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Abstract. Severe damage to the Temporomandibular Joint (TMJ) may 

require surgical reconstruction through Total Joint Replacement (TJR) 

implants. These implants experience progressive tribological degradation 
over time, which ultimately necessitates revision surgery. Various surface 

treatments such as oxygen boost diffusion (OBD) and nitride heat treatment 

of titanium alloy components manufactured using Additive Manufacturing 

(AM) were investigated to improve wear properties. This study reports 
preliminary test results, with Pin-on-disc (POD) testing showing clear wear 

improvements in treated components.  

1 Introduction 

The temporomandibular joint (TMJ) is a bilateral joint that connects the mandible to the skull 

and gives the ability for mastication and speech. It is one of the joints in the human body that 

is used continually [1]. The mouth can be opened and closed as many as 2000 times a day, 

through articulation of the TMJ [2]. It is a unique and complex joint in the body because it 

has two condyles (bicondylar) functioning together, with the movement being concurrent due 

to the condyles being connected to the mandible at opposite sides. The TMJ is made up of 

three significant parts:  the glenoid fossa, mandibular condyle, and mandibular ramus (Fig. 

1). The TMJ is a synovial joint (joints found between bones that move against each other) 

with six degrees of freedom, including both rotation and translational movements [3].   
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Fig. 1. The three components of the TMJ [32] 

Various factors can lead to TMJ dysfunction, resulting in disorders such as disc 

displacement, dislocation, inflammation, ankylosis, and osteoarthritis [5]. These conditions 

often impair mastication and speech due to associated pain. In trauma patients, limited or 

even complete inability to open the mouth is common [4, 5]. Total joint replacement (TJR) 

surgery is considered a last-resort treatment option when other interventions fail to restore 

joint functionality [5, 6, 9].  

A Temporomandibular joint replacement system comprises out of two components:  a 

mandibular implant and a fossa prosthesis (Fig. 2) [7–9]. Commercial solutions are supplied 

either as stock or as patient-specific components.  Although stock implants offer immediate 

availability, their standard geometry often yields sub-optimal bone contact and non-ideal 

screw positioning in anatomically complex mandibles [23–26]. Custom TJRs, designed from 

the patient’s CT data, provide superior fit and optimised fixation but incur longer design–

manufacture lead times and higher costs [23–26]. Historically, mandibular implants have 

been machined or cast from Cobalt–Chromium–Molybdenum (CoCrMo) or wrought 

Titanium Aluminium Vanadium (Ti-6Al-4V) alloys [9, 10]. This study is focused on 

mandibular implants fabricated from Ti-6Al-4V using Direct Metal Laser Sintering (DMLS), 

an Additive- Manufacturing (AM) process that enables patient-matched geometries and 

porous interfaces for osseointegration. The fossa component follows current clinical practice 

and is machined from Ultra-High-Molecular-Weight Polyethylene (UHMWPE) via precision 

Computer Numerical Control (CNC) milling [9, 10].  

 

 
Fig. 2. Components of the TMJ replacement implant 
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 Material wear resistance is a key factor influencing the longevity and functional success 

of TMJ replacement implants after implantation. Ti-6Al-4V elicits a favourable biological 

response, particularly osseointegration [11, 12], when compared to other metallic materials 

used in TJR implants. This response facilitates bone growth around or into the implant, 

depending on its surface characteristics and design features. However, the Ti-6Al-4V exhibits 

inferior wear properties compared to CoCrMo [13]. To enhance the wear resistance of Ti-

6Al-4V, various surface treatment processes have been explored. Park et al. investigated 

plasma carburising of Ti-6Al-4V and reported enhanced wear properties due to the formation 

of a coating layer approximately 150 µm thick [15]. Cremer et al. examined oxide layer 

formation during Oxygen Boost Diffusion (OBD) of Ti-6Al-4V and found that the 

characteristics of the oxide layer varied with the thermal treatment employed [16]. Similarly, 

Lee et al. studied nitride coating formation at β-phase temperatures (around 950°C), reporting 

a ~40 µm thick nitride layer [17]. Other studies have demonstrated that similar nitride 

coatings can be achieved at lower temperatures using extended holding times. For example, 

Khatru et al. observed that increasing both temperature and holding time enhances the mean 

hardness of the material [18].  

