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Abstract
This paper analyzes the tribological behavior of the Ti6Al4V ELI alloy subjected to laser texturization for medical purposes. 
Laser texturing enables one to observe specific patterns of the material surface at established depths. Microtexturing of the 
samples was performed using a 355 nm picosecond laser. The influence of the microtexturing process (depending on the 
process parameters) on the geometric parameters of the proposed laser texturing pattern was evaluated. Selected samples were 
subjected to tribological testing using the ball-on-plate technique in dry and lubricant-sliding methods (in Ringer solution). 
The wear properties were evaluated by comparing the coefficient friction, wear volumes, and wear ratio. A scanning electron 
microscope characterized the morphologies of the wear scar and the wear mechanism. The experimental results show that the 
surface texturing and the changes in microgrooves can reduce wear. The results indicate, that samples after laser texturing 
were characterized by 15% higher microhardness, compared to those in the initial state. It was found, a 26% reduction in 
friction coefficient and 29% in the wear volume compared to the smooth, untextured surface samples under lubricated 
conditions. The decrease in value of the coefficient friction and wear volume for the samples after the laser texturing process 
is an effect of synergistic of entrapped wear debris in micro-grooves and increased hardness for samples after laser textured.

Keywords  Ti6Al4V · Laser texturing · Tribology test · Microscopic observation

1  Introduction

Currently, there is a noticeable increase in endoprosthesis 
implantation procedures worldwide. Furthermore, there is 
a recognized need to enhance the functional properties of 
biomaterials to ensure harmonious interaction within the 
implant–human body tissue system. As indicated by Pereira 
et al. [1] failures of endoprosthesis reconstructions range 
from 40 to 73% at 5 to 15 years. Titanium and its alloys 
are one of the most popular materials in the biomedical 

applications, because of their excellent corrosion resistance, 
ability to spontaneous oxide layer formation, and satisfying 
mechanical properties [2]. However, the main disadvantage 
of titanium materials is their poor tribological properties 
(including fretting wear), witch during the implantation have 
a significant effect on the implant's life. Iwabuchi et al. [3] 
compared the friction and fretting wear resistance of three 
common biomaterials: Co39Cr6Mo alloy, Ti6Al4V alloy, 
and SU304 steel. Ti6Al4V alloy exhibited good resistance 
to fretting wear it also showed the highest wear compared to 
other materials based on friction wear test. Similarly, Beake 
et al. [4] reported that the wear resistance of the Ti6Al4V 
alloy was lower than that of most metallic biomaterials. 
Decreased wear resistance can reduce the effectiveness 
of the implants and may contribute to massive tissue loss 
in the surrounding area. Additionally, intensive material 
degradation can lead to the release of elements/corrosion 
products, causing local toxic reactions in the surrounding 
tissues, and next eventual metallosis (in effect of accumula-
tion degradation products, issuing tissue harm) [5]. Further-
more, in tribological contact, wear residues can oxidize and 
aggregate, increasing the degree of wear (wear increased by 
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corrosion). Therefore, modifying the surface properties of 
titanium implants is still recognized as an essential method 
to improve biocompatibility.

Conradi et al. [6] pointed that the surface laser texturing 
has been recognized as an effective method to enhance the 
tribological performance of materials. Laser texturing is a 
precise, accurate, reproducible, and environmentally friendly 
surface modification method. These advantages made laser-
texturing an unbeatable process to other texturing methods, 
such as embossing, vibro-rolling, abrasive jet machining, 
micro-coining, roller-coining, micro-casting, reactive ion 
beam etching, electrical discharge machining, as showed by 
Reddy et al. [7]. Many research showed [8–11], that laser-
texturing of metal base materials can lead to a change in the 
interaction between surfaces in friction contact, resulting in 
better lubrication and enhanced wear resistance. However, 
the size, depth, and density of the laser-textured pattern have 
significant effects on the degree of wear and the coefficient 
of friction. Lin et al. [12] highlighted the main advantages 
of laser-textured surfaces as the potential for continuous 
lubrication owing to the presence of lubricant on the textured 
surface and the entrapment of wear debris, thus reducing 
overall wear. In literature data, to improve the tribological 
behaviour of biomaterials, researchers have proposed texture 
patterns such as micro-dimple array [13, 14], micro-groove 
cross-hatched [9, 15–17], and groove system forming 
trust [18]. Wang et al. [10] demonstrated the coefficient 
friction of the laser-textured surface with periodic surface 
structures was reduced by approximately 70–80% compared 
to the original Ti6Al4V alloy surface. Similar results were 
observed by Song et al. [9]. Interestingly, Sadeghi [13] owed 
that the density ratio of grooves significantly affects wear 
behavior. The obtained results indicated that increasing the 
density of the dimples (laser texture pattern) from 6.5 to 
21% resulted in wear reduction. Furthermore, Wang et al. 
[19] demonstrated that laser microtexturing can alter surface 
chemistry, such as the wetting angle, through structural 
morphology changes, thereby offering a broad spectrum of 
practical applications.

Despite extensive investigations on the surface texturing 
of titanium and its alloys using laser techniques, limited 
studies have been focused on the texturing using Nd: YAG, 
CO2, or nanosecond laser. In our work, we decided to use 
the picosecond laser system. It must be taken into account 
that lasers with short or ultrashort pulse duration (in the 
picosecond or femtosecond range) provide a higher quality 
surface compared to systems equipped with nanosecond 
or longer laser pulses, which suggested Grabowski et al. 
[20]. Furthermore, picosecond laser ablation creates a heat-
affected zone (HAZ) less than < 1 mm wide-for comparison. 
Compared to the conventional long-pulse laser, ultrashort 
pulse systems have high peak energy in short time. In 
effect, picosecond laser surface texturing can keep a high 

precision and reduce the thermal effect. Additionally, 
studies presented in the literature data often focused on 
used laser systems with high laser power [6, 21–23]. Even 
in the research based on using ultra-short pulse duration, 
the power of the laser system was high [15]. Using a lower 
energy power could be particularly relevant for medical 
applications where minimizing heat-affected zones and 
maintaining the integrity of the material are critical. Heat 
generation can induce residual stresses in the material, 
which may contribute to issues like cracking, distortion, or 
fatigue failure over time. In the case of implants, minimizing 
residual stresses is essential to prevent premature failure 
and ensure the long-term stability of the implant within 
the body. Medical implants often require a high degree of 
precision, especially when tailored to fit specific patient 
anatomies. Excessive heat can lead to imprecise machining 
and may hinder the customization of implants. Minimizing 
heat-affected zones allows for more precise control over the 
manufacturing process, facilitating the creation of implants 
with accurate dimensions and shapes.

