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RODRIGUES, I.R. Desenvolvimento e caracterizacdo de ligas do sistema Ti-10Mo-Zr para
aplicacBes biomédicas, 2022. 79 f. Dissertacdo (Mestre em Ciéncia e Tecnologia de Materiais) —
UNESP, Faculdade de Ciéncias, Bauru (SP), 2022.

RESUMO

O titdnio é um dos metais mais utilizados como elemento de fabricacdo de implantes
ortopédicos. Este elemento possui aspectos muito interessantes como excelentes propriedades
mecanicas e bioldgicas, motivo de seu interesse em aplicacdes biomédicas. O titanio, como
elemento puro, possui dimorfismo, ou seja, possui estrutura hexagonal compacta, fase a, estavel
até 862°C e para temperaturas acima dela, revela estrutura cubica de corpo centrado, fase . O
molibdénio faz parte de um conjunto de elementos, denominados estabilizadores . Esses
elementos, quando misturados ao titanio, reduzem a temperatura de transicao da fase a para . O
zircdnio quando inserido na liga aumenta a resisténcia a corrosao e diminui o ponto de fusdo,
além de melhorar a biocompatibilidade da liga. Na presenca de outro elemento B estabilizador,
também ajuda a estabilizar esta fase. As ligas com predominancia da fase p sdo as mais
desejaveis para aplicagdo biomédica, devido a sua maior compatibilidade mecéanica com o
tecido 0sseo. Os tratamentos térmicos visam reduzir a tenséo residual da fusdo ou deformacdes
em alguns materiais, melhorando sua ductilidade, dureza e resisténcia a corroséo. As ligas do
tipo B sdo as mais versateis da classe ligas de titanio, ao oferecerem uma alta relagdo
resisténcia/densidade, além de boa dureza e resisténcia a fadiga quando se comparada as
ligas o e a+p . A partir disto, O presente estudo visa analisar os efeitos de liga dos elementos
Zirconio e Molibdénio em conjunto com o Titanio, caracterizando as ligas ti-10Mo-Zr (30, 40 e
50% em peso) para aplicagdes como biomaterial. Os biomateriais em geral representam uma
grande parcela dos produtos que estdo ligados a area da saude, sendo capaz de modificar
0 curso de um tratamento. As ligas foram fundidas a arco e submetidas a tratamentos térmicos
de homogenizacédo, laminagdo a quente e tratamento de solucdo. A divisdo das caracterizacbes
deste trabalho pode ser divididas por: caracterizacbes quimicas, estruturais e microestruturais,
mecénica e bioldgica. A estequiometria da liga se manteve dentro dos padrdes nominais bem
como a densidade. Nas micrografias foram observados gréos caracteristicos da fase p. A dureza
Vickers e as medidas do modulo de elasticidade mostraram uma alta dureza e baixo médulo de
elasticidade que sdo uma vantagem sobre a compatibilidade mecénica do tecido/implante,
diminuindo o efeito de blindagem 6ssea. Nos ensaios bioldgicos, as ligas apresentaram maior

adesdo que o grupo controle e ndo foram observados efeitos citotoxicos durante as medigdes.

Palavras-Chave: Biomateriais, Ligas de Titanio, Zircénio.
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RODRIGUES, I.R. Development and characterization of Ti-10Mo-Zr system alloys for
biomedical applications, 2022. 79 p. Dissertation (Master in in Materials Science and
Technology) — UNESP, Faculdade de Ciéncias, Bauru (SP), 2022.

ABSTRACT

Titanium is one of the most used metals as an element in the manufacture of orthopedic
implants. This element has very interesting aspects such as excellent mechanical and
biological properties, reason for its interest in biomedical applications. Titanium, as a
pure element, has dimorphism, that is, it has a compact hexagonal structure, a phase,
stable up to 862°C and for temperatures above it, it reveals a body-centered cubic
structure, B phase. Molybdenum is part of a set of elements called B stabilizers. These
elements, when mixed with titanium, reduce the transition temperature from the a to 8
phase. Zirconium, when inserted into the alloy, increases corrosion resistance and
lowers the melting point, in addition to improving the biocompatibility of the alloy. In
the presence of another stabilizing 3 element, it also helps to stabilize this phase. Alloys
with a predominance of the B phase are the most desirable for biomedical applications,
due to their greater mechanical compatibility with bone tissue. Heat treatments aim to
reduce residual stress from melting or deformations in some materials, improving their
ductility, hardness and corrosion resistance. B-type alloys are the most versatile of the
titanium alloys class, as they offer a high strength/density ratio, in addition to good
hardness and fatigue resistance. From this, the present study aims to analyze the alloy
effects of the elements Zirconium and Molybdenum together with Titanium,
characterizing the Ti-10Mo-Zr alloys (30, 40 and 50 %wt) for applications as
biomaterial. The alloys were arc-melted and subjected to heat treatments of
homogenization, hot rolling and solution. The division of the characterizations of this
work can be divided by: chemical, structural and microstructural, mechanical and
biological characterizations. The stoichiometry of the alloy remained within the nominal
standards as well as the density. In the micrographs characteristic grains of the  phase
were observed. Vickers hardness and modulus of elasticity measurements showed a
high hardness and low modulus of elasticity which are an advantage on tissue/implant
mechanical compatibility, decreasing the bone shielding effect. In biological assays, no

cytotoxic effects were observed during measurements.
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Capitulo 1:

Estrutura do Texto

O texto aqui proposto segue 0 modelo de apresentacdo por artigos, com uma
introducdo a respeito do estado da arte e revisdo bibliografica acerca do tema.
Posteriormente, o desenvolvimento deste trabalho segue com parte escrita na lingua
patria e parte na lingua oficial da revista a qual o artigo foi publicado/submetido,
seguindo as devidas orientacdes do Conselho do Programa de P6s-Graduacdo em
Ciéncia e Tecnologia de Materiais (POSMAT), da Universidade Estadual Paulista
(UNESP). Este capitulo inicial tem como objetivo introduzir ao leitor de que modo

segue a organizacao de cada capitulo, evidenciando seus pontos principais.

A principal motivacdo para este trabalho é dar continuidade aos projetos
desenvolvidos por Raul Araujo, orientando do professor Carlos Roberto Grandini, de
modo que conseguissemos contribuir com informacdes mais abrangentes do sistema Ti-
10Mo-xZr. Desta maneira, desde os primeiros trabalhos publicados por Raul, foram
desenvolvidas ligas com as mais diversas variacfes do elemento zirconio, sendo a
ultima variacdo 20% em peso. Com uma variacdo de 30, 40 e 50% em peso nds
conseguimos estabelecer um grande campo de concentracdes e propriedades mecanicas
obtidas por estas ligas para a literatura, de modo que oriente a futuros pesquisadores nos

desenvolvimentos de novos projetos envolvendo este conjunto ternario de materiais.

O Capitulo 2 revela ao leitor as motivacdes que inspiraram o desenvolvimento
deste trabalho, bem como uma introducéo acerca das ligas de titanio, suas caracteristicas
fisicas e quimicas, uma revisdo historica dos materiais que ja foram utilizados como
implantes e quais seriam 0s objetivos a serem atingidos utilizando os elementos
molibdénio e zircdnio com base em trabalhos disponiveis na literatura. Para fins de
producdo deste trabalho, a Tabela 1 indica algumas nomenclaturas que frequentemente

serdo utilizadas para caracterizar as condi¢des das trés ligas dentro deste sistema.
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Tabela 1 — Nomenclaturas para as caracterizacGes das ligas

Caracterizacdo Nomenclatura
Bruta de Fuséo #0
Tratamento de T1

Homogeneizagéao

Laminagdo a #1
quente
Tratamento de T2
Solubilizagéo

O Capitulo 3 trata de algumas previsdes tedricas que foram utilizadas neste
trabalho, como a teoria do molibdénio e aluminio equivalente cujo objetivo é auxiliar na
identificacdo da estrutura cristalina do titinio com base em elementos o e B

estabilizadores.

Com respeito ao desenvolvimento da parte experimental e discussdo deste
trabalho, estes estdo contidos na forma de um artigo cientifico publicado, apresentado

no Capitulo 4.

O Capitulo 4, apresenta um artigo publicado, referente a preparacdo e
caracterizacdo das ligas Ti-10Mo-xZr (x= 30,40,50 %p) com objetivo da analisar a

estrutura, microestrutura e qualidade da liga em sua condicéo bruta de fuséo.

O Capitulo 5, apresenta um artigo submetido, referente tratamentos térmicos
aos quais o sistema Ti-10Mo-xZr (x= 30,40,50 %p) foram submetidos com objetivo da
analisar a estrutura, microestrutura, e propriedades mecanicas referentes aos diferentes

tipos de processos termomecanicos.

O Capitulo 6, apresenta um artigo submetido, cujo sistema de ligas aqui
apresentado fora selecionado apenas o processo relacionado ao tratamento térmico de
solubilizacdo feito ap0s a laminacdo da liga, pois este demonstrou os melhores
resultados. Neste artigo € discutido as propriedades mecanicas e biocompatibilidade
obtidas neste tratamento bem como a influéncia do elemento zircénio para a construcdo
das ligas Ti-10Mo-xZr.



s, —eo oo ... . 0

O Capitulo 7, tem como objetivo expor as consideracdes finais acerca de todo o
trabalho desenvolvido, bem como a selecdo dos pontos que mais se destacaram nos
artigos e compara-los com o objetivo principal que permeou todo este estudo. Para a
continuidade, sdo feitas algumas sugestfes de estudo as quais foram recomendadas
tanto pela banca quanto as indagacdes e apontamentos realizados entre as reunides do

proprio grupo de laboratorio.
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Capitulo 2:

Introducéo

Os biomateriais executam um papel importante para o desenvolvimento humano
na atualidade. Eles podem ser divididos em quatro grandes classes, sendo: metais e suas

ligas, polimeros, ceramicas e materiais naturais. (KAUR; SINGH, 2019)

O uso de biomateriais ndo advém somente com o surgimento das tecnologias,
pois ha estudos referente ao uso de suturas de linho e ouro no Egito antigo, cerca de
2.000 AC, e dentes artificiais derivados das conchas produzidos pelos Maias por volta
de 600 AC e de ferro pela comunidade europeia (200 AC) para as mais diversas
aplicacBes ligadas a salide humana. Em acréscimo, ha registros onde foram observados
ossos feitos de madeira e placas cranianas feitas de ouro com uma possivel dsseo-
integracdo. (PIRES, BIERHALZ, MORAES 2015) (NARAYAN,2016).

As primeiras aplicagdes cirurgicas envolvendo biomateriais até o século passado
eram baseados no método de tentativa e erro, tendo como ponto principal evitar
qualquer tipo de infeccdo, pois, 0s materiais utilizados atuam como uma barreira frente
as células do organismo. (PIRES, BIERHALZ, MORAES 2015) (ARAUJO, 2017).
Desta maneira, a biocompatibilidade de um material descrita por Zhang (2019, p. 252):
“A capacidade de um material funcionar com uma resposta apropriada ao hospedeiro

em um tipo de aplicagdo especifica”.

A Agéncia Nacional de Vigilancia Sanitaria (ANVISA), classifica os materiais e

seus derivados para aplicacdes médicas como:

Materiais e artigos de uso médico ou odontologico, destinados a serem
introduzidos total ou parcialmente no organismo humano ou em orificio do
corpo, ou destinados a substituir uma superficie epitelial ou superficie do
olho, através de intervencdo médica, permanecendo no corpo ap6s o
procedimento por longo prazo, e podendo ser removidos unicamente por
intervencdo cirdrgica (ANVISA, 2020).

Segundo o Instituto Brasileiro de Geografia (IBGE, 2010) (Apud. Araujo, 2017

p.18) os dados referentes ao censo de 2010 revelam que 24% da populagdo declarou
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possuir algum grau de dificuldade em algumas habilidades (enxergar, ouvir, caminhar
ou subir degraus). Desta porcentagem, cerca de 7% apresentam deficiéncia motora
permanente. Logo a necessidade de implantes ortopédicos para sanar estes problemas
tende a crescer com o aumento da populacdo. (Confeccdo e manutencdo de Orteses,

proteses, e meios auxiliares de locomogéo, 2013).

Os materiais metalicos sdo utilizados extensamente em areas ligadas a medicina
uma vez que apresentam excelentes propriedades devido a liga¢do quimica dos proprios
metais fornecendo uma alta resisténcia, ductilidade, maneabilidade, elasticidade e
rigidez adequadas para o campo da medicina. Tais materiais sdo importantes devido a
capacidade de substituir tecidos mais rigidos como por exemplo os fixadores de 0ssos e
articulaces artificiais. As Figuras 1 e 2 exemplificam as areas de aplicacfes ligadas as

ligas de titdnio bem como as aplicacfes adicionais destes materiais na industria da

medicina.
Faixa l Tubo l Em po
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Figura 1: Aplicagdes das ligas de titdnio no corpo humano. Fonte: (AMETEK, 2021)
adaptado.
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APLICAGOES ADICIONAIS
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Figura 2: AplicacOes extras das ligas de titdnio na inddstria médica. Fonte: (AMETEK,
2021) adaptado.

