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RESUMO

O comportamento tribocorrosivo insatisfatorio verificado em aplicagcdes biomédicas de titanio
e ligas no corpo humano tem sido considerado como principal limitador da vida util de
préteses ortopédicas. As falhas a longo prazo nestes implantes estdo associadas a producéo de
particulas de desgaste originadas de um processo de tribocorrosdo atuante nas superficies de
interface dos componentes da protese. Deposices de revestimentos finos duros com baixo
coeficiente de atrito sob o titanio e ligas tém sido sugeridos como uma solugdo promissora
para atender a demanda de vida Util destes componentes. Estes revestimentos podem consistir
de materiais ceramicos ou compdsitos nanoestruturados com caracteristicas auto lubrificantes
e elevada resisténcia mecanica, dentre eles, o diamante-tipo carbono (DLC) e o carbonitreto
de titanio e silicio (TiSICN). Desta maneira, este estudo tem como objetivo caracterizar o
comportamento tribocorrosivo, a adesdo e as propriedades mecanicas e estruturais de
revestimentos finos diamante-tipo carbono (DLC) e nanocompdsitos Ti(Si)CN depositados
em liga de titdnio ASTM F136 (Ti-6Al-4V), sob diferentes condi¢cdes para a otimizacao de
sua estrutura para o uso em aplicacdes biomédicas. Os revestimentos deste estudo foram
obtidos por técnicas avancadas de deposicdo quimica e fisica de vapor assistidas por plasma,
sendo respectivamente, “plasma immersion ion deposition” (PIID) e “plasma electron
magnetron sputtering” (PEMS). Testes de tribocorrosdo com deslizamento reciproco em
solugédo tampao fosfato-salino (PBS) foram realizados em amostras de liga de titanio ASTM
F136 revestidas com DLC e Ti(Si)CN e comparadas com amostras ndo revestidas. Além do
comportamento tribocorrosivo das amostras revestidas, a morfologia, a estrutura e a
composicdo quimicas, as propriedades mecanicas e adesdo dos revestimentos ao substrato
também foram avaliadas. Os resultados demonstraram uma grande diminuicdo da taxa de
desgaste nas amostras revestidas comparadas com as amostras de liga de titdnio nédo revestida.
A performance tribocorrosiva, a adesdo e as propriedades mecanicas das amostras revestidas
com DLC e Ti(Si)CN mostraram-se governadas por varios fatores atrelados a estrutura do
revestimento, entre eles, a fracdo de ligacdes sp?/sp® e o tamanho dos nanocristais de Ti(C)N,
respectivamente. Além disso, as regides amorfas de carbono presentes nos revestimentos se
mostraram fundamentais na diminuicdo dos coeficientes de atrito observados. Em conclusao,
0s revestimentos nanoestruturados de baixo coeficiente de atrito estudados se confirmaram
como alternativas para aumentar a performance tribocorrosiva, e assim, ampliar a vida atil de
implantes ortopédicos de titanio.

Palavras-chave: Tribocorrosdo, Revestimentos nanoestruturados, Liga de titanio, TiSiCN,

DLC, Propriedades mecénicas, Adesao.



LISTA DE ABREVIATURAS E SIGLAS

ABCM Associacdo Brasileira de Engenharia e Ciéncias Mecanicas
ASTM American Society for Testing and Materials

COF Coefficient of friction

DLC Diamond-like carbon

HMDSN Hexametildisilazano

p. Pagina

PEMS Plasma Enhanced Magnetron Sputtering

PIID Plasma Immersion lon Deposition

PPGEM Programa de Pds-Graduacdo em Engenharia Mecanica

PUCPR Pontificia Universidade Catélica do Parana

SEM Scanning Electron Microscopy
SwRI SouthWest Research Institute
TMS Trimetilsilano

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction



LISTA DE FIGURAS

Figura 1 — Estrutura final da tese de mestrado com artigos compondo os elementos textuais. 15
Figuras - Artigo 1

Figure 1 — Surface and cross-section SEM images by secondary electrons for the DLC
coatings obtained by (a) PIID and (b) PEMS+PIID technique ...........cccoovevviieiievecc e, 23
Figure 2 — Cross-sectional chemical composition DLC coatings with SiC interlayer obtained
by PIID technique and DLC coating with Ti/TIN/TIC interlayers obtained by PEMS+PIID
BECIINIGUE. ..t b bbbt b bbbt 24
Figure 3 — Raman spectra with D and G fitting curves for the DLC coatings obtained by PIID
and PEMSHPIID tEChNIQUES.........eeieiiieiie ettt te e e ne e 25
Figure 4 — XPS C1s peaks with Gaussian deconvolutions and %sp3 content for the DLC
coatings obtained by PIID and PEMS+PIID teChniqUES. ..........ccoooviiiiiiiiieieceeeeee, 26
Figure 5 — Nanohardness and elastic modulus profile for the DLC coatings obtained by PIID
and PEMSHPIID tEChNIQUES. ...cveeieiiieiir ettt et ste e e ne e 28
Figure 6 — Scratch test optical image indexed to the graph of monitored responses as a
function of the applied normal force and scratch distance of the PIID DLC coating. ............ 29
Figure 7 — Scratch test optical image indexed to the graph of monitored responses as a
function of the applied normal force and scratch distance of the PEMS+PIID DLC coating. 30
Figure 8 — Partially magnified optical images of the scratch test failures, cohesive at left and
adhesive at right, with the identified damage terms of the (a) PIID DLC coating, (b)
PEMSHPIID DLC COALING. ..vvveietieieiienieesieiee ettt sttt ena s seeneeneane 31
Figure 9 — OCP measurements before, during and after tribocorrosion reciprocal sliding test in
1X PBS solution for the PIID DLC coating, PEMS+PIID DLC coating, and Ti-6Al-4V
UNCOALEA SAMPIES. ...t b e bbbt 33
Figure 10 — SEM images of tribocorrosion wear tracks with measured width at left and center
track enlarged at right for the (a) PIID DLC coating, (b) PEMS+PIID DLC coating and (c) Ti-
BAI-4V UNCOALEA SAMPIES. ...ocuviieieiiice et be e sre et e reenre e 34
Figure 11 — Coefficient of friction during the tribocorrosion reciprocal sliding test against
Al203 sphere in 1X PBS solution for the PIID DLC coating, PEMS+PIID DLC coating, and
Ti-6A1-4V UNCOAtEd SAMPIES. .....ociiiiie e e e 35
Figure 12 — SEM image of the counter-body alumina ball with adhered carbon after the

tribocorrosion test on PEMS+PIID DLC coating Sample. .........coovviviiieieneneniscsieeeieen 36



Figure 13 — Wear tracks profiles from the tribocorrosion reciprocal sliding test in 1X PBS
solution for the PIID DLC coating, PEMS+PIID DLC coating, and Ti-6Al-4V uncoated
T 1011 0] L1 USROS 37
Figure 14 — Wear rate obtained from the loss volume from the tribocorrosion reciprocal
sliding test in 1X PBS solution for the PIID DLC coating, PEMS+PIID DLC coating, and Ti-
BAI-4V UNCOALEA SAMPIES. ...ttt bbbt 38
Figuras - Artigo 2

Figure 1 — Surface and cross-sectional SEM images of the samples (a) TIiCN (0 sccm TMS),
(b) TiSICN (3.0 sccm TMS) and (c) TiSICN (9.0 SCCM TMS) ..cevviiiiieiieeceee e 52
Figure 2 — High magnified SEM image of the typical nodular defect found dispersed on the

coatings surface of all SAMPIES. .......ocveiiiie e 53
Figure 3 — XRD spectra of the nanocomposite Ti-(Si)-C-N coated samples. ...........c..ccoeuee.ee. 55
Figure 4 — XPS spectra at Ti 2p, Si 2p, C1s and N 1s bias voltage of the TiCN (0 sccm TMS),
TiSICN (9.0 sccm TMS) and TiSICN (3 g/h HMDSN) coated samples. ..........ccccooevvrveiennen. 56
Figure 5 — Hardness and elastic modulus profile for the Ti-(Si)-C-N coated samples. .......... 58

Figure 6 - Critical loads and failures modes from scratch test on the Ti-(Si)-C-N coated
SAMIPIES. e b R Rt E bbb bbbt e 60
Figure 7 — Scratch test optical image indexed to the graph of monitored responses as a
function of the applied normal force and scratch distance of the Ti-Si-C-N (9.0 sccm TMS)
(o0 L0 ST U0 o] LTSS 61
Figure 8 — Partially magnified optical images of the scratch test failures, cohesive at left and
adhesive at right, with the identified damage terms of the Ti-Si-C-N (9.0 sccm TMS) coated
SAMIPI. bbbt b bbbt bbb 62
Figure 9 - Monitored OCP measurements before, during and after tribocorrosion reciprocal
sliding test in 1x PBS solution for the Ti-(Si)-C-N coated and Ti-6Al-4V uncoated samples.64
Figure 10 — SEM images of the tribocorrosion wear tracks at left and center track enlarged at
right for the samples (a) TiCN (0 sccm TMS), (b) TiSiCN (1.5 sccm TMS), (c) TiSIiCN (3.0
sccm TMS), (d) TiSiCN (6.0 sccm TMS), (e) TiSICN (9.0 sccm TMS), () TiSiCN (3 g/h
HMDSN) and (g) Ti-6AI-4V UNCOALEM. .........coveiiieiie e 66
Figure 11 - Coefficient of friction during the tribocorrosion reciprocal sliding test against
Al203 sphere in 1x PBS solution for the Ti-(Si)-C-N coated and Ti-6Al-4V uncoated
SAIMIPIES. ottt et a et e e et e be e ara e e taenaeeabeenrees 68
Figure 12 - Wear rate obtained from the loss volume of the tribocorrosion reciprocal sliding
test in 1x PBS solution for the Ti-(Si)-C-N coated and Ti-6Al-4V uncoated samples........... 69



LISTA DE TABELAS

Tabelas - Artigo 1
Table 1 - Raman spectra D and G peak parameters for the DLC coatings..........cccccvevvereennene. 26
Tabelas - Artigo 2
Table 1 — Chemical composition of the Ti-(Si)-C-N coatings as determined by EDS with

estimated crystal size and mechanical Parameters. ..........ccccocveveiieere e s 53



11
11.1
1.1.2
2

3

4

5

51
52

6

SUMARIO

LN EI0] 5161070 T 12
(0] == 1 1V 1S TP 14
ODJEUIVO GEIal ... 14
ODBjJEtIVOS ESPECITICOS ... vvevviiiieiieeie ettt te e reente e e nreers 14
ESTRUTURA DA TESE ... ses s ses s ses s asssssasssssssses s 15
Y 2 [T T OO 16
Y 2 1 [T 1RO 44
PUBLICACOES E APRESENTACOES EM CONGRESSO........ccoovovvevvviieinians 77
PUBLICAGOES ..ottt ettt sttt 77
APRESENTACOES EM CONGRESSO .......ooivieieeseeseseeteseeeee s 77
CONSIDERAGOES FINAIS .....coovieeeeeeeeee ettt 78

REFERENCIAS ..o e et e e et e e ee et e e et e e et e e es et e e et e e et e e s et eeeseeesereesereseneeeeane 81



12

1 INTRODUCAO

O presente trabalho refere-se a caracterizacéo tribocorrosiva, mecénica e estrutural de
revestimentos nanoestruturados sob a liga de titanio ASTM F136 (Ti-6Al-4V), comumente
empregada em implantes ortopédicos sujeitos a carga como as proteses de quadril, joelho e
tornozelo. Ligas de titanio tém sido utilizado a estas aplica¢des devido sua elevada resisténcia
a tracdo e compressdo, baixa massa especifica, alta resisténcia a corrosdo e melhor
biocompatibilidade quando comparado as outras alternativas comuns como as ligas de
cobalto-cromo (Co-Cr) e os agos inoxidaveis.

Apesar da ampla utilizagdo, as ligas de titanio apresentam um comportamento
tribocorrosivo insatisfatorio em proteses, muitas vezes, exigindo procedimentos de revisdo
complexos e dolorosos aos pacientes ap6s 15 a 20 anos da instalacdo do implante (Desali,
Bidanda e Bartolo, 2008; Gopal et al., 2017). Estes procedimentos de revisdo denominam-se
artroplastias, que podem ser parciais, com a substituicdo de alguns componentes da protese,
ou ainda totais, com a remoc¢do e insercdo integral da protese. Dentre os diagndsticos de
artroplastias totais de revisdo, o afrouxamento mecanico tem sido apontado como o mais
recorrente em proteses de quadril, joelho e tornozelo (Herberts e Malchau, 2000; Robertsson
et al., 2001; Sadoghi et al., 2013). Este diagnostico ainda se agrava com o aumento do
contingente populacional, da expectativa de vida e do nivel de atividade da populagdo.
Apenas nos Estados Unidos, é esperado um acréscimo de 3,48 milhdes e 572 mil no nimero
de artroplastias de revisdo total de joelho e quadril, respectivamente, até 2030 (Kurtz et al.,
2007).

O afrouxamento mecanico ocorre quando a prétese perde sua fixacdo ideal com o
tecido &sseo, ocasionando um deslocamento acentuado de seus componentes, 0 que
proporciona desconforto e dores ao paciente a curto prazo e a limitacdo do movimento
restabelecido pelo implante a longo prazo. A origem do afrouxamento mecanico esta
associada a uma absorcao Gssea circundante ao implante, a qual é comumente desencadeada
por um processo inflamatério gerado por particulas de desgaste derivadas das superficies em
contato da protese imersas no fluido corporal (Raphel et al., 2016). Uma vez que estas
particulas metalicas sdo soltas na interface da prétese com o tecido 6sseo, estas sdo atacadas
pelo sistema imunologico, gerando o processo inflamatorio responsavel pela reabsorgdo 0ssea
local.

Além disso, no caso de proteses de liga de titanio ASTM F136, o processo de degaste
leva a dissolugdo de ions dos elementos estabilizadores das fases presentes no material, como

aluminio e vanadio, cujo sdo apontados como causas de disfuncbes neuroldgicas e efeitos
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citotdxicos no corpo humano (Geetha et al., 2009; Hallab et al., 2005; Sargeant e Goswami,
2006). Desta forma, uma melhora na performance tribocorrosiva das superficies de liga de
titnio é um objetivo crucial na prevencéo de falhas de longo prazo em aplicacdes biomédicas
e na diminuicédo do risco de doencgas aos pacientes.

