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RESUMO

As ligas de titdnio vém sendo amplamente investigadas para aplica¢des biomédicas devido a
sua elevada biocompatibilidade, excelente resisténcia a corrosao e propriedades mecanicas adequadas
ao ambiente fisioldgico, entretanto limitacdes associadas ao elevado mddulo de elasticidade e ao
desempenho superficial motivam o desenvolvimento de novas ligas e estratégias de modificacdo de
superficie. Nesse contexto, a adicdo de elementos de liga [3-estabilizadores, como nidbio e tantalo,
aliada a funcionalizacdo superficial por recobrimentos ceramicos, constitui uma abordagem eficaz
para reduzir o médulo eldstico e aprimorar a interacdo entre o implante e o tecido Osseo. Neste
trabalho, foram produzidas e caracterizadas ligas do sistema Ti-20Nb-xTa, com x = 0, 10 e 20%
em peso de tantalo, visando avaliar a influéncia da composi¢cdo quimica na microestrutura e nas
propriedades mecanicas do material base, bem como o efeito da modificacao superficial por oxidagdo
por microarco (MAO). As ligas foram obtidas por fusdo a arco em atmosfera inerte, utilizando
metais de alta pureza, e caracterizadas quimicamente por espectroscopia de energia dispersiva (EDS),
que confirmou boa homogeneidade quimica e conformidade com as composi¢coes nominais. A
caracterizagdo estrutural e microestrutural foi realizada por difragdo de raios X (DRX) e microscopia
eletronica de varredura (MEV), enquanto as propriedades mecanicas foram avaliadas por ensaios de
dureza Vickers e determinacdo do médulo de elasticidade por técnica de excitagdo por impulso. Os
resultados evidenciaram o papel do tantalo como estabilizador da fase (3, resultando em microestruturas
distintas entre as ligas analisadas, sendo observadas as fases o’” + 3 para a liga Ti-20Nb, a’” + w
+ P para a liga Ti-20Nb-10Ta e estrutura 3 monofésica para a liga Ti-20Nb-20Ta. A composi¢ao
influenciou diretamente o comportamento mecanico, destacando-se a liga Ti-20Nb pelo menor médulo
eldstico, mais proximo ao do osso humano, e a liga Ti-20Nb-10Ta pelos maiores valores de dureza e
mobdulo associados a presenca da fase w. Apds a caracterizagdo do bulk, as ligas foram submetidas a
modificagdo superficial por oxidacao por microarco, utilizando eletrélito contendo célcio e fésforo, sob
regimes galvanostético e potenciostdtico, visando a obtencao de recobrimentos bioativos. O processo
MADO resultou na formagdao de camadas ceramicas porosas aderidas ao substrato metélico, as quais
foram caracterizadas por MEV, DRX e medidas de angulo de contato. Nos recobrimentos, foram
identificadas fases de TiO, nas formas anatase e rutilo, dependendo da composi¢do da liga, além da
presenca predominante de 6xidos amorfos de niébio e tantalo. A presenca da fase rutilo contribuiu para
o aumento da dureza superficial e do angulo de contato, embora todas as ligas tenham permanecido
hidrofilicas. Em sintese, os resultados demonstram que a combina¢do entre composi¢do quimica,
controle microestrutural e modificacdo superficial por MAO influencia diretamente o desempenho
mecanico e superficial das ligas Ti-20Nb-xTa, indicando seu potencial para aplicacdes biomédicas,
especialmente em implantes ortopédicos.

Palavras-chave: Arc melting; Ligas de Ti; Mddulo de elasticidade; Biomaterial.
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RESUMEN

Las aleaciones de titanio han sido ampliamente estudiadas para aplicaciones biomédicas
debido a su elevada biocompatibilidad, excelente resistencia a la corrosion y propiedades mecdanicas
adecuadas al entorno fisiologico; sin embargo, las limitaciones asociadas al alto médulo eldstico y
al desempeio superficial impulsan el desarrollo de nuevas aleaciones y estrategias de modificacion
superficial. En este contexto, la adicién de elementos de aleacidn B-estabilizadores, como el niobio y
el tantalio, junto con la funcionalizacién superficial mediante recubrimientos cerdmicos, constituye
una estrategia eficaz para reducir el médulo eldstico y mejorar la interaccion entre el implante y
el tejido 6seo. En este trabajo se produjeron y caracterizaron aleaciones del sistema Ti-20Nb-xTa,
con x =0, 10 y 20% en peso de tantalio, con el objetivo de evaluar la influencia de la composicién
quimica en la microestructura y las propiedades mecdnicas del material base, asi como el efecto de la
modificacién superficial mediante oxidacidn por microarco (MAOQO). Las aleaciones se obtuvieron por
fusion por arco en atmdsfera inerte utilizando metales de alta pureza y se caracterizaron quimicamente
mediante espectroscopia de energia dispersiva (EDS), confirmando una buena homogeneidad quimica
y concordancia con las composiciones nominales. La caracterizacion estructural y microestructural se
realiz6 mediante difraccion de rayos X (DRX) y microscopia electrénica de barrido (MEB), mientras
que las propiedades mecdnicas se evaluaron mediante ensayos de dureza Vickers y determinacion
del moédulo eléstico por la técnica de excitacion por impulso. Los resultados demostraron el efecto
estabilizador 3 del tantalio, dando lugar a microestructuras distintas, siendo observadas las fases a’” +
3 para Ti-20Nb, a’’ + w + 3 para Ti-20Nb-10Ta y una estructura 3 monofasica para Ti-20Nb-20Ta. La
composicion influy6 directamente en el comportamiento mecénico, destacandose la aleacion Ti-20Nb
por presentar el menor médulo eldstico, més cercano al del hueso humano, y la aleacién Ti-20Nb-10Ta
por exhibir mayores valores de dureza y médulo asociados a la fase w. Tras la caracterizacién del
material base, las aleaciones fueron sometidas a modificacion superficial por oxidacién por microarco
utilizando un electrolito con calcio y fésforo, bajo regimenes galvanostético y potenciostitico, con
el fin de obtener recubrimientos bioactivos. El proceso MAO dio lugar a la formacién de capas
cerdmicas porosas adheridas al sustrato metdlico, caracterizadas por MEB, DRX y mediciones de
angulo de contacto. En los recubrimientos se identificaron fases de TiO, en las formas anatasa y rutilo,
dependiendo de la composicion de la aleacion, ademds de la presencia predominante de 6xidos amorfos
de niobio y tantalio. La presencia de la fase rutilo contribuy6 al aumento de la dureza superficial
y del dngulo de contacto, aunque todas las superficies permanecieron hidrofilicas. En conjunto,
los resultados demuestran que la combinacién entre composicion quimica, control microestructural
y modificacién superficial por MAO influye de manera significativa en el desempefio mecdnico
y superficial de las aleaciones Ti-20Nb-xTa, indicando su potencial para aplicaciones biomédicas,
especialmente en implantes ortopédicos.

Palabras clave: Arc melting; Aleaciones de Ti; Modulo de elasticidad; Biomaterial.
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ABSTRACT

Titanium alloys have been extensively investigated for biomedical applications due to their
excellent biocompatibility, high corrosion resistance, and mechanical properties suitable for physiolo-
gical environments; however, limitations related to high elastic modulus and surface performance drive
the development of new alloys and surface modification strategies. In this context, the addition of 3-
stabilizing alloying elements, such as niobium and tantalum, combined with surface functionalization
through ceramic coatings, represents an effective approach to reduce elastic modulus and enhance
implant-bone interaction. In this study, alloys of the Ti-20Nb-xTa system, with x = 0, 10, and 20
wt% tantalum, were produced and characterized to evaluate the influence of chemical composition
on bulk microstructure and mechanical properties, as well as the effect of surface modification by
micro-arc oxidation (MAQO). The alloys were manufactured by arc melting under an inert atmosphere
using high-purity metals and chemically characterized by energy-dispersive spectroscopy (EDS),
confirming good chemical homogeneity and agreement with nominal compositions. Structural and
microstructural characterization was performed by X-ray diffraction (XRD) and scanning electron
microscopy (SEM), while mechanical properties were assessed by Vickers hardness testing and elastic
modulus determination using the impulse excitation technique. The results demonstrated the -
stabilizing effect of tantalum, leading to distinct microstructures, namely o’ + 3 for Ti-20Nb, a’’
+ w + B for Ti-20Nb-10Ta, and single-phase B for Ti-20Nb-20Ta. The alloy composition strongly
influenced mechanical behavior, with Ti-20Nb exhibiting the lowest elastic modulus, closer to that
of human bone, and Ti-20Nb-10Ta showing higher hardness and modulus values associated with the
w phase. After bulk characterization, the alloys were surface-functionalized by micro-arc oxidation
using a calcium- and phosphorus-containing electrolyte under galvanostatic and potentiostatic regimes
to obtain bioactive coatings. The MAO process produced porous ceramic layers firmly adhered to the
metallic substrate, which were characterized by SEM, XRD, and contact angle measurements. The
coatings exhibited TiO, phases in anatase and rutile forms depending on alloy composition, along with
predominantly amorphous niobium and tantalum oxides. The presence of the rutile phase increased
surface hardness and contact angle, although all surfaces remained hydrophilic. Overall, the results
indicate that the combined control of chemical composition, bulk microstructure, and MAO surface
modification significantly influences the mechanical and surface performance of Ti-20Nb-xTa alloys,
highlighting their potential for biomedical applications, particularly orthopedic implants.

Key words: Arc melting; Ti alloys; Elastic modulus; Biomaterial
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1 INTRODUCAO
Ligas de Titanio como Biomaterial

Ao longo dos anos a humanidade sempre buscou formas de construir novos ins-
trumentos medicinais para substituir ou concertar partes danificadas do corpo humano com maior
eficdcia, suprindo as necessidades fisicas e bioldgicas humanas. Atualmente, o desenvolvimento
de novas ligas de titanio tem se consolidado como uma drea estratégica dentro da engenharia de
materiais, sobretudo no campo das aplicacdes biomédicas. Essa relevancia decorre da combinagdo
de propriedades singulares do titdnio, como alta resisténcia mecanica, excelente resisténcia a corrosao
e comprovada biocompatibilidade que o tornam um material de elei¢do para implantes ortopédicos e
odontolégicos (Manivasagam et al., 2009; Mohammed; Khan; Siddiquee, 2012).

O aumento da expectativa de vida pode ser associado as doengas que provocam dis-
fungdes esqueléticas, como a osteoporose. Além disso, outros fatores como acidentes automobilisticos
ou domiciliares, podem provocar fraturas 6sseas. Estima-se que milhdes de brasileiros sofram com
osteoporose, € muitos deles enfrentam fraturas graves, o que ressalta a importancia de dispositivos
biomédicos e de alternativas tecnoldgicas eficientes para tratamentos ortopédicos, que oferecam mais
qualidade de vida (Freire, 2004).