Revisdo Bibliografica
O Titanio

O elemento titanio (Ti) foi encontrado por volta da segunda metade do século
XVIII pelo reverendo, quimico e mineralogista britanico, Willian Gregor através da
analise de uma areia negra que possuia propriedades magnéticas, hoje conhecida como
ilmenita (FeTiO2). Por meio de um ima foi possivel extrair os ferros que estavam
contidos na areia e apds um tratamento quimico com acido cloridrico, Willian obteve
um novo elemento de oxido impuro, que na época foi chamado de “mechanite”. Apos
um quadriénio, Martin Heinch Klaproth um quimico alemdo, realizando alguns
experimentos conseguiu isolar o oxido de titanio de um mineral de origem hingara cujo
nome é rutilo (TiO2). A origem do nome titanio, é derivado da mitologia grega. Na
mitologia os poderosos Titds que eram filhos de Gaia, uma divindade que representava
a Terra em seu todo e Urano cuja representatividade estava nos céus. Os Titds eram
extremamente odiados pelos seus pais, razdo pela qual eles foram mantidos presos em
cativeiros na crosta terrestre, 0 que se assemelha a descoberta dos minerais e
principalmente a dificuldade de extrai-lo do solo era maior. Passados 100 anos desde a
primeira descoberta de mecanismos de extracao do titanio, o metaldrgico luxemburgués,
hoje conhecido como pai da indastria do titdnio, Wihelm Justin Kroll em 1932
conseguiu produzir quantidades significantes de titdnio ao combinar o tetracloreto de
titanio (TiCls) com célcio (LEYENS, PETERS, 2003).
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O titanio ocupa o nono lugar como elemento mais abundante no planeta Terra.
Tal elemento € um metal com brilho prateado, consegue ser mais leve que o ferro, téo
forte quanto o aco e resistente a corrosdo como a platina, sua densidade ¢ de 4,51 g/cm?.
A producdo mundial de titanio € em torno de 6.250.000 toneladas tendo o Brasil como
detentor de cerca de 6% das reservas mundiais deste minério e em 2008 produziu cerca
de 2,1% da producdo mundial. Os paises que possuem as maiores produgdes de titanio
no mundo sdo: Australia (25%), Africa do Sul (17,5%) e Canada (14,4%). A China
possui uma das maiores reservas minerais e em 2008 produziu cerca de 9% do total
mundial naquele ano (ALMEIDA, AMORIM NETO 2009).

O titdnio consegue mudar sua estrutura cristalina em alguns campos de
temperatura. E chamada de transformacdo alotropica, uma modificacio completa de
uma estrutura cristalina para outra a partir da temperatura de transicdo. Uma
transformacéo de fases esta relacionada a mudanca do parametro estrutural em razdo da
ordem dos spins eletronicos. (BANERJEE, MUKHOPADHYAY, 2010). O titanio puro
possui dois alétropos cristalinos, o primeiro em temperatura ambiente é a estrutura
hexagonal compacta de fase a. O segundo ¢ para valores superiores a temperatura de
transicdo 882°C (1155 K), este assume uma estrutura cubica de corpo centrado com fase
B (LEYENS, PETERS, 2003). A fase o pode ser obtida no intervalo da fase o ao manter
a temperatura constante e aumentando sua pressédo em torno de aproximadamente 2GPa.
Ha também um ponto triplo onde as trés fases podem se encontrar, ao estabilizar uma
temperatura na ordem de 667 °C (940 K) com uma pressdo de 9 GPa (BANERJEE,
MUKHOPADHYAY, 2010). Vale a pena salientar a supressdo da fase m, pois estando
precipitada pode causar um efeito de super elasticidade, elevando o seu médulo de
maneira proporcional ao seu volume de fase presente no sistema de liga. Deste modo,
ligas que contenham a presencga da fase m, possuem um moédulo de elasticidade muito
superior as ligas B metaestaveis (MOHAMMED, KHAN, SIDDIQUEE, 2014). Ambas

as fases estruturais do titanio estdo melhor representadas na Figura 3.
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Figura 3: Estrutura cristalina o hexagonal compacta e 3 cibica de corpo centrado.

Fonte: (Peters et al., 2005).

As Ligas de Titanio

As ligas de titanio possuem uma gama elevada de propriedades mecanicas,
fisicas e de resisténcia a corrosdo, as quais despertam um extremo interesse nas
industrias aeroespaciais, quimicas de energia e saude. Além destas propriedades as
ligas possuem diversos atributos seja com uma: dureza elevada, baixo modulo de
elasticidade e alto ponto de fusdo (PIRES, BIERHALZ, MORAES 2015),
(DONACHIE, 1988).

A selecdo dos materiais para compor uma liga junto ao titanio, possibilita um
amplo campo de propriedades fisicas e mecanicas que podem ser obtidas a partir do
acréscimo de elementos a e B estabilizadores. A figura 4 indica um diagrama de
equilibrio entre as fases presentes para este elemento. O titdnio puro com um ou mais
elementos a constituem com predominancia esta fase o em temperatura ambiente. Tais
materiais sdo chamados de ligas tipo o e apresentam uma boa dureza, rigidez e
soldabilidade. Contudo, estas ndo s@o receptivas ao endurecimento por tratamento
térmico. As ligas mais preferiveis na quimica e na engenharia industrial sao do tipo a.
Seu excelente comportamento com relagdo a corrosdo e deformacdo além de
apresentarem uma Gtima rigidez acabam por ajudar na producdo industrial. (LEYENS,
PETERS, 2003) (BANERJEE, MUKHOPADHYAY, 2010).

As ligas do tipo a+f3 sdo compostas por elementos de ambas as fases. Em geral,

estas ligas possuem uma ampla fabricacdo sendo bem rigidas a temperatura ambiente,
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sendo utilizadas onde se faz necessario a presenca de materiais que possuam alta
resisténcia a corroso, fadiga e dureza. E possivel controlar a fracio de fases desta liga
ao condiciona-la a tratamentos térmicos os quais podem promover um reajuste de suas
propriedades, tanto para o quanto para . (BANERJEE, MUKHOPADHYAY, 2010).

As ligas do tipo B sdo as mais versateis da classe ligas de titanio, ao oferecerem
uma alta relacdo resisténcia/densidade, além de boa dureza e resisténcia a fadiga quando
se comparada as ligas o e a+p (LEYENS, PETERS, 2003). Em sua composi¢do sdo
utilizados alguns elementos substitucionais tais como: niobio, cobre, ferro, manganés,
molibdénio, tantalo e vanadio pois estabilizam a fase [ através da diminui¢do da
temperatura de transicdo de o para B. Elementos como estanho e o zirconio tém
comportamento neutro e tem um pequeno efeito na temperatura de transformacéo ao
atuar como fortalecedor da fase B. Estes, sdo adicionados a outros materiais
metaestaveis, pois alteram a formacdo cinética da fase  durante 0s processos de
envelhecimento, resultando numa fase 3 mais estavel. (ASM, 1982) (KOLLI, 2018)

As ligas B metaestaveis consistem na predomindncia da estrutura cubica de
corpo centrado de fase B, entretanto, ainda € possivel conter pequenas fragcdes da fase ®
em razdo dos processos termomecanicos derivados da producdo deste material. Estas
ligas sdo utilizadas em aplicacdes estruturais onde se faz necessario uma alta resisténcia
a deformacdo, rigidez, resisténcia a corrosdo e baixo modulo de elasticidade. Estas
caracteristicas transformam as ligas  metaestaveis atrativas para os meios de produgdo
da engenharia e medicina mesmo sendo considerado seu elevado custo de producao,
pois tais materiais apresentam também uma excelente biocompatibilidade para uso de
implantes e interagdes com o tecido 6sseo. (KOLLI, 2018)
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Figura 4: Diagrama de equilibrio com elementos a e B estabilizadores (Cardoso
F., 2008).

A historia das ligas utilizadas em aplicacdes biomédicas é mais recente do que
quando utilizadas como materiais em campos ligados a aeronautica. Os primeiros
implantes eram o Ti-Cp tipo a e a liga Ti-6Al-4V. Contudo, estas ligas ndo eram a
principio desenvolvidas para aplicacBes ortopédicas, mas sim para a indudstria
aeronautica, devido a boa biocompatibilidade e resisténcia a corrosdo que estas ligas
ganharam mercado na &rea da salde.

Estudos ligados a citotoxicidade dos elementos vanadio e aluminio,
(DOMINGO,1996) (BONDY, 2016) (BONDY, 2010) apontaram também um efeito
negativo da liga Ti-6Al-4V durante um longo periodo de aplicacdo, o que resultou na
modificacdo deste sistema. A razdo para tal mudanca estd na liberacdo de ions de
aluminio e de vanéadio, sendo este, ja conhecido por seus efeitos toxicos em mamiferos.
Por outro lado, o aluminio estd ligado a problemas neurolégicos e doengas
neurodegenerativas como por exemplo o mal de Alzheimer (KOLLI, 2018). Em
acréscimo, Tsaryk et al (2013) e Eisenbarth et al (2005) estudaram os implantes da liga
ti-6Al-4V e chegaram a conclusdo que estas podem também causar um estresse
oxidativo, acarretando a uma inflamacdo prolongada do tecido resultando em uma
osteolise.

Todos estes problemas citados levaram a producéo de ligas o+p em 1980 sem a
presenca do vanadio, como: Ti-Al-7Nb e Ti-5Al-25Fe. Entretanto, tais ligas do tipo a+f
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ndo possuem uma alta resisténcia a fadiga quando se comparada com as ligas do tipo 3,
além de também possuirem um valor discrepante de modulo de elasticidade entre 110 e
150 GPa, para apenas 30 GPa do osso cortical humano, resultando em um efeito
chamado de “stress shielding” podendo levar o implante a possiveis fraturas devido a
carga excessiva aplicada a liga.

A partir disto, ligas B metaestaveis comecaram a ser produzidas com o objetivo
de reduzir a diferenga entre modulos de elasticidade apresentadas pelas ligas do tipo
a+f ao utilizar os chamados elementos 3 estabilizadores como nidbio, tantalo, zirconio,
molibdénio e estanho, os quais possuem excelentes propriedades ligadas a resisténcia a

corrosao, biocompatibilidade e baixo médulo.

O Molibdénio e o Zirconio

Com um alto ponto de fusdo (2.163 °C) e densidade (10,22 g/cm®) o molibdénio
(Mo) é um elemento que possui uma boa condutividade térmica, elevada resisténcia a
corrosdo e alta dureza, sendo muito utilizado em aplica¢fes nas industrias metalurgicas.
Sua ocorréncia se da por cerca de 50 minerais, 0s quais sdo possiveis evidenciar a
molibdenita (MoS2) como fonte principal deste elemento. No Brasil as reservas de
molibdénio estdo associadas a depoésitos de tungsténio, mineralizacdes com uranio e
depdsito em granitos e epitermais (LIMA, HEIDER, 2014). O molibdénio também é um
forte B-estabilizador e pode apresentar uma grande faixa de composigdo onde as fases o
e B do titanio podem estar presentes.

O zirconio (Zr) € um elemento com elevada resisténcia a corrosao (LIDE, 2007)
além de possuir uma densidade de 6,51 g/cm?3 esta presente em sua maioria nos minerais
de zirconita (ZrSiOs4) e badeleita (ZrOz) e é amplamente utilizado na industria de
fundicdo de refratarios e ceramicas, sendo também utilizado como uma camada de
protecdo em reatores nucleares e aditivos em a¢o de elevada resisténcia. A ocorréncia
deste elemento no Brasil, encontra-se em minerais pesados de titdnio como a ilmenita
(FeTiO3) e o rutilo (TiO2) Tal elemento tem facilidade em formar solugdes solidas com
o titanio, sendo adicionado para melhorar a resisténcia mecénica e a corrosdo, além de
melhorar sua biocompatibilidade (MONTEIRO, 2014). Segundo Abdel-Hady et al
(2006) a adicédo de zirconio pode também diminuir levemente a temperatura de fusdo da
liga e por se tratar de um elemento neutro na presenca de outros elementos beta

estabilizadores, este ajuda na estabilizagdo da fase . De acordo com Zhang (2018) e
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conforme citado por Zhang (2013), Abdel-Hady (2007) e Zheng (2016) o elemento
zirconio ndo é neutro quando relacionado a transformacdo de fases, pois, a partir do
momento em que este material pode afetar a estabilizacdo de fases bem como seu
desempenho sobre o mecanismo de deformacéo da liga, € valido dizer que este ndo é
mais um elemento neutro, mas sim um elemento 3 estabilizador que atua no sistema de

ligas metaestaveis.