Dentre as modificagdes superficiais biocompativeis existentes, revestimentos finos
duros de baixo coeficiente de atrito (COF) tem-se mostrado promissores para aplicagdes
ortopédicas. Estes revestimentos podem apresentar nanoestruturas que asseguram elevada
dureza aliada a caracteristicas de auto lubrificacdo importantes para uma boa resisténcia ao
desgaste por deslizamento. Um exemplo é o carbono tipo diamante (DLC), com uma estrutura
amorfa composta por ligac@es hibridizadas de carbono sp? e sp® que fornecem uma alta dureza
(10 a 30 GPa), baixo coeficiente de atrito (0,05 a 0,2 em deslizamento na atmosfera contra
grande parte dos materiais utilizados em implantes), biocompatibilidade e inércia quimica
(Grill, 1999; Hauert, 2008; Robertson, 2002). No entanto, a baixa forca de adesdo limita a
aplicacdo deste revestimento no campo biomédico. As altas tensdes residuais introduzidas
durante a deposicao do filme podem causar delaminacdo extensa em materiais revestidos com
DLC sob cargas criticas.

No entanto, outros materiais com estrutura otimizada e baixo COF também tém sido
propostos nas superficies dos componentes de préteses, tais como o carbeto de silicio (SiC), o
nitreto de titanio (TiN), o diboreto de titanio (TiB:), o carbonitreto de titanio (TiCN), o nitreto
de titanio e aluminio (TiAIN), o nitreto de cromo (CrN), o carbonitreto de cromo (CrCN) e
recentemente, o0 quaternadrio carbonitreto de titanio e silicio (TiSICN) (McEntire e
Lakshminarayanan, 2015).

Além da melhora das propriedades mecénicas e resisténcia a corrosdo, a reducao
acentuada da taxa de desgaste em testes de tribocorrosdo de superficies revestidas com estes
materiais tém sido atribuida a formacdo de uma camada de transferéncia de material, como o
carbono que atua como lubrificante solido no par tribolégico (Erdemir et al., 1996;
Manhabosco e Muller, 2009; Wang et al., 2017; Xu, Nie e Wei, 2006).

Presente a estas alternativas, faz-se necessario uma avaliacdo do comportamento
tribocorrosivo destes revestimentos a fim de se otimizar suas estruturas para a aplicagédo em
meio biologico. Adicionalmente, a adesdo adequada destes revestimentos propostos ao
material do implante torna-se também uma preocupacdo fundamental para se evitar falhas do
revestimento, como delaminagdes que possam expor o substrato durante o uso. Portanto, a
caracterizagdo tribocorrosiva, mecanica e estrutural de revestimentos nanoestruturados

propostos para a aplicacdo biomédica se faz essencial para o desenvolvimento de préteses de
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liga de titanio revestidas que possam atender & demanda por uma vida Util prolongada de seus

componentes.

1.1 OBJETIVOS
1.1.1 Objetivo geral

Caracterizar o comportamento tribocorrosivo, a adesao e as propriedades mecanicas e
estruturais de revestimentos finos carbono tipo-diamante (DLC) e nanocompositos Ti(Si)CN
depositados em liga de titanio ASTM F136 (Ti-6Al-4V), sob diferentes condicdes de
deposicao para a otimizacdo de sua estrutura para o uso em aplica¢fes biomédicas.
1.1.2 Obijetivos especificos

(a) Avaliar como a fracdo de ligacdes sp?/sp® afeta 0 comportamento tribocorrosivo, a
adesdo e as propriedades mecanicas e estruturais de revestimentos finos DLC
depositados em liga de titdnio ASTM F136;

(b) Avaliar como as quantidades de carbono e silicio presentes nos revestimentos
afetam o comportamento tribocorrosivo, a adesdo e as propriedades mecanicas e
estruturais de revestimentos finos Ti(Si)CN depositados em liga de titdnio ASTM
F136;

(c) Verificar os indices (H/E) e (H*/E?) ligados a resisténcia ao desgaste dos
revestimentos finos DLC e Ti(Si)CN depositados em liga de titdnio ASTM F136;

(d) Comparar o potencial de circuito aberto (OCP), o coeficiente de atrito (COF) e a
taxa de desgaste dos revestimentos finos DLC e Ti(Si)CN depositados em liga de
titinio ASTM F136 com a liga de titdnio ASTM F136 néo revestida.
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2 ESTRUTURA DA TESE

A figura 1 demonstra a estrutura final da dissertacdo de mestrado. Os elementos
textuais deste trabalho serdo, em parte, apresentados em formato de artigos conforme previsto
em Resolucdo no. 21/2014 — CONSUN, REF: Normas para Pds-Graduagdo Strico Sensu da
PUCPR. Desta forma, os artigos que compdem esta dissertacdo devem apresentar o autor da
tese de mestrado como primeiro autor e estar publicados em revista indexada como, no
minimo, Qualis A2 na &rea das Engenharias |1l da CAPES.

Os artigos constituintes deste trabalho estdo publicados e disponiveis para acesso via
na internet na revista Surface & Coatings Technology (ISSN: 0257-8972) da Elsevier. Para
respeitar os direitos autorais sob o formato das publicacdes da editora da revista, o contetudo
dos artigos foi formatado e apresentado segundo padrées textuais de dissertacdo da PUCPR.
Assim como 0s elementos pré-textuais e pos-textuais, uma introducdo geral e consideracdes
finais sobre o tema estudado também estdo previstas na estrutura desta tese e seguem formato
e padrdes convencionais das demais dissertacfes da instituicdo PUCPR.

Elementos pré-textuais Elementos textuais Elementos pos-textuais
Sumario ‘ Introducéo geral Referéncias gerais
Lista de abreviaturas e siglas | * Objetivo geral
Epigrafe ‘ = Objetivos especificos
Agradecimentos | Artigo 1 Artigo 2
Dedicatoria | = Resumo = Resumo
Folha de rosto ‘ = Introduc&o = Introducéo
= Metodologia = Metodologia
Capa = Resultados e Discusséo = Resultados e Discussédo
= Concluséo = Concluséo
= Referéncias = Referéncias
L Consideracdes Finais

Figura 1 — Estrutura final da tese de mestrado com artigos compondo 0s elementos textuais.
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Abstract

One of the main drawbacks observed from the usage of titanium alloys implants is
the premature failures due to excessive wear and corrosion. Among the surface modification
alternatives, Diamond-like carbon (DLC) coatings appear as a promisor candidate, since it has
an amorphous structure chemically inert with desirable properties and still is a solid lubricant.
Dense DLC coatings on biomaterials could be obtained by advanced vapor deposition
techniques as the plasma immersion ion deposition (PIID) and the plasma enhanced
magnetron sputtering (PEMS). This work aims to investigate the tribocorrosion behavior of
DLC coatings systems, obtained by PIID only and PEMS+PIID hybrid techniques, applied on
Ti-6Al-4V alloy samples for biomedical applications. The tribocorrosion tests were performed
under phosphate-buffered saline (PBS) solution on the DLC-coated samples and compared to
a Ti-6Al-4V bare alloy sample. Besides tribocorrosion tests, it were performed X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, scanning electron microscopy
(SEM), nanoindentation and scratch tests to evaluate the microstructure, morphology,
mechanical properties and adhesion of the DLC-coated samples, respectively. The
tribocorrosion tests demonstrated at least 5 times less friction coefficient and less than 2% of
wear rate DLC-coated samples compared to Ti-6Al-4V bare alloy sample. Nevertheless, the
results show that DLC coatings deposited by the advanced plasma enhanced techniques are
very promissory to improve tribocorrosion behavior in Ti-6Al-4V alloy implants.

Keywords: Titanium alloy, DLC coatings, XPS, Raman spectroscopy, SEM, Adhesion,
Hardness, Tribocorrosion
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1. Introduction

One of the main drawbacks observed from the usage of titanium alloys implants is
the premature failures due to excessive wear and corrosion. These often lead to a total
revision arthroplasty caused by a range of diagnoses, with higher recurrence to infection,
mechanical loosening, breakages, and dislocation. Among them, mechanical loosening was
indicated as the most common reason for all component revision of hip implants in the
procedures performed between 2009 and 2013 in the United States [1]. Although the
mechanism inherent of mechanical loosening are still not fully understood, implant
micromotions begin with a combination of macro-, micro- and nano- simultaneous events
during loading [2]. Tribocorrosion process involving sliding and fretting corrosion under body
fluids generate implant wear debris that lead the surrounding tissue to inflammatory reactions,
bone resorption, and low implant osseointegration. These conditions may result in total
revision arthroplasty due to mechanical loosening just after 10 to 20 years of placement
procedure in bearing loading implants [3]. Also, tribocorrosion process may expose human
body to noxious elements when they are present in the implant alloy composition. In the case
of Ti-6Al-4V, an extensive titanium alloy used in the biomedical applications, vanadium ions
released from the implant can generate cytotoxic reactions and neurological disorders in the
patient [4]. The vanadium ions toxicity reactions may disfavor local cell regeneration
contributing to poor osseointegration. Superior cellular attachment, proliferation, and
response were found in vanadium-free titanium alloys in comparison of Ti-6Al-4V alloy [5],
which highlights the ions releasing role in mechanical loosening prevention. Therefore,
modifications on the implant surfaces to improve tribocorrosion behavior could be very
promising to overcome mechanical loosening causes, especially on Ti-6Al-4V alloy implants.

Recently, new deposition techniques and coating compositions have been emerged
targeting higher mechanical, microstructural and tribocorrosion properties on the implant
surfaces. Diamond-like carbon (DLC) appears as a considerable coating option in this case
since it has an amorphous structure chemically inert composed by two types of carbon
hybridizations (sp2 and sp3) that provides an extreme hardness, low friction coefficient,
biocompatibility and still, is a solid lubricant [6,7]. While diamond fraction (sp3 bond sites)
grants an extreme hardness to DLC coating, the graphitic fraction (sp2 bond sites) contributes
to low friction coefficient, which is generally between 0.05 to 0.2 in atmosphere against most
implant counterpart materials. As a solid lubricant, a so-called transfer layer from graphitic
fraction deposits onto counterpart, which prevents wear on counterpart and provides very low

wear rates to the DLC coating under dry tribological conditions [8-11]. Moreover, the bonds
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structure fraction in DLC coatings is also important because it can affect coating biological
response. According to Liao et. al. [12], DLC coatings with superior sp3 content can
maximize osteoblastogenesis and fibroblastic response and minimize inflammatory reactions
due to less repulsive force finding on the implant surface. Nonetheless, not only the bonds
fraction affects this behavior, but also the adhesion between coating and substrate to avoid its
detachment [13], which in turn is strongly related to the applied deposition technique [14].
Moreover, carbide and nitride interlayers are often deposited over substrate favoring the DLC
coatings adhesion [13-16]. Although these superior properties turn DLC coatings in a proper
candidate to load bearing implants, they were mainly evaluated in air or vacuum
environments, and still have to be more investigated in vitro and in vivo biomedical
environments, where corrosion fluids may accelerate the wear process on DLC coatings.
Manhabosco and Muller [17] have investigated the tribocorrosion behavior of DLC coatings
deposited by Radio Frequency Plasma assisted chemical vapor deposition under PBS solution.
The authors concluded that DLC coatings can have 10 times less lifetime in tribocorrosion
environment compared to dry conditions. However, a recent study of Zhao et. al. [18] verified
similar low wear rates for DLC coatings under dry and simulated body fluid compared to
several metallic biomaterials. Accordingly, DLC coatings could present favorable
tribocorrosion behavior for biomedical applications but it will heavily depend on how the
coating is conceived and deposited on the pretended layer coating system.

Among the advanced DLC deposition techniques are the plasma immersion ion
deposition (PIID) and the plasma enhanced magnetron sputtering (PEMS). Both are examples
of the plasma enhancement during film vapor depositions that results in coatings with higher
density and adhesion when compared to other conventional techniques [19]. In PIID
technique DLC coatings can be produced with very high hardness (10-25 GPa) and thickness
up to 2 um using carbonaceous precursor, such as methane or acetylene, in a simpler and less
expensive approach when compared to other conventional technique [20]. DLC produced by
PEMS technique relies on sputtering discharges on pure carbon targets and hydrocarbons
decomposition from a precursor by electron impact [21]. Although is still possible to deposit
DLC by PEMS, the technique is more suitable to produce carbide and nitride interlayers prior
a DLC PIID for biomedical coating systems. Therefore the use of combined techniques can
generate a DLC coating system with desirable tribocorrosion behavior due to a higher

adhesion between DLC, interlayer, and the substrate.
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This work aims to investigate the tribocorrosion behavior of DLC coatings with
distinct carbide and nitride interlayers, obtained by PIID only and PEMS+PIID hybrid
techniques, applied on Ti-6Al-4V alloy samples.

2. Experimental Procedure
2.1. Coating depositions

Substrate samples were obtained in 2 mm thick discs from electron-erosion cutting of
a Ti-6Al-4V ELI (ASTM F136) annealed bar with 25.4 mm diameter and prepared by
conventionally grinding and polishing.

The PIID-DLC coating was deposited using Southwest Research Institute (SwRI)
PIID deposition system, which consists of a cylindrical vacuum chamber with a diameter of
1.2 m and length of 2.4 m. The base pressure in the chamber was below 5x10* Pa. The
substrates were installed in the middle of the chamber. The substrates were cleaned using an
Ar glow discharge plasma generated by applying a negative pulse voltage on the substrates at
a pressure of 2.67 Pa. After etch cleaning the substrates, a SiC bond layer was firstly
deposited by introducing 20 sccm of tetramethylsilane (TMS) into the chamber. The pulsed
voltage and current on the substrates were 6 kV and 100 A, respectively. The pulsing
frequency was 500 Hz and the pulse width was 20 ps. Finally, the PIID-DLC coating was
deposited on top of the SiC layer by introducing acetylene (C2H>) into the chamber at a flow
rate of 80 sccm and a working pressure of 1.3 Pa for 120 minutes. More detailed description
of the SWRI P1ID-DLC deposition process and parameters can be found elsewhere [20].

The PEMS+PIID DLC coatings were deposited in a magnetron sputtering system
equipped with two round balanced magnetrons (152 mm in diameter) facing one to another
with a distance of 300 mm. A graphite target (99.5% purity) and a Ti metal target (99.95%
purity) were installed in the chamber. The substrates were mounted on a double rotation
holder, which rotated at a speed of 4 rpm in the center of the chamber. The chamber was
pumped down to a base pressure below 5.0x10* Pa prior to all depositions. The substrates
were ion cleaned at a bias voltage of -120 V with a global discharge current of 4.5 A which
was generated by powering tungsten (W) filaments at 45 A using the plasma enhanced
magnetron sputtering (PEMS) technique [22]. Once the substrate cleaning was finished, a
Ti/TiN/TiC compositionally graded bond layer was deposited. After putting down the bond
layers, the W filaments were turned off. Then C>H was fed into the chamber at a flow rate of
250 sccm, which resulted in a working pressure of 0.67 Pa. The substrate was biased using a

pulsed dc power supply at a constant voltage of -650 V. The pulsing parameters include 100
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kHz and 90% duty cycle. The pulsed voltage on the substrates generated glow discharge
plasma in the chamber, which dissociated C2H2 and formed DLC coating on the substrates.

