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A B S T R A C T   

Titanium and its alloys are widely used in aerospace and biomedical fields but suffer from poor tribological 
properties. Surface coating and texturing have proven to be effective ways for improving tribological properties. 
However, integrating these methods may introduce complexity and increased costs. In this study, laser nitriding 
and surface texturing were simultaneously achieved on Ti6Al4V surface via a nanosecond pulse laser. The 
tribological properties of textured surfaces under lubricated conditions were investigated, and the wear mech
anism was discussed. Experimental results showed significant improvements in the tribological properties, 
including a smaller and stable coefficient of friction (COF) and a remarkable 99.3 % reduction in wear rate. This 
study provides valuable insights for improving the tribological properties of titanium alloys, benefiting industrial 
and biomedical applications.   

1. Introduction 

Titanium and its alloys are widely employed in aerospace compo
nents and biomedical implants, owing to their superior specific strength, 
favorable biocompatibility, and excellent corrosion resistance [1–3]. 
Nonetheless, their poor tribological properties hinder their suitability 
for contact parts, such as bearings or bolts, as they are susceptible to 
wear during operation [4,5]. Moreover, the use of titanium alloys as 
biological implants can result in wear 0debris and diffusion of metal V 
elements, thereby leading to aseptic loosening and inflammatory re
actions, ultimately causing implant failure [6,7]. Therefore, enhancing 
the wear resistance of titanium alloys is critical for their industrial and 
medical applications. 

Coating technologies have been proven to effectively enhance the 
wear resistance of material surfaces. Among them, titanium nitride 
(TiN) is a preferred coating material for titanium alloys due to its 
exceptional hardness and wear resistance, chemical stability, and su
perior biocompatibility compared to titanium alloys [8–10]. Laser 
nitriding, in comparison to conventional coating preparation methods 
such as thermal spraying, and physical/chemical vapor deposition (P/ 
CVD), offers several advantages including clean, efficiency, precision 
processing, and high repeatability. Moreover, the TiN layer formed 

through strong metallurgical bonding between N atoms and Ti-based 
substrate at high temperature and pressure avoids delamination of 
coatings from the substrate. Vadiraj et al. reported that the failure of 
PVD-TiN coating on titanium alloys was primarily attributed to delam
ination and abrasive wear [11]. In contrast, laser nitriding can achieve a 
maximum nitriding depth of up to 30 μm, with microstructures evolving 
in the depth direction [12]. In a comparative study by Torrent et al., 
both PVD-TiN coating and laser-nitrided layer on titanium surfaces 
exhibited similar friction coefficients (0.6–0.8); however, the latter 
showed higher resistance to fretting wear [13]. Furthermore, several 
studies [14,15] demonstrated that laser nitriding not only improves 
wear resistance and hardness but also exhibits antibacterial adhesion 
properties. Therefore, laser nitriding is the preferred approach for 
improving the wear resistance of titanium alloy surfaces, whether for 
industrial or biomedical applications. 

Surface texturing is an effective and controllable means for 
improving the tribological properties of mechanical surfaces. Well- 
designed surface textures can act as micro-bearing to increase the dy
namic pressure between the friction pairs [16], store lubricant [17], and 
trap debris [18] generated during the friction process. For instance, Xing 
et al. investigated the effects of surface textures on the tribological 
behavior of Si3N4/TiC ceramic and found that surface textures played a 
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crucial role in capturing debris and maintaining the lubricating film 
[19]. Wang et al. conducted a comparative analysis of the tribological 
mechanism of micro/meso/macroscopic textures under different fric
tion conditions [20]. Mao et al. reviewed the laser surface texturing 
(LST) techniques, including laser direct ablation, interference, and shock 
peening, on the engineering materials and highlighted that combining 
LST with coating or post-treatment could further improve their dura
bility. Therefore, composite processing techniques that integrate LST 
with other techniques are increasingly employed to enhance the tribo
logical properties of material surfaces. For example, Wang et al. used 
plasma nitriding and LST to enhance the vacuum tribological properties 
of titanium alloys [21]. Zhao et al. combined LST and gas nitriding to 

improve the tribological properties, cyto-biocompatibility, and anti- 
inflammatory ability of the Ti6Al4V surface [22]. Niu et al. utilized 
the duplex-treatment of thermal oxidation and LST to maximize the 
tribological properties of titanium alloys [23]. 

