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Abstract

The Ti—29Nb—-13Ta—4.6Zr alloy (TNTZ) is a B-Ti alloy that has a potential for use in biomedical
applications as an alternative to the less-compatible Ti64 alloys. Enhancing the strength and the
surface finish of TNTZ is essential for biomedical applications. In this research, a combination of
high-pressure torsion (HPT) and laser treatment was used to improve the TNTZ properties. The HPT-
treated samples showed significantly enhanced mechanical properties when compared with the
traditional solution-treated TNTZ. A laser surface treatment immediately forms a hydrophilic surface
that transforms into a steady hydrophobic state after 14 days in air and the surface roughness increases
with an increase in laser power and a slower scanning rate. The corrosion resistance of TNTZ
improves significantly after laser treatment, with the corrosion current dropping from 1x10® A to 1.2
%10 A and the corrosion potential peak shifting to a more positive value from -0.349 V to -0.158 V.
The friction coefficient after laser treatment decreased from 0.134 to 0.093 and then further reduced
to 0.082 after 14 days in air thereby suggesting an enhancement in the tribological properties. Overall,
the results show that HPT processing combined with a post-HPT laser treatment is beneficial for
enhancing the mechanical properties and the corrosion and wear performance of the TNTZ alloy.
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1. Introduction

Commercial titanium alloys have high mechanical strength, good biocompatibility and excellent
corrosion resistance. As a result, they are widely used in biomedical applications such as in
orthopedics and stomatology. However, in the Ti64 alloy, which is one of the most extensively used
titanium alloys, the Al and V elements are cytotoxic and can lead to problems such as Alzheimer's
disease and nervous system disorders [1, 2]. Consequently, B-Ti alloys, which consist mainly of Ta
and Nb, have attracted much attention in recent years due to their superior biocompatibility and their
overall safety in the human body [3]. In addition, the elements Ta and Nb in B-Ti alloys can form
stable TaxOs and Nb2Os films at the surface that effectively prevent electron exchange and therefore
produce excellent corrosion resistance [4-6]. Some B-Ti alloys, such as Ti-Nb-Ta-Zr (TNTZ) alloys,
exhibit a low Young's modulus and hence they are exceptionally suitable for use as implant materials
[7-10]. However, the tensile strength of B-Ti alloys is much lower by comparison to the commonly
used T64 alloy. Therefore, it is important to improve the strength of B-Ti alloys while maintaining the
favorable low value of Young’s modulus.

The mechanical performance of biomedical materials can be improved by thermomechanical
processing and microstructure control to achieve a refined grain size [11]. For Ti alloys, the most
effective processing method for grain refinement is high-pressure torsion (HPT) which can produce
an ultra-fine grain structure and improve the mechanical strength [12, 13]. Notably, there are reports
that grain refinement can also improve the corrosion resistance [14]. Many studies have shown that
hydrophobic surfaces have favorable self-cleaning and corrosion-resistance properties [15]. Surface
modification technologies such as laser ablation and electrodeposition that produce high-energy metal
oxides prompt a gradual change in the surface properties from hydrophilic to superhydrophobic over
time [15, 16]. Moreover, such technologies can also improve the biological activity of the surface by
inducing favorable cell arrangements or directional growth [17, 18]. The TNTZ alloy is particularly
suited to biomedical applications due to its superior corrosion resistance and biocompatibility

compared to other Ti alloys [19-22]. Thus, HPT processing and laser treatment are expected to further
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enhance the strength and improve the resistance to corrosion and wear of the TNTZ alloy. Therefore,
the present study was conducted to investigate the synergistic effects of high-pressure torsion and
laser surface modification on strength, surface characteristics, corrosion performance and wear
performance. The effectiveness of the proposed approach is demonstrated using solution-treated

samples for comparison purposes.

2. Experimental material and procedures

The TNTZ alloy used in this research was a Ti-29Nb—13Ta—4.6Zr ingot produced by melting
the pure elements together in the correct proportions under a purified Ar atmosphere. The ingots were
solution treated at 800°C for 2 hr in a protected gas Ar atmosphere in order to remove casting defects
such as component segregations. Disk samples with a diameter of 10 mm and thickness of 1.0 mm
were wire-cut from the solution-treated ingots and these disks were ground on both faces using
abrasive papers to remove the surface layers affected by the wire-cutting process. The final thickness
of the ground disk samples was around 0.8 mm. The disks were individually processed by HPT for 1,
5 and 20 turns, respectively, at 25°C with an applied pressure of 6.0 GPa and a rotational speed of 1
rpm. The HPT process was conducted under a quasi-constrained configuration to prevent excessive
material flow from around the periphery of the disk in the gap between the upper and lower anvils
[23]. For consistency, the samples that were solution treated but without HPT processing were
designated as NO samples whereas those solution treated and further processed by HPT with 1, 5 and
20 turns were denoted as N1, N5 and N20, respectively.

