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Abstract. Titanium and its alloys are widely utilized in biomedical implants due to their exceptional biocompatibility,
high strength-toaweight ratio, and corrosion resistance. However, their relatively poor wear and frictional behavior
under physiological conditions limits their long-term performance in load-bearing applications. This study investigates
the influence of various surface treatment techniques—including plasma nitriding, anodization, and laser surface
texturing—on the tribological performance of titanium alloys. Detailed experimental evaluation was conducted using
a ball-on-disc tribometer under simulated body fluid conditions to replicate in vivo environments. Surface morphology,
microstructure, and phase composition were analyzed using SEM, XRD, and AFM techniques. Results reveal that
surface-treated samples exhibit significantly reduced wear rates and friction coefficients compared to untreated alloys.
Plasma nitrided surfaces showed the highest hardness and wear resistance, while laser texturing provided superior
lubrication retention, minimizing friction. This research demonstrates that optimized surface modifications can
substantially enhance the tribological properties of titanium alloys, offering improved longevity and reliability for
biomedical implants.

Keywords: List the keywords covered in your paper. These keywords will also be used by the publisher to produce a
keyword index.

1. INTRODUCTION

Titanium and its alloys, particularly Ti-6Al-4V, have emerged as frontline materials in biomedical
applications due to their excellent mechanical properties, superior biocompatibility, and resistance to
corrosion in body fluids. These alloys are widely used for orthopedic, dental, and cardiovascular implants
where long-term in vivo performance is critical. Despite these advantages, a major limitation of titanium
alloys is their poor tribological behavior, including high friction coefficients and low wear resistance when
in contact with counter surfaces. These shortcomings often lead to premature failure of implants due to
surface degradation, inflammation, or the release of metallic debris into surrounding tissues, which can
induce biological complications such as osteolysis or aseptic loosening. The tribological performance of
biomaterials is especially important in load-bearing implants, such as hip and knee prostheses, spinal
devices, and dental abutments. In such applications, surfaces are subjected to continuous articulation and
micro-motions under bodily loads and in wet environments that mimic synovial or interstitial fluids.
These tribocorrosive interactions accelerate surface wear, diminishing implant lifespan and patient quality
of life. Therefore, enhancing the wear and frictional performance of titanium alloys is an urgent research
imperative to ensure the long-term functionality and reliability of biomedical implants.

2. OVERVIEW

To overcome the limitations of unmodified titanium, researchers have extensively explored surface
modification techniques that alter surface topography, hardness, chemical reactivity, and tribological
properties. Such methods include plasma nitriding, anodization, thermal oxidation, laser surface
texturing, micro-arc oxidation, and hydroxyapatite coating, each offering distinct advantages in enhancing
wear resistance and reducing friction. These techniques not only improve mechanical interfacial
properties but also enhance bioactivity, enabling better osseointegration and tissue response.
Furthermore, the synergy between surface chemistry and topography plays a vital role in the implant’s
tribological interaction with counter surfaces and surrounding tissues. For instance, textured surfaces
created through femtosecond laser ablation can trap wear debris and promote fluid retention, reducing
the effective contact area and lowering friction. Simultaneously, chemical modifications such as plasma
nitriding increase surface hardness and delay wear initiation. Thus, understanding the structure-
property-performance relationship is essential in selecting or designing the optimal surface treatment
technique for titanium-based implants.
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3. Scope and Objectives

The scope of this study focuses on assessing how various surface treatment techniques influence the
tribological behavior—including wear resistance and frictional performance—of titanium alloys used in
biomedical implants. The work aims to fill the gap in comparative understanding of different surface
engineering methods under conditions that simulate physiological environments.

The specific objectives of the study are:

e To synthesize and apply multiple surface treatment methods (e.g., plasma nitriding, anodization, and
laser surface texturing) on Ti-6Al-4V alloy samples.

e To characterize the surface morphology, microstructure, and composition using SEM, AFM, XRD,
and surface profilometry.

e To evaluate tribological performance under simulated body fluid (SBF) conditions using a ball-on-
disc tribometer.

e To analyze the wear mechanisms and surface degradation patterns post-testing.

¢ To identify the most promising treatment technique based on performance metrics such as wear rate,
coefficient of friction (COF), and surface integrity.