2.2 Samples Characterization

The surface morphologies and cross-sectional microstructures of DLC coatings were
obtained by secondary electrons detection in scanning electron microscope (TESCAN
VEGAB3) at 20 kV. The coatings fraction between sp2 and sp3 bonds was assessed through
Raman and X-ray photoelectron spectroscopy (XPS). Raman analyses were conducted using a
confocal micro-Raman spectrometer with 514 nm frequency Argon ion laser. While XPS
measurements were obtained with 1486.7 eV Al Ko X-ray excitation source and calibrated by
the Cls peak at 284.8 eV. The bonds fraction was calculated from the ratio between the
Gaussian fitting curve areas of XPS spectra removing the Shirley-type background.
Nanoindentations were performed by ASMEC UNAT nanomechanical tester using quasi-
continuous stiffness measurements (QCSM) method with a Berkovich diamond indenter to
verify hardness and elastic modulus of the coatings. The indentations were set in three
columns with three indentations each 75 um equally spaced using a maximum load of 400
mN. Coatings adhesion were verified by scratch test following ASTM  C1624-05 Standard
[23] on a scratch tester from CSM Instruments. Three linear progressive load scratch test were
performed on each sample using standard parameter values of 100 N/min loading rate, 10
mm/min horizontal displacement rate in a total scratch length of 5 mm resulting in final test
load of 50 N. Then, two-level critical scratch load (Lcl and Lc2) were assigned to the normal
load value at the first appearance of cohesive and adhesion failures, which were identified
using an optical microscope and classified according to the scratch atlas presented in the
ASTM C1624-05 Standard. Moreover, acoustic emission and stylus tangential force signals
were obtained as secondary test data to assist in failure identification. The coefficient of
friction was determined as the ratio of tangential force to the normal force measured during
the test. The depths of the scratch profiles were also registered during and after the test to the
posterior evaluation of the coatings elastic recovery. In order to simulate a physiological
human body environment, the tribocorrosion tests were conducted under phosphate-buffered
saline (PBS) solution at 1X concentration. The electrolyte cell was set-up in a three electrode
system, using an Ag/AgCl, NaCl (sat’d) as the reference electrode, a Pt wire as the counter
electrode and the samples of DLC coatings and aTi-6Al-4V bare alloy sample as the working
electrodes. The active exposed area of the samples to the electrolyte solution used was

0.36cm?. The open circuit potentials (OCP) were monitored by a potentiostat (Ivium) during
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the entire test. Firstly, samples were plunged in a vat with 700 ml of PBS for 1 hour to
stabilize the OCP. Then, using a universal tribometer (Anton-Paar), reciprocal sliding test
were performed with 2 mm amplitude at the maximum linear speed of 1 cm/s, applying a 10
N normal force and using a 6 mm diameter Al>O3 ball for a total distance of 10 meters. After
the reciprocal sliding test, the samples were left for 30 minutes in the solution to allow any
repassivation. Finally, images of wear tracks morphologies were obtained by scanning
electron microscopy in secondary electron mode. The wear track profiles were examined by a
contact profilometer integrated to the tribometer and the coatings wear rates were calculated
trough the tribometer software with the coating volume losses (mm3) divided by the normal
force (N) and the total sliding distance (m) applied on the test.

3. Results and discussion
3.1 Morphology

Figure 1 presents the surface and cross-section SEM images for the DLC coatings
obtained by PIID and PEMS+PIID techniques. Both coatings exhibited typical cauliflower-
like surface morphology from coatings deposited by plasma enhanced film vapor depositions
[24-28]. The structures that composed the topography are not crystals but bonded amorphous
carbon regions presented as nodules with different sizes. In the surface images of
PEMS+PIID DLC coating were noticed some micro-cracks and more defined boundaries
between nodules compared to PIID DLC coating. This difference was expected due to higher
ion flux bombardment during PEMS+PIID DLC deposition [28].
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Figure 1 — Surface and cross-section SEM images by secondary electrons for the DLC
coatings obtained by (a) PIID and (b) PEMS+PIID techniques.

Cross-section images demonstrate dense coatings with no growth structure
formations and absence of boundaries between DLC film and the interlayers on both
techniques. Gradients along the coating depth are perceived and attributed to the interlayers of
the coating system. Therefore, due to no defined boundary between DLC and interlayers in
SEM images, it was performed cross-sectional chemical composition analysis by energy
dispersive X-ray spectroscopy (EDS) to obtain the DLC film thicknesses. In figure 2, the
coating systems obtained by the both techniques reach total thicknesses of 5-6 um and DLC
films were detected by the first peak with higher counts of carbon presenting thicknesses
between 1 to 2 um.
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Figure 2 — Cross-sectional chemical composition DLC coatings with SiC interlayer obtained
by PIID technique and DLC coating with Ti/TiN/TiC interlayers obtained by PEMS+PIID

technique.

Also, the presence of interlayer chemical elements as Si and N could be verified for
PIID and PEMS+PIID DLC coatings respectively. Thus, both DLC coating techniques
generating higher density uniform coatings with similar thicknesses. The defects verified on
the topography of PEMS+PIID DLC coating are mainly attributed to higher ion flux
bombardment promoted by a greater acetylene flow rate used during this DLC deposition.

The same reason is suggested to the smoother surface obtaining on PIID DLC coating.

3.2 Raman analyses

Figure 3 shows the Raman spectra of the DLC coatings obtained by PIID and
PEMS+PIID techniques. The spectra reveal the typical amorphous carbon hydrogenated (a-C:
H) coatings response of D and G bands that were deconvoluted by two Gaussian curves
centered around 1375 cm* and 1546 cm™ respectively. The peaks centering position are found
in good agreement with other DLC Raman analyses with same frequency excitation source
[29,30].
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Figure 3 — Raman spectra with D and G fitting curves for the DLC coatings obtained by PIID

and PEMS+PIID techniques.

The index Ip/lg is often used to evaluate the disorder degree of DLC coatings, for
instances, the D peak is the signed response from breathing mode of sp2 disordered carbon
atoms in aromatic rings structure while G peak is resulted from stretching mode of sp2
disordered carbon atoms [31,32]. In Table 1 are presented the parameters of the Gaussian
curves used to fitting D and G peaks for both DLC coatings. As shown, PEMS+PIID DLC
coating presented a lower Ip/lg with a slight left shift of G peak position when compared to
PIID DLC coating which indicates higher sp3 content with a small distortion in sp2 carbon
network [32]. The PEMS+PIID DLC coatings were obtained in a greater acetylene flow rate
with a pulsing dc power which contributed to a higher hydrocarbon ion bombardment
producing much more sp3 carbon hybridization and hydrocarbon stretching bonds in the
deposited coating [33]. Although quantitative information about the sp3/sp2 fraction of a-C:H
coatings might not be retrieved from Raman spectra, the analyses demonstrate relevant
qualitative information which suggests the PEMS+PIID DLC closer to diamond-like
behavior.
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Table 2 - Raman spectra D and G peak parameters for the DLC coatings.

D Peak G Peak
Coating deposition — —
. Position FWHM Position FWHM Io/lc
technique
(cm™) (cm?) (cm™) (cm™)
PIID 1373.84 358.33 1549.70 161.01 1.70
PEMS+PIID 1376.13 375.20 1542.44 186.26 1.07
3.3 XPS

Figure 4 shows the C1s peaks from XPS spectrum for the DLC coatings obtained by
PIID and PEMS+PIID techniques. The Cls peaks were fitted by three Gaussians curves
centered at 284.3 eV, 285.3 eV and 287.3 eV for PIID DLC coating and 284.1 eV, 284.6 eV
and 286.0 eV for PEM+PIID coating. These deconvolutions were attributed to C-C sp2, C-C
sp3, and C=0 bondings respectively, according to references [34-37]. The area ratio of sp2
and sp3 fitting curves were used to determine the fraction of sp3 bonding content on the DLC
coatings. The almost double amount of sp3 bonding was found on the DLC coating obtained
by PEMS+PIID technique compared to PIID technique. This result agreed with the lower
Io/lc from Raman analyses on this coating and indicates that higher ion bombardment
contributing to the formation of sp3 carbon hybridization during DLC deposition. The XPS
also evinced presence of C=0 bondings on coatings which may come from residual oxygen

presenting on chamber during coating depositions.
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Figure 4 — XPS C1s peaks with Gaussian deconvolutions and %sp3 content for the DLC
coatings obtained by PIID and PEMS+PIID techniques.
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3.4 Mechanical properties

Figure 5 present hardness and elastic modulus as a function of indentation depth of
the DLC coatings obtained by nanoindentation. On PEMS+PIID DLC coating the hardness
firstly increased reaching a maximum mean value of 20.4 GPa at 0.13um depth and then
decreased with a gradually reducing on elastic modulus due to the effect of the substrate lower
hardness. This behavior was not observed on PIID DLC coating which presented maximum
mean hardness value of 7.7 GPa and kept constantly with elastic modulus along the coating.
These values are found in good agreement with others plasma enhanced ion immersion DLC
depositions [14,38,39]. Combined with Raman and XPS analyses, the increased mechanical
properties presented by PEMS+PIID DLC coating regards to the higher amount of sp3
bonding sites presented on its structure. Normally in carbon films, higher hardness are related
to the higher amount of sp3 bonding, higher densities and residual stresses [15,16]. In PIID
DLC coatings, the substrate does not demonstrate depletion on the mechanical properties
along the coating profile which suggests closer average values of hardness and elastic
modulus between coating, interlayer, and the substrate. Besides the evaluation of hardness and
elastic modulus individually, authors [40-42] declare the elastic strain to failure, which is
determined by the H/E ratio, to be close correlated with relative wear resistance. Therefore, in
order to verify the coating-substrate system wear resistance, the H/E ratio from both DLC
coatings was evaluated taking into account only the hardness and elastic modulus beyond the
10% thickness of the coating. The average values found for the elastic strain to failure are
0.0871 and 0.0890 for the PIID and PEMS+PIID DLC samples respectively. From these
results, a close relative wears resistance of the coating-substrate system could be expected for
both coatings, even despite the gradient observed along the coating thicknesses of
PEMS+PIID DLC sample.
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Figure 5 — Nanohardness and elastic modulus profile for the DLC coatings obtained by PIID

and PEMS+PIID techniques.

3.5 Adhesion

The adhesion of the DLC coatings was examined by a scratch test which can
quantitatively assess the adhesion strength in hard coatings by comparing critical loads (Lc).
These critical loads are normally determined as the normal force correlated to the first
appearance of cohesive and adhesive failures such as cracks and coating delamination. In this
study, two-level critical scratch loads (Lci1 and Lco) were determined on the initial points of
the cohesive and adhesive failures of the DLC coatings, which in turn were verified by optical
microscopy assisted by tangential force and acoustic emission signals following the ASTM
C1624-05 Standard [23]. Furthermore, the scratch depths during and after the test were
analyzed in order to verify the elastic recovery from the DLC coatings to titanium substrate
system. Therefore, figure 6 and 7 present the scratch optical images indexed to graphs with
the monitored responses (tangential force, friction coefficient, acoustic emission, profile and
residual depths) as a function of normal force and distance during a scratch test performed on
a sample of PIID DLC and PEMS+PIID DLC respectively. In figure 6, the scratch test could
be divided into three distinct regions. In the first region, which is prior to the first identified
cohesive failure (left from the Lci line), is observed an increase of a quivered friction
coefficient with the linear progressive normal force. This is a common response from the

asperities removal from the coating surface by the indenter and no significant variation from
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the start acoustic emission signal could be detected in this region. Then, a second region could
be defined by the first appearance of cohesive failure and before first adhesive failure
(between Lci and Lc2 lines), where the friction coefficient continues to increase with a
defined slope and some small variations on the acoustic emission data were detected by the
recurrence of cohesive failures on the coating. Then, after the first appearance of adhesive
failure (right from the Lc2 line), a third region could be defined by a steep rise, on both,
friction coefficient and acoustic emission values with high amplitude peaks until the end of
the scratch test which are related to the regularly spaced spallation observed besides the

scratch trail.
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Figure 6 — Scratch test optical image indexed to the graph of monitored responses as a

function of the applied normal force and scratch distance of the PIID DLC coating.

In figure 7, PEMS+PIID DLC scratch test presented similar three distinct regions on
the graph as PIID DLC sample until 1.5 mm scratch distance. However, in this coating, no
abrupt increase in friction coefficient could be observed after the Lco line which could be
attributed to the singular adhesive failure mode differentiate by the large area spallation
around the scratch trail [43]. After the scratch distance of 1.5 mm, the graph presents the same
acoustic emission values of the test start with a small linear increase in friction coefficient
until reach the cohesive failures on TiC interlayer, at a 2 mm scratch distance. Further,
adhesive failures between TiC interlayer and substrate were also observed around 2.7 mm. In

order to quantitatively assess the adhesion strength of the DLC coatings, the critical loads
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were assigned only by DLC layer failures, thus the failures between interlayers and substrate
were unconsidered in the evaluation. Moreover, an elastic deformation of about 10pum could
be observed on both DLC coating-substrate systems by comparing the profile and residual
depths registered on the tests. These similar values were expected as the coatings
demonstrated close values of H/E ratio [42]. In the case of PIID DLC sample, the elastic
recovery mismatch between DLC coating and titanium substrate resulted in the spallation
failure observed during the system relaxation after indenter traveling. While, in PEMS+PIID
DLC, an extensive spallation occurred in the interface between DLC layer and TiC interlayer

due to the demonstrated mechanical properties gradient inner this coating.
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Figure 7 — Scratch test optical image indexed to the graph of monitored responses as a
function of the applied normal force and scratch distance of the PEMS+PIID DLC coating.

Accordingly, the three scratch tests per DLC sample were performed and then the
resulted mean values of critical loads found for Lc1 were, 5.3 N and 4.7 N, and for Lc2, 14.4 N
and 54 N, for PIID and PEMS+PIID DLC samples respectively. Moreover, partially
magnified images with the cohesive and adhesive damage terms according to ASTM standard
atlas are presented on figure 8 for PIID and PEMS+PIID DLC samples.
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(b)

Figure 8 — Partially magnified optical images of the scratch test failures, cohesive at left and

adhesive at right, with the identified damage terms of the (a) PI1ID DLC coating, (b)
PEMS+PIID DLC coating.

