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Abstract 21 

This study investigates the use of duplex coatings, TiN/DLC, on improving the tribological performance 22 
of stainless steel 316L which is commonly used for femoral stems in total hip replacement implants. A 23 
range of substrate pre-treatment variants (nitriding and polishing) were applied to investigate the impact 24 
on the mechanical and tribological performance of the coatings. The tribological performance of plasma 25 
Vapour Deposition (PVD) duplex coating variants were tested using a bespoke in-house fretting 26 
tribometer with an electrodynamic shaker utilising a ball-on-plate configuration. Fretting was replicated 27 
by applying micro-motion to the Ø12 Al2O3 ball relative to duplex coated SS 316L plates under a dead 28 
weight normal load. Un-polished substrates prior to the coating deposition led to improved tribological 29 
performance likely due to improve coating adhesion to the substrate surface. The hydrogenated DLC 30 
sample variants showed lower friction performance compared to hydrogen-free DLC variants most 31 
likely due to higher amounts of graphitisation. 32 

 33 

1. Introduction 34 

Total hip replacement (THR) is commonly used to treat end-stage hip osteoarthritis, even with increased 35 
implant lifetimes and procedure success rates, there are still some implant failures. Implant retrieval 36 
studies have shown that fretting-corrosion at the interface between modular components such as the 37 
head-neck taper junction due to relative micromotions and the corrosive environment, is one of the key 38 
causes for implant failure 1-9. 39 

In India and China, there is an uptake in the wide use of austenitic stainless-steel (SS) 316L in 40 
orthopaedic implants specifically for femoral stems. This is due to their cost effectiveness, wide 41 
availability and ease of manufacturing compared to Ti and Co-based alloys. AISI 316L SS is the primary 42 
recommended grade for implant applications, where the presence of chromium activates a thin and 43 
passive oxide later that helps to protect the surface against corrosion 10. The mechanical properties such 44 
as fracture toughness and tribological performance can be modified with an increase in carbon content. 45 
Their load-bearing capacity makes them an ideal material candidate for orthopaedic implants 11. 46 
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However, the failure of these SS implants in-vivo due to tribocorrosion, which is where the interface of 1 
the metallic components at the taper junction experiences wear and corrosion 12, leading to the release 2 
of toxic metal ion such as nickel and chromium into the body causing allergic reactions 13.  3 

To improve the durability and bio-integration of implants two approaches can be taken. The first 4 
involves the deposition of organic or inorganic-based coatings on to the metallic surface without 5 
modifying the properties of the substrate. The second approach uses conversion coatings or surface 6 
modified layers, where the thickness is increased by the chemical modification of the substrate. Surface 7 
preparation for both methods by grinding or polishing can influence surface roughness to improve the 8 
mechanical interlocking of the coatings 13-16. This study utilises the deposition of two different coatings 9 
using the Physical Vapour Deposition (PVD) technique 17. 10 

Nitride coatings such as TiN have been proposed as protective coatings for the orthopaedic implants to 11 
protect against wear and tear and to act as diffusion barrier layer preventing the ion release from the SS 12 
316L substrate into the human body. TiN coatings are shown to have excellent chemical stability, 13 
biocompatibility and hardness making them a potential candidate to be used in arthroplasty. However 14 
due to the micro-cracks, pores and transient grain boundaries, in certain applications these coatings can 15 
exhibit poor wear and corrosion resistance during  18. The dissimilarity in elastic modulus between the 16 
substrate and TiN coatings can cause poor adhesion, which further exacerbates poor tribological 17 
behaviour. The poor tribological performance can be overcome through the application of multi-layer 18 
coatings (MLCs) 13, 18-23. 19 

Diamond-like-carbon (DLC) coatings are widely used for their outstanding tribological properties, such 20 
as low wear and friction combined with biocompatibility 24. DLC coatings have been considered for 21 
joint implants due to being chemically inert and having a hard wear-resistant surface, however, the low 22 
adhesion of DLC coatings to metallic substrates combined with the high internal residual stresses 23 
complicates their use in critical applications such as biomedical implants. Modern deposition methods 24 
such as HiPIMs have helped to improve the adhesion and durability of these coatings. Studies have 25 
shown that pre-nitride treatment of the SS 316L substrate can improve the adhesion properties of the 26 
subsequently deposited coatings 25-29. Other studies 30 have shown the use of intermetallic interlayers 27 
between substrate and the DLC coating helped to provide good bonds and improve adhesion. The use 28 
of a TiN interlayer has been shown to improve the mechanical and tribological properties of 29 
conventional DLC coatings. 30 