The main objective of our investigation was to improve 
the wear properties of the Ti6Al4V alloy for biomedical 
applications. Our challenge was to modify the alloy surface 
using a laser texturing process to achieve the optimal 
tribological response in both lubricated and dry conditions. 
A picosecond laser was used to prepare 12 textured patterns, 
dependent on texturing process parameters. As a laser 
pattern, we proposed a groove system forming a truss, 
because of the obtainable better tribological behaviour, 
that was reported in literature data and that was cited in our 
paper. This article will be focused on morphology changes 
after the laser texturing process and tribological behaviour. 
Tribological testing was performed on the samples using 
the pin-on-plate technique in both dry and lubricant-sliding 
(in Ringer solution) forms to gain comprehensive insight 
regarding the use of Ti6Al4V in biomedical applications. 
Additionally, the surface morphology, microstructure, and 
hardness tests of the surface were examined.

2 � Materials and methods

Experiments were performed on Ti6Al4V ELI titanium 
alloy samples with a chemical composition that met the 
requirements of ISO 5832-3 standard [24] and are given in 
Table 1. The cub samples with edge length of 10 mm were 
obtained using the selective laser melting (SLM) method 
according to the procedure described in our previous 
article [25]. The dimensional accuracy of the samples 
was ± 0.2 mm.

First, samples were subjected to mechanical treatment, 
which included grinding and polishing using the Ter-
gamin-30 machine (Struers, Ballerup, Denmark). Samples 
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were wet-grounded down to P800, P1200, P2400, and P4000 
grid/mm2 using silicon carbide (SIC) papers. For polishing, 
a colloidal silica suspension of OP-U 0.04 µm was used. 
Finally, all samples were cleaned sequentially in acetone and 
then deionized water with ethanol (2:1) using an InterSonic 
IS-1 ultrasonic cleaner (InterSonic S.C., Olsztyn, Poland), 
and finally dried. After mechanical treatment, the tests were 
conducted on the samples under the name P_is (initial state). 
The average surface roughness after grinding and polishing 
was measured to be about Ra = 0.39 µm, and Rq = 0.54 µm.

The surface texturing process was performed using an 
A-355 picosecond laser system (Oxford Lasers Ltd, Didcot, 
UK), equipped with a 335 nm wavelength, diode-pumped 
solid-state picosecond laser which generates 5–10 ps pulse 
durations of 120 µJ at 400 Hz pulse frequency. The average 
laser power for the texturing system was 24 mW. The laser 
beam intensity distribution is Gaussian. A picosecond laser 
beam emission guarantees the ablation process, wherein 
high-energy laser radiation quantum results in a decrease in 
the bond strength between the atoms (Fig. 1a). As a result, 
the atoms evaporate layer by layer. Interaction between the 
focused laser beam and the surface of the material results in 
the absorption of the photon energy by the activated atoms 
and their next evaporation (ablation). The quality of the 
laser texture process depends on the laser source, i.e. laser 
intensity, pulse duration, laser wavelength, as well as mate-
rial properties of the material being laser textured. Pico-
second laser systems emit pulses of linearly polarized light 
with the Gaussian intensity distribution. Picosecond lasers 
have a greatly reduced heat load and heat-affected zone in 
the textured material compared to nano- and micro-second 
lasers (Fig. 1b). Additionally, the short pulse length leads to 

higher energy intensities, and early evaporation of materi-
als can be achieved through rapid heating. All samples were 
textured under the same conditions, at room temperature 
(T = 22.5 ± 1 °C, humidity 53 ± 1%), and assisted with a jet 
of air to remove debris produced during processing.

The laser pattern (or filling strategy) was designed with 
the Cimita software (Oxford Lasers, Didcot, UK) integrated 
into the micromachining system. The path of the laser tex-
turing was a groove system forming a truss with a groove 
space of 250 µm. The proposed laser texture demonstrates a 
groove density factor of 17%. The laser beam was focused on 
the sample surface to achieve a diameter of 30 µm (Fig. 2). 
A total of eight laser texturing parameter conditions were 
defined. The fixed laser process parameters are summarized 
in Table 2. Five samples of each condition were produced. 
However, the truss laser pattern also was selected because of 
the possibility of obtaining better microbiological properties 

Table 1   Chemical composition 
of the Ti6Al4V titanium alloy

Element, wt. (%) Al V Fe O C Ni H Ti

Declared 5.50–6.50 3.50–4.50  ≤ 0.25  ≤ 1.13  ≤ 0.08  ≤ 0.05  ≤ 0.012 Rest
ISO 5832-2 5.50–6.75 3.50–4.50  ≤ 0.3  ≤ 0.2  ≤ 0.08  ≤ 0.05  ≤ 0.015 Rest
Measured 5.90 3.95  < 0.1 – – – – Rest

Fig. 1   Schematic diagrams of: a 
a laser micromachining system 
and b the impact of the laser 
beam on the solid matter

Fig. 2   Schematic diagram of laser texturing pattern
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due to the contact guide effect, which we want to be tested 
and published in the next manuscript, which will concentrate 
on physicochemical, electrochemical, and biological proper-
ties of laser textured titanium biomaterials. Interestingly, in 
the literature data, it can be found that the influence of the 
laser texturing of metal biomaterials surface on cell activity 
and proliferation. Mahmud et al. [26] showed directional 
migration of cancer cells was demonstrated for the system 
of microgrooves on the biomaterial's surface. The results of 
the analyzes were consistent with the contact guidance effect 
(a phenomenon correlating the shape of the substrate surface 
with the direction of cell proliferation), indicating the possi-
bility of changing cell expression as a result of the formation 
of a specific texture pattern, which was described by Raim-
bault et al. [27]. The phenomenon may also contribute to 
limiting the adhesion of bacteria to textured surfaces. Studies 
conducted by Chebolu et al. [28] indicate the antibacterial 
properties of textured surfaces. Veiko et al. [29] conducted 
a comparable in vivo study using dental implants with dif-
ferent laser patterns: continuous micro-grooves with a width 
and depth of about 20–50 µm, discrete micro-cavities, and 
irregular laser topography. Based on histological analysis, 
it was found that samples with micro-grooves laser pattern 
exhibited the highest BIC parameter (bone-to-implant con-
tact) and contained the highest number of mature osteocytes, 
indicating the best secondary stability and osseointegration.