Compared to a single texturing or nitriding process, composite 
technologies offer undeniable advantages in improving the tribological 
properties of titanium alloys. However, combining these separation 
technologies would introduce complexity and increase the costs for 
practical applications. In our previous study, simultaneous laser 
nitriding and surface texturing were achieved on the Ti6Al4V surface via 
nanosecond pulse laser, improving the surface hardness and scratching 
characteristics [24]. In this study, the tribological behavior of textured 

Fig. 1. (a) The ball-on-disc wear test system and (b) schematic of surface nitriding and texturing on the Ti6Al4V surface.  

Fig. 2. SEM morphologies of the laser-irradiated surface with different magnifications.  

Fig. 3. (a) XRD patterns and (b) load-depth curves of the pristine and textured surfaces.  
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surfaces under lubricated conditions is further investigated, and the 
wear mechanism is discussed and analyzed accordingly. 

2. Materials and methods 

2.1. Materials 

Ti6Al4V with dimensions of 20 mm × 20 mm × 3 mm was used as the 
substrate material. The surface of the samples was ground with #400, 
#800, #1500, and #3000 SiC sandpapers, and then polished to a mirror 
finish with W0.5 diamond abrasive paste. Finally, the samples were 
sonicated with acetone for 15 min and dried at room temperature. 

2.2. Simultaneous laser nitriding and surface texturing 

A nanosecond fiber laser (SP-050P-A-EP-Z-F-Y, SPI, UK) was 
employed to simultaneously achieve nitriding and surface texturing. The 
laser energy has a Gaussian energy distribution (TEM00 mode, M2 < 1.6) 
with a beam diameter of ~43 μm. The laser pulse width is 7 ns and the 
central wavelength is 1064 nm. To ensure the laser nitriding process, the 
experiments were carried out under a nitrogen atmosphere at a pressure 
of 0.05 MPa. According to previous experimental results [25], the sur
face textures (laser-induced periodic surface structure, LIPSS) were 
created on the Ti6Al4V surface under the selected laser parameters 
(laser power: 4.46 W, scanning speed: 10 mm/s, repetition frequency: 

700 kHz, intervals between two adjacent scanning lines: 10 μm). 

2.3. Tribological testing 

The tribological performance of the pristine and textured samples 
was tested using a ball-on-disc rotary wear tester (HT-1000, Lanzhou 
Zhongke Kaihua Technology Development Co., Ltd., China). A load of 
1.96 N was applied through a ceramic ball (Si3N4, Φ5 mm) to the 
sample. The sample was rubbed against the ceramic ball at a sliding 
speed of 31.4 mm/s (100 rpm) for 30 min. Fig. 1 illustrates the ball-on- 
disc wear test system employed in this study. A ceramic ball, subjected 
to a 200 g weight, is loaded onto the sample which is bolted to a 
mounting plate rotating by a motor. The experiments were conducted 
under lubrication conditions in oil (Hotolube, China) and simulated 
body fluids (SBF), respectively. The selection of lubricants depends on 
two typical applications of titanium alloys, engineering applications and 
biomedical applications. To ensure constant lubrication during the wear 
test, the lubricating oil or SBF level is maintained at 1–2 mm above the 
sample. The sliding speed is set at 100 rpm to prevent the lubricant from 
being thrown out. The wear rate could be calculated by the formula: ω =
V / (S * P), where ω is the wear rate, V is the wear volume, S is the sliding 
distance and P is the applied load. The tests were repeated three times 
for each sample to ensure the accuracy of the results. The tribological 
behavior of textured surfaces under lubricating oil/SBF is analyzed in 
detail below. 

