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Abstract

The beneficial effect of surface engineering on therwmed corrosion performance of Ti-
6Al4V aloy for biomedical purposes has recently gained a lattedfest. To date,
researchers have shown TiN ceramic coatings to be ativeffestrategy to improve the poor
tribocorrosion properties of Ti-based alloys. However, coatingadagion and adhesions
remains a major hurdle to overcome for successful clinreaklation. Recently, a duplex
TPON+TIN treatment process on Ti-alloy has been sugbdsteapplications involving with
high contact loads. For the first time, this technique exsnded to the Additive Layer
Manufactured (ALM)Ti-6Al4V alloys in an attempt to enable load bearing patient
personalised implants. The bio-tribology and corrosion ressstafthe coated ALM
materials were compared with that of the coatings on cbowal wrought manufactured
alloy for orthopaedic applications. XRD analysis showed ti@toatings on both substrates
are primarily composed of TiN. The Knoop microhardness te@dnmoved a tribologically
effective diffusion layer with a case depth of 385 pm. The k2 and lcs values were
measured above 40 N and 60 N which is an excelent cohesivedlagiva strength for

these types of the coatings. Electrochemical measurenie fitoth static and sliding



conditons showed a quick recovery capabiity of the protectiyer l|m 25% Foetal Bovine
Serum (FBS) diuted in Phosphate Buffered Saline (PES)relyte. The static
electrochemical measurements also showed reduced corrosient densites when
compared to that of the bulk Ti-alloy. Coating on both substrsitewed an excellent wear
resistance which is correlated to the enhanced load dpezapacity of the coated surfaces.
Whie the coating thickness was 3-6 pine tvear depth was only 0.3 pm after 2 hours of

reciprocating sliding wear test.

Keywords: Ti-6Al4V, Additve Manufacturing, orthopaedic implants, Bio-tribocorrosion,

Duplex coating


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

1 Introduction

Total joint replacement (TJR) has become a viable andssfoteption for the replacement
of painful and degenerated joints since the pioneering work dbBn Charnley in the

196 TV . XUWI]] has\estrated that the demand for primary total higragolasty will
grow by 174% by 2030 in the US alone; driven by an aging demograpiicdemand for
quality of life. TIR has become the gold standard for regtdoils of motion and treatment
of osteoarthritis. However the implantation of Co and Cr aantgi metal components
commonly used for articulating and stemmed components remaiostroversial subject.
Release of potentially toxic metal ions and particles tiosurrounding tissue as a result of
wear and corrosion have been associated with adverse biologgaaibns requiring surgical

intervention [2, 3].

The use of titanum-based alloys for structural orthopaeslg. &cetabular shells) and dental
(e.g. abutments) applications is common and the advetarofith alloy ALM has
revolutionised the design phiosophy for many implant systdins. includes the
personalised treatment of large bone defects in the pedature devices and off-the-shelf
non-personalised implants is now been realised for acetatmiaponents The desirable
mechanical and surface properties of Tialloys, such as loweduli, corrosion properties
and superior piocompatibility]] make them the material of choice for many structurglant
applications[4-7]. Despite having outstanding mechanical and static corrgsperties, the
tribocorrosion characteristics of Ti-alloys are poor exiigithigh levels of tribo-corrosive
wear, seizure and gal when in contact with other sesfa[10]. Long-term release of toxic
substances (Al and V ions) is another strong concern abiogt Ti-6Al4V alloy as body

implant material [11].

1 https://imacorporate.com/



Thin-film ceramic-coated surfaces have been mooted addirusdinical application as an
effective way to impart protection against wear (incresesevice time) and corrosion (ion
barrier) of metalic alloys [16, 17]. The performance of TiN ibgat has been shown to be
superior when compared to metallic substrates due to aadsext hardness, wear and scratch
resistance and high chemical and physical stabiity [18F@thermore, previous studies
found TiN coatings nontoxic, biocompatible and bioactive with ahility to reduce the
release of toxic metalic ions from Ti-6AF4V alloy [11, 21-23].Hazet al. [24] reported that
TiN coating improves corrosion and tribocorrosion performancpuref titanium substrate.
Their findings suggested that longer deposition time (80 lwh)o thicker coating and
increased percentage o$Niphase eventually increasing its resistance ageinstr.

However, issues associated with coating-substrate eidrfadhesion and delamination
remain significant failure mechanisms limiting the adeoatings in vivo [25]. Delamination
occurs due to the large difference between elastic modditiee substrate and coating
leading to the strains that cannot be tolerate by thecthating layer [26]. Surface treatments
such as nitridation and oxidation has been investigatedn alternative for enhanced surface
properties. Fernandes et al. [27] study showed that nitrideagnient at 700 °C combined

with a controlled oxidation improves tribocorrosion properties i AF4V aloy.