The surface topography and the microstructure of the 
samples were evaluated using a Supra 35 high-resolution 
scanning electron microscope (SEM) (Zeiss, Oberkochen, 
Germany) with 50–500 kx magnification. In addition, the 
microstructure and surfaces of the tested samples were inves-
tigated using electron backscatter diffraction (EBSD) and 
secondary electron (SE) modes, respectively, during SEM 
analysis. The geometrical parameters of the laser-textured 
samples were determined using ImageJ software. Firstly, 
the SEM image was converted to a 32-bit grayscale. Subse-
quently, the image was transformed into a binary (black and 
white) representation, applying thresholding. After setting 

the scale, the measurements were carried out automatically 
according to the ImageJ algorithm.

The tribological properties of the tested samples were 
investigated using the ball-on-plate method using a CSM 
tribometer (CSM Instruments, Needham, MA USA). Sliding 
in ball-on-plate mode was selected to more closely simulate 
the conditions typical of biomedical applications, despite 
this mode being difficult to provide uniform and constant 
contact conditions, as suggested by Conradi et al. [6]. As a 
counter sample, an Al2O3 ceramic ball with a 6 mm diameter 
was used. A relatively small ball diameter was selected 
to simulate the critical contact condition with very small 
contact areas and high contact pressure. The maximum 
contact pressure was calculated using Hertzian contact 
theory for spherical counter-samples and planar-tested 
samples, according to Eq. (1).

where Pmax—maximum contact pressure (GPa), F—normal 
(applied) load (N), a—contact radius  (mm)—which is 
calculated according to Eq. (2).

where �1∕2—Poisson’s ratio, E1/2—Young’s modulus (GPa), 
d1/2—diameter of curvature  (mm), 1—tested samples 
(Ti6Al4V alloy), 2—counter samples ball Al2O3.

To determine the Hertzian pressure, mean values of 
the Poisson’s ratio (0.23 and 0.32 for Al2O3 and Ti6Al4V 
titanium alloy, respectively) and Young’s modulus (380 
and 103 GPa for Al2O3 and Ti6Al4V titanium alloy, 
respectively) were assumed. The radius of the ceramic 
ball was 3 mm, and the surface of the tested samples was 
unlimited (flat surface). Normal loads of 3, 6, and 9 N were 
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Table 2   Laser texturing process parameters

No Name N, number of the 
passes of the laser 
beam

Laser scan 
speed (mm/s)

Frequency
(Hz)

Laser power (mW) Beam width (µm) Beam quality factor M2

1 P1 6 1 400 48 30  < 1.2
2 P2 0.5
3 P3 8 1
4 P4 0.5
5 P5 10 1
6 P6 0.5
7 P7 12 1
8 P8 0.5
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used, which correspond to Hertzian pressures of 800, 950, 
and 1160  MPa, respectively. According to literature, a 
1000 MPa Hertzian pressure is considered critical in many 
biomedical applications [6]. The stroke length was fixed at 
6 mm and the frequency was 1 Hz creating a sliding speed of 
1.2 cm/s. Fisher [30] pointed that, the sliding velocity (under 
the velocity of normal walking conditions) of the knee or hip 
implants varies a lot among different people ranging from 
0 to 60 mm/s. However, it must be taken into account that 
the sliding velocity has a significant effect on the lubrication 
regime. Increasing sliding velocity leads to the formation 
of thicker lubricant film. In effect, under the hydrodynamic 
situation, the tribological performance of artificial joints will 
be better than the inner boundary lubrication [31].

Dry and lubricated (fully flooded) tests in Ringer solution 
(8.6 g/cm3 NaCl, 0.3 g/cm3 KCl, 0.33 g/cm3 CaCl2 · 2H2O), 
were carried out in room conditions at a relative humidity 
(RH) of 50% at ambient temperature. Also, Conradi el al. [6] 
and Wang et al. [32] performed tribological test in simulated 
body fluid solution. The coefficient of friction (µ) during 
sliding was continuously recorded. Five samples from each 
group were subjected to wear behavior analysis, and for each 
sample, the tests were conducted five times to ensure the 
validity of the data.

The Surtronic 35 profilometer (Taylor Hobson, UK) was 
used to measure of the cross-sectional area of the wear tracks 
(wear volume, Vw). For each wear track, five wear volume 
measurements were taken. Next, the specific wear rate, Kr 
was calculated using Eq. (3), as proposed Ju et al. [33]

where K r—wear ratio  (mm3/N min), Vw—wear 
volume (mm3), Fn—normal load (N), t—total time (min).

The hardness of the samples subjected to the wear test 
was evaluated, using a microhardness tester (Future-Tech 
FM-ARS), applying a load of 100 gf for 15 s. For each 
sample, five measurements were performed.

The digital microscope DVM6 (Leica, USA) was used 
to show the location of microhardness testing (Fig. 3) and 

(3)Kr =
Vw

Fn × t

the sample’s cross-section with entrapped wear debris after 
the wear test.

All data were expressed as mean ± SD.

3 � Results

The surface morphology of the samples after the laser tex-
turing process is shown in Fig. 4. For all of the tested sam-
ple groups, cross-like micro-groove patterns were observed 
which are characteristic features of photothermal ablation 
(Fig. 4a). In this sense, transverse and parallel cuts demon-
strated the wavy profile which constitutes the texture. The 
lined grooves array was regular and uniform. The average 
width between the laser paths was 246 ± 4 µm which corre-
sponded to the designed laser texture pattern (Fig. 2). From 
the cross-sectional view, the presence of sidewalls in the 
resolidified material along the laser paths was observed. 
Huerta-Murillo et al. [34] referred to these features as micro-
bulges or micro-crowns (Fig. 4b).