The microstructures of samples in the solution treated and HPT-processed conditions were
examined with an Olympus BX51 optical microscope (OM) after grinding, polishing and etching
with etchant (16 ml HF+64 ml HNO3+800 ml H>O). The microstructure of the N20 sample was
further characterized using a JEOL1200 transmission electron microscope (TEM) operating under an
accelerating voltage of 120 kV. All TEM observations were conducted at a location approximately 1

mm from the center of the disk. Additionally, cross-sectional observations and surface observations



after laser treatment were carried out using a scanning electron microscope (SEM) Hitachi Su-8000
operating under an accelerating voltage of 10 kV. The images were taken in secondary electron (SE)
and backscatter electron (BSE) modes. The hardness distribution of the HPT-processed samples was
measured with a microhardness tester (FM300, Future-tech Corp.) under a load of 200 gf and a dwell
time of 15 seconds. Tensile tests were conducted on a Zwick universal testing machine with an initial
strain rate of 1.0 x 1073 s™!. Two tensile specimens were cut from each disk sample with a gauge
length of 2.0 mm, width of 1.0 mm and thickness of 0.65 mm. The stress-strain curves were plotted
for each specimen and the ultimate tensile strengths were derived directly from the curves. The phase
structures were examined using an X-ray Diffractometer (D8, Bruker, USA) with Cu-Ka radiation (A
=0.154 nm).

In preparing samples for laser surface modification, the NO, N1, N5 and N20 samples were
ground with sandpaper to remove burrs and they were then polished to a final surface roughness of
about 60 + 6 nm before laser treatments. The surfaces of the initial solution-treated samples (NO) and
HPT-processed samples (N1, N5 and N20) were then modified by laser surface texturing with various
laser powers (1~5 W), scan rates (25~150 mm/s) and holding times (0~14 days). The modification
process was carried out using a fiber laser system (SPI G3, UK) with a wavelength of 1064 nm, a
frequency of 50 kHz, a laser spot diameter of 40 um and a pulse duration of more than 10 ns. To
investigate the effects of the laser processing parameters on the hydrophilic/hydrophobic properties
of the TNTZ samples, the contact angles of the laser-modified surfaces were measured using
deionized water droplets with a volume of 0.5 pl. To ensure the reliability of the measurements, the
contact angle was measured three times for each sample with the three measurements averaged to
obtain a representative result. In addition, the surface roughness of all laser-modified samples was
measured with an Alpha step profiler (D-300, KLA) with a scanning speed of 0.4 mm/s, a scan line
length of 5 mm and a load of 10 mg.

The laser-modified NO and N20 samples were held for more than 14 days and then subjected to

corrosion testing. To evaluate the effect of the hydrophobic surface induced by laser modification on
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the corrosion performance, NO, N1, N5 and N20 samples (all with a hydrophilic surface) were also
subjected to corrosion testing. The corrosion resistance was measured on an electrochemical work-
station (CHI 614E) using 0.9% NaCl at a temperature of 37 °C. The Tafel potential was measured
over the range of -0.8 V to 2V at a scanning rate of 0.001 V/s. The wear resistance properties of
samples were evaluated using an abrasion testing machine (POD FMS800 10NT) fitted with a
stainless-steel wear wheel with a diameter of 1 mm. The rotational speed of the wheel was set as 1146
rpm, the normal contact load was set as 1000 g and the total number of wear cycles was set as 100.

The wear tests were performed using water as the wet abrasion medium for each sample.