Os Sistemas Ti-Mo, Ti-Zr e Ti-Mo-Zr

O sistema Ti-Mo é um conjunto de ligas amplamente estudadas por conta de sua
estrutura, microestrutura e propriedades mecanicas. Autores como Ho et al. (1999),
Martins Jr. et. Al (2016) e Aradjo R. (2013) notaram um fato referente a concentracéao
de molibdénio dentro deste sistema. Quando esta é superior a 10% da concentracdo da
liga, a fase B cubica de corpo centrado é dominante (HO et al., 1999) (MARTINS JR.
et. Al, 2016) (ARAUJO R., 2013). Assim, para a liga apresentar e estabilizar
caracteristicas referentes a fase € necesséario, portanto, um minimo de 10% em peso de
molibdénio. (BANIA, 1994). Em relacdo ao potencial de resisténcia a corrosdo das
ligas Ti-Mo, estudos com liga Ti-15Mo em solucdo de NaCl 0,15 M com concentracao
varidvel de NaF (0,001 a 0,5 M) mostraram que a liga Ti-15Mo, comparado com
aplicacBes de implantes dentarios, Ti-cp e a liga Ti-6Al-4V € mais atraente devido a
capacidade de formar um filme passivo estavel na presenca de ions de flior e a
densidade de corrente estavel em caso de possivel oxidacdo intraoral (Kumar et al.,
2010). O diagrama de fases, apresentado na figura abaixo, configura um pouco da

relacdo entre as fases do sistema Ti-Mo.
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Figura 5: Diagrama de fases do sistema Ti-Mo (BAKER, H; OKAMOTO, H.
1992)

As fases solidas em equilibrio para o sistema Ti-Mo mostradas na Figura 5 sdo
(1) solugdes solidas CCC (BTi, Mo), nas quais Ti e Mo sdo completamente misciveis
acima da temperatura de transi¢cdo do Ti puro (882 °C) e (2) solugdo sélida de HCP
(oTi) com solubilidade limitada de Mo. Este diagrama, também indica por meio de uma
linha marrom vertical a porcentagem de 10% que para este trabalho, manteve-se fixa
para o sistema de ligas.

O sistema Ti-Zr possui caracteristicas vantajosas com respeito a suas
propriedades mecanicas e bioldgicas, como por exemplo, uma resisténcia a tracdo muito
mais elevada que o titanio comercialmente puro, uma boa biocompatibilidade além de
uma maior recuperacdo elastica, fator que proporciona a este sistema binario uma
grande procura para aplicacdes odontoldgicas (Ho et al., 2008). Uma das vantagens de
se adicionar o zirconio como elemento de liga, € a reducdo da temperatura de fusdo do
titanio, facilitando o processo de producdo da liga, bem como a reducdo do risco de
reatividade com o oxigénio devido as grandes diferencas de temperaturas entre os dois
elementos. Ho et al (2007) em seus estudos com o sistema Ti-xZr (x= 20,30,40 %p),
observaram em todas as trés ligas a presenca da fase a. Contudo, por se tratar de uma
liga de fase o, esta, ainda carece de algumas propriedades encontradas nas ligas de fase
B como resisténcia a corrosdo, rigidez e dureza. Para contornar este fato, o acréscimo de
molibdénio pode ser um benéfico, pois, melhora as propriedades mecanicas que

carecem na liga Ti-Zr além de sua resisténcia a corrosdo. (MOHAN, 2021)
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Figura 6: Diagrama de fases do sistema Ti-Zr (BAKER, H; OKAMOTO, H.
1992)

O diagrama de fases referente ao sistema binario Ti-Zr como observado na
figura 6, similar ao sistema Ti-Mo, as linhas coloridas representam as porcentagens em
peso das ligas desenvolvidas para este trabalho. Ao analisar o grafico, constata-se a
representacdo de um sistema alfa-beta isomorfo o qual se caracteriza por ser um arranjo
em que 0s componentes tém a mesma estrutura cristalina e sdo soltveis um no outro em
qualquer composicdo. Quando em comparado com o grafico Ti-Mo constitui-se um
sistema b isomorfo, similar ao diagrama Ti-V. As fases presentes no sistema Ti-Zr
podem ser classificadas como. Liquido(L), B(Ti-Zr), a(Ti-Zr) B-Ti a-Ti e a-Zr.

Ho et al (2012) em alguns estudos com respeito as propriedades do sistema Ti-
Mo-Zr, notou que durante sua pesquisa, com diversas composi¢oes dentro da liga Ti-
10Zr-xMo (x =1;3;5;7;10;12,5;15;17,5 e 20% em peso) a estrutura cristalina da liga
variava em relacdo ao acréscimo de Molibdénio, assim constatou-se que para valores
superiores a 7,5% em peso era possivel observar retencdo da fase p.

A ilustracdo das condicBGes de equilibrio em duas dimensdes torna-se mais
complicada quando um terceiro componente é adicionado a um sistema binéario. Uma
possibilidade é adicionar uma terceira dimensdo de composicdo a base, resultando em
um diagrama sélido com diagramas binarios com lados verticais. Conforme mostrado
na figura 7, isso pode ser representado como uma projecdo isométrica modificada.
Limites de campo monofasicos (liquidus, solidus e linhas solvus nos diagramas
binarios) tornam-se superficies; areas monofasicas e bifasicas tornam-se volumes;
linhas trifasicas tornam-se volumes; e pontos de quatro fases podem existir como um
plano invariante, embora ndo mostrado na figura 7.

Embora as projecdes tridimensionais possam ajudar na compreensdao do
relacionamento de um diagrama, a leitura de valores delas é dificil. Como resultado, os
sistemas ternarios sdo frequentemente representados por visualizagdes de diagramas
binarios que incluem as faces e projecdes bidimensionais das superficies liquidus e
solidus, bem como uma série de secdes bidimensionais horizontais e verticais

(isotermas) através do diagrama.



Laboratério de
‘ NECET "W

Biomateriais

Liguidus surfaces

L+@a
. Solidus
———s | — surtace
Solvus
Sotvus | L~ surface

surface
c B

Figura 7: Diagrama de fase ternario mostrando o equilibrio trifasico.
(BAKER, H; OKAMOTO, H. 1992)
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Figura 8: Diagrama de fases do sistema Ti-Mo-Zr. Adaptado de (BAI, W. et al.
2018).

Por meio da figura 8, é possivel inserir o sistema de ligas deste trabalho
seguindo 0s métodos ja descritos por BAKER, H; OKAMOTO, H. 1992, desta maneira,
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nota-se a presenca das trés ligas proximas ao campo de fase beta, como mencionados
por BAI, W. et al. 2018. A leitura dos elementos contidos neste diagrama € interpretada
com base ao lado oposto do vértice do componente, desta maneira para encontrar a
concentracdo de Zirconio, utilizamos o vértice Zr e a partir disto retas paralelas séo
tracadas do ponto relativo ao vértice até dada concentracdo do elemento, como dado em

exemplo a figura 9.

Figura 9: Leitura de um diagrama Ternario Fonte: (VIEIRA 2018)

Assim, € possivel extrair trés possiveis casos de formacdo a partir deste
diagrama. Caso a substancia esteja em um dos vertices, € dito que a substancia é pura
sendo correspondente a tal elemento. Segundo ponto, € uma substancia que se encontra
nas linhas referentes aos lados do triangulo, neste caso, trata-se de uma mistura binaria.
O terceiro caso, refere-se a substancias as quais encontram-se dentro do triangulo, assim
é dito que sdo misturas ternarias. Para este trabalho, todas as trés substancias estdo

situadas dentro do triangulo, classificando-as como uma mistura ternaria de elementos.

Algumas propriedades fisico quimicas dos elementos citados neste trabalho

podem ser analisadas na Tabela 2.

Biomateriais

Os biomateriais representam uma grande parcela dos produtos que estdo ligados
a area da saude. Dentre a extensa utilizacdo destes materiais, pode-se destacar: 0s
dispositivos biomédicos, materiais implantaveis e dispositivos para “drug delivery”
(PIRES, BIERHALZ, MORAES, 2015). Durante o decorrer dos anos em que a pesquisa
sobre biomateriais ganhou destaque, muito se comentava a respeito de sua definicéo,

uma vez que este tema abrange diversas areas do conhecimento. Desta maneira,
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utilizava-se a ideia desenvolvida na conferéncia de definicdes relativa a area da saude
em 1986 a qual fora utilizada por diversos autores vinculados ao meio com o passar dos
anos. Para Park, e Bronzino (2003) um biomaterial pode ser descrito como um material
sintético ou uma combinacdo de substancias naturais ou também sintéticas que podem
ser utilizadas como reposicdo de 6rgdos ou tecidos de um sistema vivo. Esta definicéo €
antiga, pois atualmente os biomateriais podem ser utilizados em outras aplica¢cbes como
na medicina regenerativa ¢ sistemas de “drug delivery”. Atualmente, a defini¢do de
biomaterial mais aceita e citada pelo meio cientifico junto a Zhang (2019, p.253) é:
“Todo tipo de material desenvolvido para tomar uma forma que consiga direcionar
através de interacGes com tecidos e sistemas vivos o curso de qualquer diagndstico ou

procedimento terapéutico.”

Tabela 2 — Propriedade dos elementos titanio, molibdénio e zirconio

Propriedades Titanio Molibdénio Zirconio
Simbolo Ti Mo Zr
NUmero atbmico 22 42 40
Massa Atdmica 47,57 95,94 91,22
(9/mol)
Ponto de Fusédo 1668°C 2623°C 1855°C
Ponto de Ebulicéo 3287°C 4639°C 4409°C
Estrutura Cristalina Hexagonal
compacta Fase Cubica de Corpo Fase alfa(a)
alfa(a) < 882°C, Centrado fase <863°C
Fase beta() > Fase beta (B)
882°C >863 °C
Raio Atbmico (nm) 0,145 0,139 0,159
. Fase alfa(a): 4,54 10,22 Fase alfa 6,51
Densidade (g/cm3 ’
ensidade (g/cm?) Fase beta(p): 4,35
Valéncia +2,+3 e+4 +2,+3, +4, +5e +6 +2,+3 e+4
Eletronegatividade
Escala de Pauling 1,54 2,16 1,33
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Moédulo de
Elasticidade 106 GPA 261 GPA 95 GPA

Um biomaterial pode ser classificado de trés formas diferentes com relagéo a sua
resposta ao organismo. Os bioinertes sdo 0s materiais que ndo causam nenhum
problema ao organismo, pois ndo produzem reacdes adversas a0 mesmo. Os bioativos
sdo aqueles que apds certo tempo de implante podem interagir com o organismo. Os
biodegradaveis sdo aqueles que apds o periodo de implantacdo sdo absorvidos pelo
organismo e posteriormente sendo repostos por um novo tecido vivo (BASU, KATTI,
KUMMAR, 2009).

Os biomateriais metalicos sdo extensamente utilizados como pinos, placas,
parafusos, agulhas e implantes (ortopédicos, odontolégicos e cardiovasculares), sendo
exemplos 0s metais preciosos (como ouro e prata) e 0s acos inoxidaveis, como ligas de
Co-Cr em conjunto com as ligas de titanio. O aco inoxidavel e as ligas de Co- Cr
passaram a ser muito utilizados durante o século XX, em funcdo de suas propriedades e
baixo custo. Apos a segunda guerra mundial, o titanio tem despertado grande interesse,
devido as suas excelentes propriedades mecanicas ja mencionadas neste texto. (LONG e
RACK, 1998; NIINOMI, 2008; GEETHA et al., 2009) (SHI, 2006).