Duplex treatment processes, as a hybrid technique consitiag initial plasma
(oxy)nitriding heat treatment process folowed by subsege®t® coating deposition, are a
promising technique to enhance the load bearing capacitadimsion of PVD deposited
TiN coating. The use of duplex treatment processes ofoysatlemonstrated better
adhesion and improved bond between the Ti substrate and timg colaén compared to TiN
coated Ti-6Al4V without heat treatment and may consequdmtiease its wear and

corrosion resistance in chalenging environments [28]. Cassar[29] has illustrated that a
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single-layer TN coated Ti-alloy demonstrates a 5 timgkehi wear volume in comparison
with that of a duplex TiN-coated sample in an impact wesistant experiment above 100k
impacts. However, the corrosion and tribocorrosion properties pid>d@iN coating onri-
alloy are not well investigated; a vital properties fa ttanslation to load beading bio-

tribological surfaces.

The revolution of ALM prosthesis combined with advancedasarfcoatings now raises
guestion as to the suitability of this methodology to produce ledting Co and Cr free
implants such as articulating hip and knee femoral sgrf§t®]. This study was designed to
assess the hypothesis that Ti-6AF4V duplex surfacemesds are a clinically viable solution
for low wear, low corrosion and CoCr-free load bearing matevité further extend this
surface technology to use on ALM-6AI4V alloys as an enabling technology towards more
conservative, tissue sparing and patient talored orthopaedices. To this end, surface
analytical and bio-tribocorrosion techniques have been dpiligterrogate this hypothesis

and elucidate property-structure-function relationships.

2 Materials and Methodology

2.1 Materials

Commercial wroughfTi-6Al4V aloy bar was used to produce @25 x 4 mm discs and @10 x

20 mm pins which included a domed radius, R = 25 mm. AlMNAF4V discs and pins

were produced via a laser-based powder sintering technology atwhgmd from Materialise
(Leuven, Belgium). All surfaces were polished to roughrigss 30 - 80 nm prior to coating
deposition using SCODEUDVLYH SDSHU DQG VXEVHTXHQW GLDPRQG

surfaces were polished post-coating to bring surface rogghoeS ~ 10nm

The electrolyte solution used in all studies was a 23% (ew born bovine serum (17 g/L

total protein content) diuted by PBS in order to better replidb¢ conductivity and



condttions found in vivo. The I1ISO 14242-1 [30] standard suggest ® dietum with
deionized water so that the protein content of the eleeraynot less than 17 g/L. Sodium
Azide was also supplemented to the electrolyte (0.03% w/V) ir todetard bacterial
growth. For corrosion measurements, a combined Ag/AgCI reterelectrode (RE) and Pt

counter electrode (CE) (Orion, Fisher scientific) wasdus
2.2 Coating Fabrication

The surface treatment comprises a triode plasma oxid@fB@) for an hour folowed with 3

hours triode plasma nitriding (TPN) that provides a suppget laeneath a hardwearing TiN

coating that took 3 hours to apply. These steps not only inctkasgirface hardness but also
LPSURYH VXEVWUDWHYTV FKHPLFDRD WAR@EBIS v the d@plexv\ ZLWK W
coating were carried out sequentially without interruptidhe top layer coating is TiN with

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

elsewhere [26, 29]. A modified Tecvac IP70L coating system bywatlll 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)pgmpd with Energy
Dispersive Spectroscopy (EDS) Spectroscopy enabling chemiesise was utiised to
characterise the surface. SEM images and EDS spesteaboth recorded at 20 kV incident

beam energy.
2.3.2 Ball Crater

An in-house ball crater equipment was employed to measereodiing thickness. This was

carried out based on BS EN ISO 26423:2016 to determine the thicknées cobting. A



steel ball wetted with diamond suspension was employed toan@ater on the surface and

the F D UW H U 1 Wassndadite dVaitdswards.
2.3.3 X-ray Diffraction

Coating structure was characterized by X-ray diffract{XRD, Philips Xpert, C J Lanigan)

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

3 degrees, to avoid intense signal from the substrate amdsgenger signal from the thin

coating. On the other hand, conventional Bragg-Brentan® dRhnique was utilised to

analyse the substrate§.KH VFDQV EHWZHHQ f DQG f ZHUH FDUUL

samples.
2.3.4 Knoop Microhardness and Surface Hardness

The Knoop microhardness measurement was carried out bas&irvh E384 £17 [31].A
Mitutoyo 810-129E microhardness tester equipped with Vickers awndKindenters was
used to carry out micro-indentation measurement on pilishess-sections and to identify
the case depth from the TPON processes. The load was seff 12§=9.81 mN) for a 20

secdwell time.

