UNIVERSITY OF LEEDS

This is a repository copy of Optimization of anti-wear and anti-bacterial properties of beta
TiNb alloy via controlling duty cycle in open-air laser nitriding.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/212236/

Version: Accepted Version

Article:

Chang, X., Smith, G.C., Quinn, J. et al. (3 more authors) (2020) Optimization of anti-wear
and anti-bacterial properties of beta TiNb alloy via controlling duty cycle in open-air laser
nitriding. Journal of the Mechanical Behavior of Biomedical Materials, 110. 103913. ISSN
1751-6161

https://doi.org/10.1016/j.jimbbm.2020.103913

© 2020 Elsevier Ltd. All rights reserved. This is an author produced version of an article
published in Journal of the Mechanical Behavior of Biomedical Materials made available
under the CC-BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0) in
accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Optimization of anti-wear and anti-bacterial properties of beta TiNb alloy via controlling
duty cycle in open-air laser nitriding
Xianwen Chang?, Graham C. Smith®, James Quinn®, Louise Carson®,

Chi-Wai Chan °*, Seunghwan Lee*?

iDepartment of Mechanical Engineering, Technical University of Denmark, DK-2800 Kgs.
Lyngby, Denmark

®Faculty of Science and Engineering, University of Chester, Thornton Science Park, Chester CH2
4NU, UK

“School of Pharmacy, Queen’s University Belfast, Belfast BT9 7BL, UK

4School of Mechanical and Aerospace Engineering, Queen's University Belfast BT9 SAH, UK

Keywords: beta Ti-Nb alloys, fibre laser nitriding, wear, antibacterial, duty cycle

Correspondences: Dr.  Seunghwan Lee (seele@mek.dtu.dk); Dr. Chi-Wai  Chan

(c.w.chan@gqub.ac.uk)




Abstract
A multifunctional beta TiNb surface, featuring wear-resistant and antibacterial properties, was
successfully created by means of open-air fibre laser nitriding. Beta TiNb alloy was selected in
this study as it has low Young’s modulus, is highly biocompatible, and thus can be a promising
prosthetic joint material. It is, however, necessary to overcome intrinsically weak mechanical
properties and poor wear resistance of beta TiNDb in order to cover the range of applications to load-
bearing and/or shearing parts. To this end, open-air laser nitriding technique was employed. A
control of single processing parameter, namely duty cycle (between 5% and 100%), led to
substantially different structural and functional properties of the processed beta TiNb surfaces as
analyzed by an array of analytical tools. The TiNb samples nitrided at the DC condition of 60%
showed a most enhanced performance in terms of improving surface hardness, anti-friction, anti-
wear and anti-bacterial properties in comparison with other conditions. These findings are
expected to be highly important and useful when TiNb alloys are considered as materials for

hip/knee articular joint implants.



1. Introduction

According to a recent report (Market Report, 2019), the global hip replacement devices
market is valued 6,830 million USD in 2018 and will reach 9,490 million USD by the end of 2025.
The number of total hip arthroplasty (THA) or total knee arthroplasty (TKA) surgeries is also
increasing as shown, for example, in EU (OECD Health Statistics, 2016). A concomitantly growing
concern is that the number of younger patients (referring to those < 60 years old) has also been
increasing (Steven, 2004) whereas the survival rate of the implants in those age group is
particularly low (Per et al.,2016). In turn, this leads to increasing demand of revision surgery
(Labek et al., 2011), which is an additional risk and burden to the patients and society. The failure
of artificial joint implant is mainly ascribed to two reasons. The first is bacterial infection, in
particular by Staphylococcus aureus and Escherichia coli (Song et al., 2013). Medical device
associated infection is increasingly becoming a challenge faced by orthopaedic implants,
complicated by the prevalence of antimicrobial resistance. The second is wear debris generated
from various tribological contacts between the components of artificial joint implants even in
aseptic condition. Examples include relative compressed sliding contacts in bearings of THA or
TKA, micro-motions occurring at the junction between the femoral head and stem in THA, and
even from “cement” or glue to fix the implants to the bone tissues (Karl, 2011). Accumulation of
the wear debris leads to a cascade of unfavorable immunological responses and loosening of the
implants (Man et al., 2017). While the influence by bacterial infection is manifested in a relatively
short while after surgery, e.g. on the order of a few years, the effect by wear particles takes much
longer time, but acts as the major factor to limit the service lifetime of the implants. In order to
cope with increasing demand of prolonging the service lifetime of orthopaedic implants as
mentioned above, a significant improvement in materials and/or designs is necessary. Given that
bacterial infection and wear debris are two major sources of implant failures, it is reasonable to
tackle these two problems as a first attempt.

In this context, a material receiving emerging attention is TiNb, a beta Ti-alloy. Compared

to Ti6Al4V, the currently dominating material for the parts interfacing with bone tissues, TiNb



alloys have low Young’s modulus, which is closer to that of bone tissues. Due to the absence of
elements which may pose cytocompatibility issues, such as Al or V present in Ti6Al4V alloy, TiNb
offers improved biocompatibility (Samuel et al., 2008). However, it has the conspicuous drawback
of low hardness and poor wear resistance. Therefore, its surface needs to be hardened before
considering an application as load-bearing and shearing part of articular joint implants. To date,
various efforts to harden the surface of Ti alloys have been conducted, and among them, laser
nitriding has shown several advantages compared to other techniques, such as no need of specific
gas/vacuum systems, high speed, small heat input, and clean processing. This approach has been
very effective to create surface hardening of various types of Ti-based alloys (Katayama et al.,
1983). Recently, the authors have shown that this approach can be applicable to TiNb surfaces too
(Chan et al., 2020). The gold-coloured TiN layers formed by the open-air laser nitriding method
in modulation of duty cycle generated a range of TiN layer with varying thickness (22-43um) and
hardness (reaching to 870HV). Moreover, optimization of duty cycle, namely 40% compared to
continuous wave (CW) mode, led to the formulation of a crack-free and homogenous nitride
surface on TiNDb surface. A thorough description on the micro-structure generated on TiNb alloy is
presented in the recent study (Chan et al., 2017, Chan et al. 2018, Donaghy et al 2020).