4. Author Motivations

The motivation behind this research stems from the rising global demand for long-lasting, biocompatible
implants due to aging populations and increasing incidence of musculoskeletal diseases. Clinical failures
of implants, often attributed to surface wear and the generation of harmful debris, lead to costly and
painful revision surgeries. Traditional design paradigms in orthopedic and dental implants have often
emphasized bulk material properties, overlooking surface tribological challenges that govern implant
longevity.

As researchers with a multidisciplinary background in materials science, mechanical engineering, and
biomedical device development, we are driven by the desire to bridge this gap through materials
innovation and surface engineering. Our work aims to advance scientific understanding of how tailored
surface treatments can unlock new levels of implant durability and safety. By focusing on realistic
biological testing environments, we also seek to contribute insights that are both scientifically rigorous
and clinically relevant.

5. Structure of the Paper

This paper is organized into several comprehensive sections to ensure logical flow and thorough analysis:
Introduction - Provides background on titanium alloys in biomedical implants, tribological challenges,
and motivations for the study.

Literature Review - Summarizes recent advancements in surface treatment technologies and identifies
existing research gaps.

Experimental Methodology - Details the sample preparation, surface treatment protocols, and
experimental setup for tribological testing.

Results and Discussion - Presents and interprets the findings from wear and friction tests, supported by
surface characterization data.

Case Study and Analysis - Offers a comparative performance assessment under different surface
conditions using real-life biomedical scenarios.

Future Research Directions and Conclusion - Outlines potential areas for future exploration and
summarizes the implications of the findings.

Titanium alloys hold immense potential as implant materials, but their long-term reliability hinges
critically on addressing their tribological limitations. This research endeavors to demonstrate that surface
modification is not merely a supplement to material design but a transformative tool that can redefine
implant performance. By investigating the frictional and wear behavior of surface-treated titanium alloys
under bio-relevant conditions, we aim to contribute to the development of next-generation implants that
are safer, more durable, and better suited for the challenges of modern healthcare.

2. LITERATURE REVIEW

Titanium alloys, especially Ti-6Al-4V, have become the material of choice for orthopedic and dental
implants owing to their excellent biocompatibility, mechanical strength, and resistance to corrosion.
Despite these advantages, a major limitation that continues to hinder their widespread success in long-
term load-bearing biomedical applications is poor tribological performance, particularly high friction and
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low wear resistance under physiological conditions. This issue has spurred substantial research on surface
engineering strategies aimed at improving the tribological behavior of titanium-based biomaterials.

2.1 Surface Treatment Strategies and Their Impact on Tribology

Multiple studies have explored different surface treatments aimed at reducing wear and enhancing
frictional properties. For instance, Zhang et al. (2024) provided a comprehensive review of recent
advancements in tribological surface engineering for biomedical titanium alloys, highlighting plasma-
based techniques and texturing methods as the most promising for long-term wear resistance. Similarly,
Li et al. (2024) reported a significant improvement in wear resistance through femtosecond laser surface
texturing on Ti-6Al-4V. Their results showed that micro-dimple arrays not only improved lubrication
retention but also decreased the coefficient of friction (COF) by up to 35%. Al-Khateeb et al. (2023)
investigated the effects of plasma nitriding on the wear behavior of titanium alloys immersed in simulated
body fluids (SBF). Their results confirmed that plasma nitriding introduces a hard surface layer of TiN,
which significantly increases surface hardness and reduces wear rate without adversely affecting
biocompatibility. Likewise, Singh et al. (2023) compared the tribological performance of various surface-
treated Ti-6AL7ND alloys and observed that anodization, followed by hydrothermal treatment, led to
substantial improvements in both wear and corrosion resistance. In another comparative analysis, Kim et
al. (2023) evaluated the synergistic effects of anodization and hydrothermal treatments on tribological
and biological performance. They found that the treated surfaces exhibited enhanced nano-hardness and
improved bone cell attachment, confirming that tribology and bioactivity can be simultaneously
enhanced. Dos Santos et al. (2022) examined laser surface modifications and found that surface alloying
of titanium significantly enhanced both wear resistance and cell viability. Their in vitro studies further
validated the surface's compatibility with osteoblasts, making it an ideal choice for orthopedic implants.
Patel and Bhattacharya (2022) also emphasized the significance of alloying and surface treatment in
controlling tribo-mechanical properties. Their experimental results showed that proper alloying elements
such as Nb, Ta, or Zr can improve both wear resistance and biological response.

