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Abstract  

In this study, fibre laser nitriding in open air was applied to the Ti6Al4V alloy in order to improve the wear 

resistance, thus minimising the generation of wear debris from the surfaces for load-bearing applications. 

The recent technological advancement to perform the laser nitriding process in open air allows the 

opportunity to surface-harden any curved and/or specific areas in the hip implants. The laser nitriding 

process was modulated between the pulsed mode and continuous wave (CW) mode by varying the duty 

cycle between 60% (pulsed) and 100% (CW). Our experimental investigations were divided into two stages 

in sequential order: Firstly, to create crack-free, homogenous and golden laser-nitrided surfaces by the 

proper selection of duty cycle. Secondly, it was to analyse the properties (both physical and chemical) of 

the wear debris as well as to evaluate their cytotoxicity and antibacterial performance. The laser-nitrided 

surfaces were characterised and tested using a variety of techniques, incl. optical microscopy, SEM-EDX, 

XRD, surface roughness and Vickers hardness measurements, as well as tribological tests (i.e. ball-on-disk 

wear tests and DLS). The wear debris from the laser-nitrided surfaces (collected in the wear tests) were 

analysed using TEM, XPS and SEM-EDX. Their toxicity was evaluated using in-vitro cell culture with 

macrophages at two time points (24 h and 48 h). The antibacterial performance was tested in vitro against 

two of the most commonly implicated pathogens in orthopaedic infection, namely Staphylococcus aureus 

and Escherichia coli for 24 h. Our findings indicated that the wear resistance of the surfaces after laser 

nitriding was significantly improved and the amount of wear debris generated was also significantly 

reduced. The wear particles from the laser-nitrided surfaces were in the nano-sized scale range (0.01 µm 

to 0.04 µm or 10 nm to 40 nm). They were found to be less toxic towards RAW264.7 macrophages, yet 

display antimicrobial properties against Staphylococcus aureus, when compared with the larger particles 

(1.5 µm in size) from the untreated surfaces. It is envisioned that successful fabrication of the non-toxic 

and highly wear-resistant TiN layer in Ti6Al4V using the open-air laser nitriding technique can enable 

progress towards the development of metal-on-metal (MoM) hip implants fully made of Ti-based alloys. 

Keywords: Laser nitriding, titanium nitride (TiN), nano-particles, orthopaedics, wear debris  
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1.0. Introduction 

Orthopaedic hip implants are medical devices intended to restore the mobility and relieve pain in 

patients who suffer from arthritis and other hip associated diseases or injuries. An online report from 

the US Food and Drug Administration (FDA) indicates that the longevity of hip implants is related to a 

variety of factors such as (i) implant design features (size, shape and material), (ii) surgeon experience, 

and (iii) technique of implantation, as well as (iv) individual patient characteristics, including sex, age, 

weight, level of activity and concomitant health conditions [1]. Amongst these factors, damage to the 

implant materials caused by wear is the main challenge faced by all designs of hip implants, 

particularly for metal-on-metal (MoM) implants.  

In the MoM design, both the ball and socket (or cup) components are made of metal. Rubbing 

between the metal femoral head and the metal socket (both of which usually made of CoCrMo) during 

walking or running can cause the release of metal ions and/or microscopic particulate matter [2]. Wear 

can also occur in other coupling components of the hip implant, namely the femoral head and the 

taper of a femoral stem in which micro-motions occur between the interior surface of the ball head 

and the tapered surface, causing the release of the metal ions and/or particles. Such metal ions and/or 

particles (if nano-sized in scale) can enter the bloodstream and be carried to, and accumulate in, 

different tissues or organs in the body. The MoM hip implants are suitable for young patients with 

more active lifestyle on account of their significantly lower wear rate (i.e. reduced by 60 times) than 

the conventional metal-on-plastics (MoP) design [3]. However, there is a trade-off between the 

reduced wear damage and the increased toxicity of the metal ions/particles being released.  

Heavy metals are known to be health hazards and have adverse effects on cell growth and metabolism. 

Higher Co and Cr concentrations in blood have been associated with structural changes in neurological 

pathways, leading to neurological problems e.g. changes in brain structure and function [4]. 

Furthermore, accumulation of the metal wear particles can cause damage to the bones and/or soft 

tissues surrounding the hip implant. Such damage in the soft tissues is the main reason for pain and 

implant loosening, which can subsequently lead to device failure and revision surgery. The United 

Kingdom's (U.K.) Medicines and Healthcare products Regulatory Agency (MHRA) has issued a medical 

device alert including specific follow-up recommendations (including blood tests and imaging) for 

patients with MoM hip replacements [2]. Evidently, there is an urgent need to replace the CoCr-based 

metals in the MoM implant design.  

Ti-based alloys, particularly Ti6Al4V (Ti Grade 5) have been successfully employed as implant materials 

for several decades given their excellent biocompatibility, mechanical and corrosion properties, as 

well as high strength to weight ratio. However, direct replacement of CoCr heads or sockets by the 

Ti6Al4V alloy is practically not possible given that the inferior wear resistance of Ti6Al4V can lead to 

the generation of a higher amount of potentially toxic wear particles. Exposure to high concentrations 

of Al and V ions can generate long/term health problems such as peripheral neuropathy, osteomalacia 

and Alzheimer’s disease [5]. Therefore, Ti6Al4V can only be used as bearing surfaces with post surface 

hardening treatment.  

Ti6Al4V can be surface hardened with titanium nitride (TiN) using physical, chemical or thermal 

treatment methods, e.g. physical or chemical vapour deposition (PVD or CVD), ion-implantation, laser 

surface nitriding, heat treatment to name a few. The problems of PVD or CVD concern the interface 

between the coating and substrate. It has been reported that third body wear can happen at the 

interface due to delamination of PVD-coated TiN on Ti6Al4V [6]. The coatings formed by ion-

implantation are too thin (depth less than one micron) for long/term protection against wear. The 

hardening heat-treatment at elevated temperature can alter the whole structure of both the surface 
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and bulk. In comparison, laser surface nitriding offers the unique advantage of creating a thick TiN 

layer (of up to 100 μm) which is metallurgically bonded with the substrate but without altering the 

bulk properties. The recent technological advancement to perform the laser nitriding process in open 

air allows the opportunity to surface-harden any curved and/or specific areas in the hip implants. The 

open-air laser nitriding has been successfully applied to commercially pure (cp) Ti, Ti6Al4V, NiTi and 

beta Ti alloys by the present authors to enhance the surface properties including wear, corrosion and 

antibacterial resistance [7, 8, 9, 10]. 