In this study, we have reproduced the formation of laser-nitride layer on beta TiNb surface
by open-air laser-nitriding as in the previous study (Chan et al., 2020), but with an extended range
of the duty cycles from 5% (modulated mode) to 100% (continuous wave, CW mode). More
importantly, the present study focuses on the characterization of functional properties, in particular
anti-wear and anti-bacterial properties of laser-nitrided TiNb surfaces. The surface roughness and
topography, phase structure, hardness, friction and wear properties, as well as the antibacterial
properties of the laser-nitrided surfaces were carefully investigated and systematically compared
with each other. In turn, the optimized anti-wear and antibacterial properties of laser-nitrided TiNb
surfaces acquired by modulating the duty cycle were discussed in correlation with the optimized
structural properties of nitride layers. The findings of this study are expected to be highly important

and useful in pursuing the best laser processing conditions to impart required multifunctional



properties to TiNb alloys when they are employed as materials for hip/knee joints implants.

2. Materials and Methods
2.1. Materials prepared for laser nitriding

The material used in the experiments was Ti-45%Nb alloy in the plate form (American
Elements, US). The dimensions of the TiNb plate were 50 mm x 125 mm with a thickness of 2
mm. Before laser nitriding, the surfaces were ground and polished by 120, 240, 400, 800, 1000
grit silicon carbide (SiC) papers in a sequential order, followed by ultrasonic cleaning in acetone
for 10 min and dried in cool air-flow. Laser nitriding was performed on the original plate, and the
laser-nitrided samples were cut out from the plate into smaller size with the dimensions of 10.5

mm x 10.5 mm using a wire-cut electrical discharge machine (EDM).

2.2. Laser nitriding process in open air

The fully automated fiber laser system (MLS-4030, Micro Laser Systems, Netherlands) was
utilized for laser nitriding in open air. The laser processing parameters were laser power of 45 W,
wavelength of 1.064 pm, scanning speed of 25 mm/s, stand-off distance of 1.5 mm. The laser beam
shape is circular, and the laser beam profile is Gaussian. The spot diameter at the stand-off distance
we used in the laser experiment (1.5 mm away from the laser nozzle) is 100 um. The laser fluence
at the power of 45 W with the modulation frequency of 100 kHz was estimated to be 5.7 J/cm?; a
detailed calculation on the laser fluence is provided in the Supplementary Material (S1). The
modulation frequency of the laser system is 100 kHz, and hence the pulse duration is 107 s or 10
us. High purity N2> was set at the constant pressure of 6 bars. Duty cycle was varied from 5% to
100% with the above parameters kept unchanged. The laser-nitrided samples were denoted as DCS5,
DC20, DC40, DC60, DC80 and DC100. The samples between DC5 and DC80 were considered as
nitrided at the modulated (pulsed) mode while DC100 was nitrided at CW mode. The laser
nitriding process was repeated at least three times (n = 3) for each duty cycle condition. The

samples treated under lower duty cycle (5% to 20%) appeared in shiny silver colour while gold



colour in a different shade was observed from the samples treated with higher duty cycles between

40% to 100% (Figure 1).

Three
repeated
trials

Duty cycles (DC): 5% 10% 20% 40% 60% 80% 100% 50%

Figure 1. Laser-nitrided TiNb alloy plate treated under different duty cycles (from 5% to 100%, n
=3).

2.3. Phase structure by XRD

Phase identification of the untreated base metal (BM) and laser-nitrided samples was carried
out by X-ray diffraction (PANalytical, UK). CuKa radiation source was used with coupled 6 - 26
(Bragg-Brentano) geometry. The diffraction angle 20 ranged between 20-100°. After the collection
of data, diffraction patterns of different samples were compared to the reference material data in

the database of the XRD system (International Centre for Diffraction Data) for curve fitting.

2.4. Surface roughness measurement (WLI)

The surface roughness was characterized using white light interferometry (Talysurf CCI
6000, Leicester, Leicestershire, UK). The 3D and 2D profiles in micro scale were generated by
TALYMAP software. Two main roughness parameters were Sa (arithmetic mean surface roughness)
and Sz (maximum surface roughness) and were extracted from the area of 1.2 mm x 1.2 mm in
each sample. The setting of height between the lens and sample surface was set at 100 microns

with piezoelectric a-axis control.



2.5. Vickers micro-hardness measurements

Vickers micro-hardness of cross-section of the samples was measured by Vickers hardness
tester (Future-Tech Corp, FM-700, Japan). A full load of 10 kgf was applied for 10 seconds in each
indentation. The load and distance used in the test were carefully determined according to the
location of different zones (laser-nitrided zone, heat affected zone (HAZ) and BM) in the cross-
sectioned surface. During the hardness tests, enough space was provided between each indentation
mark because the deformation caused by the indents can affect the accuracy of results. Multiple

measurement (n = 3) was performed to obtain the average hardness value and standard deviation.

2.6. Tribological properties: Pin-on-disk tribometry and dynamic light scattering (DLS)
Pin-on-disk tribometry (Anton Paar, Tribometer Module 4.4.M) was performed by
employing sapphire ball (3 mm in diameter) as slider against Ti disc samples. The Ti disc samples
were firstly ultrasonically cleaned, dried in N> blow, glued to UHMWPE disc, and dried in air
overnight. Fetal Bovine Serum (FBS) was used as simulated synovial fluid in tribological tests.
The disc was rotated at the linear speed of 50 mm/s and at the radius of 3 mm from the disc center.
A constant load of 10 N was applied to the sample surface and total sliding distance was set at
1000 m. Based on the mechanical properties of tribopair materials, contact geometry, and applied
load, apparent maximum Hertzian contact pressures are estimated to range from 2.78 GPa
(sapphire ball/TiN pair) to 1.71 GPa (sapphire ball/TiNb (BM) pair) (Supplementary Material, S2).
The purpose of this test was two-folded; firstly, the coefficient of friction (COF or p), defined as
friction force/load, was recorded during the entire sliding contact duration. The data acquisition
rate was 0.5 Hz. Secondly, after the tribometry tests, the FBS fluids containing wear particles were
collected to characterize the size distribution, such as Z-average and hydrodynamic diameter (D)
in FBS. The dynamic light scattering (DLS, Malvern Zetasizer Nano) and the corresponding
Zetasizer software were utilized in this experiment. For each sample, the measurement was
repeated ten times to constitute one trial, and five trial runs were performed for each measurement.

The operation temperature was set at 25 °C.