2 Methods and materials 

The tribological behaviour of the treated samples was evaluated using the Pin-On-Disc 

(POD) method, with Ti-6Al-4V serving as the pin (representing the mandibular implant) and 

cross-linked UHMWPE (representing the fossa prosthesis) as the disc material. Tests were 

performed under lubricated conditions using bovine serum, which mimics the tribological 

environment of the TMJ, as validated by Hembus et al. [19]. This makes it a suitable lubricant 

for in vitro wear testing of TMJ related materials. The experimental procedure will follow 

American Society for Testing and Material (ASTM) G99, the standard method for conducting 

POD tests. Test parameters were guided by the methodology described by Zdero et al. [20], 

with additional insights from studies by Van Loon et al. [21] and Xiong et al. [22]. 

Furthermore, relevant elements from ASTM F732 and ASTM F1714 were incorporated to 

support the design and interpretation of the wear testing. The aim of this study was to 

investigate the wear performance of Ti-6Al-4V mandibular implants manufactured using 

DMLS subjected to two surface modification techniques: Nitrite Heat Treatment (NHT) and 

OBD.  

2.1 Sample fabrication 

The materials used in this study included Ti-6Al-4V pin specimens fabricated through the 

DMLS AM process. The specimens were produced on an Electro-Optical System (EOS) 

M290 machine under standard process parameters, utilising Ti-6Al-4V Grade 23 powder 

produced by EOS. Post-manufacturing, the pins were subjected to stress relief (SR) heat 

treatment at 650°C for 3 hours and annealing (AN) heat treatment at 940°C for a 2-hour cycle 

under controlled conditions in the T-M Vacuum Products Inc. SS12/24-13MDX vacuum 

furnace to reduce residual stresses and enhance microstructural stability. The UHMWPE 

discs were manufactured using CNC machining. The material was crosslinked with an 

irradiation dose of 76 kGy, which is known to influence wear resistance. In accordance with 

ASTM G99 standards, the pins were designed with a spherical geometry and a diameter of 6 

mm, while the discs measured 30 mm in diameter and 5 mm in thickness. Tribological testing 

was performed under lubricated conditions, employing bovine serum as the lubricant. 

Following the procedures specified in ASTM F732 and ASTM F1714, the bovine serum 

solution was prepared by dissolving 20 g/l of bovine serum, 7.44 g/l of 

ethylenediaminetetraacetic acid (EDTA), and 1.85 g/l of sodium azide in deionised water, to 
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a total volume of 500 ml. The solution was stirred continuously for 15 minutes to ensure 

adequate mixing. 

 The Ti-6Al-4V pins were initially fabricated with an oversize of 2 mm to allow for post-

processing through CNC machining aimed at enhancing surface finish. Surface roughness 

measurements in the radial direction yielded an average arithmetic roughness (Rₐ) of  

0.434 µm, which complies with the surface roughness requirements specified in the ASTM 

G99 standard for POD wear testing. To further refine the surface, the pins underwent 

additional polishing using a GPAINNOVA Dlyte 100 H electropolishing machine, resulting 

in an improved Rₐ value of 0.175 µm. The CNC machined UHMWPE discs initially exhibited 

an average Rₐ of 1.099 µm. Hand polishing was performed using 400 grit followed by 1000 

grit abrasive paper, which improved the surface roughness to 0.254 µm.  

2.2 Surface treatment process 

A total of nine Ti-6Al-4V pins were subjected to the final polishing step using the Dlyte 100 

H electropolishing machine, after which they all displayed a uniform, reflective silver 

appearance. Of these, three pins underwent nitride heat treatment, three underwent oxygen 

boost diffusion (OBD), and the remaining three were retained as untreated controls. 

2.2.1 Nitride heat treatment (NHT) 

The specimens designated for nitride heat treatment were subjected to a surface process 

aimed at forming a hard titanium nitride (TiN) layer The treatment was carried out in the T-

M Vacuum Products Inc. SS12/24- 13MDX vacuum furnace at a constant temperature of 

850 °C for a duration of5 hours. During this time, nitrogen gas was introduced into the 

furnace chamber to promote the diffusion of nitrogen into the titanium substrate and facilitate 

TiN formation. Upon completion of the treatment cycle, the pins were allowed to cool under 

vacuum conditions to prevent oxidation and preserve surface integrity. 