TiN is known to be a biologically inert material which shows promising blood tolerability properties 

(with a hemolysis percentage near to zero) [11]. TiN is often added as a coating layer to improve the 

tribocorrosion properties of Ti whilst maintaining biocompatibility [12]. TiN-coated commercially pure 

titanium (cp-Ti) implants have shown good cytocompatibility with mouse fibroblast cells [12]. Gordin 

et al. [13] demonstrated that TiN-coated cp-Ti and Ti6Al4V show improved osteoblast proliferation 

compared to their controls. Furthermore, the antibacterial activity of TiN-coated Ti6Al4V was tested 

against five different strains of Streptococci and it proved to be bactericidal in vitro [14]. TiN-coated Ti 

plasma sprayed surfaces also demonstrated reduced bacterial adhesion and had a favourable 

biological affinity towards bone cell precursors [15]. The concept of applying laser nitriding technique 

to treat Ti6Al4V for orthopaedic applications has been proposed in the existing literature, and 

successful outcomes to achieve enhanced wear and corrosion properties by laser nitriding have been 

reported [7]. However, to the best of the authors’ knowledge, practical usage of the laser-nitrided hip 

implants have not been realized yet given the potential cracking problems arising from (i) the brittle 

TiN surface layer and dendrites and (ii) the unknown toxicity of TiN wear particles to the surrounding 

cells and/or tissues. Until now, very little information about the toxicity of TiN particles has been 

available. In addition, the antibacterial performance of the TiN wear particles is not yet known.  

In this study, there are two objectives to be achieved: Firstly, to form a wear-resistant, homogenous 

and crack-free TiN surface in Ti6Al4V by using the reported energy control method (i.e. laser-nitriding 

in modulated mode) [16]. Secondly, to evaluate the cytotoxicity and antibacterial performance of the 

TiN wear debris particles by in vitro cell culture with RAW264.7 murine macrophages at different time 

points (24h and 48h) as well as by in vitro evaluation of their antimicrobial properties against 

Staphylococcus aureus and Escherichia coli. In addition to the known benefits of TiN being highly wear 

and corrosion-resistant, we hypothesize that the wear particles from the laser-nitrided surfaces are 

less toxic and show enhanced antibacterial compared with those from the untreated surface. It is 

envisioned that successful fabrication of the non-toxic and highly wear-resistant TiN layer in the 

Ti6Al4V alloy using the open-air laser nitriding technique can enable progress towards the 

development of MoM hip implants fully made of Ti-based alloys. 
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2.0. Materials and Methods 

2.1. Experiments and analysis in relation to the laser-nitrided surfaces 

2.1.1. Materials 

The Ti-6Al-4V (in wt.%) plate was sourced from American Elements (Los Angeles, California, United 

States) in the dimensions of 250 mm x 250 mm x 2 mm. They were spark cut by wire electrical 

discharge machining (EDM) into the size of 125 mm x 30 mm for laser nitriding. Before laser nitriding, 

the surfaces were ground and polished using a series of silicon carbide (SiC) sandpapers beginning 

with 120 grit until 1000 grit. The polished samples were cleaned and degreased in an ultrasonic water 

bath with acetone for 10 min, followed with rinsing in deionised water and finally dried in a stream of 

cool air. 

2.1.2. Fibre laser nitriding in open air 

The samples were laser-nitrided in open air using the in-house SPI 200W fibre laser machine. The laser 

machine was integrated by Micro Laser systems BV (Driel, Gelderland, the Netherlands), and the fibre 

laser with the wavelength of 1064 nm was manufactured by SPI Lasers UK Ltd (South Hampton, 

Hampshire, UK). The laser machine can be modulated to 100 kHz with the modulated pulses from <5 

μs to continuous wave (CW). The laser processing parameters were selected based on a set of 

preliminary experiments. They were set at 45 W (laser power), 60% to 100% (duty cycle, DC), 25 mm/s 

(laser scanning speed), 1.5 mm (stand-off distance, SD), and purging with pure N2 gas at the gas 

pressure of 5 bar which was delivered coaxially with the laser beam. The laser spot size at the SD of 

1.5 mm was calculated to be 100 μm. The overlapping ratio between adjacent tracks were 50%. A 

detailed explanation for the concept of DC and the schematic of the experimental laser setup are 

reported elsewhere [16]. The laser-nitrided samples in this study were denoted as DC60, DC80 and 

DC100 (see Supplementary Information Fig. S1). The size of the nitrided areas was 10 mm x 10 mm, 

and each DC condition was repeated six times to ensure repeatability. 

2.1.3. Optical microscopy (OM) & scanning electron microscope-energy-dispersive X-ray (SEM-EDX) 

The top and cross-sectioned surfaces after laser nitriding were imaged and analysed using a standard 

optical microscope (OM) and scanning electron microscope (SEM, FlexSEM 1000, Hitachi, UK). 

Standard metallurgical procedures were applied to prepare the cross-sectioned samples. The SEM was 

operated in the secondary-electron (SE) mode using a 5-kV beam. The compositions of the cross-

sectioned surfaces were analysed using EDX. The elemental compositions were measured and 

quantified in wt%. The element distributions were determined using EDX mapping and line scans.  

2.1.4. X-ray diffraction (XRD) 

XRD data were acquired using a Bruker D8 Advance diffractometer (Bruker UK, Coventry) with Cu Kα 

radiation, Ni Kβ filter, fixed 0.6 mm divergence slit and fixed 9.5 mm anti-scatter slit.  Data were 

scanned from 26o to 98o with 0.005o increments. The XRD spectra were referenced to the International 

Centre for Diffraction Data (ICDD) PDF-4 database.  Prior to measurement, the specimen surfaces were 

cleaned by ultrasonication in iso-propyl alcohol. 

2.1.5. Surface roughness measurements 

Surface roughness parameters: the average roughness of a surface (Ra) and the distance between the 
peak and valley in the surface (Rz) were measured using a portable surface roughness tester (Mitutoyo 
Surftest). The Ra and Rz values were the average of five measurements taken in the two directions, 
namely (i) in parallel and (ii) perpendicular to the moving direction of the laser beam. 

https://www.sciencedirect.com/topics/materials-science/surface-roughness
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2.1.6. Vickers micro-hardness measurements 

The Vickers hardness tester (Future-Tech Corp FM-700, Japan) was used to measure the micro-
hardness in the cross-sections. A load of 10 kgf with a dwell time of 10 s was applied at each 
indentation. Five indentations in a row, with a separating distance of 100 µm, were made in each 
location including laser-nitrided zone (LNZ), heat-affected zone (HAZ), and base metal (BM). The 
indentations were located at the mean depth of LNZ and HAZ. The average of the results was used to 
represent the hardness in each location.     

2.1.7. Tribological tests and preparation of wear particles 

Ball-on-disk tribometry (CMS Instruments SA, Peseux, Switzerland) was carried out to apply tribostress 

to the samples. A loaded contact (10 N) was made by a sapphire ball (6 mm in diameter) on untreated 

or nitrided Ti samples. The sliding contact was made in a circular mode, and the linear sliding speed 

was 50 mm/s. As the primary purpose of the tribological tests was to generate wear particles to be 

used for cytotoxicity tests and antimicrobial analyses, all the tests were carried out in ultra-pure water 

(resistivity > 18 M) to avoid any coating of particles with biological substances. The fluid containing 

wear particles was collected using a micropipette in three intervals in terms of sliding distance: 0 to 

200 m, 200 to 500 m, and 500 to 1,000 m. At each interval the fluid was collected, and the tribo-cup 

was dried up by blowing N2. Then, a new batch of water (3 ml) was added for the next interval 

experiment. As the first characterization of wear particle size distribution, dynamic light scattering 

(DLS, Zetasizer ZSP model, Malvern Instruments Ltd, Worcestershire, UK) was performed on each fluid 

containing wear debris generated from different samples with varying DC and sliding contact intervals. 