2.7. Surface morphology by optical microscopy (OM)
An optical microscope (ZEISS AXIO Vert Al) was used to capture the images for the

hardness tests and for the observation of wear tracks after sliding tests.

2.8. Bacterial cell culture and viability analysis
Bacteria culture

S. aureus (ATCC 35984) was cultured on the base metal (BM) and laser-nitrided samples to
study the bacterial adherence and biofilm formation on the surfaces. The samples were firstly
cleaned in ultrasonic bath with ethanol (Sigma Aldrich UK) for 15 min and air-dried. Overnight
cultures in Miiller Hinton broth (MHB) were adjusted to an optical density of 0.3 at 550 nm, then
diluted 1 in 50 with fresh MHB. This provides an inoculum of approximately 1x10° cfu/ml. The
samples were immersed in this inoculums for 24h at 37°C, with 100rpm shaking in a gyratory

incubator.

Bacterial coverage analysis

After 24 hours incubation in bacterial culture, the samples were rinsed three times in sterile
PBS to remove any loosely adherent planktonic bacteria. Samples were ten stained by immersing
in Live/Dead BacLight™ solution (Molecular Probes) for 30 min. The STYO 9 component of the
live/dead staining protocol is a green fluorescent dye that will stain live (viable) bacteria, while
propodium iodide (a red fluorescent dye) will only stain nonviable bacteria with damaged
membranes. A fluorescence microscope (GXM-L3201 LED; GX Optical) was used to observe the
bacterial coverage. Three random fields of view (FOV) for each of the three replicate materials
test, with a total of 9 images captured for each treatment condition. Image analysis software
(ImageJ, NIH) was used to quantify the areas stained green and red in the images. The total
coverage of biofilm was calculated by combining the areas of viable bacteria (green) and non-

viable bacteria (red). Statistical analysis was carried out by means of a one-way ANOVA with



Tukey’s multiple comparisons post hoc test (o= 0.05), using GrapPad Prism (version 8.3.1.)

3. Results and Discussion
3.1. Structural and compositional features
Phase structure before and after laser nitriding
The phase structure of BM and laser-nitrided samples on their top surfaces was identified

using XRD in the diffraction angles ranging from 20° to 100°. The results are shown in Figure 2.
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Figure 1. XRD spectra for the BM and laser-nitrided samples (a) from the diffraction angle
between 20° and 100° (b) the enlarged view for the diffraction angle between 37° and 44°.

It is important to note that a more comprehensive and deeper investigation on the phase structure
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of the samples nitrided between DC40 and DC100 had been reported in our recent study (Chan et.
al. 2020). The focus of the phase structure study in this work was to characterize and understand
the transition of phases when the TiNb samples were subjected to lower levels of duty cycles,
namely DC5 and DC20.

As shown in Figure 2, the BM had a prominent peak at 38.7° (f 110) and additional weaker
peaks present at 55.9° ( 200) and 70.1° (B 211). All laser-nitrided samples possessed these peaks
but with reduced intensity. All of these peaks were associated with beta phase of Ti as a result of
the presence of beta phase establishing element, i.e. Nb in the substrate. In addition to the main
peaks which can be found in BM, it is noted that new peaks appeared at approximately 36° (TiN
111),43° (TiN 200) and 62.5° (TiN 220) on the surfaces after laser nitriding. The intensity of these
peaks became stronger with increasing duty cycle. The strongest intensity of peak at ~43° (TiN
200) belonged to DC100. However, these peaks were absent from the sample nitrided at the lowest
duty cycle of DCS. Thus, we can conclude that no nitrides were formed in the surface of DCS5. It
is important to note that the TiN peak at ~43" shifted from 43.3° to 42.8° with increasing duty
cycle from 20% to 100%. The peak at 43.3° indicates the presence of TiNb nitride (TiNbN). The
surface nitrided at the duty cycle of DC20 contained mixed TiNb nitrides, whilst the surfaces of
the higher duty cycle samples (DC40 to DC100) were more dominated by TiN. In addition, the
peak of 38.7° (B 110) shifted to higher diffraction angle (~38.9°) when treating the sample at the
duty cycle of 5% though no nitrided peaks were identified. This indicates that nitriding reactions
took place on the surface of DCS5 and led to the change of unit cell dimensions, but the laser energy

and interaction time were not high and long enough to form nitrides at a level detectable by XRD.

Coverage of laser tracks after laser nitriding
With the setting of laser parameters addressed in the section 2.2, coverage of laser tracks
showed a strong dependence on DC. For instance, Figure 3 shows the micrographs of the laser-

nitrided samples at DC5 and DC20 as processed by ImageJ software.
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Figure 2. Micrographics of the laser-nitrided samples at lower duty cycles of 5% (a) DCS5 and
20% (b) DC20.

In these images, the area that is higher than a threshold in z-direction (average basal plane)
is expressed as white color, whereas the gray area reveals the morphological features of BM. Thus,
the white areas represent the areas covered by laser tracks. As can be observed in Figure 3, the
samples treated at DC5 and DC20 had a large portion of BM areas not covered by the laser-tracks.
The same image processing for DC40 to DC100 showed all white and indistinguishable images
(not shown), suggesting a full coverage of laser tracks for these samples. In fact, analysis of images
for DC40 to DC100 by another mode of ImagelJ showed increasing overlapping areas between the

laser tracks with increasing duty cycle from 5.4%(DC40) to 24.8% (DC100) (Chan et al., 2020).

Surface roughness and topography before and after laser nitriding
Figure 4 provides the results of arithmetical mean height (Sa) and maximum height (Sz) of
the samples nitrided at different duty cycles between 5% and 100%. Sa and Sz are the extension

of Ra (arithmetical mean height of a line) and Rz (maximum profile height of a line) to a surface.
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Figure 3. Comparison of Sa and Sz values between the BM and laser-nitrided samples of DC5 to
DC100.

The BM sample (i.e. polished with 1000 grit SiC paper) was used as a control and had Sa of
1.059 um and Sz of 10.833 um. The Sa for the laser-nitrided samples lied between 0.536 um and
1.904 um whilst their Sz ranged between 9.814 um and 21.767 um. The results in Figure 4 indicate
that both the Sa and Sz values of the nitride sample at the lowest duty cycle (DC5) were smaller
compared with BM. The lower Sa compared to BM was observed also from the nitrided samples
of DC20 and DC40. But, slightly different trend was observed in Sz in that all the samples nitrided
at the duty cycles of 20% and higher showed higher Sz values than BM. For the laser-nitrided
samples, the Sa values steadily increased with increasing duty cycles. As increasing trend occurred
for the Sz values with increasing duty cycles, but the increase of Sz from DC60 to DC80 was very
small whilst DC100 exhibited a sharp increase of Sz.