Both coatings presented sites of lateral tensile cracks as cohesive failures at similar
Lc1 values, however, PIID DLC coating presented also arc tensile cracks inside the trail. The
PIID DLC coating adhesive failure was assigned as wedging spallation due to its substrate
exposition, regular spacing and “shell” type shape at higher Lc> compared to PEMS+PIID
coating adhesion failure. Wedging spallation occurs to minimize the amount of elastic energy
stored by the compressive stresses produced by the elastic recovery behind the moving
indenter during the test and are an also typical brittle failure mode [44]. The gross spallation
was identified as PEMS+PIID coating adhesion failure very close to the first lateral cracks
appearance which is very common to poorly brittle adhered coatings with high compressive
internal stresses. Gross spallation occurs by an extensive crack propagation in a coating
interface, in this case between DLC film and TiC interlayer, which provokes a large region
delamination as demonstrated [44]. According to ASTM C1624-05 Standard [23], the
examination can categorize PIID DLC coating as good interface bonding due only cracking
and coating splitting observation and PEMS+PIID DLC coating as a poor interface bonding
due to its failure propagation at the interlayer interface. According to Bull and Berasetegui
[45], the critical loads measurement can be affected by a number of intrinsic (i.e. scratch test
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parameters and equipment) and extrinsic (i.e. coating and substrate properties) factors. As
intrinsic parameters and substrate properties were the same for both DLC coated samples, the
difference found in the mean values of critical load, especially for Lcz, can be associated with
the hardness, modulus and residual stress of the coatings. DLC coatings deposited by plasma-
base ion implantation are reported to have compressive residual stresses [46] which are
associated with the amount of sp3 content on the DLC coating. Therefore, as PIID DLC
coating have a lower amount of sp3 bonding content, lower is the compressive residual stress
which leads to a minor resistance to traction load behind the indenter resulting in the arc
tensile cracking observed inside the trails during coating system stress relaxation. In
summary, the enriched sp3 PEMS+PIID DLC coating has improved mechanical properties
but also increased the internal compressive stresses, especially in DLC film, leaving this top
layer susceptible to large area spallation and poor adhesion that may compromise its use on

biomedical applications.

3.6 Tribocorrosion test

Figure 9 shows the OCP measurement before, during and after the tribocorrosion
reciprocal sliding tests in 1X PBS solution for the PIID DLC coating, PEMS+PIID DLC
coating, and Ti-6Al-4V uncoated samples. All the samples presented corrosion potential of
about -440 mV against the Ag/AgCl, NaCl (sat’d) reference electrode during the stabilization
period. At the beginning of rubbing, the Ti-6Al-4V uncoated sample presented a large drop on
OCP towards cathodic direction while DLC coatings remain same value with some signal
noise. This abrupt drop on OCP value of the Ti-6Al-4V uncoated sample occurs due to the
depassivation of wear track area. Some positive peaks are observed due to the passivation on
the titanium alloy active regions that are constantly removed from alumina sphere during
reciprocal sliding movement [47]. The maintenance of OCP average value during rubbing on
DLC coatings demonstrated electrochemical stability and successfully mechanical protection
to the Ti-6Al-4V substrate. As the movement ceases, small variations of the OCP can be
observed on DLC coatings samples with a fast convergence to an average value while the
repassivation of the Ti-6Al-4V uncoated are clearly evinced by the curve towards the value of
OCP stabilizing period. These results are found in good agreement with other tribocorrison
studies on DLC coatings compared to uncoated materials in simulated physiological
environments [17,18,48].
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Figure 9 — OCP measurements before, during and after tribocorrosion reciprocal sliding test
in 1X PBS solution for the P1ID DLC coating, PEMS+PIID DLC coating, and Ti-6Al-4V
uncoated samples.

Surface SEM images of the tribocorrosion wear tracks from all the samples are
presented in figure 10. No surface failure as cracking or delamination could be observed on
both DLC coatings and, besides both exhibited much-smoothed track surfaces, the PIID DLC
sample shows more debris amount at the edges of the wear track. Furthermore, the uncoated
sample demonstrated clear abrasive grooves inside wear track revealing abrasion as the main
wear mechanism on the titanium bare alloy sample. In addition, measured widths of wear
tracks were obtained, and the values found were 183.8 um, 154.1 pum and 971.5 um for the
PIID DLC coating, PEMS+PIID DLC coating, and Ti-6Al-4V uncoated samples respectively.
The wear tracks widths revealed a minimum inward movement of the counter-body ball into
the coated samples. Therefore, as the contact area between the alumina ball and the DLC
coatings are very small, a Hertzian contact stress could be estimated considering a sphere to
flat surface contact mode analysis, which results in maximum values greater than 1 GPa. Such
value is much higher than the contact pressures found on hip joints during daily activities for
example [49,50]. However, as a coating exclusive comparative study the test parameters

chosen match the generally used in such tribocorrosion studies.
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Figure 10 — SEM images of tribocorrosion wear tracks with measured width at left and center
track enlarged at right for the (a) P1ID DLC coating, (b) PEMS+PIID DLC coating and (c) Ti-
6Al-4V uncoated samples.

Figure 11 shows the coefficient of friction (COF) during the tribocorrosion test for the
DLC coatings and Ti-6Al-4V uncoated samples. The DLC coatings presented decreasing
COF between 0.06 and 0.08 after the running-in regime while Ti-6Al-4V increasing COF
from 0.40 to 0.50. The narrow decreasing on DLC coatings COF registered until the end of
sliding running distance is attributed to the lubrication of so-called carbon transfer layer
originated from the graphitic sites from the coating.
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Figure 11 — Coefficient of friction during the tribocorrosion reciprocal sliding test against
Al203 sphere in 1X PBS solution for the P1ID DLC coating, PEMS+PIID DLC coating, and
Ti-6Al-4V uncoated samples.

Although the concern of tribocorrosion environment could prevent or disrupt the
transfer layer formation and deposition on the tribological pair, carbon adhered to the counter-
body ball could be detected with energy-dispersive X-ray spectroscopy (EDS) on the SEM
image (figure 12) after the tribocorrosion test on both DLC coatings. Many tribological
studies pointed that this transfer layer is responsible to the lower friction coefficient and
consequently the good wear behavior of the DLC films against harder materials [8-11].
Besides the presence of carbon adhered on counter body ball, there is no certainty whether
this transfer layer is derived simply from the breach of the sp2 bond sites or if occurs a
graphitization of the sp3 bond sites, or even both, on the DLC coatings. However, a minor
COF value was observed at the initial and the end of the tribocorrosion test on PIID DLC
compared PEMS+PIID sample, which suggests that a higher amount of sp2 bond sites can
provide faster and iterant contact lubrication between the tribological pair. Moreover, the
COF ascending behavior of Ti-6Al-4V uncoated sample relies on the abrasion contribution of

the third bodies debris before being taken off the wear track.
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Figure 12 — SEM image of the counter-body alumina ball with adhered carbon after the

tribocorrosion test on PEMS+PIID DLC coating sample.

Figure 13 demonstrates the tribocorrosion wear track profiles obtained by a contact
profilometer. The PIID DLC coating showed a more rounded wear track profile while
PEMS+PIID DLC coating presented a flat bottom inside the profile track. This last resultant
profile can be assigned to the improved mechanical properties of DLC layer once COF values

are closer between the coated samples.
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Figure 13 — Wear tracks profiles from the tribocorrosion reciprocal sliding test in 1X PBS
solution for the PIID DLC coating, PEMS+PIID DLC coating, and Ti-6Al-4V uncoated

samples.

Further, from the profiles of the wear tracks, the loss volumes were obtained and
then the resulted samples wear rates are presented in figure 14. As suggested by the small
difference between of the elastic strain to failure values, both DLC coating exhibited close
wear rate values, however, a statistically significant minor value was obtained on
PEMS+PIID DLC coating. This small difference indicates that PEMS+PIID DLC coatings
have a preferential sp3/sp2 bonding fraction to optimize the tribocorrosion behavior when
compared to PIID DLC coatings. Moreover, in the PIID DLC coatings, the observation of a
rounded wear track profile combined with a higher presence of debris justifies the slightly
higher wear rate. This proposes that the higher amount of graphitic fraction presents in this
coating may accelerate the formation of the carbon transfer layers, but also reveals that these
layers are easily removed from the surfaces in contact. In summary, the results have shown
that the improved mechanical properties and reduced friction coefficient play together an
important role to improve the tribocorrosion behavior on DLC coatings. Hence, an optimal

sp3/sp2 bonding fraction was demonstrated to be essential to have an ideal balance between



38

good mechanical properties and self-solid lubrication capability on these coatings. Finally, the
DLC coatings examined presented much lower wear rates and COF compared to usual
implant Ti-6Al-4V material under PBS solution and then the DLC coatings have been

confirmed as a good option to load-bearing biological applications.
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Figure 14 — Wear rate obtained from the loss volume from the tribocorrosion reciprocal
sliding test in 1X PBS solution for the PIID DLC coating, PEMS+PIID DLC coating, and Ti-
6Al-4V uncoated samples.

4. Conclusions

The tribocorrosion behavior of DLC coatings obtained by plasma enhanced film vapor
depositions techniques under simulated physiological fluid was studied. Both DLC coatings
presented at least 5 times less friction coefficient and less than 2% of wear rate of the usual
implant Ti-6Al-4V alloy under the test conditions. Moreover, the findings between the DLC
coatings obtained by PIID and PEMS+PIID techniques indicate that the tribocorrosion
behavior is associated with the mechanical properties and the carbon transfer layer formation,
which in turn is strongly related to the fraction of sp2 and sp3 bonds presents on its structure.
Although the recurrent carbon transfer layer diminishes the coefficient of friction along the
reciprocal sliding test under PBS, it also inflicted negatively on the wear rate due to its poor

shear resistance. Furthermore, the elastic strain to failure presented a good correlation to the
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wear rate obtained for the DLC coatings. The importance to have a proper sp2/sp3 bond
fraction to achieve optimal tribocorrosion behavior on DLC coatings was demonstrated. This
favorable condition was verified on the DLC deposited by the advanced plasma enhanced
techniques and therefore, the PIID and PEMS+PIID deposition systems proposed are very
promissory to achieve an improved tribocorrosion behavior in DLC-Coated Ti-6Al-4V alloy

implants.

Acknowledgments

This research was supported by the Brazilian government agencies CAPES and CNPQ (Grant
309424/2012-7). Authors would like to thank SouthWest Research Institute for coatings
deposition and the State University of Ponta Grossa (UEPG/C-LabMu) for Raman and

Nanoindentation analysis.

References

[1] C. Gwam, J.B. Mistry, N. Mohamed, M. Thomas, K.C. Bigart, M.A. Mont, R.E.
Delanois, Current Epidemiology of Revision Total Hip Arthroplasty in the United
States: National Inpatient Sample 2009 to 2013, J. Arthroplasty. (2017).
d0i:10.1016/j.arth.2017.02.046.

[2] M. Sundfeldt, L. V Carlsson, C.B. Johansson, P. Thomsen, C. Gretzer, Aseptic
loosening, not only a question of wear: a review of different theories., Acta Orthop. 77
(2006) 177-97. doi:10.1080/17453670610045902.

[3] S. Kurtz, F. Mowat, K. Ong, N. Chan, E. Lau, M. Halpern, Prevalence of Primary and
Revision Total Hip and Knee Arthroplasty in the United States From 1990 Through
2002, Jounal Bone Jt. Surg. 87-A (2005) 1487-1497. doi:10.2106/JBJS.D.02441.

[4] Z. Paszenda, W. Walke, S. Jadacka, Electrochemical investigations of Ti6Al4V and
Ti6Al7Nb alloys used on implants in bone surgery, J. Achiev. Mater. Manuf. Eng. 38
(2010) 24-32.

[5] V.S.A.Challa, S. Mali, R.D.K. Misra, Reduced toxicity and superior cellular response
of preosteoblasts to Ti-6Al-7Nb alloy and comparison with Ti-6Al-4V, J. Biomed.
Mater. Res. - Part A. 101 A (2013) 2083-2089. doi:10.1002/jbm.a.34492.

[6] J. Robertson, Diamond-like amorphous carbon, Mater. Sci. Eng. R Reports. 37 (2002)
129-281. d0i:10.1016/S0927-796X(02)00005-0.

[71  A. Grill, Diamond-like carbon: state of the art, Diam. Relat. Mater. 8 (1999) 428-434.
doi:10.1016/S0925-9635(98)00262-3.

[8] R.Hauert, A review of modified DLC coatings for biological applications, Diam.
Relat. Mater. 12 (2003) 583-589. doi:10.1016/S0925-9635(03)00081-5.



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

40

A. Grill, Review of the tribology of diamond-like carbon, Wear. 168 (1993) 143-153.
d0i:10.1016/0043-1648(93)90210-D.

Y. Liu, A. Erdemir, E.l. Meletis, A study of the wear mechanism of diamond-like
carbon films 1, Surf. Coatings Technol. 82 (1996) 48-56. doi:10.1016/0257-
8972(95)02623-1.

A. Erdemir, C. Bindal, G.R. Fenske, C. Zuiker, P. Wilbur, Characterization of transfer
layers forming on surfaces sliding against diamond-like carbon, Surf. Coatings
Technol. 86-87 (1996) 692-697. doi:10.1016/S0257-8972(96)03073-3.

T.T. Liao, T.F. Zhang, S.S. Li, Q.Y. Deng, B.J. Wu, Y.Z. Zhang, Y.J. Zhou, Y.B. Guo,
Y.X. Leng, N. Huang, Biological responses of diamond-like carbon (DLC) films with
different structures in biomedical application, Mater. Sci. Eng. C. 69 (2016) 751-759.
doi:10.1016/j.msec.2016.07.064.

M. Azzi, P. Amirault, M. Paquette, J.E. Klemberg-Sapieha, L. Martinu, Corrosion
performance and mechanical stability of 316L/DLC coating system: Role of
interlayers, Surf. Coatings Technol. 204 (2010) 3986-3994.
doi:10.1016/j.surfcoat.2010.05.004.

K.W. Chen, J.F. Lin, The study of adhesion and nanomechanical properties of DLC
films deposited on tool steels, Thin Solid Films. 517 (2009) 4916-4920.
doi:10.1016/j.tsf.2009.03.124.

J. Lin, W.D. Sproul, R. Wei, R. Chistyakov, Diamond like carbon films deposited by
HiPIMS using oscillatory voltage pulses, Surf. Coatings Technol. 258 (2014) 1212—
1222. doi:10.1016/j.surfcoat.2014.06.061.

S.J. Bull, Tribology of carbon coatings: DLC, diamond and beyond, Diam. Relat.
Mater. 4 (1995) 827-836. doi:10.1016/0925-9635(94)05325-1.

T.M. Manhabosco, I.L. Mdller, Tribocorrosion of diamond-like carbon deposited on
Ti6AI4V, Tribol. Lett. 33 (2009) 193-197. d0i:10.1007/s11249-009-9408-8.

G.H. Zhao, R.E. Aune, N. Espallargas, Tribocorrosion studies of metallic biomaterials:
The effect of plasma nitriding and DLC surface modifications, J. Mech. Behav.
Biomed. Mater. 63 (2016) 100-114. doi:10.1016/j.jmbbm.2016.06.014.

Y. Oka, M. Nishijima, K. Hiraga, M. Yatsuzuka, Effect of ion implantation layer on
adhesion of DLC film by plasma-based ion implantation and deposition, Surf. Coatings
Technol. 201 (2007) 6647—-6650. doi:10.1016/j.surfcoat.2006.09.027.

R. Wei, Development of new technologies and practical applications of plasma
immersion ion deposition (PIID), Surf. Coatings Technol. 204 (2010) 2869-2874.
doi:10.1016/j.surfcoat.2010.01.046.