2.2.2 Oxygen boost diffusion (OBD) 

 The specimens designated for oxygen boost diffusion (OBD) treatment were processed to 

investigate the effect of oxygen diffusion on surface wear resistance. The OBD method 

employed in this study was adapted from the procedure described by Cremer et al. [16] and 

consists of a distinct three-stage process. In the first stage, the pins were placed in the 

Nabertherm LH 120/12 furnace under ambient air conditions and heated to 680 °C for 16 

hours. This oxidation step allowed for the enrichment of oxygen at the surface, resulting in 

the formation of a thin oxide layer. The furnace was then allowed to cool gradually to room 

temperature. 

 In the second stage, the oxidised pins were transferred to the T-M Vacuum Products Inc. 

SS12/24-13MDX vacuum furnace, where the temperature was increased to 850 °C. The pins 

were held at this temperature for 5 hours under vacuum to facilitate the inward diffusion of 

oxygen atoms into the titanium microstructure. This stage promoted the development of a 

hardened oxygen diffusion zone below the surface without the formation of a separate 

coating.  

 In the final stage, the pins were reintroduced into the Nabertherm LH 120/12 furnace and 

again subjected to 680 °C for 16 hours. After the heat- cycle, the furnace was allowed to cool 

to room temperature under ambient conditions. Visual inspection revealed the presence of 

residual oxide on the pin surfaces, which appeared as oxide grain clusters formed during the 

thermal oxidation stage, consistent with previous reports. These clusters contributed to the 
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coarse surface finish observed. To address this, the pins were subsequently buffed using a 

polishing wheel to remove the oxide residue and restore a smoother surface.  

2.3 Experimental set-up  

Wear testing was conducted using the POD Anton Paar Tribometer TRB3 (Fig. 3) in 

accordance with ASTM G99, under lubricated conditions designed to simulate the synovial 

environment of the TMJ. The experimental setup included the Ti-6Al-4V pins both untreated 

(only SR and AN heat treatment) and surface-treated (via NHT and OBD) mounted vertically 

and loaded with a 10N mass against cross-linked UHMWPE discs mounted on a rotating 

platform (Fig. 4).  Prior to wear testing, the Ti-6Al-4V samples were cleaned using propanol 

and handled with nitrile gloves to prevent contamination. The UHMWPE samples were 

cleaned with ethanol using wipes and allowed to air-dry at room temperature before 

mounting. The system is equipped with an integrated profilometer, which traverses the wear 

track to measure its depth. These measurements, combined with test parameters such as pin 

radius, applied load, sliding speed, and number of cycles, are used to calculate wear volume, 

from which the wear rate is determined.  

 

 
Fig. 3. Pin-on-disc tribometer (TRB3) employed for wear testing. 

 

 
Fig. 4. Experimental setup showing the UHMWPE disc and Ti-6Al-4V pin assembly. (a) UHMWPE 

disc is mounted in a rotating cup, (b) Normal load applied to the Ti-6Al-4V pin during testing 

 

 The test parameters were selected based on established tribological studies related to 

joint implants [20–22] and included the following conditions: sliding speed of 0.05 m/s and 

500000 cycles. The rotation radius was maintained at 8 mm from the centre of the disc, 

resulting in a circular wear path on the UHMWPE disc. While many tribological studies 
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employ linear sliding motion, the current investigation was constrained by the experimental 

setup, which permitted only rotational motion under lubricated conditions. Each test was run 

for approximately 5 days and 20 hours to complete the required number of cycles. All 

experiments were conducted at room temperature (28 ± 2 °C).  

 Lubrication was provided using a prepared bovine serum solution, as described in 

Section 2.1. The UHMWPE disc and Ti-6Al-4V pin were immersed in the lubricant for ~5 

hours prior to testing to ensure consistent fluid-film lubrication throughout the test duration. 

To maintain the integrity of the serum and minimise protein degradation or microbial growth, 

fresh serum was used for each test cycle and replaced at 250000 cycles. After each lubricant 

replacement, the rotating cup was cleaned with deionised water before adding fresh bovine 

serum to minimise biofilm formation and maintain consistent testing conditions. Bovine 

serum is commonly used as a synovial fluid analogue in wear testing due to its protein content 

and similarity to joint fluid, which helps replicate physiological lubrication [33]  

 Following completion of the wear tests, the wear rate of the cross-linked UHMWPE discs 

was evaluated using the Surtronic® S-100 series profilometer which is integrated with the 

POD Tribometer TRB3. Measurements were taken at three distinct locations on each disc, 

and the average value was calculated to represent the wear rate. 

