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Abstract 

The beneficial effect of surface engineering on the wear and corrosion performance of Ti-

6Al-4V alloy for biomedical purposes has recently gained a lot of interest. To date, 

researchers have shown TiN ceramic coatings to be an effective strategy to improve the poor 

tribocorrosion properties of Ti-based alloys. However, coating degradation and adhesions 

remains a major hurdle to overcome for successful clinical translation. Recently, a duplex 

TPON+TiN treatment process on Ti-alloy has been suggested for applications involving with 

high contact loads. For the first time, this technique was extended to the Additive Layer 

Manufactured (ALM) Ti-6Al-4V alloys in an attempt to enable load bearing patient 

personalised implants. The bio-tribology and corrosion resistance of the coated ALM 

materials were compared with that of the coatings on conventional wrought manufactured 

alloy for orthopaedic applications. XRD analysis showed that the coatings on both substrates 

are primarily composed of TiN. The Knoop microhardness technique proved a tribologically 

effective diffusion layer with a case depth of 35 �± 45 µm. The LC2 and LC3 values were 

measured above 40 N and 60 N which is an excellent cohesive and adhesive strength for 

these types of the coatings. Electrochemical measurements in both static and sliding 
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conditions showed a quick recovery capability of the protective layer in 25% Foetal Bovine 

Serum (FBS) diluted in Phosphate Buffered Saline (PBS) electrolyte. The static 

electrochemical measurements also showed reduced corrosion current densities when 

compared to that of the bulk Ti-alloy. Coating on both substrates showed an excellent wear 

resistance which is correlated to the enhanced load bearing capacity of the coated surfaces. 

While the coating thickness was 3-6 µm, the wear depth was only 0.3 µm after 2 hours of 

reciprocating sliding wear test.  

Keywords: Ti-6Al-4V, Additive Manufacturing, orthopaedic implants, Bio-tribocorrosion, 

Duplex coating 

  

https://www.mdpi.com/search?q=orthopaedic%20implants
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1 Introduction  

Total joint replacement (TJR) has become a viable and successful option for the replacement 

of painful and degenerated joints since the pioneering work of Sir John Charnley in the 

196���¶�V�����.�X�U�W�]�� �H�W���D�O����[1] has estimated that the demand for primary total hip arthroplasty will 

grow by 174% by 2030 in the US alone; driven by an aging demographic and demand for 

quality of life. TJR has become the gold standard for restoring loss of motion and treatment 

of osteoarthritis. However the implantation of Co and Cr containing metal components 

commonly used for articulating and stemmed components remains a controversial subject. 

Release of potentially toxic metal ions and particles into the surrounding tissue as a result of 

wear and corrosion have been associated with adverse biological reactions requiring surgical 

intervention [2, 3].  

The use of titanium-based alloys for structural orthopaedic (e.g. acetabular shells) and dental 

(e.g. abutments) applications is common and the advent of titanium alloy ALM has 

revolutionised the design philosophy for many implant systems. This includes the 

personalised treatment of large bone defects in the pelvis, fracture devices and off-the-shelf 

non-personalised implants is now been realised for acetabular components1. The desirable 

mechanical and surface properties of Ti-alloys, such as lower moduli, corrosion properties 

and superior �µbiocompatibility�¶, make them the material of choice for many structural implant 

applications [4-7]. Despite having outstanding mechanical and static corrosion properties, the 

tribocorrosion characteristics of Ti-alloys are poor exhibiting high levels of tribo-corrosive 

wear, seizure and gall when in contact with other surfaces [10]. Long-term release of toxic 

substances (Al and V ions) is another strong concern about using Ti-6Al-4V alloy as body 

implant material [11].  

                                                 
1 https://limacorporate.com/ 
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Thin-film ceramic-coated surfaces have been mooted and used in clinical application as an 

effective way to impart protection against wear (increase service time) and corrosion (ion 

barrier) of metallic alloys [16, 17]. The performance of TiN coatings has been shown to be 

superior when compared to metallic substrates due to an increased hardness, wear and scratch 

resistance and high chemical and physical stability [18-20]. Furthermore, previous studies 

found TiN coatings nontoxic, biocompatible and bioactive with the ability to reduce the 

release of toxic metallic ions from Ti-6Al-4V alloy [11, 21-23]. Caha et al. [24] reported that 

TiN coating improves corrosion and tribocorrosion performance of pure titanium substrate. 

Their findings suggested that longer deposition time (80 min) led to thicker coating and 

increased percentage of Ti2N phase eventually increasing its resistance against wear. 

However, issues associated with coating-substrate interfacial adhesion and delamination 

remain significant failure mechanisms limiting the use of coatings in vivo [25]. Delamination 

occurs due to the large difference between elastic modulus of the substrate and coating 

leading to the strains that cannot be tolerate by the thin coating layer [26]. Surface treatments 

such as nitridation and oxidation has been investigated as an alternative for enhanced surface 

properties. Fernandes et al. [27] study showed that nitriding treatment at 700 °C combined 

with a controlled oxidation improves tribocorrosion properties of Ti-6Al-4V alloy. 