N.A. Sanchez, C. Rincén, G. Zambrano, H. Galindo, P. Prieto, Characterization of
diamond-like carbon (DLC) thin films prepared by r.f. magnetron sputtering, Thin
Solid Films. 373 (2000) 247-250. doi:10.1016/S0040-6090(00)01090-7.

R. Wei, E. Langa, C. Rincon, J.H. Arps, Deposition of thick nitrides and carbonitrides



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

41

for sand erosion protection, Surf. Coatings Technol. 201 (2006) 4453-4459.
doi:10.1016/j.surfcoat.2006.08.091.

ASTM, Standard Test Method for Adhesion Strength and Mechanical Failure Modes
of, 5 (2013) 1-29. doi:10.1520/C1624-05R10.Scope.

J. Lin, X. Zhang, P. Lee, R. Wei, Thick diamond like carbon coatings deposited by
deep oscillation magnetron sputtering, Surf. Coatings Technol. 315 (2017) 294-302.
doi:10.1016/j.surfcoat.2017.02.044.

Q. Wang, F. Zhou, Z. Zhou, Y. Yang, C. Yan, C. Wang, W. Zhang, L.K.Y. Li, I. Bello,
S.T. Lee, Influence of carbon content on the microstructure and tribological properties
of TiN(C) coatings in water lubrication, Surf. Coatings Technol. 206 (2012) 3777—
3787. doi:10.1016/j.surfcoat.2012.03.041.

R.W. A.M. Abd EI-Rahman, A comparative study of conventional magnetron sputter
deposited and plasma enhanced magnetron sputter deposited Ti-Si—C—N
nanocomposite coatings, Surf. Coatings Technol. 241 (2014) 74-79.
doi:10.1016/j.surfcoat.2013.08.049.

R. Wei, C. Rincon, E. Langa, Q. Yang, Microstructure and tribological performance of
nanocomposite Ti—Si—C—N coatings deposited using hexamethyldisilazane precursor, J.
Vac. Sci. Technol. A Vacuum, Surfaces, Film. 28 (2010) 1126. doi:10.1116/1.3463709.

a. M. Abd El-Rahman, R. Wei, Effect of ion bombardment on structural, mechanical,
erosion and corrosion properties of Ti—Si—C—N nanocomposite coatings, Surf. Coatings
Technol. 258 (2014) 320-328. doi:10.1016/j.surfcoat.2014.09.006.

V.N. Apakina, A.L. Karuzskii, M.S. Kogan, A.V. Kvit, N.N. Melnik, Y.A. Mityagin,
V.N. Murzin, A.A. Orlikovsky, A.V. Perestoronin, S.D. Tkachenko, N.A. VVolchkov,
Studies of nanoscale structure and its transformation in pulsed-laser deposited dense
diamond-like carbon films, Diam. Relat. Mater. 6 (1997) 564-568. d0i:10.1016/S0925-
9635(96)00629-2.

S.P. Bugaev, K. V. Oskomov, V.G. Podkovyrov, S. V. Smaykina, N.S. Sochugov, Use
of the hydrocarbon plasma of a low-pressure arc discharge for deposition of highly
adhesive a-C:H films, Surf. Coatings Technol. 135 (2000) 18-26. doi:10.1016/S0257-
8972(00)00919-1.

F.C. Tai, S.C. Lee, J. Chen, C. Wei, S.H. Chang, Multipeak fitting analysis of Raman
spectra on DLCH film, J. Raman Spectrosc. 40 (2009) 1055-1059.
doi:10.1002/jrs.2234.

a. Ferrari, J. Robertson, Interpretation of Raman spectra of disordered and amorphous
carbon, Phys. Rev. B. 61 (2000) 14095-14107. doi:10.1103/PhysRevB.61.14095.

J. Yang, C. Shim, D. Jung, Plasma enhanced CVD of low dielectric constant plasma
polymerized decahydronaphthalene thin films, Chem. Vap. Depos. 8 (2002) 35-37.
d0i:10.1002/1521-3862(20020116)8:1<35::AID-CVDE35>3.0.CO;2-B.

T.Y. Leung, W.F. Man, P.K. Lim, W.C. Chan, F. Gaspari, Determination of the sp 3/
sp 2 ratio of a-C : H by XPS and XAES, 254 (1999) 156-160.



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

42

J. Wang, J. Ma, W. Huang, L. Wang, H. He, C. Liu, The investigation of the structures
and tribological properties of F-DLC coatings deposited on Ti-6Al-4V alloys, Surf.
Coatings Technol. 316 (2017) 22—-29. doi:10.1016/j.surfcoat.2017.02.065.

X.B. Yan, T. Xu, S.R. Yang, H.W. Liu, Q.J. Xue, Characterization of hydrogenated
diamond-like carbon films electrochemically deposited on a silicon substrate, J. Phys.
D. Appl. Phys. 37 (2004) 2416-2424. doi:10.1088/0022-3727/37/17/012.

J. Filik, P.W. May, S.R.J. Pearce, R.K. Wild, K.R. Hallam, XPS and laser Raman
analysis of hydrogenated amorphous carbon films, Diam. Relat. Mater. 12 (2003) 974—
978. doi:10.1016/S0925-9635(02)00374-6.

E.T. Uzumaki, C.S. Lambert, W.D. Belangero, C.M.A. Freire, C.A.C. Zavaglia,
Evaluation of diamond-like carbon coatings produced by plasma immersion for
orthopaedic applications, Diam. Relat. Mater. 15 (2006) 982-988.
doi:10.1016/j.diamond.2005.12.006.

Y. Zheng, D. Liu, X. Liu, L. Li, Ti--TiC--TiC/DLC gradient nano-composite film on a
biomedical NiTi alloy, Biomed. Mater. 3 (2008) 44103-6. d0i:10.1088/1748-
6041/3/4/044103.

A. Leyland, A. Matthews, On the significance of the H/E ratio in wear control: A
nanocomposite coating approach to optimised tribological behaviour, Wear. 246 (2000)
1-11. doi:10.1016/S0043-1648(00)00488-9.

A. Leyland, A. Matthews, Design criteria for wear-resistant nanostructured and glassy-
metal coatings, Surf. Coatings Technol. 177-178 (2004) 317-324.
doi:10.1016/j.surfcoat.2003.09.011.

J. Musil, F. Kunc, H. Zeman, H. Poldkovéa, Relationships between hardness, Young’s
modulus and elastic recovery in hard nanocomposite coatings, Surf. Coatings Technol.
154 (2002) 304-313. doi:10.1016/S0257-8972(01)01714-5.

H. Zaidi, A. Djamai, K.J. Chin, T. Mathia, Characterisation of DLC coating adherence
by scratch testing, Tribol. Int. 39 (2006) 124-128. doi:10.1016/j.triboint.2005.04.016.

S.J. Bull, Failure modes in scratch adhesion testing, Surf. Coatings Technol. 50 (1991)
25-32. doi:10.1016/0257-8972(91)90188-3.

S.J. Bull, E. G.-Berasetegui E., An overview of the potential of quantitative coating
adhesion measurement by scratch testing, Tribol. Interface Eng. Ser. 51 (2006) 136—
165. doi:10.1016/S0167-8922(06)80043- X.

Y. Oka, M. Kirinuki, Y. Nishimura, K. Azuma, E. Fujiwara, M. Yatsuzuka,
Measurement of residual stress in DLC films prepared by plasma-based ion
implantation and deposition, Surf. Coatings Technol. 186 (2004) 141-145.
doi:10.1016/j.surfcoat.2004.04.010.

J.C.M. de Souza, Biotribocorrosion behavior of titanium in simulated oral
environments, J. Chem. Inf. Model. 53 (2009) 1689-1699.
doi:10.1017/CB0O9781107415324.004.



43

[48] J.Liu, X. Wang, B.J. Wu, T.F. Zhang, Y.X. Leng, N. Huang, Tribocorrosion behavior
of DLC-coated CoCrMo alloy in simulated biological environment, Vacuum. 92 (2013)
39-43. doi:10.1016/j.vacuum.2012.11.017.

[49] H. Yoshida, A. Faust, J. Wilckens, M. Kitagawa, J. Fetto, E.Y.S. Chao, Three-
dimensional dynamic hip contact area and pressure distribution during activities of
daily living, J. Biomech. 39 (2006) 1996-2004. doi:10.1016/j.jbiomech.2005.06.026.

[50] W.A. Hodge, W.H. Harris, Contact pressures in the human hip joint measured in vivo,
83 (1986) 2879-2883.



44

4 ARTIGO 2

Tribocorrosion Behavior of Low Friction TiSICN Nanocomposite Coatings Deposited on

Titanium Alloy for Biomedical Applications

Andre Hatem?, Jianliang Lin®, Ronghua WeiP, Ricardo D. Torres?, Carlos Laurindo?, Gelson

Biscaia de Souza®, Paulo Soares®”

@ Department of Mechanical Engineering, Polytechnic School, Pontificia Universidade
Catolica do Parand, Curitiba, PR, 80215-901, Brazil.
b Surface Engineering & Materials Chemistry, Materials Engineering Department, Southwest
Research Institute, San Antonio, TX, 78238, USA.
“Physics Department, Universidade Estadual de Ponta Grossa, Ponta Grossa, PR, 84030-900,

Brazil.

*Corresponding author

Paulo Soares, Prof. Dr.

Pontificia Universidade Catdlica do Parana

Polytechnic School - Mechanical Engineering Department
Rua Imaculada Conceicdo, 1155 — Prado Velho

ParqTec —BI. 9

80215-901 Curitiba, PR — Brasil

+55 (41) 3271-1338

pa.soares@pucpr.br



mailto:pa.soares@pucpr.br

45

Abstract

The quaternary Ti-Si-C-N nanocomposite is regarded to be promising one in the
biomedical field due to its improved tribocorrosion performance and biocompatibility. The
deposition of such material on biomedical components surfaces can extend its lifespan by
minimizing wear debris and ion releasing inside the physiological environment. Therefore,
this work investigates the tribocorrosion behavior of low friction Ti-Si-C-N nanocomposite
coatings applied on the ASTM F136 titanium alloy immersed in a phosphate-buffered
solution (PBS). The coatings were obtained by the plasma-enhanced magnetron sputtering
(PEMS) technique using an assorted precursor flow range of tetramethylsilane (TMS) and
hexamethyldisilazane (HMDSN) liquid along with acetylene (C2H2) gas. Reciprocal sliding
tribocorrosion tests were performed under PBS solution on the samples and compared to a Ti-
6Al-4V bare alloy sample. The microstructure, morphology, chemical structure, mechanical
properties, and adhesion of the coated samples were also evaluated. The results presented an
expressive reduction of at least 97% in the wear rate of the low friction Ti-(Si)-C-N
nanocomposite coatings compared to the titanium bare alloy sample. The tribocorrosion
performance of the coated samples demonstrated a strong correlation within the Silicon and
Carbon content presented on coatings chemical compositions. As consequence, the roles of
nanocrystallites refinement, the presence of amorphous carbon region and the oxides
generation were demonstrated as relevant characteristics to improve the tribocorrosion

behavior of Ti-Si-C-N nanocomposite.

Keywords: Titanium alloy, TiSiCN coatings, XRD, XPS, SEM, Adhesion, Hardness,

Tribocorrosion



46

1. Introduction

The promotion of superior tribocorrosion performance in titanium alloy prosthesis
remains as a crucial goal in the failure prevention of long-term applications. The mechanism
of tribocorrosion accelerates the degradation of the implant material within the biomedical
body resulting in a broad generation of particulate wear debris in the prosthesis interface with
surrounding tissue [1-4]. The biological response to wear debris may induce inflammatory
reactions, bone resorption, hypersensitivity diseases and osteolysis [5,6]. These conditions
often result in poor fixation of the prosthesis components requiring a revision arthroplasty
after 15 to 20 years of placement procedure [7,8]. In fact, the aseptic loosening has been
confirmed as the principal diagnostic for revision surgery in total hip, knee and ankle
arthroplasties [9-11]. Additionally, the tribocorrosion process favors an undesirable amount
of ion dissolution from the alloying elements presented in the implant material composition,
such as Aluminum and Vanadium in case of the usual titanium ASTM F136 alloy [12]. For
instance, high ion concentrations of these elements in the blood may cause some adverse
reactions as cytotoxic effects and neurological disorders in the patients [6,13,14]. Since the
prevention of the tribocorrosion initiation events, as load bearing and micromovements
conditions is practically unfeasible in implants, a reduction of the friction coefficient in the
exertive interface has been indicated as one of the effective approaches to diminish the wear
and corrosion products [15]. In recent years, several reports demonstrated the deposition of
thin Diamond-like carbon (DLC) films as a good alternative to enhance the tribocorrosion
behavior of titanium alloy surfaces in the biomedical environment [16-20]. In addition to the
improvement in the mechanical properties and corrosion resistance, the wear rate reduction
verified on the tribocorrosion tests of DLC-coated surfaces is attributed to the formation of a
carbon transfer layer on the tribo-pair which acts as a solid lubricant and hence, drastically
lowers the coefficient of friction [21-23]. However, the low adhesion strength limits its
application on the biomedical field. High residual stresses introduced during the film
deposition can cause extensive delamination in DLC-coated materials under critical loads
[24]. Other low friction coatings have been also proposed to protect the prosthesis
components, such as the silicon carbide (SiC), the titanium nitride (TiN), the titanium
diboride (TiB), the titanium carbonitride (TiCN), the titanium aluminum nitride (TiAIN), the
chromium nitride (CrN), the chromium carbonitride (CrCN) and the titanium silicon
carbonitride (TiSICN) [25]. Same as this last, others nanocomposites thin films based on
quaternary transition metal nitride systems have demonstrated improved wear and/or

corrosion resistance in comparison to the less complex systems (binary and ternary), as the
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TINDbSIN [26], TIAISIN [27] and TiCrSIN [28]. Therefore, low friction biocompatible
quaternary coatings, if well adhered to the titanium substrate, may represent a solution to
attend the demand for an extended lifespan of titanium alloy implants, by enhancing its
tribocorrosion behavior in the biomedical environment.