2.4 Surface characterisation  

Surface characterisation was conducted on the Ti-6Al-4V pins to evaluate the effects of the 

surface treatments (NHT and OBD). Surface morphology was examined at University of the 

Free State (UFS) using the Joel JSM 6610 scanning electron microscope (SEM) operated at 

20 kV. SEM images were captured at various magnifications to observe surface features, the 

wear track, and potential delamination. Elemental analysis was performed using Energy-

Dispersive X-ray Spectroscopy (EDS), integrated with the SEM system, to confirm the 

incorporation of nitrogen and oxygen into the respective surface-treated pins.  

 The Ti-6Al-4V pin specimens were mounted in thermoplastic resin using a Struers 

CitoPress-1 hot compression mounting press to facilitate precise sectioning. Each sample was 

positioned in a mounting mould with phenolic resin powder, then subjected to a temperature 

of approximately 180 °C and a pressure of ~3 bar for 10 minutes. After cooling under 

pressure, the solidified mounts were removed and grinded using a Struers Tegramin 25 

system until the central axis of the pins was exposed; samples were then etched to reveal their 

microstructural features. SEM imaging was then used to analyse the treated layer and 

evaluate the layer formed due to the surface treatments.  

 Surface roughness of the Ti-6Al-4V pins was measured along the radial direction at 

eNtsa (Nelson Mandela University in Gqeberha, South Africa) using a Mitutoyo SURFTEST 

SJ-210 (Model ENT15015). Ra values were recorded at three different locations per sample, 

and the mean value was reported. For the UHMWPE discs, surface roughness was measured 

using a Surtronic® S-100 series profilometer. Ra values were obtained from three distinct 

areas on each disc, and the average value was reported. 

3 Results and discussion  

3.1 Results  

3.1.1 Surface roughness  

Surface roughness measurements (Rₐ) before and after treatment are summarized in Table 2. 

The Untreated (SR & AN) pins exhibited the lowest roughness (Rₐ = 0.175 µm), while nitride 
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treated pins showed a moderate increase due to nitride layer formation (Rₐ = 0.318 µm).  

The OBD treated pins showed a higher increase in the surface roughness in comparison to 

the nitride treated pins, measuring 0.346 µm Rₐ after the full treatment cycle. The UHMWPE 

measured 0.254 µm Rₐ after hand polishing using abrasive paper.  

 
Table 2. Measured surface roughness of Ti-6Al-4V pins and UHMWPE discs following surface 

treatment and polishing. 

Surface roughness (Rₐ in µm) 

 Finishing process 

 
Arithmetic roughness 

 

Ti-6Al-4V pins 

Post Dlyte polishing 

(Control group) 
0.175 µm 

Post NHT 0.318 µm 

Post OBD surface 

treatment 
0.346 µm 

UHMWPE discs 
Post hand polishing 

using abrasive paper 
0.254 µm 

3.1.2 Surface appearance and morphology 

Visual inspection showed clear differences in the surface coloration after each heat treatment 

process on the Ti-6Al-4V pins. The untreated (SN & AN) pin displayed a mirror-like finish 

indicating a smooth and polished surface (Fig. 5 A). Post NHT, the surface of the pins turned 

into a golden colour and a reduced mirror-like reflective finish. The colouring was consistent 

throughout the surface of the part showing a uniform layer formation of the nitride  

(Fig. 5 B). OBD treated Ti-6Al-4V pins showed a brown coloration after the initial oxidation 

stage which reverted to a mirror-like finish after heat treatment under vacuum and finally 

developed a bronze like colour following the final oxidation stage (Fig. 5 C).  

 

 
Fig. 5. Ti-6Al-4V pins before and after surface treatment. (a) Untreated Ti-6Al4V pin, (b) Nitride 

treated Ti-6Al4V pin, (c) OBD treated Ti-6Al4V pin. 

 SEM analysis of the untreated Ti-6Al-4V pin, following final polishing, revealed a 

smooth and uniform surface morphology characterized by well-defined concentric polishing 

marks (Fig. 6a). These features are indicative of consistent rotary polishing and confirm the 

achievement of a uniform surface finish. No surface defects such as microcracks, 

delamination, or surface contamination were detected, and the absence of any secondary 

surface features confirms that the specimen remained in its as-polished state without prior 

surface modification. The surface roughness (Ra) for this condition was measured at 
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0.255 µm, serving as a baseline reference for comparison with surface heat-treated 

counterparts. 