3. Experimental results

3.1. Microstructure development in initial solution-treated and HPT-processed TNTZ samples
Figure 1 presents OM images showing the microstructures of the solution-treated (NO) and HPT-
processed N1, N5 and N20 samples at the central areas of the disks. The NO sample shows a coarse-
grained microstructure with an average grain size of ~370 um. After 1 turn of HPT processing the
microstructure remained as coarse grains but after 5 and 20 turns significant grain refinement was
observed. For these samples, the individual grains were not found under the low magnification of OM
but the flow tendency was apparent due to the shear stress associated with the torsional straining.
Compared to the solution-treated sample (NO), the HPT samples showed the emergence of ultra-fine
grains as the number of revolutions increased to 5 and 20 turns. Figure 2 shows a high-resolution
TEM image of the ultra-fine grain structure in the N20 sample. The SAED pattern indicates numerous
high-angle grain boundaries of ultrafine grains and the grain size was measured as less than 100 nm.
Figure 3 shows cross-sectional observations of N20 samples with subsequent laser treatment (5

W, 50 mm/s). In Fig. 3(a), the top surface of the sample is the laser-treated surface and it is possible
to see the microstructure change from the top to the bottom area of the image. In the top area of Fig.
3(a), a coarse microstructure with a grain size of around 1 pm is observed due to the thermal effects

from the laser power, but nevertheless this reasonably coarse grain size is significantly smaller than



the grain size of ~370 um in the NO sample. The bottom area of Fig. 3(a) shows that the microstructure
retains the fine grain structures developed from HPT. The phenomenon of a microstructural gradient
introduced by laser power is similar to an earlier report [24]. The white protrusions on the surface of
the laser-treated N20 sample are present in the TEM image of Fig. 3(a) and they were analyzed by
SEM and EDS. Fig 3(b) displays multiple spectrum analyses of the laser-treated N20 sample surface,
and the result of spectrum 3 in Fig. 3(c) shows that the white protrusions exhibits a denser oxygen
signal and trace amounts of the Ti, Nb and Ta elements. Therefore, it is evident that there is oxide

formation on the laser-treated surface.

3.2. Mechanical properties of initial solution-treated and HPT-processed TNTZ samples

Figure 4 shows the Vickers microhardness profiles of the HPT-processed TNTZ alloy samples
after 1, 5 and 20 turns. The dashed line represents the microhardness value ~233 Hv for the initial
solution-treated sample NO. All of the HPT-processed samples exhibit a higher hardness than the
solution-treated sample. For samples with the fewer turns (N1 and N5), the hardness values show
lower values in the central region and higher values in the edge region. However, for samples with a
high number of turns (N20), the hardness distribution is more uniform and shows no obvious hardness
reduction in the center of the disk. The average microhardness values of the N1, N5 and N20 samples
were 280, 320 and 340 Hv corresponding to a hardness increase of 20%, 37% and 45%, respectively,
with respect to the solution-treated sample.

Figure 5 shows the stress-strain curves of the NO, N1, N5 and N20 samples. The solution-treated
sample had a maximum tensile strength of about 590 MPa but by contrast the HPT-processed N1, N5
and N20 samples had far higher maximum tensile strengths of 1280, 1370 and 1410 MPa respectively.
Thus, the HPT processing not only refined the grain size but also improved the mechanical properties

of hardness and tensile strength of the TNTZ alloy.

3.3. XRD results for initial solution-treated and HPT-processed TNTZ samples



Figure 6 shows the XRD patterns of the NO, N1, N5 and N20 samples. The initial solution-
treated TNTZ sample (NO) had a B-phase structure with no detectable presence of the a phase. The
HPT samples retained a similar B-phase structure but, as the number of turns increased, the intensity

of the main B-phase peak increased while the peak width also increased due to the grain refinement.

3.4. Surface roughness of laser-modified TNTZ samples processed using different laser powers
and scan rates

Figure 7 shows the surface roughness values of the solution-treated and HPT-processed TNTZ
samples after laser surface modification using laser powers of 1, 2 and 5 W and scan rates of 25, 50,
100 and 150 mm/s, respectively. All samples had a similar low roughness for a laser power of less
than 2 W. However, as the laser power increased to 5 W, the surface roughness increased by several
hundred times for all four samples, particularly at lower scan rates. For the HPT-processed 20 turns
sample, the surface roughness following laser treatment with a power of 5 W and a scan rate of 150
mm/s was around 5-6 times higher than for the NO sample with the same laser treatment conditions,
as shown in Fig.7 (a) and (d).

Figure 8 compares the SEM surface morphologies of the two samples modified using a scan
speed of 50 mm/s. The NO sample contained a small number of ordered orientation cracks originating
from the horizontal scan tracks. For the N20 sample, the number of staggered cracks was greatly
increased which produced the higher surface roughness observed in Fig. 7(d) compared to Fig. 7(a).
The N20 sample had a much finer grain size of less than 100 nm than the NO sample with ~370 pm
due to the grain refinement from HPT processing and the N20 sample also displayed more randomly-

oriented solidification cracks after the laser treatment.