Surface nanoindentation measurement was employed torenghsuop layer surface
hardness. A Fisherscope HM20BGp was used and fiteen indentations made for each
sample at maximum loads of around 10 mN for coatiiggs load was chosen so the
maximum penetration depth did not exceed 10% of the coating ébgkThis is to ensure

the measurement reading has minimum impact from the atgbstind the diffusion layer.
2.3.5 Adhesion Assessment

The scratch tests were carried out using CSM Instran®etvetest scratch tester according to
BS EN ISO 20502:2016 adhesion testing standard [32]. The experimsrdomnducted Yo

drawing a Rockwell C diamond indenter across the coatingcssrfunder a normal load
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increasing linearly from 5 to 100 N with loading rate of 100 N/mid sample speed of 10
mm/min. Complex stress states involved in this short-tiib®logical test enabling the
measurement of mechanical strength adhesion andiatiadesion of the coatings. At a
certain critical load, &i, the first crack or faiure appears and continues untifiréte
chipping of the flm occurs which is considered a&s.lLcsis the normal load at which the

full delamination of the coating happens.
2.4 Static Corrosion Experiments

A 3-electrode electrochemical cell controled via an EGE&saStat |l was used to simulate
corrosion within a simulated biological environment. The specwes placed in a flat
corrosion cell and used as the working electrode (WE). The wedndRE and CE completed
the circuit. Samples were immersed in the serum solutioexplore the reactions at room

temperature conditions.

Intially, Open Circuit Potential (OCP) was monitored for boer at a rate of 1 Hz. OCP
consists of recording the corrosion potential, the establisbédge between the WE and RE
in the electrolyte solution, without applying electrical pbé to the surface of the material.
This technique is a semi-quantitative indication of anat susceptibility to corrosion

without giving any information on the reaction kinetics tiom surface.

Subsequently, DC electrochemical Cyclic Polarization) @#%sconducted. A cathodic
potential of -250 mV vs. stabiised OCP was applied and the potemt@iswept anodically
at 1 mV/s until either the current density exceeded 500Aar the potential reached 2000
mV. At this point, the swept direction was reversed. Theltsesf theCPcan be used to
describe thePDWHULDOYV UHYV LsédVdigpBidh abd BoivQeadiy @OdrassizeOim

can reparr itself. Tafel extrapolation technique waslus calculate corrosion potentialcf)



and corrosion current densifiorr) [33]. These values describe the behaviour of the corroding

system.
2.5 Bio-tribocorrosion Experiments

Sliding tribocorrosion experiments were carried out to exploeeinteractions between wear
and corrosion on the degradation of duplex-TiN coated surféclear reciprocating pin-
on-plate tribometer (BICERI Limited, UK) was utilised fobdrcorrosion testing. This
contact geometry can simulate hip joint bearing surf§8éf A 3-electrode electrochemical
cell was integrated foin-situ assessment of corrosion as showknior! Reference source
not found.. The test samples were isolated from the rest of théimeaby using plastic
fixtures. The ceramic-ceramic combinations of plates arx \pére tested using this setup to
evaluate the tribocorrosion performance of the self-mateatings in high pressure sliding

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

Reference/
Counter electrodes
Load

Lubricant .

Plate Potentiostat

O o

Figure 1 Schematic of the 3-electrode cell within the pmplate tribometer

The tribological tests were conducted by setting normal Ielatihg velocity and stroke
length to 5 N, 0.02 m/s and 10 mm, respectively. Al tests were deohpdd 25CKIwhich is
recognised a limitation of this study (37 °C common temp uwsetnulate conditons in

vivo). The tribological contact was maintained at 1 Hz for sgesf 2 hours.. All tribology



tests were conducted at OCP in which the anodic and catrembtition rates were equal. The
pins that were used for these experiments were made li®isatne substrate and coating as
the plates. Coating vs coating combinations were used u@wma hard-hard bearing
combination which are used in vivo. The coated pin ends hhadius of curvature of 25 mm
sliding against the flat plate under the mean contasspre of 250 MPa. Contact pressures

and sliding speeds were chosen to replicate tribological expetiencvivo [35, 36].