DLS analysis was performed individually on the fluid samples collected at each interval. Meanwhile, 

the fluids collected from the sliding distances of 200 to 500 m and 500 to 1,000 m were added together 

for further analysis (TEM, XPS, SEM-EDX) and cytotoxicity tests, due to visibly smaller amount of wear 

particles in those samples after centrifugation (15 min at 6,000 rpm). Thus, the samples were denoted 

as ‘200 m’ or ‘+800 m’ to refer to the first sample (0 to 200 m) and the addition of the second and the 

third (200 to 500 m and 500 to 1,000 m) thereafter. Lastly, wear volume was characterized by a 

profilometer (Alicona, Brucker) after the entire sliding contact of 1,000 m.  

2.2. Experiments and analysis in relation to the wear particles 

2.2.1. Transmission electron microscopy (TEM) 

The wear particle suspensions were pipetted onto holey carbon film TEM grids to disperse the 

particles, followed by drying in air on Whatman No 1 filter papers.  The grids were imaged in a Phillips 

CM20 TEM under bright field conditions using a 200 kV primary beam. Data were recorded using a 

Gatan Inc. (Pleasanton, CA) type 782 camera at 1350 x 1040 pixel resolution and processed using 

Gatan Digital Micrograph v3 software. 

2.2.2. X-ray photoelectron spectroscopy (XPS) 

Samples of the wear particles were prepared for XPS by drying several drops of the wear particle 

suspensions onto clean gold film.  Data were acquired with monochromatic Al Kα radiation using a 

bespoke UHV system equipped with Specs GmbH (Berlin) PHOIBOS 150 analyser and FOCUS500 

monochromator. Survey scans were made at 50 eV pass energy; higher resolution scans over 

individual photoelectron lines made at 20 eV pass energy.  Data processing was carried out using 

CasaXPS v2.3.16. 
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2.2.3. SEM-EDX 

The samples prepared for XPS were subsequently also examined by SEM and analysed by EDX using a 

Zeiss 1455VP SEM (Cambridge, UK) equipped with Oxford Instruments X-act X-ray detector and INCA 

software (Oxford, UK). 

2.2.4. Cell culture and wear particle analysis  

All cell culture procedures were performed under sterile conditions within a Class II Microbiological 

Safety Cabinet. The murine macrophage cell line, RAW 264.7, was purchased from American Type 

Culture Collection (ATCC).  Macrophages at passage 5 were grown in tissue culture medium consisting 

of Dulbecco's Modified Eagles Media (DMEM) (with L-glutamine) (Sigma Aldrich, Ltd.), supplemented 

with 10% foetal calf serum (FCS) (Sigma Aldrich, Ltd.), and 1% of penicillin/streptomycin (Sigma Aldrich, 

Ltd.), and placed in an incubator set at 37 °C, 5% humidified CO2 (Wolf Laboratories, Ltd.).  

Wear particles were recovered by centrifugation, and the particle pellet was weighted, UV sterilized 

for one hour, and resuspended by vigorous vortex mixing, and diluted at a concentration of 10 µg/mL 

to 50 µg/ml in complete Dulbecco’s modified Eagle medium. The cells to be used for MTT assay were 

cultured in T-75 tissue culture flask (Corning). When cells reached a high level of confluence (80%–

85% sub-confluent), the cells were detached from the flask surface via the use of 0.25% trypsin and 

0.02% EDTA solution. Cells were then re-suspended and seeded on 96-well culture plates at 10,000 

cells/mL cell in a complete cell culture medium. After 24h in culture, cell media was removed and 

replaced by fresh complete cell culture medium containing the following concentrations of the wear 

particles: 10, 20, 30, 40, 50 μg/mL. Cell cultures were maintained for 24h and 48 h in a cell culture 

incubator at 37 °C and 5% CO2.  

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was used to evaluate the 

effect of different concentrations of wear particles on mitochondrial activity of macrophages cells. 50 

µl was added to the 96 well plates at 24h and 48h. Cells were incubated with MTT for approximately 

5h to allow metabolism to insoluble formazan. The MTT-media solution was aspirated and 100 μl of 

Dimethyl sulfoxide (DMSO) added to wells to dissolve the purple formazan product. Absorbance was 

read at 570 nm by a BioRad imark microplate reader. All experiments were carried out in triplicate 

and the values were presented as a percentage absorbance for treated cells against the untreated 

control. 

2.2.5. Antibacterial tests and wear particle analysis 

The wear debris particles were generated following the methodology described previously in Section 

2.1.7., and were derived from either the laser-nitrided surface, or the untreated surface of Ti6Al4V. E. 

coli (ATCC 11303) and S. aureus (ATCC 6538) were cultured in Müller-Hinton Broth (MHB; Oxoid) for 

18h at 37 oC on a 100 rpm gyrorotatory incubator, following which the bacterial culture was adjusted 

to an optical density of 0.3 at 550 nm and diluted 1 in 50 with MHB, resulting in a bacterial inoculum 

of ~106 CFU/mL. 

Both the laser-nitrided and untreated Ti6Al4V wear particles were suspended in phosphate buffered 

saline (PBS) at a concentration of 20 µg/mL. Vigorous vortex mixing and sonication was used to ensure 

homogenous distribution of the wear particles throughout the suspension. 

This suspension was added to the MHB bacterial inoculum in an equi-volume ratio, so that finally the 

working concentration of wear particles was 10 µg/mL. Each of the samples was tested in triplicate, 

and a blank control consisted of the sterile PBS vehicle was used. The samples were then incubated 

for 24h in the dark in a 100-rpm gyrorotatory incubator at 37 oC. Following this, the Miles and Misra 
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method was utilised to determine the number of colony forming units of each bacteria species per 

millilitre (CFU/mL) [17]. 
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3.0. Results and Discussion 

3.1. Characteristics of untreated and laser-nitrided surfaces 

3.1.1. OM morphology and microstructure  

Fig. 1(a-c) shows the optical micrographs (OM) of the top and cross-sectioned surfaces in the Ti6Al4V 

samples nitrided at different duty cycles. Fig. 1(d) depicts the depth of laser-nitrided zones (LNZ) 

measured from Fig. 1(a-c) using ImageJ software (n=8).  

As seen in Fig. 1(a-c), the sample surfaces were fully covered by laser tracks and exhibited gold colour, 

which is the main characteristic of titanium nitride (TiN). When compared with DC60, discolouration 

occurred in the surfaces of DC80 and DC100. The discolouration, as reflected by the appearance of 

clusters in light blue colour, was found to be distributed preferentially at the perimeter of the laser 

tracks. The discolouration was more significant in DC100 than DC80. It has been previously reported 

that the discolouration is due to the oxygen (O) intrusion from the surrounding air during the open-

air laser nitriding process [8]. At higher duty cycles, the laser energy input was higher because the 

laser-material-gas interaction time was longer, allowing a higher amount of energy and longer time 

for O to react with the molten materials in the surfaces, thus leading to more serious contamination 

of O in the surfaces.  