3.5. Variation of contact angle with holding time for laser-modified TNTZ samples processed

using different laser powers

The contact angles of the laser-modified samples were measured daily over a 14-day holding



period in air. As shown in Fig. 9, all the laser-treated samples experienced a transition from an initial
hydrophilic surface to a steady-state hydrophobic surface with an increased holding time. For lower
laser powers of 1 and 2 W, a transition to the hydrophobic surface with a contact angle around 90-
100° occurred in all samples within 2 days. For the highest power of 5 W, the surface characteristics
of the N1 and N20 samples transformed from hydrophilic to hydrophobic surfaces within 2~3 days.
However, compared to samples processed at the lower laser powers of 1 W and 2 W, the degree of
hydrophobicity was greatly increased in samples processed at the higher laser power of 5 W with a
maximum contact angle of around 140°.

Fig. 10 shows a tendency for the carbon content to increase whereas the oxygen content was
reduced with the holding time in the laser-treated TNTZ samples. All four samples were processed
using a laser power of 5 W and scan speed of 25 mm/s. These surface compositional changes during
the 14-day holding period are similar to observations reported on laser-treated CP-Ti and the Ti64
alloy [25] and they confirm the surface oxide formation leading to surface hydrophobicity. Noting the
difference between the four samples in Fig. 10, it is apparent that the laser-treated N5 and N20
samples have a higher C content of around 13 at% and a lower O content of approximately 32.5 at%
after 14 days of holding time. Thus, the laser-treated HPT samples have surface features with higher
C content and lower O content besides higher surface roughness and these characteristics can bring

beneficial effects in enhancing the hydrophobicity of the TNTZ samples.

3.6. Effect of different laser and HPT treatments on corrosion properties

Figure 11 shows the Tafel curves for the NO, N1, N5 and N20 samples under the conditions
without laser treatment and with laser treatment with a laser power of 5 W and a scan rate of 25 mm/s.
Figure 11(a) presents the results for the solution-treated (NO) and HPT samples N1, N5 and N20 with
no laser treatment whereas Figs. 11(b) and (c) show the results for the laser-treated NO, N1, N5 and
N20 samples after holding for 0 day and 14 days, respectively. The corrosion potential and current

data in Fig. 11 were plotted in Fig. 12. Thus, for samples without laser treatment, Fig. 11(a) and Fig.
7



12(a) demonstrate that the NO sample has a lower corrosion potential (-0.422 V) than the N20 sample
(-0.349 V). Furthermore, the NO sample has a higher corrosion current than the N20 sample.
Obviously, without laser surface treatment the HTP-processed N20 sample has a better corrosion
resistance than the solution-treated NO sample. Following laser treatment, Fig. 12(c) shows that the
corrosion potential of the laser-treated NO sample is -0.191 V after 14 days of holding, and this is

smaller than for the NO sample without laser treatment which was -0.422 V, as shown in Fig. 12(a).

The corrosion resistance of the N20 HPT-proceed sample also improved after laser surface
treatment. Fig. 12(a) and (c) show that the corrosion potential of the N20 sample increases from -
0.349 V without laser treatment to -0.158 V after laser treatment and 14 days holding, whereas the
corrosion current decreases from 1x10™® A without laser treatment to 3.2x10” A after laser treatment
and 0 day holding and 1.2x10” A after laser treatment and 14 days holding. These results demonstrate
that the hydrophobic surface of the laser-treated HPT samples with 0 day and 14 days holding

contribute to a corrosion resistance improvement.

3.7. Effect of different laser and HPT treatments on abrasion properties

Figure 13 shows the variation of the coefficient of friction with the number of sliding cycles for
the NO, N1, N5 and N20 samples with and without laser modification, respectively. In the absence of
laser modification, the friction coefficient of the initial solution-treated sample NO is similar to that
of all HPT-processed samples N1, N5 and N20. All samples show a lower friction coefficient
following laser surface treatment than those without laser treatment. For example, the friction
coefficient of the NO sample is reduced from 0.122 without laser treatment to 0.04 after laser treatment
and 14 days holding, as shown in Fig. 13(a). Fig. 13(b-d) shows that the wear resistance of all HPT-
processed samples improved immediately after laser treatment with 0 day holding and there was
further improvement after 14-day holding. For example, the friction coefficient of the N20 sample
was reduced from 0.134 without laser treatment to 0.093 after laser treatment and 0 day holding and

0.082 after laser treatment and 14 days holding. The smaller friction coefficient in the samples after
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laser treatment and 14 days of holding appears to be related to the emergence of the hydrophobic

surface property.

