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Ribeiro ALR. Corrosão e tribocorrosão de novas ligas Ti35Nb5Zr e 

Ti35Nb10Zr em saliva artificial. [Tese de Doutorado]. Araraquara: 

Faculdade de Odontologia da UNESP; 2012. 

 

Resumo 

O sucesso dos implantes dentários em longo período 

depende da interação do biomaterial com o ambiente bucal, a qual 

envolve reações eletroquímicas, resistência mecânica e desgaste 

mecânico. Com o intuito de melhorar a resistência mecânica e à corrosão 

do titânio (Ti), elementos de liga são adicionados, sendo a liga Ti6Al4V a 

mais comum. Porém, o vanádio e o alumínio são considerados 

potencialmente tóxicos. Portanto, nos últimos anos, esforços vêm sendo 

feitos para o desenvolvimento de novas ligas de Ti ultra resistentes e 

biocompatíveis, a partir do sistema TiNbZr. Assim, o objetivo desse 

trabalho foi avaliar a corrosão e tribocorrosão das novas ligas Ti35Nb5Zr 

e Ti35Nb10Zr em saliva artificial a 37°C comparadas à liga comercial 

Ti6Al4V. Testes de potencial de circuito aberto com o tempo (Ecorr) e 

espectroscopia de impedância eletroquímica (EIS) foram realizados em 

função do tempo (0-216h). Testes de tribocorrosão em função de cargas 

aplicadas (50mN-1N) foram realizados tanto em Ecorr como em potencial 

anódico aplicado. Como resultados, todas as ligas exibiram aumento de 

Ecorr com o tempo, indicando crescimento e estabilização do filme passivo. 

Os experimentos de EIS indicaram que a liga Ti35Nb10Zr possui 

resistência à corrosão ligeiramente maior que a liga Ti6Al4V, assim como 

melhor comportamento tribocorrosivo quando realizado com baixa carga. 

Portanto, o filme passivo formado na liga Ti35Nb10Zr possui melhor 

resistência à corrosão e ao desgaste devido à presença de Nb2O5 e ZrO2. 

Porém, o metal base da liga Ti6Al4V apresentou menor desgaste 

mecânico. Concluindo, a liga de Ti35Nb10Zr é candidata promissora a ser 

utilizada na fabricação de conjuntos implantes-componentes protéticos. 

Palavras-chave: Ligas de titânio; implantes dentários; corrosão; 

tribocorrosão. 



Ribeiro ALR. Corrosion and tribocorrosion of new Ti35Nb5Zr and 

Ti35Nb10Zr in artificial saliva. [Tese de Doutorado]. Araraquara: 

Faculdade de Odontologia da UNESP; 2012. 

 

Abstract 
The long-life success of dental implants relies on the 

interaction between the biomaterial and oral environment, always involving 

electrochemical reactions, mechanical stresses and mechanical wear. In 

order to improve the mechanical strength and corrosion resistance of 

titanium (Ti), alloying elements are added to it, the most common alloy 

being Ti6Al4V. However, vanadium and aluminum are known to be toxic. 

Therefore, in last years, efforts are being made towards the development 

of new high resistant and biocompatible titanium alloys, namely from the 

TiNbZr system. Therefore, the aim of this work was to assess the 

corrosion and tribocorrosion behavior of new Ti35Nb5Zr and Ti35Nb10Zr 

in artificial saliva at 37°C, in comparison with the commercial Ti6Al4V 

alloy. Open circuit potential (Ecorr) and electrochemical impedance 

spectroscopy (EIS) experiments were carried in function of time (0-216h). 

Tribocorrosion tests were performed at different applied loads (50mN to 

1N) both at Ecorr and anodic applied potential. In general, all alloys 

exhibited an increase of Ecorr with the immersion time, indicating the 

growth and stabilization of the passive film. The EIS results indicated that 

Ti35Nb10Zr alloy exhibited slightly better corrosion resistance than 

Ti6Al4V.  Just as better tribocorrosion behavior at low applied loads. 

Therefore, the passive film formed on Ti35Nb10Zr alloy had better 

mechanical strength and corrosion resistance due to Nb2O5 e ZrO2. 

However, the bulk metal of Ti6Al4V suffered less mechanical wear. 

Concluding, Ti35Nb10Zr alloy appear as promising candidate for dental 

implant-abutment sets manufacturing. 

Keywords: Titanium alloys; dental implants; corrosion; tribocorrosion. 
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Introdução 
 

O titânio (Ti) possui combinação favorável de propriedades 

mecânicas, físicas, químicas e biológicas, como baixa densidade, alta 

resistência mecânica, elevada resistência à corrosão e excelente 

biocompatibilidade, que podem ser melhoradas com a adição de 

elementos de liga34,35,37,56,57. Como exemplo, a liga Ti6Al4V é muito 

utilizada para aplicações biomédicas.  

Sabe-se que a liga em si é biocompatível17, porém, é 

conhecida a toxicidade dos elementos alumínio (Al) e vanádio (V), na 

forma de íons ou partículas de desgaste5,20,38,54,61,62,66,73. Rao et al.66 e 

Okazaki et al.61 investigaram o crescimento de fibroblastos (L-929) e 

osteoblastos (MC3T3.E1) quando em contato com partículas metálicas de 

Ti, Al e V. Observou-se que nos meios controle e contendo Ti, o 

crescimento dessas células foi similar. Porém, o crescimento das células 

foi menor nos meios contendo Al e V. Portanto, Al e V podem 

comprometer a osseointegração. 

Além disso, o Al contribui para a patogênese de doenças 

neurológicas, como o mal de Alzheimer62. A toxicidade do Ti e do V é 

controversa. Há estudos que relacionam o V com o mal de Parkinson54 e 

outros com o comprometimento da reprodução, gestação e lactação20. 

Além disso, o Ti pode causar reações alérgicas73. 

Com o aumento da expectativa de vida da população, aliado 

ao uso cada vez mais comum de implantes ortopédicos e dentários, torna-

se válido o estudo de novos dispositivos que sejam biocompatíveis e que 

tenham maior durabilidade. Estes não precisam necessariamente ser 

fabricados a partir de novos materiais, mas sim de materiais modificados 

para obtenção de melhores propriedades, como por diversificação das 
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composições químicas, tratamentos térmicos e modificação de 

superfícies. 

O Ti possui duas estruturas cristalinas, conhecidas como 

fases α e β. A fase α está relacionada à estrutura estável em temperatura 

ambiente, a qual é denominada estrutura hexagonal compacta (hc). Ao 

elevar a temperatura a aproximadamente 883°C, a fase α transforma-se 

em β, representada por uma estrutura cúbica de corpo centrado 

(ccc)3,10,21. Essa temperatura é conhecida como a β-transus do titânio, 

que corresponde a menor temperatura em que o material é 100% β4. 

Com a adição de elementos de liga ao Ti, obtêm-se ligas 

com estruturas cristalinas estáveis em temperatura ambiente. As fases α 

e β são base para três tipos de ligas de Ti: α, α+β e β, que têm suas 

estruturas relacionadas com o tipo de elemento de liga utilizado25. Os 

elementos de liga podem ser classificados como α-estabilizador, β-

estabilizador e neutro. O primeiro promove o aumento da temperatura de 

transformação da fase α para a fase β quando adicionado ao Ti, o 

segundo diminui essa temperatura e o terceiro não altera a transformação 

de fases3,39. Como exemplos de α-estabilizadores têm-se: alumínio (Al), 

oxigênio (O) e nitrogênio (N) e, de β-estabilizadores têm-se: vanádio (V), 

tântalo (Ta), nióbio (Nb), molibdênio (Mo), magnésio (Mg) e ferro (Fe)3,21. 

O zircônio (Zr) e o estanho (Sn) são elementos neutros3. 

As ligas α são formadas a partir de elementos α-

estabilizadores e, em temperatura ambiente, apresentam apenas a fase α 

e, portanto tem estrutura hc. Essas ligas têm características satisfatórias 

de resistência mecânica, tenacidade e soldabilidade10, as quais não 

podem ser melhoradas a partir de tratamentos térmicos3.  

As ligas α+β frequentemente contêm elementos α- e β-

estabilizadores, mas podem conter apenas β-estabilizadores. Essas ligas 

são formuladas para que a fase α coexista com a fase β, em temperatura 
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ambiente10,21. Essas ligas geralmente apresentam boa conformação e 

resistência mecânica em temperatura ambiente10. As propriedades das 

ligas α+β podem ser modificadas por meio de tratamentos térmicos3,25. 

As ligas β são formadas quando elementos β-estabilizadores 

são adicionados ao Ti e, dependendo da quantidade desses elementos e 

dos tratamentos térmicos aplicados, obtém-se melhoria nas propriedades 

mecânicas desse tipo de liga30. À temperatura ambiente, essas ligas 

apresentam predominância da fase β, e a estabilização da estrutura ccc 

está relacionada com as características de baixo módulo de elasticidade, 

e elevada resistência mecânica46. 

Os tratamentos térmicos promovem transformação de fases 

e mudança na microestrutura das ligas de Ti, que estão relacionadas com 

o aprimoramento das suas propriedades25. As ligas que contêm baixo teor 

de elementos β-estabilizadores, além de apresentarem as duas fases 

sólidas estáveis, α e β, podem levar à formação de fases metaestáveis, 

correspondentes às fases martensíticas (α´- fase martensítica do tipo 

hexagonal compacta e α´´- fase martensítica do tipo hexagonal 

ortorrômbica) e ω (fase metaestável do tipo hexagonal compacta ou 

trigonal), durante o tratamento térmico19,58,75. 

De acordo com esses dados, novas ligas de Ti, a partir do 

sistema TiNbZr, têm sido formuladas, a serem utilizadas nas áreas 

médica e odontológica. O Zr, além de neutro, é um agente endurecedor 

de solução sólida e possui propriedades semelhantes às do Ti. O Nb é um 

elemento estabilizador de fase β, que está relacionado com a melhora das 

propriedades mecânicas do material. Ao elaborar novas ligas para o uso, 

como biomaterial na área biomédica, é importante investigar 

propriedades, como biocompatibilidade, módulo de elasticidade, 

resistência à corrosão e ao desgaste. 
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Wang et al.79 (2010) reportaram alta citocombatibilidade 

(fibroblastos L-929) da liga Ti22Nb4Zr quando comparada àquela do Ti 

comercialmente puro (Ti cp) e a um controle negativo. Cremasco et al.17 

(2011) confirmaram esse resultado ao concluírem que o Ti cp e algumas 

ligas de Ti, dentre elas Ti6Al4V e Ti25Nb15Zr, não apresentaram 

comportamento citotóxico e possuíram boa adesão de fibroblastos 

(células Vero, provenientes de macacos verdes africanos, Cercopithecus 

aethiops) em suas superfícies após 24h de cultura celular.  

O módulo de elasticidade é um fator importante quando o 

material é desenvolvido para substituir ou interagir com o osso. Este deve 

ter um valor semelhante ao do tecido ósseo ao redor do implante para 

possibilitar a reparação e a remodelação óssea63,65. O Ti cp e a liga 

Ti6Al4V possuem módulo de elasticidade de aproximadamente 105GPa55, 

que é mais elevado que o módulo do tecido ósseo, entre 10 e 

30GPa26,57,58,63.  Estudos mostram que as ligas β possuem módulo de 

elasticidade mais próximo ao do osso1,11,58. 

A resistência à corrosão está diretamente relacionada com a 

biocompatibilidade do material. Sabe-se que, quando o Ti entra em 

contato com o oxigênio, há a formação de uma camada de óxidos na sua 

superfície, com aproximadamente ≤ 10nm de espessura, que confere 

proteção ao metal8,21. 

O filme passivo do Ti é composto predominantemente de 

TiO2
21. Já as ligas de Ti podem ter composição variada de óxidos, 

dependendo dos elementos de liga presentes que podem modificar a 

propriedade protetora do óxido de Ti. Por exemplo, sabe-se que o Nb leva 

à formação de Nb2O5, o Zr, ZrO2, o Ta, Ta2O5, o V, VO2 e o Al, Al2O3. E, 

que o óxido de Ti modificados pelos óxidos de Nb, Zr e Ta apresentam 

melhor estabilidade e, portanto, podem conferir melhor proteção do que 

pelos óxidos de Al e V27,48,49. 
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Entretanto, quando em meios agressivos, o filme passivo 

pode ser deteriorado com a remoção da camada de óxidos, levando à 

corrosão do metal base. Fato esse que deve ser evitado quando se trata 

de implantes, pois os produtos de corrosão podem causar alergia local ou 

ainda, entrar em contato com a corrente sanguínea e serem acumulados 

em diferentes órgãos, causando injúrias ao organismo humano77. 

Essa propriedade pode ser avaliada pelo comportamento 

eletroquímico do material, ou seja, pelo potencial de circuito aberto, 

espectroscopia de impedância eletroquímica e polarização 

potenciodinâmica. De uma maneira geral, com esses métodos é possível 

analisar, respectivamente, variação de potencial com o tempo, resistência 

à polarização e capacitância, velocidade de corrosão e tendência à 

corrosão. 