Likewise, the higher energy input together with the longer interaction time, when treating the samples 

at higher duty cycles, resulted in wider track width and deeper LNZ. The track width increased from 

0.11 mm to 0.17 mm whilst the LNZ depth increased from 41 µm to 205 µm when increasing the duty 

cycle from 60% to 100%.  

When looking at the cross-sectioned OM images in higher magnification, two types of microstructure: 

(i) dendrites and (ii) mushy zone can be seen in the LNZ. The formation mechanisms of the mushy 

zone, which is formed due to the stagnation effect of growing dendrites in the melt pools, has been 

reported elsewhere [18]. It is interesting to note that the LNZ of DC60 and DC80 tended to be 

dominated by the mushy zone whilst the majority of LNZ in DC100 was occupied by the fully-grown 

dendrites.     

The shape of the melt pools was found to be irregular at the boundary line between LNZ and HAZ. 

Furthermore, cracks with a recognizable size were identified in the cross-sectioned LNZ in DC80 and 

DC100. In contrast, the sample nitrided at DC60 was completely absent from cracks. The irregularly-

shaped boundary line is caused by the local melting at the boundary area due to the exothermic 

reactions in forming the TiN dendrites. It is known that the formation of cracks in laser nitriding of Ti 

alloys is due to excessive build-up of residual tensile stress in the solidified melt pools. The magnitude 

of residual stress in the solidified melt pools is related to the size and population of dendrites as well 

as the overlapping ratio between the laser tracks. To minimise crack formation, these dendrite-related 

factors have to be carefully controlled and minimised, which can be done by reducing the laser energy 

input and interaction time during laser nitriding.  

3.1.2. SEM-EDX elemental composition analysis  

Fig. 2(a-c) show the results of SEM-EDX analysis for the laser-nitrided samples of DC60, DC80 and 

DC100 in their cross-sections. The SEM-EDX results included the three different modes of scans, 

namely, the elemental (i) mapping, (ii) line and (iii) area scanning profiles. The composition in the BM 

area in each sample was used as a control.  
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A general trend, which can be observed from the composition spectra of all laser-nitrided samples in 

Fig. 2, is that the percentage of the metal elements, namely Ti, Al and V, was reduced but that of the 

interstitial element O increased after laser nitriding. The reduction in the Ti and Al contents was found 

to be more significant when compared with V in the laser-nitrided samples. With regards to the 

enrichment of O, it tended to be more significant with increased duty cycles. On the other hand, the 

results in the mapping scans indicate that the LNZ of all nitrided samples was obviously depleted of Al 

whereas the Ti and V contents were retained and were fairly evenly distributed in the LNZ. The line 

profile results agreed with the mapping results in that the content of Al dropped significantly in the 

LNZ in all the nitrided samples; however the Al content in the HAZ returned to the amount similar to 

the BM. The fluctuations of Al content in the LNZ, as denoted by the occurrence of peaks and troughs 

in the line scan profiles in Fig. 2, indicate that the Al content was distributed heterogeneously in the 

LNZ. Such fluctuations were more serious in the samples nitrided at DC80 and DC100 compared with 

DC60.  

The reduction of metal fractions in the LNZ is mainly attributed to the enrichment of O in the LNZ. 

Since the laser nitriding process was conducted in the open-air condition, the O in the surrounding air 

could intrude into the melt pool by the turbulent current which was generated when the high pressure 

N2 gas impinged on the material surface. After entering into the melt pool, some O was transported 

from the surface to the deeper location of the melt pool by (i) diffusion at elevated temperature and 

(ii) Marangoni convection flow. The finding in the authors’ previous research [8] indicates that the 

laser-gas-material interactions, as reflected by the plasma brightness and presence of sparking in the 

plasma, were stronger when the Ti6Al4V was nitrided in a higher power regime. It is believed that 

stronger laser-gas-material interactions could enhance the turbulent current, bringing more O into 

the melt pool. It can also increase the local temperature of the melt pool and thus result in a stronger 

Marangoni convection effect. The synergistic effects of stronger turbulent flow, higher local 

temperature and stronger Marangoni current are the main contributors to cause a higher enrichment 

of O in the LNZ when the samples were nitrided at higher duty cycles (DC80 and DC100).  

Besides, the depletion and inhomogeneous distribution of Al in the LNZ can be explained by the 

following two reasons: (i) metallurgical segregation due to rapid solidification and (ii) vaporisation of 

Al, provided that the surface temperature in the melt pool can be raised up to several thousand 

degrees in the laser nitriding process. Since the boiling point of Al is the lowest (2470 °C) compared 

with Ti (3287 °C) and V (3407 °C), the probability for the occurrence of Al vapourisation in the melt 

pool, particularly in the region near the surface, is higher than Ti and Al.   

It is worthwhile to note that the results of EDX analysis showed no N in the LNZ of DC60 and DC100 

samples. This could be probably due to a problematic overlap of Ti peak (L-line) with N peak (K-line) 

in the EDX spectrum. 

3.1.3. Roughness measurements (in microscale)  

Surface roughness is an important measure to determine the surface quality of a load-bearing implant 

as it can directly influence how the bearing surfaces interact with each other when two of them come 

into contact. It can also influence the initial adherence of living organisms (e.g. human cells and 

bacteria) when the implant contacts with the ubiquitous interstitial fluid. It is known that living 

organisms react differently with roughness in different scales, namely nano- and micro-sized scales. 

Roughness in the microscale dictates how the cells attach, align and organise with surface features, 

whereas roughness in the nanoscale controls the protein interactions of cells [19]. The roughness scale 

being investigated in this study was in the micro-scale. Fig. 3(a-b) provides the results of roughness 

measurement for the laser-nitrided samples in terms of (a) average Ra and (b) average Rz (n=5). The 
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roughness of untreated BM was used as control. The roughness measurement was conducted in two 

different orientations: parallel and perpendicular to the laser tracks.   

As seen in Fig. 3, the Ra of the laser-nitrided surfaces measured in the parallel and perpendicular 

directions were between 2.6 µm and 4.1 µm and between 2.7 µm and 4.6 µm, respectively. The Rz of 

the nitrided surfaces in the parallel direction were between 14.0 µm and 22.1 µm whilst those in the 

perpendicular direction were between 15.6 µm and 24.3 µm. The Ra of BM, in the parallel and 

perpendicular directions, were 0.15 µm and 0.26 µm respectively. The Rz of BM in the parallel and 

perpendicular directions were 1.2 µm and 2.3 µm. 

The Ra and Rz measured in the perpendicular direction were in general higher than those measured 

in the parallel direction. All surfaces after laser nitriding were significantly roughened, with the 

surfaces nitrided at higher duty cycles (DC 80 and DC100) showing a higher Ra value. The Ra of the 

laser-nitrided surfaces was at least 10 times higher than the Ra of BM. A similar observation can be 

found in the result of Rz. Nitriding the surfaces at higher duty cycles resulted in a higher Rz value. The 

Rz of the nitrided surfaces was at least 6 times higher than the Rz of BM. When comparing between 

the results of Ra and Rz (including both laser-nitrided surfaces and BM), the Rz was obviously higher 

than the Ra.  