4. Discussion

The results presented in Figs 1 to 4 show that HPT processing leads to a significant grain
refinement which in turn produces a higher microhardness value. The grain size in the TNTZ alloy
was reduced from ~370 um in the initial solution-treated alloy to less than 100 nm after 20 turns of
HPT processing. Both the degree of grain refinement and the extent of the microhardness
enhancement increase with increasing numbers of HPT turns due to the corresponding increase in the
shear strain applied to the samples. The microhardness value of the initial solution-treated sample
was 233 Hv and the average microhardness value for the 20 turns sample was 340 Hv. The tensile
results in Fig. 5 show that the HPT-processed TNTZ N20 sample not only has higher strength (~1410
MPa) but also reasonable ductility (30%). The X-ray results in Fig. 6 demonstrate that the TNTZ
alloy has a B-phase structure with no detectable presence of an o phase before and after HPT
processing. Since the 3 phase is beneficial in improving the biocompatibility of Ti-based alloys with
human bone [11], the HPT-processed TNTZ N20 sample with its high hardness, high tensile strength
and B-phase structure appears to be an exceptionally promising candidate for biomedical applications.

Applying a laser surface treatment to the HPT-processed TNTZ alloy is expected to generate a
surface texture to modify the surface characteristics and improve the corrosion performance and wear
resistance, where these are all important factors for high performance bioimplant applications. In Fig.
8, the N20 sample displayed more randomly-oriented solidification cracks after the laser treatment.
It is noted that the present results of the solidification behavior for the nano-structured TNTZ sample
are consistent with results reported for laser-irradiated nano-sized cerium dioxide [26].

The degree of hydrophobicity was greatly increased in samples processed at a higher laser power
(5 W) with a maximum contact angle of around 140°, as shown in Fig. 9(c). As described in an earlier

report [27], this greater hydrophobicity can be attributed to the higher surface roughness of the
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samples processed at a higher laser power. There are reports of a 316L stainless steel surface
transitioning progressively from superhydrophilic after the laser texturing process to hydrophobic
after aging in air for 7-14 days [28]. It was also suggested that the melted and resolidified metal oxide
can absorb organic compounds in ambient air leading to surface superhydrophobicity [29-31]. To
confirm a similar mechanism for the transition from a hydrophilic to hydrophobic surface in laser-
treated TNTZ samples, the variation of the carbon and oxygen contents in the laser-treated NO, N1,
N5 and N20 samples were measured over a 14 days holding period when exposed to the ambient
environment. The results in Fig. 10 demonstrate that the carbon content was increased whereas the
oxygen content was reduced with the holding time in all four samples, thereby confirming that the
surface oxide formation leads to a surface characteristic transition from hydrophilicity to
hydrophobicity.

From the Tafel curves in Fig. 11 and the corresponding current potential and corrosion current
in Fig. 12, it is concluded that the corrosion resistance of the NO sample was improved markedly
following the initial laser treatment process and was continually improved with the holding time. The
N20 HPT samples demonstrated a similar corrosion resistance improvement tendency after the laser
surface treatment with holdings of 0 days and 14 days. The improved corrosion resistance with
holding time is attributed to the emergence of the hydrophobic surface which suppresses pitting

corrosion [32].

It was noticed that the laser-treated N20 sample always has a larger corrosion potential and
smaller corrosion current than the laser-treated NO sample. The N20 HPT sample has a grain size of
less than 100 nm (Fig. 2) and the surface area of the laser-treated N20 sample has a very fine grain
size of ~1 pm (Fig. 3) with the exposure to laser power. Whereas the NO sample has a very coarse
grain structure with an average grain size of ~370 um (Fig. 1), the laser-treated surface area of the NO
sample should have an even coarser grain size due to inherent heating from the laser power. From a
comparison between the laser-treated NO and N20 samples, it is concluded that there is a grain size

effect on the laser treatment and corrosion behavior, such that the laser-treated N20 sample with a
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fine grain structure shows an improved corrosion resistance compared with the laser-treated NO
sample with a coarse grain structure. There are several reports documenting the effect of grain
refinement on the material corrosion behavior in an Al alloy [33], a CuNi alloy [34],and in a Ni-based
alloy [35]. It was generally agreed that refined grains improve the corrosion resistance of deformed
alloys [33]. Fig. 12 shows that both the laser-treated NO and N20 samples have improved corrosion
resistance during 0-14 days holding due to the emergence of the hydrophobic surface. In addition,
Fig. 9(c) demonstrates that the laser-treated samples N1 and N20 reach the hydrophobic steady state
more rapidly than the laser-treated NO sample, which suggest that the laser-treated HPT samples
should reach good corrosion resistance more quickly than the laser-treated NO sample. Hence, it is
concluded that a combination of HPT processing with subsequent laser treatment not only improves
the corrosion resistance of the TNTZ alloy but also reduces the time required to achieve the superior

corrosion resistance.