 SEM examination of the OBD-treated Ti-6Al-4V pin, following the final oxidation stage 

and subsequent mechanical polishing, also displayed a smooth and continuous surface (Fig. 

6b). Swirled polishing patterns were observed, indicating effective mechanical removal of 

the thin surface oxide formed during the final thermal oxidation step. The surface showed no 

signs of cracking, delamination, or morphological defects, suggesting that the OBD process 

followed by polishing successfully preserved the structural and morphological integrity of 

the near-surface region. 

 In contrast, SEM imaging of the NHT Ti-6Al-4V pin surface revealed a distinct matte 

and moderately textured morphology, markedly different from the untreated and OBD-

treated samples (Fig. 6c). The surface exhibited fine, speckled microstructural features and 

shallow topographical irregularities, which are consistent with the formation of a TiN 

compound layer. Although faint polishing lines were still discernible, their subdued 

appearance indicates that the nitriding process significantly modified the surface topography. 

No cracking or delamination was observed, implying a uniform, adherent TiN layer. These 

morphological characteristics align with the increased surface roughness measured for the 

NHT Ti-6Al-4V pin and support the presence of a hard, wear-resistant surface layer formed 

via nitrogen diffusion. 

 

 
Fig. 6 Surface SEM images of Ti-6Al-4V pins before wear test. (a) Untreated pin, (b) OBD treated 

pin, (c) NHT pin  

3.1.3 Phase composition 

EDS analysis of the untreated and OBD-treated Ti-6Al-4V pins prior to wear testing revealed 

similar elemental surface compositions at the outermost surface (Fig. 7a, 7b). While EDS did 

not detect a strong oxygen signal, it should be noted that EDS has limitations in quantifying 

light elements, and a surface oxide layer may still be present, as indicated by the brown 

coloration of the OBD-treated pins. Long oxidation steps, as employed in this study, can 

result in multi-layered oxides such as Al₂O₃ and TiO₂. This observation aligns with the 

expected outcome of the OBD process, which enhances surface hardness through subsurface 

oxygen diffusion. Cremer et al. reported that OBD processing can produce surface oxide 

layers approximately 2–4 µm thick, which may be partially removed by light polishing, 

supporting the interpretation of subsurface oxygen enrichment in the present results. EDS 

point scans for the NHT Ti-6Al-4V pin revealed elevated nitrogen concentrations on the 

surface, consistent with the formation of a TiN layer (Fig. 7c). 
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Fig. 7. EDS scans showing the elemental analysis of the surface treated Ti-6Al-4V pins. (a) Untreated 

pin (b) NHT pin (c) OBD treated Ti-6Al-4V pin, (d) Sectioned OBD treated Ti-6Al-4V pin  

The Ti-6Al-4V pins were sectioned (Fig. 8) and SEM images were taken to examine the 

effects of the surface treatments. In the OBD-treated pin, a light region just beneath the 
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surface was observed (Fig. 9a). While this was initially interpreted as oxygen diffusion into 

the material without a visible surface coating, it is acknowledged that such features may also 

arise as a sample preparation artefact. Specifically, incomplete planarization during polishing 

can result in rounding at the edges due to the higher hardness of the oxide layer, which may 

give the appearance of a uniform subsurface zone. Nevertheless, EDS point analysis 

confirmed increased oxygen concentrations within this region (Fig. 7d), supporting the 

interpretation of oxygen enrichment associated with the OBD process. The NHT pin showed 

a clear surface layer (Fig. 9b), likely made of titanium nitride (TiN), with a zone beneath it 

where nitrogen had diffused into the metal. This surface layer appeared even and strongly 

bonded to the base material. The untreated sample displayed a typical α+β structure with no 

surface changes, serving as the reference for comparison. These images confirm that both 

OBD and nitriding changed the near-surface structure of the alloy in ways that are likely to 

improve hardness and wear resistance. 

 

 
Fig. 8 Sectioned Ti-6Al-4V pins, showing printing orientation on the Z direction. 