Fig. 4. 3D topographies and corresponding cross-sectional profiles of the worn scars on (a, b) the pristine and (c, d) textured surfaces under oil lubrication.  
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2.4. Characterizations 

The crystal phases of the pristine and textured samples were char
acterized by an X-ray diffractometer (XRD, D8 Discover, Bruker, Ger
many). The surface hardness of the pristine and textured samples was 
measured by a nanoindentation instrument (DUH-211S, SHIMADZU, 
Japan). The applied load and loading rate were 200 mN and 10 mN/s, 
respectively. The wear morphologies were observed by a scanning 
electron microscope (SEM, JSM-IT500A, JEOL, Japan) and a laser 
scanning confocal microscope (LSCM, OLS5100, Olympus, Japan). The 
element distribution of the worn surfaces was detected by using an en
ergy dispersive spectroscopy (EDS, EX-74600U4L2Q, JEOL, Japan). 

3. Results and discussion 

3.1. Surface characterizations 

Fig. 2 presents the SEM morphologies of the laser-irradiated surface, 
which is dominated by LIPSS with a period of approximately 0.98 μm 
and a height of around 100 nm. A comprehensive investigation on the 
evolution of LIPSS has been detailed reported in our previous study [25]. 
The irradiated surface appears uniformly flat, and the distribution of 
LIPSS demonstrates a relatively regular pattern, which suggests that the 

surface textures (LIPSS) are well introduced on the Ti6Al4V surface. 
Fig. 3 illustrates the XRD patterns and load-depth curves of both the 
pristine and textured surfaces. As depicted in Fig. 3(a), the textured 
surface exhibits the distinct TiN peaks compared to the pristine surface, 
which indicates a significant laser nitriding on the textured surface. As 
shown in Fig. 3(b), the results of the nanoindentation test show that the 
surface hardness of the textured surface reaches ~7.6 GPa due to the 
role of laser nitriding, which is significantly higher than that of the 
pristine surface (~3.6 GPa). The above experimental results show that 
laser nitriding and surface texturing have been simultaneously achieved 
on the Ti6Al4V surface. 

3.2. Oil lubrication 

Fig. 4 depicts the three-dimensional (3D) topographies as well as the 
corresponding cross-sectional profiles of the worn scars on both the 
pristine and textured surfaces under oil lubrication. The pristine surface 
exhibits large and deep worn scars, and the textured surface demon
strates shallow worn scars, implying the protective effect of laser 
nitriding and texturing. Fig. 5(a) and (b) presents the statistical results 
for the width, depth, and wear rate. From Fig. 5(a), it can be seen that 
the width and depth of wear scars on the pristine surface reach 505 μm 
and 12 μm, respectively. While, the width and depth of wear scars on the 

Fig. 5. (a) Width and depth of the worn scars, (b) wear rate, (c) COF curves and (d) difference of COF on the pristine and textured surfaces under oil lubrication.  
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Surface & Coatings Technology 474 (2023) 130083

5

Fig. 6. (a, b) SEM morphologies of the worn scars on the pristine surface under oil lubrication. (c) EDS mapping corresponding to (b).  
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textured surface are reduced to 103 μm and 0.41 μm respectively, as can 
be seen in Fig. 5(b). Furthermore, the wear rate for the pristine surface is 
6.8 × 10− 4 mm− 3/N⋅m, and the wear rate for the textured surface is only 
4.7 × 10− 6 mm− 3/N⋅m, indicating a remarkable 99.3 % reduction in the 
wear rate of the titanium alloy surface after simultaneous laser nitriding 
and surface texturing. Figs. 5(c) and (d) display the images of the co
efficient of friction (COF) and the difference of COF, respectively. The 
difference of COF is defined as the value of the latter minus the former in 
COF series, which is used to assess the stability of the wear process. The 
COF value for the pristine surface remains consistently around 0.31, 
while for the textured surface, it is only approximately 0.1. Additionally, 
the difference of COF for the textured surface is 0.04, and it is 0.18 for 
the pristine surface. During the wear process, the continuous collision 
between the Ti6Al4V surface and the hard Si3N4 ball results in material 