Laser exposition causes the material to melt and evapo-
rate, creating grooves. When temperature and vapor pressure 
increased in the groove, the molten material was ejected and 
began to accumulate along the sides of the micro-groove, 
which created a micro-bugle. The surface of the micro-bugle 
exhibited the presence of spontaneously arranged, partially 
melted sub-or nanoparticles and cracks. Additionally, a 
large number of spherical particles along the laser paths 
were observed (Fig. 4c), whereas the flat areas between 
laser-scanned paths were covered with fewer small, circular 
particles, and debris (Fig. 4c). A similar observation was 
presented by Wang et al. [35]. However, the morphology of 
the top and bottom surfaces along the laser path was differ-
ent (Fig. 4d and e), due to the position of the samples in the 
working chamber, especially relative to the flow-air system 
(used to remove nonmelted material debris) during the tex-
turing process (Fig. 5). Spherical voids were visible along 
the top side of the laser paths, which were perpendicular to 
the airflow direction, that made up the inner surface of the 
square texture pattern (Fig. 4d). Along the bottom surface 
of that same path, a greater number of spherical particles 

Fig. 3   Examples location of 
microhardness measurements of 
P3 samples group
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Fig. 4   Examples of sample 
surface morphology after laser 
texturing: a texture pattern, b 
transverse cut of single laser 
track, c top view of single laser 
track, d voids along the laser 
track, and e spherical particles 
along laser track

Fig. 5   Scheme of the laser 
texturing system
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were visible, which were created by metal vapor re-solid-
ification, according to the micro-bugle formed process. In 
addition, some particles consisting of multiple semicircular 
patterns were observed, which formed due to the overlap-
ping of subsequent laser pulses. One can assume that some 
particles found on the top side of the path were poorly 
bonded with the substrate material surface. As a result of 
the air blowing through, these particles broke out, creating 
voids. Additionally, the heat-affected zone was negligible 
(thickness was less than 1 µm) for all of the tested samples 
based on SEM observation. Laser texturing is considered a 
thermal-controlled process, wherein the laser is the source 
of heat. Localized heat build-up induces a heat-affected zone 
around the textured area, which might promote oxidation 
and microstructural changes near the surface. However, the 
heat transfer into the substrate material might be limited if 
a laser beam system with short time impulse (i.e., pico-or 
nanoseconds long) is used.

SEM micrographs revealing the surface topography and 
cross sections of samples textured using various parameters 
and groove profiles are shown in Fig. 6. For the samples 
textured using a 0.5 mm/s laser beam speed (i.e., samples 
P1, P3, P5, and P7), the grooves paths were regular and 
rectilinear regardless of the number of laser beam passes. 
Moreover, minimal residual non-vaporized material in the 

grooves was observed in the cross-sectional views. However, 
for the samples textured using a 1 mm/s laser scan speed 
(i.e., samples P2, P4, P6, and P8), harmonic waveforms of 
the grove path were observed. Additionally, the amount 
of surface-bound, non-evaporated material residues in the 
groves increased too.

The characteristic parameters describing the texture shape 
of all tested samples group were presented in Fig. 7. It was 
found, that with decreasing value of laser speed from 1 to 
0.5 mm/s, for that same number of laser passes, the depth of 
the grooves increases. Additionally, at first with increasing 
the laser passes number, the depth of the groves increases. 
The lowest grove’s depth was recorded for the samples tex-
tured using passes number of laser N = 6. Increasing the 
number of passes to N = 8, caused an increasing value of 
the grove’s depth to 35.2 ± 3.1 µm for V = 0.5 mm/s, which 
was the highest value measured in the tested group. How-
ever, further, an increase in the number of passes to 10, 
and next to 12, no significant change in the depth of the 
grooves caused. It was reported that with increasing depth 
of grooves, the height of the micro-bugle increased too. 
Additionally, the width of the texture groove for all tested 
samples was in the range of 9.9–12.5 µm.

Therefore, one can conclude that the surface topography 
and morphology changes of the tested samples depended on 

Fig. 6   SEM micrographs revealing sample texturing as a result of the speed of the laser beam (V) and number of laser beam passes (N)
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the energy deposited and absorbed on the textured surface as 
well as the velocity of the vapor and solidification process 
during the thermal cycle [36]. Using a slower scan speed 
during the texturing process results in both an increase 
in deposited energy in the material and increased surface 
temperature. Consequently, the amount of melted material 
increases giving rise to greater groove depths and micro-
bugles. The results are comparable to those reported 
by Huerta-Murillo et  al. [34]. During subsequent laser 
passes, the material surface is reprocessed, which leads to 
increasing groove depths. These results corresponded with 
a logarithmic dependence between laser pulse energy and 
square diameter for the clean ablation mechanism in metals 
during laser pulse integration, reported by Mannion et al. 
[37]. However, no significant changes were observed in the 
geometric dimensions of the groove’s structures after 8 or 
more laser beam passes (samples P 5–8). Laser focal length 
disturbances after obtaining the maximum groove depth 
(sample P3) may cause a lack of changes in the groove’s 
structural features. Additionally, the plasma shielding effect 
may also contribute to this effect, which was most apparent 
for samples textured using a 0.5 mm/s laser speed for 10 or 
12 laser passes. With decreased laser speeds, the interaction 
time between the laser beam and the irradiated surface 
increases. Giorleo et al. [38] and Hauert [39] suggest that 
this leads to the formation of a plasma plume, which causes 
laser energy absorption and is a barrier to metal evaporation. 
Therefore, the evaporation of the material favors the rapid 
solidification of the plasma. The width of the grooves ranged 
from 10–12 µm, which is less than that of the designed laser 
process pattern (laser beam diameter 30 μm), regardless of 
the textured parameters. This is because injected material 
settles on the previously formed micro-bulges, which 

will increase the width of the lined hump structure on the 
surface. Similar results were reported by Tang et al. [40] 
after subjecting aluminum-based alloys to laser texturing.

The laser beam is absorbed by free electrons in the thin 
layer (optical absorption depth δα), which is inversely pro-
portional to the value of the absorption coefficient of the 
material. A laser texturing system equipped with a 355 nm 
wavelength and 15 nm optical absorption depth for Ti6Al4V 
titanium alloy was used in these experiments, as was calcu-
lated by Palik [41]. During the texturing process, it is nec-
essary to know when the metal’s surface begins melting, 
ablating (vaporizing), and boiling. Grabowski et al. [42] 
determined the threshold of fluency when the surface of 
the Ti6Al4V alloy starts to melt and vaporize for different 
pulse durations according to Fig. 8, wherein diagonal lines 
represent the constant temperature of melting and boiling 
points as indicated.