In the search for new low friction biocompatible coatings, the quaternary Ti-Si-C-N
nanocomposite is regarded to be promising one in the biomedical field. This titanium-based
coating has been recommended for applications that require high wear resistance combined
with a low friction due to its reported enhanced mechanical properties, good toughness and
self-lubricious behavior [29-34]. The superior properties verified on the low friction Ti-Si-C-
N nanocomposite coatings are often associated to an optimized structure composed by
nanosized crystallites of Ti(C, N) embedded in an amorphous matrix of SizN4/SiC with
segregated regions of amorphous carbon (a-C) [35-37]. The strengthening mechanism on
such structure is based on the TiN/SisNs model system proposed by Veprek et al. [38].
However, a recent work [39] suggested the phases of SizsNs, C, and CNy in a crystallized form
along with the Ti(C, N) nanocrystals to comprise the nanocomposite structure, in which the
strengthening effect would be given by a coherent-interface mechanism. Such presented
phases are often evaluated by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) characterization techniques on these coatings [30,36,40,41]. Apart from the enhanced
properties, the Ti-Si-C-N nanocomposite coatings have demonstrated good tribocorrosion
performance. Wang et al. [42] have investigated the tribocorrosion behavior of Ti-Si-C-N
coatings obtained by arc ion plating with different carbon contents under artificial seawater.
The authors verified low wearing rates associated with the formation of a lubricious graphite
layer and a maximized hardness at an optimum value of carbon content. Indeed, carbon and
silicon elements are pointed as grain refiners on Ti-Si-C-N nanocomposite structure [37,43].
In addition, the deposition techniques employed in the synthesis of the Ti-Si-C-N coatings
demonstrated a strong influence on the mechanical and tribological properties. As a case, high
ratios of H/E (elastic strain to failure) and H3/E? (resistance to plastic deformation) have been
achieved in Ti-Si-C-N coatings obtained by plasma enhanced magnetron sputtering (PEMS)
compared to the conventional magnetron sputtering (CMS) technique [44]. Finally, similar
hard coating compositions, such as the Ti-Si-C-N-O, presented low cytotoxicity, especially
for low values of C/Si and N/Ti fractions [45]. Therefore, the low friction Ti-Si-C-N coatings
have confirmed desirable characteristics to achieve an improved lifetime in biomedical
applications. Still, few are the studies published on the tribocorrosion behavior of such

nanocomposite coatings.
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Accordingly, this work aims to investigate the tribocorrosion behavior of low friction
Ti-Si-C-N nanocomposite coatings applied on a biomedical titanium alloy immersed in
phosphate-buffered saline (PBS). The coatings were obtained by the plasma-enhanced
magnetron sputtering (PEMS) technique using an assorted flow range from 0 to 9 sccm
(standard cubic centimeters per minute) of tetramethylsilane (TMS) along with acetylene
(C2Hy) gas precursors. These conditions were applied to verify the tribocorrosion performance
from coatings with distinct elemental compositions. Also, an alternative condition with
hexamethyldisilazane (HMDSN) liquid precursor instead of TMS was included in this study.
The HMDSN precursor has been proven to be safer for handling and also to produce Ti-Si-C-
N coatings with much lower coefficients of friction over the coatings obtained by TMS
precursor [29]. The evaluation of coatings microstructure, morphology, chemical structure,

mechanical properties, and adhesion will also be presented.

2. Experimental Procedure
2.1 Coating depositions

Titanium alloy samples were obtained from a Ti-6Al-4V ELI (ASTM F136)
annealed bar with 25.4 mm diameter x 2 mm thick discs by electrical discharge cutting. The
samples were prepared by grinding with SiC paper ranging from 320 to 1200 grit sizes and
then polishing using colloidal silica (0.04 um). The Ti-(Si)-C-N coatings were deposited by
sputtering two Ti metal targets (with 15.2 cm diameter) in a reactive atmosphere using a so-
called plasma enhanced magnetron sputtering (PEMS) process by the Southwest Research
Institute (SwRI) deposition system [46]. The PEMS technique is an advanced version of
conventional magnetron sputtering, which introduces a global plasma that is generated by an
electron source or other means such as RF excitation to enhance the ionization of the plasma
[31]. Prior to all depositions, the chamber was heated to 200 °C and pumped down to a base
pressure below 3x10* Pa. A Ti/TiN bond layer was deposited to enhance the adhesion
strength of all coatings. Then TiSiCN coatings with thicknesses in the range of 8-10 um were
deposited. The Ti targets were powered by continuous dc magnetron sputtering (dcMS) at a 4
kW average target power each (MDX, 10kW, Advanced Energy, Inc). The working pressure
was 0.4 Pa. A dc bias voltage of -60 V was used for all coating depositions. The reactive
mixture with flow rates of 190 sccm of argon gas (Ar), 45 sccm of nitrogen gas (N2) and 30
sccm acetylene gas (C2H2) was utilized within a Silicon precursor. Two Silicon precursors
were used to obtain the TiSICN coatings, the trimethylsilane gas ((CH3)3SiH, TMS) and the
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hexamethyldisilazane liquid ((CH3)sSi2NH, HMDSN). The flow rates selected for the TMS
were 0, 1.5, 3, 6 and 9 sccm, while for the HMDSN was maintained at 3 g/h.

2.2 Coatings characterization

The surface morphologies and cross-sectional microstructures of the Ti-(Si)-C-N
nanocomposite coatings were obtained by scanning electron microscopy (SEM) (TESCAN,
VEGA 3 LM) in secondary electrons detection mode at 20 kV. The coatings chemical
composition were obtained by energy dispersive spectroscopy (EDS). The average surface
roughness (Ra) of each coated sample was determined by five measurements for cut-off (Ir) of
0.08 mm using a contact profilometer (Taylor Hobson, Talysurf Series 2) with a resolution of
12 nm and accuracy of up to 0.006 um. The structural characterization was assessed by Thin
film X-ray diffraction (TF-XRD) using a Shimadzu XRD-7000 with CuKa radiation
(A=1.540600 A) operated at 30 kV and 40 mA. The scanning angle ranged from 10° to 100° at
a scanning speed of 1°/min with 0.02° step size, at an angle of incidence of 2.5° in thin film
mode. Then, nanocrystallites size were estimated by the Scherrer equation [47,48] at the full
width at half-maximum value from the predominant peak adjusted by a Gaussian fitting
curve. X-ray photoelectron spectroscopy (XPS, Scienta Omicron ESCA spectrometer) was
performed using a monochromatic AlKa X-ray source (1486.7 eV). Survey spectra were
collected from O to 1200 eV, and high-resolution spectra were collected for C1s, Ti2p, Si2p,
and N1s peaks. All spectra were referenced by setting the C 1s peak to 284.8 eV. The peak
areas were quantified using a Gaussian-Lorentzian fitting procedure after performing Shirley
background subtraction.

Further, hardness and elastic modulus of the coatings were assessed by means of
nanoindentation using an ASMEC universal nanomechanical tester (UNAT) with 20 mN
force resolution in quasi-continuous stiffness measurements (QCSM) mode with a Berkovich
diamond tip. The indentations were set in three columns with three indentations each, the
indentations were 75 um equally spaced, with the applied maximum load of 400 mN. Then,
the mean values and standard deviations for the hardness and elastic modulus were obtained
from the indentations performed in each sample. The H/E and H®/E? ratios were determined
taking into account the mean hardness and elastic modulus between the values acquired along
the coatings depth. The adhesion strength of the coatings was verified by scratch test (CSM
Instruments RSX-S-BE-0000) following the ASTM C1624-95 standard [49]. Three linear
progressive load scratch tests were performed on each sample using standard parameter

values of 100 N/min loading rate, 10 mm/min horizontal displacement rate, in a total scratch
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length of 5 mm, resulting in final test load of 50 N. Then, the two-level critical scratch loads
(Lcl and Lc2) were assigned at the normal load at the beginning of cohesive and adhesion
failures. The failures were identified using optical microscope images of the scratches along
with the acoustic emission and stylus tangential force signals data collected during the tests.
Also, each failure was classified according to the scratch atlas presented in the ASTM C1624-
05 standard [49]. The presented critical scratch loads and its errors were obtained by the mean
values and standard deviation of the scratch tests performed on each sample. Finally,
tribocorrosion tests were conducted under phosphate-buffered saline (PBS) solution at 1x
concentration (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOs, 1 mM KH2POa, pH 7.4). The
electrolyte cell was set-up in a three-electrode system in which the Ti-(Si)-C-N coated
samples, Ag/AgCI, NaCl (sat’d) electrode, and Pt wire electrode were used as the working,
reference and counter electrodes, respectively. The coated surface of the samples were
painted, leaving an active area of 0.36 cm? exposed to the electrolyte solution. The open
circuit potentials (OCP) were monitored by a potentiostat (Ivium) during the entire test.
Firstly, the samples were plunged in a vat with 700 ml of PBS for 1 hour to stabilize the OCP.
Then, using a universal tribometer (Anton-Paar) equipment, reciprocal sliding tests were
performed with 2 mm amplitude at the maximum linear speed of 1 cm/s, applying a 10 N
normal force and using a 6 mm diameter Al,Oz ball in a 10 meters total distance. At the
rubbing ceasing, the samples were kept for more 30 minutes in the solution to allow any
repassivation. Images of the wear tracks morphologies were obtained by SEM in secondary
electron mode. The wear track profiles were examined three times by a contact profilometer
integrated to the tribometer and the coatings wear rates were calculated through the mean
coating volume losses (mm?3) divided by the normal force (N) and the total sliding distance

(m) applied on the test.

3. Results and discussion
3.1 Morphology, chemical composition, and structure

Typical morphology and cross-section images of the Ti-(Si)-C-N nanocomposite
coatings are shown in Figure 1. In general, the coated samples presented a cauliflower-like
morphology with some nodular defects dispersed on the coating surface, as shown in detail in
Figure 2. These common defects produced by PVD processes are concerned to lower the
adhesion strength, fatigue and wear resistance of the as-deposited coatings by some authors
[34,46,50]. Along with the TMS gas precursor addition, the surface morphology structures
from Ti-C-N to Ti-Si-C-N system became less defined and slighted smaller while the cross-
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sectional images revealed a change from columnar growth orientation to a dense and
homogeneous form. Table 1 brings the EDS chemical composition of the as-obtained
nanocomposite coated samples. The Ti-(Si)-C-N elemental compositions demonstrate close
linear trends with the TMS flow rate. As expected, the content of Silicon and Carbon in the
coatings is directly proportional to the amount of precursor flow rate with a decrease in the
Titanium and residual Oxygen content. The Nitrogen amount remained constant for all
coating conditions. The TiSIiCN (3 g/h HMDSN) sample presented similar Silicon content of
the TiSICN (3.0 sccm TMS) sample but with much higher Carbon and lower Titanium
amounts in the composition due to the high carbon content present in its precursor
composition. Table 1 also presents the average values of surface roughness (Ra) for the coated
samples. The roughness measurements verified a trend towards small Ra values for the
coatings with higher Silicon and Carbon content. This roughness reduction agreed with the
apparent coatings densification verified on the morphology images and the indicated
refinement roles of Silicon and Carbon elements on the structure of TiSICN nanocomposites.
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Substrate

Figure 1 — Surface and cross-sectional SEM images of the samples (a) TiCN (0 sccm TMS),
(b) TiSICN (3.0 sccm TMS) and (c) TiSIiCN (9.0 sccm TMS).
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Figure 2 — High magnified SEM image of the typical nodular defect found dispersed on the

coatings surface of all samples.

Table 3 — Chemical composition of the Ti-(Si)-C-N coatings as determined by EDS with

estimated crystal size and mechanical parameters.

Chemical composition (at. %) Roughness Crystal size  H/E H3/E2

Sample Ti Si C N O (um) (nm) ()  (GPa)

TIiCN (0 sccm TMS) 53.9 0 201 172 8.7 0.023 3.6 0.080  0.055
TiSiICN (1.5sccmTMS) 488 14 24 163 9.5 0.020 35 0.084  0.059
TiSiCN (3.0sccm TMS) 495 24 247 162 7.2 0.018 32 0.092  0.096
TiSICN (6.0sccm TMS) 473 43 262 178 44 0.017 3.0 0.096 0.112
TiSICN (9.0sccmTMS) 405 6.9 329 157 40 0.013 2.7 0.101 0.126
TiSiCN (3g/hr HMDSN) 376 2.6 37.7 134 8.6 0.018 2.9 0.091  0.088

XRD diffractograms are shown in Figure 3. All sample conditions have

demonstrated five broad diffraction peaks addressed to the face-centered cubic (111), (200),

(220), (311) and (222) crystallographic orientation from TiCxNy crystalline phase with
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different stoichiometries. For instance, the peaks (111), (200), (220), (311) and (222) were
indexed according to the TiCosNo7 (ICDD PDF 00-042-1488) at 36.46°, 42.35°, 61.44°,
73.61° and 77.46°; the TiC (ICDD PDF 00-032-1383) at 35.91°, 41.71°, 60.45°, 72.37° and
76.14°; and the TiN (ICDD PDF 00-038-1420) at 36.66°, 42.60°, 61.81°, 74.07° and 77.96°
diffraction patterns respectively. No Silicon compounds peaks could be verified on the XRD
results. A preferred (200) orientation were evinced for all coated samples with a small
broadening towards high values of Silicon and Carbon content. As these elements are
increased, the peaks concisely enlarge, indicating smaller nanocrystallites on the coating
structures. Similarly, the (200) orientation has been reported to be preferential in TiSiN
coating systems obtained at high bias voltage due to its lowest surface energy position in B1
FCC structure and the high ion energy and mobility [51]. Therefore, the coatings have
presented the (200) preferential orientation because of a high current density at the sample
deposition surface, which has been reported to be 25 times greater in PEMS technique
compared to CMS depositions [31]. In addition, the coatings crystallite sizes estimated by
Scherrer formula are presented in Table 1. The nanocrystals size were found in a range from
3.6 to 2.7 nm. The influence of Silicon and Carbon as crystal refiners were verified on the Ti-
Si-C-N structure. The Carbon role was evinced especially by comparing the 3.2 nm
nanocrystal size of the TiSICN (3.0 sccm TMS) sample to the 2.9 nm nanocrystal size of the
TiSiCN (3g/h HMDSN), as both have similar Silicon content.
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Figure 3 — XRD spectra of the nanocomposite Ti-(Si)-C-N coated samples.