A maioria das novas ligas em desenvolvimento está 

relacionada com próteses ortopédicas e, normalmente, as soluções 

utilizadas nos testes de resistência à corrosão são Ringer, Hank, NaCl e, 

também, soluções contendo proteínas6,7,15,32,70. 

Assis et al.7 (2008) investigaram a resistência à corrosão da 

liga Ti13Nb13Zr em NaCl a 0,9%, solução de Hank e em meio essencial 

mínimo que contém sais inorgânicos, aminoácidos e vitaminas. Observou-

se que a liga possui comportamento passivo nos três eletrólitos 

estudados.  

Ao comparar o comportamento eletroquímico entre as ligas 

Ti13Nb13Zr e Ti6Al4V, Robin et al.70 (2008) observaram que a liga 

Ti13Nb13Zr obteve maior resistência a corrosão em solução de Ringer. 

Choubey et al.15 (2005) demonstraram que a liga Ti13Nb13Zr teve uma 

taxa de corrosão ligeiramente menor comparada à liga Ti6Al4V em 

solução de Hank. O mesmo foi observado por Assis, Costa6 (2007) 

quando as ligas ficaram imersas em solução de Hank durante 410 dias. 
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Sabe-se que as ligas de Ti sempre apresentam corrosão, e, 

na cavidade bucal, não só a microestrutura do biomaterial44 é fator 

modificador do seu comportamento eletroquímico, como também a 

temperatura, quantidade e qualidade da saliva82 placa bacteriana12, 

pH40,67,74,78 proteínas32, propriedades físicas e químicas dos alimentos e 

bebidas, além de produtos de higiene oral13. 

Quando ocorre corrosão, as superfícies dos conjuntos 

implantes-componentes protéticos podem ficar mais rugosas, facilitando a 

instalação de micro-organismos. A partir da instalação e acúmulo de 

micro-organismos, uma reação inflamatória pode ser iniciada e, devido à 

resposta do hospedeiro, pode ocorrer o desenvolvimento de peri-

implantite, a qual, se não tratada, poderá causar destruição óssea ao 

redor do implante com consequente perda do mesmo53,59,69,72. Estudos 

mostram que a rugosidade das superfícies de biomateriais, utilizados na 

confecção de implantes, causada por corrosão, em diferentes meios 

agressivos, pode favorecer o acúmulo de micro-organismos9,16,53,69,72. 

Além disso, é importante salientar que as superfícies citadas 

também podem apresentar desgaste mecânico. Portanto, o estudo da 

tribocorrosão do Ti e de suas ligas é interessante, uma vez que unifica as 

propriedades mecânicas e químicas. Ou seja, a tribocorrosão é o efeito 

sinérgico causado pela ação combinada da corrosão com o mecanismo 

de desgaste mecânico24,36,64,78. 

Há diversos sistemas de tribocorrosão como pin-on-disc e 

ball-on-plate50, em que um material é deslizado sobre o outro, imersos em 

banho de eletrólito, causando desgaste e também remoção do filme 

passivo. Assim, o material base fica exposto à solução e mais sujeito à 

corrosão. Tanto o desgaste como o eletrólito influenciam no processo de 

corrosão, já que estão agindo concomitantemente. Entretanto, é válido 

explicar que, durante o procedimento, o material pode apresentar tanto a 
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depassivação como a repassivação, já que é um sistema de 

deslizamento36. 

Há a possibilidade de estudar a relação entre dois materiais 

ou o comportamento de um material utilizando um antagonista 

quimicamente inerte. Além disso, a amplitude do deslizamento pode ser 

modificada, assim como o eletrólito. A partir dos resultados obtidos, é 

possível caracterizar o material quanto à deformação, ao volume de 

desgaste e à capacidade de repassivação do filme protetor.  

Consequentemente, o estudo do processo de tribocorrosão 

dos materiais utilizados para a fabricação de conjuntos implantes-

componentes protéticos é de fundamental importância. O Ti e suas ligas, 

além de estarem sujeitos a ambiente químico agressivo, possuem, 

geralmente, baixa resistência ao desgaste29,41.  

Assim como nos estudos de corrosão, a maioria dos 

trabalhos sobre tribocorrosão de ligas de Ti tem enfoque nos implantes 

ortopédicos. Majumdar et al.43 (2008) avaliaram o desgaste mecânico da 

liga Ti13Nb13Zr com carga aplicada de 50N, com diferentes 

microestruturas (α, β e martensítica), a seco, em solução de Hank e em 

soro bovino. De uma maneira geral, a microestrutura não influenciou a 

taxa de desgaste a seco. E, independentemente da microestrutura, o 

dano à liga aumentou quando testadas em soluções fisiológicas, 

apresentando essencialmente desgaste por abrasão. 

More et al.52 (2011) verificaram o comportamento 

tribocorrosivo (com carga aplicada de 6,5N) da liga Ti13Nb13Zr em 

solução de Hank. Constatou-se que a liga teve tendência a repassivar 

durante o deslizamento e ao final do ensaio, quando o potencial foi 

restabelecido. Portanto, o comportamento eletroquímico e as 

propriedades da superfície da liga não foram afetados significativamente. 
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Ao comparar as ligas Ti13Nb13Zr e Ti6Al4V, Choubey et 

al.14 (2004) observaram grave desgaste em ambas as ligas após ensaio 

de tribocorrosão com carga aplicada de 10N em solução de Hank. 

Cvijović-Alagić et al.18 (2011) investigaram o comportamento mecânico e 

eletroquímico isoladamente, concluindo que a liga martensítica 

Ti13Nb13Zr apresentou menor resistência ao desgaste mecânico, com 

carga aplicada de 40N, porém, maior resistência à corrosão, em solução 

de Ringer, comparada à liga α+β Ti6Al4V. Entretanto, não há na literatura 

relatos sobre o comportamento tribocorrosivo das ligas TiNbZr em saliva 

artificial com baixas cargas. 

Apesar da estabilidade da camada superficial de óxidos e 

das boas propriedades mecânicas das ligas de Ti, o sucesso em longo 

prazo de implantes e estruturas protéticas depende da interação do metal 

com o ambiente oral23 devido às reações químicas e eletroquímicas51, às 

forças mecânicas resultantes da mastigação, à interação entre os 

componentes dos sistemas implante/osso e implante/prótese e ao 

desgaste31. 

Novas ligas de Ti com Nb e Zr adicionados têm sido 

investigadas para aplicação como biomaterial, porém ainda não existe um 

consenso quanto à porcentagem em massa desses metais bem como o 

processo de fabricação. Ao pesquisar novos materiais, sugere-se seguir 

etapas. A primeira etapa consiste em estudar as propriedades 

fundamentais físicas, químicas e mecânicas do material. A segunda etapa 

é dirigida ao estudo das propriedades relacionadas com a sua aplicação, 

como a resistência à corrosão e ao desgaste quando no desenvolvimento 

de materiais para confecção de conjuntos implantes-componentes 

protéticos. Seguindo esse objetivo, na terceira etapa, realizam-se testes 

biológicos, primeiramente in vitro e depois in vivo para avaliar, 

principalmente, processos de inflamação e capacidade de 

osseointegração. 
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A partir dos conceitos citados, tivemos a premissa de 

desenvolver duas novas ligas Ti35Nb5Zr e Ti35Nb10Zr para serem 

utilizadas na confecção de implantes e componentes protéticos dentários. 

Na elaboração das ligas de Ti, quanto às proporções dos elementos Nb e 

Zr, considerou-se a importância do baixo módulo de elasticidade para 

biomateriais utilizados como implantes cirúrgicos26,28,33,63,65,80,83. E, como 

citado anteriormente58, as ligas de Ti tipo β possuem tal propriedade. O 

Nb mostrou-se eficiente como β estabilizador a 35%1. Porém, o Nb 

também promove a precipitação de fase ω, a qual aumenta o módulo de 

elasticidade1,30. O Zr, além da função de solidificador de fase sólida, 

também inibe a formação da fase ω. Consequentemente, o Zr foi utilizado 

em duas concentrações, 5 e 10%, para verificar a sua atuação nas ligas. 

Em um primeiro momento, as ligas foram fundidas e 

caracterizadas quanto às suas propriedades mecânicas, físicas e 

químicas68. Os resultados mostraram composição química final muito 

semelhante à nominal. A liga Ti35Nb5Zr apresentou fases α e β em sua 

estrutura, e a liga Ti35Nb10Zr, apenas fase β. Apesar da diferença 

microestrutural, os resultados dos testes de dureza, tração e ciclagem 

mecânica sugeriram que as duas ligas eram promissoras para alcançar o 

objetivo proposto. 

Seguindo a proposta de etapas do estudo de um novo 

material, o objetivo dessa tese foi avaliar a resistência à corrosão das 

novas ligas Ti35Nb5Zr e Ti35Nb10Zr, utilizando as análises: potencial de 

circuito aberto com o tempo, espectroscopia de impedância eletroquímica 

e polarização potenciodinâmica, variando o tempo de 0,5h a 216h. E, 

também, avaliar a tribocorrosão das novas ligas aplicando diferentes 

cargas, 50mN a 1N. Nos diferentes testes, utilizou-se solução de saliva 

artificial, a 37°C, como eletrólito. A liga comercial Ti6Al4V foi estudada 

nas mesmas condições, com a finalidade de comparação.  
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Para complementar a interpretação dos resultados realizou-

se o teste de dureza Vickers e a espectroscopia de raios-X. 

O desenvolvimento da tese resultou dois trabalhos, relatados 

na forma de capítulos: 

Capítulo 1: Are new TiNbZr alloys potential substitutes for 

the Ti6Al4V alloy for dental applications? A corrosion view 

Capítulo 2: On the tribocorrosion of new Ti35Nb5Zr and 

Ti35Nb10Zr alloys for dental applications: passive film vs. bulk behaviour 
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Capítulo 1 

 

Are new TiNbZr alloys potential substitutes for the Ti6Al4V alloy for dental 

applications? A corrosion behaviour view 

 

Manuscrito submetido para publicação – Biomaterials, março 2012. 
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Title 

Are new TiNbZr alloys potential substitutes for the Ti6Al4V alloy for dental 

applications? A corrosion behaviour view 

Abstract 

The success of metallic dental implants is, in part, related to its mechanical 

resistance, corrosion behaviour and biocompatibility. The corrosion resistance 

of implant is strongly dependent on the properties of the oxide film formed on its 

metal surface. Metallic particles and ions resulting from the corrosion process 

can be harmful to the living organism and ultimately lead to implant failure. 

Objectives: The objective of this work was to assess the electrochemical 

behaviour of new Ti35Nb5Zr and Ti35Nb10Zr alloys in artificial saliva at 37°C to 

establish if they are indicated to be used as biomaterials in dentistry as 

alternative to Ti6Al4V alloys, considering the corrosion properties of the 

material. Methods: electrochemical impedance spectroscopy (EIS) experiments 

were carried for different periods of time (0-216h) in a three electrode cell, 

where the working electrode (Ti alloy) was exposed to artificial saliva at 37°C. A 

saturated calomel electrode and a platinum electrode were used as reference 

and counter electrode, respectively. Results: all alloys exhibited an increase of 

the corrosion potential with the immersion time, indicating the growth and 

stabilization of the passive film. Ti35Nb5Zr and Ti6Al4V alloys had their EIS 

results interpreted by a double-layer circuit while the Ti35Nb10Zr alloy was 

modeled by one-layer circuit. In general, Ti35Nb10Zr alloy had better 

electrochemical behaviour when compared with the Ti6Al4V alloy probably due 

to their oxide film structure and composition (TiO2, Nb2O5, ZrO2). Significance: 
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Nb and Zr enhanced corrosion resistance, which is interesting because 

indicates that the new Ti35Nb10Zr alloy may be used in the dental implants 

manufacturing. 

Key words: dental implants; titanium alloys; corrosion; artificial saliva. 
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1. Introduction 

Dental caries and periodontal diseases may lead to tooth loss, which can 

cause disorder in the quality of life, because it affects the health and 

appearance of the individuals [1]. Therefore, dental implants can be used to 

replace missing teeth. With the increasing in longevity of general population, 

implants should keep long-life functionality. 

Implants success relies on a large variety of parameters such as clinical 

procedure (treatment planning and installation procedure), biomaterial 

characteristics (mechanical properties, biocompatibility and electrochemical 

performance), manufacturing process, implant design and physiologic solutions 

[2,3]. If inadequate, implants can lead to lack of osseointegration. 

Osseointegration is the close apposition of the bone to the implant 

surface and is strongly dependent to the properties of the oxide film (passive 

film), which is naturally formed on the surface of metallic biomaterials [4]. In 

fact, the implant oxide film is in directly contact to the bone. In addition, the 

oxide film is also associated with the materials biocompatibility as it is 

responsible for its resistance to corrosion [5]. If the passive film is removed, the 

bulk metal of the implant may become unprotected. This can lead to the metal 

corrosion and then increasing the possibility of its degradation. 