Compared with BM, the smaller Sa and Sz in DCS5 can be explained by the effect of “laser

polishing”, i.e. the surface irradiated by short laser pulses at a power density which causes shallow
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surface melting (only happened on the surface region of the substrate), thus resulting in the surface
with fine-scale roughness (Giorleo, et al., 2015). With longer laser pulses and higher power
densities at higher duty cycles (DC20 and higher), deeper surface melting occurs and this can result
in stronger convection currents in the melt pools and thus rougher surfaces. The different trends in
Sa and Sz can be explained by the difference in the calculation details of the two roughness
parameters. Sa describes the arithmetic average height of the surface features within the defined
area whilst Sz provides the average of the height difference between the five highest peaks and
five lowest valleys within the defined area. In other words, surface roughening by laser at low DC
scheme, e.g. DC20 and DC40, tends to generate distinct high peaks and valleys first before rather
even surface roughness is generated. Figure 5 shows the 2D and 3D surface topography as well as
the 2D roughness profiles of the samples before and after laser nitriding at different duty cycles

between 20% and 100%.
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Figure 4. (a) The 3D and 2D surface images and (b) the 2D roughness profiles of the untreated

BM and different laser-nitrided samples measured by WLI.
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It can be seen that the surface of BM had distinct line patterns as a consequence of marks
left by polishing during the metallurgical preparation process. In comparison, randomly distributed
peaks and troughs (represented by the red and yellow patterns in Fig. 5) appeared on the surface
of DCS5, which can be correlated with the effect of laser nitriding at the lowest duty cycle. With
increasing duty cycle, another line pattern started to appear on the surface of DC20, and apparently,
this is due the laser tracks, not that from polishing marks. Because of the exposure of untreated
area in DC20, the line patterns of laser tracks in DC20 were less obvious when compared with the
samples nitrided at higher duty cycles (40% or above). The 2D roughness profiles in Figure 5
reveal more distinctive contrasts between the peaks and valleys of the line patterns in the surfaces
nitrided between DC40 and DC100. With the increasing duty cycles, the line patterns appear to be
more periodic with a reduction of “noise” (or roughness due to the existence of surface features in
a finer scale) in the profiles.

Based on the combined studies of XRD and surface morphology, we suggest that during the
process of laser nitriding of TiNb, the heat input of laser energy firstly caused the re-melting of
substrate metals (Ti and Nb), followed by thermochemical reactions between N> and Ti in the
substrate metals, leading to the formation of TiN on the surface. When the surfaces were nitrided
at the lower duty cycles, namely DC5 and DC20, the shorter interaction time between the laser
energy and substrate metals, along with the lower energy input, induced smaller melt pools. The
laser spots (DC5) and tracks (DC20) formed after re-solidification were not large and wide enough
to overlap with each other, and thus untreated BM area were still exposed on the surfaces. With
increasing laser energy input and interaction time with increasing duty cycles (DC40 and above),
the size of melt pools increased and the width of laser tracks also increased, leading to a more
significant overlapping between the laser tracks. The duty cycle of 80% was found to be the
threshold at or above which can cause a significant increase of overlapping between the laser tracks.
When the laser tracks significantly overlapped, they tended to “crush” with each other and thus

produce “peaks” where the roughest regions can be recognized on the surfaces of DC80 and
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DC100. A detailed explanation to the structure of the fully-covered samples, namely DC40 to
DC100 had been reported elsewhere (Chan et al., 2020).The findings indicated that minimum

overlapping between the laser tracks would give desirable results to obtain the crack-free surface.

3.2. Functional Properties

As a result of nitriding TiNb samples with the laser treatment, several functional properties
are expected to be changed. Among them, critically important as bearing materials of prosthetic
joint implants studied in this study are hardness, tribological properties, and anti-microbacterial

properties.

Vickers micro-hardness in cross-sectioned surfaces

Based on the results from the coverage of laser tracks, surface roughness, and topography
measurements presented above, the samples nitrided at different duty cycle conditions can be
categorized into the following groups: surfaces not fully covered by the nitride tracks (DC5 and
DC20), fully covered surfaces with lower surface roughness (DC40 and DC60) and with higher
surface roughness (DC80 and DC100). Figure 6 shows the OM images of the cross-sections of

nitrided samples with the indentation marks for micro-hardness measurements.
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Figure 5. OM images of the cross-sections of nitrided samples with the indentation marks for
micro-hardness measurements.

Briefly, remelted pool with semicircular shape started to become apparent from DC40, and the
depth of re-melted pool increased with increasing DC; the thickness of the re-melted pool was
determined from 22 pum (DC40) to 43 pum (DC100) (Chan et al, 2020). A trace of this
microstructural feature is also visible from DC20, yet it is missing in DCS5. Further detailed
microstructural features of the nitrided samples were characterized by acquiring scanning electron
microscope (SEM) micrograph images and are presented in Supplementary Material (S3, Figure
S1). In addition, in-depth discussion on the microstructures of fully covered samples, DC40 to
DC100, are available in a previous study (Chan et al, 2020). The results of hardness measurements

along the cross-sections of laser-nitrided samples are presented in Figure 7.
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Figure 7. Results of Vickers hardness measurement along the cross sections of the laser-nitrided

samples. The number of repetitions of the indentations at each depth was five (n = 5).

The first indentation mark was made at the points as close as possible to the top surface layer,
from which the maximum hardness was obtained for all samples. The DC5 and DC20 (not fully
covered group) had the maximum hardness ranged between 260 and 642 HV. The sample group
of fully covered surfaces with relatively lower surface roughness (DC40 and DC60) had the
maximum hardness between 654 and 799 HV, whereas those with relatively higher surface
roughness had the maximum hardness between 788 and 1022 HV. Overall, the maximum hardness
(recorded in the first indent mark) increased linearly with increasing duty cycle. Except for DC5,
the hardness tended to decrease along with the measurement points, and the extent of decrease in
hardness varied according to duty cycle conditions. For instance, the hardness of DC20 dropped
sharply from 642 to 272 HV when the measurement point moved from the top surface region to
the region at 0.02 mm in depth. Beyond that, the hardness values became steady at ~238 HV. The

hardness profiles of DC40 and DC60 showed a smoother decreasing transition in hardness from
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the top surface region down to the region of 0.05 mm in depth. For both samples, the hardness
values no longer changed and stabilized at ~237 HV from 0.06 mm in depth. In contrast, the
hardness of DC80 and DC100 started to drop rapidly from the maximum values (at the top surface
region) until it reached to the steady value of 243 HV at the depth of 0.08 mm. Lastly, all the data
points at and beyond the depth of 0.08 nm, ranging ca. 237 to 243 HV represent the hardness of
BM.