removal, with the generation of debris. This continuous peeling-off 
debris induces fluctuations in the COF, resulting in a relatively high 
“difference of COF” (approximately 0.18) for the pristine surface. In 
contrast, due to the beneficial nitriding effect and the presence of surface 
textures, the textured surface exhibits enhanced resistance to material 
peeling [9]. Moreover, the surface textures act as effective traps, mini
mizing the accumulation of debris [18]. As a result, the COF remains 
stable, with a low “difference of COF” (approximately 0.04) during the 
wear process. These findings further confirm that the textured surface 
exhibits enhanced wear resistance during the friction process. 

Figs. 6 and 7 present the SEM morphologies as well as the corre
sponding EDS mapping of worn scars on both the pristine and textured 
surfaces. It is worth noting that the oil-lubricated worn samples are ul
trasonically cleaned using acetone to remove the residual lubricant. This 

Fig. 7. (a, b) SEM morphologies of the worn scars on the textured surface under oil lubrication. (c) EDS mapping corresponding to (b).  

Table 1 
Element content of the pristine surface and textured surface.  

Element (at. %) Ti Al V Si C O N 

Pristine surface 61.56 ± 0.12 6.83 ± 0.06 2.63 ± 0.05 1.06 ± 0.02 12.3 ± 0.07 15.7 ± 0.09 0 
Textured surface 44.23 ± 0.11 2.50 ± 0.07 2.53 ± 0.05 0.27 ± 0.01 7.03 ± 0.06 10.43 ± 0.08 33.03 ± 0.10  
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process removes some debris produced during friction process, thereby 
making it invisible in the SEM morphologies. However, obvious plough 
could be observed on the worn scars of the pristine surface, which in
dicates that the primary wear mechanism is abrasive wear. EDS mapping 
results reveal the presence of Si, C, and O elements in certain regions, 
which originate from the transfer of Si3N4 ceramic balls and residual 
lubricant, demonstrating the occurrence of adhesion wear mechanism. 
As depicted in Fig. 7, the worn scars of the textured surface are not 
obvious, but ploughing is evident, indicating the abrasive wear mech
anism. According to the element content in Table 1, the worn scars of the 
textured surface contain very little Si element, suggesting the absence of 
adhesion behavior of the Si3N4 ceramic balls. 

3.3. SBF lubrication 

Fig. 8 showcases the 3D topographies and the corresponding cross- 
sectional profiles of worn scars on both the pristine and textured sur
faces under SBF lubrication. It can be observed that the pristine surface 
is heavily worn, while the textured surface shows minimal wear. Figs. 9 
(a) and (b) show the statistical results of the width, depth, and wear rate. 
As depicted in Fig. 9(a), the width and depth of the worn scars on the 
pristine surface reach 400 μm and 7.97 μm, respectively. While for the 
textured surface, the width and depth of worn scars are only 174 μm and 
0.13 μm, respectively. As a result, the wear rate is sharply reduced from 
3.9 × 10− 4 mm− 3/N⋅m on the pristine surface to 2.5 × 10− 6 mm− 3/N⋅m 
on the textured surface, achieving a remarkable reduction of 99.3 %. 
Fig. 9(c) and (d) shows the images of COF and the difference in COF. The 

COF of the pristine surface remains stable at approximately 0.3, whereas 
for the textured surface, it is approximately 0.2. The difference of COF 
for the pristine surface is 0.2, whereas for the textured surface, it is only 
0.06. These results show that textured surface still exhibits enhanced 
tribological behavior under SBF lubrication conditions. 

