
current 

(kA)

Discharge
time 

(μsec)

Heat 
generated 

(J)

ΔT
(°C)

2.0 1.8 19.2 159 1383 543
2.5 2.4 24.4 159 2248 1066
3.0 2.6 29.2 159 3307 1707
3.5 3.2 35.2 159 4695 2546

Figure 2 shows cross-sectional micrographs of the Ti 
rods which were electrical discharged with four different input 
energies. No significant microstructural change after electri-
cal discharging with an input energy less than 2.5 kJ occurred 
and no phase transformation has occurred. On the other hand, 
electrical discharging with 3.0 kJ or greater significantly caused 
a β→α allotropic transformation, exhibiting a typical serrated 
morphology. The microstructure is very similar to that of the Ti 
which was annealed at 1000°C for 2 hours and air cooled [16]. 
This result implies that a temperature range extending over the 
β transus was generated by the electrical discharge at input en-
ergies of 3.0 kJ or higher. In particular, the morphology in the 
vicinity of edge exhibits directional acicular microstructure of 
α phase toward the center of cross-section. This can be attributed 
to the diffusion of nitrogen into the Ti surface during an electri-
cal discharge. A typical SEM and elemental Ti and N mapping 
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Fig. 1. (a) Typical discharge curve oscilloscope measured current and voltage, and (b) power curve versus discharge time (discharge condition: 
3.5 kJ of input energy)
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micrographs on the edge of the cross-section of Ti rod which 
was electrical discharged with 3.5 kJ, are shown in (Fig. 3). It is 
clearly seen that nitrogen diffused into the Ti surface (Fig. 3c), 
producing a titanium nitride layer.

Figure 4a shows narrow scan spectra of the Ti 2p region for 
the Ti rod before and after electrical discharging with 3.5 kJ of 
input energy. The as-received Ti rod showed a Ti 2p3/2 peak at 
458.5 eV, with 5.8 eV splitting between the Ti 2p1/2 and Ti 2p3/2 
peaks. Previous Ti narrow scan spectra results for wrought Ti and 
Ti alloys show the Ti 2p3/2 peak at about 459.2 eV with 5.8 eV 
splitting between the Ti 2p1/2 and Ti 2p3/2 peaks. For Ti4+, as in 

TiO2, the Ti 2p3/2 peak is at about 459.1 eV [17]. Peak shifts for 
Ti3+ (Ti2O3), Ti2+ (TiO), and Ti (metal) are approximately –1.7, 
–3.5 and –5.2 eV, respectively [18,19]. Thus, the surface of the 
as-received Ti rod before electrical discharging is primarily in the 
form of TiO2. However, the surface of the Ti rod after electrical 
discharging showed a Ti 2p3/2 peak at 454.6 eV. Therefore, this 
surface is primarily in the form of TiN [20]. Figure 4b shows high 
resolution spectra of the N 1s region for the Ti rod after electrical 
discharging with 3.0 and 3.5 kJ of input energy. The maxima at 
396.7 eV are identical to the N 1s peak positions for titanium 
nitride. This indicates the presence of a significant amount of 

(a)                               (b) 

(c)                               (d) 

Fig. 2. Optical micrographs near to the edge of Ti rods obtained after the electrical discharge with input energies of (a) 2.0, (b) 2.5, (c) 3.0 and 
(d) 3.5 kJ

(a)                       (b)                          (c)  

Fig. 3. (a) SEM and elemental (b) Ti and (c) N mapping micrographs on the edge of the cross-section of Ti rod which was electrical discharged 
at 3.5 kJ of input energy
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nitride and supports assignment of the titanium nitride peak to the 
Ti 2p spectrum in Fig. 5a. Therefore, the rapid and spontaneous 
formation of titanium nitride on the surface of Ti rod after an 
electrical discharge can explain the bimodal microstructure on 
the cross-section. This can be why hardness, especially near to 
the edge, is much higher after an electrical discharge.
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Fig. 5. Typical microhardness profiles of electrical discharged Ti rods 
at 3.0 and 3.5 kJ of input energy.