O Brasil e 0 Mercado de Biomateriais

O crescimento do interesse em biomateriais nos ultimos anos refletiu ativamente
no mercado mundial. E possivel dividi-lo em dois grandes sistemas, sendo o primeiro
referente a como o0s biomateriais sdo construidos, sejam por ceramicas, metais,
polimeros ou algum material de origem animal. O segundo, refere-se as aplicagdes
destes biomateriais, como implantes ortopédicos, cardiovasculares, odontoldgicos, entre
outros. E possivel estimar a margem de investimentos deste mercado. Em 2008 por
exemplo, foram movimentados mundialmente cerca de US$ 25,6 bilhGes, os quais tem
como principais investidores, os EUA e Europa com 43% e 33% respectivamente, e em
contraste o Brasil com cerca de 2%. J4 em 2012 foram investidos mais de US$ 44
bilhdes e os investimentos seguem numa projecdo de aumento a 22% por ano mantendo
a proporcao dos investidores principais. Os biomateriais metalicos conquistam metade
do mercado mundial, sendo o maior ramo em implantes ortopédicos (PIRES,
BIERHALZ, MORAES, 2015). Segundo Pires, Bierhalz e Moraes (2015) temos a

respeito do Brasil e os lucros e gastos envolvendo biomateriais que:
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No Brasil, 0 mercado de biomateriais foi de 690 milhGes de délares em 2010,
tendo-se a expectativa de que alcance 1,7 bilhdes em 2015 (crescimento de
20%). Neste pais, o ramo de maior movimento econdmico é o de produtos
ortopédicos (37,5% do mercado total em 2009), seguido do de biomateriais
de uso cardiovascular (36% do total). JA em 2011 as cirurgias ortopédicas
chegavam, no Brasil, a quase 300 mil por ano, de acordo com dados do
Sistema Unico de Saude reportados no Portal Brasil, um nimero muito
menor, entretanto, do que o dos procedimentos observados em adultos nos
EUA, estimado em 1,9 milh&es possivelmente por limitacdo do acesso dos
pacientes e hospitais a muitos dos dispositivos implantaveis em razao do alto
custo. (Pires, Bierhalz, Moraes; 2015 p.959)

A razdo para o enorme crescimento no mercado de materiais deve-se a alguns
fatores como: envelhecimento da populacdo mundial, aumento do padrdo de vida em
paises desenvolvidos, onde observa-se uma inversdao da piramide etaria, além das
melhorias tecnoldgicas as quais facilitam o tratamento de enfermidades antes nao
trataveis. (PIRES, BIERHALZ, MORAES, 2015).

A pirdmide etaria é uma forma de comparar e analisar os dados da populacao de
um determinado pais sobre natalidade, idade média e longevidade. Segundo os dados do
IBGE (Instituo Brasileiro de Geografia) a piramide como mostra a Figura 10 aponta um
envelhecimento da populacdo no periodo de 2018, onde nota-se uma diminui¢do da
populacdo mais jovem enquanto hd um aumento da populacdo mais velha, cerca de 4,8
milhGes a mais que 2012, alcancando uma marca de 30,2 milhdes, aproximadamente
18% da populacdo, demonstrando que este grupo esta cada vez mais representativo no
Brasil. (IBGE, 2018)

Piramide etaria (Brasil - 2018)

80 anos ou mais
TS a7 anos
TO a 74 anos
65 a 69 anos
G0 a 64 anos
55 a 59 anos
50 a 54 anos
45 a 40 anos
40 a 44 anos
35 a 39 anos
30 a 34 anos
25 a 29 anos
20 a8 24 anos
15 a 19 anos
10 a 14 anos

5 a9 anos
0 a4 anos

5 4% 3% 2% 1% 1% 2% 3% 4% 5%

Homens ® Mulheres

+*IBGE onte: IBGE, Pesguisa Macional por Amosira de
I IO e

[=Ty = Continua (PRAD Continua) 2013

Figura 10: Piramide Etaria Brasil (2018). Fonte: IBGE (2018).
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Biomateriais

A inversdo da pirdmide etéria, a qual revela uma maior porcentagem de idosos
do que jovens é um fendBmeno mundial, uma vez que o pais apresente um aumento da
expectativa de vida, melhora nas condi¢es de saude e taxas de fecundidades baixas,
relacionado ao numero médio de filhos por mulher. (IBGE, 2018) Como comparativo, é
possivel analisar a piramide etaria da Alemanha como revela a figura 11 onde em 2018
a populacdo idosa entre 50 e 55 anos representa cerca de 10% em comparacdo a

populacdo mais jovem nas faixas de 30 e 34 anos, aproximadamente 6,5%.

1004 Masculina 0.0% 0.0% Feminina

95.99 0.0% | 0.2%

90-94
B5-89
B0-84
75-79
70-74
65-69
60-64

.t % .

45.49
40-44
35-39
30-34
25.29
20.24
15-19
10-14

Alemanha - 2018
PopulationPyramid.net Populacac: 80,560,849

Figura 11: Piramide etaria da Alemanha 2018. Fonte Population Pyramid (2019).

No Brasil, por exemplo tém-se a populacgdo idosa entre 50 e 55 anos uma parcela
de 6.5% dos habitantes enquanto a parte mais jovem nas faixas de 30 e 34 anos
representa cerca de 8% dos 210 milhdes de habitantes no Brasil. A projecdo para 0s
préximos anos com o desenvolvimento do pais é se aproximar mais da piramide da
Alemanha, onde a parcela dos idosos ja representa uma fatia maior da populacdo do
pais.
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Capitulo 3

PrevisOes Teoricas

Aluminio e Molibdénio Equivalentes

As propriedades das ligas de titanio sdo essencialmente determinadas pela
composicdo quimica, estrutura e microestrutura. Portanto, obter previsGes teoricas sobre
certas propriedades e propriedades das ligas antes da preparacdo da liga é uma
abordagem interessante para minimizar erros e custos na producdo de ligas para uma

determinada aplicacéo.

Uma das maneiras pelas quais a estrutura de uma liga pode ser aprendida antes
de ser produzida é através da concentracdo de equivalentes de aluminio e molibdénio.
Através deste método empirico, as ligas podem ser classificadas e agrupadas de acordo
com o numero de elementos estabilizadores o e B. A equagdo que constitui o0 aluminio e

molibdénio equivalente é dada por:

Alleq] = [All + =+ T + 10[0]
1)
Moleq] = [Mo] + 221 + %+ 2‘—"?+ %ju 1,25[Cr] + 1,25[Ni] +
1,7[Mn] + 1,7[Col + 2,5[Fe]
(2)

Onde [ELEMENTOY] refere-se a concentragdo em peso da liga.

Nota-se que enquanto o aluminio e o oxigénio sdo fortes o estabilizadores, o
estanho e o zirconio sdo mais fracos. Pode-se verificar a eficacia dos elementos de

transicdo na estabilizagdo da fase B, que por sua vez aumenta com tantalo, niobio,
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tungsténio, vanadio, molibdénio, cromo, niquel, manganés, sendo, 0s maiores beta
estabilizadores o cobalto e o ferro. A Tabela 3 contém os valores de Molibdénio e

Aluminio equivalente deste trabalho.

Tabela 3 — Valores de Aluminio e Molibdénio equivalente para as ligas deste trabalho.
Liga [Alleq [MO]eq
Ti-10Mo-30Zr 5 10
Ti-10Mo-40Zr 6,66 10
Ti-10Mo-50Zr 8,33 10

Teoria do Orbital Molecular

Uma técnica bem conhecida para prever as fases da liga de titanio é a teoria do
orbital molecular DV-Xa. O método envolve o uso da aproximagdo Hartree-Fock-Slater
do potencial Slater Xa (MORINAGA et. al., 2006) (MORINAGA e YUKAWA, 1997).
O parametro de ordem de unido Bo representa a forca de unido entre o titanio e seus
elementos de liga. O pardmetro de nivel Md esté relacionado com a camada d do metal
de transicdo ligado. Este parametro esta relacionado com a eletronegatividade e raio do
metal dos elementos adicionados ao titanio. A partir desses dois parametros é possivel
prever a estrutura do material e seu modulo de elasticidade (MORINAGA, 2018). A

Tabela 4 expde os valores dos de Bo e Md dos elementos titanio, molibdénio e zirconio.

Tabela 4 — Valores de Bo-Md dos elementos que compde a liga

Elemento Bo Md(eV)
Ti 2,790 2,447
Mo 3,063 1,961
Zr 3,086 2,934

A partir dos dados dispostos na tabela, € possivel calcular o valor de Bo e Md das ligas
deste trabalho. Desta maneira, foi realizado um calculo, o qual se baseia na porcentagem
atdbmica dos elementos em questdo bem como seus respectivos valores de Bo e Md

apresentados na tabela 4.
Md =%, x;Md, (3)
Bo =X, x;Bo, 4)

De modo que X representa a porcentagem atdmica presente em cada liga.
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Os parametros obtidos a partir das equacoes (3) e (4) foram discriminados na tabela 5 e

inseridos em um diagrama Bo-Md como aponta a figura 12.

Tabela 5 — Valores de Bo-Md para as ligas estudadas neste trabalho
Liga Bo Md(eV)
Ti-10Mo-30Zr 2,865 2,512
Ti-10Mo-40Zr 2,890 2,550
Ti-10Mo-50Zr 2,918 2,592

2.96
mp
: o “
294 O Bro+a” T 2
o o oz
© B (+0 added) <2
292}
2.90
2.88
o
@
2.86 |
284 - Linha Ti-10Mo-Zr
* Ti-10Mo-30Zr
2.82 4 "
e Ti-10Mo-40Zr
2.80 *Ti-10Mo-50Zr
purg Ti
2.78 L L = W
2.35 2.40 245 2.50 2.55 2.60

Md
Figura 12: Diagrama Bo-Md Adaptado. Fonte (ABDEL-ADDY et al., 2006).

Por meio do diagrama as ligas propostas neste trabalho estdo em regides ainda
ndo classificadas, mas de acordo com Araujo (2018), em se trabalho com ligas do
sistema Ti-Mo-Zr, o acréscimo de Zircbnio em cada liga, (5,10,15 e 20 %p) aumentou a

estabilidade /@ destas ligas em relacdo as fases a, a"e cw.
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Abstract

Titanium is one of the most utilized metals for orthopedic implants. This element has
excellent mechanical and biological properties. As a strategy to develop a new system
of alloys that does not cause health problems to the patient, such as the Ti-6Al-4V alloy
a new group alloys has been designed to meet these expectations. Molybdenum, when
associated with titanium, reduces the transition temperature from o to the B phase.
Zirconium increases the corrosion resistance, decreases the melting point, and improves
the alloy's biocompatibility. The alloys with the beta phase's predominance are the most
desirable for biomedical applications due to their higher mechanical compatibility with
the bone tissue. This paper presents the preparation of the Ti-10Mo-xZr (x= 30, 40, and
50 wt%) alloys and their characterization by measurements of density, energy dispersive
spectrometry (EDS), x-ray diffraction, optical and scanning electron microscope (SEM).
The density values were higher than that of pure titanium due to the zirconium and

molybdenum. The EDS measurements reveal a suitable stoichiometry of the elements
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and no impurities contamination. In the x-ray diffraction and microscopy
measurements, it was observed only peaks of the beta phase. This new system of Ti-
alloys is promising alloys for biomedical applications.

Keywords: Ti-Alloys, b-phase alloys, Microstructure

Introduction

Titanium alloys have a high range of mechanical, physical, and corrosion
resistance properties, which arouse an extreme interest in the aerospace, energetic,
chemical, and health industries (1). Those alloys have some attributes in addition to
these properties, either with high hardness, low elasticity modulus, and high melting
point. Biomaterials play an important role for human development today. They can be
divided into four major classes, namely: metals and their alloys, polymers, ceramics,

and natural materials. (2)

Concerning health applications, the first alloys used were a-type alloys, such as
commercially pure titanium and alloys developed for the aeronautical industry (3).
Then, the a + B type alloys gained attention, due to their wide range of properties, with
the Ti-6Al-4V alloy being widely used today (4, 5). However, there have been reports
that aluminum and vanadium ions released into the bloodstream could cause cytotoxic
effects and neurological problems (such as Alzheimer's disease) (6, 7). This new class
of titanium alloys has been looking for B-type alloys, as they have lower elasticity
modulus, among all classes of titanium alloys (8, 9). Such alloys have been produced
with the addition mainly of molybdenum (10, 11), zirconium (12-15), tantalum (16, 17),
and niobium (18-21), which are elements that do not present cytotoxic reactions with

the organism.
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The B metastable alloys consist of the predominance of the B-phase, however, it
is still possible to contain small fractions of the ® phase due to the thermomechanical
processes derived from the production of this material. These alloys are used in
structural applications where high resistance to deformation, rigidity, resistance to
corrosion and low modulus of elasticity are required. These characteristics transform the
metastable B alloys attractive to the means of production of engineering and medicine,
even considering their high production cost, as these materials also present an excellent

biocompatibility for the use of implants and interactions with bone tissue.(22)

Titanium in its entirety manages to change its crystalline structure in some
temperature fields. Allotropic transformation is called a complete transformation from
one crystalline structure to another, and when this phenomenon occurs, its
transformation temperature is called the transition temperature (23). Pure titanium has a
compact a-phase hexagonal structure at low temperatures. For values higher than the
882°C transition temperature, this assumes a cubic body structure centered with phase 3
(24). Earlier studies state that the elasticity modulus for B-phase alloys is less than
alpha-phase alloys (1). Molybdenum is a strong p-stabilizer and can have a wide range
of composition where the o and  phases of titanium can be present (25). The Ti-Mo
system is a set of alloys widely studied because of their excellent mechanical properties,
corrosion resistance, and low modulus of elasticity (10, 26-28). Thus, for the alloy to
present and stabilize characteristics referring to the beta phase, therefore, a minimum of

10% by weight of molybdenum is necessary. (29) (28)

Zirconium is an element that belongs to the same group as titanium in the
periodic table, presenting similar chemical properties (30). Zirconium acts as a strong
hardening agent for the solid solution (31). This element is easy to form solid solutions

with titanium, being added to improve the mechanical and corrosion resistance, and
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improving its biocompatibility (32). The addition of zirconium can also decrease the
martensitic transformation temperature (Ms) of the o’ phase and slightly decrease the
alloy's melting temperature (14, 15). The Ti-Zr system has advantageous characteristics
with respect to its mechanical and biological properties, such a higher tensile strength
than commercially pure titanium, good biocompatibility as well as greater elastic

recovery, a factor that provides this system high demand for dental applications. (33)

In this context, this paper's purpose was to prepare and characterize a novel set
of titanium alloys containing molybdenum and zirconium, aiming at biomedical
applications. The alloys were obtained by arc-melting and characterized chemical,

structural, and microstructurally to better understand this beta type alloy's properties.