The wear resistance was evaluated in samples that experienced HPT processing and laser
treatment with 0 and 14 days holding. The results in Fig. 13 show the friction coefficient in the N20
sample was reduced from 0.134 without laser treatment to 0.093 after laser treatment and 0 day
holding and to 0.082 after laser treatment and 14 days holding. The smaller friction coefficient in
samples after laser treatment and 14 days holding appears to be related to the emergence of the
hydrophobic surface property. The oxide formation occurs on the laser-treated surface and it also
contributes to improving the corrosion and wear resistance. According to published results, the
enhanced corrosion and wear properties may be obtained due to the oxide layers compared with the
original material. For example, TiO; [36] resulted in a 95% decrease in corrosion current from 254 to
12 nA/cm? and a 75% reduction in friction coefficient from 0.64 to 0.16. For TaO, [37] there was a
71% reduction in corrosion current from 1.664 x 1078 to 4.739 x 10® A/cm? and a 16.9% decrease in
friction coefficient from 0.183 to 0.152. Similar trends were also observed for Nb2Os [38, 39] and

710, [40].
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5. Summary and conclusions

This study evaluated the mechanical, corrosion and wear properties of Ti—29Nb—13Ta—4.6Zr (TNTZ)

alloy samples processed by a combination of HPT and laser surface modification. The experimental

results support the following conclusions:

1)

(2)

(3)

(4)

HPT processing produced a grain refinement in the microstructure which enhanced the
mechanical properties of the TNTZ alloy. The extent of the grain refinement increased with
increasing numbers of torsional revolutions. The hardness of the N20 HPT sample was
about 45% higher than for the solution-treated sample NO.

Laser treatment with a higher laser power (5 W) and lower scan rate (25 mm/s) led to an
increased surface roughness. Following the laser treatment process, all samples experienced
a transition from a hydrophilic surface to a hydrophobic surface as the holding time
increased, and this was accompanied by a gradual increase in the carbon content and a

reduction in the oxygen content.

The laser treatment gave a significant improvement in the corrosion resistance of the fine-
grained TNTZ alloy. In the steady-state hydrophobic condition, the corrosion potential of
the N20 sample increased from -0.349 V to -0.158 V whereas the corrosion current

decreased from 1x10% A to 1.2x10° A.

The hydrophobic surface induced by the laser treatment and subsequent holding improved

the wear resistance of the TNTZ alloy.
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(@) (b)

(c) (d)
Fig. 1 OM microstructures of: (a) solution-treated NO sample and (b) N1, (c) N5 and
(d) N20 HPT-processed samples.

(a) (b)

Fig. 2 TEM images of N20 HPT-processed sample (a) lower magnification with
SAED pattern inserted and (b) higher magnification.
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Fig. 3 N20 HPT-processed sample of (a) SEM cross-section BSE image taken in
channeling contrast, (b) SEM image with EDS results.
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Fig. 6 XRD patterns of solution-treated NO sample and HPT-processed N1, N5 and
N20 samples.
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Fig. 8 SEM surface morphologies of (a) NO and (b) N20 samples following laser
treatment with laser power of 5 W and scanning speed of 50 mm/s.
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Fig. 9 Variation of contact angle with holding time for solution-treated NO sample and
HPT-processed N1, N5 and N20 samples treated using laser powers of (a) 1 W, (b) 2
W and (c) 5 W with a laser scan rate of 50 mm/s.
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Fig. 10 Change in concentration of chemical elements in laser-modified NO, N1,
N5 and N20 samples over holding time: (a) carbon content and (b) oxygen
content.
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Fig. 12 Variation of corrosion potential and current of the initial solution-treated (NO)
and HPT-proceed samples with different holding time for (a) no laser treatment, (b) 0
days and (c) 14 days.
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Fig. 13 Variations of the coefficient of friction in the laser modified surface with
different holding times for (a) the initial solution-treated (NO), (b) N1, (c) N5 and
(d) N20 samples.