Os metais constituem uma classe de materiais de grande relevancia para aplicagoes
biomédicas, em razdo de suas propriedades intrinsecas, como elevada resisténcia mecanica, tenaci-
dade, facilidade de processamento e viabilidade econdmica. Durante o século XIX, diferentes metais
nobres, entre eles ouro, prata e platina, foram utilizados em implantes dentéarios, porém apresentaram
desempenho insatisfatério em razao de processos de intoxicacao e deformacgdes acentuadas. A partir da
década de 1940, verificou-se um progresso significativo na drea de materiais para implantes (Orefice;
Pereira; Mansur, 2012). No entanto, muitas ligas convencionais ndo apresentam compatibilidade
mecanica adequada com os tecidos 6sseos, o que pode comprometer a funcionalidade a longo prazo,
0 paciente a passar por cirurgias de revisao (Zhu et al., 2008). Entre os requisitos fundamentais para
um biomaterial metdlico, destacam-se o médulo de elasticidade compativel com o 0sso, a resisténcia

a corrosao e a biocompatibilidade.

A evolucdo dos biomateriais ao longo das udltimas décadas pode ser descrita em
trés geragdes, que progrediram em suas propriedades, buscando atender as necessidade que surgiram.
Os biomateriais da primeira geragdo eram materiais de suporte estrutural, bioinertes, desenvolvidos
para apresentar boa resisténcia mecanica e nao causar reacdes adversas no organismo. Na segunda
geracdo, nos biomateriais produzidos buscava-se a biodegradabilidade e a capacidade de interacdo com
o tecido bioldgico. Atualmente, a terceira geracao atem-se principalmente a materiais que possuam
propriedades de regeneracdo tecidual, na liberacdo de fons ou moléculas bioativas que estimulem

respostas celulares (Spezzia, 2020).
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A descoberta que o titanio possui excelentes propriedades mecanicas, boa bio-
compatibilidade, boa resisténcia a corrosdo em fluidos corpdreos, fez com que o titdnio e suas
ligas se tornassem os materiais mais usados atualmente para implantes ortopédicos (Kolli; Devaraj,
2018; Leyens; Peters, 2003). Além disso, na superficie do titdnio é formada uma pequena camada
nanométrica amorfa de diéxido de titanio (TiO,) conhecida como filme de passivagdo, que além de
proteger o titanio da oxida¢do, também promove a osseointegracdo, ou seja, a interacdo direta da peca
com o osso. Entretanto, o médulo de elasticidade do titdnio (100 GPa) € aproximadamente quatro
vezes maior que o do osso cortical humano (30 GPa), essa diferenca interfere no modelamento dsseo
que ocorre com base nos esforcos mecanicos submetidos por este tecido, levando a perda de densidade
Ossea e folga entre o implante e osso. Dessa forma, novas de ligas de titdnio estdao sendo desenvolvidas
com o objetivo de melhorar a compatibilidade, mecénica entre o implante e o 0sso, para prolongar a
vida ttil do implante (Manivasagam et al., 2009; Mohammed; Khan; Siddiquee, 2012).

Os elementos de liga que atuam de forma substitucional em ligas de titdnio podem ser
classificados em estabilizadores 3 isomorfos e 3 eutetoides. Entre os 3 isomorfos destacam-se o niobio
(Nb), tantalo (Ta) e molibdénio (Mo), enquanto os 3 eutetdides incluem ferro (Fe), manganés (Mn) e
cromo (Cr). O estanho (Sn), por sua vez, é considerado um elemento neutro em relagdo a estabilidade
das fases. Dentre esses elementos, nibio e tantalo sdo reconhecidos por apresentarem bons resultados
em relagcdo a propriedades mecanicas e biocompatibidade (Wang; Poh, 2013; Li; Yang et al., 2014;
Kirmanidou et al., 2016). Por outro lado, a liga mais conhecida de Ti possui elevada resisténcia a
fadiga e resisténcia a corrosdo, € produzida com aluminio (5.5-6.5% em peso) e vanadio (3.5-4.5%
em peso), com férmula quimica Ti-6Al-4V (Orefice; Pereira; Mansur, 2012). Apesar disso, existem
estudos que associam o aluminio a distirbios neuroldgicos e o vanddio a efeitos citotéxicos. Por isso,
novas ligas de titdnio sem a inclusdo desses elementos estdo em estudo para mitigar esse problema
(Okazaki et al., 1998; Li; Ma; Tong et al., 2020).

Essas ligas sdo projetadas para otimizar caracteristicas como o médulo de elastici-
dade, com o objetivo de aproximé-lo do valor encontrado nos ossos humanos e, assim, evitar problemas
como a reabsor¢do dssea induzida por diferencas de rigidez entre o implante e o osso (Kuroda,
2019). O titdnio € um material alotrépico, com transformacg@o em torno de 883 °C, apresenta duas
principais estruturas cristalinas. Abaixo desta temperatura € hexagonal compacta (a-Ti) e acima desta
temperatura ctbica de corpo centrado (8-Ti). Ligas com estrutura cubica de corpo centrado (fase 3)
sdo particularmente promissoras nesse sentido, pois tendem a apresentar modulos de elasticidade mais
baixos em comparag¢do com as ligas com estrutura hexagonal compacta (fase o), mas para produzir
ligas B € necessdrio adicionar elementos 3 estabilizadores com altos valores de densidade (Donachie,
2000). A Figura 1 mostra que durante o processo de transformacdo de fase, podem surgir fases
metaestaveis. A fase martensitica a’ com estrutura cristalina hexagonal distorcida, substitui a fase
o por consequéncia da alta taxa de resfriamento a partir do campo [3, na microestrutura € identificada
em graos circulares. A fase martensitica, ortorrombica (o) € uma fase intermedidria entre CCC e

HCP e possui baixo fator de empacotamento atbmico. A formacio da fase hexagonal ou trigonal
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nanométrica (w) surge durante a transformacdo da fase 3 para fase a. A fase w geralmente surge
em forma de precipitados nanométricos incoerentes com a matriz 3, dificultando o movimento das
discordincias atomicas, aumentando a dureza, modulo de elasticidade e diminuindo a ductilidade
(Banerjee; Williams, 2013; Correa, 2015; Zheng et al., 2016).

' 3

BCC -
ag

ag
ag

883°C

B transus

hca

<j‘\\‘ y

’Q’ Beta estabilizadores |
E&E@ Beta isomorfos
(Ta, Nb, V, Mo, Re)
<& X N
=1

Figura 1: Estruturas cristalina do Titanio
Fonte: (Schumacher et al., 2025) - adaptado.

A classificacdo dos elementos de liga € feita com base na sua influéncia sobre a
transformacao de fases do titanio. Eles podem ser neutros, estabilizadores de fase a ou estabilizadores
de fase 3. Enquanto os estabilizadores o aumentam a temperatura de transicao de fase e promovem a
formacao da fase a, os elementos (-estabilizadores reduzem essa temperatura, favorecendo a formacao
da fase . Alguns elementos, como molibdénio e nidbio, sdo considerados B-isomorfos, pois mantém
a fase B em toda a faixa de composicdo. Outros, como ferro e manganés, sdo classificados como

-eutetdides, pois formam compostos intermetalicos com o titanio (Liitjering; Williams, 2003).

I
(A )

4]

a+p

T Ti

« estabilizador B estabilizador Neutro

I} isomorfo I} eutetdide

(Al, O, N, C) (V, Mo, Nb, Ta) (Fe, Mn, Cr, Ni, Cu, Si, H) (Zr, Sn)

(a) (b) (c) (d)

Figura 2: Efeito de elementos de liga nas fases do titanio e sua ligas
Fonte: (Kuroda, 2019) - adaptado.
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Tabela 1: Caracteristicas fisico-quimicas do titanio

Elemento Titanio
Simbolo Ti
Numero Atdmico 22

a =4,512a20°C

Densidade (g/cm3)
B =4,35a885°C

HCP, para T < 882°C
Estrutura Cristalina

CCC, para T > 882°C

Raio Atdmico (nm) 0,145
Ponto de Fusio (°C) 1670
Massa atémica (u.m.a.) 47,90

a: a=0,295; c =0,468
Parametro de rede (nm)

B: a =0,3322a900°C
Fonte: (Lee; Ju; Chern Lin, 2002)

Estrutura do Trabalho

Este Trabalho de Conclusao de Curso estd estruturado em seis se¢des. A Introducao
apresenta a contextualizacdao do tema, a justificativa da pesquisa e sua relevancia cientifica e tecno-
l6gica. Na sequéncia, sdo apresentados os Objetivos, nos quais sdo definidos o objetivo geral e os

objetivos especificos do estudo.

A Revisdo Bibliogréfica reune os fundamentos tedricos relacionados ao tema abor-
dado, fornecendo o embasamento necessdrio para o desenvolvimento da pesquisa. Posteriormente,
a secdo Artigo contempla o trabalho desenvolvido e publicado, descrevendo de forma detalhada a
metodologia adotada, os procedimentos experimentais, a apresentacdo e a andlise dos resultados

obtidos, bem como a respectiva discussao.

Em seguida, sdo apresentadas as Consideragcdes Finais, nas quais sao sintetizadas
as principais conclusdes do estudo, destacando-se as contribuicdes cientificas e técnicas alcancadas.
Por fim, a secdo Trabalhos Futuros aborda as perspectivas de continuidade da pesquisa, indicando

possibilidades de aprofundamento e expansao dos resultados apresentados.
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2 OBJETIVOS

Objetivo principal desse trabalho foi produzir e caracterizar novas ligas do sistema
Ti-20Nb-Ta, (Ta =0, 10 e 20% em peso) com baixo médulo de elasticidade, funcionalizadas com {ons

de Ca e P para aplicacdes biomédicas.
Os objetivos especificos sdo:
* Avaliar as propriedades das ligas produzidas para serem utilizadas em aplicagdes biomédicas.

* Realizar uma revisao sobre o titanio metélico, abordando seu processamento, suas transforma-
coes de fase, os principais graus e ligas empregadas comercialmente, além de compreender as
respostas bioldgicas associadas ao material, o0 mecanismo de osseointegracdo e as técnicas de

caracterizacdo aplicdveis.

* Avaliar os efeitos das modificacdes superficiais na estrutura, composicao e desempenho das

ligas analisadas.
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3 REVISAO BIBLIOGRAFICA
Sistema Ti-Nb

Descoberto em 1801 pelo quimico inglés Charles Hatchett, inicialmente deno-
minado colimbio, o nidbio foi posteriormente isolado e renomeado em 1844 por Heinrich Rose,
passando a ter sua nomenclatura oficialmente reconhecida pela TUPAC em 1950. O niébio destaca-
se por apresentar elevada resisténcia a corrosao, boa estabilidade quimica e propriedades mecanicas
favoraveis, sendo amplamente empregado na producio de ligas metélicas de alto desempenho. No
Brasil, as maiores reservas de niébio encontram-se nos estados de Minas Gerais e Goids, com destaque
para a jazida de pirocloro de Araxd, considerada a maior do mundo, o que posiciona o pais como lider
na producao e exportacdo desse elemento estratégico, com perspectivas de crescimento associadas ao
desenvolvimento de novas aplica¢des tecnoldgicas e materiais de maior valor agregado (Bruziquesi et
al., 2019). O Ni6bio € um metal de transi¢ao do grupo 5 da Tabela Periddica, possui estrutura cristalina
ctbica de corpo centrado (CCC), tornando o um metal puro e de baixa dureza, com densidade de 8,57
g/cm3. Possui alto ponto de fusdo de 2467 a 2468 °C, boa condutividade elétrica e térmica. A Tabela

2 apresenta as caracteristicas do niébio forjado.