Since grain growth of α, β→α allotropic transformation, 
and diffusion of nitrogen during electrical discharging depend 
on the input energy, heat-generation will be one of the required 
parameters for those to be occurred. A sudden increase in tem-
perature (ΔT) through the Ti rod, which is caused by input energy 
during the electrical discharge process, is now considered and 
estimated using Eq. 4 :

 W = mCpΔT (4)

where m is the mass of the Ti and Cp is the specific heat of Ti 
[21]. The electrical input power (W) was calculated by integrat-
ing current and voltage as a function of discharge time. The 

resulting temperature increase data for the electrical discharge 
process under the current conditions are also listed in Table 1. 
It can be seen that the electrical discharge process can produce 
temperature increases ranging from 543°C to 2546°C, depending 
on the input energy. The instant heat-generation (543-1066°C) 
by the electrical discharge at 2.0 and 2.5 kJ of input energy 
caused a slight increase in grain size of the Ti rod without any 
phase transformation as shown in (Fig. 2a,b). On the other hand, 
the electrical discharge process using more than 3.0 kJ of input 
energy produced temperatures much greater than the Ti β-transus 
temperature, resulting in a β→α allotropic transformation even 
with times as short as 159 μsec. Moreover, the heat-generation 
is believed to be high enough for nitrogen to penetrate into the 
Ti surface, producing a titanium nitride layer.

The diffusion kinetics of nitrogen into the Ti rod during 
the electrical discharge process can be analyzed by using Eq. 5 :

 x ·=· (Dt)
1/2 (5)

where x is the thickness of diffusion layer, D is the diffusion 
coefficient, and t is the diffusion time [22]. The diffusion coef-
ficient at each electrical discharge condition is estimated using 
the microhardness profiles shown in Fig. 5, and listed in Table 2. 
With the increase of the input energy, the diffusion is highly 
activated and the nitride formation and nitrogen concentration 
are accelerated, which results in an increase of the hardness 
and growth of the diffusion layer. Formation of titanium nitride 
can be attributed to the high heat generated in the Ti during an 
electro discharge process, causing reaction between Ti and N. 
A much higher value of hardness that was observed at the edge 
of the cross-section was thus attributed to nitrogen-induced 
solid-solution hardening. The activation energy for the diffu-
sion process was estimated to be 86.9 kJ/mol obtained from the 
Arrhenius plot of ln (D) versus T –1. This value is much lower 
than the values (149-170 kJ mol–1) reported in the literature [23]. 
This result indicates that the electro discharge process for the 
surface modification of Ti can decrease the activation energy for 
the interstitial diffusion process.
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Fig. 4. (a) Ti 2p narrow scan XPS spectra of Ti rods before and after electrical discharge at 3.5 kJ of input energy and (b) N 1s narrow scan XPS 
spectra of Ti rods which were electrical discharged at 3.0 and 3.5 kJ of input energy
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TABLE 2

Thickness of diffusion layer and diffusion coefficient (D) of nitrogen 
in Ti during electrical discharge processes with various input energies

Input Energy 
(kJ)

Thickness of diffusion layer 
(μm)

D
(m2/s)

2.0 1.1 6.3×10–9

2.5 6.2 2.3×10–7

3.0 31.1 6.0×10–6

3.5 95.6 5.7×10–5

Based on the above results, eventually, the electrical dis-
charge process can efficiently modify the Ti surface by the rapid 
and spontaneous formation of titanium nitride layer in times as 
short as 159 μsec.

4. Conclusions

Ti rods were subjected to an electrical discharge at 2.0-3.5 kJ 
of input energy in a N2 atmosphere using a 450 μF capacitor 
bank. Instant temperature increases of Ti in times as short as 
159 msec during the electrical discharge are high enough to al-
low nitrogen penetration at the Ti surface, producing a titanium 
nitride surface layer. A much higher hardness near to the surface 
can thus be solid-solution hardening. The activation energy for 
the diffusion process was estimated to be significantly low value 
of 86.9 kJ/mol.

The electrical discharge technique for the surface modifi-
cation of Ti is believed to be more efficient in terms of process 
time and provides a simple, easy method compared to other more 
conventional nitriding processes.
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