Metallic biomaterials in contact with physiological solution undergo 

corrosion. Most of the studies on this topic is related to orthopedic implants but 

it seems that the dental implants undergo the same complexities. In general, the 

metallic particles resulting from the implant degradation process can cause local 

infection [6,7,8], affect cell metabolism [9,10,11] and be accumulated in organs 
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[12] leading to systemic diseases [13,14]. Therefore, they can be harmful to the 

living organism and can also lead to implant failure by lack of osseointegration 

[7,8]. Hence, it is important to verify the oxide layer formed on the implant 

surface as achieve its improvement.  

The material of choice for dental implant-abutment sets fabrication is 

titanium (Ti) and its alloys. The most common used alloy is Ti6Al4V. Even 

though some studies show that this is a biocompatible alloy [15], the toxicity of 

vanadium (V) and aluminum (Al) started to appear in the last years. Rao et al. 

[16] and Okazaki et al. [17] investigated cell growth of fibroblasts (L-929) and 

osteoblasts (MC3T3.E1) front of metallic powders of Ti, Al and V. They verified 

that on control and Ti containing media, the fibroblasts and osteoblasts growth 

rate were almost similar. However, the cells growth rate decreased when in 

contact to Al and V. Therefore, Al and V may compromise osseointegration. In 

addition, as it is found the presence of particulate debris on the tissues around 

failure implants as in distant organs, it is important to be aware of the potential 

toxicity of each alloying element.  The contribution of Al on the pathogenic 

process of neurological diseases as Alzheimer, when it is accumulated in brain, 

is established [13]. However, V and Ti toxicity is unclear. There are studied that 

relates V to Parkinsonian dementia [14] or to injuries on reproduction, gestation 

and lactation [18], and Ti to allergenic reaction [19]. 

Considering that Ti and Ti alloys have good mechanical and corrosion 

resistance [5], in last years, efforts are being made towards the development of 

new high resistant and biocompatible titanium alloys, such as TiNbZr [20,21]. In 

fact, niobium (Nb) is a β-stabilizer resulting on the improvement of the 
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mechanical characteristics of the alloy, together with the solid solution 

hardening effect of zirconium (Zr). TiNbZr alloys are known to be no toxic 

[15,22,23,24]. In fact, Wang et al. [23] reported a high cytocompatibility (L-929 

fibroblasts) and hemocompatibility for the Ti22Nb4Zr alloy, indicating that the 

addition of Nb and Zr to Ti do not lead to cytotoxicity in comparison to a 

negative control and commercially pure Ti (CP Ti). Additionally, Cremasco et al. 

[15] investigated the cytotoxicity and fibroblast cell adhesion on CP Ti and some 

Ti alloys, among them, Ti6Al4V and Ti25Nb15Zr. It was concluded that these 

cited alloys had in vitro cytocompatibility since they did not have toxic behaviour 

and had good cell adhesion, after 24h of cell cultivation. However, none is 

known about the toxicology of Nb and Zr ions and corrosion particles to human 

body. 

Most of the studies on electrochemical behaviour of Ti6Al4V is related to 

its application as orthopedic implants. Therefore, the corrosion resistance of this 

alloy is mainly documented in Hank´s [25-28] and Ringer´s [29] solutions 

(composed by inorganic ions equivalent to the ones found in the body) and in 

solutions with proteins addition [30,31]. Fewer studies were accomplished in 

artificial saliva [32-34]. In general, it was observed, independently of the 

solution, a remarkable corrosion resistance as a passive metal behaviour. 

Essentially, the protective oxide film formed on Ti6Al4V is composed of TiO2 [6]. 

Besides, the cited studies, realized with artificial saliva, investigated the solution 

change by pH variation [33] and addition of fluoride ions on acidic saliva [32,34]. 

Barao et al. [33] verified that in acidic saliva, less protective oxide film was 

formed on Ti6Al4V surface. Schiff et al. [32] and Huang [34] observed a 
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negatively influence of fluoridated–acidified solution on the alloy corrosion 

resistance due to damage of the passive film. 

Ti13Nb13Zr was investigated by Assis et al [35] by means of corrosion 

resistance in 0.9% NaCl solution, Hank´s solution and minimum essential 

medium (composed by inorganic salts, amino acids and vitamins). The alloy 

showed passive behaviour in all three electrolytes.  

When comparing the electrochemical behaviour of both cited alloys, 

Robin et al. [36] observed that Ti13Nb13Zr presented higher resistance to 

corrosion in Ringer´s solution. Choubey et al. [25] demonstrated that 

Ti13Nb13Zr had lower corrosion rates than Ti6Al4V in Hank´s solution. The 

same observation was found by Assis and Costa [27] when the alloys were 

immersed in Hank´s solution for 410 days.  

In a previous study [21], Ti35Nb5Zr and Ti35Nb10Zr alloys showed good 

mechanical resistance. As it is intended to use these alloys for the development 

of dental implant-abutment sets, it is important to study their corrosion 

behaviour in artificial saliva. 

Therefore, the objective of this investigation was to assess the 

electrochemical behaviour of new Ti35Nb5Zr and Ti35Nb10Zr at different 

periods of time, in artificial saliva at 37°C. The results were compared to the 

ones of commercial Ti6Al4V alloy. The null hypothesis of the study was that the 

new TiNbZr alloys could be substitutes for the Ti6Al4V for dental applications. 
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2. Materials and methods 

The electrochemical behaviour of new α+β Ti35Nb5Zr and β Ti35Nb10Zr 

alloys [21] were studied at different periods of time (from 0h to 216h) in an 

artificial saliva solution, similar to that described by Fusayama et al. [37] (Table 

1), 5.25 pH at 37°C. This temperature had been chosen because is the human 

body one. It is important to control it because the material electrochemical 

behaviour can be changed by temperature due to the growth of passive film on 

its surface [28]. α+β Ti6Al4V alloy was also studied for comparison purpose. 

 

Table 1 - Chemical composition of artificial saliva (g/l) 

NaCl KCl CaCl2.2H2O Na2S.9H2O NaH2PO4.2H2O Urea 

0.4 0.4 0.795 0.005 0.69 1 

 

 

The TiNbZr alloys were arc melted from pure metals, using a water-

cooled copper hearth under an argon atmosphere. The ingots were flipped and 

remelted 3-5 times to ensure chemical homogeneity. After that, the obtained 

ingots were heat treated at 1000°C for 8h and furnace cooled. Then, they were 

hot-forged in 10mm diameter bars and machined as discs (8mm diameter x 

8mm height). Thereafter, the samples were heat treated at 1000°C for 1h and 

air cooled in order to relieve stress generated during the machining. The 

Ti6Al4V alloy was machined as discs (25mm diameter x 4.5mm height) from 

acquired bar stock. 
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Afterward, all three alloys samples were mechanically polished with 

emery papers until #1200, ultrasonically cleaned with acetone, etched with 

Kroll´s reagent (1ml HF, 5ml HNO3, 44ml distilled water), ultrasonically cleaned 

with propanol and after with distilled water followed by hot drying. 

 

2.1.  Surface analysis 

The X-ray spectroscopy (XPS) analysis was carried out at a pressure of 

less than 10-6Pa using a commercial spectrometer (UNI-SPECS UHV) to verify 

the changes in surface chemical composition of the alloys studied. The Mg Kα 

line was used (hλ = 1253.6eV) and the analyzer pass energy was set to 10eV. 

The inelastic background of the Nb 3d, Zr 3d, V 2p, Al 2p, Ti 2p, O 1s, C 1s, Ca 

2p and P 2p electron core-level spectra was subtracted using Shirley’s method. 

The composition of the near surface region was determined with an accuracy of 

±10% from the ratio of the relative peak areas corrected by Scofield’s sensitivity 

factors of the corresponding elements. The spectra were fitted without placing 

constraints using multiple Voigt profiles. The width at half maximum (FWHM) 

varied between 1.1 and 2.1eV and the accuracy of the peak positions was 

±0.1eV. 

The analyses were accomplished 24h after the samples attack with 

Kroll´s reagent and after 216h of samples immersion in artificial saliva at 37°C. 

The samples were ultrasonically cleaned with propanol, hot water (60°C) and 

hot drying. 
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2.2.  Electrochemical analysis 

After 24h of the samples cleaning, the electrochemical impedance 

spectroscopy (EIS) experiments were carried out at open circuit potential (Ecorr) 

with frequencies ranging from 63kHz to 10mHz and Ac voltage of 10mV/ms, in 

different periods of time (0.5-216h). The EIS results were assessed using 

Gamry framework software. And the quality of fitting was evaluated by the 

Goodness of fitting values (<10-3). The results were statistically analyzed by 

variance analysis (ANOVA) and then Tukey´s test when comparing three alloys 

and Tukey´s test when comparing two alloys (α=0.05). The Ecorr values in 

function of time achieved during EIS analysis were also recorded to verify the 

passive film behaviour. 

After the last measurement at 216h, it was obtained the potentiodynamic 

polarization curves with a potential range from -0.9 to 2V with respect to E vs. 

SCE at a scan rate of 1mV/s. The results were statistically analyzed by Kruskal-

Wallis test and then Dunn's Multiple Comparison Test (α=0.05). 

The tests were performed in a three electrode cell, with an O´ring of 

0.636cm2 area where the work electrode (Ti alloys) was exposed. A saturated 

calomel electrode (SCE) and a platinum electrode were used as reference and 

counter electrodes, respectively. Therefore, all the potential values are referred 

to the SCE (Potentiostat: Reference 600, Gamry Instruments, Warminster, PA, 

USA). Several tests were made and at least three similar results were required 

to ensure reproducibility. 
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3. Results and discussion 

3.1. Surface analysis 

The XPS characterization showed the presence of TiO2, Al2O3 and VO2 

on the oxide film formed on Ti6Al4V and TiO2, Nb2O5 and ZrO2 on the oxide film 

formed on TiNbZr alloys as the major oxides, independently of the Ti alloys 

immersion in the artificial saliva as seen in Table 2. The same oxides was found 

on Ti alloys by Okazaki et al. [38,39] and Yu, Scully [40]. Moreover, CaO and 

PO4 were present on the passive film of Ti alloys that were immersed in artificial 

saliva. 

 

Table 2 - Percentage of oxides on Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr 

passive films, calculated from XPS results, without alloys immersion and after 

216h of alloys immersion in artificial saliva at 37°C. 

 without immersion after 216h of immersion 

 Ti6Al4V Ti35Nb5Zr Ti35Nb10Zr Ti6Al4V Ti35Nb5Zr Ti35Nb10Zr 

TiO2 86.53% 59.38% 39.80% 55.47% 43.12% 35.52% 

Al2O3 11.60% - - 10.17% - - 

VO2 1.87% - - 1.65% - - 

Nb2O5 - 36.64% 52.07% - 24.23% 30.50% 

ZrO2 - 3.98% 8.13% - 2.43% 3.75% 

CaO - - - 13.28% 10.37% 11.50% 

PO4 - - - 19.44% 19.85% 18.73% 
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3.2. General Corrosion Behaviour 

Figure 1 shows representative potentiodynamic polarization curves 

obtained for the three alloys. It is possible to observe quite similar curves 

shapes and that all three alloys can be characterized as passive metals, as 

seen on the curves behaviour. The average values of the corrosion potential 

(E(i=0)) and the passive current density (ipass) are shown on the figure label and 

no statistical difference was found among the three alloys (p>0.05). It is worthy 

to say that E represents the tendency to corrosion and i, the corrosion velocity. 

 

Figure 1 – Potentiodynamic polarization curves obtained for Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr in 

artificial saliva at 37°C, after 216h of open circuit potential. Potential ranged from -0.9 to 2V with scan rate 

of 1mV/s. The label shows the averages of ipass and E(i=0). No statistical difference was found among the 

three alloys considering E(i=0) and ipass results (p>0.05). 

 

Despite of the difficult to compare the results with published data since 
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procedures as oxide film rate formation [27], this result is in accordance to Assis 

and Costa [27] findings. They observed no difference between Ti6Al4V and 

Ti13Nb13Zr alloys by means of polarized curves after 410h of alloys immersion 

in Hank´s solution. However, Choubey et al. [25] and Robin et al. [36], when 

comparing these two alloys, observed a slightly better behaviour of Ti13Nb13Zr 

in Hank´s and Ringer´s solution, respectively. 

Moreover, Gordin et al. [41] described that β-type Ti12Mo5Ta had the 

same behaviour of Ti6Al4V after linear and cyclic potentiodynamic polarization 

curves (Ringer´s solution), concluding that the alloys behaviour was not 

influenced by the chemical composition. 

 

3.3. Effect of immersion time on the corrosion behaviour 

3.3.1. Open circuit potential 

The evolution of the open-circuit potential (Ecorr) as a function of time is 

shown in Figure 2. It represents the potential variation after the alloys had been 

immersed in artificial saliva. Seeing that the alloys were attacked with Kroll´s 

reagent to remove their oxide films at the same time, 24h before the 

experiment, the three alloys passive films had the same period of time to grown 

and then, the measured potentials allow to verify the behaviour of the passive 

films when the alloys were submerged on the solution as their behaviour in 

function of immersion time.  

