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1. Introduction

Topology (surface quality) and surface composition have a 
substantial impact on the functional characteristics of prod-
ucts because the primary factor in the consistent and long-term 
performance of tribological pairs is the qualities of meeting 
surfaces. It is known that smooth surfaces allow decreas-
ing the coefficient of friction, running-in time and wear rate 
[1, 2]. In the case of friction without lubrication, the prob-
ability of appearance of the adhesive mechanism of wearing 
increases, which has a negative effect on the efficiency of the 
entire tribosystem. It has been shown in various studies that 
the desire to create ‘perfectly’ smooth surfaces is not always 
justified and necessary, apart from being costly. In the last 
several years, purposeful texturing of the surface with creat-
ing multi-leveled roughness and undulation has become more 
popular. Formation of given texture with an exact period and 
level of roughness allows for a possibility of surface charac-
teristics control, including frictional properties. In [1] it was 
shown that creating relief on the surface of steel using pulsed 

laser allows decreasing the coefficient of friction from 0.045 
to 0.004 in the regime of lubricated friction. Recently similar 
results were presented in several other works [2–6]. During a 
tribological contact of such surfaces, friction appears in the 
conditions of hydrodynamic lubrication, and the texture of the 
surfaces leads to a complete division of meeting faces and an 
almost complete absence of wear [7].

The positive impact of surface texturing onto the tribo-
logical properties has been proven for various materials, but 
optimal methods of creating textures with multimodal rough-
ness and the degree of influence of multilevel surface rough-
ness onto the friction properties have not been determined. 
As a possible method for forming textures with multilevel 
roughness, femtosecond laser treatment is proposed, which 
has shown itself as an effective way of surface modification 
that allows creating structures with given period and level of 
roughness [8–11].

Commercial pure titanium Grade-2 is widely used in indus-
try [12]. There are many papers dedicated to an improvement 
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of tribological properties of the products made from titanium 
and its alloys [13–17]. That is a topical issue because titanium 
as a base material found applications in many different fields: 
from orthopedics to aerospace industry [12]. It is of great 
importance for titanium details and products to have excellent 
wear resistance and the specified value of surface roughness; 
for example, dental titanium implants have a substantial effec-
tive surface to prevent evulsion in use [18].

Wu et al [3] after conducting tribological studies of titanium 
alloys Ti64 and Ti6242 at the counterbody speed of 0.3 and 1.0 
m s−1 note that the coefficient of friction and its fluctuation are 
smaller at higher counterbody speed. At high rates, the interac-
tion area has a higher temperature, which leads to the decrease 
of friction forces. The sample-counterbody pair has five times 
higher wear factor at 0.3 m s−1, and sample material has higher 
wear resistance (about 10−4 mm3 N−1m−1). Analysis of SEM-
images of counterbody trace on the sample showed that abra-
sive wearing prevails at 0.3 m s−1. Such wear trace is broad 
and flat, which corresponds to higher wear factor. The wear 
traces at 1.0 m s−1 were smaller but rougher and with large 
pieces of counterbody material; the wear is adhesive because 
of a high temperature in the contact area. The results of energy 
dispersive x-ray spectroscopy (EDX-analysis) showed signifi-
cant amounts of Ti and Al on the wear traces at given speed.

Despite various structuring methods and the variety of pos-
sible structures, there is no ‘perfect’ method today that would 
allow improving the wear resistance of construction materials 
surface, process complex shapes and less-accessible areas as 
well as leave less dirt after processing, which is essential for 
medical implants manufacturing.

In this article, we showed an effect of laser-induced dou-
ble-level (both nano- and microscale) surface texture on tribo-
logical properties of the material under examination.

2. Methods

Unalloyed Grade-2 titanium was used as sample material. A 
flat surface of obtained titanium disks was polished with sand-
paper based on silicon carbide until it reached roughness of 
Ra  =  (0.75  ±  0.02) µm. A picture of the sample before laser 
processing is shown in figure 1.