This study carries out the sub-surface modification of SS 316L substrates by plasma nitriding before 31 
the deposition of a variant TiN/DLC MLC. An electro-dynamic shaker fretting tester was used to assess 32 
the fretting performance of the variant coating systems in dry conditions. The aim of this study is to 33 
assess these novel coatings capability to improve the fretting durability of SS 316L femoral stems 34 
against ceramic femoral heads for total hip replacements in-terms of friction and wear. 35 

2. Materials and Methods 36 

This study utilised biomedical grade austenitic stainless steel AISI 316L as the substrate for the duplex 37 
coatings due to its use as a biocompatible material for hip implants. The chemical composition of SS 38 
316L is highlighted in Table 1. The SS 316L samples (20 × 20 × 0.9 mm) were polished to a mirror 39 
finish using varying grades of silicon carbide polishing paper and diamond paste. Sequentially finer grit 40 
sizes (120, 400, 600, 800 and 1200) were used to remove any machining surface marks, followed by 41 
polycrystalline diamond suspension paste. 42 

Table 1. Chemical composition of austenitic SS 316L (wt%). 43 

C Cr Ni Mo Mn P S Si Fe 
0.03 16.9 10.72 2.25 1.32 0.022 0.02 0.48 68.27 

 44 
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2.1. Substrate Pre-treatment Variants 1 

Pre-preparation of the samples included the SS 316L specimens being cleaned in an ultrasonic bath with 2 
ethanol for 15 minutes. All treatments and coatings were carried out in a Hauzer FlexiCoat 850 3 
deposition system and utilised magnetron sputtering. The samples were fixed to a coating substrate table 4 
in the vacuum chamber with two-fold rotation. As part of the treatment process some samples were 5 
plasma-assisted vacuum nitrided. This involved initially pumping down the chamber to a based pressure 6 
of 9 × 10-6 mbar and then heating it up to 485°C for two hours. Plasma surface etching was used to 7 
further clean the samples for 45 minutes at a 200 V bias, 60A anode current and 50 sccm argon gas 8 
plasma. Plasma nitriding was then conducted between 490-500°C for 120 minutes at a 120 V bias, 50 9 
V bias plasma voltage and 70 sccm gas flow rates for nitrogen. Following this step, the chamber was 10 
cooled down to 200°C. After the nitriding treatment some of these samples were gently polished using 11 
400 grit polishing paper. Table 2 provides an overview the variant treatments applied to the substrate 12 
before the coatings were deposited. 13 

Table 2. Summary of treatment variants applied to the SS 316L substrate. 14 

 15 

 16 

 17 

2.2. Deposited PVD Coatings  18 

Three coating variants were deposited on the three variants of pre-treated SS 316L substrates by means 19 
of plasma Vapour Deposition (PVD) in a Hauzer FlexiCoat 850 deposition system. The coatings will 20 
be referred by the following designations as highlighted in Table 3: 21 

Table 3. Breakdown of coating variants used in each coating system. 22 

 23 

  24 

 25 

To summarise the following deposition steps were used to produce the coatings: 26 

i) Chamber heating 27 
ii) Target cleaning 28 
iii) TiN coating deposition (final step for Coating A) 29 
iv) H-DLC/H-free DLC coating deposition (for Coatings B and C respectively) 30 

All samples were then prepped for the deposition of a TiN coating using a magnetron sputtering 31 
deposition method. The deposition process lasted 90 minutes at 400°C with a 100V bias at 0.3 Pa and 32 
5 kW DC power. The first DLC coating variant was hydrogenated DLC variant and was deposited using 33 
a plasma-enhanced chemical vapour deposition method. This used pure C2 H2 and Acetylene gas at a 34 
270 sccm flow rate and deposited for 120 minutes at 200°C and 0.8 Pa with a bias voltage of 740V. The 35 
second DLC coating variant was a hydrogen-free DLC coating, and this was deposited using a 36 
magnetron sputtering deposition method. This used pure Ar gas at 130 sccm flow rate and deposited for 37 
180 minutes at 150°C and 0.3 Pa with a bias voltage of 70V. Both the plasma nitriding and the DLC 38 
coating deposition processes were previously developed at the University of Leeds. Surface treatment 39 
optimization was not the scope of this paper, hence standard coating recipes were chosen in this study 40 
31. 41 