Ra is a roughness parameter to measure the average vertical distance of all peaks and valleys in the 

roughness profile. In the measurement of Ra, occasional outlying points are neutralised and thus the 

extreme points in the profile have an insignificant impact on the final value of Ra. In contrast, Rz 

measures the average distance of the five highest peaks and the five lowest valleys in the roughness 

profile. Existence of the extreme points in the profile can be reflected by the final value of Rz. 

Therefore, Ra and Rz have to be considered together in order to truly describe the surface roughness 

conditions. The obviously higher Rz compared with the Ra indicates that the surface roughness of the 

laser-nitrided samples were not homogenous across the entire surface.  

The difference between the roughness measurements made in the two different orientations is due 

to the presence of features in different scales in the nitrided surfaces. In the parallel direction, the 

measurement was made along the laser tracks inside which only micro-features e.g. ripples and 

lamellae were present. However, in the perpendicular direction, the stylus tip moved across the laser 

tracks. Since the laser tracks overlapped with each other, a high number of boundaries between the 

overlapped laser tracks existed. The boundary between the overlapped tracks had a higher peak-to-

valley distance than the aforementioned micro-features. Therefore, the Ra and Rz values measured in 

the perpendicular direction were higher than those in the parallel direction. The surface roughening 

mechanisms due to laser nitriding has been reported elsewhere [9]. 

3.1.4. XRD phase structure characterisation 

The XRD diffraction patterns for the laser-nitrided samples between 30 and 50 degrees 2-theta are 

shown in Fig. 4. BM was used as a reference. The XRD results showed the existence of α-Ti, β-Ti and 

TiN in the nitrided surfaces, whilst only α-Ti was present in the BM surface. Broadly, the XRD patterns 

for the nitrided surfaces showed the α-Ti peaks reduced in intensity whilst the TiN peaks increased 

through the series of DC60 to DC100. The surface layers created after laser nitriding were not purely 

composed of TiN. A small number of phases from the parent metals was still present. The ratio 

between TiN and the phases from the parent metals was determined by the laser energy input and 

laser-material-gas interaction time, which were controlled by changing the duty cycle in this study. 

With higher duty cycles, the higher energy input together with longer interaction time leads to the 
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formation of a surface layer with a higher fraction of TiN. This is due to the complete conversion of 

parent Ti phases into TiN in the nitriding process.   

3.1.5. Vickers micro-hardness measurements 

Fig. 5 shows the results of Vickers hardness measurement for the laser-nitrided samples at different 

locations in the cross-section (LNZ, HAZ and BM). As observed in Fig. 5, the hardness in LNZ was the 

highest and lay between 795 HV and 844 HV. Compared with LNZ, reduced hardness was found in HAZ. 

The hardness of HAZ was between 448 HV and 585 HV. BM had the lowest hardness of 374 HV. The 

hardening effect in LNZ is due to the formation of TiN dendrites/mushy zone. It is interesting to note 

that the hardness of LNZ in the samples nitrided between DC60 and DC100 was similar, indicating the 

mushy zone (i.e. dendrites in their growing form) and the fully-grown TiN dendrites possessed a similar 

hardness to each other. When comparing with DC60 and DC80, the LNZ in DC100 showed a higher 

variation in the hardness, as indicated by the longer error bar associated with the hardness result of 

DC100. This means that the laser nitriding process conducted at DC60 and DC80 was more stable than 

that at DC100, yielding a LNZ with a higher hardness homogeneity throughout the surface. The 

hardening effect in HAZ can be explained by solid state diffusion of N in the substrate at elevated 

temperature.   

3.1.6. Tribological tests and wear particles 

Fig. 6(a-c) show the results of tribological tests for the laser-nitrided samples of DC60 to DC100. Fig. 

6(a-b) provide the size distribution of wear particles measured by DLS technique in terms of (a) 

intensity (%) vs. Hydrodynamic diameter (nm) and (b) Z-average (nm). The wear particles collected at 

three intervals of sliding distance: 0 to 200 m, 200 to 500 m and 500 to 1000 m were analysed and 

compared. Fig. 6(c) gives the results of volume loss (%) in different laser-nitrided samples after 

completing the wear tests at 1000 m. The results for untreated Ti6Al4V sample are shown in Fig. S2 in 

Supplementary Information. Briefly, the size profiles of untreated Ti6Al4V sample are much larger 

than those of DC60 to DC100 shown in Fig. 6(a), and it indicates the substantial reduction of wear of 

Ti6Al4V samples upon surface nitriding.  

It should be noted that when the size profiles of wear particles from laser-nitrided Ti samples were 

plotted in terms of volume (%), a single dominant peak was shown with the maximum at 7-8 nm and 

a trace of larger peaks (Supplementary Information Fig. S3). More importantly, they were virtually 

indistinguishable from each other for all the samples and sliding distance intervals. This means that 

the portion (%) of larger wear particles (ca. 20 to 2,000 nm) presented in Fig. 6(a) should be, in fact, 

very little in numbers. Nevertheless, the intensity plots in Fig 6(a) display interesting trends due to 

high sensitivity of DLS towards large particles. Firstly, the influence of accumulated sliding contacts is 

increasingly more significant for the samples with higher duty cycle. For instance, the overall size 

distribution profiles of the DC60 samples remain nearly the same over the three intervals. In contrast, 

the size profiles for DC80 and DC100, especially those in large diameter (20 – 2,000 nm), are 

significantly varied as a function of sliding distance intervals. Secondly, the comparison of the size 

profiles within 0 to 200 m interval shows a gradual increase of larger shoulder peak in weight 

(indicated by arrows) with increasing duty cycle. This interval is particularly important as the wear 

debris in this interval is likely to have originated predominantly from the topmost LNZ layer. As the 

accumulated sliding distance is increasing, i.e. in the 200 to 500 m interval and in the 500 to 1000 m 

interval, the difference in size profiles is much smaller across samples with varying duty cycle. Overall, 

the size distribution profiles in Fig. 6(a) reveal that the weight of larger particle tends to increase with 

increasing duty cycle, especially those generated from the topmost LNZ layer.  
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This trend is more clearly visualized in Fig. 6(b), where the Z-averages of the particle size from the 

samples over the sliding distance intervals are presented. The variation of Z-average along with the 

progress in sliding distance appears to be smaller for DC60 samples compared to DC80 and DC100, 

especially due to the drastic variation in the first sliding distance interval of 0 to 200 m to the next 200 

to 500 m for DC80 and DC100 samples. The comparison in the 0 to 200 m intervals shows that the Z-

averages of DC80 (ca. 74 nm) and DC100 (ca. 67 nm) are significantly larger than that of DC60 (ca. 38 

nm), whereas those acquired from the interval of 200 to 500 m and 500 to 1000 m are nearly the same 

for all three samples. Thus, the consistent profiles of size distribution and the small difference in Z-

averages across the three intervals in the DC60 samples indicate that the LNZ in DC60 exhibited a more 

homogeneous wear resistance along with its depth. Meanwhile, the wear resistance of LNZ in DC80 

and DC100 was varying along with the depth with the region near the top surface possessing more 

inferior wear resistance than the inner regions of LNZ. As a reference, the Z-average values for 

untreated Ti6Al4V samples were 0.88 m, 0.87 m, and 1.39 m for 0 to 200 m, 200 to 500 m, and 

500 to 1,000 m, respectively, which are more than an order of magnitude larger those of nitrided 

Ti6Al4V samples. 