Tabela 2: Propriedades do niébio

Elemento Ni6bio
Simbolo Nb
Numero Atdmico 41
Densidade (g/cm3) 8,57
Estrutura Cristalina CCC
Raio Atdmico (nm) 0,146
Ponto de Fusao (°C) 2477

Massa atdbmica (u.m.a.) 92,906

Parametro de rede (nm) a = 0,330

A literatura aponta que a difusdo eletronica na fase a de titanio, cuja estrutura é
hexagonal compacta (HCP), ocorre de maneira substancialmente mais lenta do que na fase 3, de
estrutura cubica de corpo centrado (CCC), caracterizada por maior abertura da rede cristalina. Essa
diferenca estrutural confere a fase a um comportamento elasticamente anisotrépico e um moédulo
de elasticidade relativamente elevado, ao passo que a fase 3 apresenta maior nimero de planos de
deslizamento e, portanto, menor resisténcia a deformacdo (Nakajima; Koiwa, 1991). A incorporacao

de niébio como elemento estabilizador da fase 3 favorece a formagdo dessa estrutura CCC, ampliando
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amobilidade de discordancias e contribuindo para a redu¢do do médulo de elasticidade das ligas Ti-Nb
(Wong et al., 2023). Além disso, estudos indicam que, sob certas condi¢cdes de composi¢ao e pressao, a
interagdo eletronica entre titanio e nidbio pode desencadear instabilidades estruturais responsaveis por
modificar a distribui¢ao eletronica entre bandas, promovendo transi¢cdes associadas ao comportamento
elastico dessas ligas. Essa sensibilidade eletronica e estrutural possibilita ajustar o médulo de
elasticidade das fases -titanio, permitindo o desenvolvimento de ligas com propriedades mecénicas
mais compativeis com aplicagdes especificas, como no campo biomédico, onde a proximidade entre
o moédulo de elasticidade do implante e o do tecido 6sseo é fundamental para o desempenho clinico e

para a mitigacao de efeitos adversos decorrentes de incompatibilidade mecénica (Sousa Filho, 2015).

A variacdo do teor de Nb nas ligas de Ti, contribui para estabilizar a fase 3 e
para produzir ligas com mddulo de elasticidade, aproximadamente 30% menor em relacdo a ligas
tradicionais como Ti-6Al-4V (112 GPa) (Figura 3) (Sousa Filho, 2015). O niébio € considerado um
metal inerte e estabilizador da fase 8 do titanio, na faixa de 10 a 20% em peso, pode produzir ligas
a’com modulo de elasticidade mais proximos ao do osso humano, se destacando a liga binéria Ti-
15Nb, evitando assim o efeito de blindagem, que leva a perda de densidade dssea ao redor do implante.
A lei de Wolff fala que o tecido 6sseo, em resposta as solicitagdes mecanicas recebidas, modifica sua
estrutura interna a forma externa. Portanto, o implante ndo deve ser somente biocompativel, mas

mecanicamente compativel (Sousa Filho, 2015).
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Figura 3: Relacio entre (E) e teor de Nb em ligas bindrias temperadas e envelhecidas
Fonte: (Sousa Filho, 2015)

O diagrama de fases do sistema Ti—Nb (Figura 4) mostra o cardter isomorfico desse
bindrio, no qual titdnio e nidbio apresentam ampla solubilidade sélida tanto na fase p (CCC) quanto
na fase oo (HCP), embora esta ultima seja limitada em teores mais elevados de Nb. A fase 3 estdvel se
forma acima de aproximadamente 882 °C e se estende para composicdes ricas em nidbio, enquanto
a fase a se mantém em temperaturas inferiores, com solubilidade restrita desse elemento (Luz;

Mufarrej; Silva, 2010). A adi¢do progressiva de Nb atua como estabilizadora da fase 3, deslocando
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as fronteiras do campo bifasico (a + 3) e favorecendo a formacdo da fase ctibica de corpo centrado,
condicdo necessaria para que a liga apresente comportamento B-estavel (Otsuka; Wayman, 1999).
Esse comportamento € fundamental para o desenvolvimento de ligas Ti—-Nb com microestruturas
o martensiticas ou completamente 3, uma vez que a presenca de niébio reduz a temperatura de
transformacao e permite ajustar propriedades mecénicas, como o médulo de elasticidade, mantendo

boa estabilidade térmica e processabilidade.

Composition, AtomicPercent Niobium

0 10 20 30 40 50 60 70 80 100
poebt b bbbt b bbbt e e
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_'____,.-"'
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Figura 4: Diagrama de fases do sistema binario Ti-Nb
Fonte: (Cremasco et al., 2008) - adaptado.

As ligas mais proximas a linha transus do diagrama de fases, exibem menores
médulos de elasticidade. E possivel relacionar de forma crescente a influéncia das fases sobre os
modulos de elasticidade (E), sendo Ef < Ea < Ea’ < E w. Os elementos estabilizadores [-isomorfos
(Nb,Ta, Mo) sao solaveis nas ligas de titanio e possuem a mesma estrutura cristalina. O acréscimo de
niébio nas ligas de titanio, provoca a reducdo da temperatura de transi¢ao, aumento do ponto de fusdo e
interfere diretamente na estrutura cristalina e morfologia (Matsumoto; Watanabe; Hanada, 2005) . Em
ligas com teores intermedidrios de Nb, especialmente entre 15% e 25% em peso, o resfriamento rapido
favorece a formacao da martensita ortorrdombica a”, resultante da supressao da difusdo atdmica e da
transformacao direta da fase 3. Em condig¢des especificas de formagdo, também pode ocorrer a fase o’
hexagonal, assim como a fase w, uma fase metaestavel gerada a partir de instabilidades eletronicas e
vibracdes da rede 3, comum em resfriamentos rdpidos ou tratamentos em temperaturas intermedidrias.
A fase B3, por sua vez, estabiliza-se em teores mais elevados de Nb (Lee; Ju; Chern Lin, 2002).
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Sistema Ti-Ta

O tantalo estd na lista de elementos (3 estabilizadores, ndo téxicos. Descoberto pelo
quimico Anders Gustaf Ekeberg em 1802, se mostrando resistente a corrosdo por dcidos e um bom
condutor de calor e eletricidade (Greenwood, 2003). No Brasil, a maior reserva de tantalo se encontra
no Amazonas, e tem-se expectativa de crescimento do mercado devido ao desenvolvimento e estudos
de novas tecnologias (Agrawal et al., 2021; Shikika et al., 2020).

Semelhante ao ni6bio, o tantalo integra o grupo 5 dos metais de transi¢ao e apresenta
uma estrutura cristalina cuibica de corpo centrado. A forte interacdo entre seus dtomos confere ao
material um ponto de fusao muito elevado, além de alta rigidez e resisténcia mecanica. No contexto das
ligas de titanio, o tantalo desempenha papel importante como agente estabilizador da fase 3, permitindo
que essa fase seja formada a temperaturas mais baixas (Sidhu, 2021). As principais propriedades

fisico-quimicas desse elemento encontram-se na tabela 3.

De acordo com Zhou e colaboradores (2004), a microestrutura das ligas Ti—Ta
varia conforme a fracdo de tantalo adicionada, composi¢des com menos de 20% em peso de Ta
tendem a apresentar fases de estrutura hexagonal (o e «’). Quando o teor de tantalo alcanga valores
intermedidrios, entre 30% e 50%, torna-se comum a formacdo da fase ortorrdmbica a”. Para

percentuais superiores a 60%, a fase predominante passa a ser a 3 (Zhou; Niinomi; Akahori, 2004b).

Tabela 3: Propriedades do tantalo

Elemento Tantalo
Simbolo Ta
Nimero Atdmico 73
Densidade (g/cm3) 16,6
Estrutura Cristalina CCC
Raio Atdmico (nm) 0,143
Ponto de Fusao (°C) 3017

Massa atdbmica (u.m.a.) 180,95

Parametro de rede (nm) a = 0,330

Fonte: (Lide, 2007)

No campo biomédico, o tantalo € usado na produ¢do de implantes cirurgicos, como

parafusos para ossos fraturados, implantes dentarios e placas para reparo do cranio (De Sousa et al.,

Versdo Fi nal Honol ogada
30/ 12/ 2026 14:37



24

2013). As propriedades de resisténcia mecanica e modulo de elasticidade sdo alteradas conforme as
transi¢Oes de fases. Na Figura 5 € possivel observar um aumento na regido que representa a fase f3,

conforme o tantalo é adicionado (International, 1992).

Forcentagem em peso de tantalo
1020 30 40 80 60 7% 80 90 100

Temperalura *C
3
i

0o+ (BTi.Ta)

10 0 n 10 0 80 70 a0 90 100

Porcentagem atémica de tantalo

Figura 5: Diagrama de fases do sistema binario Ti-Ta
Fonte: (International, 1992)

Pesquisas conduzidas por Zhou e colaboradores demonstraram que o teor de tantalo e
as condicdes de tratamento térmico influenciam significativamente a formacao de fases, a estabilidade
microestrutural e as propriedades mecanicas das ligas Ti—Ta. Tratamentos de envelhecimento em
temperaturas intermedidrias, tipicamente entre 300 °C e 600 °C, podem induzir ou inibir a formagao
de fases como w e a, enquanto variagOes de temperatura afetam diretamente a decomposicao da
martensita a. Além disso, a adi¢do de tantalo melhora a resisténcia a corrosdo das ligas, devido
a formacdo de filmes passivos de Ta,O5 e TiO,, sem comprometer a biocompatibilidade. Estudos
posteriores indicaram que a liga Ti-25Ta apresenta desempenho mecanico e resisténcia a corrosao
adequados. Possui fase a”’quando resfriada rapidamente a partir do campo £, tornando-se uma liga
com o mais baixo médulo de elasticidade do sistema, sendo promissora para aplicacdoes biomédicas
(Zhou; Niinomi; Akahori, 2004b). Motivo pelo qual foi escolhida como base para o desenvolvimento

do presente trabalho.

Sistema Ti-Nb-Ta

Os elementos B-estabilizadores nidbio e tantalo tem sindo usados frequentemente
em ligas de titdnio devido a propriedade de biocompatibilidade e capacidade de reduzir o médulo
de elasticidade (Lee; Ju; Chern Lin, 2002; Zhou; Niinomi; Akahori, 2004a). A motivagdo para
desenvolver novas ligas desse sistema por vezes estd relacionada a estudos que relatam o risco de
toxidade e possivel liberacao de fons de vanadio e aluminio, que sdo nocivos ao corpo humano quando

se faz uso da liga Ti-6Al-4V. Por isso, destacam-se os elementos Nb e Ta para producao de novas ligas
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Ti-Nb-Ta com boa resisténcia mecanica aliada a biocompatibilidade e menor rigidez (Ma et al., 2020;
Hoque et al., 2022).

A utilizagdo do metal refratdrio tantalo (Ta) no desenvolvimento de novos materiais
biomédicos, pode ser associada principalmente ao aumento de bioatividade e a combinac¢do de melhora
da osteogénese com as propriedades anticorrosivas. Apesar do tantalo possuir um alto médulo de
elasticidade e alta resisténcia mecanica devido as suas ligacdes quimicas fortes, estudos relatam o uso
de tantalo puro em parafusos 6sseos e clipe vascular. Além disso, estudos mostram uma melhora na
atuacdo contra as bactérias S.aureus e A.ctinomycetemcomitans quando sao depositados filmes finos
de Ta,O5 em titanio, ressaltando que o tantalo apresenta efeitos antibacterianos e antimicrobianos
(Regenberg et al., 2025).