Furthermore, the chemical state of the coatings was examined by XPS. The spectra
for Ti 2p, Si 2p, C 1s and N 1s of the key condition coatings as the no silicon (TiCN, 0 sccm
TMS), high silicon (TiSIiCN, 9 sccm TMS) and high carbon (TiSiCN, 3 g/h HMDSN)
contents are presented in Figure 4. The Ti 2p spectra were deconvoluted in five peaks, located
around 454.5, 455.5, 457.6, 460.5 and 463.0 eV. The four fitting peaks located below 460.5
eV were addressed to be Ti(C, N) compounds [52-54]. Similar to the XRD results, the
compounds identification can be difficult through XPS also, once the binding energies of the
TiC and TiN compounds are very similar and the carbon and nitrogen atoms may substitute
each other on the crystal structure, forming overlapped peak spectra due to the contribution of
TiCxNy phases with different stoichiometries. The highest binding energy peak, at 463.0 eV
can be associated with titanium oxides [55]. In the Si 2p spectra two fitting peaks centered at
101.5 and 102.4 eV were respectively indexed to SisNs [56] and SiO [57] phases. The
influence of a high content of silicon can be verified by the strong signal of SizNa phase
observed on the spectrum of the TiSiCN (9.0 sccm TMS) coating compared to the TiSiCN (3
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g/h HMDSN) coating, this condition also resulted in a smaller estimation size of the TiCN
nanocrystals in the XRD analyses. Thus, a high silicon content is supposed to refine the
nanocrystals by enlarging the SisN4 amorphous matrix on TiSiCN system. The C 1s spectra
were composed by the contributions of Ti-C at 281.7 eV [58,59], C-C sp2 at 284.2, C-C sp3
285.2 eV and C=0 at 288.0 binding energies [60—62]. The outstanding C-C fitting peaks
revealed on the coatings spectra present similar responses from the carbon hybridization states
found on DLC coatings, and thus suggest the formation of these structures within the
nanocomposite. For instance, the sp2 and sp3 bonding are respectively associated to the
graphitic and diamond fractions present in DLC coatings, which are responsible to provide
improved mechanical properties with a low coefficient of friction [63,64]. The amount of each
bonding fractions present in the coatings can be estimated through the area ratio between the
indexed sp2 and sp3 fitting curves [62]. The estimation conferred an amount of 53, 65 and 68
% of sp2 bonding sites for the TICN (0 sccm TMS), TiSIiCN (9 sccm TMS) and TiSiCN (3
g/h HMDSN) coated samples respectively. These results demonstrated a linear correlation
between the carbon content presented in the coatings chemical composition and the fraction of
sp2 bonding. At this point, the TiSICN (3 g/h HMDSN) sample is expected to present the
smaller coefficient of friction during the rubbing test comparing to the other samples, mainly
due to its higher amount of graphitic bonding fraction present, which is intended to act as a
solid lubricant on the surfaces in contact. Finally, the N 1s spectra demonstrate responses of
C-N bondings at 399.9 eV [65], SisN4 at 397.9 eV [66] and the TiCN in the region from 395.2
to 396.5 eV [67], which this region can be explained again by the carbon substitution of

nitrogen and vice-versa on the crystal lattice.
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Figure 4 — XPS spectra at Ti 2p, Si 2p, C1s and N 1s bias voltage of the TiCN (0 sccm TMS),
TiSICN (9.0 sccm TMS) and TiSiCN (3 g/h HMDSN) coated samples.
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These results were found in good agreement with recently selected area diffraction
patterns (SAED) studies and high-resolution transmission electron microscopy (HRTEM)
performed in TiSICN coatings [42,68]. In these studies, authors verified the phase segregation
of a polycrystalline Ti(C,N) structure embedded in a thin amorphous matrix of SizN4 and sp2
amorphous carbon in the TiSICN coating structure. Similarly to the densification verified in
cross-sectional images in Figure 1, the evolution from columnar to dense nanocomposite
structure within an increasing of Silicon and Carbon content were confirmed in the TiSiCN

coatings.

3.2 Mechanical properties and adhesion strength

Figure 5 present the hardness and the elastic modulus as a function of indentation
depth by means of nanoindentation for the low friction Ti-(Si)-C-N nanocomposite coatings.
The samples hardness were found in a range of 7 to 14 GPa, with a strong correlation to the
nanocrystallites size estimated on the coating structures. The hardness values are found in
good agreement with other low friction Ti-Si-C-N coating systems deposited with C2H; [32].
Also, similar enhancement of hardness within structure refinement was observed in Ti-Si-C-N
coating systems with silicon content below 8 at. % [40]. This hardening effect towards
smaller nanocrystal size can be mainly explained by an enhanced cohesive strength of the
nanocrystallites boundaries in the refined structure, which impose a structure restriction to the
movements and dislocations of the phases in response to deformation. In addition, other
factors may contribute to the coatings hardness enhancement as residual stress, coating
densification and morphology [42,44]. Despite the similar nanocrystallites size value, the Ti-
Si-C-N (3 g/h HMDSN) sample presented lower hardness mean values compared to the Ti-Si-
C-N (3.0 sccm TMS). This is attributed to a fragilization effect introduced by a greater
content of the soft amorphous carbon region within the coating structure on such coating
[32,35]. Similarly, the elastic modulus values have followed the hardness order of the coated
samples. Accordingly, the hardness and the modulus of elasticity demonstrated to be very
dependent on the nanocrystallites sizes in the Ti-Si-C-N nanocomposites coated samples. This
statement is found in good agreement with the idealized model of ultrahard nanostructured

film proposed by some authors [36,69,70].
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Figure 5 — Hardness and elastic modulus profile for the Ti-(Si)-C-N coated samples.

In addition, Table 1 brings the resistance to elastic strain to failure (H/E) and the
resistance to plastic deformation (H3/E2?) parameters of the Ti-(Si)-C-N samples. These
parameters have been used as important mechanical performance indicators in nanostructured
coatings due to a fine correlation with the resistance to cracking and wear [71,72]. The results
demonstrated that the parameters are linked to the silicon and carbon content in all the Ti-(Si)-
C-N coated samples and hence to the structure refinement verified by the nanocrystallites
sizes. Consequently, the highest values of H/E and H3/E2 were found in the Ti-Si-C-N (9 sccm
TMS) sample, 0.101 and 0.126 respectively. The significance of the resistance to elastic strain
to failure and the resistance to plastic deformation are evident in the critical loads obtained by
the scratch adhesion test of the coated samples, which are shown in Figure 6 and subsequently
discussed. As these critical loads (Lc) are determined at the normal load applied in the first
occurrence points of cohesive (Lc1) and adhesive (Lc2) failures during the test, they present to

be intrinsically related to the mechanical parameters H/E and H3/EZ2.
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Thereby, the adhesion strength of the Ti-(Si)-C-N nanocomposite coatings were
quantitatively assessed by scratch adhesion test following the ASTM C1624-05 Standard [49].
This test typically consists of a defined geometry indenter pulling across the coated sample
surface at a constant speed with an applied progressive normal force, which then provokes
mechanical damages in the coating and the substrate. For instance, in this study was
determined two-level critical loads (Lc) defined as the applied normal load at the first
occurrence points of the cohesive (Lci) and the adhesive (Lco) failures of the Ti-(Si)-C-N
coated samples. These failures were identified by optical microscopy and then classified
according to the scratch atlas annex presented the ASTM C1624-05 Standard [49]. The
assigned critical loads and failure modes presented in the coated samples are compared in
Figure 6. The Ti-Si-C-N (9 sccm TMS) have demonstrated the highest critical loads values
for both failures modes among all the samples. This result was expected as this coating
presents the superior values for the resistance to elastic strain to failure and plastic
deformation. In this case, high H/E and H3/E? ratios have been considered effectively to
prevent crack formation and propagation on nanostructure coatings [73]. Moreover, a
considerable cohesive strength enhancement has been verified in the nanocomposite structure
of Ti-Si-C-N compared to Ti-C-N, which is revealed by the large increment in the Lc1 value
from the TIiCN (0 sccm TMS) to the TiSICN (1.5 sccm TMS) samples. Naturally, the
columnar structure verified on TiCN (0 sccm TMS) introduce, as-deposited, defects that act as
crack nucleation sites when the coating is stressed. In fact, the critical loads measurement is
susceptible to many intrinsic (i.e. scratch test parameters and equipment) and extrinsic (i.e.
coating and substrate properties) factors of scratch testing [74]. Therefore, an optimal refined
structure, as demonstrated in Ti-Si-C-N (9.0 sccm TMS) coated sample, was verified as a

fundamental requirement to provide a well adhered Ti-Si-C-N nanocomposite coating.
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Figure 6 - Critical loads and failures modes from scratch test on the Ti-(Si)-C-N coated

samples.

Despite the quantitative results, it is also possible, during the scratch test, to monitor
the tangential force, friction coefficient, acoustic emission, profile and residual depths as a
function of the applied normal load and test distance. These responses not only assist the
critical load points determination but also may provide relevant information of damages
mechanisms and coating system elastic recovery. Therefore, Figure 7 presents a complete
response graph indexed to the scratch optical image of the Ti-Si-C-N (9.0 sccm TMS) sample.
As shown, the scratch test could be divided into four distinct regions. In the first region,
which is defined prior to the first cohesive failure occurrence (left from the Lci line), an
increase of a quivered friction coefficient with low acoustic emission signals are observed
within the increase on the applied normal force. This is a common response attributed to
asperities remotion from the coating surface by the indenter. Then, a second region could be
defined from the first occurrence of the cohesive failure until the adhesive failure (between

the Lci1 and Lc2 lines). In the second region, the friction coefficient continues to increase in
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the same slope from the test starting and tiny variations on the acoustic emission signal were
perceived as cracking occurs in the coating. However, an accuracy value of first critical load
had claimed high magnification optical microscope images for all coated samples analysis.
The wedging spallation adhesive failure can well define the third region until the substrate
exposure (between Lcz line and substrate exposure line). The Lcz line is well defined by a
steep rise, on both, friction coefficient and acoustic emission signals with high amplitude
peaks until substrate exposure. These are responses related to the regularly spaced wedging
spallation besides the scratch trail, which occurs when the lateral cracks assume a critical
length that provokes a delamination of the TiSICN film exposing the TiN interlayer.
Moreover, plastic deformation occurs from this point until the end of the test as demonstrated
by the residual depth measurement. Finally, the last region defined by substrate exposure
which exhibits an increase in residual depth and very high coefficient of friction due to a
bigger penetration area in front of the indenter. The other Ti-(Si)-C-N coated samples
presented similar response behavior, with four regions well defined but critical loads lines

assigned at lower values of applied normal force.
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Figure 7 — Scratch test optical image indexed to the graph of monitored responses as a
function of the applied normal force and scratch distance of the Ti-Si-C-N (9.0 sccm TMS)
coated sample.
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Furthermore, Figure 8 brings high magnification images of the cohesive and
adhesive failures identified in the Ti-Si-C-N (9.0 sccm TMS) coated. As described, this
coating sample has presented lateral cracks within arc tensile cracks inside the scratch trail as
a cohesive failure mode. Both are typically brittle failures modes in a scratch test that may
arise from the response to the tensile stresses introduced by the rear of the indenter [75].
Therefore, when these cracks overlap in a critical length, a spallation may occur in the
interface between the Ti(Si)CN film and the bonding interlayer. The “shell” form of this
spallation, observed at the right image in Figure 8, assign this adhesive failure as wedging
spallation damage. Again, this is a failure response from brittle coating and substrate system
and is generated by the internal stresses energy releasing due elastic recovery of the Ti(Si)CN
film behind the moving indenter during the scratch test [75]. The arc tensile cracks were not
observed in the Ti(Si)CN (0, 1.5 and 3.0 sccm TMS) coated samples, highlighting the role of
higher Silicon and Carbon content on coating embrittlement. In summary, the coating
cracking with interface failure observed in scratch test results categorize all the coated
samples with good interface bonding according to the ASTM C1624-05 Standard [23].
Therefore, the adhesion results demonstrated that low friction Ti(Si)CN coated samples have

attended a fundamental requirement to succeed in load-bearing biomedical applications.

Wedging spallation &

Lateral crack

Arec tensile crack

. 850 pm .
() (b)

Figure 8 — Partially magnified optical images of the scratch test failures, cohesive at left and
adhesive at right, with the identified damage terms of the Ti-Si-C-N (9.0 sccm TMS) coated
sample.
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3.3 Tribocorrosion test

Figure 9 shows the monitored OCP measurement before, during and after the
tribocorrosion reciprocal sliding tests, in PBS solution, for the samples of Ti-(Si)-C-N
coatings and Ti-6Al-4V bare alloy. All coated samples improved the corrosion resistance in
comparison with the uncoated titanium alloy with stable corrosion potential in anodic level, as
demonstrated in the steady region before the rubbing period. Moreover, nobler properties
were verified on the Ti-Si-C-N coated samples within higher silicon and carbon content.
Similar enhancement in corrosion resistance related to smaller crystallites size in an
amorphous matrix has been reported in of TiSiC-Cr and TiSiC-Zr coatings [76]. This effect is
mainly attributed to the coatings densification, which the amorphous matrix acts as a barrier
to the nanocrystallites boundaries against the corrosive environment. At the beginning of
rubbing, the Ti-6Al-4V uncoated sample presented a typically large drop on OCP towards
cathodic direction due to the removal of the passive titanium oxide layer in the sliding track
area. As the test runs, noise OCP signal is acquired, which are a response from the successive
passivation and the passive film removal in the titanium alloy exposed regions during the
reciprocal sliding movement [77]. The Ti-(Si)-C-N (0, 1.5 and 3.0 sccm TMS) samples have
shown a similar behavior of the Ti-6Al-4V uncoated sample within minor scale drop values,
indicating the removal of corrosion protective film layer. Moreover, some pronounced valleys
could be observed, for instance in the Ti-Si-C-N (1.5 sccm TMS) coating, which might be
attributed to significant damages provoked on the coatings and verified later on in the SEM
images of the wear tracks. In case of the Ti-Si-C-N (3.0 sccm TMS) sample, some small
valleys were identified in the OCP signal until the 300 seconds of the tribocorrosion test, at
this the OCP drops significantly indicating a synergistic effect of corrosion and wear in the
coating failure. On the other hand, the rest of samples remained absent of potential drops
during the tribocorrosion reciprocal sliding test, which was verified later as an indicator of
coating integrity. As the movement ceases, the passivation effect is shown by the curve
towards to the value of OCP stabilizing period in the affected samples while in the other
samples almost no variation was registered in the OCP. Additionally, previous tribocorrosion
reciprocal sliding test with loads lower than 10 N exhibited no variation in the OCP of all the

coated samples.
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Figure 9 - Monitored OCP measurements before, during and after tribocorrosion reciprocal
sliding test in 1x PBS solution for the Ti-(Si)-C-N coated and Ti-6Al-4V uncoated samples.

Moreover, the Ti-Si-C-N (9.0 sccm TMS) demonstrated an abnormal anodic
behavior in the OCP compared to the other samples during the rubbing period. The slight shift
in OCP towards anodic direction observed suggests a higher silicon oxide generation and
releasing into the adjacent electrolyte due to the extensive silicon nitride (SizN4) matrix
presented in the Ti-Si-C-N (9.0 sccm TMS) compared to the others samples. In fact, Bal and
Rahaman [78] investigated the complex wear mechanism of silicon nitride (SisN4) ceramics
for orthopedic applications and verified a synergic contribution of mechanical and
tribochemical wear modes on this material. In this case, primary oxides and silicon nitride
debris are removed from the surface by mechanical abrasion which then reacts with the
electrolyte generating silicon oxides (SiO2) and also hydrated silicon oxide (Si(OH)4). This
last may form a comprised lubricating film between the sliding surfaces that are in continuous
movement regimes with higher speeds and lower loads, which contributes to a lower

coefficient of friction and wear rate verified afterward. At the rubbing ending, the debris
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releasing stops and the silicon reduction reactions occurs, turning slowly the OCP value to the
stabilization level as observed by a small convex curve observed in Figure 9. Although this
might be occurring in all samples within titanium ions releasing, the oxidation reactions seem
to be augmented by the Ti-Si-C-N (9.0 sccm TMS) sample structure and overlapping the
cathodic responses as observed in the other samples.