Fig. 7   Geometric dimensional 
changes of samples after laser 
texturing, where Z is the depth 
or weight of the micro-groove 
or height of micro-bulge 
structures

Fig. 8   Threshold fluence of melting and vaporizing for the Ti6Al4V 
titanium alloy at different pulse duration [20]
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The laser beam is characterized by the Gaussian spatial 
fluence profile. The materials’ surface starts melting and 
vaporizing in the peak on-axis Gaussian beam. In effect, 
the molten material fills the initially formed groove. As 
the pulse energies and temperature of the melted materials 
increase, the radial velocity of the melt increases too (Fig. 9) 
[43]. Once the kinetic energy of the liquid metal increases 
(above the vaporizing line in Fig. 8), the material starts to 
be ejected from the groove in the form of liquid droplets and 
jets (explosive boiling). Very intensive boiling, called the 
explosive mechanism, was reported at a critical temperature 
of 7225 K for the Ti6Al4V alloy according to the results 
obtained by Miottelo and Kelly [44] and Bulgakova [45]. 
The explosive mechanism corresponds to the micro-bulge 
structure and the formation of circular particles. Similar 
relationships were reported by Yibas et al. [46].

Based on the morphological analysis of the samples after 
the texturing process, additional tests were performed to 
characterize the samples’ hardness, microstructure, and wear 
resistance. Samples of the P3 series were selected for these 
tests. Moreover, these samples exhibited a regular texture 
pattern and the greatest groove depths of the texture profile 
samples.

Based on the hardness measurements, P3 samples 
exhibited greater hardness values after the texturing 
process compared to samples in the initial state (P_is). 

The mean value of the Vickers hardness for the P3 
samples group was 394 HV1, which was 15% greater 
than the mean value for samples in the initial state 
(349 ± 8 HV1). Microstructure morphology and grain 
size have an important influence on microhardness. The 
base Ti6Al4V alloy is a typical duplex alloy with Tiα 
and Tiβ phases, which were reported for the initial state 
samples (Fig. 10a). Based on the EBSD analysis, grain 
refinement (Tiα phase) for P3 samples was observed due 
to high solidification rates during the laser processes 
(Fig. 10b). However, the percentage share of the Tiβ phase 
in the structure was not estimated due to large areas of 
unidentified pixels. Therefore, P3 samples exhibited an 
optimal wear resistance compared to all of the samples 
due to the existence of finer α/α′ grains. Similar results 
were presented by Grabowski et al. [42]. Ren et al. [47] 
indicated that the main reasons for the grain refinement 
of the tested Ti6Al4V titanium alloy in the laser texturing 
process are twinning deformation and dislocation 
movement. According to the Hall–Petch Eq. (4), it can 
be concluded that the grain refinement effect is positively 
correlated with the surface hardness of the material:

(4)Hv = Hv0
+ KHvd

−1∕2

Fig. 9   Laser structured samples with a square pattern of grooves: a confocal microscopy images of the 2D topography and b 3D representation 
of a single path as well as c a schematic of the Gaussian laser beam
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where Hv—microhardness of the treated samples, Hv0—
microhardness of untreatment samples, KH0—constant, 
d—grain size (µm).

Figure 11 presents examples changes in the coefficient of 
friction with time during wear tests for initial state and P3 
laser surface textured samples against a ceramic (Al2O3) ball 
at an applied load of 6 N.

The initial decrease in the coefficient of friction was 
observed for the initial state samples regardless of the test 
condition (Fig. 11). The point contact between the two 
surfaces (the tested samples and the Al2O3 ceramic ball) 
during the running-in stage results in the rapid increase 
in the local compressive pressure and shear stress. As a 
result, the surfaces of the frictional couple sequentially 

deform, fragment, and wear faster. As suggested by Fellah 
[48] and Ju [33], with increased sliding time, the contact 
area gradually increases with a decrease in the surface 
roughness of the tested sample and ceramic ball. In effect, 
the pressure was reduced, which progressively stabilized the 
friction coefficient. Additionally, the increased coefficient 
of friction at the first sliding time may be caused by 
damage and tearing of the oxide layer, which was formed 
on the substrate material. After this point, the ceramic ball 
completely touched the substrate of the tested sample. Also, 
the gas molecular film on the surface of the Al2O3 reduced 
the friction coefficient of the sample at the beginning of the 
test [49]. For initial state samples tested in dry conditions, 
the coefficient of friction maintained a steady state after the 
distance was greater than 4 m. However, for the samples 
tested in Ringer solution (Fig.  11), a decrease in the 
coefficient of friction was reported, due to the presence of 
wear debris between the surfaces. No visible stabilization 
of the coefficient of friction over the investigated range was 
recorded. For the P3 laser textured samples tested in dry 
conditions, an initial increase in the coefficient of friction 
with subsequent stabilization at distances greater than 2.5 m 
was observed (Fig. 11). For the samples tested in Ringer 
solution, the coefficient of friction plot was stable over the 
entire distance (up to 15 m) (Fig. 11). Additionally, the 
fluctuations in the friction coefficient were visible for all of 
the tested samples, regardless of testing conditions. There 
were fewer friction coefficient fluctuations for the treated 
surfaces compared to the initial state samples, indicating 
that a textured pattern surface has a more stable friction 
coefficient than the Ti6Al4V alloy surface. In general, the 
laminar titanium alloy materials formed by wear extrusion of 
debris adhere on the worn surface, leading to the fluctuation 
of friction coefficient, as indicated by [50]. Moreover, this 

Fig. 10   EBSD microstructure 
analysis of: a initial and b P3 
samples in the XY plane

Fig. 11   Results of wear tests illustrated using the frictional coefficient 
profile for initial state samples and for P3 textured samples in differ-
ent test conditions
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may be due to the increase in sample surface roughness 
following laser treatment, as revealed by Wu et al. [51].

Figure 12 presents variations in the coefficient of fric-
tion for both P3 and initial state samples, tested in dry and 
lubricated conditions.