The decreasing trend of hardness along the cross-sections is common to different nitrided
samples and is attributed to the microstructural changes in TiNb after laser nitriding, namely from
the remelted zone to HAZ, and then from the HAZ to BM, from the top surface to bulk. Detailed
microstructural changes, in particular as a result of the change in duty cycles in laser-nitriding, had
been reported in the authors’ recent study (Chan et al., 2020). Briefly, the hardening effect in TiNb
after laser nitriding can be associated with the following factors: (i) extent of overlapping between
the laser tracks, (ii) thickness of the re-melted zone, (iii) concentration of TiN dendrites formed in
the remelted zone, and (iv) presence of N-rich Ti in the remelted zone and HAZ. The role of
increasing duty cycle is to induce an increase in both the thickness of remelted zone and the
concentration of TiN dendrites, leading to higher hardness at the top surface region. It is important
to note that hardness was fairly low and constant in DC5 sample throughout the cross section. This
can be explained by the fact that no TiN was present in the remelted zone as evidenced by the
XRD results in Figure 2. Furthermore, the depth of remelted zone was very shallow that its
influence on the hardness is little to none. Moreover, since the laser tracks were not fully
overlapped, some indentation marks in DC5 out of repetitive measurements could have been
acquired from the untreated BM region, instead of the remelted zone. This could have also

happened in DC20 with a lower probability.

Coefficient of friction (COF) of the nitrided surfaces
Pin-on-disc tribometry tests (a total sliding distance of 1,000 m under 10 N load) were carried

out to investigate the frictional properties of the laser-nitrided sample surfaces. The untreated BM
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samples were tested too as a control. All measurements were conducted in FBS as a model synovial
fluid. The COF plots vs accumulated sliding distance for the BM and laser-nitrided samples are

shown in Figure 8.
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Figure 8. The COF vs sliding distance for the BM and laser-nitrided samples throughout the
sliding tests.

It is evident that BM and DC5 showed much higher values and larger variations in COF
compared to the other nitrided samples throughout the entire measurement. This result is similar
to recent studies of laser-nitriding of other types of Ti or Ti-alloys (Filip, 2008), and indicates that
the friction-lowering effect of nitride layers on Ti or Ti-alloy substrate is generally observed
regardless of the purity or types of alloying elements. This can be firstly correlated with the
significantly increased hardness due to the formation TiN layer on the surface as shown in Figure
6 and 7. Additionally, increased hydrophilicity TiN compared to BM, and thus a better wetting by

water-based fluid, was suggested as another contributing factor too (Serro et al., 2009). For all the
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other samples, the friction signals were fairly stable and lower than ca. 0.18 throughout the
measurements, except for frequent spikes observed form DC20 from ca. 500 m sliding distance.
Nevertheless, these samples, i.e. DC20 to DC100, still showed relative differences from each other
in COF values. In order to compare and see whether there is any relation between the frictional
properties and hardness or duty cycle, the mean COFs over the entire 1,000 m sliding distance are

compared in Figure 9.
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Figure 9. The mean coefficients of friction (COF) of the untreated BM and laser-nitrided
samples.

Among all the samples, DC60 showed the lowest COF which represents a reduction by 87%
compared with the BM. Meanwhile, both groups of samples with lower DC (DC20 and DC40) or
higher DC (DC80 and DC100) than DC60 showed slightly higher COF values. Given that the
hardness is gradually increasing with increasing DC (Figure 7), whereas the surface roughness is
also increasing with increasing DC (Figure 4), we can firstly propose that the optimum frictional
properties observed from DC 60, i.e. the lowest COF, are a compromise of the two opposing trends.
Lastly, it is interesting to note that between the two samples showing the highest COFs, namely

BM and DCS5, the COF of DCS is notably higher than that of BM, despite that the former was
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lightly laser-treated. The delicate differences in the frictional properties of the nitrided samples

under varying duty cycle will be further discussed below.

Wear resistance of the nitrided surfaces
Figure 10 shows the photographic pictures of the BM and laser-nitrided samples after the

pin-on-disc tribometry tests.

Figure 10. Photographic pictures of the untreated and laser-nitrided samples after the sliding

tests.

Notable differences can be seen from BM and DCS5, both of which displayed the surfaces
undergoing a very severe wear as noted by the wide and deep sliding tracks. In addition,
“squeaking” noise was heard during the sliding tests for BM and DCS, indicating the intense
tribological contacts between the sapphire ball and the sample surfaces. Figure 11 shows a

magnified OM image of the wear mark of BM after the pin-on-disk tribometry test.
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The SEM image on the right shows the magnified micrograph of the boundary between the wear
track and prinstine BM.

The right SEM micrograph in Figure 11 displays the inner details of the wear mark. The wear track
in BM was very deep with a clear directional sliding pattern. In contrast, the wear track is
remarkably shallower and narrower for DC20 sample. With further increase of duty cycles to 40%
and higher, the surfaces showed even shallower and narrower wear tracks. Figure 12a shows the
magnified OM images of the wear tracks on the fully covered surfaces (DC40 to DC100) after the

pin-on-disc tribometry tests.
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(b) Measurement of Width of Worn Mark
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Figure 12. (a) The magnified OM images of the wear marks observed from the laser-nitrided
samples, which are fully covered by laser tracks (a(i) DC40, a(ii) DC60, a(iii) DC80, and a(iv)
DC100)after the pin-on-disk tribometry tests. The insets show the overview of the wear marks

(b) The widths of the wear marks measured in Figure 8 by ImagelJ (n = 18) are shown in (a).