Duplex treatment processes, as a hybrid technique consisting of an initial plasma 

(oxy)nitriding heat treatment process followed by subsequent PVD coating deposition, are a 

promising technique to enhance the load bearing capacity and adhesion of PVD deposited 

TiN coating. The use of duplex treatment processes on Ti-alloys demonstrated better 

adhesion and improved bond between the Ti substrate and the coating when compared to TiN 

coated Ti-6Al-4V without heat treatment and may consequently increase its wear and 

corrosion resistance in challenging environments [28]. Cassar et al. [29] has illustrated that a 
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single- layer TiN coated Ti-alloy demonstrates a 5 times higher wear volume in comparison 

with that of a duplex TiN-coated sample in an impact wear resistant experiment above 100k 

impacts. However, the corrosion and tribocorrosion properties of duplex-TiN coating on Ti-

alloy are not well investigated; a vital properties for the translation to load beading bio-

tribological surfaces. 

The revolution of ALM prosthesis combined with advanced surface coatings now raises 

question as to the suitability of this methodology to produce load-bearing Co and Cr free 

implants such as articulating hip and knee femoral surfaces [13]. This study was designed to 

assess the hypothesis that Ti-6Al-4V duplex surface treatments are a clinically viable solution 

for low wear, low corrosion and CoCr-free load bearing material. We further extend this 

surface technology to use on ALM Ti-6Al-4V alloys as an enabling technology towards more 

conservative, tissue sparing and patient tailored orthopaedic devices. To this end, surface 

analytical and bio-tribocorrosion techniques have been applied to interrogate this hypothesis 

and elucidate property-structure- function relationships. 

2 Materials and Methodology 

2.1 Materials  

Commercial wrought Ti-6Al-4V alloy bar was used to produce Ø25 x 4 mm discs and Ø10 x 

20 mm pins which included a domed radius, R = 25 mm. ALM Ti-6Al-4V discs and pins 

were produced via a laser-based powder sintering technology and purchased from Materialise 

(Leuven, Belgium). All surfaces were polished to roughness Sa = 30 - 80 nm prior to coating 

deposition using SiC �D�E�U�D�V�L�Y�H�� �S�D�S�H�U���D�Q�G���V�X�E�V�H�T�X�H�Q�W�� �G�L�D�P�R�Q�G�� �V�X�V�S�H�Q�V�L�R�Q���� �7�K�H�� �V�D�P�S�O�H�¶�V��

surfaces were polished post-coating to bring surface roughness to Sa ~ 10 nm.  

The electrolyte solution used in all studies was a 25% (v/v) new born bovine serum (17 g/L 

total protein content) diluted by PBS in order to better replicate the conductivity and 



6 
 

conditions found in vivo. The ISO 14242-1 [30] standard suggest to dilute serum with 

deionized water so that the protein content of the electrolyte is not less than 17 g/L. Sodium 

Azide was also supplemented to the electrolyte (0.03% w/v) in order to retard bacterial 

growth. For corrosion measurements, a combined Ag/AgCl reference electrode (RE) and Pt 

counter electrode (CE) (Orion, Fisher scientific) was used. 

2.2 Coating Fabrication 

The surface treatment comprises a triode plasma oxidation (TPO) for an hour followed with 3 

hours triode plasma nitriding (TPN) that provides a support layer beneath a hardwearing TiN 

coating that took 3 hours to apply. These steps not only increase the surface hardness but also 

�L�P�S�U�R�Y�H�� �V�X�E�V�W�U�D�W�H�¶�V�� �F�K�H�P�L�F�D�O�� �F�R�P�S�D�W�L�E�L�O�L�W�\�� �Z�L�W�K�� �W�K�H�� �3�9�'���F�R�D�W�L�Q�J����All steps of the duplex 

coating were carried out sequentially without interruption. The top layer coating is TiN with a 

bright gold colour. The duplex diffusion/PVD coating procedure has already been described 

elsewhere [26, 29]. A modified Tecvac IP70L coating system by Wallwork Cambridge 

Limited was used for the surface treatment. 

2.3 Coatings Characterisations 

2.3.1 Scanning Electron Microscope 

Carl Zeiss EVO MA25 Scanning Electron Microscope (SEM) equipped with Energy 

Dispersive Spectroscopy (EDS) Spectroscopy enabling chemical analysis was utilised to 

characterise the surface. SEM images and EDS spectra were both recorded at 20 kV incident 

beam energy. 

2.3.2 Ball Crater 

An in-house ball crater equipment was employed to measure the coating thickness. This was 

carried out based on BS EN ISO 26423:2016 to determine the thickness of the coating. A 
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steel ball wetted with diamond suspension was employed to wear a crater on the surface and 

the �F�D�U�W�H�U�¶�V�� �G�L�D�P�H�W�H�U was measured afterwards. 

2.3.3 X-ray Diffraction 

Coating structure was characterized by X-ray diffraction (XRD, Phillips Xpert, C J Lanigan) 

using Grazing Incidence X-ray Diffraction (GIXRD) with a fixed grazing angle of incidence, 

3 degrees, to avoid intense signal from the substrate and get a stronger signal from the thin 

coating. On the other hand, conventional Bragg-Brentano XRD technique was utilised to 

analyse the substrates. �7�K�H�� �������V�F�D�Q�V�� �E�H�W�Z�H�H�Q�� �����ƒ���D�Q�G�������ƒ���Z�H�U�H���F�D�U�U�L�H�G�� �R�X�W���D�F�U�R�V�V���W�K�H��

samples. 