Materials and Methods

The alloys were prepared using the precursor elements of high purity, such as
titanium (grade 2) in bars, zirconium in wire (98.5% purity), and molybdenum in wire
(99.0% purity) in their proper proportions. The precursors were melted in an arc-fusion
furnace, with a controlled argon atmosphere to prevent contamination, in a water-cooled
copper crucible and the non-consumable tungsten electrode. The ingots were re-melted

five times to ensure homogeneity.

A chemical microanalysis was performed using dispersive energy spectroscopy
(EDS) in an OXFORD detector, model INCA X-Act, coupled to the scanning electron
microscope EVO LS15 by Carl Zeiss. Alloy elements were mapped to assess the

material's distribution and homogeneity.

The density of the alloys was obtained by Archimedes principle, using an

Explorer model Ohaus analytical balance.
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The alloys' structure was obtained by X-ray diffraction measurements performed
on a Rigaku diffractometer model D / Max 2100 / PC, with Cu-Ka (I = 1.5406 A)
radiation. The data will be collected using the powder method and fixed time mode,

with a step of 0.02° ranging from 10° to 100°, and a collection time of 3.2 s.

Microstructural characterization was performed using an optical microscope
Olympus BX51M model. Scanning electron microscopy images were obtained using an
electron microscope Carl Zeiss EVO LS15 model. These microscopic techniques were
used to observe the current phases and their distributions, the structure's quality, and the

grains' size.

Results and Discussion

Figure 1 shows the energy peaks related to the composition of the alloy using the
EDS technique. Through this technique, it was possible to obtain the chemical
microanalysis of the produced alloys. Analyzing Fig. 1 shows that it is possible to
identify energy peaks related to the elements that compose the alloy: titanium,
molybdenum, and zirconium. Table 1 shows the quantitative chemical analysis of the
produced alloy using EDS. The data contained in Table 1 indicate an excellent melting
of the system, where there is only a slight deviation concerning the composition of the
alloys respecting the proposed stoichiometry, given that the ASTM F2066-13 standard
(34) (which standardizes the Ti-15Mo alloy) states that the concentration of the
elements must be £ 1 wt% of the nominal concentration. The alloys of this study are

within the established interval, validating the results of the chemical analysis.
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Spectrum 1

(@)

Figure 1: EDS spectra for Ti-10Mo0-30Zr (a), Ti-10Mo0-40Zr (b) and Ti-10Mo-50Zr (c)

alloys.

Table 1 — Chemical composition of the Ti-10Mo-Zr produced alloys, obtained by EDS.
Element (wt%)  Ti-10Mo-30Zr  Ti-10Mo-40Zr  Ti-10Mo-50Zr

Mo 9.2 9.95 9.57
Zr 305 39.11 49.28
Ti Balance Balance Balance

In Figure 2, it can be shown the mapping of the compositions made by EDS, in
which the red, blue, and green colors represent titanium, molybdenum, and zirconium,
respectively. A good distribution of the elements, without precipitates or aggregates,

was observed in all samples, indicating good homogeneity.
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Figure 2: EDS elements mapping of the Ti-10Mo-30Zr (a), Ti-10Mo-40Zr (b), and Ti-
10Mo-50Zr (c) alloys.

Regarding density, experimentally, and theoretically obtained data are presented
in Figure 3. Density is one of the important physical properties to study in biomedical
materials, as specific strength is one of the criteria for biocompatibility (35). In the
medical industry, low density values are better, as they reduce the extra weight load on
the organs around the implant avoiding material stress. (36) The alloys in the Ti-Mo-Zr
system stand out from the Ti-6Al-V (4.41 g/cm®), Cp-Ti (4,54 g/cm®) and Ti-15Mo
(5,01g/cm?®) because they have high-density values. This fact is due to the addition of
the elements Zr (6.51 g / cm3) and Mo (10.22 g / cm?) because, when added as alloying
elements, they increase their density (37). Even with high values, the densities of the

alloys presented in this work are lower when compared to others used in the field of
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orthopedics such as stainless steel (7,5 g/cm?® and cobalt-based (8,3 g/cm?®) alloys.(13,
36) When the theoretical value is compared with the experimental value, an increase can
be seen, which can be attributed to metallic impurities (Al, Cr, Fe, Mn, and Ni) and also

to interstitial elements (O, C, N, and H) (38).
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Figure 3: Density of the produced Ti-10Mo-Zr alloys.

Figure 4 shows the spectra obtained by X-ray diffraction for Ti-10Mo-30Zr, Ti-
10Mo-40Zr, and Ti-10Mo-50Zr alloys. It can be observed only peaks related to the
phase. Ho et al. (28) studied Ti-Mo alloys and observed the beta stabilizing effect of
molybdenum above 10% in weight as an alloying element. Zirconium is a neutral

element, but when added as an alloying element together with another or more beta
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stabilizing elements, it can act as a beta stabilizing agent and help, therefore, in the

consolidation of this phase (13).

i Ti-10Mo-50Zr I

Intensity (a.u.)

B
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-
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.

20 30 40 50 60 70 80
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Figure 4: X-ray diffractograms for samples of as-cast Ti-10Mo-Zr alloys.
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Figure 5 shows the micrographs obtained by optical and scanning electron

microscope for the Ti-10Mo-Zr alloys.

EHT =10.00kV  Signal A= SE1 >
WO=115mm  Mags 1.00KX smunnar

EHT=1500kV  Signal A= SE1
WO=70mm  Mag= 1.00KX e
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WO=105mm  Mag® 1.00KX (i imar

Figure 5: Optical micrographs for Ti-10Mo-30Zr (a), Ti-10Mo-40Zr (b) and Ti-10Mo-
50Zr (c) alloys; scanning electron micrographs Ti-10Mo-30Zr (d), Ti-10Mo-40Zr (e)
and Ti-10Mo-50Zr (f) alloys.

According to Ho et al., a characteristic morphological predominance of the

phase is observed through the analysis of the obtained micrographs (39). These authors
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verified that with almost 10 wt% of molybdenum, only the beta phase's presence occurs.
Zirconium, on the other hand, acted as a neutral element, maintaining the beta phase

without the presence of other phases during the analysis as the proportions increased.

Conclusions

From the obtained results, it is possible to conclude that the as-cast Ti-
10Mo-Zr alloys have an intense beta phase by the X-ray diffraction and microscopy
measurements. From these preliminary results, it is possible to conclude that the
produced alloys can be applied as a biomaterial, complete the study with some

mechanical tests (as hardness and elasticity modulus) and biocompatibility tests.

CRediT authorship contribution statement

Israel Ramos: Methodology, Investigation, Writing - original draft. Renan Lopes:
Investigation. Carlos Grandini: Conceptualization, Supervision, Funding acquisition,
Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing for financial interests or
personal relationships that could have influenced the work reported in this paper.

Acknowledgments

The authors would like to thank Professor Oscar Balancin and Rover Belo (UFSCar) for
the use of hot-rolling equipment. This study was financed in part by the Coordenacéao de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001
and CNPq (grants #308.204/2017-4 and #148.171/2019-2).



Laboratorio de
@ Anelasticidade e —————————————————————————————————— 48

References

1. Kaur M, Singh K. Review on titanium and titanium based alloys as biomaterials for
orthopaedic applications. Materials Science and Engineering: C. 2019;102:844-62.
2. Kaur M, Singh K. Review on titanium and titanium based alloys as biomaterials for

orthopaedic applications. Materials Science and Engineering: C. 2019.
3. Geetha M, Singh AK, Asokamani R, Gogia AK. Ti based biomaterials, the ultimate
choice for orthopaedic implants - A review. Progress in Materials Science. 2009;54(3):397-425.

4. W. Nicholson J. Titanium Alloys for Dental Implants: A Review. Prosthesis.
2020;2(2):100-16.

5. Vizureanu P, Baltatu MS. Titanium-Based Alloys for Biomedical Applications.
Millersville, PA: Materials Research Forum LLC; 2020. 160 p.

6. Noumbissi S, Scarano A, Gupta S. A Literature Review Study on Atomic lons
Dissolution of Titanium and Its Alloys in Implant Dentistry. Materials. 2019;12(3):368.
7. Mello DACR, de Oliveira JR, Cairo CAA, Ramos LSdB, Vegian MRdC, de

Vasconcellos LGO, et al. Titanium alloys: in vitro biological analyzes on biofilm formation,
biocompatibility, cell differentiation to induce bone formation, and immunological response. J
Mater Sci: Mater Med. 2019;30(9):108.

8. Callioglu S, Acar P. Design of B-Titanium microstructures for implant materials.
Materials Science and Engineering: C. 2020;110:110715.

9. Chen L-Y, Cui Y-W, Zhang L-C. Recent Development in Beta Titanium Alloys for
Biomedical Applications. Metals. 2020;10(9):1139.

10. Martins Jr JRS, Grandini CR. Structural characterization of Ti-15Mo alloy used as
biomaterial by Rietveld method. Journal of Applied Physics. 2012;111(8):083535-8.

11. Martins Jr JRS, Nogueira RA, Araujo ROd, Donato TAG, Arana-Chavez VE, Claro
APRA, et al. Preparation and characterization of Ti-15Mo alloy used as biomaterial. Materials
Research. 2011;14:107-12.

12. Correa DRN, Kuroda PAB, Lourenco ML, Fernandes CJC, Buzalaf MAR, Zambuzzi
WEF, et al. Development of Ti-15Zr-Mo alloys for applying as implantable biomedical devices.
Journal of Alloys and Compounds. 2018;749:163--71.

13. Correa DRN, Vicente FB, Araudjo RO, Lourengco ML, Kuroda PAB, Buzalaf MAR, et
al. Effect of the substitutional elements on the microstructure of the Ti-15Mo-Zr and Ti-15Zr-
Mo systems alloys. Journal of Materials Research and Technology. 2015;4(2):180-5.

14, Correa DRN, Vicente FB, Donato TAG, Arana-Chavez VE, Buzalaf MAR, Grandini
CR. The effect of the solute on the structure, selected mechanical properties, and
biocompatibility of Ti-Zr system alloys for dental applications. Materials Science &
Engineering C-Materials For Biological Applications. 2014;34:354-9.

15. Vicente FB, Correa DRN, Donato TAG, Arana-Chavez VE, Buzalaf MAR, Grandini
CR. The Influence of Small Quantities of Oxygen in the Structure, Microstructure, Hardness,
Elasticity Modulus and Cytocompatibility of Ti-Zr Alloys for Dental Applications. Materials.
2014;7(1):542-53.

16. Kuroda PAB, de Freitas Quadros F, Sousa KdSJ, Donato TAG, de Aradjo RO, Grandini
CR. Preparation, structural, microstructural, mechanical and cytotoxic characterization of as-
cast Ti-25Ta-Zr alloys. J Mater Sci: Mater Med. 2020;31(2):19.

17. Quadros FdF, Kuroda PAB, Sousa KdSJ, Donato TAG, Grandini CR. Preparation,
structural and microstructural characterization of Ti-25Ta-10Zr alloy for biomedical
applications. Journal of Materials Research and Technology. 2019;8(5):4108-14.

18. Caha |, Alves AC, Kuroda PAB, Grandini CR, Pinto AMP, Rocha LA, et al.
Degradation behavior of Ti-Nb alloys: Corrosion behavior through 21 days of immersion and
tribocorrosion behavior against alumina. Corrosion Science. 2020;167:108488.

19. Kuroda PAB, da Silva LM, Sousa KdSJ, Donato TAG, Grandini CR. Preparation,
structural, microstructural, mechanical, and cytotoxic characterization of Ti-15Nb alloy for
biomedical applications. Artificial Organs. 2020;44(8):811-7.



Laboratorio de
@ Anelasticidade e —————————————————————————————————— 49

20. Pereira BL, Lepienski CM, Seba V, Hobold G, Soares P, Chee BS, et al. Titanium-
Niobium (Ti-xNb) Alloys with High Nb Amounts for Applications in Biomaterials. Materials
Research. 2020;23.

