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Tribological Behaviors of Oxynitride Coating on TC4 Alloy Prepared  
by Double Glow Technology

The oxynitride coating was fabricated on the surface of Ti6Al4V alloy via double glow plasma alloy technology to enhance 
the wear resistance. The protective coating is dense and homogeneous and has a multilayer structure (outermost oxygen-rich layer, 
middle nitrogen-rich layer, innermost nitrogen diffusion layer). The acoustic emission curve suggests that the critical load is 53.1 N, 
the bonding strength between oxynitride coating and substrate is adequate to the application due to the diffusion layer. The oxynitride 
coating has a maximum hardness about 1020 HV, which is significant harder than Ti6Al4V alloy (370 HV). Tribological behaviors 
of oxynitride coating were investigated at three loads. The results indicated that the friction coefficient of oxynitride coating is lower 
than that of substrate at the same conditions. The wear mechanism of oxynitride coating is mainly fatigue wear, which converts to 
adhesive wear and fatigue wear with increasing load. The protective layer can decrease the actual contact areas obviously during 
the wear tests, which attributed to the higher hardness and stability of oxynitride layer.
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1. Introduction

Ti6Al4V alloys as engineering materials have been widely 
used in many industrial fields (such as aircraft components, 
chemical and food industries, biomedical applications), which 
attribute to the excellent properties of low elastic modulus, ac-
ceptable biocompatibility, high corrosion resistance and great 
mechanical properties of it [1-3]. In addition, titanium alloys 
are popular for demanding applications due to their excellent 
strength-to-weight ratio [4,5]. However, titanium alloys are 
limited to generalize because of the low hardness and poor wear 
resistance [6]. 

Many pieces of research were carried out to focus on the 
hardness or wear resistance of titanium alloys. W. Pawlak et al. 
[7] fabricated WC1−x/C coating on Ti–6Al–4V titanium alloy 
to enhance the wear resistance. Lu et al. [8] formed the Cr-Si 
co-alloyed coating on TA15 alloy can improve the tribological 
behavior. Even though these hard layers benefit the wear resist-
ance, the protective coating easily peels off due to the apparen 
interface between the coating and substrate. However, titanium 
alloys have a high affinity to the oxygen or nitrogen element, 
which can easily form a hard layer consisting of Ti-N or Ti-O 

compounds. The oxygen or nitrogen can cause diffusion into the 
surface of titanium alloys to enhance the wear resistance [9,10]. 
The protective coating has great bonding strength due to the 
diffusion treatment. For example, the hard layer consisting of 
TiN and Ti2N compounds was formed on the material surface 
after nitriding treatment [11]. After oxidizing treatment, TiOx 
compounds formed on the material surface to improve the wear 
resistance of the sample [12]. The oxynitriding treatment was 
through the formation of oxynitrides TiNxO1-x, and the protective 
coating of oxynitriding treatment was more complicated than 
that of nitriding or oxidizing treatment. Jiqiang Wu et al. [13] 
compared the nitriding, oxynitriding and carbonitriding treat-
ments to improve the wear resistance of alloy, and the sample 
of oxynitriding treatment had the lower wear volumes among 
these techniques. Furthermore, the oxynitrides of titanium are 
popular in chemical or medical industrial fields because of their 
great mechanical and chemical properties [14]. 

Nowadays, many techniques have been used to fabricate ox-
ynitride coating on titanium alloys, such as ion-plasma, diffusion 
and laser and high-energy methods etc [15]. Double glow plasma 
surface alloy technology is a new way of surface modification 
technology, called Xu-Tec [16]. Double glow technology has 
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been applied successfully to fabricate coatings such as N, C, Cr, 
Mo etc. [17] The double glow discharge produces a remarkable 
plasma region. The substrate surface is activated because of the 
bombardment by argon ions with high kinetic energy, which is 
advantageous to the diffusion of a beneficial element. The ben-
eficial elements gain kinetic energy due to the glow discharge, 
which hits the surface of the substrate because of the force of 
the electric field [18]. The double glow technique has unique 
advantages, which could save precious metal resources and not 
cause pollution to the environment [19-21].