The measured widths of the wear tracks on the DC40 to DC100 surfaces are shown in Figure
12b. There is no obvious difference in the wear track width for the samples ofDC40 toDC80, and
the values were around 250 um. In contrast, DC100 showed a clearly higher wear track width of
450 um when compared with other fully covered samples. Furthermore, the wear marks on DC100
surface were found to be disconnected with each other. A similar, yet less serious phenomenon was
found from the wear marks on DC80 surface. The wear marks in DC40 and DC60 were connected
to form a continuous circular track. This qualitative difference in the patterns in wear marks
according to duty cycle can also be correlated with increasing surface roughness with increasing
duty cycles (Figure 4). The samples with higher surface roughness tend to expose higher gap
between peaks and valleys, and thus it is more likely to display disconnected wear patterns after
tribological stress on the surface.

The OM cross sections of the wear tracks in DC20 and DC100 are given in Figure 12.
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Figure 6. OM images of the cross-sectioned surfaces of DC20 and DC100 after the pin-on-disc
tribometry tests highlighting the locations of wear tracks in the cross-sections.

As seen in Figure 13, a weak wear mark can be identified in the cross section of DC20. In contrast,
similar feature is absent from the cross section of DC100, implying the worn mark was very
shallow that cannot be identified by an optical microscope. In general, wear volume is related with

hardness according to the following equation:

V =kLS/H (eq. 1)

where V is wear volume, k is wear coefficient, L is constant load, S is sliding distance and H is
hardness. The wear coefficient k is usually considered to be constant in specific condition (Rigney,
1994). According to this equation, wear volume is expected to be inversely proportional to the
surface hardness. The hardness measurement results in this study predict that the nitrided samples
with higher duty cycle may display lower wear volume. Unfortunately, though, as the wear marks
were not apparent for many nitrided samples as shown in Figure 13, it was not possible to

determine the wear volume by profilometry and verify the relationship in eq. 1.

26



Debris size distribution after the sliding tests

An alternative to characterize the wear volume of the substrate is to characterize the wear
debris released to the fluid, i.e. FBS, in which tribological contacts took place. Figure 14 shows
the photographic pictures of fetal bovine serum (FBS) solutions collected from the BM and laser-

nitrided samples after the pin-on-disc tribometry tests.
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Figure 7. The FBS solutions collected from the BM and laser-nitrided samples after the pin-on-

disc tribometry tests.

The FBS solutions displayed a recognizable colour changes across the samples due to the presence
of wear debris with different chemical identity, size, and concentration in the solutions. The
solutions of the BM and the sample treated with the lowest duty cycle (DCS5) turned into black,
indicating high concentration of wear debris. It is believed that the wear particles in DC5 were
mainly composed of BM because a majority of the surface area exposed in DC5 was not laser-
treated. The FBS of DC20 exhibited a dark brown colour, indicating either a lower concentration
of wear debris and/or different chemical identity of wear debris compared those from BM and

DCS5. Given that surface coverage by nitrides is much higher for DC20 compared to DCS5, the wear

27



debris is likely to be a mixture of the particles from the nitrided surface and the exposed BM on
the surface. For the fully covered surfaces from DC40 to DC100, the solutions collected were
clearer and nearly indistinguishable from the pristine FBS. Since the surfaces were fully covered
by nitrides, the wear debris, if present, should be nitride particles and no BM particles were
involved. Moreover, since nitride layer display a gold colour (Figure 12), it is expected to be more
difficult to distinguish from the colour of pristine FBS even if they are present as wear particles in
FBS.

Figure 15 provides the DLS profiles of particle size distribution of the FBS solutions

collected from the BM and laser-nitrided samples after the pin-on-disc tribometry tests.
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Figure 8. Size distribution of wear debris in the FBS collected from the BM and laser-nitrided
samples after the pin-on-disc tribometry tests. The X axis (D) is the hydrodynamic diameter of
wear debris whilst the Y axis is the volume of wear debris for each D.

The pristine FBS was used as a control as the proteins in FBS can also form detectable particles.
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The fully covered samples from DC40 to DC100 showed similar profiles of size distribution
compared to the pristine FBS in that only one distinct peak at around 10 nm was observed. It
should be noted though that all of the peaks of the fully covered samples shifted to right compared
with that of the pristine FBS, indicating the presence of nitride particles in the solutions. However,
since the magnitude of shift is very small, the amount and size of wear particles from Ti alloy
samples is expected to be small too. No particular trend is visible between the duty cycle and the
particle size distribution for these samples. In contrast, the solutions of BM, DC5, and DC20 did
not exhibit the peak at around 10 nm, but displayed much larger ones such as a broad single peak
at around 1,000 nm for BM, a sharper single peak at around 2,000 nm for DC5, and multiple peaks
at 50 nm, 1,000 nm, and 5,000 nm for DC20, all of which reflect more severe wear of these samples.

Another quantity to define the size of particles in solution by DLS is Z-average. The Z-
average size values of wear debris in the FBS solutions collected from the BM and laser-nitrided

samples are shown in Figure 16.
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Figure 9. The Z-average size of the wear debris in the FBS solution collected from the BM and
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laser-nitrided samples. The pristine FBS (or serum) was used as a control.

The Z-average size in DLS is a parameter known as the cumulative mean which is defined as the
harmonic intensity averaged particle diameter. It is a hydrodynamic parameter and, strictly
speaking, is applicable only to spherical and mono dispersed particles in solution. Basically, the
same trend with the particle size distribution (Figure 15) was observed. A significant difference in
the Z-average values was observed between the two groups of samples again, namely fully TiN-
covered (DC40 to DC100) vs. BM or partially covered (DC5 and DC20) samples. The Z-average
of the pristine FBS as a reference was 30 nm, and the highest Z-average value of 2,352 nm was
observed from the solution of DCS5. The Z-averages measured across the solutions from the DC40
to DC100 samples only slightly varied, and the values were very close to that of the pristine FBS.

One point that needs a further explanation is larger particle size distribution and higher Z-
average value from DC5 than BM. In fact, this behavior is consistent with the higher COF observed
from DCS5 than BSM (Figure 8 and 9). This can be understood in the context of explaining the
differences in wear mechanisms for BM, partially (DC5 and DC20), and fully-covered (DC40 to

DC100) sample surfaces. To this end, a schematic illustration is provided in Figure 17.
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Figure 10. A schematic of the possible wear behaviours happened during the sliding tests for

BM, partially and fully covered surfaces.