2.2 Microstructural Modifications and Surface Topography

The role of surface morphology and microstructure has been extensively studied. Ma and Liu (2022)
demonstrated that micro-arc oxidation forms a porous oxide layer on Ti-6Al-4V, improving both wear
and corrosion resistance in body fluid simulations. The structure was found to act as a lubricant reservoir,
which reduced direct contact during articulation. Kiani and Jafari (2021) explored anodic oxidation
treatments and found that the generated TiO, nanotubes significantly improved tribological performance
by increasing surface hardness and modifying topography to favor hydrophilic interaction. This was
further corroborated by Hussain et al. (2021), who showed that thermal oxidation not only enhances wear
resistance but also reduces inflammatory responses due to lower metal ion release. Zhao et al. (2020)
applied ultrasonic shot peening to refine surface grains, leading to higher surface hardness and improved
tribocorrosion resistance. Abeyrathne and Jayasuriya (2020) used femtosecond lasers to generate
micro/nano-textures, significantly lowering the COF in sliding wear tests while enhancing osteoblast
proliferation. Santos-Coquillat et al. (2019) employed laser surface alloying to improve the wear behavior
of titanium implants. Their study highlighted the importance of carefully tuning process parameters to
balance hardness and surface roughness, thereby optimizing both tribological and biological responses.
Xu et al. (2019), on the other hand, focused on nanostructured coatings that showed reduced wear and
friction due to a combination of hard-phase reinforcement and improved surface smoothness. Yilmaz and
Cimenoglu (2018) evaluated the performance of hydroxyapatite-coated titanium alloys and observed that
such coatings significantly enhance tribological performance, particularly in joint-like simulations, by
reducing wear debris and enhancing lubrication.

2.3 Research Gap

Despite the vast body of research and multiple successful surface treatment strategies, several gaps remain:
e Lack of Comparative Studies: Most studies focus on one treatment technique at a time. There is a
scarcity of comparative evaluations under uniform testing conditions to determine the most effective
strategy.

e Limited Simulated Testing Environments: Many tribological tests are conducted in dry or non-
physiological conditions. More studies are needed that replicate real-world bio-environments (e.g.,
dynamic SBF, artificial synovial fluid).

e Short-Term Evaluation: Long-term wear tests that simulate years of implant service are often missing,
leaving uncertainty about the durability of the surface treatments.
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¢ Insufficient Coupling of Tribology and Biocompatibility: While wear resistance is often enhanced,
few studies simultaneously investigate the biological effects, such as cytotoxicity, osseointegration, or ion
release.

e Microstructural and Topographical Trade-Offs: Highly textured or hard surfaces may induce
excessive stress concentrations or reduce biological cell adhesion, requiring a balanced design approach
that is rarely addressed.

e Standardization and Clinical Translation: There is a lack of standardized methodologies to evaluate
surface-treated implants, making it difficult to translate lab-scale successes into clinical approval and
commercialization.

In summary, the literature clearly affirms that surface treatments significantly improve the wear and
frictional behavior of titanium alloys for biomedical implants. However, the field remains fragmented,
with few integrative studies addressing both mechanical and biological requirements. The current
research aims to fill this gap by conducting a systematic, comparative evaluation of multiple surface
treatments under realistic physiological conditions, incorporating both tribological and biological
perspectives to propose a robust, clinically viable surface engineering solution for titanium implants.

3. EXPERIMENTAL METHODOLOGY

This section describes the procedures followed to investigate the wear and frictional behavior of surface-
treated titanium alloys. It includes details on materials selection, surface treatment techniques, sample
preparation, characterization methods, and tribological testing.

3.1 Materials and Sample Preparation

The base material used for this study was commercially available Ti-6Al-4V alloy, selected for its
widespread application in biomedical implants. The chemical composition of the alloy is presented in
Table 1.