In this work, the specimens of Ti6Al4V alloys were sub-
jected to oxynitriding treatment via double glow plasma surface 
alloy technology. The microstructure, bonding strength and 
wear behaviors of the oxynitride coating on Ti6Al4V alloy were 
investigated. The wear mechanism of the oxynitride layer was 
analyzed at 130 g, 230 g, and 330 g, respectively. The primary 
purpose of this work is to reveal the tribological characteristic 
of oxynitride caoting fabricated by the double glow treatment. 

2. Experiment

The substrate material in this work was Ti6Al4V alloy 
provided by the Beijing Iron and Steel Research Institute of 
China. The chemical composition of Ti6Al4V alloy is listed 
in TABLE 1. The specimens of Ti6Al4V alloys were cut into 
15 mm × 15 mm × 5 mm rectangles by wire cutting. The speci-
mens were polished with 1200 mesh water proof abrasive paper 
and cleaned in alcohol to expel the surface contamination by 
ultrasound equipment before they went through the experiment. 

Table 1

The chemical composed of Ti6Al4V alloy (wt.%)

Ti Al V Fe O C N H
Bal 5.5-6.8 3.5-4.5 ≤0.3 ≤0.2 ≤0.1 ≤0.05 ≤0.015

The oxynitride coating was fabricated via double glow 
plasma surface alloy technology. The target used during the 
experiment process was 99.99 wt.% pure Ti with a diameter of 
90 mm. Argon was used as background gas, and the flow ratio 
of argon, oxygen, and nitrogen was 9:1:8. The inside pressure of 
the furnace was 35 Pa, and the distance between the target and 
the substrate was 15 mm. The work piece voltage was 450 V, 
and the target voltage was 800 V. The preparation lasted three 
hours, and the processing temperature ranged from 800-900°C.

The microstructure of oxynitride coating were detected by 
scan electron microscopy (FEI, Quanta450, USA). The bond-
ing strength between the oxynitride coating and the substrate 
was calculated by a scratch tester (BangYi, WS-2005, China), 
which has a diamond indenter with a speed of 1 mm min–1. 
The load rate was 25 N min–1, and the maximum load was 100 
N. The crystal phase composition of oxynitride coating was 
investigated by X-ray diffraction (Rigaku, DMAX-RB12KW, 
Japan) with copper Kα radiation (λ = 1.5418 Å, 20° ≤ 2θ ≤ 90°). 

The microhardness of oxynitride coating was detected by Vick-
ers Indenter (DianYing, DHV-1000/Z, China) with the applied 
load of 10 g for 15 s. The tribological behaviors of specimens 
with oxynitride coating were investigated by ball-on-disk fric-
tion and wear tester (KaiHua, HT-500, China) under dry sliding 
against GCr15. The tests were performed in air with a relative 
humidity of (45±5)%, the rotating rate was 560 rpm, and the 
turning radius was 2 mm. The testing temperature was 20℃ 
at the load of 130 g, 230 g, and 330 g, respectively. The wear 
volumes were detected by depth-of-field system (Keyence,  
VHX-1000, Japan).

3. Results and discussion

3.1. Oxynitride Coating characterization

Fig. 1 reveals the microstructure of oxynitride coating on 
Ti6Al4V alloy. The results indicated that the surface of oxyni-
tride coating is homogeneous and dense. There are no apparent 
holes or cracks in it. Fig. 1b is the magnified surface topography 
of oxynitride coating, and the SEM image indicated that very 
shallow pits appear on the coating surface, and lots of submicron 
crystalline grains are scattered on the coating surface. The reason 
can attribute to the characteristic of double glow technology. 
During the processing treatment, Ti elements were sputtered from 
the target and deposited on the substrate surface, the substrate 
surface was subjected to plasma bombardment to activate the 
substrate surface. Very shallow pits appeared on the surface due 
to plasma bombardment of the deposited layer. 