Os metais Nb e Ta sdo encontrados juntos na natureza e tendem a diminuir a
temperatura 3 de transi¢do. O nidbio pode melhorar as propriedades mecanicas, como a reducao do
modulo de elasticidade. O estudo da liga T-40Nb do tipo 3 obteve um baixo médulo de elasticidade
(55 GPa) (Helth et al., 2017). Assim como em um trabalho realizado com a variagdo do teor de nidbio,
os testes de biocompatibilidade mostraram que o aumento do teor de niébio aumenta o desempenho
em relacdo a corrosao (Omran; Ali; Kh, 2020). A partir da variagdo de Nb no sistema Ti-25Ta-Nb, foi
possivel observar o efeito da substitui¢cao de Nb na estrutura, microestrutura e dureza das ligas, com o
surgimento da fase 3 e a supressdo da fase o ortorrombica. A predominancia da fase 3 tende a diminuir
os valores de dureza devido as ligacdes interatdmicas mais fracas que permitem o movimento das
discordancias e a deformacao plastica (Freitas Quadros et al., 2024). A liga Ti-25Ta-30Nb destacou-
se por ser B-metaestavel com baixo valor de dureza (175HV). Além disso, foi verificado que o aumento
do teor de tantalo reduz o médulo de elasticidade devido a estabilizagdo da fase 3. No desenvolvimento
das ligas Ti-20Ta-Nb foi confirmado que a liga Ti-20Ta apresentou 100% de fase a”’, enquanto a liga
Ti-20Ta-30Nb apresentou 96% de fase 3, corroborando com a microscopia eletronica de varredura
(MEV) observada na Figura 6 que mostra os graos aciculares caracteristicos da fase a”’e as superficies
uniformes da fase 3 (Silva et al., 2025).
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Figura 6: Resultados das micrografias SEM (a), (b), (¢) e (d), do Ti-20Ta, Ti-20Ta-10Nb, Ti-
20Ta-20Nb e Ti-20Ta-30Nb, respectivamente.

Fonte: (Silva et al., 2025)

A busca por ligas biomédicas com potencial de reducdo do médulo do Young,
comportamento funcional e boa resisténcia a fadiga, tem despertado interesse nas ligas B-Ti que
sobressaem as ligas a+f3, devido a sua capacidade de solidificar e resfriar em uma estrutura de graos
B completa ou parcial. No entanto, quando se trata de ligas -metaestaveis, a microestrutura pode
ser ajustada e ocorrer a precipitacao de fases a metaestaveis, a formacao dessas fases apresenta forte
dependéncia da taxa de resfriamento devido as suas transformacgdes complexas. No estudo da liga
Ti-20Nb-10Ta, verificou uma inversao de parti¢cao sob condi¢des de solidificagcdo rdpida, em conjunto
com um aumento no teor da fase 3, tal condi¢ao pode influenciar nas propriedades desse sistema Ti-

Nb-Ta que é comumente investigado para aplicacdes biomédicas (Mossop; Browne; Celikin, 2025).

Trabalhos atuais do sistema Ti-Nb-Ta vem ganhando destaque na comunidade
cientifica. (Schumacher et al., 2025) desenvolveram novas ligas do sistema Ti-15Nb-XTa ndo
citotoxicas para implantes ortopédicos e obtiveram resultados satisfatorios, revelando através da
andlise microestrutural que a liga Ti-15Nb apresenta as fases a e «, a liga Ti-15Nb-10Ta contém as
fases a e 3, também a liga Ti-15Nb-20Ta contém as fases a, 3 e w, sendo a fase 3 predominante. Em
relacdo ao estudo da biocompatibilidade em ligas Ti-Nb-Ta os resultados sdo excelentes, apresentando
citotoxicidade praticamente nula devido a forte resisténcia a corrosdao, bem como a presenga de
elementos de liga biocompativeis (Hussein et al., 2016). Com a finalidade de caracterizar as
propriedades mecanicas e bioldgicas de ligas Ti—xXNb—6Ta, através de modificagcdes superficiais foi
promovido uma melhor osteogénese e redugdo da inflamacado em comparagao com o Ti-6Al-4V (Sass

et al., 2024).
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Oxidacao por microarco (MAQO)

O bom desempenho no processo de osseointegracdo de dispositivos implantados
estd relacionado com as caracteristicas superficiais do material, a textura, rugosidade, molhabilidade
e composicao quimica podem aumentar ou reduzir o tempo integracao dos osteoblastos na superficie.
A modificacdo da superficie através do processo eletroquimico de anodizacdo € bastante utilizada ha
décadas. No caso das ligas de Ti a anodizacdo permite a formagdao de uma camada de 6xido sobre
a superficie do substrato, permitindo aumentar a bioatividade. O processo de anodizag@o observado
na Figura 7 € realizado em uma célula eletroquimica, composta por dois eletrodos, anodo e cétodo,

solugdo eletrolitica e uma fonte de tensdao que permite aplicar uma diferenca de potencial (Melo, 2023).

Figura 7: Representacao esquematica da célula eletrolitica empregada no processo de anodiza-
¢ao

Fonte: autoria propria.

Os tratamentos de modificacdo de superficie tem sido bastante investigados. As
ligas modificadas apresentam boas propriedades de superficie em comparagdo com outro tratamentos
realizados em ligas de titanio. Em geral, esses tratamentos servem para melhorar a atividade bioldgia,
resisténcia ao desgaste e resisténcia a corrosao do titanio e suas ligas. Apesar de os implantes de
titanio apresentarem elevada biocompatibilidade, sua unido direta ao tecido 6sseo ndo ocorre de
forma eficiente devido a limitada osseointegracao e osteocondutividade intrinsecas. Nesse contexto, a
composi¢do quimica, a hidrofobicidade, a rugosidade e a morfologia da superficie constituem fatores
determinantes para a interagcao entre o implante e o tecido 6sseo. Assim, tratamentos de modificacao
superficial, como a oxidacao por microarco (MAO), destacam-se por potencializar as propriedades
superficiais do implante, promovendo o aumento da resisténcia ao desgaste e a corrosdao, além de
favorecer a formacao de superficies bioativas que contribuem para a melhoria da osseointegracao (Li;
Ma; Liu et al., 2023).

O método de oxidagao por microarco (MAQO), € um processo de oxida¢do anddica

realizado com plasma de alta voltagem utilizado para modificar a superficie de metais. E possivel

Versdo Final Honol ogada
30/ 12/ 2026 14:37



28

descrever esse método como uma combinacdo de oxidacdo eletroquimica, rea¢do quimica de plasma
e difusdo térmica do eletrdlito. Quando adicionado diferentes elementos, compostos e aditivos ao
eletrélito, é obtido um revestimento funcional de 6xido. Na Figura 8 em (a) durante a reacdo a tensao
tem um aumento rapido e linear, formando pequenas bolhas e uma fina camada de 6xido. Apds atingir
a ruptura dielétrica como mostrado na Figura 8 (b), surgem microarcos € a espessura do recobrimento
aumenta de forma localizada (Figura 8 (c)), conforme a intensidade das descargas aumentam ocorre
a formacdo ativa do revestimento ceramico (Figura 8 (d)). Com o desaparecimento dos microarcos e
das bolhas de gés, o processo MAO ¢ finalizado, formando uma camada dupla, internamente como

uma barreira e externamente porosa com cavidades interligadas (Wang; Yu et al., 2015).

meta
oxide| dopants and defeets
csade layer

dopants and defects

Figura 8: Representacio dos estagios do processo MAO
Fonte: (Wang; Yu et al., 2015)

A partir da ruptura dielétrica, a formac¢do dos microarcos promovem a rapida
migracgdo de fons Ti4* e OH-, resultando na formacédo de uma camada de TiO, porosa e aderida ao
metal. A presencga de cdlcio e fésforo no eletrdlito facilita a incorporacdo desses sais ao 6xido, que
posteriormente podem se cristalizar em fosfato de célcio e hidroxiapatita (HA) que representa 30-70%
da massa 6ssea, aumentando a bioatividade do revestimento (Kuroda; Rossi et al., 2023). Na Figura
9 € possivel observar que a medida que a voltagem aplicada no processo MAO aumenta, a superficie
do titanio evolui de uma camada fina e sem poros para uma camada progressivamente mais porosa,
com crateras que se tornam maiores, mais profundas e interconectadas. Em tensdes elevadas, surgem
poros amplos, crateras coalescidas e pequenas trincas, resultando em uma morfologia altamente rugosa
e irregular (Li; Kong et al., 2004).

A oxidagdo (MAO) em ligas Ti—Ta forma recobrimentos cerdmicos compostos

principalmente por TiO, nas fases anatase e rutilo, cuja proporg¢ao e cristalinidade aumentam conforme
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a tensdo aplicada. A anatase surge predominantemente em tensdes mais baixas, enquanto o rutilo
se torna mais evidente em tensodes elevadas, devido ao maior aquecimento gerado pelas descargas
elétricas. Os estudos mostram que essas fases coexistem e resultam em revestimentos mais estdveis,
bioativos e resistentes, especialmente quando associados a compostos adicionais formados a partir
do eletrdlito, como Carbonato de Célcio (CaCO3). Em ligas Ti-25Ta, a presenca de picos intensos
e bem definidos de anatase e rutilo demonstra maior organizacdo cristalina do filme, indicando que
apesar de ser resistente a oxidacao o Ta nao impede a formacao de 6xidos de Ti, mas contribui para

um recobrimento mais denso e estruturado (Kuroda; Rossi et al., 2023).

Figura 9: Imagens MEV da morfologia de superficies de titanio tratadas com MAO
Fonte: (Li; Kong et al., 2004)

O tantalo exerce papel importante no processo MAQO, sendo oxidado a Ta,O5 €
incorporado ao recobrimento superficial. Esse 6xido estdvel e altamente biocompativel melhora a
protecdo contra corrosdo e contribui para maior resisténcia ao desgaste, como evidenciado nos testes
tribolégicos em Ti-25Ta revestido por MAO. Além disso, a presenca de Ta altera o comportamento das
descargas, favorecendo maior acimulo de carga e maior energia das microfaiscas, o que influencia di-
retamente a morfologia final, o tamanho dos poros e a cristalizagcdo dos 6xidos. Assim, recobrimentos
contendo TiO, + Ta,O5 tornam-se mais durdveis, uniformes e mecanicamente superiores ao substrato
metalico (Kuroda; Mattos et al., 2023).