After polishing, structuring of the obtained titanium sur-
face was carried out with ytterbium fiber laser with τ  =  100 ns 
pulse duration and λ  =  1.06 µm wavelength. The pulse rep-
etition rate was f  =  60 kHz. The samples surface was irradi-
ated by subsequent scanning with a focused laser beam with 
a diameter of d0  =  50 µm. After finishing one scanning line 
with a pulse repetition rate of f and scanning step Mx, the beam 
moved along the Y-axis to the next line with a scanning step 
My. The choice of the setup is based on the sufficient absorp-
tion of radiation at λ  =  1.06 µm by metals.

Tribological tests were carried out on the automated tribom-
eter (CSM Instruments) with a test configuration ‘ball-disk’ 
for dry friction in the air. ‘Ball-disk’ method is a certificated 
for laboratory tribological tests. As a counterbody, corundum 
ball with a diameter of 6 mm was used. The study of wear 
resistance of the samples before and after surface structural 
modification was carried out in two regimes, A: counterbody 

pressure p  =  2 N, spin speed of counterbody v  =  10 cm 
s−1, slip distance l  =  360 m, radius of counterbody rotation 
r  =  4.7 mm; and B: p  =  10 N, v  =  15 cm s−1, l  =  290 m,  
r  =  3.2 mm. The tests comply with international standards 
ASTM G99-959, DIN50324. In the process of testing, the 
coefficient of friction and friction force of the friction couples 
were measured. After the test, the wear of sample and counter-
body was estimated using the wear factor (1):

W =
V

p · l
, (1)

V = πh2
(

rc −
h
3

)
, (2)

h = r −

√
r2

c −
(

dw

2

)2

. (3)

V—the volume of removed material, mm3, dw—wear track 
diameter, mm; rc—counterbody radius, mm; 
h—height of the removed material segment, mm.

The studies of surface morphology and modified layers 
structure were carried out via scanning electron microscope 
FEI Quanta 600 with additional EDX-analysis. Compositional 
analysis was performed by x-ray diffraction (XRD) measure-
ments with an x-ray diffractometer ‘ARL X’TRA’ employing 
Cu-Kα radiation at Bragg–Brentano focusing mode (lateral 
resolution 5 mm, information depth 2 µm).

The roughness of the surface was estimated as an arith-
metical mean deviation of the assessed profile Ra, measured 
with profilometer Hommel Tester T8000. The roughness was 
calculated as an average of five measurements, the error was 
calculated as a standard deviation. Stated equipment was also 
used for measuring cross-section area of wear trace after tri-
bological tests for calculating wear factor of the sample. The 
control of counterbody wear was carried out via the means 
of optical microscopy by measuring the diameter of the ball 
wear scar.

3. Results and discussion

3.1. Morphology and composition of Grade-2 titanium  
structured surface

Laser irradiation initiates a series of thermal and thermo-
chemical processes in metal, such as oxidation, melting and 

Figure 1. An image of Grade-2 titanium before laser processing.
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ablation. These processes can be used for relief formation on 
the metal surface. Here, intensities sufficient for evaporating 
(sample #1, table 1) and melting (sample #2, table 1) of the 
material were used. Therefore, multi-shot irradiation led to the 
formation of complex relief that had both micro- and nanor-
oughness (figure 2(a)).

The sizes of different structural components of sample #1 
were in the range of 5 to 27 µm with a Ra  =  3.40   ±   0.02 µm. 
The depth of modified layer H is 56.8  ±  2.6 µm (figure 2(b)). 
The microstructure of the surface of sample #2 differs in the 
formation of the relief consisting of extended, interpenetrating 
3D microstructures with an average width of 12.4  ±  3.9 µm, 
Ra  =  2.91  ±  0.15 µm, H  =  52.9  ±  1.9 µm. The nanostructure 
of the sample surface corresponds to 255  ±  105 nm for both 
regimes.

The EDX-analysis of the surface after laser irradiation 
showed that the percentage of oxygen increased for all modi-
fication regimes (table 2).

Higher concentration of oxygen in surface and near-sur-
face layers appears due to oxidation processes during sample 
irradiation, which is verified by the results of XRD (figure 3).  

Table 1. The parameters of processing regimes.