2.3. Test Methodology 42 

Variant Nitrided Polished (nitride layer) 
Un-nitrided + Unpolished   

Nitrided + Unpolished   
Nitrided + Polished   

Sample Duplex Coating System 
Coating A TiN  
Coating B TiN + Hydrogenated DLC  
Coating C TiN + Hydrogen-Free DLC 
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A bespoke in-house fretting tribometer with a bespoke electrodynamic shaker utilising a ball-on-plate 1 
configuration was utilised for these experiments. The fretting rig was custom made at the School of 2 
Mechanical Engineering, University of Leeds, UK. Details of the fretting instrument can be found in 32 3 
and Figure 1 shows a schematic of the setup. The fretting rig applies oscillatory tangential displacements 4 
through an electrodynamic shaker. Normal load (W) was applied through a cantilever system through 5 
the contact interface. Fretting output data includes tangential load (Q) and tangential displacement (δ) 6 
which are measured using an axially mounted load cell and optical displacement sensor respectively. 7 
The device was controlled, and data recorded by means of a custom LabVIEW (National Instruments, 8 
USA) programme.  9 

Coefficient of friction was calculated using μ = F/N, where F is the frictional force (or tangential force) 10 
and N is the normal force. However, the frictional force used was calculated by determining the 11 
frictional force at the maximum velocities in forward and reverse directions, then the average of the 12 
frictional forces of the forward and reverse was calculated. 13 

 14 

Figure 1. Schematic of bespoke electrodynamic shaker fretting tribometer with ball on plate set-up. 15 

Fretting was replicated by applying micro-motion to the Ø12 Al2O3 ball relative to the duplex coated 16 
SS 316L plate under a dead weight normal load. The applied cyclic displacement and resultant 17 
tangential forces were captured at 400 Hz and analysed as per the frameworks presented by Fouvry et 18 
al 33, 34. A minimum of three repeats were carried out for each test. 19 

A maximum Hertzian contact pressure of 800 MPa was used for the fretting tests, at a fretting 20 
displacement amplitude of 100 µm giving a gross slip fretting regime (as determined using sliding ratio) 21 
35. Each fretting test lasted 60 minutes or 3600 cycles at a frequency of 1 Hz in dry unlubricated 22 
conditions. 23 

Other measured parameters include the energy ratio which is the proportion of total energy that was 24 
dissipated. As shown in Figure 2, this is the area within the curve / (max tangential force* max 25 
displacement). This was measured for each cycle and averaged over time. 26 

Dissipated energy calculated in this study is the force against displacement plotted for each measured 27 
cycle, giving a hysteresis loop. The area within this loop is the energy dissipated. This is done for each 28 
cycle and added together to give the total over time.  29 

Coated Plate 

Al2O3 
Ball 

850 MPa Applied 
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 1 

Figure 2. Example fretting loop for gross-slip regimes Total energy is the area of the dashed region. 2 
Dissipated energy for the gross-slip fretting loops are the enclosed light blue areas, respectively. The sliding 3 
distance for the gross-slip regime is highlighted. 4 

2.4. Vertical Scanning Interferometry (VSI) 5 

The volume loss from the coated plate samples due to the fretting contact of the ball on flat components 6 
was measured using an NPFLEX (Bruker, USA) white light interferometer. Surfaces were scanned 7 
using a non-contact scanning interferometry (VSI) method and using the Vision64 software the surface 8 
roughness and volume loss of the wear scar on the discs were determined. 9 

2.5. Nano-indentation 10 

The mechanical properties of the various duplex coating systems were assessed using a load-controlled 11 
partial load nanoindentation using a NanoTest Vantage system, meaning the mechanical properties were 12 
depth sensitive. A Berkovich diamond indenter with a 120 nm tip radius and a semi-apex angle of ~65.3° 13 
was used for these tests. The instrument had a load resolution of 3 nN and a depth resolution of 0.001 14 
nm along the z-axis. In total 3 indentations were made with each having 15 loading points, with load 15 
ranging between 5-500 mN, for each sample. A 0.50 µm/s indenter contact velocity was used with 15 s 16 
and 5 s load and unload times respectively. A 5 s dwell time at the maximum applied load was used to 17 
ensure no creep occurred. A 60 s dwell period was used for thermal drift correction. By using the Oliver-18 
Pharr methodology 36 the hardness (H) and elastic modulus (E) of the different duplex coated samples 19 
were calculated. 20 