A combination of continuous OCP and intermittent measents of Linear Polarization
Resistance (LPR) was used to quantify the tribocorrosiotuéx-coated Ti surfaces during
sliding. An EG&G VersaStat |l potentiostat was employed fectedchemical
measurements. The OCP of ie6AF4V WE was measured with respect to the RE. LPR
was conducted around OCP by cathodically polarizingVifie(-10 mV vs OCP) then
sweeping anodically past OCP to a positive potential (+10 mWGRB). LPR is a non-
destructive measurement, similar to OCP, due to the smalizatan range and therefore it
can be conducted several times on the surface withoutbdigfuthe sample. The resultant
current between WE and CE can be plotted against the appledtigdoas shown in Figure
2. The slope of the linear curve about zero current is knewtheapolarization resistance
(Rp). Ro represents the resistance of the passive layer to icorrdis a sliding contact, similar
to this study, Ris considered from both the wear area and outside the naelar In a static

condttion, R indicates the resistance of a uniform passive layersfaymthe surface.
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Figure 2 Typical LPR plots with fitting curves

Prior to sliding, the OCP of the tribopair was allowed to sabior 500 seconds. At 500
seconds, one static LPR scan was conducted to quantifyatbeéais resistance to
polarisation. Corrosion currelfkor) wWhich is a direct measure of metallic ions loss asuk res
of corrosion can be calculated by the application of the -&eary equation [35]. Sliding
was then initiated for 2 hours and OCP was continuouslytenedi during the sliding. Four
more LPR sweeps were taken intermittently, at 30 min akenduring sliding. After sliding
ceased, after around 7,200 cycles, the OCP was measured far &tiirseconds in static

conditon with a subsequent LPR.
2.6 Wear Measurement

Wear on the plate was measured using White Light féntenetry (WLI) after tribocorrosion
testing. WLI was conducted using NIEEX (Bruker, USA) to also examine surface
topography pre- and post-coating. The wear depth was calculaiagl the surfaces not

subjected to wear as the reference plane.

The wear volume loss on the pins were determined usingabjtiages of wear scars. This
was calculated according to the technique explained in [3&]opkical images were taken

using a LEICA DM 6000 M upright microscope.
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Static corrosion and sliding corrosion experiments were petbriiree times and all surface
analysis were carried out at least 5 times to ensuretadyipa Data represents an average

of the repeats with the associated experimental erromshgwhe error bars. The coefficient

of variation xstandard deviation muiltiplying by 100 divided by the mean valuwas

calculated between 10-25% for all the measurements.

3 Results and Discussion

3.1 Coatings Characterisations

The compostition of thasreceived substrates measured by EDS is presented inIlable
which is in line with chemical composition recommendedheé standard specification for Ti-
6Al4V alloy casting for surgical implant§38]. Figure 3 also shows the final surface finish of

the un-coated substrates.

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

Composition (W% )

Ti Al \%
Wrought 87.8+0.20 6.6+0.02 4.4+0.10
ALM 879+0.30 6.4+0.10 4.2+0.10

Wrough - | | ~ALM
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Figure 3: SEM micrographs from the surface of Thi&Al-4V substrates fabricated by ALM
and wrought techniques

Surface analysis post-coating revealed a few small dafeas such as the ones showed in
Figure 4. These irregularities are characteristic oPW® coating technique and previously
reported by Hussein et al. [39]. The surface irregularitiese correlated to the un-melted or
partially melted cathode materials which were extraétmu the surface afterwards. These

coating fragments could be minimised by doing the process #mg@sst

Figure 4 Surface irregularities observed on the coated samples

The surface roughness of the discs pre- and post-coatingithodt additional post
treatment polishing are shown in Figure 5. For wrought discaia$ between 30-60 nm
increasing to 60-120 nm after duplex-TiN coating. ThdoSALM discs was between 60-80
nm increasing to 70-160 nm after the coating. The ssfagere polished after the coating
process. The coated wrought substrate and coated ALM substigteess after polishing
was Sa = 9.5£0.7 nm and 8.9+0.5 nm, respectively. The surface roughioesgedfpins was
Sa ~ 20 nm after polishingrhese surface roughness values are substantially beleshdid
value suggested in the literature so that the cra@timn not being a function of surface

topography [40].
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Figure 5: S for (A) wrought and (B) ALM discs before and after coating measured by
NPFLEX surface topography images

The coating thicknesses were measured by ball cratebEMdtechnique and they were 3.8
pm, 4.2 ym and 5.7 pm for ALM discs, wrought discs and pins, resplyctifthe coating
thickness was within the range of 3 to 6 um. Cassar et al. ¢@6tted coating thickness of

2.8 £ 0.2um for similar duplex-TiN coating deposited on Ti-6Al4V alloy.