Sample (#) Intensity, I (107 W cm−2)
Scanning step, Мх (µm)/total 
number of pulses per point

Scanning step, Мy (µm)/total 
number of pulses per point

1 6.95 3.33/15 5.0/10
2 2.70 0.83/60 5.0/10

Figure 2. SEM-images (a) and structure of the modified layer cross-section (b) of the structured surface of Grade-2 titanium after laser 
irradiation of samples #1 and #2.

Table 2. Percentage of O and Ti on the surface of titanium before 
and after laser processing.

Sample O, at.% Ti, at.%

Pure Ti 9 91
#1 54 46

#2 53 47

Figure 3. X-ray pattern of Grade-2 titanium surface before (a) and 
after laser irradiation (samples #1 (b) and #2 (c)).

Laser Phys. 28 (2018) 086002
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It can be seen that because of laser processing, the modifi-
cation of chemical composition took place: samples #1 and 
#2 contain Ti2O3, TiO, TiO2 (in polymorphic modifications 
of rutile and anatase) and probably TiN. This composition is 
similar to the composition obtained in our previous work [19] 
that showed that multi-layered film forms as a result of laser 
irradiation, the upper layer of which consists of TiO2 and the 
bottom layers consist of Ti2O3, TiO, and TiN.

3.2. Wear resistance of unstructured and structured titanium 
surface

3.2.1. Wear resistance of initial (unstructured) titanium sur-
face. The study of tribological characteristics of unstructured 
titanium showed that the coefficient of friction settled after 
running-in has a value of 0.55–0.7 typical for this mat erial 
and friction regime (table 3) [20, 21]. The increase in force 
resulted in the decrease of the coefficient of friction (from 
µ  =  0.73, regime A to 0.58, regime B). It is important to note 

that wear factor for samples decreased insignificantly with an 
increase of force, whereas for counterbody it increased. This 
seems to be connected to peculiarities of titanium behavior in 
case of friction, more specifically, the cold work hardening 
of the surface and the enrichment of surface and near-surface 
layers with gases from the surrounding atmosphere.

The studies of the morphology of friction trace surface, as 
well as wear scar of the counterbody, demonstrated typical 
for titanium and its alloys friction transfer of material from 
the sample surface to counterbody (figure 4). The presence 
of a significant amount of adhesive traces, deep tearing-out, 
and sticking indicate adhesive wear mechanism. In such wear 
conditions, a lot of local connections form in the contact area, 
the destruction of which leads to the increase of the force of 
friction, and, consequently, the coefficient of friction [4].

3.2.2. Wear resistance of structured titanium surface. Creat-
ing periodical multi-leveled relief on the surface of titanium 
did not significantly decrease the coefficient of friction for dry 

Table 3. Tribological characteristics of unstructured titanium surface.

Testing regime

Coefficient of friction Wear factor (10−4 mm3 N−1m−1)

Initial Average Counterbody Sample

А 0.16 0.73 0.7 9.6
В 0.72 0.58 1.0 8.1

Figure 4. SEM-images of counterbody wear scar (a) and unstructured titanium surface (b) after tribological tests, cross-section profile of 
wear trace on the surface of Grade-2 titanium (c).

Table 4. Tribological characteristics of titanium after pulsed laser action.

Processing regime Testing regime

Coefficient of friction Wear factor (10−4 mm3 N−1m−1)

Initial Average Counterbody Sample

#1 А 0.28 0.75 0.0019 1.6
В 0.38 0.58 0.0018 6.3

#2 А 0.25 0.73 0.0010 0.9
В 0.27 0.64 0.0028 7.1

Laser Phys. 28 (2018) 086002
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friction over the unstructured surface (table 4). The irradia-
tion regime did not influence the coefficient. Moreover, as for 
the case of unstructured titanium, the increase of force for tri-
bological tests of samples with modified surface leads to the 
decrease of the coefficient of friction. For testing regime A 
(p  =  2 N) µ changes in the range 0.73–0.75, for testing regime 
B (p  =  10 N), µ changes from 0.58 to 0.64 for samples #1 
and #2.