Cross-section morphology of oxynitride coating (see 
Fig. 1c) and the EDS result (see Fig. 1d) indicated that the total 
thickness of oxynitride coating is 10.2 μm, which is dense and 
without obvious defects on it. The oxynitride coating consists 
of an outermost oxygen-rich layer, a middle nitrogen-rich layer 
and an innermost nitrogen diffusion layer, which attributes to the 
difference in the flow ratio of oxygen and nitrogen. In addition, 
the bombardment of ions with a specific high kinetic energy also 
effects on the multilayer structure of oxynitride coating. During 
the treatment process, the oxygen and nitrogen elements were 
sputtered on a substrate surface, which diffused into the substrate 
due to the high treatment temperature. The interfaces between 
the outermost oxygen-rich layer, the middle nitrogen-rich layer 
and the innermost nitrogen diffusion layer are blurred due to the 
element diffusion at high treatment temperature according to 
the law of diffusion, which is beneficial to the bonding strength 
between oxynitride coating and substrate. 

Fig. 2 shows the XRD pattern of oxynitride coating and the 
angle is 20° to 90°. The XRD results suggest that the main phases 
of protective coating are TiO2, TiN and Ti3N2-x, and a few TiO, 
Ti6O and Ti2N also formed during the treatment process. The 
results analyzed with EDS (see Fig. 1d) indicate that the phase 
formation of TiO2 or TiN is favorable when the content of oxygen 
or nitrogen is high. In the diffusion area, the TiO and Ti6O phases 
formed due to the low content of oxygen or nitrogen element.
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Fig. 2. XRD pattern of oxynitride coating

The microhardness profile of oxynitride coating shows 
in Fig. 3. The results suggested that the protective coating was 
significant harder than Ti6Al4V alloy, which had a maximum 
hardness about 1020 HV. The hardness of oxygen and nitrogen 
rich layer was in the range from 970 to 1020 HV. As the depth 
increased, the hardness value decreased rapidly until to the sub-
strate, and the hardness of substrate was about 370 HV. Based 
on XRD and ESD results, the microhardness results indicated 
that the oxynitride coating could enhance the hardness effec-
tively due to the formation of the nitrides and oxides on the 
surface of sample. The atoms of oxygen and nitrogen diffused 

into Ti phase caused the crystal lattice distortion, which lead 
to precipitation hardening and then prevented the movement 
of dislocation. As for the nitrogen-diffusion layer, the nitride 
concentration decreased with increasing the depth, which lead 
to a sharp decrease in hardness.
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Fig. 3. Microhardness distributions of oxynitride coating

The availability of oxynitride coating was determined by the 
bonding strength between the protective coating and substrate 
during the coating service. The strength between the oxynitride 
coating and substrate was calculated by the WS-2005 scratch 

Fig. 1. SEM images of oxynitride coating (a) surface image, (b) magnified surface topography, (c) cross-section image (d) EDS result
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tester. Fig. 4a shows the acoustic emission curve of oxynitride 
coating, which suggests that the bonding strength between the 
protective layer and the substrate is 53.1 N. When the microc-
racks appeared in the coating during the indenter drawn on the 
surface of the sample, an acoustical signal was produced and 
translated into a curve by an acoustic emission sensor. The re-
sults analyzed with surface microstructure (see Fig. 4b) indicate 
that the breadth or deepness of scratch changes uniformly. The 
scratch was slightly smooth, the plastic deformation appeared 
on the both sides of the scar. When the critical load was reached, 
microcracks appeared at the crystal boundary on the coating side 
boundary and began to expand, which led to the acoustical signal 
being produced. The bonding strength between the oxynitride 
coating and substrate is larger than 50 N, which is universally 
adequate for application [22,23].