3. Results 21 
3.1. Coating Structures and Mechanical Properties  22 

The coating thickness was measured using a Calotest with a 25mm diameter ball and a selection were 23 
validated using SEM. The results are highlighted in Table 4. Coating A (Table 4(a)) had the thickest TiN 24 
layers (~3-4μm), compared to when further coatings were deposited which seemed to reduce the 25 
thickness to just over 2μm. The H-free DLC coatings (Coating C - Table 4(c)) were thicker than their 26 
hydrogenated DLC (Coating B - Table 4(b)) alternatives, ranging from 2-3μm compared to ~1μm 27 
respectively. 28 

The coating systems mechanical properties and surface roughness are also shown in Table 4. The 29 
coatings surface mechanical properties are determined through the extrapolation of multi-cycle 30 
nanoindentations (load-partial unload). The hardness readings correspond to the coating due to the 31 
penetration depth not exceeding 10% of the coating thickness 37. The Young’s modulus (E) is calculated 32 
from the average of the maximum range, this is to negate the effects of surface contact which would 33 
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reduce the modulus at the lower contact depths. Coating A variants had the highest surface roughness 1 
values and Coating B had the lowest. When comparing the two DLC coating variants, Coating B (H-2 
DLC) generally had a lower surface roughness than Coating C (H-free DLC). 3 

Table 4. Summary of surface and mechanical properties (Ra, H & E) of the three coatings variants applied 4 
to SS 316L substrate: a) Coating A, b) Coating B & c) Coating C. 5 

a) Coating A (TiN) 6 

Substrate 
Treatment 

Variant 

TiN 
Thickness 
(μm) 

Roughness - 
Ra (μm) 

Hardness 
(GPa) 

Young’s 
Modulus 

(GPa) 

H/E 

Un-nitrided + 
Unpolished 

2.97 ± 0.04 0.039 ± 0.004  12 ± 12 184 ± 62 0.063 

Nitrided + 
Unpolished 

3.41 ± 0.07 0.078 ± 0.002 19 ± 4 217 ± 34 0.089 

Nitrided + 
Polished 

3.97 ± 0.04 0.066 ± 0.002 23 ± 4 284 ± 27 0.080 

 7 

b) Coating B (TiN/H-DLC) 8 

Substrate 
Treatment 

Variant 

TiN 
Thickness 
(μm) 

DLC 
Thickness 
(μm)  

Roughness 
– Ra (μm) 

Hardness 
(GPa) 

Young’s 
Modulus 

(GPa) 

H/E 

Un-nitrided + 
Unpolished 

2.96 ± 
0.09 

1.12 ± 
0.06 

0.034 ± 
0.005 

7 ± 1 174 ± 21 0.043 

Nitrided + 
Unpolished 

1.97 ± 0.1 0.96 ± 
0.02 

0.044 ± 
0.001 

15 ± 5 193 ± 22 0.077 

Nitrided + 
Polished 

2.43 ± 
0.05 

1.11 ± 
0.08 

0.037 ± 
0.003 

10 ± 2 194 ± 29 0.049 

 9 

c) Coating C (TiN/H-Free DLC) 10 

Substrate 
Treatment 

Variant 

TiN 
Thickness 
(μm) 

DLC 
Thickness 
(μm)  

Roughness – 
Ra (μm) 

Hardness 
(GPa) 

Young’s 
Modulus 

(GPa) 