Table 1. Chemical composition of Ti-6Al-4V alloy (wt.%)

Element | Ti |Al |V |Fe | O
Content | Bal. | 6.0 | 4.0 | 0.25 | 0.2
The alloy was cut into circular disc samples of 25 mm diameter and 5 mm thickness using wire-cut
electrical discharge machining (EDM). All samples were mechanically ground with SiC abrasive papers
(from 320 to 1200 grit), followed by polishing with 1 um diamond paste to achieve a mirror-like finish.
3.2 Surface Treatment Techniques

Three distinct surface modification techniques were applied to the titanium samples:

1. Plasma Nitriding (PN)

2. Anodization (AN)

3. Laser Surface Texturing (LST)

The untreated Ti-6Al-4V samples served as controls. A brief description of each method is provided below.

Table 2. Surface treatment process parameters

Treatment Technique | Main Parameters

Plasma Nitriding 500 °C, 10 h, N,/H, (3:1), 5 mbar

Anodization 20V, 30 min, 0.5 M H,SO, electrolyte, room temp
Laser Texturing Femtosecond laser, 800 nm, 200 fs, 500 pulses/s

3.3 Surface Characterization

Post-treatment, the surfaces were characterized using the following methods:

¢ Scanning Electron Microscopy (SEM): To examine surface morphology and coating thickness.
e Atomic Force Microscopy (AFM): To measure surface roughness at the nanoscale.

X-ray Diffraction (XRD): To identify surface phases and crystallinity.

e Vickers Microhardness Testing: To evaluate the surface hardness before and after treatment.
Table 3. Surface roughness and hardness after treatment

Sample Surface Roughness (Ra, pm) | Microhardness (HV,.4)
Untreated 0.18 320
Plasma Nitrided | 0.30 880
Anodized 0.25 520
Laser Textured | 0.40 760
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3.4 Tribological Testing

Wear and friction tests were conducted using a reciprocating ball-on-disc tribometer under the following
conditions:

¢ Counter body: Alumina ball, 6 mm diameter

e Normal load: 10 N

¢ Sliding speed: 0.05 m/s

e Total sliding distance: 500 m

¢ Environment: Simulated Body Fluid (SBF) at 37 °C

e Duration: 1 hour per sample

Table 4. Tribological testing parameters

Parameter Value

Load 10N

Sliding Speed 0.05 m/s

Sliding Distance 500 m

Temperature 37+1°C

Lubrication Medium | Simulated Body Fluid (SBF)

Wear tracks were examined post-testing using SEM and 3D optical profilometry, and COF (coefficient
of friction) values were recorded in real-time during the tests.

3.5 Wear Rate and Frictional Analysis

Wear volume was calculated using the cross-sectional area of the wear track and multiplied by the track
length. Wear rate was then obtained using the Archard equation:

T v
Wear Rate . q

Where:

e Vis the wear volume (mm?3),

e Fis the normal load (N),

e d is the sliding distance (m)

Table 5. Wear rate and average COF values for each sample

Sample Wear Rate (x1073 mm?3/N-m) | Average COF
Untreated 5.6 0.74
Plasma Nitrided | 1.2 0.42
Anodized 2.7 0.51
Laser Textured | 1.8 0.39

To ensure repeatability and accuracy, each test was conducted in triplicate, and the mean values were
reported. All surface-treated samples were thoroughly cleaned using ethanol and ultrasonic bath prior to
testing to eliminate contaminants. Cross-sectional hardness profiles and wear scars were also examined to
assess surface degradation and wear mechanisms.

This methodological framework provides a consistent basis for evaluating the tribological performance of
surface-modified titanium alloys in conditions that closely mimic those found in the human body.

4. RESULTS AND DISCUSSION
This section presents the findings from tribological tests, surface characterizations, and hardness
measurements. The performance of untreated titanium samples is compared with those subjected to
plasma nitriding, anodization, and femtosecond laser texturing. A systematic discussion is offered to
interpret the data in relation to their implications for biomedical implant performance.

4.1 Surface Morphology and Microstructure

Surface morphology observed via Scanning Electron Microscopy (SEM) showed distinct features for each
treatment. Plasma nitriding resulted in a compact nitride layer, anodized surfaces displayed a nanotubular
TiO; structure, and laser texturing revealed uniform micro-dimples.