As it can be observed in Fig. 2, the Ecorr of the three alloys increased 

during the first 24h and then maintained stable. This is due to the time that is 

necessary for the transformation of an air-formed oxide film on a metal surface 
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into an electrical layer when the metal is exposed to an electrolyte, in this study, 

artificial saliva at 37°C [42]. 

 

Figure 2 – Open circuit potential behaviour as a function of time of Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr 

alloys in artificial saliva at 37°C. 

 

The behaviour of an Ecorr increasing is positive because it indicates a 

tendency to form a passive film on the metal surface, when submerged on the 

electrolyte, which can protect the metal against corrosion [43]. 

 

3.3.2. Electrochemical impedance spectroscopy 

The EIS tests were performed at Ecorr and measured for different times, 

as referred above, in order to understand the evolution of the corrosion process 

of the material. The EIS results are presented through Bode diagram (Fig. 3).  
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Figure 3 - Bode diagrams of (a) Ti6Al4V, (b) Ti35Nb5Zr,  (c) Ti35Nb10Zr – the fitted results (line) were 

similar to the obtained ones (scatter).  
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Regardless of the alloy type, it is possible to note in the Bode diagrams 

the high values of |Z| and the tendency of the phase angles values to be close 

to 90°C in the course of time. These are characteristics of a highly capacitative 

behaviour suggesting that all three alloys are passive materials and that stable 

films are formed on them when in contact with the electrolyte [26,44]. 

Despite these similarities, the alloys EIS spectra were interpreted using 

different circuits, illustrated in Fig. 4. The experimental data of Ti6Al4V and 

Ti35Nb5Zr had been modelled using an equivalent circuit that consists of a 

compact layer and a porous layer (Fig. 4a). The Ti35Nb10Zr data had been 

interpreted using an equivalent circuit that consists of just one layer (Fig. 4b). 

 

Figure 4 – Equivalent circuits used for the EIS experimental data interpretation: (a) one-layer circuit and (b) 

two-layer circuit. 

The components of both circuits are: 

Rs - resistance of the solution 

Rcl - resistance of the compact layer 

Rpl - resistance of the porous layer 

Ccl - capacitance of the compact layer  

Cpl - capacitance of the porous layer  
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In simple terms, Rs represents the electrical resistance of the artificial 

saliva. Rcl and Rpl correspond to the ability of the compact layer and the porous 

layer of the alloys, respectively, to resist corrosion. In other words, it is the 

resistance of each layer to transfer ions to the electrolyte. Capacitance 

represents the amount of charge accumulated on the metal-electrolyte 

interface. However, constant phase elements (CPEcl, CPEpl) were used as an 

alternative to an ideal capacitance element due to electrodes heterogeneities. 

According to literature, similar equivalent circuits had been reported 

before, showing controversy. A similar two-layer circuit had been employed to 

interpreted EIS spectra of Ti-10Mo, Ti-10Mo-10Al, Ti-7Al-4.5V and Ti-5Al-2.5Fe 

in Ringer´s solution [45], Ti6Al4V in Ringer´s solution [46], Ti6Al7Nb in Hank´s 

solution [47], Ti6Al4V, Ti6Al7Nb and Ti13Nb13Zr in Hank´s solution [26], NiTi in 

Hank´s solution [30].  

Barao et al. (2011) [33] interpreted the EIS results of CP Ti and Ti6Al4V 

in artificial saliva in function of different pH using a circuit similar to the one-

layer. The same one-layer was used to fit Ti-Mo EIS results in Ringer´s solution 

[48] and Ti-Ta in artificial saliva [49]. On the other hand, Ibris et al. [50] had 

shown that CP Ti EIS spectrum suggested the presence of a duplex oxide film 

while the Ti7Al4.5V and Ti5Al2.5Fe spectrum indicated the existence of one 

layer oxide film, both in Hank´s solution and artificial saliva. 

The corrosion resistance of metals can be different depending on the 

solution used [35]. However, there is evidence that the electrochemical 

behaviour of titanium alloys is similar in artificial saliva without fluoride ions and 

Hank´s solution [50]. 
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Figure 5 shows the corrosion resistances values in function of time for 

the three alloys. On Fig. 5a it is possible to verify that the Rcl values of 

Ti35Nb10Zr remained statistical superior to the other alloys (p<0.05) during the 

whole experiment, except at the periods of 48h, 144h and 216h that no 

statistical difference was found. It reached the maximum value at 48h and 72h, 

in the order of 3.0x106Ω.cm2 and then had the tendency to stabilize at the final 

periods, in the order of 2.5x106Ω.cm2. The other two alloys that were modelled 

with a one-layer circuit had their values of Rcl similar (p>0.05) and with the 

tendency of passive film enhancement, reaching values around 2.0x106Ω.cm2. 

It indicates the reducing of the ion rate release and the growth of oxide layer 

[35]. 

 

0.5 4 8 24 48 72 144 216

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

7x10
6

8x10
6

A*,B*

A*,B*

A*,B*

A*,B*
A*,B*

(a) R
cl
 Ti6Al4V

 R
cl
 Ti35Nb5Zr

 R
cl
 Ti35Nb10Zr

 

 

R
 (

.c
m

2 )

immersion time (h)



42 
 

 

 

Figure 5 –Averages and standard deviations of (a) Rcl, (b) Rpl and (c) Rt (Rpl + Rcl) and Rcl in function of 

time for Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr. Statistical difference between Ti alloys in each period of time 

was calculated by ANOVA and Tukey´s test (*p<0.05). (a) - letter A shows statistical difference of 

Ti35Nb5Zr vs. Ti35Nb10Zr and letter B shows statistical difference of Ti6Al4V vs. Ti35Nb10Zr, no 

statistical difference was found between Ti6Al4V vs. Ti35Nb5Zr (p>0.05). (b) and (c) - no statistical 

difference was found among the three alloys. 
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The Rpl values (Fig. 5b) were also alike for Ti6Al4V and Ti35Nb5Zr 

(p>0.05) and with the tendency of increase on the last periods. This behaviour 

can be related to the oxides CaO and PO4 found on passive film, by XPS 

analysis (Table 2), after Ti alloys immersion in artificial saliva, in accordance to 

Assis et al. [35]. They suggested that there are microscopic porous on the 

porous layer formed on Ti alloys surface, which may incorporate electrolyte 

components and may lead to resistance increase.  

At the meanwhile, Rcl values were not statistical difference than the Rpl 

values in all considered periods for Ti35Nb5Zr (p>0.05) while for Ti6Al4V, Rcl 

values were statistical higher than Rpl values at the periods 24h, 48h and 72h, 

showing that the resistances of the oxide films are not just attributed to the 

compact layer as reported before [27,29].  It is important to note that is ascribed 

to the porous layer the capacity of the alloys to osseointegrate [47]. 

In order to compare the total resistance (Rt) of the double-layer alloys 

with Rcl of Ti35Nb10Zr, the sum of their Rcl and Rpl was accomplished [51], that 

are represented on Fig. 5c. No statistical difference was found among the three 

alloys (p>0.05). The two-layer alloys Rt had the tendency to increase, reaching 

values around 3.0x106Ω.cm2 similar to that of Rcl one-layer alloy stabilization 

value. This result suggested that the porous layers had a positive effect on 

Ti6Al4V and Ti35Nb5Zr passive layers resistance since the behaviour among 

the three alloys diverges to that verified on Fig. 5a.  In other words, the Rcl of 

Ti35Nb10Zr was superior to Rcl of Ti35Nb5Zr and Ti6Al4V on almost all periods 

of time (Fig. 5a). However, there is no difference between Rcl of Ti35Nb10Zr 

and Rt of Ti35Nb5Zr and Ti6Al4V during the whole experiment (Fig. 5c). 
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Therefore, the combination action of Rcl and Rpl protects the two-layer alloys just 

as the Rcl protects the one-layer alloy. 

Apparently, no resistance difference was found among the three alloys. 

However, it can be noted on Fig. 5 that the TiNbZr alloys results had large 

errors bars. Probably, the reason for that is the lack of homogeneity of the 

melted alloys. If the chemical composition is not homogeneous, it is expected a 

heterogeneous passive film. 

Figure 6 shows the CPE results in function of immersion time. On Fig. 6a 

it is noted statistical difference of CPEcl between the two-layer alloys for almost 

all periods of time, except at 0,5h and 24h. It shows that CPEcl of Ti6Al4V was 

greater than Ti35Nb5Zr, showing that more amount of charge was accumulated 

on the Ti6Al4V-artificial saliva interface. Moreover, statistical difference was 

also found between CPEcl of TiNbZr alloys, whereas Ti35Nb5Zr has better 

performance than Ti35Nb10Zr since its values were smaller, except at the last 

period, when no difference was found. 
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Figure 6 – Averages and standard deviations of (a) CPEcl, (b) CPEpl and (c) CPEt (CPEpl + CPEcl) and 

CPEcl in function of time for Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr. Statistical difference between Ti alloys in 

each period of time was calculated by ANOVA and Tukey´s test (*p<0.05, **p<0.01, ***p<0.001). (a) and 

(c) - letter A shows statistical difference of Ti35Nb5Zr vs. Ti35Nb10Zr, letter B shows statistical difference 

of Ti6Al4V vs. Ti35Nb10Zr and letter C shows statistical difference of Ti6Al4V vs. Ti35Nb5Zr. (a) - no 

statistical difference was found between Ti6Al4V vs. Ti35Nb10Zr alloys (p>0.05). (b) - no statistical 

difference was found among the three alloys. (c) - no statistical difference was found between Ti35Nb5Zr 

vs. Ti35Nb10Zr (p>0.05). 
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On Fig. 6b it is shown that the CPEpl of both two layers alloys had the 

tendency to decrease and that there is no statistical difference between these 

alloys (p>0.05). 

Using the same principle of Rt, the total CPE was calculated (CPEt) by 

means of the sum of CPEcl and CPEpl. It was verified that the CPEcl and CPEt 

values had decreased in course of time and that TiNbZr alloys had alike 

behaviour (p>0.05). This is interesting because indicates the long-term stability 

of the alloys passive film [35] and also confirms the improvement of the alloys 

behaviour in the course of time. The CPEcl values of Ti35Nb10Zr were the 

smallest ones, showing statistical difference when comparing to Ti6Al4V at all 

periods, reaching 1.50x10-5F/cm2 (Fig. 6c). Between the two-layer alloys, only at 

the first and last periods statistical difference was found, showing the negative 

influence of the porous layer that increased the total capacitance of Ti35Nb5Zr 

alloy. 

Based on CPE data, the Ti35Nb10Zr alloy had better performance than 

Ti6Al4V and similar behaviour than Ti35Nb5Zr. These results can be related to 

oxides Nb2O5 and ZrO2 formed on TiNbZr alloys in accordance to the literature 

as Nb and Zr oxides improve the passive film structure of Ti alloys 

[25,40,52,53]. 

The passive film behaviour of a metal can be related to its chemical 

composition [6,53,54]. It is known that the principal oxide formed on CP Ti is 

TiO2, which has a recognized stability [5]. However, alloying elements can 

change its behaviour. For instance, V oxides can be formed on the passive film 

of Ti6Al4V [6]. Therefore, it can be prejudicial to the protective function of the 
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oxide film since Ti oxides are more resistant than V oxides [55,56]. For 

instance, V oxides can react with chloride ions present on aqueous solution 

promoting passive film dissolution of Ti6Al4V alloy [57]. 

Yu et al. [58] described that alloying additions of Nb and Zr to Ti lower its 

passive film dissolution in reducing acids. Besides, between Nb oxide and Ti 

oxide, the last is more susceptible to dissolution. Moreover, the alloying addition 

of Nb to Ti alloys leads to an eradication of anion vacancies caused by Ti 

suboxides. That is, Nb5+ increase the number of oxygen ions, which nullify the 

anion vacancies making the film more homogeneous [56,59,60].  

In addition, Al and Zr when added to Ti have the tendency to diffuse from 

the bulk material to form oxides on its surfaces [61] that contributes to a very 

protective passive film structure lowering the corrosion rate [62]. 

According to these characteristics, the amount of VO2 or Nb2O5 oxides 

on the composition of studied Ti alloys (Table 2) was not sufficient to make the 

Ti6Al4V resistance behaviour worse than TiNbZr alloys as they had similar 

behaviour. Probably, the amount of Al on Ti6Al4V compensated the prejudicial 

effect that V could have. 

Moreover, the better capacitance behaviour of Ti35Nb10Zr than Ti6Al4V 

may be attributed to the more amount of Zr on its chemical composition as the 

more concentration of Nb2O5 on its passive film. Another factor is the more 

compact passive film being more homogeneous contributes to less dissolution 

of the oxide film. 
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Therefore, despite all three alloys presented good corrosion resistance, 

Ti35Nb10Zr presented slightly better electrochemical behaviour than Ti6Al4V 

[27].  