2.3.4 Knoop Microhardness and Surface Hardness 

The Knoop microhardness measurement was carried out based on ASTM E384 �± 17 [31]. A 

Mitutoyo 810-129E microhardness tester equipped with Vickers and Knoop indenters was 

used to carry out micro-indentation measurement on polished cross-sections and to identify 

the case depth from the TPON processes. The load was set at 25 gf (1 gf=9.81 mN) for a 20 

sec dwell time.  

Surface nanoindentation measurement was employed to measure the top layer surface 

hardness. A Fisherscope HM2000-XYp was used and fifteen indentations made for each 

sample at maximum loads of around 10 mN for coatings. This load was chosen so the 

maximum penetration depth did not exceed 10% of the coating thickness. This is to ensure 

the measurement reading has minimum impact from the substrate and the diffusion layer. 

2.3.5 Adhesion Assessment  

The scratch tests were carried out using CSM Instruments Revetest scratch tester according to 

BS EN ISO 20502:2016 adhesion testing standard [32]. The experiment was conducted by 

drawing a Rockwell C diamond indenter across the coating surfaces under a normal load 
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increasing linearly from 5 to 100 N with loading rate of 100 N/min and sample speed of 10 

mm/min. Complex stress states involved in this short-time tribological test enabling the 

measurement of mechanical strength adhesion and intrinsic cohesion of the coatings. At a 

certain critical load, LC1, the first crack or failure appears and continues until the first 

chipping of the film occurs which is considered as LC2. LC3 is the normal load at which the 

full delamination of the coating happens. 

2.4 Static Corrosion Experiments 

A 3-electrode electrochemical cell controlled via an EG&G VersaStat II was used to simulate 

corrosion within a simulated biological environment. The specimen was placed in a flat 

corrosion cell and used as the working electrode (WE). The combined RE and CE completed 

the circuit. Samples were immersed in the serum solution to explore the reactions at room 

temperature conditions.  

Initially, Open Circuit Potential (OCP) was monitored for one hour at a rate of 1 Hz. OCP 

consists of recording the corrosion potential, the established voltage between the WE and RE 

in the electrolyte solution, without applying electrical potential to the surface of the material. 

This technique is a semi-quantitative indication of a material susceptibility to corrosion 

without giving any information on the reaction kinetics on the surface. 

Subsequently, DC electrochemical Cyclic Polarization (CP) was conducted. A cathodic 

potential of -250 mV vs. stabilised OCP was applied and the potential was swept anodically 

at 1 mV/s until either the current density exceeded 500 µA/cm2 or the potential reached 2000 

mV. At this point, the swept direction was reversed. The results of the CP can be used to 

describe the �P�D�W�H�U�L�D�O�¶�V�� �U�H�V�L�V�W�D�Q�F�H�� �D�J�D�L�Q�V�W�� �O�R�F�D�O�Lsed corrosion and how readily a passive film 

can repair itself. Tafel extrapolation technique was used to calculate corrosion potential (Ecorr) 
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and corrosion current density (icorr) [33]. These values describe the behaviour of the corroding 

system. 

2.5 Bio-tribocorrosion Experiments 

Sliding tribocorrosion experiments were carried out to explore the interactions between wear 

and corrosion on the degradation of duplex-TiN coated surfaces. A linear reciprocating pin-

on-plate tribometer (BICERI Limited, UK) was utilised for tribocorrosion testing. This 

contact geometry can simulate hip joint bearing surfaces [34]. A 3-electrode electrochemical 

cell was integrated for in-situ assessment of corrosion as shown in Error! Reference source 

not found.. The test samples were isolated from the rest of the machine by using plastic 

fixtures. The ceramic-ceramic combinations of plates and pins were tested using this setup to 

evaluate the tribocorrosion performance of the self-mated coatings in high pressure sliding 

contacts. Both the pin and plate were immersed in the electrolyte.  

 

Figure 1: Schematic of the 3-electrode cell within the pin-on-plate tribometer 

The tribological tests were conducted by setting normal load, sliding velocity and stroke 

length to 5 N, 0.02 m/s and 10 mm, respectively. All tests were completed at 25���HC, which is 

recognised a limitation of this study (37 °C common temp used to simulate conditions in 

vivo). The tribological contact was maintained at 1 Hz for a period of 2 hours.. All tribology 
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tests were conducted at OCP in which the anodic and cathodic reaction rates were equal. The 

pins that were used for these experiments were made from the same substrate and coating as 

the plates. Coating vs coating combinations were used to simulate a hard-hard bearing 

combination which are used in vivo. The coated pin ends had a radius of curvature of 25 mm 

sliding against the flat plate under the mean contact pressure of 250 MPa. Contact pressures 

and sliding speeds were chosen to replicate tribological experienced in vivo [35, 36].  