21. Martins Jr JRS, Matos AA, Oliveira RC, Buzalaf MAR, Costa I, Rocha LA, et al.
Preparation and characterization of alloys of the Ti—15Mo-Nb system for biomedical
applications. Journal of Biomedical Materials Research Part B: Applied Biomaterials.
2018;106(2):639-48.

22, Kolli R, Devaraj A. A Review of Metastable Beta Titanium Alloys. Metals.
2018;8(7):506.

23. Collings EW. The Physical Metallurgy of Titanium Alloys. Ohio: ASM International,
1989.

24, Lltjering G, Williams JC, Gysler A. Microstructure and Mechanical Properties of
Titanium Alloys. Microstructure and Properties of Materials1998. p. 1-77.

25. Terpitowska S, Siwicka-Gieroba D, Siwicki AK. Cytotoxicity of Iron (111),
Molybdenum (l11), and their Mixtures in BALB/3T3 and HepG2 Cells. Journal of veterinary
research. 2018;62(4):527-33.

26. Myslyvchenko OM, Bondar AA, Horban VF, Luhovskyi YF, Sobolev VB, Tikhonova
IB. Structure and Physicomechanical Properties of Cast Titanium Alloys of the Ti—-Nb—Mo
System. Materials Science. 2020;56(2):224-31.

217. Kuroda PAB, Buzalaf MAR, Grandini CR. Effect of molybdenum on structure,
microstructure and mechanical properties of biomedical Ti-20Zr-Mo alloys. Materials Science
and Engineering: C. 2016;67:511-5.

28. Ho WF, Ju CP, Chern Lin JH. Structure and properties of cast binary Ti-Mo alloys.
Biomaterials. 1999;20(22):2115-22.

29. Bania PJ. Beta Titanium Alloys and Their Role in the Titanium Industry. In: Eylon D,
Boyer RR, Koss DA, editors. Titanium Alloys in the 1990's. Warrendale: The Mineral, Metals
& Materials Society; 1993.

30. Zirconium and Hafnium. In: Davis JR, editor. Metals Handbook Desk Edition, 2nd Ed:
ASM International; 1998. p. 0.

31. Cordeiro JM, Beline T, Ribeiro ALR, Rangel EC, da Cruz NC, Landers R, et al.
Development of binary and ternary titanium alloys for dental implants. Dental Materials.
2017;33(11):1244-57.

32. Cordeiro JM, Faverani LP, Grandini CR, Rangel EC, da Cruz NC, Nociti Junior FH, et
al. Characterization of chemically treated Ti-Zr system alloys for dental implant application.
Materials Science and Engineering: C. 2018;92:849-61.

33. Ho W-F, Chen W-K, Wu S-C, Hsu H-C. Structure, mechanical properties, and
grindability of dental Ti—Zr alloys. Journal of Materials Science: Materials in Medicine.
2008;19(10):3179-86.

34. ASTM. F2066-08 - Standard specification for wrought titanium-15 molybdenum alloy
for surgical implant application. F2066-08 - Standard specification for wrought titanium-15
molybdenum alloy for surgical implant application. Philadelphia (USA): ASTM International;
2008.

35. Kim T-1, Han J-H, Lee I-S, Lee K-H, Shin M-C, Choi B-B. New titanium alloys for
biomaterials: A study of mechanical and corrosion properties and cytotoxicity. Bio-Medical
Materials and Engineering. 1997;7(4):253-63.

36. Araljo ROd, Buzalaf MAR, Grandini CR. Preparation and Characterization of Ti-
10Mo-xZr Alloys for Biomedical Applications. Materials Science Forum. 2016;869:940--5.
37. Lide D. CRC handbook of chemistry and physics: a ready-reference book of chemical
and physical data. 85th ed. Boca Raton, USA: CRC Press; 2004. 2712 p.

38. Polmear I, Stlohn D, Nie J-F, Qian M. 7 - Titanium Alloys. In: Polmear I, StJohn D,
Nie J-F, Qian M, editors. Light Alloys (Fifth Edition). Boston: Butterworth-Heinemann; 2017.
p. 369-460.

39. Ho W-F, Wu S-C, Hsu S-K, Li Y-C, Hsu H-C. Effects of molybdenum content on the
structure and mechanical properties of as-cast Ti—10Zr-based alloys for biomedical applications.
Materials Science and Engineering: C. 2012;32(3):517-22.



Laboratério de
@ Anelasticidade e — 50

Capitulo 5

THERMOMECHANICAL TREATMENTS AND
THEIR EFFECTS ON STRUCURE,
MICROSTRUCTURE, AND SELECT
MECHANICAL PROPERTIES OF SOME
METASTABLE B TI ALLOYS

Israel Ramos Rodrigues!, Renan Eduardo de Lima Lopes?, Marilia Afonso Rabello

Buzalaf?, Diego Rafael Nespeque Correa®, Carlos Roberto Grandini?,?

L UNESP - Universidade Estadual Paulista, Laboratério de Anelasticidade e
Biomateriais, 17.033-360, Bauru, SP, Brazil

2 Bauru School of Dentistry, University of S3o Paulo, 17.012-901, Bauru, SP, Brazil

3 IFSP — Federal Institute of Education, Science and Technology of S&o Paulo, 18095-
410 Sorocaba, SP, Brazil

Abstract

Metastable p-type Ti-alloys are a group of alloys with a body-centered cubic crystalline
structure and the majority of the P phase. These alloys are utilized in structural
applications that require high deformation resistance, stiffness, corrosion resistance, and
low Young's modulus. Despite their high production costs, these applications make
metastable alloys appealing for engineering and medical production. Titanium is
dimorphic as a pure element, meaning it has a compact hexagonal structure (o phase)
that is stable until 862°C and then shows a body-centered cubic structure (p phase) at

higher temperatures. Molybdenum is a B-stabilizer element that, when combined with

2 Corresponding author: Prof. C.R. Grandini, FBSE — email: carlos.r.grandini@unesp.br
— ORCID: 0000-0002-3336-309X
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titanium, contributes to the B phase stability. When added to an alloy, zirconium
improves corrosion resistance and biocompatibility and contributes to stabilizing the
phase when another -stabilizer element is present. This paper discusses the influence of
thermomechanical treatments on the Ti-10Mo-xZr (x = 30, 40, and 50 wt%) system.
Only peaks characteristic of the B phase were identified in the x-ray diffraction
measurements. The grains observed in the optical and scanning electron micrographs
are typical of this phase. The Vickers microhardness showed a decrease in its values due
to the addition of zirconium elements and the effects of heat treatments, which shows an
increase in the beta phase. The Young's modulus of these alloys was lower (24%, 27%,
45% respectively) after the solution because the grain retainment improved the beta
phase stability.

Keywords: Ti Alloys; Structure; Microstructure; Mechanical Properties;
Thermomechanical Treatments

Introduction

With the increase in the life expectancy of the general population worldwide,
biomaterials researchers have increased their attention to new metallic biomaterials
[1,2]. Titanium and its alloys are consolidated materials, once they provide many
favorable properties such as low density, good mechanical strength, and excellent

corrosion resistance [3].

Titanium is a transition element, and it exists in two allotropic forms, hexagonal
close packed (HCP; a phase) and above 882°C exists in the form of body-centered cubic
(BCC; P phase) [4,5]. Some elements have a powerful influence on the allotropic
behavior of titanium. The elements that increase the p-transus temperature are called a-
stabilizers, whereas the elements that reduce it are called B-stabilizers [6]. The addition
of elements such as molybdenum and zirconium may provide better mechanical
properties since molybdenum acts as a strong [-stabilizer, and in concentrations of
around 10 wt% [6,7] and zirconium, in the presence of another B-stabilizer element,
influences the reduction of the phase transition temperature between the o and p phases
[8-12]

Metallic biomaterials are widely used as pins, plates, screws, needles, and

implants (orthopedic, dental, and cardiovascular) [13]. Precious metals (such as gold
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and silver), stainless steel, and Co-Cr alloys are used as orthopedical implants in
conjunction with titanium alloys. Stainless steel and Co-Cr alloys became broadly used
during the 20th century due to their excellent mechanical properties [14,15]. The most
used titanium alloy for implants is Ti-6Al-4V [16], but studies reported neurological
problems associated with vanadium [17], and aluminum was associated with
Alzheimer's disease [18]. Then, the increased demand for superior metallic biomaterials
led to the searching and development of new titanium alloys, but with non-toxicity

combined with low Young's modulus and high mechanical resistance [19].

The B-type Ti alloys are remarkable by their high strength/density ratio, good
hardness, and resistance to fatigue when compared to the a- and (o + B)-type alloys
[5,19]. Some substitutional elements are used in its composition, such as niobium,
copper, iron, manganese, molybdenum, and tantalum, because they stabilize the B
phase, decreasing the transition temperature from o to . Elements such as tin and
zirconium have a neutral behavior but, in the presence of a p-stabilizer element,
contribute to the stabilization of the B-phase, acting as a [ phase strengthening agent
[6,8,11,12,14].

Heat treatments aim to reduce the residual stress from the melting or
deformations in some materials, improving their ductility, hardness, and corrosion
resistance. The treatments can be done in o +  or only phase j temperature ranges [20-

24].

Metastable B Ti alloys undergo thermomechanical treatments with the premise
of changing their shape and thus can be used in engineering applications. The hot-
rolling treatment aims to optimize the mechanical properties by controlling the
microstructure and can suppress the formation of the omega phase, that can also occur
in the aging process of alloys [14,22,24,25]. However, titanium alloys used in the
biomedical field can receive thermomechanical treatments with similar parameters than
those used in the aeronautical industry. The focus of these alloys is characterized by the

Young’s modulus, biocompatibility, and corrosion resistance [14].

Solution treatments can be performed at "super-transus™ and "sub-transus"
temperatures, which are equivalent to values above or below the phase transition
temperature of titanium [24]. Its general procedure is to heat the material to one of the

temperature fields, keep it for a period and then cool it down quickly. There are two
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types of procedures for this step. The first is the solution treatment in 3, which aims to
homogenize the formation of the body-centered cubic crystalline structure, obtaining a
more excellent ductility of the material [24]. The second type, called a and B treatment,
promotes enrichment of the B phase with some fractions of the a phase, resulting in less
ductility of the material [14].

In this sense, this paper proposes to investigate the effects of heat treatment in the
structure and microstructure of Ti-10Mo-xZr (x = 30, 40, and 50 wt%) alloys, with
potential for biomaterial applications, such concentrations of Zirconium were chosen
due to the element's potential to inhibit the w-phase of titanium and also in a ternary

alloy to be a B-stabilizer.
Materials and Methods

The samples were prepared using high purity precursor elements: bars of
commercially pure titanium (grade 2, Sandinox, Brazil), wires of pure zirconium
(98.5% purity, Aldrich Inc., USA), and wires of pure molybdenum (99.0% purity,
Aldrich, U.S.A.), in their proper mass proportions. The precursors were melted using an
arc-melting furnace, with a controlled argon atmosphere to prevent contamination, in a
water-cooled copper crucible and with a non-consumable tungsten electrode. The ingots
were re-melted five times to ensure homogeneity. More details about the preparing of
the as-cast samples can be found in reference [26]. Three alloys were prepared, Ti-
10Mo-30Zr, Ti-10Mo0-40Zr, and Ti-10Mo-50Zr.

To retain the B phase and alleviate the possible stresses from the melting
process, homogenization heat treatment was performed with initial pressure at 4.8 x 10
Torr with a heating rate of 10°C per minute until reaching 1000°C, staying for 24 hours
and then slowly cooled. The ingot was hot rolled to obtain a regular shape. A FENN hot
roller was used for this process. The ingot (around 6.0 mm thickness) was heated up to
1000 °C, and a hot roll was passed until the desired thickness was reached. In the end, a
flat bar was obtained, with a thickness of approximately 3.0 mm. A solution treatment
was done to optimize some of the mechanical properties of the alloy after the hot-rolling

process and thus preserve the P phase crystalline structure. The samples for this
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treatment were placed at a pressure of 2.8 x 10 Torr, kept at a temperature of 1000°C

for 2 hours, and then quickly cooled using water.

The phase composition was obtained by X-ray diffraction (XRD) measurements
performed on a Rigaku diffractometer model D/Max 2100/PC, with Cu-Ka radiation (A
= 1.5406 A). The data were collected using the powder method and fixed time mode,

with a step-size of 0.02° ranging from 10° to 100° and a collection time of 3.2 s.

Microstructural characterization was performed using an Olympus BX51M
model optical microscope. Scanning electron microscopy (SEM) images were obtained
using a Carl Zeiss EVO LS15 model electron microscope. These microscopic
techniques were used to observe the current phases and their distributions, and the

grains size.