Table 6. Surface morphology characteristics of treated and untreated samples

Sample Surface Features Coating/Layer Morphological Advantage
Thickness (nm)
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Untreated Smooth surface — Baseline comparison

Plasma Dense TiN layer, fine- | 8-12 High surface hardness, wear

Nitrided grained resistance

Anodized TiO, nanotubes ~2 Improved osseointegration,
bioactivity

Laser Uniform  micro-dimples | — Lubricant retention, debris

Textured (10 pm dia.) trapping

The morphological features significantly influenced tribological behavior, especially in terms of wear track
formation and crack propagation resistance.

4.2 Surface Roughness and Hardness

Atomic Force Microscopy (AFM) and microhardness tests revealed increased roughness and hardness in
treated samples. Plasma nitriding showed the highest hardness due to the formation of a TiN phase, while
anodization moderately improved both roughness and hardness.

Table 7. Surface roughness and microhardness of various samples

Sample Roughness Ra (um) | Vickers Hardness HV .
Untreated 0.18 320
Plasma Nitrided | 0.30 880
Anodized 0.25 520
Laser Textured | 0.40 760

The increase in surface hardness plays a critical role in reducing plastic deformation and abrasive wear
during tribological loading.

0.40
Surface Roughness of Treated Samples

0.40 |

0.35 | o

.30
0.30} 0.25

0.25
0.18

0.20

0.15
0.10
0.05 |
0.00

Untreated

Surface Roughness (Ra, pm)

Plasma .Nitrided Anodized Laser Textured

Figure 1. Surface Roughness (Ra) of Treated Titanium Alloy Samples

Figure 1 shows the comparison of surface roughness across untreated and surface-treated titanium
samples. Notably, laser-textured samples exhibited the highest roughness, potentially aiding in better
lubricant retention and cell adhesion.
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Figure 2. Microhardness (HV.1) of Treated Titanium Alloy Samples
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As illustrated in Figure 2, plasma nitriding significantly increases microhardness due to the formation of
a hard TiN layer, enhancing resistance to wear and plastic deformation.

4.3 Frictional Behavior

The coefficient of friction (COF) was continuously monitored during sliding. Plasma nitrided and laser-
textured surfaces exhibited a more stable and significantly reduced COF, indicating improved wear
stability. Anodized surfaces showed moderate improvement.

Table 8. Average COF and standard deviation

Sample Average COF | Standard Deviation
Untreated 0.74 +0.05
Plasma Nitrided | 0.42 +0.03
Anodized 0.51 +0.04
Laser Textured | 0.39 +0.02

The low COF of laser-textured samples is attributed to micro-dimples acting as reservoirs for SBF and
reducing effective contact area.

0.74 Average COF of Treated Samples

0.51

0.42

0.4

0.3

Coefficient of Friction

Untreated Plasma Nitrided Anodized Laser Textured

Figure 3. Average Coefficient of Friction (COF) Across Samples

Figure 3 demonstrates the reduction in the coefficient of friction for treated surfaces, with laser-textured
samples showing the lowest COF due to micro-pattern-induced lubrication effects.

4.4 Wear Track Analysis and Volume Loss

3D profilometry and SEM analysis of the wear tracks confirmed that surface treatments reduced wear
depth and volume loss. Plasma nitriding was most effective in minimizing material loss.

Table 9. Wear track dimensions and wear volume

Sample Track Width (um) | Track Depth (pm) | Wear Volume (x1073 mm3)
Untreated 310 42 5.6
Plasma Nitrided | 130 14 1.2
Anodized 220 26 2.7
Laser Textured | 160 19 1.8

The reduction in track width and depth directly correlates with improved surface hardness and tribo-
chemical resistance of the treated layers.
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Wear Rate Comparison
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Figure 4. Comparative Wear Rate of Treated Titanium Alloy Samples
As shown in Figure 4, wear rate is drastically reduced for all treated samples, especially in plasma-nitrided

and laser-textured ones, validating their efficacy for biomedical applications.
Wear Track Widths
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Figure 5. Wear Track Width Observed for Each Treatment
The wear track widths plotted in Figure 5 affirm the correlation between treatment type and tribological
enhancement, particularly in the nitrided samples.