A combination of continuous OCP and intermittent measurements of Linear Polarization 

Resistance (LPR) was used to quantify the tribocorrosion of duplex-coated Ti surfaces during 

sliding. An EG&G VersaStat II potentiostat was employed for electrochemical 

measurements. The OCP of the Ti-6Al-4V WE was measured with respect to the RE. LPR 

was conducted around OCP by cathodically polarizing the WE (-10 mV vs OCP) then 

sweeping anodically past OCP to a positive potential (+10 mV vs OCP). LPR is a non-

destructive measurement, similar to OCP, due to the small polarization range and therefore it 

can be conducted several times on the surface without disturbing the sample. The resultant 

current between WE and CE can be plotted against the applied potential as shown in Figure 

2. The slope of the linear curve about zero current is known as the polarization resistance 

(Rp). Rp represents the resistance of the passive layer to corrosion. In a sliding contact, similar 

to this study, Rp is considered from both the wear area and outside the wear track. In a static 

condition, Rp indicates the resistance of a uniform passive layer forms on the surface.  
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Figure 2: Typical LPR plots with fitting curves 

Prior to sliding, the OCP of the tribopair was allowed to stabilise for 500 seconds. At 500 

seconds, one static LPR scan was conducted to quantify the materials resistance to 

polarisation. Corrosion current (icorr) which is a direct measure of metallic ions loss as a result 

of corrosion can be calculated by the application of the Stern-Geary equation [35]. Sliding 

was then initiated for 2 hours and OCP was continuously monitored during the sliding. Four 

more LPR sweeps were taken intermittently, at 30 min intervals, during sliding. After sliding 

ceased, after around 7,200 cycles, the OCP was measured for another 500 seconds in static 

condition with a subsequent LPR.  

2.6 Wear Measurement 

Wear on the plate was measured using White Light Interferometry (WLI) after tribocorrosion 

testing. WLI was conducted using NPFLEX (Bruker, USA) to also examine surface 

topography pre- and post-coating. The wear depth was calculated using the surfaces not 

subjected to wear as the reference plane.  

The wear volume loss on the pins were determined using optical images of wear scars. This 

was calculated according to the technique explained in [37]. The optical images were taken 

using a LEICA DM 6000 M upright microscope. 
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Static corrosion and sliding corrosion experiments were performed three times and all surface 

analysis were carried out at least 5 times to ensure repeatability. Data represents an average 

of the repeats with the associated experimental error shown by the error bars. The coefficient 

of variation �± standard deviation multiplying by 100 divided by the mean value �± was 

calculated between 10-25% for all the measurements. 

3 Results and Discussion 

3.1 Coatings Characterisations 

The composition of the as-received substrates measured by EDS is presented in Table 1 

which is in line with chemical composition recommended in the standard specification for Ti-

6Al-4V alloy casting for surgical implants [38]. Figure 3 also shows the final surface finish of 

the un-coated substrates.  

Table 1: Composition of Ti-6Al-4V substrates 

 Composition (wt% ) 

 Ti  Al  V 

Wrought 87.8±0.20 6.6±0.02 4.4±0.10 

ALM 87.9±0.30 6.4±0.10 4.2±0.10 
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Figure 3: SEM micrographs from the surface of the Ti-6Al-4V substrates fabricated by ALM 
and wrought techniques 

Surface analysis post-coating revealed a few small defect areas such as the ones showed in 

Figure 4. These irregularities are characteristic of the PVD coating technique and previously 

reported by Hussein et al. [39]. The surface irregularities were correlated to the un-melted or 

partially melted cathode materials which were extracted from the surface afterwards. These 

coating fragments could be minimised by doing the process in 2 stages.  

  

Figure 4: Surface irregularities observed on the coated samples  

The surface roughness of the discs pre- and post-coating and without additional post 

treatment polishing are shown in Figure 5. For wrought discs, Sa was between 30-60 nm 

increasing to 60-120 nm after duplex-TiN coating. The Sa for ALM discs was between 60-80 

nm increasing to 70-160 nm after the coating. The surfaces were polished after the coating 

process. The coated wrought substrate and coated ALM substrate roughness after polishing 

was Sa = 9.5±0.7 nm and 8.9±0.5 nm, respectively. The surface roughness of coated pins was 

Sa ~ 20 nm after polishing. These surface roughness values are substantially below threshold 

value suggested in the literature so that the crack initiation not being a function of surface 

topography [40].   
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A 

 

B 

 

Figure 5: Sa for (A) wrought and (B) ALM discs before and after coating measured by 
NPFLEX surface topography images 

The coating thicknesses were measured by ball crater and SEM technique and they were 3.8 

µm, 4.2 µm and 5.7 µm for ALM discs, wrought discs and pins, respectively. The coating 

thickness was within the range of 3 to 6 µm. Cassar et al. [26] reported coating thickness of 

2.8 ± 0.2 µm for similar duplex-TiN coating deposited on Ti-6Al-4V alloy. 

X-ray diffraction was used as a qualitative indication of the phases present in both coating 

and subst�U�D�W�H�V���� �7�K�H�� �������V�F�D�Q�V���E�H�W�Z�H�H�Q�� �����ƒ���D�Q�G�������ƒ���Z�H�U�H���F�D�U�U�L�H�G�� �R�X�W�� �D�F�U�R�V�V���W�K�H���V�D�P�S�O�H�V�� �D�Q�G���W�K�H��

results are illustrated in Figure 6 for the coated samples and the substrates. These results 

show that the coating on both wrought and ALM samples are predominantly composed of 

TiN without any oxide reflections observable. These results are in agreement with previous 
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reports [41]. U�Q�N�Q�R�Z�Q�� �S�H�D�N�V���Z�H�U�H���L�G�H�Q�W�L�I�L�H�G�� �E�H�W�Z�H�H�Q�� ������� ������-�������G�H�J�U�H�H�V���D�Q�G�� ������� ������-75 

degrees for the coated-ALM sample. 