Fig. 10(a)–(c) presents the SEM morphologies of the worn scars on 
the pristine surface, where visible plough and debris are observed, 
indicating its abrasive wear mechanism. Besides, Ca, Cl, P, and Si ele
ments are detected on the debris by EDS analysis in Fig. 10(d), which is 
derived from the residual SBF and the transfer of Si3N4 ceramic balls. 
Fig. 11 presents the SEM morphologies of the worn scars on the textured 
surface, revealing two main features: the worn textured surface depicted 
in Fig. 11(b) as well as the fragmented surface depicted in Fig. 11(c). 
Based on the results of EDS analysis at point 2 and point 3, more Ca and P 
elements are enriched at point 2 compared to point 3. SBF is a super
saturated solution containing a substantial concentration of calcium 
(Ca) and phosphorus (P) ions, mimicking the composition of natural 
biological fluids. During the wear testing process, several phenomena 
come into play. First, as material peeling occurs, partially detached 
material from the Ti6Al4V surface is introduced into the SBF solution. 
Additionally, under the testing conditions, the SBF solution may un
dergo volatilization. These combined factors contribute to the precipi
tation of Ca and P ions within the SBF onto the worn surfaces. As a 
consequence, these ions adhere to the worn scars, forming deposits and 
leading to the appearance of a fragmented surface. This adhesion 
behavior is influenced by the chemical composition of the solution and 
its interaction with the worn surface. Therefore, it is assumed that the 

Fig. 8. 3D topographies and corresponding cross-sectional profiles of the worn scars on (a, b) the pristine surface and (c, d) textured surface under SBF lubrication.  
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fragmented surface originates from the adhesion of residual SBF during 
the wear process. While for the worn textured surface, the wear is very 
slight, with only a few debris, proving the abrasive wear mechanism. 

To explore the individual effect of nitriding or texturing on the wear 
mechanism, the wear tests were conducted on the textured and then 
polished surface. The aim of mechanical polishing is to eliminate the 
LIPSS from the modified surface. Fig. 12(a) and (b) presents the 3D 
topography and corresponding cross-sectional profile of the worn scar 
under oil lubrication. The depth and width of the worn scar are about 0.3 
and 110 μm, indicating a very low wear rate (3.7 × 10− 6 mm− 3/N⋅m). 
Fig. 12(c) and (d) displays the images of the COF and the difference of 
COF, respectively. Compared to the textured surface (0.04), the COF 
curve exhibits a pronounced increase and significant fluctuations, with 
the difference of COF increasing to 0.18. This phenomenon could be 
related to the failure of oil film and the delayed removal of wear par
ticles. However, SEM analysis (refer to Figs. 6 and 7) does not reveal the 
presence of wear particles, likely due to their removal during subsequent 
cleaning processes. 

Therefore, wear tests were further performed on the textured surface 
as well as the textured and then polished surface without lubrication. 
The corresponding results of SEM morphologies and EDS mappings are 
shown in Figs. 13 and 14. As shown in Fig. 13(a), obvious plough could 
be observed on the worn scar of the textured surface, which indicates 

that the primary wear mechanism is abrasive wear. EDS mapping in 
Fig. 13(d) and (e) indicates the presence of substantial amounts of Si and 
O elements within the worn scar, indicating the oxidative wear mech
anism. As shown in Fig. 13(c), massive debris is present within the 
LIPSS, proving the debris trapping effect of the textured surface [26]. 
Conversely, for the textured and then polished surface, only limited Si 
and O elements remain within the worn scar, as observed in Region A of 
Fig. 14(a). Besides, some bulk wear particles enriched with Si element 
similar to those in Region B are observed on both sides of worn scars, 
indicating the material transfer of the Si3N4 ceramic balls during the 
wear process. Furthermore, Fig. 14(c) shows the presence of fine wear 
particles, primarily concentrated on the residual LIPSS (highlighted 
within the red circle), as opposed to the smooth surface. This observa
tion further confirms the debris trapping effect conferred by LIPSS. 