 
Fig. 9. SEM images of sectioned pins, (a, OBD treated pin (b) NHT pin, (C)Untreated pin  
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3.1.4 Wear rate analysis 

Wear rates for the untreated, NHT, and OBD Ti-6Al-4V pins were evaluated using the POD 

method under lubricated conditions with bovine serum, in accordance with ASTM G99, 

ASTM F732 and ASTM F1714. The wear results are primarily evaluated based on the wear 

of the UHMWPE disc, as it serves as the softer articulating counterpart in the metal-on-

polymer pairing and is therefore expected to exhibit the most significant material loss. The 

wear performance was assessed by measuring the wear rate using the Surtronic® S-100 series 

which is incorporated with the Tribometer TRB3. Quantitatively, the NHT pin exhibited the 

lowest wear rate of 1.059 × 10⁻⁶ mm³/N.m, followed by the OBD treated pin, and lastly the 

untreated pin with the highest wear rate. The findings indicate that both surface treatments 

effectively enhance the wear resistance of Ti-6Al-4V, with the nitriding process exhibiting 

the greatest improvement, likely due to the formation of a hard, wear-resistant TiN surface 

layer. Table 3 shows the summary of the wear results 

 
Table 3. Summary of the wear performance of the experiment. 

Test 
load 

Number of cycles Pin Disc Wear rate 

10N 500 000 Ti-6Al-4V 

untreated 

UHMWPE 

cross-linked 
1.682 × 10−6mm3/N. m 

10N 500 000 Ti-6Al-4V NHT UHMWPE 

cross-linked 
1.059 × 10−6mm3/ N. m 

10N 500 000 Ti-6Al-4V 

OBD treated 

UHMWPE 

cross-linked 
1.456 × 10−6mm3/ N. m 

3.2 Discussion 

This study evaluated the wear performance of Ti-6Al-4V pins versus UHMWPE cross-linked 

discs using a pin-on-disc wear test method under lubricated conditions simulating the TMJ. 

The Ti-6Al-4V pins underwent surface treatment through nitriding and OBD. The aim was 

to assess how these surface modifications influence tribological behaviour, particularly for 

medical implants used in TMJ reconstruction. 

3.2.1 Surface morphology 

Surface roughness increased following both treatments (from 0.175 µm to 0.318 µm for NHT 

and 0.346 µm for OBD-treated pins). Despite this increase, wear resistance improved, 

highlighting that enhanced hardness and surface chemistry play a more critical role in 

tribological performance than surface roughness alone. The relatively low wear rates of 

UHMWPE against surface-treated Ti-6Al-4V pins further confirm improved tribological 

compatibility. These results support previous observations by Shi et al. [28], who noted that 

engineered oxide surfaces reduce UHMWPE wear by minimising polymer transfer. 

 SEM surface analysis highlighted the morphological changes resulting from each 

treatment. The untreated (SR and AN) pin displayed a smooth and uniform surface with well-

defined concentric polishing marks and no evidence of surface modification. This sample 

served as the baseline condition. The OBD treated pin maintained a smooth appearance, with 

visible rotary polishing patterns and no evidence of delamination, cracking, or surface 

degradation. These findings suggest that the treatment preserved the surface integrity while 

achieving subsurface hardening. In contrast, the NHT pin showed a more textured, matte 

surface morphology with speckled features and reduced visibility of polishing lines. These 

characteristics, along with the EDS confirmation of nitrogen enrichment, support the 
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formation of a hard TiN surface layer. The absence of surface defects also indicates that the 

nitride layer was uniformly formed and well-adhered to the base material. 

3.2.2 Phase composition  

The NHT Ti-6Al-4V pin exhibited a hardened surface layer, likely corresponding to the 

formation of a titanium nitride (TiN) compound. SEM cross-sectional imaging revealed a 

distinct surface layer with a moderately textured and matte appearance. These features are 

consistent with the formation of a TiN or Ti₂N compound layer, supported by EDS analysis 

which confirmed elevated nitrogen concentrations at the surface. This observation aligns with 

findings by Goratouch et al. [27], who reported the formation of compound layers consisting 

of Ti₂N and δ-TiN phases after plasma nitriding of Ti-6Al-4V, with increased layer thickness 

and intensity under higher nitriding temperatures and longer durations. The presence of a 

continuous, well-adhered compound layer in this study further supports the effectiveness of 

the nitriding process in creating a hard, wear-resistant surface 

 The OBD process followed the methodology described by Cremer et al. [16] and 

produced microstructural changes typical of solid-state diffusion treatments. The OBD 

process followed the methodology described by Cremer et al. [16] and produced 

microstructural changes typical of solid-state diffusion treatments. The treated pin exhibited 

a subsurface oxygen diffusion zone (ODZ) with a gradual transition into the bulk material. 