For the Young’s modulus measurements, the bars were cut into small blades (20
x 3 x 1 mm3), and each sample was individually placed on two wires to oscillate freely.
The equipment used to perform this measurement was an ACTP Sonelastic®. The
measurements were made following ASTM standard E1876-01 [27].

Vickers microhardness values were obtained using a Shimadzu HMV-2 model
microdurometer with a load of 0.021 kgf (0.205 N) and a dwell time of 60 seconds. Ten

measurements in different places of the samples were obtained.
Results and Discussion
Figure 1 shows the X-ray diffractograms for Ti-10Mo-Zr alloy samples after all

processing steps, as-cast, homogenization heat treatment, hot-rolling process, and

solution heat treatment.
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Figure 1: X-ray diffractograms of Ti-10Mo-30Zr (a), Ti-10Mo-40Zr (b), and Ti-10Mo-
50Zr (c) samples on each studied condition.

The XRD results show only the presence of a single B phase. Bignon et al. [28]
argued that the percentage of each element present in binary titanium alloys for B phase
stabilization and molybdenum in a binary titanium alloy would be approximately 14-
16% in weight. Then, with 10% in weight in molybdenum, there should be the presence
of a B phase. However, under stress, other phases should appear. The XRD results do
not evidence this situation, showing the B-stabilizing character for zirconium in the
presence of another B-stabilizing element [4,29], confirming the theoretical previsions

from Bo-Md e Al-Mo equivalent diagrams.

Fig. 2 presents the optical micrographs for Ti-10Mo-Zr alloy samples after all
processing steps, as-cast, homogenization heat treatment, hot-rolling process, and
solution heat treatment, and Fig. 3 presents the SEM micrographs for Ti-10Mo-Zr

alloys samples, in the same conditions.

Through optical and scanning electron microscopy data, it is possible to observe
that the micrographs of the Ti-10Mo-Zr samples, in their different processing, present
homogeneous grains with morphological characteristics of the p phase [30]. Despite the
different processing with slow (T1) or fast cooling (T2), and the hot rolling process

(#1), there were no observables changes in the grain morphology, indicating the
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presence of a single p phase in all different compositions and processes, corroborating
the XRD results.

Figure 2: Optical micrographs for Ti-10Mo-Zr alloys and their conditions. Ti-10Mo-
30Zr alloy: (a) as-cast (b) after homogenization heat treatment, (c) after the hot-rolling
process, and (d) after solution heat treatment. Ti-10Mo-40Zr alloy: (e) as-cast (f) after
homogenization heat treatment, (g) after hot-rolling process, and (h) after solution heat
treatment. Ti-10Mo-50Zr alloy: (i) as-cast (j) after homogenization heat treatment, (k)

after the hot-rolling process, and () after solution heat treatment.
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Figure 3: SEM micrographs for Ti-10Mo-Zr alloys and their conditions. Ti-10Mo-30Zr
alloy: (a) as-cast (b) after homogenization heat treatment, (c) after the hot-rolling
process, and (d) after solution heat treatment. Ti-10Mo-40Zr alloy: (e) as-cast (f) after
homogenization heat treatment, (g) after hot-rolling process, and (h) after solution heat
treatment. Ti-10Mo-50Zr alloy: (i) as-cast (j) after homogenization heat treatment, (k)

after the hot-rolling process, and () after solution heat treatment.

It is possible to observe in all compositions that after the homogenization heat
treatment (T1), there was a growth in the grain size for all samples. After the hot-rolling
process, there is a decrease in the grain size for the sample with 40 wt% of zirconium.
However, for the samples with 30 and 50 wt% of zirconium, there is an apparent growth
of the grains. After the solution heat treatment, the new growth of the grains is
evidenced by the micrographs of the samples. All micrographs show grains with an
angulation close to 120°, this fact denotes that the grains are regular and are close to

their thermodynamic equilibrium.

Fig. 4 presents the Vickers microhardness results for Ti-10Mo-Zr alloy samples
after all processing steps, as-cast, homogenization heat treatment, hot-rolling process,

and solution heat treatment.
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Figure 4: Vickers microhardness for samples of Ti-10Mo-30Zr (a), Ti-10Mo-40Zr (b),
and Ti-10Mo-50Zr (c) alloys, as-cast, after homogenization heat treatment, after the hot-

rolling process, and after solution heat treatment.

For Ti-10Mo-30Zr alloy, it can be observed that after the homogenization heat
treatment (T1) and the hot-rolling process (#1), there is an increase in the hardness of
the alloy and a decrease in the hardness after the solution heat treatment. In the alloy
with 40 wt% of zirconium can also be observed an increase in the microhardness after
the homogenization heat treatment. However, after the hot-rolling process, there is a
decrease in microhardness, as well as after the solution heat treatment. These results
indicate that the samples with 30 and 40 wt% of zirconium after rapid cooling (T2) have
more 3 phase retention, because with the second heat treatment there is an expansion of

the crystal lattice, after the rapid cooling, such expansion can be maintained[31]. The



e,  —,—,- 5
samples with 50 wt% of zirconium are a zirconium alloy and not a titanium alloy. Then,
it is possible to observe that from its hot-rolled and after solution processes, there is an
increase in the alloy's microhardness, microhardness is important when it comes to
implants, because it represents resistance that a material has to deformation, being vital
for the success of an implant.[32].

Fig. 5 presents Young's modulus results for Ti-10Mo-Zr alloy samples after
the hot-rolling process and solution heat treatment. To experimental limitations, the
obtention of the results for the as-cast and after homogenization heat treatment samples
was impossible, for the equipment used to measure Young’s modulus uses the impulse
excitation method, being a a non-destructive material-characterization technique to

determine the elastic properties, however, requiring a regular sample format.
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Figure 5: Young's Modulus for Ti-10Mo-30Zr, Ti-10Mo-40Zr, and Ti-10Mo-50Zr

alloys, after hot-rolling process and solution heat treatment.
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Young's modulus results demonstrate an increase with the increase of
zirconium content after the hot-rolling process. This occurs due to internal stresses
originating from the samples’ mechanical processing [33]. After the solution heat
treatment (T2) occurs, just the opposite, there is a decrease in the modulus with the
increase of zirconium. In this case, all alloys have low modulus concerning cp-Ti and
the Ti-6Al-4V alloy. However, among the proposed compositions, the alloy with 50
wt% of zirconium has the lowest modulus. This occurs because the solution heat
treatment promotes higher retention of the p phase, decreasing Young's modulus of the
alloys, the low modulus of elasticity reduces the effect of stress-shielding where, due to
the high modulus of elasticity, there is a change in bone density due to the high modulus
of the implant [34].

Among the three proposed compositions, it is possible to conclude that due to
the treatments to which they were submitted, there were significant changes in
properties such as hardness and Young's modulus, it is possible, therefore, to manipulate
such properties with the appropriate heat treatments without changing the phase
composition of the alloys, that is, by changing the thermal route of the material, we can
change important properties such as Young’s modulus and microhardness. However,

the microstructure remains homogeneous in both compositions.

Conclusions

Ti-10Mo-Zr alloys containing 30, 40, and 50 wt% of zirconium were submitted
to several thermomechanical treatments. From the obtained results, it is possible to

conclude the following:

e XRD and microstructural analysis showed only B phase, with body-centered

cubic crystalline structure;
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e Due to a combination of mechanical working, cooling rate, and recrystallization
processes, thermomechanical treatments caused variations in the Vickers
microhardness and Young's modulus values of the samples;

e The solution heat treatment favored the retention of the  phase, which improved
Young's modulus of the samples.
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Abstract

One of the most common metals utilized in the creation of orthopedic implants is
titanium. Due to its good mechanical and biological characteristics, this element is
appealing for use in biomedical applications. Titanium is a dimorphic element,
which means that at temperatures below 862°C, it has a body-centered cubic
structure, or B phase, while at temperatures beyond it, it has a compact hexagonal
structure, or o phase. Molybdenum is one of a group of substances known B as
stabilizers. When combined with titanium, these substances lower the temperature at
which one phase transitions to another. When zirconium is added to the alloy, it
becomes more corrosion resistant, and is more biocompatible. It also aids in
stabilizing the p-phase when there is another B-stabilizing element present. For
biomedical applications, alloys with a majority of the B phase are preferred due to
their higher mechanical compatibility with bone tissue. Heat treatments attempt to
increase the ductility, hardness, and corrosion resistance of materials by reducing
residual stress following melting or deformations. This paper aims to analyze the
influence of the element zirconium by varying its concentration in the TMZ alloy
system (30, 40 and 50 wt%), with a fixed rate of 10 percent by weight of
molybdenum. through measurements of structure, microstructure, Vickers hardness,
Young's modulus and MTT test. In the Rietveld analysis, peaks related to the B
phase of titanium were observed. Characteristic grains of the B phase were seen in
optical micrographs. Vickers measurements of hardness and elasticity revealed high
hardness and low young’s modulus as the concentration of zirconium increased,
which are advantages for the mechanical compatibility of the implant tissue and
reduce the stress shielding effect. The MTT measurements revealed no cytotoxic
effects.
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Introduction

Biomedical titanium materials are one of the fastest expanding fields of research for
today's materials scientists and engineers, as these materials have the potential to
improve the quality and longevity of human life while also improving patient health
care. Titanium materials for biomedical applications are currently the subject of ongoing
research all around the world, with numerous serious attempts made each year to meet

various desirable conditions.(1-3)

In some temperature fields, titanium manages to modify its crystalline structure. When
an allotropic transformation occurs, it is referred to as a full transformation from one
crystalline structure to another, and the temperature at which this occurs is referred to as
the transition temperature. At low temperatures, pure titanium possesses a compact o-
phase hexagonal structure. This assumes a body centered cubic structure with B phase
for values higher than the temperature of 882°C transition. According to previous
research, the elasticity modulus of B-phase alloys is lower than that of a-phase alloys.

Due to their unique combination of better mechanical properties, low elastic modulus,
superior biocorrosion resistance, no allergic problems, and excellent biocompatibility,
B-type Ti alloys containing Nb, Zr, Ta, Mo, Sn, and other elements have recently gained
importance, especially for orthopedic implant applications.(4-6) Molybdenum is a
strong B-stabilizer that can be found in a wide range of compositions, including those

containing the o and § phases of titanium.

Because it has no effect on the a and B phase boundaries, the Zr element was called a
neutral element. The Zr element in beta solid solution, on the other hand, has been
found to lower the martensitic temperature and delay o phase development. Recent
research (2, 4, 6-12) has shown that Zr isn't really phase neutral to phase transformation.
Considering Zr's potential to influence phase stability, it's possible to affirm that Zr also
plays a part in the deformation mechanism. In this respect, Zr is no longer a neutral
element, but rather serves as a B-stabilizing element in metastable Ti-alloys.(2, 7, 13,
14).
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The current study aims to investigate the alloying effect of Zr on B-phase stability in Ti-
Mo-Zr alloys, under a solution heat treatment , with a focus on the composition shift of

the most stable B-phase alloy, with Zr content in -type Ti alloys.

Materials and methods

Ti-10Mo alloys with Zirconium additions ranging from 30% wt percent to 40% wt
percent and 50% wt percent were produced. The alloys were submitted to,a 2- hour
solubilization treatment, performed at 1000°C in a vacuum of 10° Torr with rapid

cooling with the goal of relieving residual stresses and retaining the B-phase.

The structure of the alloys was determined using X-ray diffraction measurements on a
Rigaku diffractometer model D / Max 2100 / PC with Cu-K (A= 1.5406) radiation. The
powder method and fixed time mode will be used to collect the data, with a step of
0.020 ranging from 10° to 100° and a collection time of 3.2 s. Microstructural analysis
was carried out using an Olympus BX51M optical microscope. Images of scanning
electron microscopy were obtained using a Carl Zeiss EVO LS15 electron microscope.
These microscopic techniques were used to examine the current phases and their
distributions, the quality of the structure, and the size of the grains. Rietveld's method
was used in conjunction with the GSAS (General System Structure Analyzer) program
and its graphical interface EXPGUI (15, 16). The refinement was carried out using
crystallographic files No. 653279-ICSD (beta), No. 653280-ICSD for titanium, No.
643962-ICSD for molybdenum, and No. 9008559 for zirconium, all from the
INORGANIC CRYSTAL STRUCTURE DATABASE.

Vickers microhardness and modulus of elasticity measurements were used to evaluate
the mechanical properties of the alloys. Microhardness measurements were taken using
a Shimadzu HMV-2 microdurometer with a 200 gf load and a 60-second indentation
time. The impulse excitation technique was used with ATCP Sonelastic® equipment to
measure modulus of elasticity. Both measurements were taken five times each for better

results and minimize errors.

Biological tests with MTT and crystal violet were carried out to confirm cell viability
and adhesion when in contact with samples of the alloys produced. The alloys were
tested for cytotoxicity in cell culture for 24 hours according to the ISO 10,993 standard.