H/E 

Un-nitrided + 
Unpolished 

1.84 ± 
0.02 

2.29 ± 
0.02 

0.018 ± 0 9 ± 5 116 ± 18 0.075 

Nitrided + 
Unpolished 

2.21 ± 
0.09 

3.15 ± 
0.01 

0.060 ± 
0.001 

12 ± 3 140 ± 10 0.086 

Nitrided + 
Polished 

2.63 ± 
0.01 

3.02 ± 
0.05 

0.055 ± 
0.005 

12 ± 4 138 ± 10 0.083 

 11 

Coating A variants had the highest surface hardness values and the highest mean elastic modulus 12 
compared to the other duplex coating systems, with Coating B having the lowest surface hardness and 13 
elastic modulus. The TiN coating (Coating A) was shown to be harder than DLC coating variants which 14 
was similar to that observed by Dalibon et al. 38. When comparing the coating hardness between the two 15 
DLC coating variants, Coating C (H-Free DLC) generally had a higher hardness than the hydrogenated 16 
alternative (Coating B) but a lower Young’s Modulus. This is most likely due to the different structure 17 
formations with the different deposition and ion conditions and the presence of hydrogen 39, 40. A few 18 
common trends can be observed with the varying treatments for the different coating systems – the un-19 
nitrided samples had a lower surface hardness compared to their nitride counterparts and the nitrided + 20 
unpolished samples generally had a higher hardness trend compared to nitrided + polished samples. 21 
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Also, the un-nitrided sample variants had the lowest surface roughness whereas the nitrided + polished 1 
samples had the highest. 2 

3.2. Coefficient of Friction 3 

Figure 3 highlights the energy ratio values between measured the dissipated energy and the total energy 4 
during the fretting test. With the energy ratio ranging within 0.2-1 for all tests carried out, indicates all 5 
tests were carried out in gross slip fretting conditions 35. The instability in the friction data is expected 6 
especially at the beginning stages of the experiment, where the running-in period ranged from 500-2000 7 
seconds depending on the sample variant, until friction reached a steady state value that is maintained 8 
for the remainder of the test. Any significant changes to the coefficient of friction (COF) may give 9 
indications of severe coating/substrate interactions. This can indicate wearing out or the delamination 10 
of the coating 41, 42. 11 

 12 

Figure 3. Energy ratio of the three coatings variants with varying substrate treatments. 13 

Figure 4 shows the fretting friction results of the three coatings and each of their variants at an applied 14 
pressure of 800 MPa over the entirety of the test. Figure 5 highlights the average COF over the last 30 15 
minutes of testing. The COF was averaged over each cycle (both positive and negative displacement) 16 
and the error bars represent the variability of the friction behaviour between repeated tests at the specific 17 
number of cycles indicated in the figure. This allows for the deviation at each stage of the test to be 18 
analysed and potentially correlated to coating wear. Figure 4(a) highlights the friction behaviour of 19 
Coating A (TiN) variants over the 60-minute duration of the fretting test. With all three variants an 20 
increase in friction behaviour is observed from the beginning of the test until steady state is reached. 21 
However, with Coating B (Figure 4(b)) & C (Figure 4(c)), which were the DLC variants, a different 22 
trend was observed where with the onset of sliding an increase of friction was observed before reducing 23 
and reaching a steady state. With Coating B, after 1750 seconds of testing an increase in friction is 24 
observed before steady state is reached again. With Coating A, the TiN coating variants, a longer 25 
running-in period is observed compared to Coatings B and C. With Coating A, the time to reach steady 26 
state varied between 1500-2000 seconds depending on treatment variation whereas with Coating B and 27 
C this was achieved below 500 seconds. The Coating A variants also demonstrated large variation in 28 
friction behaviour, where the Un-nitrided + Unpolished variant initially reached COF close to 0.4, 29 
whereas the Nitrided + Unpolished and Nitrided + Polished samples reached initial COF’s close to 0.5 30 
and 0.6 respectively. This large uncertainty in this coating system was due to variability in the length of 31 
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time to reach steady state. Overall, Coating A variants demonstrate the highest friction values with 1 
average COF’s close to 0.5, whereas Coatings B & C demonstrate significantly lower trends (<0.1). 2 

 3 

Figure 4. Average coefficient of friction evolution over 3600 secs of three coating system variants with 4 
varying substrate treatment: a) Coating A, b) Coating B & c) Coating C. 5 