�7�K�H�� �V�X�E�V�W�U�D�W�H�¶�V�� �V�S�H�F�W�U�D�� �Z�H�U�H���E�R�W�K���L�G�H�Q�W�L�F�D�O�� �D�Q�G���S�U�H�G�R�P�L�Q�D�Q�W�O�\�� �F�R�P�S�R�V�H�G�� �R�I��TiAlV with 

traces of TiV. The comparison of XRD pattern of the coated-ALM with the pattern of 

substrate reveals that the unknown peaks observed for the coating on ALM substrates are at 

the same positions of the peaks observed for ALM substrate and it suggests that they are 

attributed to some contribution to the diffracted signal by underlying substrate rather than 

having any other compound in the coating. Another speculation is the traces of Ti2N phase 

emergent alongside TiN in this coating according to the patterns such as those presented in 

[28, 42]. 

  
(A) (B) 

Figure 6: (A) GIXRD (3° angle of incidence) diffraction patterns of coated samples and (B) X-
ray diffraction patterns of the substrates manufactured by wrought and ALM techniques 

The Knoop microhardness technique was employed to measure the hardness-depth profile. 

This technique looks at the layers beneath the TiN coating as a function of depth to verify the 

diffusion treatment. The results for TPON-treated wrought and ALM discs were compared 

with that of the untreated substrates in Figure 7. The benefits of such surface treatment can 

clearly be seen in an increase in the surface hardness of the Ti alloy. Similar profile was 

observed for all coated samples with adequate case depth of 35 �± 45 µm to provide good load 

support. This hardness increment is attributed to the formation of a compound layer 
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composed of Ti2N and TiN [26]. The depth of the surface hardness in Figure 7 is in 

agreement with those reported in [43] for duplex-TiN coating on Ti-6Al-4V. They showed 

that TiN coating increased the hardness of the Ti-alloy surface, whilst the duplex process 

raised the hardness of the subsurface due to the initial (oxy)nitriding, provided a functionally 

graded interface. These increases in adhesion and hardness properties were translated to 

reduced volumes losses when subjected to dry abrasion and pin-on-disc tribometer testing 

[43].  

 

Figure 7: Knoop microhardness profiles  

Figure 8 shows the benefits of a TiN coating with a clear increased in nanohardness value, 

around 14-15 GPa, when compared to the un-coated surfaces (~3.5 GPa). No difference 

between the methods of material manufacturing was observed (wrought vs ALM). The 

hardness values of the coatings in this study were higher than those presented by Cassar et al. 

[28]. Although some deleterious consequences were attributed to the extremely hard PVD 

coating materials such as creating third-body particles compromising the integrity of the 

coating [29, 43], the boosted hardness values of a TiN coating could improve the resistance 
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of the coated surface against plastic deformation leading to a higher wear resistance 

eventually increasing the service life of the implants [44].  

 

Figure 8: Surface nanoindentation values of coated and un-coated samples 

The coating adhesion results measured using the scratch test are depicted in Figure 9. Scratch 

tests do not only measure the adhesion of the coating to the substrate at the interface, but also 

assess the cohesive failure within the coating. The LC2 and LC3 values were measured above 

40 N and 60 N, respectively, which are considered sufficient for TiN PVD coatings on tool 

steel substrate [45]. Cassar et al. [28] discussed this data in details. They assumed that the 

TPO/TPN treatment reduces the likelihood of failure at the coating/substrate interface in a 

duplex-TiN coating. They suggested that a 30 N adhesion strength is adequate to achieve a 

satisfactory coating performance as long as the underlying substrate load support is 

optimised. Therefore, as a benchmark, similar or in excess values were considered crucial to 

attain competitive tribological performance. Comparing the results shown in Figure 9 to those 
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presented elsewhere [39] depicts substantially higher critical load of the coatings used in this 

study. The superiority of the cohesive and adhesive strength of the coatings in this study in 

comparison with the one reported by Hussein et al. [39] is correlated to the improvement of 

the load-bearing capacity for duplex-PVD coatings.  

 

Figure 9: Cohesive and adhesive strengths of the coatings measured by scratch test 
conducted by drawing a Rockwell C diamond indenter across the surfaces 

In general, the surface hardness, the adhesion strength, XRD, surface roughness and the case 

depth of surface treatment have shown similar properties for the coatings on both substrates. 

This would be beneficial if the same achieve in corrosion and tribocorrosion results too.  

3.2 Corrosion Behaviour Studies 

Electrochemical corrosion is a common failure mode for Ti-based implant alloys [46]. 

Surface pitting evolves into the crack was reported as the main failure mechanism for a 

retrieved femoral component in which the Ti-6Al-4V/Ti-6Al-4V neck-stem taper was 

severely damaged after about 6 years of implantation. It was realised that the crack 

propagation accelerated by a combination of the corrosion attack and the oxide-driven crack 
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opening stresses at the tip independently from the externally applied tensile stresses [47]. 