The average values of the friction coefficients during 
the sliding process were calculated as average friction 
coefficients from the 5-times test for comparison. As shown 
in Fig. 12a, the value of the friction coefficient of the initial 
state sample surface tested in dry conditions was in the 
range of 0.44–0.45, regardless of the normal force used. The 
friction test confirmed that Ti6Al4V alloy was characterized 
by low wear resistance due to insufficient hardness (as 
presented in section Vickers hardness test) and an unstable 
friction coefficient. Similar results were reported by Yuan 
[49]. For the untreated samples tested under lubricated-
sliding conditions, the coefficients of friction decreased to 
0.39–0.41. For samples with a pattern of cross-like micro-
grooves, the average coefficient of friction during the dry-
conditions test was maintained at a similar level (0.41–0.42), 
regardless of the normal load used. The friction coefficient 
for the P3 samples slightly increased as the load increased 
above 3 N. Tang et al. [40] suggested that may be caused 
by both the micro-pattern deformation on the surface and 
a decrease in the performance of this structure to support 
an incremental increase of the load. Additionally, the 
deformation of the texture pattern increases the contact 
area between the surface and the ceramic ball. However, 
the surface deformation directly depended on the surface’s 
hardness. By the assumptions of Ehtemam–Haghighi 
[52], surfaces characterized by increased hardness exhibit 
less initial plastic deformation, resulting in greater wear 

resistance. Due to the hardness of the P3 samples (more 
than 390 HV1), there is only a slight deformation under the 
6 and 9 N loads, which has little effect on the performance 
of the texture pattern. Additionally, the slight deformation 
may increase the roughness of the surface, thereby leading to 
a decrease in friction coefficient. The coefficient of friction 
was reduced by 17% for laser-textured sample surfaces under 
lubricated-sliding wear test conditions compared to the value 
obtained during the dry-condition test. Furthermore, 26% 
reduction in friction coefficient was observed compared to 
the smooth, untextured surface samples under lubricated 
conditions. The average friction coefficients ranged from 
0.34 to 0.35 for textured samples under lubricated conditions 
and were similar to the values reported by Conradi et al. 
[6] for pattern lines oriented perpendicularly or at 45° to 
the sliding direction, which suggested that the grooves 
and cavities are reservoirs of lubricant. Xu et  al. [53] 
demonstrated that the friction coefficient was determined by 
the contact state, the actual contact area, and the lubrication 
of the interface.

Figure 13 provides the wear volume and wear rate coef-
ficient as a function of normal load for both P_is initial state 
and P3 textured samples.

Under lubricated conditions, the wear volume and wear 
rate coefficients (Fig. 13a and b) of the non-textured samples 
are reduced compared to the results obtained under dry-
sliding conditions. However, the recorded changes in both 
wear volume and wear rate coefficient for the tests under 
lubrication conditions were ~ 11% lower than those tested 
under dry conditions. Therefore, under the investigated 
conditions, Ringer’s solution does not provide a lubrication 
film when combined with Ti6Al4V. Thus, the friction is 

Fig. 12   The variations of the coefficient of friction as a function of various forces for: a initial state (P_is) and b P3 texturing process samples 
tested in different conditions (dry or lubricated)
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purely material dependent. Similar results of the wear 
test for Ti6Al4V alloy in Hank’s solution were presented 
by Conradi et  al. [6]. The reported values of the wear 
volume and calculated wear rate coefficient values for P3 
textured samples tested under dry conditions were similar 
to those obtained for initial state samples tested in the same 
conditions. Under dry conditions, the average wear volumes 
for the P3 samples were ~ 4 (Fn = 3 N) to 8% (Fn = 9 N) less 
than the values obtained for the P_is, untextured samples. 
In the case of the crosshatched pattern samples, the wear 
rate and wear rate coefficient decreased for the lubricated 
contact. Moreover, a reduction in the volume of wear by 
up to 29% was noted. Additionally, for both P_is and P3 
samples, as the normal load increased, the wear volume Vr 
increased proportionally, regardless of the test conditions. 
However, the wear rate coefficient decreased with increasing 
normal load, especially during tests under lubricated 

conditions. The coefficient of wear for the initial, untextured 
samples (Ringer solution conditions), slightly decreased at 
loads greater than 3 N. In contrast, the coefficient of wear 
for P3 samples decreased by more than 16 and 10% at 3 and 
6 N loads, respectively, compared to 9 N loads.

P3 textured samples exhibited the lowest wear volume 
and wear rate coefficient, revealing that the wear resistance 
of P3 samples is greater than that of as-fabricated SLM 
samples. Additionally, the wear volume is compatible with 
the Archard’s law (5) [54].

where Vw—wear volume (mm3), L—tangential relative slip 
distance (mm), Fn—normal load (N), H—hardness of the 
material, K—constant wear factor

(5)V = K
FnL

H

Fig. 13   The wear characteristic parameters: a wear volume and b wear rate coefficient for initial state (P_is) samples. The (c) wear volume and 
(d) wear rate coefficient for samples after the P3 texturing process P3
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The wear volume of the material is inversely 
proportional to the hardness of the material. Therefore, 
the harder the material is, the better its wear resistance, 
which complements the previously presented assumptions 
of Ehtemam–Haghighias well as the microhardness 
measurements and microstructure analysis results (Fig. 9)—
surfaces characterized by increased hardness exhibit 
less initial plastic deformation, resulting in greater wear 
resistance. Microstructure morphology and grain size have 
an important influence on microhardness. According to 
the presented in our work results of EBSD analysis, grain 
refinement (α-Ti phase) for P3 samples was observed due 
to high solidification rates during the laser processes. In 
general, in the untreated Ti6Al4V alloy, it could be seen 
that the main phase is α-Ti and the minor β-Ti phase was 
segregated at the grain boundaries. After the laser texturing 
process, the microstructure of the Ti6Al4V changes because 
the α-Ti phase was transformed into β-Ti, this transformation 
called β-transus, occurs at temperature 1268 K. In effect 
rapid solidification, the β-Ti phase is a matrix for fine 
recrystallized submicron grain phase α′-Ti (diffusionless 
transformations). A finer microstructure promotes better 
hardness and in effect wear behavior.

Additionally, according to the Coulomb’s law, the 
coefficient friction (µ) can be calculated according to the 
Eq. 6:

where Ff—friction force (N), Fn—normal load (N).
In general, the coefficient friction changes with the 

friction force, generated during the wear process (after 
fixed normal load). Johanson et. al. [55] indicated that the 
adhesion force (Ff,adh) and surface furrowing effect (Ff,pl) 
have a significant effect on the friction force, as shown in 
Eq. 7:

(6)� =
Ff

Fn

(7)Ff=Ff,adh+Ff,pl

where Ff,adh—adhesion force (N), Ff,pl—surface furrowing 
effect force (N).