From the last 30-minute friction plots (Figure 5) it is possible to see that Coating A (TiN) overall has 6 
the highest friction trends when steady state is reached (~ 0.5), whereas the steady state friction trends 7 
from Coatings B (TiN + Hydrogenated DLC) and C (TiN + Hydrogen-free DLC) are significantly lower 8 
(< 0.1) and very comparable. However overall, all variants of Coating B produced slightly lower friction 9 
trends in-comparison to Coating C. It was also possible to see from the 60 minute and last 30-minute 10 
friction plots that the nitrided and unpolished treatment variant for all coatings had the lowest friction 11 
trends and overall unpolished samples produced lower friction behaviour compared to when they were 12 
polished. 13 
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 1 

Figure 5. Avg. COF for the last 30 minutes of testing for all three coating variants with varying substrate 2 
treatment. 3 

3.3. Dissipated Energy 4 

 5 

Figure 6. Dissipated energy of the three coatings variants with varying substrate treatments. 6 

The total dissipated fretting energy of each loop can be calculated through integrating the friction force 7 
and displacement and cumulatively summing the energies. Energy dissipation is a metric that allows 8 
the wear resistance of each system to be compared 42. Generally higher dissipated energy correlates with 9 
increased fretting wear. This quantitative metric can be correlated with wear morphology of each 10 
fretting scar which would give a complete picture of the system performance. 11 

Figure 6 shows the total dissipated energy of all three coating variants. Coating A (TiN) had the highest 12 
total dissipated energy and Coating B (TiN + Hydrogenated DLC) had the lowest. With all coating 13 
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variants, the nitrided and unpolished treatment variant gave the lowest total dissipated energy and the 1 
nitrided and polished treatment gave the highest. It can be observed that the unpolished treated samples 2 
had lower wear than when the surface had been polished. The dissipated energy trends (Figure 5) for 3 
the three coating variants generally matched the measured wear trends highlighted in Figure 7. 4 

3.4. Wear 5 

SEM (Figure 7) was used to image the fretting scars on the coated plates to qualitatively assess their 6 
morphology. With Coating A (TiN), (a) the un-nitrided + unpolished variant showed coating 7 
delamination and signs of abrasive wear in the wear scar. The coating delamination may have been due 8 
surface imperfections and scratches which would have caused coating discontinuity. With the (b) 9 
nitrided + unpolished variant abrasive wear is observed in the centre of the wear scar alongside micro-10 
pores. With the (c) nitrided + polished variant of Coating A, oxidative wear is observed around the 11 
edges of the wear scar.  12 

With Coating B (TiN/H-DLC), with all substrate pre-treatments the DLC coating appears to be worn 13 
and the wear scar is visible. With (a) the un-nitrided + unpolished variant a more defined wear scar is 14 
observed with micro-pitting present in the wear scar compared to the (b) nitrided + unpolished and (c) 15 
nitrided + polished variant samples. 16 

With Coating C (TiN/H-Free DLC), a greater worn surface with micro-pitting can be observed with the 17 
(a) the un-nitrided + unpolished variant compared to the alternative substrate pre-treatments. The 18 
lightest wear scar can be observed with (b) nitrided + unpolished treatment sample.  19 
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 1 

2 
Figure 7. SEM images of the wear scars on the plate samples with the three coating variants with varying 3 
substrate pre-treatments: (a) Un-nitrided+Unpolished, (b) Nitrided+Unpolished, (c) Nitrided+Polished.  4 
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 1 

Figure 8. Volume loss from coated plate samples with the three coatings variants with varying substrate 2 
treatments. 3 

Figure 8 compares the wear volume loss from the variant coated plate samples which followed a similar 4 
trend to the energy dissipated. Coating A (TiN) demonstrated significantly higher volume loss, whereas 5 
Coating B (TiN + Hydrogenated DLC) had the lowest. The wear volume loss of Coatings B and C were 6 
very similar, however Coating B demonstrated slightly lower wear. With the DLC coating variants the 7 
nitrided and unpolished treated samples gave the lowest wear and the nitrided and polished treated 8 
samples gave the highest. Whereas with Coating A the nitrided and polished treatment variant gave the 9 
lowest wear and the nitrided and unpolished variant gave the highest. 10 

4. Discussion 11 

In this study, Coating A, a single TiN layer coating, exhibited better mechanical properties than 12 
alternative multi-layer coatings, however the tribological performance was significantly worse. This 13 
could be due to hard particles being generated within the contact leading to severe abrasive wear as 14 
shown in Figure 7a where coating delamination and micropore wearing is observed. The pre-treatment 15 
of the substrate and the presence of an interlayer coating before the deposition of a variant DLC coating 16 
(Coatings B & C) significantly improved tribological behaviour. The aim of this study was to assess the 17 
effects of substrate pre-treatment variance and multi-layer coatings on the fretting performance for bio-18 
medical applications. 19 