There are also reports on pitting corrosion as a common problem in CoCrMo implants [48, 

49]. Electrochemical techniques in this study have been used to evaluate the effect of duplex-

TiN coating on electrochemical corrosion performance of the Ti-6Al-4V alloy.  

The increased OCP values for coated materials presented in Figure 10(A) suggest that the 

coating material is less active compared to the substrate. This is partially due to the insulating 

nature of the ceramic coatings [8]. CP curves in Figure 10(B) also confirm a more noble 

corrosion potential of the coated samples. This is also related to the more stable oxide layer 

that forms on the TiN film than the passive layer forms on the bulk Ti alloy. This is in 

agreement with the results reported in [39]. Pohrelyuk et al. [50] also suggested that Ti-6Al-

4V alloy has a more positive corrosion potential value after nitriding. 

  
(A) (B) 

Figure 10: (A) OCP plots prior to cyclic polarization measurement and (B) cyclic 
polarization curves of the coated and un-coated samples immersed in the 25% FBS+PBS 

solution at room temperature 

CP electrochemical measurement is commonly used to evaluate pitting susceptibility of 

materials. Passivation and re-passivation characteristics of the coatings are crucial in order to 

evaluate the chemical and electrochemical stability of the coatings in a biological medium. 

The electrochemical behaviour of both substrates and coatings was examined and the CP 

scans for the bare and coated samples shown in Figure 10(B).  
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Pitting potential and rapid increase in current density are absent in the curves in Figure 10(B) 

showing that pitting corrosion did not occur for these specimens in this testing condition. A 

stable passive region was observed between 0 and 2 V vs Ag/AgCl for the substrate material 

which is due the TiO2 protective oxide layer formed on the surface of titanium alloys [7-9]. 

The Ti passive film has a semiconductive properties protecting the metallic surface against 

corrosion [51]. The passive current of the ALM substrate was slightly higher than that of the 

wrought substrate. It was around 3 µA/cm2 for the ALM substrate and 2 µA/cm2 for the 

wrought substrate.   

Details of corrosion potential and corrosion current densities are shown in Table 2. Yazdi et 

al. [52] reported similar corrosion current density of 0.143 µA/cm2 and corrosion potential of 

-150 mV vs. Ag/AgCl for Ti-6Al-4V in PBS solution. Both ALM and wrought substrates 

demonstrate similar corrosion current densities whereas the corrosion potential which shifted 

slightly towards noble potentials for the ALM titanium alloy. Although Ti-6Al-4V substrates 

exhibited low corrosion current densities, the coatings revealed an even lower corrosion 

current density under the same condition. This means that the coating process has improved 

the corrosion performance of titanium substrate. These very low values of corrosion current 

densities verifies the presence of a passive layer on the surface of the samples [53].  

Table 2: Electrochemical parameters obtained from the cyclic polarization curves 

 
Ecorr (V vs 

Ag/AgCl) 
icorr (µA/cm2) 

Coated ALM -0.05 (6±3) x10-2 

Coated wrought -0.1 (5.7±3) x10-2 

ALM substrate -0.15 (1.5±2) x10-1 

Wrought substrate -0.3 (1±2) x10-1 
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CP testing of the coated samples demonstrated more noble Ecorr and lower Icorr measurements 

when compared to that of the un-coated substrates. Similar behaviour was reported by 

Pohrelyuk et al. [50] for Ti-6Al-4V alloy after nitriding and it was related to the high strength 

of the chemical bonds in titanium nitride. A decrease in the anodic current density was seen 

until 0.75 VAg/AgCl for the coated samples when compared to the un-coated Ti-alloy 

substrates. This behaviour indicates an increase in the corrosion resistance of the coated 

samples and is similar to nitrided Ti-6Al-4V alloy reported by Manhabosco et al. [54]. The 

coated wrought Ti also demonstrated evidence of pseudo-passivation between 0 �± 0.25 V vs 

Ag/AgCl, the mechanisms of which are not fully understood. A two-stage passivation 

mechanism was already reported for nitrided Ti-6Al-4V alloy �L�Q�� �5�L�Q�J�H�U�¶�V�� �V�R�O�X�W�L�R�Q�� �Z�K�L�F�K�� �Z�D�V��

corresponded to the oxidation of TiN layer to titanium oxynitride followed by oxidation of 

titanium oxynitride to nonstoichiometric titanium oxides [50].  

At over-potentials greater than 0.5 V vs Ag/AgCl, both coated samples demonstrated 

perturbations in the recorded current which were not observed in the un-coated samples. This 

is typically indicative of metastable pitting processes where corrosion pits can initiate, in this 

case likely in coating defects, and spontaneously re-passivate halting any pitting propagation. 

the general electrochemical trends are consistent with those reported by Hussein et al. [39]. 

Upon the return scan of CP curves, both substrates displayed negative hysteresis meaning the 

alloy had no propensity to form pits or localised corrosion in the 25% FBS+PBS electrolyte 

and immediately re-passivated. Negative hysteresis occurs when the degree of surface 

passivation is enhanced at more noble potentials [33]. This causes the lower current densities 

in the reverse scan in comparison with the current densities in the same potentials of the 

forward scan. On the other hand, the CP curves of the coated samples exhibit positive 

hysteresis. The size of these hysteresis loops are very small though showing the minimal 
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disruption of the passive film and quick restoring of the protective layer in this testing 

condition.  