Although these TiNbZr are new alloys, the results can be compared to 

the literature by means of microstructure. The microstructures of the new alloys 

Ti35Nb5Zr and Ti35Nb10Zr are composed of α+β phases and β phase, 

respectively [21]. Therefore, the results of this study are in accordance to the 

literature since it was described that near-β Ti13Nb13Zr alloy had slightly better 

corrosion behaviour on EIS experiments than α+β Ti6Al4V in Hanks´s solution  

[27]. 

 

3.4. Clinical relevance 

It is worthy to mention that Ti and Ti alloys always corrode in physiologic 

media and that corrosion of metallic implants can adversely affect its 

biocompatibility and mechanical resistance. Metallic particles and ions released 

from implants can be harmful to the human body [13,14,16,18,19,39,63-66], 

affect osseointegration [16,17] and corrosion can cause devices failure [8,9]. 

Azevedo [67] verified that the failure of an oral maxillo-facial titanium plate, 

which occurred during use, was caused by a corrosion-fatigue mechanism. 

Hence, as the presence of Nb and Zr enhances the oxide layer, it is expected 

that a small amount of ions will be released from Ti35Nb10Zr alloy. 

Many factors can influence on materials corrosion in oral environment as 

temperature, quantity and quality of saliva [68], biofilm [69], pH [43,70], proteins 

[31], fluoride content in oral hygiene products [71] and also, food and liquids 
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composition (physical and chemical properties) [8]. There are some evidences 

that β titanium alloys have similar or better behaviour than Ti6Al4V and CP Ti in 

contact to fluoride solution [72] and in contact to protein [31]. 

 Considering all presented analysis, in general, the Ti35Nb10Zr alloy had 

a better behaviour than the Ti6Al4V alloy. Therefore, it is expected that the new 

Ti35Nb10Zr alloy will have the potential to be used in the dental field, in 

particular, in the manufacturing of dental implant-abutment sets as substitutes 

for the Ti6Al4V. 
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4. Conclusions 

 The electrochemical behaviours of Ti35Nb5Zr, Ti35Nb10Zr and Ti6Al4V 

alloys were investigated in artificial saliva at 37°C. It can be concluded that: 

- All three alloys exhibited potentials increased with time, i.e., passive film 

spontaneous formation that protects the alloys against corrosion. 

- Ti35Nb5Zr and Ti6Al4V were described as two-layer passive film alloys 

and Ti35Nb10Zr as one-layer. 

- Both three alloys had the same resistance behaviour and Ti35Nb10Zr 

had better capacitance behaviour than Ti6Al4V. 

- When comparing the three materials, Ti35Nb10Zr alloy had higher 

corrosion resistance probably due to the Zr and Nb oxides formed on its 

surface together with its compact passive film. 

- It is suggested that Ti35Nb10Zr alloy can be suitable alternative for 

dental implant application. 
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On the tribocorrosion of new Ti35Nb5Zr and Ti35Nb10Zr alloys for dental 

applications: passive film vs. bulk behaviour 

 

Abstract  

Dental implants are under mechanical stresses and in contact with an 

aggressive environment. In such conditions, micro-movements occur between 

the implant and the adjacent bone leading to tribocorrosion degradation. Thus, 

the assessment of the degradation synergy resulting from combined action of 

corrosion and wear becomes important. The objective of this work was to 

investigate the tribocorrosion behavior of new Ti35Nb5Zr and Ti35Nb10Zr 

alloys, in comparison with the commercial available Ti6Al4V alloy. Tests were 

performed at different applied loads (50mN-1N) during 1200s in the 

reciprocating sliding configuration, in contact with an artificial saliva solution at 

37°C. Experiments were carried out either in open-circuit potential or 

potentiostatic control mode. An alumina sphere was used as counterbody. 

Ti35Nb5Zr and Ti35Nb10Zr alloys presented better electrochemical behavior at 

low loads, probably due to their passive film properties. Ti6Al4V exhibited better 

performance during sliding at loads superior to 0.08N, when the bulk material 

was exposed for all three alloys. Therefore, bulk Ti6Al4V is more resistance to 

tribocorrosion. 

Key words: dental implants, titanium alloys, tribocorrosion, artificial saliva 
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1. Introduction 

 There is a great concern in the medical field regarding the development 

of improved synthetic materials for the substitution, augmentation or 

regeneration of biological tissues. Regarding dental and maxillofacial 

applications, metallic, ceramic, polymeric materials and composites are used for 

a great number of medical rehabilitation processes. 

Concerning metallic dental implants, the most used nowadays, their long-

time success depends, among other characteristics, on the interaction between 

the material and the oral environment [1]. Those interactions always involve 

electrochemical reactions [2], mechanical stresses resulting from chewing, 

interfacial phenomena between implant-bone and/or implant-prosthesis and 

mechanical wear [3]. 

The evaluation of the combined action of mechanical wear and corrosion 

becomes important, since both wear and corrosion products might compromise 

the osseointegration process and result in adverse tissue reactions. For 

instance, metallic ions released can affect cell metabolism of fibroblast and 

odontoblasts [4,5] or can be systemically harmful if in contact with the 

bloodstream resulting in their accumulation in different organs [6]. Wear debris 

can induce local allergy in the oral tissue leading to edema and gingivitis [7,8]. 

Therefore, they can lead to implant failure. 

Tribocorrosion is a degradation process that occurs simultaneously by 

mechanical and electrochemical mechanisms in the contact area between 

materials that slides together, when submerged in an aggressive medium 

[9,10]. Thus, tribocorrosion test appears as very important tool for the research 

of dental materials as it help in assessing the synergic effect caused by the 
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combined action of corrosion and wear, commonly present in dental implants 

and prosthesis [9-12].  Actually, the two phenomena can affect each other as 

wear can remove the metal passive film accelerating corrosion and corrosion 

can generate products, which can be able to influence the wear process [13,14]. 

Titanium (Ti) and the Ti6Al4V alloy are used for dental implant fabrication 

due to its good properties such as low density, high mechanical resistance and 

corrosion resistance which results from the existence of a surface protective 

oxide layer, i.e. a passive film (mainly TiO2) [15-17]. 

However, Ti and Ti alloys always suffer corrosion in the physiological 

environment. An investigation of osseointegration failed Ti dental implants by 

Arys et al. [18] showed that the composition and thickness of all implants oxide 

film were affected and Ti ions could be found on the tissue surrounding a failed 

implant. Additionally, Olmedo et al. [7] analyzed corroded implants retrieved 

from rats’ tibiae and they observed scarce contact with bone, only in the areas 

with no surface damage. Furthermore, wear products when in contact to the 

tissues surrounding the implants can cause bone loss as found by Long e Rack 

[19] on a review of orthopedic alloys.  

  Regarding Ti6Al4V, its application as biomaterial is being discussed in 

the literature, because of the recognized toxicity of vanadium (V) and aluminium 

(Al) ions (released by corrosion) as they negatively affect fibroblasts and 

odontoblasts growth [17,20]. In fact, Al and V, when present in the brain are 

associated to the pathogenic of Alzheimer´s disease and Parkinsonian 

dementia, neurophysiologic processes, respectively [21,22].  

Therefore, efforts are being made towards the development of new Ti-

based alloys with improved mechanical properties and biocompatibility through 
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the selection of alloying elements biologically less harmful as niobium (Nb) and 

zirconium (Zr). Niobium is a β phase-stabilizer resulting in improved mechanical 

properties, while Zr is a solid solution hardener. In addition, both elements are 

known to be non toxic [23-28]. 

Most of the studies on the tribocorrosion of biomaterials focus on the 

orthopedic function. Barril et al. [14,29] investigated the fretting-corrosion 

behaviour of Ti6Al4V in NaCl 0.9wt.%, using the ball-on-plate system against 

alumina ball. They observed that increase load and wear particles released 

from the contact area, which can oxidize, affected the electrochemical 

behaviour. Also, Martin et al. [30] investigated the influence of the 

microstructure on the tribocorrosion behaviour Ti6Al4V in contact with NaCl 1% 

solutions. They observed that the better corrosion behaviour was associated to 

α+β alloy and that the higher hardness of martensitic contributed to less amount 

of debris. However, martensitic alloy had the most suitable microstructure when 

considering the synergic process. Concerning the effect of fluorides on the 

tribocorrosion behavior of Ti6Al4V, Sivakumar et al. [31] concluded that the 

addition of fluoride ions to artificial saliva influenced the repassivation of the 

alloy. 

Wear behaviour of Ti13Nb13Zr alloys with different microstructures were 

evaluated under dry condition, Hank´s solution and bovine serum. In general, 

the microstructure didn’t influence the wear rate in dry condition. Moreover, the 

damage was increased for all alloys in the simulated body fluids, showing 

mainly abrasive wear [32]. In addition, More et al. [33] studied the tribocorrosion 

behaviour of Ti13Nb13Zr (6.5N applied load) against polyethylene in Hank´s 

balanced salt solution. Polyethylene was transferred to the alloy, which had the 
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tendency to repassivate during sliding and at the end the potential was 

recovered, suggesting that the electrochemical and surfaces properties of the 

alloy were not significantly affected.  

When comparing Ti6Al4V with the Ti13Nb13Zr alloy, Choubey et al. [34] 

described severe wear for both alloy under ball-on-plate tribocorrosion system 

at 10N applied load, in Hank´s solution. Indeed, Cvijović-Alagić et al. [35] 

investigated the mechanical and electrochemical behaviour independently. 

They concluded that martensitic Ti23Nb13Zr had lower wear resistance (40N 

applied load) but higher corrosion resistance (Ringer´s solution) than α+β 

Ti6Al4V. Probably, this behaviour was observed because the oxides Nb2O5 and 

ZrO2 formed on TiNbZr are more corrosion resistant than the oxides Al2O3 and 

VO2 formed on Ti6Al4V surfaces [36-41] while the bulk metal has lower 

mechanical strength. 

Nevertheless, no tribocorrosion study was found of Ti alloys from the 

TiNbZr system specifically to be used as dental material, considering effect of 

saliva.  Also, no distinguish was made between the mechanical strength of the 

passive film and bulk metal of these alloys. All studies investigated the bulk 

metal since they were accomplished under loads that damaged the passive film. 

In order to investigate the potential of new Ti alloys as biomaterial in 

dentistry, the purpose of this study was to evaluate the tribocorrosion behavior 

of the experimental alloys Ti35Nb5Zr and Ti35Nb10Zr at different applied loads 

(50mN-1N), in open circuit potential and at an anodic applied potential, in 

artificial saliva at 37°C. And, also, distinguish the contribution of passive film 

and bulk material to tribocorrosion. The results were compared with that 

observed in commercial Ti6Al4V alloy, tested in the same conditions. 
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2. Materials and methods 

2.1. Alloys development and characterization 

In this work, one commercial and two experimental alloys were 

evaluated. The Ti35Nb5Zr and Ti35Nb10Zr (wt%.) alloys were arc melted from 

pure metals, using a water-cooled copper hearth under an argon atmosphere as 

described before [42]. The obtained ingots were hot-forged in 10mm diameter 

bars and machined as discs (8mm diameter x 8mm height). Thereafter, the 

samples were heat treated at 1000°C for 1h and air cooled in order to relieve 

stress generated during the machining. The samples were cut vertically to be 

adapted to the tribocorrosion test. The α+β Ti6Al4V alloy was machined as 

discs (25mm x 4.5mm) from acquired bar stock. As verified before [42], 

Ti35Nb5Zr has α+β microstructure while Ti35Nb10Zr has β microstructure. 

Afterwards, the samples were prepared for each analysis. The samples 

were mechanically polished with emery paper until #1200 and ultrasonically 

cleaned with propanol and distilled water and dried for Vickers´s hardness test. 

For tribocorrosion tests and XPS analysis, they were mechanically polished with 

emery paper until #1200, ultrasonically cleaned with acetone, etched with 

Kroll´s reagent (1ml HF, 5ml HNO3, 44ml distilled water), ultrasonically cleaned 

with hot distilled water (60°C) and dried using warm air, one day before the 

experiments in order to allow the formation of an oxide surface layer. 

The Vickers´s hardness test was carried out at 500gf for 15s, in 12 

regions of each alloy (Micrometet 2003, Buehler). The results were analyzed by 

variance analysis (ANOVA) and then Tukey´s test (α=0.05). 
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The surface analysis was performed by X-ray spectroscopy (XPS) that 

was carried out at a pressure of less than 10-6Pa using a commercial 

spectrometer (UNI-SPECS UHV) to verify the changes in surface chemical 

composition of the alloys studied. The Mg Kα line was used (h = 1253.6eV) 

and the analyzer pass energy was set to 10eV. The inelastic background of the 

Nb 3d, Zr 3d, V 2p, Al 2p, Ti 2p, O 1s, C 1s, Ca 2p and P 2p electron core-level 

spectra was subtracted using Shirley’s method. The composition of the near 

surface region was determined with an accuracy of ±10% from the ratio of the 

relative peak areas corrected by Scofield’s sensitivity factors of the 

corresponding elements. The spectra were fitted without placing constraints 

using multiple Voigt profiles. The width at half maximum (FWHM) varied 

between 1.1 and 2.1eV and the accuracy of the peak positions was ±0.1eV. 