After conditioning, the cell culture medium (aoMEM; Sigma) was collected and
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supplemented with 10% Fetal Bovine Serum (FBS) (Nutricell, Campinas, SP, Brazil)
before being used to treat pre-osteoblasts for 24 hours. The pre-osteoblasts (MC3T3-E1,
subclone 4) were obtained from ATCC and used in this study according to the
manufacturer's recommendations. Briefly, the cells were maintained at 37°C and 95%
humidity in 5% CO2 in an incubator with a specific cell culture medium containing
antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin) supplemented with 10%
Fetal Serum Bovine. Cells were plated in a 96-well plate 24 hours before treatment at a
density of 5 x 10* cells/ml. The viability of these cells was determined using the MTT
test after the specified time of exposure to the conditioned cell culture. After removing
the culture medium, 1 mg/ml Thiazolyl Blue Tetrazolium Bromide salt (Sigma Aldrich
#M5455-1G) was added and the result was placed in an oven for an additional 3 hours.
After this time, the cell culture was removed and 0.1 ml of DMSO was added to
solubilize the dye produced by the viable cells. After that, the absorbance at 570 nm was

measured with a Biotek SYNERGY-HTX multi-mode microplate reader.

Pre-osteoblasts were plated with alloy-conditioned media for cell adhesion assays. Cells
were seeded at a density of 5 x 10* cells/ml in 96-well plates. The medium was removed
after 24 hours, and adhesion was measured by incorporating Crystal Violet. A Biotek
microplate reader was used to measure absorbance at 540 nm. The results were
presented as the mean standard deviation (SD). To compare all pairs of groups, they
were validated using One-Way ANOVA (parametric) with Tukey post-test. In this case,
p 0.05 was deemed statistically significant, while p < 0.0001 was deemed highly
significant. GraphPad Prism 7 was used as the software used for this analysis.

Results and discussion
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Figure 1: X-ray diffractogram of the Ti-10Mo-xZr (30,40 and 50 wt%) alloys refined
by the Rietveld method.

A good fit between the diffractogram obtained experimentally and the pattern calculated
by the method can be observed through the refined X-ray diffraction patterns, indicating
that the refinement was carried out satisfactorily. By the position of the peak, it is
possible to notice that for the three alloys there is only one crystalline phase, the 3
phase. Thus, these aspects corroborate the literature when 10% by weight of the

Molybdenum element is added to the system.

Table 1: Statistical parameters of the Rietveld refinement.

Sample Rexp Rwp X2
Ti-10Mo-30Zr 8,59 10,87 1,536
Ti-10Mo-30Zr 8,30 10,51 1,646
Ti-10Mo-30Zr 8,66 10,96 2,095

In table 1 we can observe the 2, Rwp and Rexp factors.(15, 17, 18) In Rwp, the residue
in the numerator must be minimized to reflect the refinement progress. In a perfect

refinement, X2 must equal 1, but in practice, values less than 5 indicate an optimized
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refinement. As a result, these datasets indicate that all refinements were completed

successfully.(18)

Table 2: Values found for the concentrations of the phases and lattice parameters.

Sample Bphase a=b=c(A) aphase a=b(A); cla

(%) (%) c (A)
Ti-10Mo- 100 3.336763 - - -
30Zr
Ti-10Mo- 100 3.360016 - - -
30Zr
Ti-10Mo- 100 3.387979 - - -
30Zr

Results in table 2 The lattice parameters varied according to the addition of zirconium,
which directly reflected in the mechanical properties such as hardness and elasticity. As
the alloys are predominantly beta, there was no presence of alpha' or alpha" phases

which could distort the network parameters successfully.(18)

Figure 2: Optical micrographs for Ti-10Mo-Zr after solution heat treatment (a) Ti-
10Mo-30Zr alloy (b) Ti-10Mo-40Zr alloy, (c) Ti-10Mo-50Zr alloy.
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The figure shows micrographs of the Ti-10Mo-xZr system, which show dark regions
and spots that resemble pitting corrosion.(6, 19) This type of corrosion occurs during
chemical etching of polished surfaces, and is favored by internal tensions on the surface,
resulting in regions where the chemical kinetics of the reaction are accelerated. The
solution heat treatment led to the recrystallization of the alloy and the formation of

grains, with contours forming angles of approximately 120°.(4, 8, 20-22)

A material's microhardness is an important parameter to consider for biological
applications in regions prone to complex load patterns, such as dental applications.
Furthermore, microhardness can be used as a parameter to define a material's

mechanical properties in relation to its microstructure. (23, 24)
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Figure 3: Vickers microhardness for samples of Ti-10Mo-30Zr, Ti-10Mo-40Zr and Ti-
10Mo-50Zr after solution heat treatment

The results suggest that the microhardness of alloys is strongly influenced by structure
and microstructure. There is a decrease in the microhardness of the alloy with 40Zr
wt%, which can be corresponded to the presence of some unidentified phase in the
micrographs and XRD. All alloys showed values greater than Ti-Cp, indicating solid
solution hardening. However, the alloys also showed lower values when compared to
alloys already sold as Ti-6Al-4V, since the presence of the beta phase causes the

microhardness to decrease. (6, 24)

The Young's modulus values of the samples were calculated to be around 60GPa when
compared as shown in figure 4. The addition of zirconium to the alloy resulted in the
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reduction of the ® phase, as well as greater stabilization of the  phase, as evidenced by
the increased intensity of the peaks in the XRD with the addition of zirconium.(24, 25)
Considering that the zirconium content aids p-stabilization when in solid solution with
molybdenum. Because molybdenum is a B-stabilizer, its addition to titanium alloys

tends to reduce Young's modulus due to the formation of the  phase. (7, 20)
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Figure 4: Young's Modulus for Ti-10Mo-30Zr, Ti-10Mo-40Zr, and Ti-10Mo-50Zr
alloys, after solution heat treatment.

The highest Young’s modulus values of the alloys can be verified for lower
concentrations of zirconium. This behavior could indicate the presence of small
amounts of ® phase, which decreases as the amount of zirconium increases, resulting in

a decrease in microhardness and elastic modulus values.(6, 7)
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Figure 5: Cell Absorbance for viability of Ti-10Mo-30Zr, Ti-10Mo-40Zr, and Ti-
10Mo-50Zr alloys.
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Figure 6: Cell Absorbance for adhesion of Ti-10Mo-30Zr, Ti-10Mo-40Zr, and Ti-
10Mo-50Zr alloys.

The results obtained in the viability and cell adhesion tests were positive, taking into
account the norms established by 1S0:10993-5, which defines that a certain biomaterial
will only be considered cytotoxic if its cell viability is less than 70%. Thus, none of the
tested alloys showed cytotoxicity, allowing cell survival, and still showed relevant

ability to adhere to the plate, even after undergoing several washings.
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In the literature, few studies are found performing cytotoxicity tests on similar alloys.
Arauljo et al (26) performed experiments to define the cytotoxic action of Ti-10Mo-Zr
and Ti-15Mo-Zr alloys, and although they did not detail which methodologies were
used to carry out such studies, the results corroborate those found in this present work:
this set of substances does not demonstrate cytotoxicity. Thus, it can be concluded that

the set of alloys studied has primary potential to be used as a biomaterial (27).

Conclusion

It was determined that Zr, in a wide range of Zr content, acts as a -stabilizing element
in B-type TMZ alloys. Furthermore, the B-stabilizing effect of Zr was found to be
closely related to the amount of B-stabilizer, Mo, in the alloy. Its effect was amplified
by keeping the Mo rate in the Ti-Mo-Zr alloys at 10% by weight (28). All three alloys
showed a decrease in Young’s modulus, with emphasis on 50Zr, which remained below
commercially used alloys while also being close to cortical bone values. Furthermore,
no cytotoxic effect was observed, indicating that this system has the potential to be used
as a biomaterial. Finally, the influence of zirconium was positive for the behavior of
alloys containing some beta stabilizing element, because the beta phase remained stable

as the concentration of zirconium increased.
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Capitulo 7:

Consideracg0es Finais

Este trabalho teve como objetivo caracterizar as ligas do sistema Ti-10Mo-Zr

com as proporg¢des em peso de 30,40 e 50% para aplicacdes biomédicas.

Durante os processos de preparacdo da liga, contidos no capitulo 4, observou-se
uma presenca da estrutura cristalina cubica de corpo centrado (CCC), chamada de fase
B. Com respeito a sua estequiometria, o sistema permaneceu dentro dos padrdes
estabelecidos para a sua confec¢do, uma vez que no mapeamento quimico ndo foram
observados pontos segregados, ou aglomerados de elementos os quais indicariam uma

ma fusao dos elementos.

Com respeito a estrutura e microestrutura, analisados por meio da difracdo de
raios X, microscopio optico eletrénico de varredura. Nota-se a presenca forte da fase f3,
pois 0s contornos de gréos ficaram evidentes durante 0s processos termomecanicos aos
quais o sistema passou durante a sua confec¢do, como exemplificados no capitulo 5.
Vale a pena salientar que, 0s processos termomecanicos de homogenizacdo e solucédo
foram aqueles que apresentaram 0s contornos de grdos mais evidentes com suas
angulacdes de 120° indicando uma forte presenca da estrutura cubica de corpo
centrado. Nos difratogramas e andlise de Rietveld, ndo foram observadas fases
secundarias relacionadas a o’ ou a’’, fatos confirmados pelas micrografias cujas
fotografias ndo apresentaram nenhum tipo de agulhamento, formacao caracteristica da

estrutura hexagonal compacta.

As propriedades mecanicas das ligas sofreram alteragdes conforme o0s processos
termomecanicos em que o sistema foi submetido, desta maneira as mudangas estruturais
e microestruturais observadas nos capitulos anteriores influenciaram para uma
modificagdo nos aspectos de dureza e elasticidade das ligas. A microdureza revelou
menores valores para altas concentragdes de fases f e para os tratamentos térmicos de
solugdo. A faixa de valores ficou entre 250 HV e 350 HV. Ligas com maiores
quantidades de fase e submetidas ao tratamento de solugé@o apresentaram 0s menores

valores de modulo de elasticidade, os quais ficaram compreendidos entre 53 - 110 GPa.
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As medidas de biocompatibilidade apresentaram uma boa adesdo do sistema
com relagdo ao grupo de controle, isto indica uma maior possibilidade de interagdo
celular entre as ligas e as células, demonstrando ndo serem citotoxicos e possiveis

candidatos para biomateriais.

Por fim, este trabalho, um seguimento dos estudos de Aradjo (2017) com
orientacdo do professor Carlos Roberto Grandini, propde que uma das ligas com 0s
melhores resultados para uma aplicacdo como biomaterial seria a liga Ti-10Mo-50Zr em
sua condicao apos o tratamento de solugdo. Esta liga, apresentou os menores valores de
moédulo de elasticidade 53 GPa, uma boa adesdo celular e valores consideraveis de
dureza 325 HV, quando se comparados com materiais ja utilizados comercialmente,
como a liga Ti-6Al-4V 321 HV. Em conferéncia com o estudo de Araudjo (2017), este
sugeriu a para possiveis aplicacdes futuras, liga Ti-10Mo-20Zr, pois esta apresentou
resultados mais otimizados quando se comparado com o conjunto analisado. Em sintese,
a liga em questdo apresentou valores de 369HV para dureza e 73 GPa para médulo de

elasticidade.

Em contraste com este trabalho, a composicéo selecionada de 50% em peso de
Zirconio, exp6s valores menores quando se comparado ao estudo de Araujo (2017), ao
revelar que uma maior porcentagem em peso de zirconio, diminuisse valores de dureza

e modulo de elasticidade, como também uma maior presenca da fase .

Sugestao para trabalhos futuros

Algumas sugestdes de trabalhos futuros nas ligas TMZ.

Para uma melhor compreensdo dos resultados obtidos nas caracterizacGes
mecanicas, verificar a presenca da fase  nas ligas por meio de microscopia eletrénica

de transmissao.

A memodria de forma pode ser um dos parametros a ser analisado e comparado

com os resultados obtidos na caracterizagdo mecanica.

Analisar de maneira mais profunda as relagGes bioldgicas das ligas estudas por
meio de analise de corroséo e tribocorroséo, submetendo o sistema a uma substituicdo

de tecidos por biomateriais.
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Um estudo acerca dos recobrimentos de superficies, seria interessante pois
poderia explorar a adesdo celular prépria da liga, transformando a regido bioativa e mais

propicia para o crescimento celular e adesdo dssea.

Analise de outras propriedades mecanicas como fadiga, resisténcia a tragéo,
limite de escoamento e alongamento, indicando dessa maneira qual regido corporea

estas ligas seriam mais apropriadas.

Estudar algumas propriedades como corrosao, desgaste e biocompatibilidade das

ligas relacionadas ao acréscimo de elementos aditivos como: Cobre, Prata e Ouro.
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