Diante desse panorama, torna-se evidente que o desenvolvimento de novas ligas
de titanio para aplicagdes biomédicas depende da interac@o entre composi¢ao quimica, estabilizagdo

da fase B, ajuste do médulo de elasticidade e engenharia de superficie. O sistema Ti—-Nb-Ta tem

Versdo Final Honol ogada
30/ 12/ 2026 14:37



30

recebido atencdo especial por permitir a obtencdo de ligas com mddulo eléstico reduzido e elevada
biocompatibilidade, enquanto a modificacdo superficial por oxidacdo por microarco possibilita a
formagdo de recobrimentos cerdmicos porosos, capazes de melhorar a resisténcia ao desgaste, a
corrosdo e a bioatividade do material. A incorporacdo de fons bioativos, como cdlcio e fésforo,
durante o processo MAO representa uma estratégia adicional para potencializar a interacdo do implante
com o tecido 6sseo. Apesar dos avancgos reportados, ainda sdo escassos os estudos que avaliam de
forma sistemadtica o efeito combinado do teor de nidébio e tintalo na microestrutura das ligas Ti-
20Nb-xTa e nas propriedades dos recobrimentos MAO enriquecidos com Ca e P. Nesse contexto,
o artigo apresentado a seguir aborda essa lacuna, investigando de maneira integrada a relacio entre

composi¢ao, microestrutura e modificacdo superficial dessas ligas para aplicagdes biomédicas.
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Abstract

This study aims to develop novel biomedical Ti-based alloys from the Ti-20Nb-Ta system (Ta =
0, 10, and 20 wt%) with surfaces functionalized by bioactive elements (Ca and P) through micro-
arc oxidation (MAO). EDS analysis confirmed that the produced alloys closely match the nominal
composition and exhibit good chemical homogeneity. The MAO process generated porous ceramic
layers enriched with Ca and P. Structural and microstructural characterization (SEM and XRD) reve-
aled Ta as a B-stabilizing element: Ti-20Nb exhibits an @” + 8 microstructure, Ti-20Nb-10Ta shows
a” +w+ B phases, and Ti-20Nb-20Ta stabilizes as a single-phase 3 alloy. Regarding the MAO coating,
crystalline TiO; in anatase and rutile phases was observed on Ti-20Nb and Ti-20Nb-10Ta, whereas
only anatase was detected on Ti-20Nb-20Ta. Low XRD crystallinity indicates oxides of Ta and Nb on
the MAO surfaces are predominantly amorphous. Mechanical characterization showed Ti-20Nb has
the lowest elastic modulus (58 GPa), favoring mechanical compatibility with bone, while Ti-20Nb-
20Ta exhibited the lowest hardness (250 HV). Ti-20Nb-10Ta presented higher hardness and modulus,
attributed to the w phase. Surface evaluation demonstrated that the rutile phase increased both
hardness and water contact angle, improving surface hydrophobicity. Despite this, all alloys remained
hydrophilic, with Ti-20Nb-20Ta showing the lowest contact angle (¢ = 40°) due to the absence
of rutile. Overall, Ti-20Nb combines favorable mechanical properties for orthopedic applications
(low modulus), whereas Ti-20Nb-20Ta offers superior surface characteristics, potentially enhancing
implant integration and bioactivity. These findings provide a comprehensive understanding of the
interplay between composition, microstructure, surface modification, and functional performance of
Ti-Nb-Ta biomedical alloys.

Keywords: Arc melting, Ti alloys, Elastic modulus, Biomaterial.
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1 - INTRODUCTION

The development of new titanium alloys has emerged as a strategic field in the design
of advanced materials for biomedical applications, owing to their combination of high
mechanical strength, excellent corrosion resistance, and outstanding biocompatibility [1].
Among the alloy systems investigated, the ternary Ti-Ta-Nb system has attracted particular
attention, as it enables the production of alloys with a reduced elastic modulus, closer to that
of human bone, which is crucial for minimizing the stress-shielding effect in orthopedic

implants.

Alloys in the Ti—Ta and Ti—Nb systems are widely studied, and it is well established
that the addition of B-stabilizing elements, such as Nb and Ta, promotes the formation and
stabilization of the B phase [2, 3]. Several studies in the literature have focused on the
development of titanium (Ti) alloys within the Ti-Ta-Nb system [4], primarily aiming to
obtain materials with a low elastic modulus. This interest is mainly driven by the demand for
alloys with improved mechanical compatibility with bone tissues, particularly for biomedical
applications such as orthopedic and dental implants. The addition of elements such as
tantalum (Ta) and niobium (Nb) promotes the stabilization of the B phase in titanium, which
is associated with a reduction in elastic modulus, while also enhancing the biocompatibility

and corrosion resistance of these alloys [5].

Konushkin et al. (2023) produced homogeneous Ti-20Nb-10Ta ingots, followed by
homogenizing annealing at 900 °C for 12 h in vacuum and subsequent rolling, rotational
forging, and drawing at temperatures up to 600 °C to obtain wires with a diameter of 280 um.
Tensile tests indicated that annealing at 600 °C for 20 minutes resulted in a low elastic
modulus of approximately 50 GPa, whereas annealing at 800 °C for 60 minutes yielded the
optimal combination of strength and ductility, demonstrating that heat treatment has a

significant effect on the elastic modulus, strength, and ductility of the alloy [4]

Silva et al. [6] developed a series of Ti-Ta-Nb alloys (Ti-20Ta, Ti-20Ta-10Nb, Ti-
20Ta-20Nb, and Ti-20Ta-30Nb) with the aim of advancing materials for orthopedic implants.

A comprehensive characterization approach was adopted, including chemical analyses (XRF,
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EDS, and density measurements), structural investigations (XRD, OM, and SEM), and
Vickers microhardness testing. The Ti-20Ta alloy exhibited an a” structure, whereas the
progressive addition of Nb promoted stabilization of the § phase, confirming its -stabilizing
effect in titanium alloys. In terms of mechanical performance, Ti-20Ta-10Nb and Ti-20Ta-
20Nb presented similar hardness values (~298 HV), while Ti-20Ta-30Nb showed reduced
hardness (215 HV) due to the predominance of the f phase with its lower atomic packing
efficiency. These findings highlight the potential of tailoring phase constitution and

mechanical response in Ti-Ta-Nb alloys for biomedical applications.

Sass and collaborators produced novel B-type alloys of the Ti-Ta-Nb system (Ti—
xNb—-6Ta, with x = 20, 27, 35) using additive manufacturing, with an emphasis on their
application as materials for orthopedic implants [7]. Mechanical properties, such as
compression modulus, and biological responses were evaluated in both dense and porous
samples with different build orientations. Compression tests revealed that both chemical
composition and build orientation influence strength and elasticity. The fabricated alloys
exhibited lower modulus values compared to commercially available biomedical Ti alloys,
with Ti-20Nb-6Ta standing out at 43 GPa, measured in the 90° build orientation. From a
biological perspective, human osteoblasts were cultured on the printed samples for 7 and 14
days. The Ti-Nb—Ta alloys demonstrated enhanced osteogenesis compared to the Ti-6Al-4V
alloy and induced lower inflammatory responses, showing promising potential for orthopedic

implant applications.

These studies collectively underscore the versatility of Ti—Nb-Ta alloys and the
importance of processing conditions in tailoring their mechanical and biological properties

for specific applications.

Titanium (Ti) alloys exhibit excellent biocompatibility; however, they present
limitations in terms of biological activity, wear resistance, and corrosion resistance, which
restricts their applications. Studies have reported improved properties when titanium alloys
undergo surface modification treatment by micro-arc oxidation (MAO). The MAO technique
consists of plasma electrolytic oxidation under high pressure and has been widely applied at

an industrial scale. The formation of an oxide coating on the alloys, resulting from both
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substrate oxidation and the incorporation of electrolyte compounds with added elements and

additives, provides enhanced wear resistance and corrosion resistance [8].

Wang et al. coated Ti-35Nb-2Ta-3Zr and Ti-6Al-4V alloys in a sodium silicate
electrolyte using the micro-arc oxidation (MAQO) method [9]. The results showed that the
alloy containing niobium and tantalum exhibited superior ability to form dense and thick
films, enabling the development of a porous membrane on its surface with a higher anatase
phase content. This, in turn, enhanced biological activity and corrosion resistance compared

to pure Ti and the Ti-6Al1-4V alloy.

Surface modification of titanium alloys via the MAO technique affects surface
roughness, porosity, and wettability; these changes enhance cellular and bacterial adhesion
to the implant, thereby promoting rapid bone formation on its surface. Accordingly, the
primary objective of ceramic coatings on alloys used in implants is to improve mechanical
interaction with bone tissue through the porous structure and to establish a strong chemical

bond via osteoconductivity or bioactivity [10, 11].

However, a systematic study on the combined effect of Nb and Ta content in the Ti-
20Nb-Ta system, and its subsequent influence on the properties of MAO coatings enriched

with Ca and P, remains lacking

This study aims to produce novel Ti alloys from the Ti-20Nb-Ta system, featuring a
ceramic layer enriched with Ca and P fabricated via the MAO technique, with the goal of
obtaining new alloys with a low elastic modulus and a functionalized surface with potential
for orthopedic applications. A systematic investigation addressing the combined effect of Nb
and Ta content in the Ti-20Nb-Ta system, and its subsequent influence on the properties of
Ca- and P-enriched MAO coatings, is still absent in the literature. This gap highlights the
novelty and relevance of the present work, as it explores an emerging research direction with

significant potential for biomedical applications.
2 - EXPERIMENTAL PROCEDURE

High-purity metals (Ti, Ta, and Nb; 99.5%) were weighed according to the nominal
compositions for the preparation of 40 g alloys (Ti-20Nb-Ta, with Ta contents of 0, 10, and
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20 wt.%). Melting was performed in an arc-melting furnace under an inert argon
atmosphere, using a water-cooled copper hearth and a non-consumable tungsten electrode
[12]. After solidification, transverse sections of the ingots were cut to obtain thin slices.
The samples were chemically analyzed using semi-quantitative energy-dispersive
spectroscopy (EDS) to map the elemental distribution on the material surface, employing
an Oxford X-Max detector coupled to a Carl Zeiss EVO-MA10 scanning electron
microscope (SEM).

The Thermo-Calc software was employed as a tool to predict the effect of the
substitutional elements (Nb and Ta) on the phase transformation temperature (3 transus, o —
B) and on the liquidus (solid — liquid) temperature. The thermodynamic data for T1, Ta, and

Nb were obtained from the PUREOS database [6].

MAO treatments were carried out using a DC power supply (Keysight, N5751A),
initially operated at a constant current of 2.5 A with variable voltage. Once the voltage
reached 300 V, the system automatically switched from a galvanostatic to a potentiostatic
regime, maintaining a constant voltage (300 V) with variable current. During oxidation, the
Ti alloys (Ti-20Nb-Ta) were used as the anode and Pt as the cathode. The MAO process was
performed for 60 s. The electrolyte consisted of 0.35 M calcium acetate monohydrate
((CH3COQO),Ca'H20) and 0.02 M B-glycerol phosphate (C3H7NaxO¢P-5H>0), aiming to
incorporate Ca and P ions in order to enhance the biocompatibility of the implant with bone

tissue [13].

The structural characterizations of the alloys and the MAO coatings were performed
by X-ray diffraction using a PANalytical EMPYREAN multipurpose diffractometer, with Cu
Ka radiation (A = 1.544 A), operated at 20 mA and 40 kV.

The metallic microstructural analyses were carried out following standard
metallographic preparation procedures. The samples were ground with SiC papers of
different grit sizes (400—1500 mesh), followed by polishing with a 1 um alumina suspension
for 15 min. The microstructure was revealed by chemical etching using Kroll’s reagent,
consisting of 15% nitric acid (HNO3), 5% hydrofluoric acid (HF), and 80% distilled water
(H20). Scanning electron microscopy (SEM) images of the metallic surfaces and MAO

coatings were obtained using a Carl Zeiss EVO-MA10 thermionic electron microscope.
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Imagel software was employed to quantify the micrographs, allowing the determination of

coating thickness, pore density, and average pore area of the MAO layers.