The volume loss data (mm3) in Fig. 6(c) were acquired after 1,000 m total sliding distance by 

profilometry. The results show that DC60 had the least amount of wear damage (0.055 mm3) 

compared with those in DC80 and DC100 which behaved similarly to each other (0.070 mm3). The 

superior wear resistance of the sample nitrided at lower (DC60) than higher duty cycles (DC80 and 

100) is attributable to the quality of LNZ which can be judged by the (i) microstructural homogeneity 

and (ii) cracking formation. The samples nitrided at the higher duty cycles tend to have a gradient 

structure in the LNZ (in Fig. 1(b-c)) which is a mix of mushy zone and dendrites in DC80 or coarse 

(region near the top surface) and fine (inner regions) dendrites in DC100. In contrast, DC60 possessed 

a more homogeneous structure comprising mainly of mushy zones in the LNZ. Furthermore, the lower 

wear resistance of DC80 and DC100 than DC60 can be explained by the presence of cracks in the LNZ. 

All these findings point to the fact that the nitrides formed at higher duty cycles were more brittle 

compared with that treated at a lower duty cycle. The influence of increased surface roughness and 

inhomogeneity as well as the inclusion of parent material in the nitride layer on the tribological 

properties have been reported elsewhere [20]. 

3.2. Characteristics of the wear particles from untreated and laser-nitrided samples 

3.2.1. TEM analysis for the BM and TiN wear particles  

Fig. 7(a-b) shows the TEM micrographs of wear particles collected from the untreated (BM) and laser-

nitrided (DC100) samples after undergoing the wear tests at the sliding distance of 200 m and +800 m 

(i.e. 200 to 500 m and 500 to 1,000 m), respectively. The particle size and aspect ratio of the wear 

particles were measured using the ImageJ software and the results are shown in Fig. 8(a-b). The TEM 

images used for determining the particle size and aspect ratio are given in Supplementary Information 

(Fig. S4 and S5).  

As seen in Fig. 7(a), the wear particles in the BM samples collected at 200 m and +800 m were mainly 

composed of particles in the micro-and submicron-sized scales. These large particles were irregular 

and elongated in shape. They were electron-opaque (i.e. electrons were not transmitted through 

them). In addition, three types of nano-particles were also present in the BM wear debris, identified 

as: primary particles, aggregates (clusters of chemically-bonded particles) and agglomerates (clusters 

of particles loosely bound together by Van der Waals force). In comparison, only particles in the nano-

sized range were observed in the laser-nitrided samples (DC100). As for the laser-nitrided samples, 

the nano-particles were present in the wear debris as primary particles, aggregates and agglomerates.  
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However, the larger particles were only found in the BM samples, in both 200 m and +800 m, and 

were not found in the wear debris from the laser-nitrided samples.   

The average size of wear particles in the BM samples at 200 m and +800 m were basically the same 

(i.e. measured to be 1.5 µm and 1.4 µm, respectively). Nevertheless, their average aspect ratios were 

slightly different, with the particles collected at 200 m having an aspect ratio of 1.5 whilst those 

collected at +800 m showed an average value of 1.7. Regarding the laser-nitrided samples, the 

particles collected at 200 m were found to be larger than those collected at +800 m (average particles 

sizes of 0.04 µm versus 0.01 µm or 40 nm versus 10 nm). This finding agreed well with the DLS results 

in the previous section. The average aspect ratio of the wear particles at the two distance were found 

to be the same, at 1.3, indicating that the particles in the wear debris of the laser-nitrided samples 

had an ellipsoid shape.  

3.2.2. SEM-EDX analysis for the BM and TiN wear particles  

Fig. 9(a-b) show the SEM images and the element distribution maps for different elements in the wear 

particles from BM and laser-nitrided samples. It is important to note that the samples were not in 

powder form but a suspension of wear debris particles in water. The samples being analysed in SEM-

EDX were either the dried powder (if the particle size was large enough to be captured by SEM) or in 

the form of a suspension (if the particle size was too small) dried onto a clean Au substrate.  

For wear particles from the BM samples, the SEM image showed a particle size of 1 µm to 3 µm, with 

the EDX mapping analysis indicating the distribution of Ti, Al, V and O (as well as Au from the substrate). 

On the laser-nitrided samples, it was possible to find the edge of the drying stain where the suspension 

of wear debris had been dried out on Au. There were no particles which could be identified as 

containing any metallic species. However, the area of the drying stain showed Na, O and some C-

containing particles. 

3.2.3. XPS analysis for the BM and TiN wear particles  

Fig. 10(a-b) provides the results of XPS analysis for the wear debris of the BM and laser-nitrided 

samples (dried onto Au), including (a) survey scans for both the BM and laser-nitrided samples and (b) 

narrow scans only for the BM samples. Table 1 shows the composition (atom %) of the elements 

detected in the wear debris of the BM and laser-nitrided samples. 

In the suspension of the BM samples, there is a higher proportion of dried wear debris. Apart from 

the gold, it was possible to detect Ti, V, Al, O and C in the BM samples (in Table 1 and Fig. 10a). The C 

and a proportion of the O are from the inevitable atmospheric hydrocarbon contamination of air-

exposed samples. The significant findings in the XPS narrow scans of the BM samples (in Fig. 10b) can 

be summarised as follows: (i) The Ti 2p3/2-2p1/2 doublet was fully consistent with the presence of TiO2, 

with the binding energy of the Ti 2p3/2 found at 459.0 eV. All the Ti detected was oxidised into this 

state; (ii) The V 2p3/2 peak was at 516.7 eV. This is exactly in the middle of the range for oxidised V, but 

due to the low levels present and consequently noisy spectrum it is not possible to state definitely 

whether this is in the 3+, 4+ or 5+ state; (iii) The Al 2p peak cannot reliably be measured in the XPS 

study due to overlap with the very strong Au 4f signals.  However, the 2s peak measured at 

approximately 120 eV indicated oxide, most likely Al2O3; (iv) The O 1s peak showed a component at 

530.6 eV. This is typical of metal oxide bonding and consistent with TiO2 and Al2O3. The other two 

components in the O 1s peak are due to carbon bonding as O-C and O=C and are consistent with the 

minor components in the C 1s peak. In summary, the wear debris in the BM samples is confirmed as 

being composed of oxidised materials from the constituent elements of the Ti6Al4V alloy: Ti, Al and 

V.  
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The amount of wear debris in the suspension of laser-nitrided samples was too low to be detected by 

XPS. The XPS results in Table 1 and Fig. 10(a) show only Au, C, O and Na, in agreement with the SEM-

EDX results. This suggests a possible low level of sodium stearate contamination (i.e. soap) in the water 

of the wear test.  