X-ray diffraction was used as a qualtative indicatofithe phases present in both coating

and subsUDWHV 7KH VFDQV EHWZHHQ f DVQGI VDEZEHOHMVFDQG]
results are illustrated in Figure 6 for the coated sampiel the substrates. These results

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

TiN without any oxide reflections observable. These sk in agreement with previous
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reports [41]. WNQRZQ SHDNV ZHUH LGHQW GIHBIGH Y VDIBGH Q

degrees for the coated-ALM sample.

7KH VXEVWUDWHYfV VSHFWUD ZHUHFRPYRVIKEH@WLFDO DQG
traces of TiV. The comparison of XRD pattern of the coateMAvith the pattern of

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

the same posttions of the peaks observed for ALM substraté sugbests that they are

attributed to some contribution to the difracted signal ldetying substrate rather than

having any other compound in the coating. Another speculaitime traces of IN phase

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

[28, 42].
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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 measunartimess-depth profie.
This technique looks at the layers beneath the TiNngpais a function of depth to verify the
difusion treatment. The results for TPON-treated wroughd ALM discs were compared
with that of the untreated substrates in Figure 7. Thefizerof such surface treatment can
clearly be seen in an increase in the surface hardrigbe Ti alloy. Similar profle was
observed for all coated samples with adequate case depthizf53Bn to provide good load

support. This hardness increment is attributed to the fommattf a compound layer

15
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composed of BN and TiN [26]. The depth of the surface hardness in &igus in
agreement with those reported in [43] for duplex-TiN coatingl€Al4V. They showed
that TIN coating increased the hardness of the Ti-alloy surfatdst the duplex process
raised the hardness of the subsurface due to the fabig)nitriding, provided a functionally
graded interface. These increases in adhesion and hapiogssties were translated to
reduced volumes losses when subjected to dry abrasion and giseotmibometer testing

[43].

= 1. = Coated-ALM sample
g 7004% = Coated-wrought sample
‘5 . ‘ = Un-coated ALM substrate
=< 600 \\\i _ Un-coated wrought substrate
500 ~ ‘.l
] n e
400—.*“"*I**'h-.;;:"".-*—:::l:izjj_*.“"""""‘ “’

300
200

100 A

Knoop microhardness, HKj y,5

0

T T . T * T
0 10 20 30 40 50 60 70 80 90 100 110 120
Depth (um)

Figure 7: Knoop microhardness profiles

Figure 8 shows the benefits of a TiN coating with a dleaeased in nanohardness value,
around 14-15 GPa, when compared touheoated surfaces (~3.5 GPa). No difference
between the methods of material manufacturing was obsémedght vs ALM). The
hardness values of the coatings in this study wererhiifan those presented by Cassar et al.
[28]. Athough some deleterious consequences were attributde &xtremely hard PVD
coating materials such as creating third-body partioespoomising the integrity of the

coating [29, 43], the boosted hardness values of a TiN coatind ioquiove the resistance
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of the coated surface against plastic deformation leadirhigher wear resistance

eventually increasing the service life of the implafd4].
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Figure 8 Surface nanoindentation values of coated and un-coated samples

The coating adhesion results measured using the sdesichre depicted in Figure 9. Scratch
tests do not only measure the adhesion of the coating sultk&rate at the interface, but also
assess the cohesive faiure within the coating. Tdeahd lcs values were measured above
40 N and 60 N, respectively, which are considered sufficient fdrPNWD coatings on tool
steel substrate [45]. Cassar et al. [28] discussed thisnddédails. They assumed that the
TPO/TPN treatment reduces the likelihood of failure attheting/substrate interface in a
duplex-TiN coating. They suggested that a 30 N adhesion ktrengidequate to achieve a
satisfactory coating performance as long as the underlyibgirate load support is

optimised. Therefore, as a benchmark, similar or in excegssvalere considered crucial to

attain competitive tribological performance. Comparing tlkeitse shown in Figure 9 to those
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presented elsewhere [39] depicts substantially highatatribad of the coatings used in this
study. The superiority of the cohesive and adhesive sirasighe coatings in this study in
comparison with the one reported by Hussein et al. [39] islaideto the improvement of

the load-bearing capacity for duplex-PVD coatings.
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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 strefigfh, surface roughness and the case
depth of surface treatment have shown similar propediethé coatings on both substrates.