We propose that the wear processes occur in four stages: (i) start of the sliding contacts, (ii)
generation of initial wear debris, (iii) influences of the initially generated wear debris on the wear
track, and (iv) subsequent wear damage and the associated wear mechanisms. In the pin-on-disc
tribometry tests, the sapphire ball, which was used as the slider, is harder (hardness 1600-1800 HV)
(Goodfellow, 2019) than untreated TiNDb (hardness 237-243 HV) or TiN (hardness 654-1022 HV)
measured in this study. For BM, it is quite straightforward that the mechanism is two-body abrasive
wear as the difference in hardness of sapphire ball and BM is very large. While initially generated
Ti wear debris can be pressed against the flat BM surface, it is generally expected that this can lead

to plastic deformation on the flat surface, and subsequent wear damage on the substrate, only when
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the ratio between the hardness of particle (/,) and substrate (H), i.e. H,/H;, 1s larger than 1.25 for
spherical particles (Hutchings et al., 1992). Thus, Ti particles on Ti substrate or nitride particles on
nitrided substrate are not expected to contribute further wear. A more complicated wear mechanism
is expected for the partially covered surfaces as nitrides and BM co-existed on the surface, and
accordingly, wear debris generated can be a mixture of harder nitride particles and softer BM
particles. Thus, the hard nitride particles can press and cause additional wear damage on the soft
BM substrate under sapphire ball. Therefore, the wear process for the partially covered surfaces is
likely to be driven by a three-body abrasive wear. Most of all, local patches formed on DCS5 surface
from melting by laser treatment is expected to contribute to large-sized peak for the DLS profile
for, if they are worn off from the surface (Figure 15). The two-body wear abrasive model is also
expected to be dominant for the fully-covered surfaces as the contribution from the hard nitride
particles to further wear of also hard nitride surfaces is ignorable.

Lastly, collective studies on hardness, friction, and wear properties of laser-nitriding of TiNb
in this study showed that all three properties do not necessarily change in parallel as a function of
duty cycle. For instance, the hardness of topmost layer of laser-treated TiNb was proportionally
increasing with increasing duty cycle (Figure 7). In contrast, anti-wear properties of laser-nitriding
as judged by size distribution of wear debris in FSB were nearly indistinguishable for the samples
with duty cycle of 40% and higher (Figures 14-16), although the width of wear marks was notably
higher for DC100 compared to DC40 to DC80 (Fig. 12b). Meanwhile, an optimum friction
property (i.e. the lowest COF) were observed from DC60 (Figure 9). The lowest COF from DC60
can be firstly correlated with the interplay of hardness with increasing surface roughness with
increasing duty cycle (Figure 4) as mentioned above. Another important factor to consider is
micro-cracks generated from by the over-growth and populated TiN dendrites in the re-melted
zones that were observed particularly more from the samples with very high duty cycle, e.g. DC80
and DC100 (Chan et al., 2020). In particular, the highest population of micro-cracks of DC100
may account for the notably larger width of wear marks compared to the other fully covered

nitrided samples. It should be noted that even DC60 was not completely free from micro-cracks
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on the surface. Since micro-cracks can be weak points to induce energy dissipation under shear
stress, they can be additional factor for higher COFs from DC80 and DC100 compared to DC60.
Moreover, when the applied tribostress is greater than that in this study, the samples with higher

density of micro-cracks may display less effective wear-resistance too.
Bacterial adherence and biofilm formation on nitrided surfaces

The results of S.aureus adherence and biofilm formation on the BM and laser-nitrided

surfaces after 24h culture are shown in Figure 18.
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Figure 18. Bacterial coverage results for the BM and laser-nitrided surfaces after 24h culture with
S. aureus. a) representative images showing bacterial adherence/biofilm coverage on each sample.
Images were obtained by live/dead staining and fluorescence microscopy. Live (viable) bacteria
are stained green, and dead (non-viable bacteria) stained red. b) Percentage biofilm coverage on
each treated sample, and control material (BM) as determined by image analysis (* denotes
significant difference). c) Ratio of live:dead bacteria on each image analyzed for each sample and
BM control and data displayed as a heat-map. The scale shows samples with a greater proportion
of live bacteria are represented in green, with greater proportions of dead bacteria represented in
red.
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The results in Figure 18 show a significant difference of total bacterial adherence/biofilm
formation on the surfaces coverage the BM and the laser-nitrided samples (p < 0.0001). The BM
sample had the highest biofilm coverage of 29.8%, and this total biofilm coverage was
significantly decreased after laser nitriding. The laser-nitrided samples had the total biofilm
coverage ranging from 2.9% (DC60) to 12.0% (DC100). Regarding the ratio between the dead and
live bacterial cells, the portion of dead cells was always higher than the live cells on all of the laser
treated samples. However, on the BM, a greater number of bacteria survive to colonize this surface,
resulting in a greater proportion of live bacteria (green), and a hence greater percentage area of
surface biofilm coverage. While all samples showed a significant reduction in adherent bacteria in
comparison to control, the only intra-sample significance was shown between DC60 and DC100
(p=0.0012).

The results in the XRD confirmed the existence of nitrides in the samples (DC20 to DC100)
after laser nitriding, and the coverage of nitrides increased with increasing duty cycles. By
increasing the duty cycles to 40% or above, the samples were fully covered by the nitride tracks.
Moreover, the nitrides in the DC20 surface comprised mainly the TiNbN while those nitrided at
40% and above were covered mainly by TiN. Research by (Annunziata et al. 2011) and (Chan et
al. 2017, Clare et al., 2020) reported that TiN coating is less attractive to the bacterial adhesion
and proliferation, leading to an effective reduction in the biofilm formation. The initial bacterial
adhesion and subsequent biofilm formation depend on the complex interplay between the (i)
surface physical features (roughness and topography), (ii) chemistry of oxide layer (composition,
structure or crystallinity and thickness) and (iii) wettability (Chan et al. 2018). The varying results
in bacterial coverage across the samples nitrided at different duty cycle conditions are mainly
attributable to the differences in the aforementioned factors. Regarding the DC5 sample, its surface
after laser nitriding had no nitrides, but the surface properties were changed as a result of the
localized surface melting caused by laser energy. An antibacterial oxide layer can be formed which
reduced the bacterial coverage on the surface. The exposure of BM (uncovered regions) in the

DC5, and also in the DC20 surfaces, could contribute to bacterial adherence on these samples. On
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the other hand, DC80 and DC100 also had a higher bacterial coverage than DC60 despite that all

three of them were fully covered with the nitride layers. Two reasons can be proposed; Firstly, it

can be due to the presence of surface cracks in the nitride layers for higher DC samples, similarly

with the higher frictional properties (DC80 and DC100) or the higher width of wear marks (DC100)
discussed above. The cracks can potentially provide a niche for the bacteria to attach and colonize.