3.3 Bio-tribocorrosion Behaviour Studies 

Sliding corrosion experiments were conducted on coated specimens and the evolution of OCP 

before, during and after sliding are shown in Figure 11. The OCP results exhibits a more 

noble potential for the coated-ALM samples in comparison with the potential of coated-

wrought samples. Potentials were stable before sliding. Once the sliding starts, both samples 

exhibit a perturbation in the OCP attributed to the tribocorrosion phenomenon. This is due to 

the removal (total or partial) or modification of the surface layer as a result of mechanical 

wear action. This is a typical behaviour observed in other materials protecting the surface by 

forming a passive layer [7, 27, 52].  

 

Figure 11: Evolution of OCP during sliding corrosion tests conducted on coated tribopairs in 
25% FBS+PBS solution 

The maximum cathodic shift, the potential difference from the point immediately prior to the 

initiation of sliding and the most negative potential point during sliding, was higher for the 
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coated-ALM tribopair compared to its value for the coated-wrought tribopair. The potential 

decrements observed for these coatings were very small though when compared to the OCP 

drops reported for Ti-6Al-4V in previous research which reach up to 1 V [51, 52, 55, 56] and 

the OCP drops reported for CoCrMo material which was around 0.3 V [57, 58]. The results 

reported by Cheng et al. [8] showed minimal alternation of the potential with no dramatic 

decrement reported for plasma sprayed ceramic coatings on bulk Ti-6Al-4V substrates. This 

may related to the differences due to the effect of substrate material on corrosion performance 

and crystallinity of the coating. However, Chang et al. [8] suggested that differences between 

the thickness of the coatings has the main role in this inconsistency. The coating used in the 

present study were 3-6 µm thick while it was much thicker (200 µm) in that paper. Further 

research including surface chemistry study using XPS is required to understand this 

hypothesis suggested by Chang et al. [8] regarding the role of coating thickness on 

tribocorrosion behaviour of the ceramic coatings. When the sliding was completed an 

ennoblement in the OCP was observed albeit not to pre-sliding values indicating a change in 

the near surface chemistry due to sliding. This is in agreement with the results described 

elsewhere [51]. 

The corresponding LPR data measured during static and sliding conditions is shown in Figure 

12(A,B). LPR traces are noisier under sliding condition due to the transient passivation 

processes within the contact. The resistance to polarization obtained from LPR curves 

presented in Figure 12(A,B) were converted into corrosion current using the Stern-Geary 

equation [35]. As expected the Rp values were much higher under static conditions; varying 

between approximately 68���W�R���������N�����F�P2 before and after sliding for the coated-ALM and 

wrought tribopairs. Upon sliding lower Rp���Y�D�O�X�H�V�� �Z�H�U�H���P�H�D�V�X�U�H�G�� �U�D�Q�J�L�Q�J�� �I�U�R�P�� �D�S�S�U�R�[�L�P�D�W�H�O�\��

�������W�R���������N�����F�P2 for the coated-�$�/�0�� �S�D�L�U�� �D�Q�G���������W�R���������N�����F�P2 for the coated-wrought pair. 

This is indicating that the surface suffered from tribocorrosion. The Rp values reported in [35] 
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for CoCrMo material in a sliding condition submerged in the same lubricant to this study was 

between 14.7 to 40���N�����F�P2 for the contact pressures similar to this work. These values for 

CoCrMo material were lower than the Rp values found for the coatings studied in this paper. 

CoCrMo can be considered as a functional benchmark given its use as bearing material in 

vivo. 

Figure 12(C) illustrates the calculated corrosion current determined from LPR scans. The 

results show slightly lower corrosion current for the coated-wrought combination compared 

to the coated-ALM combination. Upon sliding, higher values for corrosion current were 

recorded for both experiments. This was due to the disruption of the surface layer through 

sliding inducing the increase of the corrosion current. This is in line with voltage decrement 

that was seen in Figure 11 which was again due to the locally destruction of the protective 

film. The change of current density in Ti-6Al-4V alloy was reported drastically higher by 

about 80 µA/cm2 during sliding in a research conducted by Royhman et al. [56] whereas 0.4 

µA/cm2 for the duplex-TiN coatings in the current study. The current increase was also 

reported around 2 µA/cm2 for CoCrMo material elsewhere [56]. Yazdi et al. [52] reported 

two or three orders of magnitude higher corrosion current densities of Ti-6Al-4V alloy during 

tribocorrosion in comparison with the stagnant condition. These comparisons reveal that 

duplex-TiN coating was durable in protecting the substrate material from tribocorrosion and 

therefore a smaller current increase observed during sliding.  
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(A) 

  

(B) 

(C) 

 

Figure 12: (A) LPR scans of ALM-coated pair and (B) wrought-coated pair (C) corrosion 
current for ceramic-on-ceramic contacts under sliding condition calculated using the LPR 

scans 

Once the sliding stopped, the corrosion current decreased showing quick re-growth of the 

protective layer. This reinforced the trend noted in the CP measurements observed in static 

condition, Figure 10(B), indicating the great recovery capability of the coatings. 