This would be beneficial if the same achieve in corrosiod tribocorrosion results too.
3.2 Corrosion Behaviour Studies

Electrochemical corrosion is a common failure modeTidrased implant alloys [46].
Surface pitting evolves into the crack was reported as #ie faillure mechanism for a
retrieved femoral component in which the Ti-6AF4V/Ti6Al-4heck-stem taper was
severely damaged after about 6 years of implantation. Ilreedised that the crack

propagation accelerated by a combination of the corrosiork attatcthe oxide-driven crack

18



opening stresses at the tip independently from the eXermaplied tensie stresses [47].
There are also reports on pittihg corrosion as a common probl€aGrMo implants [48,
49]. Electrochemical techniques in this study have beahtosevaluate the effect of duplex-

TiN coating on electrochemical corrosion performance oft@AlL4V aloy.

The increased OCP values for coated materials presentégure 10(A) suggest that the
coating material is less active compared to the substrhaite.is partially due to the insulating
nature of the ceramic coatings [8]. CP curves in Fig@éB) also confrm a more noble
corrosion potential of the coated samples. This is also delatthe more stable oxide layer
that forms on the TiN fim than the passive layer fomnsthe bulk Ti alloy. This is in
agreement with the results reported39]. Pohrelyuk et al. [50] also suggested that Ti-6Al-

4V alloy has a more positive corrosion potential value aiteafing.

0.1 4 o 204 —— Wrought substrate
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Figure 1Q (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 evalittihg susceptibility of
materials. Passivation and re-passivation chara@serisf the coatings are crucial in order to
evaluate the chemical and electrochemical stabilitthedfcoatings in a biological medium.
The electrochemical behaviour of both substrates and atiag 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 densiyadsent in the curves in Figure 10(B)
showing that pittihng corrosion did not occur for these spesinierthis testing conditionA
stable passive region was observed between 0 and 2 V vs Agidwgtbe substrate material
which is due the Ti@ protective oxide layer fored on the surface of titanium alloyg-9].

The Ti passive flm has a semiconductive properties piagetite metalic surface against
corrosion [51]. The passive current of the ALM substrate shgtgly higher than that of the
wrought substrate. It was around 3 pAfcrior the ALM substrate and 2 pA/énfor the

wrought substrate.

Details of corrosion potential and corrosion current densttiesshown in Table 2. Yazdi et
al. [52] reported similar corrosion current density of 0.143 pA/@nd corrosion potential of
-150 mV vs. Ag/AgCI for Ti-6A4V in PBS solution. Both ALM drwrought substrates
demonstrate similar corrosion current densites wheteasdrrosion potential which shited
slightly towards noble potentials for the ALM titanium allodthough Ti-6Al4V substrates
exhibited low corrosion current denstties, the coatingsalestean even lower corrosion
current density under the same condition. This meamghinacoating process has improved
the corrosion performance of titanium substrate. Theseloxeryalues of corrosion current

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

Table 2: Electrochemical parameters obtained from the cyclic polarizatiores

Ecorr (V V5
icorr (MA/CM?)
Ag/AgCl)

Coated ALM -0.05 (6+3) X1
Coated wrought -0.1 (5.7£3) x16?
ALM substrate -0.15 (1.5x2) xag¢

Wrought substrate -0.3 (1+2) xaot
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CP testing of the coated samples demonstrated more nghklend lower dorr measurements
when compared to that of tie-coated substrates. Similar behaviour was reported by
Pohrelyuk et al. [50] for Ti-6AI4V aloy after nitriding aridwas related to the high strength
of the chemical bonds in ttanium nitride. A decrease imatiwic current density was seen
untl 0.75 Vagiagel for the coated samples when compared tautheoatedTi-alloy

substrates. This behaviour indicates an increase ioothesion resistance of the coated
samples and is similar to nitride@i-6Al4V alloy reported by Manhabosco et al. [54]. The
coated wrought Ti also demonstrated evidence of pseudo-passisgtween 0+0.25 V vs
Ag/AgCl, the mechanisms of which are not fully understoodwé:stage passivation
mechanism was already reported for nitrided Ti-6AF4V alb® 5LQJHUYYV VROXWLRQ .
corresponded to the oxidation of TiN layer to ttanium oxynitridiowed by oxidation of

titanium oxynitride to nonstoichiometric titanium oxides [50].

At over-potentials greater than 0.5V vs Ag/AgCI, both coatedples demonstrated

perturbations in the recorded current which were not olxbamvehe un-coated samples. This
is typically indicative of metastable pitting processegrettorrosion pits can initiate, in this
case lkely in coating defects, and spontaneously re-ptss$iadiing any pitting propagation.