The wear tracks surface SEM images for all the samples are presented in Figure 10.
The images revealed a well-defined trend towards small wear track widths from TiCN (0
sccm TMS) to TiSIiCN (9.0 sccm TMS) samples. Surface failures, such as cracking and
delamination, are visible on the coated samples Ti(Si)CN (0, 1.5 and 3.0 sccm TMS). These
failures are well correlated with the OCP responses for those coatings. Moreover, micrometer-
sized detachments could be observed inside the track trails of the TiSICN (6.0 and 9.0 sccm
TMS) samples, which is intrinsic to the fatigue wear mechanism. No failure was noticed in
the TiSICN (3 g/h HMDSN), however, a high amount of debris beside a much-smoothed track
surface were verified when compared to the other samples. In fact, the verified mechanical
properties, adhesion strength, and coting structure have demonstrated to play an important
role in the tribocorrosion performance of such nanocomposite coatings. For instances, the
TiSICN (9.0 sccm TMS) have presented the smallest track width within the samples,
indicating a minimum inward movement of the counter-body ball into the coating sliding
surface. Conversely, the TiCN (0 sccm TMS) coated sample exhibited an extensive damage
along all the wear track surface. For this reason, the tribocorrosion behavior is greatly
improved by the silicon amorphous matrix present on the nanocomposite structure, which
restrains the combined action of wear and corrosion mechanisms by an eradication of the
intrinsic defects from a columnar coating structure. Furthermore, the high fraction of sp2
clusters in the TiSiCN (3 g/h HMDSN) sample provides an enhanced self-lubrication effect of
its surface. As this graphite-like structure present poor shear resistance, it is easily removed
from the sliding surfaces, resulting in the generation of the high amount of surrounded debris.
Nevertheless, all coating conditions indicate improved tribocorrosion resistance due to a clear
reduction in track widths and the absence of the abrasive grooves as demonstrated in the wear

track of the titanium bare alloy sample.
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Figure 10 — SEM images of the tribocorrosion wear tracks at left and center track enlarged at
right for the samples (a) TiCN (0 sccm TMS), (b) TiSiCN (1.5 sccm TMS), (c) TiSICN (3.0
sccm TMS), (d) TiSIiCN (6.0 sccm TMS), (e) TiSICN (9.0 sccm TMS), (f) TiSiCN (3 g/h
HMDSN) and (g) Ti-6Al-4V uncoated.

Figure 11 shows the coefficient of friction (COF) monitored during the sliding in the
tribocorrosion tests in the Ti-(Si)-C-N nanocomposite coatings and the uncoated titanium
samples. The low friction nanocomposite coated samples presented COF between 0.17 and
0.20 against the AI203 ball immersed in PBS on the steady-state regime. These values are
much lower when compared to the ~0.40 obtained in the titanium alloy sample at the end of
the test. In addition, shorter running-in distances were conferred in the coated samples
compared to the uncoated titanium alloy sample. Besides the better surface finishing of
coatings, this behavior can be attributed to the lubrication of the proposed carbon transfer
layers formed between the sliding surfaces. This carbon transfer layer has been proved to
lower the friction coefficient of the TiSICN coatings, even under corrosive environment,
through the deposition onto the tribo-pair and acting as a solid lubricant on the sliding
surfaces [42]. Therefore, the coated samples with higher carbon content, TiSICN (6.0, 9.0
sccm TMS and 3 g/h HMDSN), presented slightly lower COF values at the end of a test than
the others samples. Also, much less noise in the COF signals are perceived on those coatings
due to much less contribution of abrasive wear mechanism. Forasmuch, as verified in the XPS
analysis, the large amount of graphitic fraction resulted in the smaller COF of the TiSiCN (3
g/h HMDSN) between all the samples. Furthermore, the damaged coated samples observed in
SEM images have presented broaden elevation within the first meters of the reciprocal sliding
test. These were associated with the damages verified in Figure 10. As the damage occurs, an
abrupt increase in the COF is perceived, thus new boundaries asperities are formed from the

delaminated area requiring certain sliding cycles to accommodate the counter-ball again.
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Figure 11 - Coefficient of friction during the tribocorrosion reciprocal sliding test against
Al>O3 sphere in 1x PBS solution for the Ti-(Si)-C-N coated and Ti-6Al-4V uncoated samples.

Finally, Figure 12 presents the obtained tribocorrosion wear rates of all tested samples.
The wear rate values revealed a strong decrease within the Ti-(Si)-C-N nanocomposite
coating application compared to the uncoated titanium sample. The wear rate remained in
values from 6.81x10-6 to 7.56x10-7 mm3/N/m for the coated samples and 2.61x10-4 for the
uncoated titanium sample. The smallest wear rate value was found in the Ti-Si-C-N (9.0 sccm
TMS) followed by the Ti-Si-C-N (3g/h HMDSN) samples. Also, the graph shows the strong
effect of the delamination which triples the wear rate in comparison with the undamaged
coatings. The wear rate values obtained on the nanocomposite coated samples were found to
be much smaller than those found on DLC-coated Ti-6Al-4V alloy under similar
tribocorrosion test [21]. In summary, the results have confirmed that a number of factors may
imply on the tribocorrosion performance of the studied nanocomposite coatings. The
improved mechanical properties, adhesion strength, electrochemical stability and low friction

coefficient responses have indicated the TiSICN (9.0 sccm TMS) sample shows the best
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tribocorrosion behavior among all samples. The good tribocorrosion performance obtained by
the high carbon content TiSICN (3 g/h HMDSN) sample also highlighted the role importance
of self-solid lubrication capability of the amorphous carbon regions within the coatings
structure. At the end, the low friction TiSICN nanocomposite coatings examined presented
much lower wear rates and COF values compared to usual biomedical titanium alloy under
PBS solution.
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Figure 12 - Wear rate obtained from the loss volume of the tribocorrosion reciprocal sliding
test in 1x PBS solution for the Ti-(Si)-C-N coated and Ti-6Al-4V uncoated samples.

4. Conclusions

The tribocorrosion behavior of low friction Ti-(Si)-C-N nanocomposite coatings
deposited on titanium alloy under PBS was studied. The low friction Ti-(Si)-C-N
nanocomposite coatings have presented an expressive reduction of at least 97% in the wear
rate of the usual biomedical ASTM F136 titanium alloy. Moreover, the tribocorrosion

performance of the coated samples demonstrated strong correlation within many factors
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governed by the as-obtained coating chemical composition and nanostructure, which was
verified to be composed by Ti(C)N nanocrystallites embedded in a SisNs amorphous matrix
within dispersed carbon amorphous sites. For instance, the nanocrystallites refinement was
proven to enhance the coating mechanical properties and therefore the adhesion strength by
increasing the elastic strain to failure (H/E) and plastic deformation (H3/E?) indexes. Among
the applied PEMS depositions, the optimal coating condition obtained with flow rates of 9.0
sccm TMS and 30 sccm CoH2 was verified. These conditions conferred the best response to
the synergistic activity of corrosion and wear during the tribocorrosion tests. In addition, the
role of carbon in the self-solid lubrication capability of the coating amorphous carbon sites
was highlighted. In conclusion, the low friction Ti-Si-C-N nanocomposite coating, within an
optimal condition, was confirmed as a strongly adhered coating to enhance the tribocorrosion
behavior in the physiological environment and thus attend the demanded extension in the

lifespan of titanium alloy biomedical applications.
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6 CONSIDERACOES FINAIS
Este trabalho teve como objetivo geral a caracterizagdo tribocorrosiva, mecénica e
estrutural de revestimentos nanoestruturados depositados em liga de titdnio ASTM F136
propostos para aplicacbes biomédicas. De forma geral, os revestimentos estudados
apresentaram expressiva reducdo da taxa de desgaste durante os testes de tribocorrosdo em
PBS quando comparados a liga de titdnio ndo revestida. Os resultados demonstraram que a
performance tribocorrosiva destes revestimentos esta ligada a um conjunto de fatores, sendo
0s principais, um baixo coeficiente de atrito (COF) aliado a elevada resisténcia mecanica dos
revestimentos, em particular, valores mais altos dos indices H/E e H3/E2. A formagéo de uma
camada de transferéncia de material a partir de regides de carbono amorfo se mostrou eficaz
na reducdo do coeficiente de atrito, porém, ao mesmo tempo, acentuou a taxa de desgaste
devido sua baixa resisténcia as forcas cisalhantes. Desta forma o equilibrio entre estas regides
com estruturas de maior resisténcia mecanica apresentou condigdes ideais e de menores taxas
de desgaste nos testes de tribocorrosdo. De fato, estes fatores estdo intrinsicamente
relacionados a estrutura obtida em cada um dos revestimentos durante sua deposicdo. Dentre
o0s revestimentos estudados, o nanocompoéstio TiSICN com menor tamanho de nanocristal

obteve a menor taxa de desgaste.
Os objetivos especificos deste trabalho foram atendidos, e as principais concluses

estdo respectivamente apresentadas abaixo:

e A fracdo de ligacGes sp#/sp? presentes nos revestimentos DLC demonstraram
forte correlacdo com as propriedades mecanicas e de adesdo dos revestimentos
e a formacdo de camada de transferéncia de carbono durante os testes de
tribocorrosdo. Os resultados demonstraram que uma maior a quantidade de
ligagbes sp? contribui para um coeficiente de atrito menor ao longo do
movimento de deslizamento reciproco sob PBS, porém ndo necessariamente
para a menor taxa de desgaste. O que sugere que a formacdo da camada de
transferéncia de carbono é beneficiada por estas ligacbes, sendo rapida e
recorrente no par tribolégico, porém apresentando fraca resisténcia ao
cisalhamento que acelera o processo de desgaste destas regides presentes no
revestimento. Entretanto altas quantidades de ligacGes sp?, introduzem tensdes
residuais maiores aos revestimentos que prejudicam sua adesdo sob o
substrato, representadas pelas delaminacdes e baixas cargas criticas verificadas
nos testes de adesdo realizados. Desta maneira tornou-se evidente a

necessidade de equilibrio e controle da fragdo de ligacGes sp?/sp® para a
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obtengcdo de um comportamento tribocorrosivo ideal em revestimentos DLC
depositados sob a liga de titanio estudada.

As quantidades de carbono e silicio presentes nos revestimentos Ti(Si)CN se
apresentaram como refinadores da estrutura do material, proporcionando uma
diminuicdo diretamente proporcional ao tamanho dos nanocristais de Ti(C)N
contidos na microestrutura. Isto se deve ao fato do silicio estar presente na
matriz amorfa de SisN4 circundante aos nanocristais e o carbono excedente se
apresentar em regides de carbono amorfo dispersos na microestrutura. Essa
diminuicdo atribui melhora nas propriedades mecénicas e nos indices H/E e
H3/E2, e por consequéncia no comportamento tribocorrosivo dos revestimentos
nos testes realizados com as quantidades dos elementos (Si,C) examinadas. A
melhora da performance tribocorrosiva se demonstrou aparente pela auséncia
de delaminacdes nos revestimentos com valores elevados de Silicio e Carbono,
sendo o melhor resultado obtido na amostra com o0 menor tamanho de
nanocristal. Um aumento singular na quantidade de carbono apresentou
resultados com taxa de degaste levemente superior a niveis com menos
carbono e mesma quantidade de silicio. Isto sugere um desgaste acentuado das
regibes de carbono amorfo com baixa resisténcia ao cisalhamento, resultado
similar ao observado em revestimentos DLC com alta quantidade de liga¢des
sp2. Por fim, elevadas quantidades de carbono e silicio demonstraram
importantes no refino da microestrutura dos revestimentos nanocompoésitos
Ti(Si)CN e desta maneira fundamentais para a melhora do seu comportamento
tribocorrosivo.

Os indices H/E e H3E2 se demonstraram intrinsicamente ligado com a
resisténcia ao desgaste dos revestimentos DLC e Ti(Si)CN submetidos ao teste
de tribocorrosdo. As menores taxas de desgaste foram verificadas nos
revestimentos com maiores valores destes indices. De fato, os indices H/E e
H3/E2 sdo geralmente descritos como a resisténcia do material a deformacéo
elastica e plastica respectivamente. Desta maneira maiores indices indicam
uma diminuicdo nos deslocamentos relativos dos materiais presentes no
sistema do filme junto ao substrato, o que previne trincas, delaminacdes e
sugere a diminuicdo do desgaste abrasivo. Desta maneira, o estudo demonstrou

que maiores valores dos indices de H/E e H3/E2 devem ser visados na obtencéo
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de revestimentos DLC e Ti(Si)CN depositados sob liga de titanio com melhor
performance tribocorrosiva.

e O potencial de circuito aberto (OCP), o coeficiente de atrito (COF) e a taxa de
desgaste foram alvo de estudo durante os testes de tribocorrosdo das amostras
revestidas e comparadas com uma amostra de controle de liga de titanio ndo
revestida. A comparacdo do OCP das amostras revestidas com a amostra de
controle se demonstrou importante na identificacdo de pequenas delaminagdes
do revestimento, mesmo quando apenas entre as camadas de adesdo e o filme,
como no caso das amostras de Ti(Si)CN até 3.0 sccm de TMS. O COF revelou
a atuacdo da camada de transferéncia de material ao longo de todo o teste de
tribocorrosdo com uma inclinagdo no sentido de menores valores de COF com
a distancia, diferentemente do observado na amostra de controle. Isto explicou
a drastica diminuicdo de desgaste por abrasdo observado nas imagens das
trilhas de desgaste. As comparacfes das taxas de desgaste entre revestimentos
demonstraram que menores valores de COF ndo necessariamente resultaram
em menores taxas de desgaste. Estas observacOes aliadas aos demais testes
realizados sugeriram que as regides de carbono amorfo atuam na lubrificacéo
do par triboldgico porém também acentuam o desgaste devido a constante
remocéo e adesdo deste material no interior da trilha de desgaste. Por fim, estas
comparagfes foram fundamentais para o entendimento dos mecanismos
responsaveis pela performance tribocorrosiva dos revestimentos DLC e
Ti(Si)CN depositados sob a liga de titanio estudada.

Ainda se ressalva que as pressdes de contato de hertz utilizadas neste estudo sdo
equivalentemente muito superiores a aquelas submetidas as préteses em uso. Estas condi¢Bes
foram adotadas para viabilizar os testes em bancada, bem como impor o aparecimento de
falhas nos revestimentos afim de uma comparacao qualitativa entre as amostras.

As sugestdes para trabalhos futuros incluem o desenvolvimento de uma bancada com
movimento simulado especifico para o implante proposto; o estudo da bioatividade e
citotoxicidade do material destes revestimentos; o estudo das tensdes residuais nos
revestimentos, especialmente no DLC; e a analise do meio corrosivo apés o teste de

tribocorrosdo para a identificacdo das particulas de desgaste.
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