3.2. Tribological behaviors

To evaluate the wear resistance of the oxynitride coating, 
a ball-on-disk friction and wear tester was used to investigated 
tribological behaviors of protective coating and substrate. Fig. 5 
shows the friction coefficients of oxynitride coating and substrate 
against the GCr15 ball at normal temperatures under 130 g, 230 g 
and 330 g. The results indicated that the friction coefficients of 

Ti6Al4V alloy (see Fig. 5a) increased rapidly at the early stage 
during the wear tests. The friction coefficients remained stable 
after 3 min, and the values of friction coefficients of the substrate 
were stable at 0.3-0.7. The friction coefficient curves of the sub-
strate fluctuated obviously, which attribute to the production of 
abrasive dust between the GCr15 ball and the substrate surface 
during the wear process. The load during the wear tests affected 
the average friction coefficients of Ti6Al4V alloy. 

Fig. 5b shows the friction coefficients of oxynitride coating. 
The results suggested the values of friction coefficients were much 
lower than that of the substrate, which was stable at 0.3-0.42. The 
average friction coefficients of protective coating also increased 
slightly with increasing load. Compared with the results of Fig. 
5a and Fig. 5b, the change of friction coefficients of oxynitride 
coating and substrate was related to the hardness of the surface. 
Previous studies [20] suggested that the specimen with higher 
surface hardness led to a lower friction coefficient. During the 
wear tests, the TiO2, TiO, TiN and Ti2N etc., with the high hard-
ness, reduced the genuine contact parts against the friction pair.

Fig. 6 shows the 3D profiles of wear tracks of oxynitride 
coating and substrate at 130 g, 230 g, and 330 g, respectively. 
The results indicated that the width and depth of wear tracks of 
the protective layer and substrate became more significant with 
increasing load. In addition, the areas of wear tracks of oxynitride 
coating were smaller than that of the substrate obviously. 

Fig. 4. Scratch test of oxynitride coating (a) acoustic emission curve, (b) image of scratch

Fig. 5. friction coefficients against GCr15 ball with 130 g, 230 g and 330 g load (a) substrate, (b) oxynitride coating
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The wear results of oxynitride coating and substrate were 
calculated from the surface profile, which was listed in TABLE 2. 
To evaluate the wear resistance of specimens, the wear volume 
was calculated by the following equation [8].
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Where h is the depth of wear track, r is radius of wear track, b is 
the width of wear track, V is the volume of wear area.
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Where v represents wear rate, S is sliding distance, K rep-
resents specific wear rate, P represents the load.

The wear rate is determined by sliding distance and wear 
volume. The specific wear rate is the objective measure of wear 
properties. TABLE 2 suggests that the wear rate and specific wear 
rate increased as the load increased for oxynitride coating and 
substrate, respectively. However, the wear rate and specific wear 
rate of the protective coating were much lower than those of the 
substrate under the same load condition. The results indicate that 
the oxynitride coating fabricated on Ti6Al4V alloy can signifi-
cantly improve wear properties, which attributes to the higher 
surface hardness of the protective layer. The oxynitride coating 
has higher hardness than the substrate due to the formation of 
the oxide or the nitride of the titanium in the coating. During the 
wear treatment, the substrate suffered considerable wear than 
oxynitride coating on the sample surface. The protective coating 
reduced the genuine contact parts against the friction pair, and 
specific wear rates and wear rates of oxynitride coating were 
smaller than that of substrate obviously.