The above experimental results demonstrate that under lubricated 
conditions (oil/SBF), the textured surface exhibits a significantly 
reduced wear rate and a smoother COF compared to the pristine surface. 
Fig. 15 illustrates the wear mechanisms on both the pristine surface and 
textured surface of the Ti6Al4V. As shown in Fig. 15(a), the hard Si3N4 
ball and Ti6Al4V slide against each other, resulting in the detachment of 
the material, thus generating debris. The accumulated debris, unable to 
be timely removed, further intensifies the wear behavior. Fig. 15(b) 
shows the wear mechanism of the textured surface. Through 

Fig. 9. (a) Width and depth of worn scars, (b) wear rate, (c) COF curves and (d) difference of COF on the pristine surface and textured surface under SBF lubrication.  
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Fig. 10. (a)–(c) SEM morphologies of worn scars on pristine surface under SBF lubrication. (d) EDS composition analysis of point 1 in (c).  

Fig. 11. (a)–(c) SEM morphologies of worn scars on textured surface under SBF lubrication. (d) EDS analysis at point 2 and 3.  
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simultaneous laser nitriding and texturing, a hard nitriding layer and 
LIPSS structures are formed on the Ti6Al4V surface. Compared to the 
pristine surface, the textured surface exhibits minimal debris [26,27]. 
During friction processes, the hard nitriding layer is more resistant to 
wear and detachment [9], while the surface textures effectively trap the 
wear debris, which can effectively reduce abrasive and adhesive wear 
[18]. Besides, under lubricated conditions, the surface textures can store 
lubricants and form an oil film during the friction process [17]. Conse
quently, the textured surface demonstrates superior tribological prop
erties compared to the pristine surface. 

4. Conclusions 

In conclusion, the textured Ti6Al4V surface, achieved through 
simultaneous laser nitriding and texturing, demonstrated superior 
tribological properties under both oil and SBF lubrication, with reduced 
wear rates and smoother coefficient of friction (COF). The findings can 
be summarized as follows:  

(1) Under oil-lubricated conditions, the COF of the textured surface is 
more stable and reduced from 0.31 to 0.1, and the wear rate is 
reduced by 99.3 %. The primary wear mechanism observed on 
the pristine surface is abrasive wear and slight adhesion wear, 

evidenced by the presence of plough and residual elements on the 
worn scars. In contrast, the textured surface indicates the absence 
of adhesion behavior. 

(2) Under SBF-lubricated conditions, the textured surface also ex
hibits a smaller and more stable COF (~0.2), and the wear rate is 
also reduced by 99.3 %. The pristine surface shows visible 
ploughing and debris, indicating abrasive wear, while the 
textured surface exhibits slight wear with minimal debris. Be
sides, the worn scars on the textured exhibit the adhesion 
behavior of residual SBF.  

(3) Compared to the pristine Ti6Al4V surface, the presence of a hard 
nitriding layer improves wear resistance and reduces debris 
accumulation, and the surface textures facilitate debris capture 
and lubricant retention. The synergy between the two contributes 
to the excellent tribological properties of Ti6Al4V. 

Overall, these findings demonstrate that composite technologies 
(nitriding and texturing) offer the improved tribological properties of 
Ti6Al4V, making it a promising approach for enhancing the perfor
mance of titanium alloys. 

Fig. 12. (a, b) 3D topography and corresponding cross-sectional profile of the worn scar, (c) COF curves and (d) difference of COF on the textured and then polished 
surface under oil lubrication. 
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Fig. 13. (a)–(c) SEM morphologies of the worn scar on the textured surface without lubrication. (d) and (e) EDS mappings corresponding to (a).  

Fig. 14. (a)–(c) SEM morphologies of the worn scar on the textured and then polished surface without lubrication. The insets show the EDS mappings for the 
corresponding region. 

Fig. 15. Wear mechanisms of the (a) pristine surface and (b) textured surface.  
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