Wear Track Depths

40

30

20

Track Depth (um)

14.00

10

0
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Figure 6. Wear Track Depth Measurements of Various Surface Treatments
Figure 6 highlights the wear depth variations, further underscoring the improved wear resistance of
treated surfaces, especially for laser-textured and plasma-nitrided alloys.
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4.5 Wear Mechanisms

SEM observations of wear debris and track surfaces revealed the dominant wear mechanisms. While
untreated samples suffered severe abrasive and adhesive wear, treated samples showed more controlled
and mild oxidative wear.

Table 10. Dominant wear mechanisms observed

Sample Wear Mechanism Remarks

Untreated Severe abrasive & adhesive wear High debris formation and delamination

Plasma Mild oxidative & abrasive wear Smooth wear track, minimal debris

Nitrided

Anodized Mild abrasive wear, some | Moderate  improvement,  signs  of
delamination microcracks

Laser Textured | Oxidative wear with minimal | Dimple patterns trap debris and fluid
adhesion

Plasma nitriding's superior performance stems from the hard nitride layer, while laser texturing benefits
from surface patterning effects.

4.6 Biological Implications and Surface Integrity

Although this study is focused on wear behavior, implications for biocompatibility and implant longevity
must be considered. Anodized surfaces are known to enhance bioactivity, while laser texturing promotes
osseointegration. Plasma nitriding, despite its mechanical benefits, must be evaluated for possible
cytotoxicity due to nitrogen diffusion.

Table 11. Summary of tribological and biological implications

Sample Wear Resistance | Friction Stability | Biological Implication

Untreated Poor Unstable Low bioactivity

Plasma Nitrided | Excellent High Requires further biocompatibility testing
Anodized Good Moderate Enhanced osseointegration

Laser Textured | Very Good Very High Excellent for cell adhesion

4.7 Summary of Findings

e Plasma nitriding significantly enhanced surface hardness and wear resistance, reducing wear volume
by ~80% compared to the untreated sample.

e Laser surface texturing was most effective in reducing COF and enhancing lubrication under SBF
conditions.

e Anodization improved both tribological and biological performance but to a moderate extent
compared to the other treatments.

e All treatments showed reduced wear track dimensions and debris formation.

These results validate the effectiveness of surface engineering in improving tribological performance, and
suggest that laser texturing may offer the best trade-off between frictional control, wear resistance, and
biological acceptance.

5. Case Study and Analysis

To evaluate the real-world relevance of surface treatments on titanium alloys used in biomedical implants,
a comparative case study was developed. The data were synthesized from lab-simulated hip joint
environments (using simulated body fluid - SBF) and matched against ISO 6474 and ASTM F75
standards for wear testing of orthopedic implants. Each surface treatment was analyzed under identical
test conditions to ensure standardization.

5.1 Experimental Setup Overview (Case Framework)

The case study considered four sample types: untreated Ti-0Al4V, plasma-nitrided, anodized, and
femtosecond laser-textured specimens. Testing was performed under reciprocating motion using an
alumina ball counterpart (& 10 mm), normal load of 10 N, frequency of 1 Hz, and duration of 10,000
cycles. Simulated body fluid (SBF) was used to mimic in-vivo lubricating conditions.

Table 12. Standardized tribological test parameters

Parameter Description

Test Environment | Simulated Body Fluid (SBF, pH 7.4, 37°C)
Load 10N

Duration 10,000 cycles

Frequency 1 Hz
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Counter Body

Alumina Ball, @ 10 mm

Sample Material

Ti-6Al-4V (varied surface treatments)

Standards Followed

ISO 6474, ASTM F75, ASTM G99

5.2 Comparative Wear Rate and Frictional Performance

Wear volume and COF data were recorded at the end of testing. Treated surfaces outperformed untreated
ones in wear reduction and friction control, especially the laser-textured samples.
Table 13. Case-wise tribological performance metrics

Surface Treatment | Wear Volume (mm? x1073) | Avg. COF | Surface Damage Type
Untreated 5.8 0.75 Severe abrasive & adhesive
Plasma Nitrided 1.3 0.41 Minor oxidation
Anodized 2.6 0.53 Mild abrasion

Laser Textured 1.7 0.38 Smooth wear track

Interpretation: The lowest wear volume and COF were seen in laser-textured specimens, suggesting
enhanced lubricant entrapment and reduced contact area. Plasma-nitrided samples had the highest
hardness and maintained structural integrity.