Fig. 6. the surface profile of wear tracks (a) substrate, (b) oxynitride coating
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3.3. Tribological mechanism

Fig. 7 shows the magnified surface topography of wear 
tracks of oxynitride coating and substrate under the load of 130 g, 
230 g, and 330 g, respectively. For substrate, neatly arranged 
furrows was produced on the wear surface, and lots of particles 
appear randomly on the surface. This phenomenon suggested that 

the wear mechanism was dominated by abrasive wear. As the load 
increased to 230 g, a few particles appeared on the wear track. 
Silght delamination occurred at the edge of the furrow, suggest-
ing abrasive and slightly adhesive wear features. With the load 
increased to 330 g, the depth of furrows was reduced, the adhesion 
transfer could be observed, and a number of abrasive particles 
appeared on the wear surface. The wear mechanism was abrasive 

Table 2
Wear results of oxynitride coating and Ti6Al4V substrate

Specimens Width  
b/mm

Depth  
h /μm

Volume loss  
V /10–3mm3

Wear rate  
v /10–4 mm3m–1

Specific wear rate  
K /10–5 mm3N–1m–1

Ti6Al4V Substrate-130 g 0.74 20 124.45 8.30 65.14
Ti6Al4V Substrate-230 g 0.93 30 233.80 15.59 69.15
Ti6Al4V Substrate-330 g 1.09 37.9 346.86 23.12 71.50
Oxynitride Coating-130 g 0.24 0.8 1.65 0.11 0.86
Oxynitride Coating-230 g 0.51 2.7 11.41 0.76 3.38
Oxynitride Coating-330 g 0.78 2.72 17.72 1.18 3.65

Fig. 7. Wear morphology of wear track at 130 g, 230 g and 330 g load, respectively (a, c and e) substrate, (b, d and f) oxynitride coating
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wear and adhesive wear. The wear morphology of the substrate 
suggested that wear resistance of Ti6Al4V alloy was poor due to 
the low surface hardness. Fig. 7b, d, and f show the wear surface 
of oxynitride coating at 130 g, 230 g, and 330 g, respectively. 
Compared with the substrate, the deformation of oxynitride coat-
ing is much lower, which attribute to the higher hardness of the 
protective coating. Under the 130 g load, plastic deformation and 
large area spalling appeared on the wear track, which suggested 
the wear mechanism was mainly fatigue wear. With the load in-
creased, a more severe phenomenon of plastic deformation and 
adhesive transfer appeared on the wear surface, which suggested 
the wear mechanism was adhesive wear and fatigue wear. Above 
all, the wear of oxynitride coating was much weaker than that of 
the substrate. And wear surface of the protective coating had not 
been damaged seriously, which attribute to the higher hardness 
and stability of oxynitride layer. This indicated that the oxynitride 
coating effectively improves the wear resistance of Ti6Al4V alloy. 

4. Conclusion

The oxynitride coating was fabricated on Ti6Al4V alloy 
via the double glow plasma surface alloy technology to improve 
the wear resistance. The results indicated that the oxynitride 
coating had a multilayer structure, consisting of an outermost 
oxygen-rich layer, a middle nitrogen-rich layer and an innermost 
nitrogen diffusion layer. The protective coating was homogene-
ous and dense. The main phases of TiO2, TiN and Ti3N2-x were 
formed during the double glow treatment, which related to the 
content of oxygen or nitrogen element. The microhardness of 
oxynitride coating was in the range from 970 to 1020 HV, which 
was much higher than that of substrate (about 370 HV). The 
bonding strength between the protective coating and substrate 
was 53.1 N and universally adequate to application, attributed 
to the diffusion of oxygen or nitrogen element.

The friction coefficients of oxynitride coating were much 
lower than that of the substrate under the same load conditions. 
The primary wear mechanism of Ti6Al4V alloy was abrasive 
wear, which transformed to adhesive wear with the load in-
creased. The wear mechanism of oxynitride coating was mainly 
fatigue wear, which converted to adhesive wear and fatigue 
wear with increasing load. The wear of oxynitride coating was 
much weaker than that of the substrate. And the wear surface 
of protective coating had not been damaged seriously, which 
attribute to the higher hardness and stability of the oxynitride 
layer. The protective coating can obviously decrease the actual 
contact areas during the wear tests.
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