With fretting tests friction measurements are usually deemed a secondary metric with wear being the 20 
primary focus. With multilayer coatings, under cyclic fatigue conditions wear can cause crack 21 
nucleation and propagation leading to the formation of wear debris. Friction readings allow for the 22 
fretting regime to be calculated alongside displacement in relation to the contact area 43. The hardness 23 
results show that the nitriding process can increase the hardness of coating system by up to 20% and 24 
improve load-bearing capacity 44. Studies have shown that the increase in substrate hardness can 25 
improve film deposition adhesion or prevent its delamination with the application of a load 45. The 26 
introduction of the nitrided layer provides a hardness transition between the softer substrate and harder 27 
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DLC coating and prevents an eggshell-like effect occurring. Several studies 46-48 have shown that 1 
hydrogen-free DLC coatings have higher hardness and are denser than hydrogenated DLC alternative 2 
coatings, most likely due to higher sp3 bonding. Furthermore, the surface roughness of the substrate has 3 
a significant effect on the friction and wear behaviour of DLC coatings 44, 49, 50. The higher surface 4 
roughness of the hydrogen-free DLC (Coating C) compared to the hydrogenated DLC (Table 4) may 5 
account for the slightly higher friction behaviours observed 48. 6 

With all coating variants, with the onset of sliding the increase in friction behaviour could be down to 7 
numerous reasons such as the roughness of the coating, the presence of macroparticles and then the 8 
formation of loose particles separated from the coated surfaces 51. Coating B & C with the DLC coating 9 
variants had the lowest friction (0.11-0.14) which was similar to other studies where the formation of a 10 
transfer layer with graphitic properties is formed and has a lubricious effect 52, 53. Graphite has a layer-11 
by-layer structure, where there is weak van der Waals force between the layers making it easy to shear 12 
hence low friction is observed 54, 55. Coating A (TiN) presented the highest friction coefficient which 13 
could be due to the higher roughness of the coating (Table 4) which requires higher energy to cause the 14 
plastic deformation of the asperities 56. 15 

The high wear and delamination of the TiN coating (Figure 7) matches that observed in other studies 13 16 
where it is believed that the micro-cracks, pores and transient grain boundaries cause these coatings to 17 
exhibit poor wear behaviour. Lepicka et al. 57 also observed the high wearing of TiN coatings due to the 18 
peeling off and wear of the coating compared to a DLC coatings. De Oliveira Junior’s 58 study found 19 
that TiN particles generated from the wearing of a protective TiN coating, can lead to severe abrasive 20 
particles present in the contact and a significant increase in wear rate similar to that observed in this 21 
study in Figure 7a. 22 

Regarding the wear rates, the DLC coating variants (Coating B & C) in this study gave the lowest wear 23 
rates compared to Coating A (TiN) which matched trends observed with other studies 59. The DLC 24 
coatings are usually produce a smooth surface due to their amorphous character, and in fretting contacts 25 
topography and surface roughness play an important role as much as hardness 59. The application of 26 
coatings can be used to improve sample integrity against fretting damage 33. Those that have residual 27 
compressive stresses are deemed useful due to protection against cracking phenomena. Liskiewicz et 28 
al. 60 investigated the durability of various hard coatings under fretting wear and the total dissipated 29 
energy density before the coating system failed. They showed that mechanical properties of coatings 30 
impact component durability, coatings with a high Young’s Modulus produced the highest wear. Similar 31 
trends were observed in this study where all variants of Coating A had the highest Young’s modulus and 32 
highest wear. The Young’s modulus variance between the substrate and coating can negatively affect 33 
wear performance, which may lead to the easier deformation of the substrate and the generation of 34 
particles from brittle cracking. This combined with the coating containing micro-pores and transient 35 
grain boundaries would have contributed to its poor wear properties.  Gomez et al. 29 found that the pre-36 
nitriding of SS 316L samples prior to the deposition of DLC coatings, thus negating the Young’s 37 
modulus difference between the substrate and coating, improved coating adherence and increased dry 38 
wear resistance and a low coefficient of friction, matching the trends observed in this study.  39 