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

Upon the return scan of CP curves, both substrates displegediva hysteresis meaning the
aloy had no propensity to form pits or localised corrosion @28% FBS+PBS electrolyte
and immediately re-passivated. Negative hysteresisroedien the degree of surface
passivation is enhanced at more noble potentials [33]. &ises the lower current densities
in the reverse scan in comparison with the currentitésns the same potentials of the
forward scan. On the other hand, @B curves of the coated samples exhibit positive

hysteresis. The size of these hysteresis loops areswetl though showing the minimal
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disruption of the passive film and quick restoring of theqmise layer in this testing

condition.
3.3 Bio-tribocorrosion Behaviour Studies

Sliding corrosion experiments were conducted on coated specandnthe evolution of OCP
before, during and after sliding are shoiwrFigure 11. The OCP results exhibits a more
noble potential for the coated-ALM samplescomparison with the potential of coated-
wrought samples. Potentials were stable before sliding. thecgiding starts, both samples
exhibit a perturbation in the OCP attributed to the trib@sizn phenomenon. This is due to
the removal (total or partial) or modification of the swefdayer as a result of mechanical
wear action. This is a typical behaviour observed in otfaenals protecting the surface by

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

0.15 .
d Coated-ALM tribopair
Coated-wrought tribopair,

Sliding

OCP (VAnggCI)

" 1 5 I ; I d I
0 2000 4000 6000 8000
Time (sec)

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

The maximum cathodic shift, the potential difference frbm goint immediately prior to the

initiation of sliding and the most negative potential pduting sliding, was higher for the

22



coated-ALM tribopair compared to its value for the coated-virtoagoopair. The potential
decrements observed for these coatings were very smafihthwhen compared to the OCP
drops reported for Ti-6Al4V in previous research which rageio 1V [51, 52, 55, 56] and
the OCP drops reported for CoCrMo material which was around 0.3 V [57[He8}esults
reported by Cheng et al. [8] showed minimal alternatiothepfpotential with no dramatic
decrement reported for plasma sprayed ceramic coatings omitisd-4V substrates. This
may related to the differences due to the effect of substnaterial on corrosion performance
and crystallinity of the coating. However, Chang et&lsliggested that differences between
the thickness of the coatings has the main role ininb@nsistency. The coating used in the
present study were 3-6 um thick while it was much thig280 pm) in that paper. Further
research including surface chemistry study using XR8quired to understand this
hypothesis suggested by Chang et al. [8] regarding thefraleating thickness on
tribocorrosion behaviour of the ceramic coatings. Whersliieg was completed an
ennoblement in the OCP was observed albeit not to pre-slidingsvadicating a change in
the near surface chemistry due to sliding. This is ireagent with the results described

elsewhere [51].

The corresponding LPR data measured during static and sidngjtions is shownn Figure

12(A,B). LPR traces are noisier under sliding condition dueetdrémsient passivation

processes within the contact. The resistance to polanzatimained from LPR curves

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

equation [35]. As expected the Ralues were much higher under static conditiovarying

between approximately 68V R  F Rbefore and after sliding for the coated-ALM and

wrought tribopairs. Upon sliding lowerrBRYDOXHYV ZHUH PHDVXUHG UDQJLQJ |
WR FRfor the coated$/0 SDLU DQG F RbRthe cdated-wrought pair.

This is indicating that the surface suffered from tribozsion. The Rvalues reportegh [35]
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for CoCrMo material in a sliding condition submerged in #nes lubricant to this study was
between 14.7 to 40N F Pfor the contact pressures similar to this work. Theseewafar
CoCrMo material were lower than the Yalues found for the coatings studied in this paper.
CoCrMo can be considered as a functional benchmark giveneitgsusearing material in

VIVO.

Figure 12(C) ilustrates the calculated corrosion curdatermined from LPR scans. The
results show slightly lower corrosion current for the edatrrought combination compared
to the coated-ALM combination. Upon sliding, higher valuesc@rosion current were
recorded for both experiments. This was due to the disruptidime cfurface layer through
sliding inducing the increase of the corrosion current. Bhie line with voltage decrement
that was seen in Figure 11 which was again due t@dadyl destruction of the protective
film. The change of current density in Ti-6AlF4V alloy sveeported drastically higher by
about 80 pA/crh during sliding in a research conducted by Royhman et alwbéijeas 0.4
pA/cn? for the duplex-TiN coatings in the current study. Theesirincrease was also
reported around 2 pA/ctnfor CoCrMo material elsewhere [56]. Yazdi et al. [52] reported
two or three orders of magnitude higher corrosion currenttidensf Ti-6AF4V alloy during
tribocorrosion in comparison with the stagnant condition.s&hemparisons reveal that
duplex-TiN coating was durabla protecting the substrate material from tribocorrosion and

therefore a smaller current increase observed duringgslidi
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(A) (B)

©)

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 usengRR
scans

Once the sliding stopped, the corrosion current decreased ghquigk re-growth of the
protective layer. This reinforced the trend noted in thex@Rsurements observed in static