3.2.4. Cell viability tests for the BM and TiN wear particles  

Fig. 11 provides the results of cell viability for the RAW 264.7 macrophages cultured with different 

concentrations (10 µg to 50 µg) of wear particles in the BM and laser-nitrided samples at two different 

time points (24 h and 48 h). The particles were collected from the BM and laser-nitrided samples in 

the wear tests at two sliding distance (200 m and +800 m).  The OM images for the morphology of 

macrophages after 24 h and 48 h of culture (with the wear particles) are provided in Supplementary 

Information (Fig. S6 and S7).  

A number of observations can be identified in the cell viability results in Fig. 11. Firstly, cell viability 

was higher in the laser-nitrided samples than the BM samples under all cell culture conditions 

(including different time points and concentration of wear particles). The average cell viability for the 

laser-nitrided samples (including the results of 200 and +800 m sliding distance as well as the results 

of different concentration of wear particles) at 24 h and 48 h were 92.3% and 82.2%, respectively, 

whereas the average cell viability for the BM samples at these time points were 81.4% and 69.5%, 

respectively. It can also be concluded that there was great cell viability at 24h than at 48h. Secondly, 

the difference in cell viability between the particles generated at 200 and +800 m was negligible. This 

holds true for both the BM and laser-nitrided samples.  

Thirdly, there is a decreasing trend in the viability of macrophages with increased concentration of 

wear particles (incl. both BM and laser-nitrided samples). Particularly, a simple linear relationship 

between the cell viability and concentration of wear particles can be observed in the BM samples. The 

cell viability at 24h steadily decreased from 90.8% to 70.6% and the viability at 48h also steadily 

decreased from 80.6% to 56% with increased concentration of wear particles from 10 to 50 µg. A 

different trend can be observed in the results of laser-nitrided samples. The cell viability at 24h slightly 

decreased from 98.9% to 94.1% and at 48h slightly decreased from 87.5% to 85.7% when the 

concentration increased from 10 µg to 30 µg. It is important to note that the concentration of 40 µg 

was identified as a critical point above which the reduction of cell viability was more pronounced. In 

40 µg concentration, the cell viability was found to be 87.9% and 79.0% at 24 h and 48 h, respectively 

whilst it further dropped to 84.0% and 71%, respectively with increased concentration to 50 µg.  

To summarise the cell viability results, the wear particles from the laser-nitrided samples were 

confirmed to be less toxic compared with those from the BM samples.  

3.2.5. Biological reactions of macrophages in response to the BM and TiN wear particles 

Macrophages are multi-functional cells of the innate immune system, and their primary role is to 

maintain tissue homeostasis, including the (i) clearance of necrotic and apoptotic cellular debris, (ii) 

tissue remodelling following injury of the host and (iii) defence against foreign invaders [21].  

A review conducted by Sridharan et al. [22] describes how cells of the innate immune system are the 

first to respond to the implantation of an implant in vascularized tissue. Shortly after the implantation, 

a layer of proteins, which are from the surrounding vasculature, immediately adsorb onto the implant 

surface, leading to the infiltration and adherence of cells including platelets, neutrophils, monocytes 

and macrophages.  The adhered cells then release cytokines and chemokines that recruit tissue repair 

cells including fibroblasts and mesenchymal stem cells (MSC) to the injury site. They finally deposit a 
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collagenous matrix and encapsulate the implant in a fibrous tissue layer. The process of collagen 

encapsulation is a hallmark of the so-called “Foreign Body Response” (FBR) [23]. 

It has been generally agreed that the development of periprosthetic osteolysis is highly related to 

wear debris generated continuously from an articulating surface of a hip implant. Wear debris can 

stimulate local and systemic biological reactions resulting in chronic inflammation, periprosthetic 

bone destruction, and finally implant loosening (and thus revision surgery is required) [21]. For the 

conventional metal-on-polyethylene (MoP) bearing surfaces, several hundreds of thousands of 

plastics particles may be generated during a single gait cycle [24]. The size of the plastics wear particles 

ranges between 0.1 and 10 µm [25]. Metal-on-metal (MoM) hip implants usually produce smaller wear 

particles than those in the MoP prostheses.  

The biological response of macrophages is dependent on the size and chemical composition of the 

wear particles. The macrophages can effectively phagocytose particles < 10 µm [21], with particles of 

0.1–1.0 μm, which is the optimum size range for phagocytosis [26]. Regarding chemical composition, 

both the metal (Ti6Al4V) and plastics (polymethyl methacrylate and polyethylene) wear particles have 

been shown to stimulate macrophages to release many potent inflammatory mediators that induce 

bone resorption in vitro [27, 28, 29]. Neale et al. [30] reported that high concentrations of metal wear 

particles (Ti6Al4V, cp Ti, CoCr and 316L) can induce cell toxicity in long term culture.  

The average size of BM wear particles in this study (i.e. between 1.4 µm and 1.5 µm) was close to the 

aforementioned size range that is most efficiently phagocytosed. Taken together, the particle size for 

biological activity along with the potential toxicity of Ti6Al4V could be the reasons for the relatively 

high toxicity observed in the results of BM particles.    

In comparison, a study conducted by Williams et al. [31] showed that the wear debris particles 

generated from different nitride materials including TiN, chromium nitride (CrN), and chromium 

carbon nitride (CrCN) showed reduced cytotoxic effect compared to the CoCr wear particles when 

cultured with U936 macrophages. TiN is known to be a biologically inert material and the reduced 

toxicity of TiN wear particles observed in this study can be attributive to this property.  

3.2.6. Potential toxicity of the TiN nano-particles  

It has been defined by the International Organization for Standardization that nano-particles (NPs) 

refer to structures whose sizes are in one, two, or three dimensions are within the range from 1 nm 

to 100 nm [32]. Nano-particles are always associated with toxicity concerns when used for diagnosis 

or treatment of human diseases. The sizes of the TiN particles are within the range of 1 nm to 100 nm, 

and thus, they fulfil the definition of nano-particles. It is therefore essential to evaluate their toxicity 

to the macrophages which are at the frontline of the host defence system against pathogens (bacteria 

and viruses) as well as the foreign substances (wear particles).  