Several studies have shown that the H/E ratio of the coatings can impact tribological performance. A 40 
high H/E ratio can indicate superior wear resistance which was similar to some of the trends observed 41 
in this study 61, 62. With each coating variant, the nitrided and unpolished variant had the highest H/E 42 
ratio and the lowest volume loss. However, the nitrided and polished sample variant had the second 43 
highest H/E ratio, but it had the highest volume loss. This high-volume loss maybe due to a weak 44 
adhesion of the coatings to the surface of the polished nitrided substrate, which would cause quicker 45 
coating delamination and wearing. Miletic et al. 63 found that with TiN coatings the adhesion strength 46 
increased with an increase in the substrate surface roughness. This increase in substrate roughness 47 
occurs alongside an increase in contact area between the substrate and coating. This leads to an 48 
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improvement in the physical and chemical bonding between the two interfaces and this mechanical 1 
interlocking plays a significant role in the coating adhesion. The study also found an increase in the 2 
critical load needed to cause coating detachment/failure caused by the different deformation modes due 3 
to different surface morphologies. Rougher substrate surfaces require higher energy for the plastic 4 
deformation of surface asperities; therefore, a higher normal load is required to cause coating failure. 5 
Studies 64, 65 have found that during the deposition of the TiN coating using an Ar ion beam leads to the 6 
induction of energy into the growing film to enhance the mobility of surface atoms. With substrates 7 
with a rough finish, this treatment results in the averaging of the height points on the film surface and 8 
the film masks some of the substrate asperities and the coated sample becomes smoother. Jiang et al. 66 9 
found that DLC coatings deposited on to low roughness substrates had a lower wear rate compared to 10 
samples with higher surface finish. These trends correlate with the behaviours observed in this study 11 
and highlighted in Table 4 & Figure 8. 12 

Between the two DLC variants – hydrogenated (Coating B) and hydrogen-free (Coating C) DLC 13 
differences in tribological performances were observed. The hydrogenated DLC coatings produced 14 
lower friction and wear behaviour than the hydrogen-free variant producing similar trends to that 15 
observed by Ronkainen et al. 48. It is believed that the formation of graphitic carbon plays a role in the 16 
lower friction behaviour observed with hydrogenated DLC coating (Coating B). Lower levels of 17 
graphitisation with the hydrogen-free DLC coatings (Coating C) were detected due to its more stable 18 
structure and higher sp3 bonding. Hence due to this, more energy is required to shear deform the 19 
structure and transform it into a graphitic structure compared to hydrogenated DLC coatings.  20 

Other studies 67, 68 have also highlighted the importance of hydrogen in impacting the tribological 21 
performance of DLC coatings, where lower friction can only be achieved with hydrogen-free coatings 22 
with the presence of humidity in the testing atmosphere. The studies demonstrated that under dry 23 
conditions, the hydrogen present within hydrogenated DLC coatings helped them to achieve lower 24 
friction trends through graphitic formation compared to the hydrogen-free alternative coating. As 25 
graphite requires humidity to achieve low friction, the presence of hydrogen within the coating plays a 26 
significant role in achieving this.  27 

The application of coatings to improve and protect a surface can also lead to a reduction in friction 28 
behaviour and tangential forces which would therefore reduce dissipated energy over several fretting 29 
cycles 69. This would help to increase coating durability and reduce wear. Investigating the relationship 30 
between mechanical properties and tribological performance is critical for future duplex coating 31 
optimisation for fretting scenarios. 32 

5. Conclusions 33 

The duplex TiN and DLC coating systems demonstrated their ability to improve the fretting durability 34 
of SS 316L material used for femoral stems in total hip replacements. The key conclusions drawn from 35 
the work are: 36 

• The duplex coated (TiN/DLC) samples demonstrated lower friction and wear compared to just 37 
a TiN coating. This could be due to the better adherence of the multi-layer coating and the 38 
nitriding pre-treatment of the substrate. 39 

• Un-polished substrates prior to coating deposition led to improved tribological performance 40 
most likely due to improve coating adhesion to the substrate surface.  41 

• Hydrogenated DLC samples showed lower friction performance compared to hydrogen-free 42 
DLC variants most likely due to higher amounts of graphitisation. 43 
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