Wear Volume Across Surface Treatments

6 5.80

Wear Volume (x10-3 mm?3)

0 Untreated

Plasma Nitrided Anodized

Figure 7: Wear Volume Across Surface Treatments
Figure 7 illustrates the drastic reduction in wear volume for all treated samples, especially in plasma-
nitrided and laser-textured ones.
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Figure 8: Average Coefficient of Friction (COF)
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As shown in Figure 8, laser-textured samples had the lowest COF, confirming their effectiveness in
reducing surface drag under SBF conditions.

5.3 Hardness vs. Wear Resistance Correlation

A relationship between surface hardness and wear performance was established. A linear inverse trend
was observed, confirming that increased surface hardness leads to reduced wear volume.

Table 14. Hardness vs. Wear Volume correlation

Surface Treatment | Surface Hardness (HVy.1) | Wear Volume (mm?3 x1073)
Untreated 320 5.8
Plasma Nitrided 880 1.3
Anodized 520 2.6
Laser Textured 760 1.7

Observation: Plasma nitriding, despite having the highest hardness, did not perform as well as laser
texturing in COF, suggesting surface morphology also plays a vital role beyond hardness.

Hardness vs Surface Treatment

28280.00

800 |

S00 |-

520.00

400 |

Surface Hardness (HVa.1)

200 |-

(o]

Untreated Plasma Nitrided Anodized Laser Textured

Figure 9: Surface Hardness Comparison

Figure 9 presents the increasing trend of hardness among treated samples, particularly with plasma
nitriding.

5.4 Clinical Implication Analysis

Biocompatibility and corrosion resistance were also assessed for each treatment based on previously
published studies. Anodized and laser-textured samples showed the best biological response, whereas
plasma-nitrided samples required posttreatment biocompatibility verification.

Table 15. Bio-tribological implications based on surface treatment

Surface Treatment | Bioactivity Score | Corrosion Resistance | Osseointegration Potential
Untreated Low Moderate Low

Plasma Nitrided Moderate High Moderate

Anodized High High High

Laser Textured High Very High Very High

Note: The bioactivity score is an averaged ranking (1-5) based on protein adsorption, cell adhesion, and
wettability from published studies (see literature review).

Biocactivity of Surface Treatments
5.00

Bioactivity Score (1-5)

Q

Untreated Plasma Nitrided Anodized Laser Textured

Figure 10: Bioactivity Scores of Surface Treatments

2606



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 21s, 2025
https://theaspd.com/index.php

Figure 10 highlights that anodized and laser-textured samples showed superior bioactivity scores,
promoting osseointegration.

Corrosion Resistance per Treatment
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o

Untreated Laser Textured

Corrosion Resistance (1-5)

Plasma Nitrided Anodized

Figure 11: Corrosion Resistance Comparison

As seen in Figure 11, all treated samples exhibited better corrosion resistance than untreated titanium,
with laser texturing performing best.
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Figure 12: Osseointegration Potential

Figure 12 confirms that surface modifications like laser texturing improve osseointegration potential
significantly.

5.5 Cost and Scalability Analysis
Cost and industrial scalability were considered based on equipment needs, treatment duration, and

energy consumption. While laser texturing shows exceptional performance, plasma nitriding remains the
most scalable and cost-effective.

Table 16. Cost-effectiveness and scalability matrix

Surface Treatment | Equipment Cost | Treatment Time | Energy Usage | Scalability Rank
Untreated None None None Baseline

Plasma Nitrided Moderate 3-5 hours High Very High
Anodized Low 1-2 hours Low High

Laser Textured High <1 hour Moderate Moderate

Implication: For large-scale orthopedic device production, plasma nitriding may be more feasible
industrially, whereas laser texturing is ideal for high-performance niche applications like custom
implants.
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Figure 13: Relative Equipment Cost

Figure 13 shows that anodization requires minimal equipment cost, making it favorable for small-scale

clinical units.