The analysis of counterbody wear factor change showed 
that for testing regime A counterbody wear factor decreases 
by about three orders of magnitude for all studied samples. 
However, for testing regime B, wear factor increases when 
compared to the correlating one for regime A, which is caused 

by the destruction of the modified layer when increasing 
the force. As a result of the damage, solid particles of tita-
nium oxide form in the area of frictional contact, which act 
as abradant and increase the wear of adjacent body and the 
sample. On the surface of counterbody wear scar, obtained 
in tests for regime B, in friction couple with samples #1 and 
#2, there are traces typical for both abrasive (trenches, burr-
ings, cutting traces) wear mechanism and adhesive (friction 
material transfer, adhesive traces, sticking) wear mechanism 
(figure 5(a)).

The structure of friction trace of structured samples in test-
ing regime A indicates abrasive wear mechanism (figure 5(b)), 
i.e. friction occurred only on the surface of the modified layer. 

Figure 5. SEM images of counterbody wear scar (a) and samples #1 and #2 (b) after tribological tests, the cross-section profile of the 
wear trace on the surface of samples #1 and #2 (c).

Laser Phys. 28 (2018) 086002
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The microstructure of the friction trace for testing regime B is 
typical for a mixed wear mechanism (adhesive and abrasive). 
It is important to note that abrasive wear mechanism, in this 
case, occurs because of titanium particles and titanium oxides.

According to a surface profile (figure 5(c)) of the friction 
trace on the samples tested in regime A, the layer destruction 
depth (sample #1: 9  ±  0.5 µm, #2: 10  ±  0.6 µm) is less than 
the modified layer depth (sample #1: H  =  56.8  ±  2.6 µm, 
#2: 52.9  ±  1.9 µm); in testing regime B, the layer destruction 
depth (sample #1: 60  ±  0.5 µm, #2: 50  ±  0.6 µm) becomes 
larger than the modified layer depth.

Thus, in regime A the destruction of the modified layer 
does not occur, and the wear factors of the counterbody and 
the sample are the lowest. Wear factors for samples #1, and 
#2 are 1.6 · 10−4 mm3 N−1m−1 and 0.9 · 10−4 mm3 N−1m−1 
accordingly.

A more significant increase of the wear factor, and con-
sequently the decrease of the wear resistance of the samples 
occurs when increasing the force applied to the holder of the 
counterbody (regime B). The wear factors for samples: 6.3 · 
10−4 mm3 N−1m−1 (#1) and 7.1 · 10−4 mm3 N−1m−1 (#2).

4. Conclusions

Irradiation of the surface of commercially pure Grade-2 
titanium with a laser of nanosecond pulse duration at inten-
sities enough for melting and boiling of the material ([2.70–
6.95]  ×  107 W cm−2) with a small scanning step (0.83–3.33 
µm along the X-axis, 5.0 µm along the Y-axis) leads to a 
formation of a two-level relief which has both micro- and 
nanoroughness. Apart from relief modification, the phase com-
position of the processed surface changes as well. According 
to EDX and XRD studies, TiN, Ti2O3, TiO and TiO2 (in poly-
morphic modifications of rutile and anatase) can be found in 
the composition of modified layers of the surface.

The studies of tribological properties for dry friction in the 
air show that the formation of periodic multi-level relief on the 
surface of titanium does not significantly decrease the coef-
ficient of friction. The wear resistance of modified Grade-2 
titanium surfaces increases compared to initial unstructured 
titanium.

In the case of no breakdown of the modified layer in friction 
(regime A), a maximum increase of wear resistance occurs 
for sample surface with a typically abrasive wear mechanism; 
wear resistance increases ten times as compared to virgin tita-
nium. The destruction of the modified (oxide) layer during 
the frictional contact has an impact on the decrease of wear 
resistance and the change of wear mechanism from abrasive 
to adhesive-abrasive, which correlates to testing regime B: the 
wear resistance of the modified samples is relatively similar 
to initial wear resistance. After the destruction of the modi-
fied layer, solid particles of titanium oxide form in the area of 
frictional contact and act as abradant and increase the wear of 
the adjacent body and the sample.
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