It is generally accepted that toxicity is determined by the physical (size and shape) and chemical 

(surface charge and composition) characteristics as well as the presence or absence of a shell and 

active groups on the surface [32, 33]. Hazards of nano-particles arise from their small size allowing 

them to penetrate through epithelial and endothelial barriers into the lymph and blood and can be 

carried by the bloodstream and lymphatic system to different organs and tissues inside the human 

body. The toxicity induced can interfere with biological responses such as cell differentiation, protein 

synthesis as well as activation of pro-inflammatory genes and promote synthesis of inflammatory 

mediators [32]. The below discussion suggests possible explanations for the toxicity of TiN nano-

particles, based on existing knowledge of the mechanisms about nano-particle toxicity: 
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Firstly, the size of the nano-particles is the main determinant of toxicity to the living organisms. Nano-

particles which are few nanometres in size are found to be more toxic than the nano-particles in a 

larger size (>10 nm) [34]. The size of TiN wear nano-particles were between 0.01 µm and 0.04 µm (or 

10 nm and 40 nm) which can be categorised as larger nano-particles in this sense. Secondly, the shapes 

of the nano-particles can influence their toxicity to the cells because they directly decide the extent 

of physical damage to the cell membrane [35] and influence the uptake into cells [36]. Nano-particles 

can shape as spheres, ellipsoids, cylinders, sheets, cubes, rods, etc. Reports in the literature are 

somewhat varied. However, spheroid particles tend to be less toxic compared with nano-tubes and 

nano-fibres [32]. This may go some way to explain why the TiN particles were found to be less toxic 

compared with the untreated BM particles (i.e. the irregular shape together with the higher aspect 

ratio causes more physical damage to the cells). Thirdly, the compositions of the nano-particles can 

affect their toxicity. TiN is reported to be bioinert. However, the results in the cell viability tests 

indicate that the TiN in a higher concentration (at 40 µg or higher) could induce toxic effect to the cells. 

Further study is required to understand the possible cell damage mechanisms.   

Finally, the toxicity of nano-particles can be related to the crystal structure of the surface oxides. 

Compared with the crystalline TiO2, amorphous TiO2 has more surface defects or active sites that are 

capable of causing the formation of reactive oxygen species (ROS) which are short-lived and highly 

reactive molecules. Excessive cellular levels of ROS can cause damage to proteins, nucleic acids, lipids, 

membranes and organelles, leading to apoptosis [37]. It has been reported by the authors’ previous 

study [9] that the surfaces after laser treatment were in the crystalline form. Since the particles were 

generated from the surfaces, the oxides on the particles are very likely to bear the same crystal 

structure as their parent surfaces. This may be one of the reasons explaining the lesser toxicity found 

in the TiN particles. Nitrides also exist in the surfaces of TiN particles. The presence of nitrides 

themselves in the surfaces and their crystal structure could contribute to the reduced toxicity, as TiN 

is known to be a biocompatible material [38]. However, it is still inconclusive to confirm the roles of 

surface nitrides in reducing toxicity of the TiN particles. Further research is therefore required.  

3.2.7. Antibacterial properties of the BM and TiN wear particles  

Both the laser-nitrided (or TiN) and BM wear particles exhibited antibacterial activity against E. coli, 

showing a significant difference (p<0.0001) relative to the control. As illustrated in Fig. 12 the laser-

nitrided and BM wear particles exhibited similar logarithmic reductions in the number of CFU/mL (log 

reductions of 0.68 (79.1%), and 0.67 (78.6%) respectively). This indicates that against E. coli, wear 

particles from materials display a slight antimicrobial effect. 

In relation to S. aureus it is evident that only wear particles derived from laser-nitrided Ti exhibited 

antibacterial activity, displaying a log reduction of 0.83 (85.2%) relative to the control (p <0.0001). 

Interestingly, no antimicrobial effect was seen with the BM samples, suggesting that these Gram-

positive bacteria are more susceptible to wear particles generated after the laser nitriding process.   

These observations highlight that wear debris, which can often pose a risk for orthopaedic implant 

success [39], may demonstrate beneficial antibacterial activity against two of the most commonly 

implicated pathogens in orthopaedic implant infection, especially when laser-nitriding is performed 

on the Ti surface [40]. The contrast in antimicrobial activity between the two species studied could be 

explained by the differences in cell wall structure between Gram-negative (E. Coli) and Gram-positive 

(S. aureus) bacteria, and this may confer differences in the susceptibility of each microorganism to the 

effects of TiN particulates. However, many studies published in the literature, although largely based 

on particles composed of silver, have found a trend for Gram-positive species, with their thicker cell 

wall, to show greater resistance to particulate metals [41, 42]. This trend is in contrast to our current 
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findings based on the TiN wear particles, in relation to S. aureus. Both intrinsic (bacterial-derived) and 

extrinsic (due to physical and chemical properties of the material, including processing conditions), 

can have an influence antimicrobial effect. Cell wall electronegativity, particulate internalisation, the 

generation of reactive oxygen species (ROS), and genetically-mediated resistance to metal ions may 

all play a role [43]. Further work is warranted to investigate the mechanisms that underpin bacterial 

cell/wear particle interactions, and the effects of laser-nitriding. 

Research has shown that the antibacterial activity of nano-particles can be influenced by both the 

particle’s size and shape [44]. Smaller nano-particles have larger specific surface areas which will result 

in greater interaction with the bacterial cell, and greater likelihood of internalisation of the particle 

through the cell membrane, or penetration into the biofilm structure. It is also known that the particle 

shape is an important factor in antimicrobial activity of nano-particles. Nano-particles with different 

geometries can cause varying degrees of bacterial cell damage through interactions with periplasmic 

enzymes [44]. The shape effect of antibacterial activity is related to specific surface area and facet 

reactivity (e.g. rod-like nano-particles are more effective than spherical nano-particles) [44]. The 

antibacterial effect of TiN nano-particles against S. aureus could be attributed to their ellipsoid shape. 

However, this finding is still preliminary and a further controlled study which compares the TiN nano-

particles in different shape is required to verity this. 
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4.0. Conclusions 

The Ti6Al4V alloy was laser-nitrided in the open-air using fibre laser in modulated mode. The duty 

cycle was varied between 60% (pulsed mode) and 100% (CW mode). The main purpose of applying 

laser nitriding is to improve the wear resistance of Ti6Al4V in order to minimise the generation of wear 

particles from the surfaces. Both the laser-nitrided surfaces and the wear particles were carefully 

studied and analysed.  

The important findings in relation to the laser-nitrided surfaces:  

1) Laser nitriding performed at the duty cycle of 60% was found to be optimal, resulting in a 

homogenous, gold-coloured surface with no cracks.  

2) The LNZ depth increased from 41 µm to 205 µm when increasing the duty cycle from 60% to 

100%. 

3) The hardness in LNZ lay between 795 HV and 844 HV and was much higher than in the HAZ or 

the BM.  

4) The XRD results showed the existence of α-Ti, β-Ti and TiN in the nitrided surfaces whilst only 

α-Ti was present in the BM surface. 

5) The nitrides formed at higher duty cycles (DC80 and DC100) were more brittle compared with 

that treated at the lower duty cycle (DC60).  

The important findings in relation to the wear particles: 

1) The average size of wear particles from the laser-nitrided surfaces was smaller than those 

from the BM surfaces (0.01 µm to 0.04 µm versus 1.5 µm).  

2) The wear particles from the laser-nitrided surfaces were confirmed to be less toxic towards 

RAW264.7 macrophages, yet displayed antimicrobial properties against S. aureus, compared 

with those from the BM surfaces. 

The antibacterial activity of TiN wear nano-particles against S. aureus can be attributed to their very 

small size (0.01 µm to 0.04 µm) whereas the particles from the BM surfaces had a significantly larger 

size (1.5 µm) 
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