Wettability was evaluated by contact angle measurements using the sessile drop
method with a digital USB optical microscope. Deionized water (polar liquid) with a volume
of 1000 uL. was employed as the test fluid. From the contact angle values, the work of
adhesion (Wa) was determined according to the Young—Dupré¢ equation [14]. This parameter
is defined as the energy required to separate a unit area of the interface between the MAO
coating and water; in other words, it represents the energy released by water upon interacting
with the MAO surface. Wa can be obtained from Equation 1, where yLV is the surface
tension of water in contact with its vapor phase (yLV = 72.8 mN/m at 25 °C [15]):

Wa =vyLV (1 + cos6) (1)

The mechanical characterization of the samples was evaluated through two key
properties for their application as biomaterials: hardness (substrate and MAO coating) and
elastic modulus (substrate only). Ductility is important for the manufacturing of implant
plates and screws, while the elastic modulus should be similar to that of human bone.
Implants with a high elastic modulus may lead to rejection and stress shielding, causing a
reduction in bone density around the implant. Hardness tests were performed to assess the
plastic stiffness of the alloys using a Vickers indenter, with a load of 300 kgf and a dwell
time of 15 s [16]. The elastic stiffness of the produced alloys was evaluated using the impulse

excitation technique with a Sonelastic device, providing the elastic modulus (E) [17].

3 RESULTS AND DISCUSSIONS

Characterization Results of the Metallic Bulks

Figure 1 presents the semi-quantitative chemical composition obtained by EDS, along
with photographs of the produced ingots. All ingots exhibited a silvery appearance,
confirming that melting was performed under inert atmospheres, preventing gas

contamination. EDS analysis showed that the actual Ti, Nb, and Ta contents closely matched
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the nominal values. Chemical mapping further indicated good homogeneity, with no
observable agglomerates of Ti (mp = 1668 °C), Nb (mp = 2477 °C), or Ta (mp = 3020 °C),
the latter having the highest melting point among the alloying elements. In the mapping, Ti

is shown in yellow, Nb in red, and Ta in purple.

As the Ti-20Nb-Ta system alloys represent a set of novel compositions, no
international standard (ASTM — American Society for Testing and Materials) currently exists
to define the allowable experimental variations in chemical composition. Among the
developed alloys, a deviation of approximately 16% in Ta content was observed in the Ti-
20Nb-20Ta alloy, meaning that the produced alloy contains an additional 4 wt.% of Ta
compared to the nominal fraction. It is important to note that Ta is a weak B-stabilizing
element, unlike Mo standardized by ASTM E384-10. Therefore, small variations in Ta
content are insufficient to modify the crystalline structure of Ti alloys, since the a” phase in
the Ti-Ta system is induced only at Ta contents above 25 wt.% [18] and the B phase at
contents above 70 wt.% [19]. In other words, an increase of 4 wt.% Ta is not enough to alter
the phases, and consequently, does not significantly affect the mechanical properties of the
alloys developed in this study. Silva et al. [6] developed the Ti—20Ta—Nb system and
demonstrated that small variations in Ta content do not significantly affect the crystal

structure or the phases present.

The chemical composition of the Ti alloys was determined by EDS analysis. The
measured fractions of Ti, Ta, and Nb alloying elements are in good agreement with the
nominal compositions. The discrepancy required to complete 100% of the total composition
is attributed to the presence of carbon and oxygen. Specifically, Ti-20Nb and Ti-20Nb-10Ta
contain approximately 8% O and 1% C, while Ti-20Nb-20Ta contains around 7% O and 1%
C. The detection of oxygen is common on metallic surfaces prepared for metallographic
analysis after Kroll etching, as chemical etching increases the thickness of the surface oxide
layer, whereas carbon originates from residues of the metallographic preparation.
Considering that EDS has limited accuracy for light elements such as C and O, these
contributions adequately explain the small deviation observed for the metallic constituents
of the alloys. Tantalum appears slightly above nominal concentration, which can be attributed

to the greater detection efficiency of EDS for heavy elements.
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Figure 1: Photographs of the ingots and corresponding elemental maps showing the

distribution of Ti, Nb, and Ta in each alloy.

Figure 2 presents the data obtained to determine the crystalline structures of the
alloys. In Figure 2a, it can be observed that the addition of Ta promoted the formation of the
body-centered cubic (bcc) B phase, indicating that tantalum acted as a B-stabilizing element,
as previously confirmed in recent studies. The Ti-20Nb alloy is biphasic, containing the
metastable orthorhombic o phase along with . Luz et al. [20] developed Ti-20Nb alloys
and reported the presence of a + P phases. In contrast, the present work identified the
formation of o + B phases. In Luz’s study, the alloys were subjected to heat treatment at
1000 °C, well above the P transus, followed by slow cooling to promote the formation of the
a phase. In the current study, heat treatment was designed to stabilize primarily the o and f3
phases, which are associated with a lower elastic modulus compared to alloys containing o

phases.

The Ti-20Nb-10Ta alloy shows suppression of the a” phase; however, a small peak
in XRD analysis corresponding to the metastable hexagonal ® phase is observed at

approximately 79°. Thus, the Ti-20Nb-10Ta alloy can be considered predominantly
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metastable . Finally, the Ti-20Nb-20Ta alloy exhibits only characteristic B phase peaks,
making it the only single-phase B-Ti alloy. Figure 2b provides a more detailed view of the

diffraction patterns and SEM images.

The SEM images corroborate the results obtained by X-ray diffraction. In the B-phase
Ti-20Nb-20Ta alloy, only grain boundaries and a smooth matrix characteristic of Ti alloys
with a body-centered cubic structure are observed. In the other alloys, lamellar a” phase

precipitates are observed along the grain boundaries, indicating phase transformation.

Ti-20Nb-20Ta
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~ Ti-20Nb-10Ta
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Figure 2: (a) X-ray diffraction patterns and SEM micrographs at 500% magnification. (b)
The same diffraction spectra displayed with lower intensities and SEM micrographs at

2000x magnification for improved visualization of minor peaks and finer structures.
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Based on the peaks observed by X-ray diffraction, the relative phase percentages in
the samples were calculated (Table 1), using the peak intensity ratios [21]. Additionally,

Table 1 also presents the results obtained using Thermo-Calc.

The B-stabilizing effect of Ta can be observed, leading to the formation of single-
phase alloys in the Ti-20Nb-Ta system with the addition of only 20 wt.% Ta. This behavior
is attributed to the similarity between Ta’s crystal structure and that of titanium at high
temperatures (Ti B-transus = 863 °C), which effectively lowers the B-transus temperature.
Table 1 also indicates that the addition of Ta increases the solid-to-liquid phase
transformation temperature, known as the liquidus. This phenomenon is due to the high
melting point of Ta, which acts as a substitutional element for Ti, which has a lower melting
point. The increased melting point of the alloy containing 20 wt.% Ta complicates its
production, as it requires equipment and energy sources with higher heating capacity, thus

increasing the cost and complexity of the process.

Table 1 - Percentage of a”, o, and [ crystalline phases in Ti-20Nb-Ta alloys and the

effect of Ta content on B-transus and liquidus temperature.

Alloys Yo | Yo | %pg | Btranus (°C) | Liquidus (°C)
Ti-20Nb 73 0 27 701 1831
Ti-20Nb-10Ta | 12 10 78 616 1900
Ti-20Nb-20Ta 0 0 100 556 1986

Based on the experimental results from the study of new Ti alloys, an equation, known
as the molybdenum equivalent (Moeq) theory, was developed to guide the selection of alloy
compositions, indicating the amounts of substitutional elements required for phase
stabilization. The molybdenum equivalent percentage obtained through Equation (2) is

directly related to the stabilization of the B phase [22]:

[Moeq] = Mo + =2+ 22+ 2+ + 1.25Cr + 1.25Ni + 1.7Mn + 1.7Co + 2.5Fe (2)
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The Moeq values obtained were 5.56, 7.56, and 9.56 wt.% for the Ti-20Nb, Ti-20Nb-
10Ta, and Ti-20Nb-20Ta alloys, respectively. Based on the calculated values for the Ti-
20Nb-Ta alloys, parallels can be drawn with the Ti-Mo system, which has been extensively
studied for biomedical applications. According to the Mocq theory, the Ti-20Nb alloy, with a
Moeq of 5.56 wt.%, exhibits a structure similar to that of the Ti-6Mo alloy, characterized by
the predominance of the orthorhombic a” phase. Similarly, the Moeq values of the Ti-20Nb-
10Ta and Ti-20Nb-20Ta alloys are comparable to Ti-Mo alloys containing 7.5—-10 wt.% Mo
[23]. Within this range, a transition is observed from the predominance of the martensitic o"
phase (around 7.5 wt.% Mo) to a microstructure dominated by metastable B phase (from 10
wt.% Mo). Another important point reported in the literature is that the binary Ti-7.5Mo alloy
tends to form the ® phase [24]; thus, according to the Moeq theory, the Ti-20Nb-10Ta alloy
is also susceptible to @ phase formation. These results suggest that the addition of tantalum

contributes to the progressive stabilization of the § phase in the Ti-20Nb-Ta alloy system.

In this study, the molybdenum equivalent theory proved to be effective and accurate
in predicting the crystalline structures of the Ti-20Nb-Ta alloy system. The calculated values
allow precise anticipation of the predominant phases in each composition, enabling the

prediction of a”, , and P phase formation in the developed alloys.

The addition of Ta slightly modifies the lattice parameter of the  phase (Ti-20Nb =
3.27 A; Ti-20Nb-10Ta = 3.27 A; Ti-20Nb-20Ta = 3.28 A), reflecting the larger bec lattice
parameter of Ta (3.31 A) compared to Nb (3.30 A) and high-temperature B-Ti (3.30 A).
Moreover, the lattice parameters of the a” phase in the Ti-20Nb alloy were determined as a
=299 A, b=4.96 A, and ¢ = 3.39 A. These values are consistent with previous reports in

the literature, which describe similar orthorhombic o lattice constants [25, 26].

It was not possible to determine the lattice parameters of the a” phase in the Ti-20Nb-
10Ta alloy, as this calculation requires at least three properly indexed peaks in the X-ray
diffraction pattern. As shown in Figure 2, only one peak corresponding to the a” phase was
identified in the Ti-20Nb-Ta alloy pattern, preventing the extraction of the crystallographic

parameters for this phase.
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Figure 3 presents the Vickers microhardness and elastic modulus results of the Ti-
20Nb-Ta alloy system. The Ti-20Nb alloy exhibits the lowest elastic modulus (58 GPa),
whereas the Ti-20Nb-10Ta alloy shows the highest value, reaching up to 100 GPa. The lower
modulus of Ti-20Nb is attributed to its metastable o and 3 phases; according to Zhou et al.,
many Ti alloys with predominant a” phase tend to exhibit reduced elastic modulus values,
similar to metastable B alloys [2, 18]. In contrast, the increased elastic modulus of Ti-20Nb-
10Ta is due to the formation of the ® phase, consisting of small precipitates within the f3
matrix, which have high hardness and impede atomic dislocation movement, rendering the

alloy strong, hard, but brittle.