Secondly, the higher roughness in terms of Sa and Sz for DC80 and DC100 can lead to greater

opportunity for initial bacterial adhesion at the rough regions which possessed the features with

higher height contrast, and thus result in a higher bacterial coverage on the surfaces.

Overall, DC60 displayed the best antibacterial properties compared with the other laser-
nitrided samples. However, the micro-cracks on the surface of DC60 are still a concern when it is
used for treating the bearing surfaces of an implant which mechanical motions are involved.
Statistically, DC40 performed the same as in DC80 and DC100 but it is still inconclusive to explain
why DC40 had an inferior antibacterial performance than DC60 provided that DC40 was fully
covered by the nitride layer and no micro-cracks were present. A follow-up study is therefore

required for further investigation.

4. Conclusions

A multifunctional, namely surface-hardened, anti-wear and anti-bacterial, layer was
successfully created on the beta TiNb alloy by means of fibre laser nitriding in open air via the
modulated mode. The important findings can be summarized as follows:

(1) The TiNb surfaces were laser-nitrided at different duty cycles between 5% (modulated
module) and 100% (CW mode). The colour of the nitrided surfaces changed from silvery
to gold colours in a different shade with increasing duty cycles. The nitrided surfaces were
fully covered with nitride tracks upon laser nitriding at the duty cycle of 40% or above.

(1)  The surface nitrided at the lower duty cycle (DC20) contained mixed TiNb nitrides, whilst
the surfaces of higher duty cycle samples (DC40 to DC100) were dominated by TiN. No

nitrides were found on the surface of DC5.
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(iii)

(iv)

v)

The laser-nitrided surfaces had the Sa ranging between 0.536 um and 1.904 um, and the Sz
lie between the 9.814 um and 21.767 um. The Sa and Sz values were found to be increasing
with increasing duty cycles. The maximum hardness for the nitrided surfaces in the
partially covered group (DCS5 and DC20) was between 260 and 643 HV, whilst those in the
fully covered group (DC40 to DC100) lie between 654 and 1022 HV.

The COF was found to be decreasing significantly upon nitriding the surfaces at the duty
cycle of 20% or above. The surfaces nitrided at the duty cycle of 40% or above had the
insignificant wear damage and generated the least amount of wear debris after the sliding
tests.

All nitrided surfaces exhibited an improved antibacterial performance against the bacterial
attachment and biofilm formation of S. aureus after 24h culture, with the DC60 condition

showing the lowest bacterial coverage.

Overall, it is instructive to find out that CW mode is not necessarily the best approach to form

nitride layers in order to impart desired wear resistance and antimicrobial properties on beta-TiNb

surfaces by means of fibre laser nitriding. As shown in this study, many samples with lower DC

than 100%, such as DC60 is the sample modified with the optimum surface properties. It showed

the lowest COF among all samples, lowest DLS size profiles together with some other samples,

and the highest antibacterial properties. On the other hand, it should be also considered that DC40

may display even superior tribological functionalities under different load-bearing and shearing

conditions than those in this study, as micro-cracks present in DC60, but not in DC40 (Chan et al.,

2020), could be potentially the weak points to cause wear damage in long term.
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S1.

CALCULATIONS OF LASER FLUENCE FOR FIBRE LASER SURFACE TREATMENT:

The focal spot diameter (d.-z) can be obtained by Equation (1):

4Af
de—z = Fe—z X ]\/[2 (1)

Where d, -2, A, f, D,-2, and M? are the focal spot diameter, wavelength of the laser beam,
focal length of lens, diameter of the beam before the lens, and beam mode parameter of the
fibre laser

Given that A, f, D,-z, and M? are pum, mm, 5 mm, and respectively.

By substituting these values into Equation (1), the focal spot diameter (d.-2) is 41 uym.

The laser spot diameter at the stand-off distance of 1.5 mm can be obtained using simple trigonometry.
After calculations, it is pm, and hence the spot area is cm?. The modulation frequency
of the laser system is kHz, and the laser power being used is 45 W.

Take a pulsed laser with a given output power. Pulsed lasers are modulated. Therefore, the
energy of each pulse can be calculated by Equation (2):

_ Laser Power (W)
Pulse Energy (]) " Modulation Frequency (Hz) (2)

The laser fluence (J/cm?) can be calculated by Equation (3):

__ Pulse Energy () (3)

Laser Fluence (J/cm?) = Spot Area (cm®)

By substituting the values into Equation (2) and (3), the laser fluence at the power of 45 W with the
modulation frequency of kHz is J/cm?
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S2.

The apparent contact pressure can be estimated from the mechanical properties and contact geometry
based on the Hertizian contact pressure equation.

Sapphire
Elasticity modulus 345 GPa, Poisson ratio 0.25, r = 3 mm
REF) http://valleydesign.com/sappprop.htm

TiN
Elasticity modulus 260 GPa, Poisson ratio 0.25
REF) https://www.memsnet.org/material/titaniumnitridetinfilm/

TiNb

Elasticity modulus 90 GPa, Poisson ratio 0.25

REF) On the mechanical properties of TiNb based alloys, Journal of Alloys and Compounds

Volume 571, 15 September 2013, Pages 25-30. Please note that in this paper, the elasticity moduli of
TiNb with Nb percentage of ca. 8% and 25% only (8 GPa) were provided. Since the percentage of Nb
is higher for the sample in this study (45%), the value was adjusted in a linear way.

The apparent maximum Hertzian contact pressures are thus estimated to range from 2.78 GPa
(sapphire ball/TiN pair) to 1.71 GPa (sapphire ball/TiNb (BM) pair) (Supplementary Material, S2).”
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Figure S1. Scanning-electron microscope SEM (SEM, FlexSEM 1000, Hitachi, UK) micrographs for
the nitrided samples. These images were captured in secondary electron (SE) mode at a lower
magnification (x900) and 20-kV beam.
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