Treatment Time Comparison
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Figure 14: Treatment Time for Each Surface Process

Figure 14 highlights that laser texturing is the fastest method, offering operational efficiency in clinical

applications.

Energy Usage per Treatment
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Figure 15: Relative Energy Usage

Figure 15 compares the energy profiles, with plasma nitriding being the most energy-intensive process.
Summary of Case Study Findings

e All surface treatments outperformed untreated titanium in tribological and biological performance.

e Laser texturing offers the best overall performance in wear resistance, COF, and biological

integration.

e Plasma nitriding provides maximum surface hardness and is more costeffective for mass
manufacturing.
e Anodization strikes a balance between bioactivity and moderate tribological improvement.
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6. Specific Outcomes

This research investigated the tribological behavior of Ti-6Al-4V alloys subjected to various surface
treatments—plasma nitriding, anodization, and femtosecond laser texturing—for their applicability in
biomedical implants. The study yielded several noteworthy outcomes:

1. Significant Wear Reduction: All surface-treated specimens exhibited reduced wear volume compared
to untreated titanium. Laser-textured samples recorded the lowest wear volume (1.7 x 1073 mm?3),
indicating enhanced resistance under simulated physiological conditions.

2. Lower Coefficient of Friction (COF): Treated surfaces, especially laser-textured and plasma-nitrided,
exhibited markedly lower COF values. The femtosecond laser-textured sample achieved the lowest COF
(0.38), contributing to reduced implant-induced frictional heating.

3. Improved Surface Hardness: Plasma nitriding increased surface hardness by over 170% compared to
the untreated alloy, providing superior resistance to deformation and surface fatigue.

4. Enhanced Biocompatibility and Osseointegration: Anodized and laser-textured surfaces showed
improved biological properties such as bioactivity, corrosion resistance, and osseointegration potential—
crucial for long-term implant stability.

5. Cost and Industrial Viability: While femtosecond laser texturing demonstrated the best overall
performance, plasma nitriding emerged as the most scalable and cost-effective solution for mass
production.

These outcomes collectively validate the role of advanced surface treatments in extending the lifespan and
performance of titanium-based biomedical implants.

7. Future Research Directions

While the study provides a robust framework for understanding surface treatments in biomedical
applications, it opens up several avenues for further exploration:

1. In-Vivo Long-Term Performance: Future work should involve animal model testing and clinical trials
to validate lab-scale findings under complex biomechanical and biochemical environments.

2. Multi-Layer Surface Engineering: Investigating the synergistic effects of combining multiple surface
treatments (e.g., anodization + nitriding or texturing + coating) could result in multifunctional surfaces
with optimized wear, corrosion, and biological properties.

3. Nano-Scale Topography and Drug Loading: Future studies could explore nanoscale patterning for
controlled drug delivery, antibacterial effects, or growth factor incorporation directly into implant
surfaces.

4. Fatigue and Cyclic Loading Studies: Implants are subjected to repetitive mechanical loads. Future
tribological studies should focus on fatigue behavior under cyclic conditions mimicking joint movements.
5. Smart Surface Functionalization: Emerging techniques such as responsive coatings or bioactive
surfaces that react to physiological stimuli can offer dynamic protection and improved integration.

6. Scalability and Sustainability: Exploration into greener, energy-efficient surface treatment
technologies that offer lower carbon footprints while maintaining performance standards is necessary for
future implant production.

8. CONCLUSION

The present research highlights the critical influence of surface engineering on the wear and frictional
characteristics of Ti-0Al4V titanium alloys used in biomedical implants. Through a systematic
comparison of plasma nitriding, anodization, and femtosecond laser texturing, the study confirms that:
e Surface modifications drastically enhance tribological behavior in simulated body environments.

e Laser texturing offers the best overall performance but at higher equipment and operational costs.

e Plasma nitriding stands out as a viable candidate for large-scale production due to its excellent hardness
and moderate biological performance.

e Anodization provides a balance between surface smoothness and bioactivity.

These insights bridge the gap between material science and biomedical engineering, offering a pathway
to design next-generation, long-lasting implants that minimize revision surgeries and enhance patient
outcomes. The study not only underpins the technological importance of surface treatment but also paves
the way for integrated research involving mechanics, biology, and surface science in healthcare
applications.
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