While no distinct compound layer was observed in the present analysis, literature indicates 

that the third step of OBD promotes the growth of an adherent oxide layer on top of the ODZ. 

The absence of a retained surface oxide in the current observations may be related to the 

specimen preparation and polishing procedure for metallographic analysis. EDS analysis 

revealed the absence of detectable oxygen at the outermost surface, which is attributed to the 

mechanical polishing step performed after the final oxidation stage. This step may have 

reduced or thinned the oxide film, which is typically around 2–4 µm in thickness as reported 

by Cremer et al. for OBD-treated Ti-6Al-4V. However, EDS point analysis within the 

subsurface region confirmed elevated oxygen levels, verifying the formation of the ODZ 

even though no distinct oxide layer was detected in the current measurements. It is recognised 

that an adherent oxide layer is expected from the OBD process, and its absence here may 

reflect preparation artefacts rather than a deviation from the underlying mechanism. 

3.2.3 Wear performance 

The wear test results demonstrated that both surface treatments significantly enhanced the 

tribological performance of Ti-6Al-4V when tested against cross-linked UHMWPE. The 

untreated pin exhibited the highest wear rate at 1.682 × 10⁻⁶ mm³/N·m, serving as the baseline 

for comparison. NHT resulted in the most substantial improvement, reducing the wear rate 

to 1.059 × 10⁻⁶ mm³/N·m. This improvement is attributed to the formation of a hard TiN 

surface layer, which enhances surface hardness and reduces material loss during articulation. 

These findings are consistent with literature reports, including those by Shi et al. [28], who 

observed improved wear resistance following surface oxidation treatments, as well as other 

studies highlighting the tribological benefits of TiN-coated Ti-6Al-4V [30, 31]. 

 The OBD-treated pin also showed improved wear resistance compared to the untreated 

sample, with a wear rate of 1.456 × 10⁻⁶ mm³/N·m. Although no surface compound layer was 

present, the oxygen diffusion zone (ODZ) formed during treatment likely contributed to 

increased subsurface hardness. This mechanism aligns with previous findings [28–31], which 

show that surface hardening through diffusion whether via nitrogen or oxygen can effectively 

reduce wear, though performance gains depend on treatment depth, uniformity, and surface 

preparation. 
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4 Conclusion 

This study investigated the tribological performance of Ti-6Al-4V subjected to two surface 

treatment techniques NHT and OBD using a pin-on-disc wear testing protocol under 

lubricated conditions simulating the TMJ environment. 

4.1 Key findings  

- NHT led to the most significant reduction in wear rate, attributed to the formation 

of a continuous and well-adhered TiN compound layer, as confirmed by SEM and 

EDS analysis. 

 

- OBD treatment also enhanced wear resistance by introducing a subsurface oxygen 

diffusion zone (ODZ), improving hardness without forming a brittle surface layer 

or compound coating offering a potentially more stable alternative to coated 

surfaces 

 

- Untreated (SR and AN) Ti-6Al-4V demonstrated the highest wear rate, reaffirming 

the alloy’s limitations in its raw state and the importance of surface modification 

for biomedical load-bearing applications. 

 

- Surface roughness, morphology, and phase composition analyses verified that both 

surface treatments were successfully applied. The observed microstructural 

changes corresponded to improvements in wear resistance and support the distinct 

mechanisms of each treatment. 

4.2 Future work 

These findings highlight the importance of surface engineering in extending the functional 

lifespan of Ti-6Al-4V components in TMJ replacement implants. Ongoing work involves 

extended wear testing up to 5 × 10⁶ cycles to assess long-term durability. Future studies will 

include micro-indentation hardness profiling to correlate mechanical gradients with diffusion 

depth, advanced cross-sectional characterisation of treated zones, and in vitro 

biocompatibility evaluations to assess clinical relevance. Additional investigations will focus 

on optimizing post-treatment polishing techniques to preserve the surface oxide layer in OBD 

treated pins and evaluating wear behaviour when the OBD cycle is stopped after the vacuum 

diffusion stage, potentially reducing processing time while retaining surface benefits.  
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