 

2.2. Tribocorrosion 

Tribocorrosion tests were carried out in a CETR tribometer (UMT-2, 

CETR, Campbell, California, USA) with the ball-on-plate configuration. It was 

used alumina balls (chemical inertness) of 10mm diameter against the three 

different titanium alloys in a reciprocating path (fresh alumina ball surface for 

each test). The experiments were performed with electrochemical 

measurements at open circuit potential (Ecorr) and at an applied anodic potential 

(Potentiostat: Reference 600, Gamry Instruments, Warminster, PA, USA). A 

saturated calomel electrode (SCE) was used as the reference electrode, a 

platinum (Pt) electrode as counter electrode and the Ti alloys as working 

electrode. The samples were masked with beeswax so that the exposed area 

was 0.64cm2. The electrolyte used was artificial saliva, similar to that described 
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by Fusayama et al. [43] (Table 1), 5.25 pH at 37°C. Before the tests, it was 

realized experiments with the alloys to know how much time they need to 

stabilize and it was established 1200s. Besides, during the experiments, the 

frictional coefficient was monitored in function of time. 

 

Table 1 - Chemical composition of the artificial saliva solution (g/l) 

NaCl KCl CaCl2.2H2O Na2S.9H2O NaH2PO4.2H2O Urea 

0.4 0.4 0.795 0.005 0.69 1 

 

 

For the tribocorrosion tests at Ecorr, it was applied different loads between 

0.05 and 1N, with stroke length of 5mm at a frequency of 1Hz, during 1200s of 

reciprocating sliding. The direction of the sliding was perpendicular to the 

grinding grooves. The potential stabilization time was 1200s before and 1200s 

after the sliding.  

For the tribocorrosion tests at anodic applied potential, the potential 

chosen was 500mV vs. SCE based on the polarization potentiodynamic curves 

(Fig. 1) to represent a passive potential of the alloys in the saliva solution. The 

tests parameters were similar to the previous experiment, except it was applied 

the loads 0.08N and 0.1N. The current stabilization time with applied potential 

was 500s before and 500s after the sliding. The amount of electric charge 

generated during these tests with potentiostatic control was calculated by 

integration of the curves (current x time) and the results were analyzed by 

variance analysis (ANOVA) and then Tukey´s test (α=0.05). 
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Figure 1 - Polarization potentiodynamic curves of Ti6Al4V, Ti35Nb5Zr and 

Ti35Nb10Zr alloys after 2h of open circuit potential, in artificial saliva solution at 

37°C. Potential range from -0.9 to 2V, scan rate of 1mV/s. 

 

The tests were made in triplicate to ensure reproducibility. Afterwards, 

the morphological analyses of the alloys wear tracks were realized in an Ultra-

high resolution Field Emission Gun Scanning Electron Microscopy (FEG-SEM), 

NOVA 200 Nano SEM, FEI Company. And their chemical analyses were 

performed with the Energy Dispersive Spectroscopy (EDS) technique, using an 

Si(Li) detector, EDAX company. The alumina balls were analyzed by Scanning 

Electron Microscopy (SEM), Jeol-JSM. 
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3. Results and Discussion 

 3.1. Tribocorrosion at open-circuit potential conditions 

 Figure 2 shows the tribocorrosion results obtained for the three alloys in 

open-circuit conditions, as a function of the applied loads 0.05N (Fig. 2a), 0.08N 

(Fig. 2b) and 1N (Fig. 2c). On the obtained curves (Ecorr x time) it is possible to 

verify the electrochemical behaviour of the alloys. The potential (Ecorr) observed 

before the test starting represents the tendency to corrosion of the Ti alloys, in 

artificial saliva at 37°C. At that time, Ti alloys are in their passive state as 

passive film is formed on their surface. However, when the test starts, the 

alumina ball slides against the Ti alloys and can damage their passive film, 

concerning the applied force. When the passive film suffers damage, the Ti 

alloys became unprotected, therefore, the Ecorr decreases. During the sliding, 

the alloys can suffer partial/total depassivation or repassivation and these 

behaviours can be interpreted by the changing of Ecorr. 
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Figure 2 - Potential (E) variation during tribocorrosion tests performed at open 

circuit potential in artificial saliva at 37°C with 5mm stroke, 1Hz, at different 

applied loads (a) 0.05N, (b) 0.08N and (c) 1N. Sliding starts at 300s.  

0 500 1000 1500 2000 2500 3000 3500

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

sliding
endstart

a

0.05N

 

E co
rr
 (V

 v
s.

 S
C

E)

 

 

Ti35Nb5Zr
Ti35Nb10Zr

Ti6Al4V

Time (s)

0 500 1000 1500 2000 2500 3000 3500

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

sliding
endstart

b

0.08N

 

E co
rr
 (V

 v
s.

 S
C

E)

 

 

Ti35Nb5Zr

Ti35Nb10Zr

Ti6Al4V

Time (s)

0 500 1000 1500 2000 2500 3000 3500

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

sliding
endstart

c

1N

 

E co
rr
 (V

 v
s.

 S
C

E)

 

 

Ti35Nb5Zr

Ti6Al4V

Ti35Nb10Zr

Time (s)



73 
 

 

On Fig. 2a it is noted that the Ecorr of Ti6Al4V had a drop when sliding 

started of about 300mV. Nevertheless, during sliding a slight continuous 

increase in electrochemical potential can be observed with some intermittent 

drops. At the end of the test, a rapid repassivation occurred. However, no 

significant variation of potential could be observed for the Ti35Nb5Zr and 

Ti35Nb10Zr.  

When the applied load increase to 0.08N, the alloys behaviour changed 

as can be seen on Fig. 2b. It is observed the Ti6Al4V Ecorr rapid decrease, 

approximately 300mV, as the test started and small fluctuation of the potential 

during sliding. Rapid repassivation occurred with the test ending. At this point, 

both TiNbZr alloys presented two distinct behaviours as can be seen from the 

curves on Fig. 2b. When the test started, the Ti35Nb5Zr Ecorr either had a 

decrease of approximately 350mV, having the same behaviour of Ti6Al4V, or 

the potential decreased only 150mV. At the end, the film rapidly repassivated. 

The same happened for Ti35Nb10Zr, but with low changing of Ecorr, which 

decreased approximately 300mV or 100mV, in which case the potential had the 

tendency to repassivate during the sliding. 

As the applied load increase to 1N, all three alloys had similar behaviour, 

i.e., as soon as the sliding started, the Ecorr had a drop around 400mV, 

maintaining this value with small fluctuation during the test. At the end, the 

passive films were completely recovered. 

The fluctuation of Ecorr during the tribocorrosion tests is due to the 

depassivation and repassivation of the passive film [31]. It is explained by the 

fact that the test is a reciprocating sliding and, when the alumina ball touches 
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the material it removes the passive film and a depassivation happens and until 

the ball comes back, there is time for the material to repassivate. 

  For all alloys, the final Ecorr, measured after the repassivation, were 

similar or even higher than the initial ones, before the test starts. And they were 

recovered as soon as the sliding was ceased, independently of the applied load. 

Hence, the newly passive films formed after sliding had characteristics relatively 

similar to the original ones [12]. Probably, the reason for some final Ecorr being 

greater than initial ones is that the passive oxide films can grow during the test 

[10] in the areas not submitted to sliding [33]. It is worthy to say that the 

potential measured during sliding is related to the galvanic coupling of the two 

distinct areas of the alloys, the passive film of the unworn areas and the bare 

metal of the worn area, which suffers depassivation and repassivation during 

the test and can be exposed to the artificial saliva [10]. 

Observing the different behaviours of each alloy at the different applied 

loads, it is possible to verify that Ti6Al4V had a partially depassivation at 0.05N 

and 0.08N and a totally depassivation at 1N. At 0.05N, repassivation occurred 

during the test. However, TiNbZr alloys showed different behaviours. At 0.05N, 

the passive films had no damage while at 1N, they were completely removed. 

Moreover, at 0.08N it was observed a transitional area of the electrochemical 

behaviour, probably because the passive film starts to break at this load. 

Therefore, at low loads the Ti alloys behaviour can be explained by their 

passive film characteristics. Table 2 shows the composition of the passive film 

for all alloys by means of percentage calculated from the XPS results. As can 

be seen, the passive film was mainly formed of TiO2 on Ti6Al4V surfaces and of 

TiO2 and Nb2O5 on TiNbZr surfaces. As on the tribocorrosion test the corrosion 
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and mechanical wear act simultaneously, it is important to clarify the behaviour 

of the oxides under both conditions. 

 

Table 2 - Percentage of oxides on Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr 

passive film, calculated from XPS results 

 Ti6Al4V Ti35Nb5Zr Ti35Nb10Zr 

TiO2 86.53% 59.38% 39.80% 

Al2O3 11.60% - - 

VO2 1.87% - - 

Nb2O5 - 36.64% 52.07% 

ZrO2 - 3.98% 8.13% 

 

 

The principal oxide formed on Ti is the TiO2, which has a recognized 

resistance to corrosion in artificial saliva [15]. However, on Ti alloys, the alloying 

elements can have a decisive role on the passive film behaviour. For instance, 

on Ti6Al4V alloy, V oxides were formed but they have less resistance than Ti 

oxides [36,37]. In addition, V oxides can react with chloride ions present on the 

artificial saliva promoting dissolution of the passive film [38]. On the other hand, 

on TiNbZr, Nb oxides is formed and they have less susceptible to dissolution 

than Ti oxides [39]. Therefore, the artificial saliva could be more deleterious to 

Ti6Al4V than to TiNbZr alloys passive films. 

Moreover, the Ti alloy passive film composed of Nb oxides is more 

homogeneous because the Nb5+ increases the amount of oxygen ions, which 

nullify the anion vacancies present on Ti oxide film [37,40,41]. In addition, the 
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Nb2O5 is harder than TiO2 [44]. Hence, it can contribute to the passive film 

mechanical strength. 

These cited properties can explain the better behaviour of TiNbZr alloys 

than Ti6Al4V. Consequently, the passive films formed on the new alloys are 

more corrosion and mechanical resistance. 

On the other hand, at 1N applied load the passive film was totally 

removed and all alloys showed similar electrochemical behaviour. 

Figure 3 shows the micrographs of the wear tracks after sliding at 1N 

applied load. The FEG-SEM images of major resolution (Fig. 3a,b,c) show the 

general aspect of the wear tracks. It is possible to note the similarity among the 

wear tracks, showing surface scratches that indicate wear by abrasion [33,35].  
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Figure 3 - FEG-SEM images of the alloys Ti6Al4V (left side), Ti35Nb5Zr 

(middle) and Ti35Nb10Zr (right side) found after tribocorrosion tests performed 

at OCP in artificial saliva at 37°C with 5mm stroke, 1Hz, at 1N during 1200s. 

The first micrographs (a, b and c) (500x) show the worn and unworn surfaces, 

followed by images (d, e and f) (5000x) of the wear tracks with greater 

amplitude showing the surface scratchers and debris, and the images (g, h and 

i) (10000x) regarding the squares, showing the debris in detail. 

  

a b c 

d e f 

g h i 
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The first micrographs (a, b and c) show the worn and unworn surfaces, 

followed by images (d, e and f) of the wear tracks with greater amplitude 

showing the surface scratchers and debris, and the images (g, h and i) 

regarding the squares, showing the debris in detail. 

On Fig. 3a it is possible to see the interface between the worn and worn 

surfaces of the Ti6Al4V different from TiNbZr alloys, Fig. 3b and Fig. 3c. Hence, 

the wear scar of Ti6Al4V was thinner than the other two alloys. This can be 

related to the hardness values, presented on Table 3. Ti6Al4V presented the 

higher hardness value that means more resistance to plastic deformation so 

less contact between the alumina ball and the material [30]. Although the 

hardness values between TiNbZr alloys are different, they showed similar wear 

tracks.  

 

Table 3 – Vickers hardness (SD) of Ti6Al4V, Ti35Nb5Zr and Ti35Nb10Zr 

Alloys Hardness HV (SD)* 

Ti6Al4V 345.05 (15.71)a 

Ti35Nb5Zr 330.20 (17.07)b 

Ti35Nb10Zr 185.84 (10.66)c 

*Different lower cases in columns show hardness statistical difference 

by Tukey´s test (Ti6Al4V vs Ti35Nb5Zr - p<0.05, Ti6Al4V vs 

Ti35Nb10Zr and Ti35Nb5Zr vs Ti35Nb10Zr – p<0.001). 

 

Figures 3d-f show the plastic deformation of the Ti alloys with longitudinal 

scratches aligned to the sliding direction, which can be associated to the 

presence of wear debris in the contact zone [45]. Figures 3g-i present the 

debris, with more magnitude, that were adhered to the surface and did not 

c f 
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release with the ultrasonically cleaning prior to FEG-SEM analysis. It is 

observed signs of wear by adhesion and fatigue, the latter characterized by 

perpendicular cracks on the debris, which can be released and act as third 

bodies. 