After tribo-testing, the plates were analysed by WLI technique. NPFLEX images showed no 

indication of complete coating removal in sliding corrosion experiments. The corresponding 

depth profiles are presented in Figure 13. Both coatings showed almost the same wear depth 

of only 0.3 µm. This is much lower than the coating thickness which was measured between 

3-6 µm. A study conducted by Taufiqurrakhman et al. [59] reported wear depth of 1.5 to 5 
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µm for CoCrMo plate-alumina ball combination using reciprocating pin-on-plate tribometer 

and the initial mean Hertzian contact pressure of Pmean 815 MPa using 4 different types of 

lubricant for a similar 2-hours test. The identical lubricant to the current study led to almost 3 

µm wear depth on CoCrMo material which is much higher than that of the duplex-TiN 

coating in this study [59].  

 

Figure 13: 2D wear profiles across the y-axis of the plate wear scars after sliding corrosion 
test 

In order to verify the beneficial effect of duplex-TiN coating on wear performance of the Ti-

6Al-4V, a tribotest with identical testing parameters to the coatings were performed on un-

coated Ti-6Al-4V substrates as the control group and the results are included in 

�³�V�X�S�S�O�H�P�H�Q�W�D�U�\�� �G�D�W�D� �́� �V�H�F�W�L�R�Q�� �I�R�U�� �F�R�P�S�D�U�L�V�R�Q�� �S�X�U�S�R�V�H�V�� The wear depth was measured around 

25-30 µm for the Ti-6Al-4V plates after the experiment. The results have shown that the 

coatings play a major role in the improved performance of the Ti-alloy substrate in this 

tribological system. This is in agreement with the wear results reported elsewhere [28] 

suggested that duplex-TiN coating increase the wear life of the Ti-alloy substrate under dry 
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reciprocating-sliding condition. The enhanced wear resistance of the coating is related to the 

improved load-bearing capacity of the hard layer in comparison with that of the softer Ti-

alloy.  

Figure 14 shows the optical images of pin wear scars after tribocorrosion experiments. The 

wear scar diameters were used to calculate the wear volume loss as shown in Figure 15. Pin 

wear volume loss results showed almost similar wear volume for both coated pins indicating 

that ALM and wrought manufactured substrates had minimal effect on tribological behaviour 

of the coatings. 

  
(A) Coated ALM pin (B) Coated wrought pin 

Figure 14: Optical images of pin wear scars after test with (A) coated-ALM (B) coated-
wrought plates 
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Figure 15: Pin wear volume loss after tribocorrosion tests 

This study provided an insight on the effect of using ALM substrates as an alternative to the 

wrought manufactured Ti-6Al-4V alloy. Whilst the use of CoCrMo Metal-on-Metal implants 

has decreased to only 10% of total newly orthopaedic implants in the UK [59], this study has 

shown the promising bio-tribocorrosion performance of self-mated duplex-TiN coated Ti-

6Al-4V substrate under reciprocating-sliding wear testing. Lower rates of tribocorrosive 

degradation when compared to un-coated Ti-alloys and comparable studies utilising 

CoCrMo-CoCrMo contacts has been demonstrated. Nonetheless, this study has considered 

short-term experiments. Further extended longer-duration experiments should be considered, 

particularly using hip simulator. Only then can sound conclusions be drawn on the overall 

effectiveness of any surface treatment applied on Ti-6Al-4V substrate for biomedical 

applications. 
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4 Conclusion 

In this study, a duplex-TiN coating was deposited on Ti-6Al-4V substrate fabricated through 

ALM and wrought manufacturing methods. The coating characterisation was conducted to 

compare the coating properties on both ALM and wrought manufactured substrates: 

�x Scratch test results and hardness-depth profiles showed the feasibility of duplex 

coating, TPON+TiN, on ALM substrate and proved its influence on improving 

surface characteristics of Ti-6Al-4V 

�x Nanohardness measurement showed that the surface hardness increased from 3.5 GPa 

to 14-15 GPa after duplex-TiN coating on Ti-6Al-4V alloy manufactured by wrought 

and ALM techniques 

Static corrosion experiments were employed to investigate the effect of duplex-TiN coating 

on corrosion performance of the ALM and wrought manufactured Ti-6Al-4V alloy: 

�x A decrease in the anodic current density was seen until 0.75 VAg/AgCl for the coated 

samples when compared to the Ti-alloy substrates indicating an enhancement in 

corrosion performance of the duplex-TiN coated samples 

�x Both substrates and the duplex-TiN coatings deposited on them showed excellent 

localized corrosion resistant in 25% FBS+PBS solution 

Sliding corrosion experiments were conducted to compare the tribocorrosion performance of 

the duplex-TiN coatings applied on ALM and wrought manufactured Ti6Al-4V substrates 

and the results exhibited: 

�x OCP perturbation was observed for the coating on both substrates once the sliding 

started but the maximum cathodic shift was much less significant than that of 

CoCrMo and Ti-6Al-4V materials reported elsewhere 
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�x A quick recovery of the OCP after sliding indicates a progressive formation of a 

protective layer within the wear track 

�x No delamination was observed with the maximum wear depth of 0.3 µm which is 

much less than the coating thickness (3-6 µm) 

In general, the results of this study show that duplex-TiN coating enables Ti-6Al-4V to 

withstand much higher contact pressures in biomedical applications. ALM Ti-alloy substrate 

exhibited promising behaviour for orthopaedic implants with the potential to replace the 

conventional wrought manufacturing method.  
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