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

After tribo-testing, the plates were analysed by WLItegle. NPFLEX images showed no
indication of complete coating removal in sliding corrosiopegrients. The corresponding
depth profiles are presented Figure 13. Both coatings showed almost the same wear depth
of only 0.3 um. This is much lower than the coating thicknekgh was measured between

3-6 um. A study conducted by Taufiqurrakhman et al. [59] reposear depth of 1.5 to 5
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pum for CoCrMo plate-alumina ball combination using reciptingapin-on-plate tribometer
and the intial mean Hertzian contact pressuren@bi815 MPa using 4 different types of
lubricant for a similar 2-hours test. The identical Iubric#o the current study led to almost 3
pum wear depth on CoCrMo material which is much highen 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 slidingston
test

In order to verify the beneficial effect of duplex-TiN dogton wear performance of the-

6Al4V, a tribotest with identical testing parameters todbatings were performed am
coatedTi-6Al-4V substrates as the control group and the result$)c@veed in
SVXSSOHPHQWDU\ GDWD" VHFWTR QedRiepttirual 8&akuted Ru@un8 XU SR
25-30 um for the Ti-6Al4V plates after the experiment. Thailie have shown that the

coatings play a major role in the improved performance ofitladoy substrate in this

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

suggested that duplex-TiN coating increase the weaofifthe Ti-alloy substrate under dry
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reciprocating-sliding condition. The enhanced wear resistari the coating is related to the
improved load-bearing capacity of the hard layer in compansiin that of the softer Ti-

alloy.

Figure 14 shows the optical images of pin wear scars tft@corrosion experiments. The

wear scar diameters were used to calculate the weamevdlss as shown in Figure 15. Pin
wear volume loss results showed almost similar wear olfon both coated pins indicating
that ALM and wrought manufactured substrates had minflatt 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-@)Moated-
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 ALMssates as an alternative to the
wrought manufacturedri-6AF4V alloy. Whikt the use of CoCrMo Metal-on-Metal implants
has decreased to only 10% of total newly orthopaedic implartise K [59], this study has
shown the promising bio-tribocorrosion performance of selftmataplex-TiN coated Ti
6Al4V substrate under reciprocating-sliding wear testingwer rates of tribocorrosive
degradation when compared to un-coated Ti-aloys and comparadhies strilising
CoCrMo-CoCrMo contacts has been demonstrated. Nonethelesstutty has considered
short-term experiments. Further extended longer-duratiperiments should be considered,
particularly using hip simulator. Only then can sound csiwhs be drawn on the overall
effectiveness of any surface treatment appledi€dAl4V substrate for biomedical

applications.
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4 Conclusion

In this study, a duplex-TiIN coating was deposited on Ti-6Al-4idstate fabricated through
ALM and wrought manufacturing methods. The coating charaation was conducted to

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

X Saatch test results and hardness-depth profiles showedatbibility of duplex
coating, TPON+TiN, on ALM substrate and proved its influe oceimproving
surface characteristics of Ti-6AF4V

X Nanohardness measurement showed that the surface barameased from 3.5 GPa
to 14-15 GPa after duplex-TiN coating on Ti-6Al4V aloy manufeed by wrought

and ALM techniques

Static corrosion experiments were employed to investigateefiact of duplex-TiN coating

on corrosion performance of the ALM and wrought manufactire@Al4V aloy:

X A decrease in the anodic current density was seenQuiitl Vagagcl for the coated
samples when compared to the Ti-alloy substrates indicaimgnhancement in
corrosion performance of the duplex-TiN coated samples

x Both substrates and the duplex-TiN coatings deposited onghewed excellent

localized corrosion resistant in 25% FBS+PBS solution

Sliding corrosion experiments were conducted to compare the tribsioor performance of
the duplex-TiN coatings applied on ALM and wrought manufectumi6Al-4V substrates

and the results exhibited:

x OCP perturbation was observed for the coating on both substrate the sliding
started but the maximum cathodic shift was much lesfficignt than that of

CoCrMo and Ti-6AF4V materials reported elsewhere
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X A quick recovery of the OCP atfter sliding indicates a pregresformation of a
protective layer within the wear track
X No delamination was observed with the maximum wear depth @h®Bhich is

much less than the coating thickness (@vp

In general, the results of this study show that duplsix-doating enableJi-6Al4V to
withstand much higher contact pressures in biomedicalcapphs. ALM Ti-alloy substrate
exhibited promising behaviour for orthopaedic implants with thenpiat to replace the

conventional wrought manufacturing method.
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