These debris were formed from the counterbody rubbing against the 

tested Ti alloys, leading to the release of these metal particles. Thus, the 

abrasive morphology was caused by wear particles that were sufficiently strain 

hard to penetrate the material as related by Magaziner et al. [46] on Ti6Al4V 

wear surfaces. 

 In fact, the third bodies can be adhered on the counterbody or be spread 

between the metal and counterbody. Consequently, they can be oxidized and 

then modify the electrochemical measurements [47]. The debris can also be 

ejected from the contact during the sliding [14] and remove the oxide protective 

layer around the track, increasing the corrosion [45]. Therefore, the third bodies 

can also influence the potential variation during sliding at the worn and unworn 

areas. Probably, as the load increases, more particles are detached from the 

metals surfaces, that can influence negatively on the alloys tribocorrosion 

behavior. 

Figures 4a-c present the EDS analysis of the debris. It was not found 

indication of Al2O3 transferred from the alumina ball on the wear tracks on the 

EDS spectra of any Ti alloy. However, macroscopically and microscopically it 

was observed metal adhered on the alumina balls used on the corresponded 

tests as seen on SEM images on Fig. 5. More amount of metal was found on 

alumina spheres used against TiNbZr alloys than the ones used against 

Ti6Al4V, as can be seen on Fig. 5a-c. 
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Figure 4 - EDS spectra of the debris of Ti6Al4V (a), Ti35Nb5Zr (b) and 

Ti35Nb10Zr (c). 
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Figure 5 - SEM images (100x) of alumina balls with metal adhered, after 

tribocorrosion tests performed at open circuit potential in artificial saliva at 37°C 

with 5mm stroke, 1Hz, at 1N during 1200s. (a) Ti6Al4V, (b) Ti35Nb5Zr and (c) 

Ti35Nb10Zr. 

 

Simultaneously to the potential variation, an oscillation of the coefficient 

of friction (COF) occurs. Figures 6a-c show the Ecorr and COF at the same 

graphic for each Ti alloy at 0.1N applied load. The COF started to increase as 

the Ecorr decreased and the oscillation of COF is in accordance to the oscillation 

of Ecorr, which can be related to the third bodies’ formation as described before. 

Consequently, the third bodies can also influence the COF when accumulated 

in the contact region between the Ti alloys and the counterbody [12]. Moreover, 

it can be seen on these graphs that the 0.1N applied load was able to damage 

the passive film of all three alloys.    

b c 

a b c 
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Figure 6 - Potential (E) and coefficient of friction (COF) as a function of time for 

Ti6Al4V (a), Ti35Nb5Zr (b) and Ti35Nb10Zr (c) during 1200s of sliding at 0.1N 

applied load.  
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3.2. Tribocorrosion with potentiostatic control 

Tribocorrosion tests were performed at an applied anodic potential 

(500mV) so that the passive film characteristics could be monitored during the 

sliding. Figure 7 presents the variation of current (A) as a function of time (s), 

during sliding at 0.1N applied load. As can be seen, when the potential was 

applied (t=0s) the current tended to zero. It represents the passive film 

stabilization. Moreover, as the load was applied, the current suddenly increased 

to anodic values characterizing an oxidation of the bare metal in contact to the 

artificial saliva. That is, ions are released to maintain the potential at 500mV. In 

sequence, the anodic current oscillated during the rubbing because of the 

alternating action of the ball [30]. The current increase is proportional to the 

damage of the passive film. At the unloading, a steep decrease of the current 

showed the repassivation of the passive film on the worn area [10]. Therefore, 

the amount of ions released relies on the process of depassivation and 

repassivation of the oxide film. Thus, the measured current at an applied 

potential during sliding is referent to the performance of the metal in the wear 

track [13].  
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Figure 7 - Current (A) variation as a function of time for Ti6Al4V (a), Ti35Nb5Zr 

(b) and Ti35Nb10Zr (c) during 1200s of sliding performed at applied anodic 

potential in artificial saliva at 37°C with applied load of 0.1N, 5mm stroke, 1Hz. 

Sliding starts at 500s. 
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At this point, it is possible to verify that the alloys had different 

behaviours. Ti6Al4V (Fig. 7a) present less current oscillation than TiNbZr alloys 

(Fig. 7a e b), during sliding at 0.1N. 

Moreover, the electrochemical response of the material to the sliding 

contact can be evaluated through the electric charge generated during the 

sliding contact. This electric charge was assessed integrating the current curves 

or calculating the area under the curves (Fig. 7a-c).  

Figure 8 presents the amount of electric charge transferred from each 

alloy as a function of applied load, when under tribocorrosion process at 500mV 

applied potential. As can be seen, the Ti6Al4V released less electric charge 

than TiNbZr, independently of the applied load. No difference was found 

between the amount of charge generated from Ti35Nb5Zr and Ti35Nb10Zr. 

Considering that the passive films for all three alloys were damaged 

during sliding at 0.01N applied load at open circuit potential, the electrochemical 

contribution present on Fig. 8 at 0.1N is related to the bulk alloys. Therefore, the 

bulk Ti6Al4V had better behaviour than TiNbZr alloys. 
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Figure 8 – Amount of electric charge generated after tribocorrosion test at 

potentiostatic control (500mV), in function of applied load. Statistical difference 

between Ti alloys in each load was calculated by ANOVA and Tukey´s test 

(*p<0.05, **p<0.01, ***p<0.001). No statistical difference was found between 

Ti35Nb5Zr and Ti35Nb10Zr. 

 

Even though the microstructural composition of TiNbZr alloys are 
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phase, no significance difference were noticed on the tribocorrosion behaviour, 
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repaired on the worn areas. Indeed, the rapid repassivation leads to a less 

amount of released metal ions into the body.  

Furthermore, on the present investigation, Ti6Al4V exhibited higher 

hardness values, thinner wear scar and less amount of released charge, 

therefore, presented the better bulk behavior. However, Ti35Nb5Zr and 

Ti35Nb10Zr alloys presented the better electrochemical behavior at low loads, 

confirming that the passive formed on their surfaces had better behaviour. 

Consequently, it is suggested to growth the oxide film of the new TiNbZr 

alloys by anodization expecting their better performance with the advantage of 

its biocompatibility. 
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4. Conclusion 

 In this study, the tribocorrosion behavior of titanium alloys was 

investigated under different loads and potential condition, in artificial saliva at 

37°C. The following conclusions can be drawn from the results. 

- All alloys showed repassivation of the passive films after unloading at all 

considered conditions. 

- The electrochemical behavior was sensitive to the applied load;  

- Ti35Nb5Zr and Ti35Nb10Zr passive films had better behaviour at low    

loads than Ti6Al4V; 

- Bulk Ti6Al4V had better behaviour than TiNbZr alloys. 
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Considerações finais 

 

O objetivo central dessa tese foi investigar o comportamento 

eletroquímico e à tribocorrosão das novas ligas Ti35Nb5Zr e Ti35Nb10Zr 

para serem utilizadas como biomaterial na Odontologia, principalmente, 

na fabricação de implantes dentários e seus componentes, como 

substituintes da liga comercial mais utilizada Ti6Al4V. Em um estudo 

anterior, foi realizada a elaboração das ligas, caracterização das 

microestruturas e ensaios mecânicos68. Entretanto, não são conhecidas 

as propriedades dos seus filmes passivos que conferem proteção a 

corrosão e ao desgaste e, que agem diretamente na osseointegração. 

Portanto, levando em consideração o ambiente bucal agressivo, buscou-

se compreender o comportamento dessas ligas frente a corrosão e 

tribocorrosão em saliva artificial a 37°C e compará-lo ao da liga Ti6Al4V.  

  O desenvolvimento do trabalho foi dividido em dois capítulos 

e nessa seção pretende-se interrelacionar os resultados encontrados. A 

metodologia da fundição das ligas e de todos os testes abordados na tese 

encontra-se detalhada no Apêndice. 

Corrosão eletroquímica 

A corrosão eletroquímica das ligas de Ti está diretamente 

relacionada com as propriedades do filme passivo formado em suas 

superfícies.  

Entende-se por filme passivo, a camada de óxidos que é 

formada na superfície dos metais, que confere proteção ao metal contra 

agentes externos8,21. Nos implantes e componentes protéticos dentários, 

o filme passivo do titânio e suas ligas é o que primeiro entra em contato 

com o ambiente bucal e osso. Portanto, se ele sofrer alteração, o metal 

base do sistema implante componente pode ficar exposto aos agentes 
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nocivos presentes na saliva artificial, aos esforços mecânicos, aos 

microorganismos e aos agentes de limpeza bucal. 

O comportamento eletroquímico das ligas foi estudado por 

espectroscopia de impedância eletroquímica em função do tempo (0,5-

216h), em potencial de circuito aberto. As três ligas apresentaram 

comportamento passivo quando imersas em saliva artificial, ou seja, 

formação de filme passivo. Entretando a estrutura dos filmes foram 

diferentes. As ligas Ti6Al4V e Ti35Nb5Zr apresentaram filme duplo 

constituído por uma camada interna compacta e uma camada externa 

porosa. Já a camada de óxidos da liga Ti35Nb10Zr apresentou apenas a 

camada compacta. 

  Os principais óxidos formados na liga Ti6Al4V foram TiO2, 

Al2O3 e VO2 sendo o óxido de Ti em maior concentração47,76. Nas ligas do 

sistema TiNbZr foram encontrados TiO2, Nb2O5 e ZrO2, sendo os óxidos 

de Ti e Nb em maior concentração, como verificado por Okasaki, Gotoh60 

e Yu et al.81. Sabe-se que o TiO2 apresenta bom comportamento 

eletroquímico8 porém, a presença de Al2O3, ZrO2
42,71 e Nb2O5

22,47,81 na 

camada de óxidos de ligas de Ti proporciona aumento da resistência a 

corrosão. Entretanto a presença de VO2 é deletéria2,47,76.  

  As duas ligas de filme duplo apresentaram semelhante 

resistência a corrosão. Ao comparar as três ligas, a liga Ti35Nb10Zr 

obteve semelhante e melhor comportamento eletroquímico do que as 

ligas Ti35Nb5Zr e Ti6Al4V, respectivamente. Dessa forma, verificou-se 

que a quantidade de Nb2O5 e ZrO2 presente na liga Ti35Nb10Zr foi 

suficiente para conferir a ela melhor comportamento quando comparada a 

liga Ti6Al4V. 
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Tribocorrosão 

A tribocorrosão é um processo de degradação resultante da 

ação simultânea de desgaste mecânico e corrosão eletroquímica na 

região de contato entre materiais que deslizam entre si, quando imersos 

em um meio agressivo36,50. No implantes dentários, a tribocorrosão pode 

estar presente entre as interfaces osso/implante, implante/componente 

protético e componente protético/prótese, devido aos micro-movimentos e 

ao ambiente agressivo.  

Os testes de tribocorrosão foram realizados em circuito 

aberto com o tempo e em potencial anódico aplicado (500mV), em função 

da carga aplicada (50mN-1N). 

Entre os resultados apresentados, destaque-se que as ligas 

do sistema TiNbZr apresentaram melhor comportamento tribocorrosivo 

quando foi aplicada carga de 50mN, não havendo mudança de potencial 

com o tempo nem sinal de desgaste, diferente do que ocorreu com a liga 

Ti6Al4V. Portanto, o filme passivo composto por TiO2, Nb2O5 e ZrO2 foi 

mais resistente ao desgaste mecânico e a ação da saliva artificial. 

Entretanto, quando a carga aplicada foi superior a 80mN, o filme passivo 

de todas as ligas foi danificado, e o metal base sofreu desgaste mecânico. 

Ao analisar as pistas de desgaste formadas após ensaio de 

tribocorrosão com carga de 1N, verificou-se que todas as pistas 

apresentavam características semelhantes de desgaste por abrasão18,52. 

Entretanto, na liga Ti6Al4V, a pista de desgaste formada foi mais estreita, 

provavelmente, relacionada com a maior dureza dessa metal, ou seja, 

maior resistência a deformação plástica45. Dessa forma, o comportamento 

do metal base dessa liga foi superior. 

Além disso, no teste de tribocorrosão com potencial anódico 

aplicado com cargas aplicadas de 100mN, a liga Ti6Al4V também 

apresentou melhor resultado já que a quantidade de carga elétrica 
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liberada durante o deslizamento foi menor. Consequentemente, o metal 

base dessa liga obteve melhor resposta frente a tribocorrosão. 

Corrosão x tribocorrosão 

A liga Ti35Nb10Zr obteve o melhor desempenho em relação 

a liga Ti6Al4V quando interrelacionados os testes de corrosão e de 

tribocorrosão com 50mN de carga aplicada devido principalmente a 

composição do seu filme passivo, que apresentou melhor resistência a 

corrosão e também ao desgaste. 