In the literature, it has been reported that the Ti-20Nb alloy exhibits an elastic
modulus of 78 GPa [27]. In contrast, the results obtained in the present work show a lower
modulus (~58 GPa). This difference can be attributed to the processing history of the alloys.
Fedotov and Belousov applied quenching treatments that rapidly cooled the samples,
promoting the precipitation of the @ phase and consequently increasing the elastic modulus.
In the present work, Ti-20Nb alloys were prepared as-cast by arc melting, which preserved
the B phase. Variations in cooling rate, thermal history, and phase composition explain the
observed differences: a higher fraction of the 3 phase results in a lower modulus, whereas an

increased fraction of o or ® phases leads to a higher modulus.

Regarding hardness, the addition of Ta to the Ti-20Nb alloy initially increased
hardness in the Ti-20Nb-10Ta composition, mainly due to the precipitation of the w phase,
which contributes to a denser atomic arrangement and higher resistance to deformation.
However, when the Ta content was further increased to 20 wt.%, the alloy became
predominantly stabilized in the B phase. Since the B phase has a relatively low atomic packing
factor (~68%) compared to both the a (hcp) and a” (orthorhombic) structures of titanium, its
atomic arrangement is less dense and less resistant to shear stresses, which explains the

reduction in hardness observed in the Ti-20Nb-20Ta alloy.

The high hardness in titanium alloys containing the omega () phase can be explained
by the Orowan theory, which states that the increase in mechanical strength arises from the

impediment of dislocation motion by fine particles and incoherent precipitates in the metallic
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matrix [28]. In Ti alloys, ® phase precipitates act as barriers to dislocation slip, increasing

the yield stress and, consequently, the hardness [29, 30].

Hardness requirements in biomedical applications vary according to the function of
the device. Permanent orthopedic implants do not require high hardness, but rather properties
such as low elastic modulus, good fracture toughness, and high corrosion resistance. In this
study, the Ti-20Nb and Ti-20Nb-20Ta alloys exemplify materials with low hardness, making
them suitable for such applications. Conversely, surgical instruments demand high hardness
to ensure wear resistance, maintenance, and durability; in this case, Ti-20Nb-10Ta, which

exhibits high hardness due to the formation of the omega (®) phase, is more appropriate.
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Figure 3: Elastic modulus (bars) and microhardness (blue dots) values of the alloys

developed in this study.

Donato et al. [31] demonstrated that the addition of pB-stabilizing elements directly
influences the elastic modulus in Ti alloys. According to the authors, the Ti-5Mo alloy
exhibits a relatively low modulus due to the predominance of the o phase. However, with
the addition of small amounts of molybdenum, the concomitant formation of B and ® phases

occurs, resulting in a three-phase microstructure (a” + B + ®). This structural transformation
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leads to a significant increase in the elastic modulus, particularly due to the presence of the

o phase, which is known for its high stiffness.

The trend of increasing elastic modulus persists until the @ phase is completely
suppressed. Beyond this point, further addition of molybdenum leads to the elimination of
the ® phase and full stabilization of the B phase, resulting in a reduction of the elastic
modulus. Alloys containing approximately 15 wt.% Mo become single-phase § and exhibit
low modulus values, making them more suitable for biomedical applications that require

materials with mechanical properties similar to those of bone.

These results are in agreement with the predictions of the molybdenum equivalent
(Moeq) theory, which proved effective in estimating the predominant crystalline phases and,
consequently, the elastic properties of the Ti-20Nb-Ta alloy system. According to this theory,
the Ti-20NDb alloy, like the Ti-5.5Mo alloy, is single-phase o, which explains its low elastic
modulus. In contrast, the Ti-20Nb-10Ta alloy, analogous to Ti-7.5Mo, exhibits a multiphase
microstructure composed of a” + B + ® phases, with the @ phase being responsible for a
significant increase in elastic modulus. The Ti-20Nb-20Ta alloy, similar to Ti-9.5Mo, is
predominantly 3, but may still contain residual traces of the @ phase, according to the Moeq

theory.

Among the alloys developed in this study, the Ti-20Nb alloy stands out as a biphasic
a” + B alloy with low elastic modulus values, comparable to other notable alloys such as Ti-
25Ta. Furthermore, this alloy exhibits an elastic modulus close to that of human cortical bone
(~30 GPa), thereby avoiding the stress shielding effect associated with commercial alloys
such as CP-Ti (100 GPa), Ti-6Al-4V (120 GPa), 316L stainless steel (220 GPa), and Co-Cr
alloys (~200 GPa) [32].

Results of Micro-Arc Oxidation Coating

The semi-quantitative results obtained by EDS for the MAO-treated alloy samples
(Ti-20Nb-xTa, with x = 0, 10, and 20 wt.%) are shown in Figure 4. EDS analysis revealed

that oxygen (dark green) is the main component of the coatings, representing over 63 at. %
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in the Ti-20Nb-20Ta alloy and reaching approximately 64 at. % as the highest concentration
detected in the Ti-20Nb alloy. The oxygen on the surfaces is due to the oxidation of the
alloying elements (Ti, Ta, and Nb), with the most stable oxides being semicrystalline TiOx,

amorphous Ta;0s, and amorphous Nb,Os, as reported in various studies in the literature [33].

Although the oxygen content by weight appears relatively low, this is expected due
to the low atomic mass of oxygen (16 g/mol) compared to the other elements present in the
coatings: titanium (Ti, 47.87 g/mol), tantalum (Ta, 180.95 g/mol), niobium (Nb,
92.91 g/mol), carbon (C, 12.01 g/mol), magnesium (Mg, 24.31 g/mol), calcium (Ca,
40.08 g/mol), and phosphorus (P, 30.97 g/mol). Despite its lower mass fraction, oxygen is
the dominant element in terms of atomic percentage (Figure 4), reflecting the formation of

extensive oxide layers on the MAO-treated surfaces.

A slight decrease in the oxygen content on the MAO-treated surfaces is observed with
the addition of Ta to the Ti-20Nb-Ta alloy substrates. This effect is attributed to the
substitutional role of Ta, which replaces Ti in the B phase. The presence of Ta in the metallic
substrates also influences the oxide layer formation: while pure titanium predominantly
forms a titanium dioxide (Ti10:) layer, the addition of Ta promotes the development of mixed
oxides, including both TiO> and tantalum pentoxide (Ta>Os). Consequently, Ta partially

substitutes TiO, with Ta>Os in the surface layer.

Regarding the amounts of Ca and P detected by EDS (Ca shown in yellow and P in
orange), it is evident that the MAO process was effective in incorporating Ca and P ions into
the ceramic coatings. The detected Ca/P ratios are approximately 2.7 (Ti-20Nb), 2.3 (Ti-
20Nb-10Ta), and 3.3 (Ti-20Nb-20Ta), which differ from several stoichiometric calcium
phosphates such as hydroxyapatite, Caio(POs)s(OH), (Ca/P = 1.67), and tricalcium
phosphate, Ca3(PO4), (Ca/P = 1.50) [34, 35]. This increase in the Ca/P ratio indicates a
calcium excess in the alloys with higher Ta content. Several studies report the presence of
amorphous calcite (CaCO3) in Ti alloys modified via MAO with the incorporation of Ca and
P [36]. This secondary phase, although often not intentionally incorporated, appears in MAO-
treated alloys and contributes additional calcium to the system without a corresponding
increase in phosphorus, which can artificially raise the Ca/P ratio observed in chemical or

spectroscopic analyses.
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Figure 4: Detection of elements in the MAO coating via semi-quantitative EDS

analysis of the Ti-20Nb-Ta alloy system.

Figure 5 shows the chemical mapping images of Ti, Ta, Nb, Ca, P, and O detected in
the MAO anodic coatings produced on the Ti-20Nb-Ta alloy system. Titanium is highlighted
in light green, niobium in purple, oxygen in dark green, phosphorus in orange, and calcium
in yellow dots. A good chemical homogeneity of the surfaces is observed, with no visible
segregation of Ca, P, or O. Furthermore, the MAO surfaces mainly consist of circular and
regular pores, characteristic of anodic surfaces formed by the plasma oxidation process [8,

37, 38]. Additional topographical details are presented in Figure 6.
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Figure 5. SEM images of the MAO-coated alloys along with chemical mapping of Ti, Nb,

Ta, Ca, P, and O elements present in each alloy.

The SEM micrographs revealed the topographical morphologies and the cross-
sections of the MAO-treated surfaces (Figure 6). The anodic films exhibit an overlapping
porous structure, with pore sizes varying and characterized by the appearance of 'volcano-
like' features. This phenomenon is associated with dielectric breakdown of the anodic metal
under high voltage (300 V) and current (2.5 A), producing electric arcs and hydrogen bubbles
due to electrolyte reduction. Cross-sectional SEM images of the samples show coating

thicknesses estimated at around 10 pm. Similar MAO coating thicknesses have been reported
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for Ti-Ta [39] , Ti-Nb [40], and Ti-Ta-Zr [11] alloys, with thicknesses above 10 pm

considered sufficient to protect the metallic substrate against dry wear [41].
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Figure 6. SEM topographical and cross-sectional micrographs of the MAO-coated alloys.

Table 2 presents a more detailed analysis of the MAO coating pores using Imagel
software. The table show that there is no significant change in the MAO pore diameters;
consequently, it can be inferred that the pore sizes in the Ti-20Nb-Ta alloys are not affected
by the addition of Ta to the substrate. The Ti-20Nb-20Ta alloy exhibits a slight increase in

the number of pores per unit area.

Regarding MAO coating thicknesses, the data indicates that the addition of Ta does
not significantly alter the coating thickness; however, the measurement errors for the Ti-

20Nb-10Ta and Ti-20Nb-20Ta alloys are higher, supporting the explanation that Ta increases
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surface roughness rather than coating uniformity. In this context, the Ti-20Nb-20Ta alloy
exhibits greater roughness, likely due to a mixture of Ti, Nb, and Ta oxides. This

topographical feature, combined with the functionalization provided by Ca and P

incorporation, is favorable for

osteoconductivity and cellular modification processes.

the anchorage of pre-osteoblastic cells

during

Table 2: ImagelJ analysis of MAO coatings (Pore diameters and average pore size,

pore density per unit surface area, and coating thickness).

MAO Coatings Pores diameters | Pores area | Pores/area relations | Thickness
(nm) (nm?) (nm?) (nm)
Ti-20Nb 1.14 £0.65 1.02+0.34 0.074 £0.01 89+09
Ti-20Nb-10Ta 0.93+£0.61 0.68 +0.30 0.065 +0.01 109+2.5
Ti-20Nb-20Ta 0.96 £0.67 0.73 +£0.36 0.086 £ 0.02 8.8+2.2

Figure 7 shows the X-ray diffraction patterns obtained from the MAO-coated surfaces
of the alloys produced in this study. In the Ti-20Nb alloy, characteristic peaks of the metallic
substrate, a”, and B phases are observed, in agreement with Figure 2. Additionally, peaks
corresponding to titanium dioxide (TiO2) with a tetragonal anatase structure were detected,
along with a single rutile peak at approximately 27° in the (110) plane. It is noteworthy that
the (110) plane of tetragonal rutile exhibits the highest diffraction intensity; therefore, only

this peak was detected, indicating a low rutile content (11%) compared to anatase (89%).

The rutile phase tends to be harder than anatase due to its higher atomic packing factor
[42] and is formed when TiO; is subjected to high temperatures (above 600 °C) [43], It is less
stable at room temperature, which explains the low rutile content observed in MAO-anodized

surfaces.
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Figure 7. XRD patterns of the MAO-treated samples.