The adhesion force can be determined by shear strength 
(τ) and the actual contact area (Ar), as shown in Eq. 8.

where τ—shear strength (MPa), At—contact area (m2).
Our research showed, that samples after the laser textur-

ing process (P3) were characterized by the lower values of 
the coefficient friction and the wear volume compared to 
the nontreatment samples. It was found that the wear debris, 
generated during the wear process might be entrapped into 
the micro-groove structure (Fig. 14). That results in the 
reduction of wear debris on the surface. Laser texturing can 
also contribute to improved fatigue resistance by introduc-
ing compressive residual stresses in the textured regions. 
This can counteract the tensile stresses induced during cyclic 
loading, reducing the likelihood of fatigue cracks and wear-
related failure. Additionally, at a low line density for textured 
samples, the concentration of hard wear particles generated 
by smoothing the bulges can be more effectively accommo-
dated. In this case, fluid can be pushed along the lines, which 
are also quickly filled up with the bulge wear particles. Thus 
appropriate conditions for a lifting effect and good lubrica-
tion-film formation are prevented (Fig. 14). Bowsehera et al. 
[56]. Also, due higher microhardness of the samples with 
micro-grooves systems, the shedding of debris was reduced, 
owing to the reduction of residual stress at the interface of 
the titanium alloy and Al2O3 counter-samples (ball) dur-
ing the friction process. In effect, the deformation friction 
force could be lowered. Furthermore, for the samples after 
the textured process, the actual contact area at the friction 
interface became smaller than for the samples in the initial 
state. This leads to the reduction of the adhesive friction 
force. During the wear test, under lubrication conditions, the 
micro-grooves system also can be a lubricant storage tank. 
Similarly, the adhered wear particles also reduce the stress 
concentration at the point of contact of the ball with the 
disc as suggested by Pfleging et al. [57], Qin et al. [58], and 

(8)Ff,adh = � + At

Fig. 14   a Scheme depicting 
the wear of textured samples 
and entrapped wear debris, b 
entrapped wear debris for P3 
samples group after 15 min of 
sliding test
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Varenberg et al. [59]. In effect, entrapped wear debris into 
grooves, they do not undergo active reactions with peripros-
thetic tissues, thus reducing the risk of failure caused by 
osteolysis. Additionally, the number of scratches on impact 
surfaces may be reduced. Wear damage for textured surfaces 
can be also associated with the ability to provide an extra 
hydrodynamic pressure which provides additional lifting 
force to the bearing surfaces and subsequently results in the 
separation of two articulating surfaces. In effect, the thick-
ness of the lubrication film could increase.

The wear characteristics of all tested samples are investi-
gated as they significantly affect the functional performance 
and durability of artificial joints. The morphologies of the 
wear tracks and worn surfaces (Fn = 6 N) were observed 
using SEM, as shown in Fig. 15. For all tested samples typi-
cal features of the abrasive wear mechanism were observed. 
In general, abrasive wear causes damage to the bearing sur-
face of artificial joints in effect abrasion and formation of 
large quantities of bioactive wear debris. For the initial state 
samples tested in dry condition (Fig. 15a and b) numerous 
grooves and furrows aligned in the direction of sliding, and 
wear debris adhered to the surface were observed. The exist-
ence of the wear debris and its participation in the friction 
sliding process on the sample surface suggested the fric-
tion form may be transformed from two-body wear (tested 
samples and the Al2O3 counter ball sample) into three-body 
wear, which facilitates plastic deformation and wear dam-
age, as suggested Kim et al. [60]. The wear debris formed 
by two-body wear together with natural bone can act as a 

cutting tool between two contact surfaces. Also, Bowsher 
and Shelton [56] based on results from the hip joint simu-
lator, indicate that the hard particles have proven to cause 
deterioration to the bearing surfaces of implanted joints. In 
addition, for the samples in the initial state tested in dry con-
ditions fatigue wear produces numerous fractures, vertical 
cracks, and spalling pits. Oxide particles were observed on 
the worn surface of the tested samples under high magnifica-
tion. Ti6Al4V chemically reacts with oxygen in the environ-
ment to form oxides that are not capable of resisting damage 
during cyclic loading, thus resulting in oxidative wear. A 
similar trend was observed for the samples tested in Ringer 
solution (lubricated conditions) (Fig. 15c and d). For the P3 
laser textured samples, the wear surfaces were smoother, 
and the presence of the smooth surface could be observed, 
which indicated relatively milder wear regardless of the test 
conditions (Fig. 15c and d). Additionally, it was found that 
almost all the textured surfaces have a uniform wear pattern. 
Fewer micro-cracks were observed for the samples after the 
texturing process (both conditions) compared to the samples 
in the initial state. The texture patterns were not completely 
removed as a result of the wear test. It was found, that the 
wear debris particles may be entrapped inside the dimples, 
which leads to a reduction in the coefficient of friction due 
to the cushioning effect.

The presence of oxides on the worn surface of textured 
samples (especially under dry condition tests) could be 
attributed to surface oxidation during texturing and its 
presence in the original microstructure. The hardness values 

Fig. 15   SEM micrographs 
revealing the surface mor-
phologies of the wear track for 
initial state samples post-wear 
test under a dry and b lubri-
cated conditions as well as P3 
textured samples post-wear tests 
under c dry and d lubricated 
conditions
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of Al2O3, TiO, and TiO2, the most frequently identified 
oxides, are equal to 19.60, 19.40, and 4.60 GPa, respectively 
[33]. Oxides formed during friction processes may loosen, 
which, combined with their brittleness, may result in loss of 
cohesion with the base material and may act as wear debris. 
That is why important is the possibility of entrapped wear 
debris (also oxides) into groove.