O metal base da liga Ti6Al4V apresentou melhor 

comportamento tribocorrosivo, quando cargas superiores a 80mN foram 

aplicadas. Entretanto, sua menor resistência a corrosão é preocupante, 

pois íons podem ser liberados e prejudicar a saúde sistêmica dos 

pacientes. 

Frente aos resultados apresentados, a liga Ti35Nb10Zr é 

promissora para ser utilizada na fabricação de implantes dentários. Vale 

ressaltar que ainda é preciso melhoria no processo de fabricação da liga 

para garantir maior homogeneidade. Para melhorar o comportamento 

tribocorrosivo, é sugerido realizar tratamentos de superfície como 

anodização, para que o filme passivo fique mais resistente aos esforços 

mecânicos. Ou ainda, realizar tratamentos térmicos para melhorar o 

comportamento do metal base frente ao processo de desgaste. 

 

 



 
 

Conclusão geral 

 

As ligas Ti35Nb5Zr e Ti35Nb10Zr apresentaram superior 

comportamento tribocorrosivo em saliva artificial quando a carga aplicada 

foi 50mN. Ou seja, o filme passivo formado na superfície dessas ligas 

possuiu melhor comportamento eletroquímico e mecânico. Entretanto, a 

liga Ti35Nb10Zr apresentou maior resistência à corrosão que a liga 

Ti6Al4V, proporcionada pela quantidade de Nb2O5 e ZrO2 na composição 

do seu filme passivo. 

  A liga Ti6Al4V obteve melhor desempenho frente a 

tribocorrosão quando a carga aplicada era superior a 80mN devido ao 

melhor comportamento do seu metal base. Porém, a resistência a 

corrosão dessa liga foi inferior. 

  Diante dos resultados apresentados, a liga Ti35Nb10Zr é 

promissora para ser utilizada na fabricação de implantes dentários. 
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Apêndice 

 

A1 Material e método  

A1.1 Elaboração das ligas 

As ligas de Ti, Nb e Zr foram confeccionadas na forma de 

lingotes de aproximadamente 60g, com as composições: Ti35%Nb5%Zr e 

Ti35%Nb10%Zr (%m/m)6,7. Os lingotes foram fundidos em forno de fusão 

a arco-voltáico, com atmosfera inerte, controlada por bomba de vácuo e 

fluxo de argônio, alocado no Laboratório do Departamento de Física da 

Faculdade de Ciências de Bauru, UNESP, sob coordenação do Prof. Dr. 

Carlos Roberto Grandini. Os lingotes fundidos foram submetidos ao 

tratamento térmico de 1.000°C, por 8h, com controle da atmosfera, para 

promover a homogeneidade da estrutura metalúrgica. Em seguida, os 

lingotes foram forjados a quente em barras de 10mm e, em seguida, 

usinados na forma de discos (8mm de diâmetro x 8mm de altura). Na 

sequência, os discos foram submetidos ao segundo tratamento térmico de 

1.000°C, por 1h, com resfriamento a ar, para aliviar as tensões geradas 

durante a usinagem. 

A liga comercial Ti6Al4V foi adquirida em forma de cilindro e 

usinada em corpos-de-prova em forma de discos (25mm x 4,5mm). 

 

A1.2 Metodologia do Capítulo I 

A1.2.1 Preparação das amostras 

Os discos foram polidos com lixas de carbeto de silício até 

uma granulometria de #1200 e então limpos em ultrassom, utilizando-se 

acetona (3min). Os discos foram então imersos em reagente de Kroll (1ml 
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de HF, 5ml de HNO3, 44ml de água destilada) por 10min. Em seguida, os 

discos foram limpos com propanol (10min) e água destilada a 60°C 

(15min) em ultrassom, e secados com ar quente. A limpeza com reagente 

de Kroll é realizada para a remoção total da camada de óxidos presente 

na superfície das ligas de Ti. Dessa forma, foi possível padronizar o 

tempo de crescimento do filme passivo nas diferentes ligas em 24h. 

A1.2.2 Análise das superfícies das ligas  

  A espectroscopia de Raios-X (XPS) foi realizada para 

analisar a composição do filme passivo das ligas de Ti, em dois 

momentos, 24h após a limpeza com reagente de Kroll e após 216h de 

imersão em solução de saliva artificial, similar à descrita por Fusayama et 

al.2 (Quadro 1), com pH 5,25, a 37°C. 

Quadro 1 - Composição química da saliva artificial (g/l) 

NaCl KCl CaCl2.2H2O Na2S.9H2O NaH2PO4.2H2O Uréia 

0,4 0,4 0,795 0,005 0,69 1 

 

  O espectrômetro utilizado foi o UNI-SPECS UHV, do 

Departamento de Físico Química, IQ/UNESP, sob coordenação do Prof. 

Dr. Peter Hammer. A pressão base do sistema foi inferior a 10-7Pa. Foi 

utilizada a linha Mg Kα (h = 1253,6eV) e a energia de passagem do 

analisador foi ajustada para 10eV. O ruído inelástico dos espectros foi 

subtraído utilizando-se o método de Shirley. A composição da camada da 

superfície foi determinada pelas proporções das áreas de picos corrigidas 

pelos fatores de sensitividade (Scofield) dos elementos correspondentes. 

Os espectros foram desconvulsionados utilizando-se uma função do tipo 

Voigtiana, com combinações Gaussianas (70%) e Lorentzianas (30%). A 

largura à meia altura variou entre 1,1 e 2,1eV e a precisão na 
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determinação da composição variou ±10%, e a posição dos picos foi 

determinada a uma precisão de ±0,1eV.  

A1.2.3 Análises eletroquímicas 

  Realizou-se curvas de polarização potenciodinâmicas, testes 

de potencial de circuito aberto com o tempo (Ecorr), e espectroscopia de 

impedância eletroquímica (EIS) com o intuito de verificar a estabilidade 

eletroquímica e a resistência à corrosão das três ligas em estudo, 

utilizando-se o potenciostato Reference 600, Gamry Instruments, 

Warminster, PA, EUA, do Laboratório de Caracterização de Materiais, 

Departamento de Engenharia Mecânica, Universidade do Minho, Portugal, 

sob coordenação do Prof. Luís Augusto Rocha 

  Os testes foram realizados em células eletroquímicas para 

três eletrodos, com O´ring de 0,636cm2 de diâmetro quando os eletrodos 

de trabalho (ligas de titânio) eram expostos ao eletrólito. Os eletrodos de 

referência e auxiliar utilizados foram: o eletrodo de calomelano saturado 

(SCE) e eletrodo de platina, respectivamente. Todos os potenciais 

analisados tiveram como referência o SCE. 

  O eletrólito usado foi solução de saliva artificial (Quadro 1). 

 As curvas de polarização potenciodinâmicas, com faixa de 

potencial de -0,9 a 2V e velocidade de varredura de 1mV/s, foram obtidas 

após 216h em imersão em saliva artificial a 37°C. Foram determinados 

parâmetros, como a densidade de corrente de corrosão (icorr), que pode 

ser entendida como a velocidade de corrosão para um determinado 

potencial, e o potencial de corrosão (E(i=0)), que caracteriza a tendência do 

material para sofrer corrosão. Os resultados foram estatisticamente 

analisados pelo teste Kruskal-Wallis e pelo teste Dunn, para comparação 

dois a dois (α=0,05). 

  O Ecorr foi monitorado durante 216h, com o intuito de verificar 

a formação e a estabilidade do filme passivo das ligas em estudo. 
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Os parâmetros utilizados nos ensaios de EIS foram: 

frequência inicial 63kHz, frequência final 0,01Hz, velocidade de varredura 

10mV/ms, em diferentes períodos de imersão em solução de saliva 

artificial (0,5h, 4h, 8h, 24h, 48h, 72h, 144h e 216h). A interpretação dos 

resultados foi realizada com o auxílio do programa Echem Analyst, do 

próprio potenciostato Gamry. Os resultados foram analisados 

estatisticamente pelo teste de análise de variância, seguido pelo teste de 

Tukey para comparação dois a dois, quando comparadas as três ligas, e 

quando comparadas duas ligas, foi utilizado o teste de Tukey (α=0,05). 

  Para cada situação estudada, os ensaios foram realizados 

em triplicata a fim de garantir reprodutibilidade. 

 

A1.3 Metodologia do Capítulo II 

A1.3.1 Dureza 

Para avaliar a dureza do material, os discos foram polidos 

com lixas de carbeto de silício até uma granulometria de #600 e então 

limpos em ultrassom utilizando-se acetona (3min), propanol (10min), água 

destilada (5min) e secados com ar quente. 

Foram realizadas 12 análises de dureza Vickers, 500gf por 

15s, em cada liga estudada. Utilizou-se o durômetro Micromet 2003, 

Buehler, do Departamento de Físico Química, IQ, UNESP. Os resultados 

foram analisados estatisticamente pelo teste de análise variância, seguido 

pelo teste de Tukey para comparação dois a dois. 

A1.3.2 Análise das superfícies 

As ligas de Ti foram analisadas por XPS conforme Capítulo 

1. 

 



114 

 

 

A1.3.3 Tribocorrosão 

Os testes de tribocorrosão foram realizados em um 

tribômetro CETR (UMT-2, CETR, Campbell, California, USA), do 

Laboratório de Tribologia, Departamento de Engenharia Mecânica, 

Universidade do Minho, Portugal. Utilizou-se a configuração ball-on-plate, 

com esferas de alumina (quimicamente inerte) de 10mm de diâmetro 

como antagonista às três ligas em estudo, utilizando a técnica de 

deslizamento linear alternativo. O coeficiente de atrito foi monitorado 

durante os ensaios3,4. 

  Os experimentos foram realizados sob Ecorr e também sob 

potencial anódico aplicado5, utilizando os mesmos eletrodos citados no 

Capítulo I. A célula eletroquímica utilizada nesse sistema não delimita a 

área exposta ao eletrólito. Portanto, foi utilizada cera de abelha para 

delimitar a área de exposição do metal em 0,64cm2. O eletrólito utilizado 

também foi a solução de saliva artificial citada anteriormente no Capítulo I 

(Quadro 1), a 37°C. Previamente aos testes de tribocorrosão, as amostras 

ficaram imersas em saliva artificial a 37°C e o Ecorr foi monitorado para 

verificar o tempo de estabilização das ligas, estabelecido em 1200s no 

mínimo.  

  A Figura 1 mostra uma ilustração esquemática da 

configuração do teste de tribocorrosão. Como pode ser visto, um 

potenciostato está acoplado ao tribômetro, no qual uma célula de três 

eletrodos está posicionada, permitindo que ambos os parâmetros 

tribológicos e eletroquímicos pudessem ser mensurados 

simultaneamente. 

 



115 

 

 

FIGURA 1 - Configuração da tribocorrosão1. 

 

Nos testes de tribocorrosão sob Ecorr, foram aplicadas 

diferentes cargas: 0,05N a 1N. Estabeleceu-se a amplitude de 

deslizamento de 5mm, frequência de 1Hz e tempo de ensaio igual a 

1200s. A direção do deslizamento foi perpendicular aos riscos gerados no 

polimento. 

O potencial escolhido para os testes de tribocorrosão, sob 

potencial anódico aplicado, foi 500mV vs. SCE, baseado nas curvas de 

polarização potenciodinâmicas (Figura 2). Esse valor representa um 

potencial passivo das três ligas em saliva artificial a 37°C. Os parâmetros 

utilizados para esses testes foram semelhantes aos citados 

anteriormente, porém, nesse caso, as cargas aplicadas foram 0,08N e 

0,1N. O tempo de estabilização de corrente foi 500s antes e depois do 

deslizamento. A partir desses testes, foi possível analisar a quantidade de 

carga elétrica liberada durante o deslizamento pela integração das curvas 
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de corrente vs. tempo. Os resultados foram analisados estatisticamente 

pelo teste de análise de variância, seguido pelo teste de Tukey para 

comparação dois a dois (α=0,05). 
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FIGURA 2 – Curvas de polarização potenciodinâmicas das ligas Ti6Al4V, 

Ti35Nb5Zr e Ti35Nb10Zr após 2h de imersão em saliva artificial a 37°C. 

Faixa de potencial de -0,9 a 2V e velocidade de varredura de 1mV/s.  

 

  Para cada situação estudada, os ensaios foram realizados 

em triplicata a fim de garantir reprodutibilidade. 

  As pistas de desgaste, obtidas após os testes de 

tribocorrosão, foram analisadas morfologicamente em um microscópio de 

alta resolução, Ultra-high resolution Field Emission Gun Scanning 

Electron Microscopy (FEG-SEM), NOVA 200 Nano SEM, FEI Company, e, 
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quimicamente por EDS, detector Si(Li), EDAX company, na Universidade 

do Minho, Portugal. As esferas de alumina foram analisadas para a 

verificação da transferência do metal, utilizando Microscópio Eletrônico de 

Varredura, Jeol-JSM, do Departamento de Físico Química, IQ, UNESP. 
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