The wear debris is presented in Fig. 16. Based on the 
obtained results, it can be observed that for both sample 
groups tested under the Ringer solution, wear debris with 
different surface features can be identified. This suggests that 
they exhibit different wear mechanisms, specifically adhe-
sive wear and oxidative wear marked by 1, while delamina-
tion wear is marked by 2. Debris marked by 1 appears in the 
form of a granulated structure, and EDS analysis reveals 
titanium and oxygen as the main compositions, indicating 
that the debris is derived from titanium oxide. In contrast, 
debris marked by 2 is in the form of metallic flakes, and EDS 
analysis suggests that it originates from the delamination of 

the titanium alloy. For the untreated samples, the predomi-
nant wear debris is large, plate-like, and irregular in shape. 
However, the wear debris from laser-textured samples (P3), 
tested under the same conditions, exhibit a small, irregular, 
and blocky shape of transferred fragments.

In summary, the micro-texturing process stands out 
as one of the methods for enhancing surface lubrication 
and tribological performance on functional surfaces for 
biomedical applications. However, the optimized laser 
texturing pattern and its geometrical parameters are still 
under investigation. The focus is particularly interesting for 
improving the tribological behavior of metal biomaterials 
such as Ti6Al4V ELI through laser texturing. Conradi et al. 
[6] applied laser-texturing to manipulate the Ti6Al4V’s 
surface by preparing three different laser-textured patterns 
with varying densities: lines, crosshatching (texture 
densities: 40, 45–20, and 25%, line separation ∆x = 100, 180, 
and 280 µm, ∆y = 280 µm), and dimples (texture density: 
50%). The coefficient of friction improvement was observed 

Fig. 16   SEM images and EDS spectra of wear debris (a) and (b) P_is, (c) and d P3
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for laser-textured surfaces. For line-and crosshatching 
texture, the better wear behavior was most pronounced for 
the small texturing density, resulting in a decrease of the 
coefficient of friction from 0.5 for untreated Ti6Al4V to 
0.35 under Hank's solution conditions, this coincides with 
our findings. In addition, the provided information indicates 
a significant effect of the texture pattern density ratio on 
wear behavior. In our work, the laser texture pattern was 
characterized by a 17% density ratio. Also, Cao et al. [61] 
demonstrated that textured samples with a dimple density 
of 25% exhibited the lowest wear rate compared to samples 
with dimple densities of 35 and 60%. However, Conradi 
et al. [6] also showed, interesting results were obtained 
for the dimples-textured surface, where the wear behavior 
improved both in dry and lubricated conditions. For future 
biomedical applications, it is crucial to consider that the 
surface topography must promote cell proliferation. In 
the majority of cases, cells tend to align and spread along 
topographical discontinuities such as the edges of grooves 
and ridges. Results showed by Kumari et al. [62] confirm 
the thesis. The study focuses on understanding the wear and 
bioactivity behaviors of laser-textured Ti6Al4V ELI with 
line and dimple geometry. It was found that laser texturing 
led to a decrease in wear rate, with the lowest magnitude of 
wear achieved for dimple texturing. However, cell adherence 
is lower for the dimple texture pattern compared to the line 
texture. On the surface with linear texturing, cells were 
preferentially attached along the direction of texturing 
in the textured zone. That is why dimples-texturing may 
not provide the best biocompatibility, despite good wear 
behaviour. In addition, the provided information indicates 
a significant effect of the texture pattern Interesting results 
were shown in the work of Velayuthaperumal et al. [23], as 
they investigated the influence of laser texture patterns in 
the form of dimples, moats, and a hybrid on the wettability 
and tribological characteristics of titanium alloy for medical 
applications. It was found that moat and hybrid-type textures 
exhibited better tribological properties. The wear depth was 
reduced by 82 and 75%, respectively, for moat and hybrid 
textures compared to untreated Ti6AL4V. The presented 
results encourage planning experiments for hybrid laser 
textures-crosshatching grooves and dimples.

Wang et al. [21] effectively reduced the coefficient of 
friction in dry sliding and improved the wear resistance of 
Ti6Al4V ELI titanium alloy through the laser texturing pro-
cess. Researchers compared the wear behavior of textured 
samples with different groove widths, ranging from 25 to 
65 µm. The results demonstrated that Ti6Al4V with a micro-
groove width of 45 μm exhibited excellent wear resistance, 
with decreasing wear rates of 90 and 85% under dry fric-
tion and SBF lubrication, respectively, compared to the Ti64 
sample. Similarly, for samples with a groove width of 35 μm, 
researchers indicated good wear resistance with a decreasing 

wear rate of 78 and 81% under dry friction and SBF lubrica-
tion. Tiainen et al. [63] investigated the structural integrity of 
laser-textured Ti6Al4V alloy with cross-hatched micropat-
terns through friction tests against bone. It was found that the 
textured surfaces with a 40 μm groove width were character-
ized by having low-wear debris. Our results showed improved 
wear behavior, which was attributed to a decreased wear vol-
ume of 29% for the crosshatching texture with a groove width 
of 30 μm. However, we recommend further investigation into 
wider groove widths to ensure even better wear behavior, 
which might be associated with the increase in surface micro-
hardness. Additionally, the heightened hardness was linked to 
the refinement of the titanium alloy's grain structure, imped-
ing dislocation movement, a phenomenon also observed in 
our work. Many researchers in their works indicate [6, 21, 
64], that the grains of textured samples are more refined than 
those of the untreated Ti6Al4V. In the microstructure, the 
α-Ti phase is dominant and contain a small amount of Ti-β. In 
addition, that closer the texture region is, the finer deposition 
at the bottom of the texture. Zhou et al. [65] demonstrated an 
increase in hardness after the LP process of 20 and 25%, com-
pared to the Ti6Al4V alloy in its initial state. We observed a 
hardness increase of 17% after the laser texturing process.

4 � Conclusion

Conducted research regarding the tribological behavior of 
the laser textured Ti6Al4V ELI allowed us to conclude that:

•	 The existence of the wear debris, and its participation 
in the friction sliding process on the sample surface, 
suggested the friction form may be transformed from the 
two-body wear (tested samples and the Al2O3 counter 
ball sample) into three-body wear, which leads to plastic 
deformation and wear damage.

•	 Ringer’s solution does not provide a lubrication film 
when combined with Ti6Al4V and thus the friction is 
purely material-dependent.

•	 The surface texture imparted better wear behavior to 
the Ti6Al4V alloy under lubricated test conditions. 
The worn debris particles adhered to the surface may 
be entrapped inside the texture path, which leads to a 
reduced coefficient of friction due to the cushioning 
effect and reduces the stress concentration at the point 
of contact of the ball with the disc.
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