For the Ti-20Nb-10Ta metastable alloy (a” + @ + ), the XRD patterns show that the
MAO process was able to modify the crystalline structure of the metallic substrate. As
previously illustrated in Figure 2, only one a” peak is detected at low angles in the substrate;
however, in the same alloy subjected to MAO, three o peaks are clearly observed, indicating
alterations in the a” and B phase fractions during the growth of the ceramic films. These
changes are attributed to the heating of the Ti-20Nb-10Ta substrate during dielectric
breakdown, where electric arcs can locally reach temperatures exceeding 3000 K [44],
sufficient to modify the metallic structure in biphasic alloys. During the casting process, the
alloy is rapidly cooled due to direct contact with the water-cooled copper crucible, effectively
retaining high-temperature stable phases such as f. In contrast, during MAO, rapid cooling
does not occur, providing thermodynamically favorable conditions for the nucleation and
formation of the martensitic o” phase. A similar behavior has been reported in the

development of new alloys in the Ti-25Ta-Zr system [11].
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Diffraction peaks corresponding to the anatase and rutile phases were also detected
in the Ti-20Nb-10Ta alloy; however, only five anatase peaks (one fewer than in the Ti-20Nb
alloy) were observed, indicating a volumetric fraction of 88% for this phase. Additionally,
only a single rutile diffraction peak was detected, representing 12% of the crystalline fraction
of the MAO coating. A broad halo at low diffraction angles, characteristic of amorphous
materials near 30°, is also observed. This behavior indicates that the addition of 10 wt.% Ta
to the Ti-20NDb substrate reduces the crystallinity of the MAO layer, as Ta>Os tends to form

an amorphous ceramic phase in Ti alloys.
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Figure 8. Vickers microhardness values and rutile content detected in the MAO coatings

produced in this study.

The XRD pattern of the Ti-20Nb-20Ta alloy corroborates the observed decrease in
crystallinity of the MAO anodic layers with increasing Ta content. The diffractogram shows
only anatase peaks, but with lower intensity compared to the Ti-20Nb and Ti-20Nb-10Ta
alloys. In this alloy, rutile is not formed, indicating that the Ti-20Nb-20Ta alloy tends to

produce a MAO ceramic coating with lower hardness compared to the other alloys.
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The alloys produced in this study contain Nb and Ta; however, no diffraction peaks
corresponding to the crystalline phases of these ceramic components were observed. It is well
known in the literature that the MAO process effectively produces anodic layers on Ti, Ta,
and Nb alloys. Due to the high density and cohesive energy of Nb and Ta oxides, the resulting
ceramics are predominantly amorphous, which explains why no Nb2Os or Ta;Os peaks were

detected in Figure 7.

Figure 8 shows the Vickers microhardness values of the MAO coatings produced on
the Ti-20Nb-Ta alloys. The results indicate that the Ti-20Nb alloy exhibits a hardness of 500
HV, Ti-20Nb-10Ta reaches 630 HV, and Ti-20Nb-20Ta has a lower hardness of 400 HV. It
is noteworthy that the MAO coatings display higher hardness compared to the metallic
substrates (see Figure 3) due to atomic bonding forces, where the ionic bond energy of Ti**,
Nb’*, and Ta>" with O* is higher than that of metallic bonds. This is the primary reason
explaining the high mechanical resistance of ceramic materials, which exhibit low plastic

deformation during hardness testing.

Many studies in the literature have reported the hardness of TiO: in its anatase and
rutile phases [42, 45]. A divergence in hardness values is observed; with the MAO layers
produced in this study exhibiting significantly lower hardness compared to other TiO»
coatings reported in the literature. This reduction in hardness is attributed to the formation of
the MAO layer with interconnected pores, which act as voids that can be 'occupied' under
mechanical loading exceeding the elastic limit. This phenomenon is analogous to the
decrease in mechanical properties observed in metals produced by powder metallurgy or
additive manufacturing, where porous metallic parts are intentionally fabricated for

intramedullary applications [46, 47].

Also in Figure 8, a trend in the hardness of the MAO coatings is observed as a function
of the rutile fraction detected on the surfaces. The formation of the rutile phase at 11% and
12% in the Ti-20Nb and Ti-20Nb-10Ta alloys, respectively, promotes hardening due to the
mixture of TiO, crystalline phases. Generally, TiO, with a higher rutile fraction tends to
exhibit greater hardness because of its higher atomic density, explaining why the MAO
coating on the Ti-20Nb-10Ta alloy is harder, while the Ti-20Nb-20Ta coating is more ductile

due to the suppression of rutile formation.
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Figure 9. Contact angle and adhesion work values of the MAO coating with water

Figure 9 shows the water wettability results obtained on the MAO surfaces. Contact
angles below 90° were observed, indicating that the MAO surfaces are hydrophilic with water
[48]. It is also noted that the increase in the rutile fraction on the surface (Ti-20Nb MAO —
Ti-20Nb-10Ta MAO) resulted in a slight increase in the water contact angle, indicating a
decrease in wettability. This effect is consistent with the lower density of surface hydroxyl
groups (OH) in rutile compared to anatase, which reduces the surface energy and imparts a

slightly more hydrophobic character.

The adhesion work (W) of the surfaces was calculated from the contact angles, with
this parameter defined as the energy required to separate a unit area of the interface between
the MAO coating and water. It was observed that variations in the contact angle directly
influence the W, values. For the alloys exhibiting higher contact angles (Ti-20Nb and Ti-
20Nb-10Ta), lower W, values were obtained, indicating low affinity between the MAO
surface and water. In contrast, the Ti-20Nb-20Ta alloy, with a lower contact angle (~40°),

exhibited the highest W, value, evidencing a strong interaction between the MAO layer and
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water. In other words, contact angle (0) and adhesion work (W.) are inversely proportional

quantities.

For promoting osseointegration, the implant surface contact angle is a critical
parameter. Moderate hydrophilic surfaces are generally considered ideal, as they allow
biological fluids, such as blood and interstitial fluid, to spread adequately, increasing surface
contact and promoting protein absorption and cell adhesion. In contrast, highly hydrophilic
surfaces may provide a favorable environment for bacterial growth and proliferation, which
is undesirable. Finally, hydrophobic surfaces (8 > 90°) tend to hinder contact with biological
fluids and delay the bone integration process [49, 50].

Within the context of this study, the Ti-20Nb-20Ta alloy exhibited the best results in
terms of wettability, showing a relatively low contact angle and high adhesion work. These
parameters indicate a more favorable surface for osteogenic cell adhesion and bone tissue
formation, making this alloy particularly promising for implant applications with high

osseointegration potential.

CONCLUSION
Based on the results obtained in this study, it can be concluded that:

e EDS results indicated good chemical homogeneity of the Ti-20Nb-Ta alloys.

e Structural and microstructural characterization results demonstrated the 3-
stabilizing effect of Ta in the Ti-20Nb-Ta alloy substrates.

e The addition of Ta in the Ti-20Nb-Ta system alloys increases the solid-to-liquid
phase transformation temperature.

e The Ti-20Nb-10Ta alloy exhibits the formation of the ® phase.

e The lattice parameter of the  phase increases with the Ta content.

e The Ti-20ND alloy shows a low elastic modulus (58 GPa), whereas the Ti-20Nb-
10Ta alloy exhibits a high elastic modulus due to the formation of the ® phase.

e The Ti-20Nb-20Ta alloy has the lowest hardness among the developed alloys, being
the only single-phase B alloy.
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e The Equivalent Molybdenum (Mocq) theory is effective for predicting the crystal
structures of Ti-20Nb-Ta alloys.

e The MAO process effectively produced porous circular coatings enriched with Ca
and P.

e The MAO coatings on Ti-20Nb and Ti-20Nb-10Ta alloys are composed of TiO»
with anatase and rutile crystalline phases. The Ti-20Nb-20Ta alloy contains only the
anatase crystalline phase.

e The rutile phase of TiO; increases the hardness and water contact angle of the MAO
coatings.

e The MAO layer produced on the Ti-20Nb-20Ta alloy exhibits lower hardness and
wettability, but a higher adhesion work with water due to the absence of the rutile
phase.

e The Ti-20Nb alloy shows better mechanical properties for load-bearing implants,
whereas the Ti-20Nb-20Ta alloy exhibits superior surface properties

e Ti-20Nb: stands out as a candidate for load-bearing implants due to its low elastic
modulus, which helps minimize the stress shielding effect

e Ti-20Nb-20Ta: shows great potential for applications requiring enhanced

osseointegration, owing to its superior wettability and higher work of adhesion
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5 CONSIDERACOES FINAIS

O presente estudo teve como propdsito desenvolver novas ligas de titdnio, nidbio e tantalo

destinadas a aplicagdes biomédicas.

As ligas do sitema Ti-20Nb-Ta (Ta = 0, 10, 20% em peso) foram preparadas em um forno de
fusdo a arco-voltaico, essa técnica demostrou ser eficiente na produgdo em ligas com alto ponto de
fusdo, apresentando bons resultados de composi¢do quimica, sendo compativel com a proposta de
composi¢do inicial. Além disso, nas caracteriza¢des estruturais e microestruturais foi observado que
ligas com baixo teor de tantalo apresentam as fases a”’e 3 € com o acréscimo de tantalo em 20% a
liga possui apenas fase 3. A partir disso, foi observada a acdo B-estabilizadora do tantalo em ligas

terndrias. Ainda assim, a liga com 10% de tantalo apresenta a formacao da fase w.

Ap6s a preparagdao das amostras metdlicas, as ligas com 0, 10 e 20 % em peso de tantalo, foi
verificado que a adi¢ao de Ta nas ligas, aumenta a temperatura de transformacao de fase sélido-liquido
e reduz a temperatura 3 de transi¢ao, assim como, sobre influéncia da adi¢do de tantalo o pardmetro
de rede da fase § aumenta. Em relagdo, aos resultados da andlise mecanica das ligas, a presenca da
fase o”ortorrombica permite maior mobilidade dos dtomos na liga Ti-20Nb apresentando o menor
modulo de elasticidade (58 GPa), caracteristica desejdvel para aplicacdes em implantes ortopédicos,
enquanto que a liga Ti-20Nb-10Ta apresentou o maior mddulo, devido a formagao da fase w. A liga

Ti-20Nb-20Ta monofésica 3 possui a menor dureza (250 HV) entre as ligas desenvolvidas.

Como buscamos ligas de Ti com baixo médulo de elasticidade e com superficies funcionalizadas,
realizamos o tratamento superficial de oxidagdo por microarco (MAO), a partir disso, podemos
observar que esse processo produziu de forma eficiente revestimentos porosos enriquecidos com Ca e
P, indicando potencial para favorecer a bioatividade superficial. As andlises mostraram que a presenca
da fase rutilo nos recobrimentos das ligas com 0 e 10% de tantalo aumentou a dureza e modificou o
comportamento de molhabilidade enquanto que a predominéancia da fase anatase na liga Ti-20Nb-20Ta

resultou em menor dureza e molhabilidade, porém com maior trabalho de adesdo com a 4gua.

De forma geral, os resultados indicam que as composi¢des estudadas do sistema Ti-Nb-Ta podem
ser melhoradas para distintas aplicacdes biomédicas. A liga Ti-20Nb destaca-se como candidata para
implantes de suporte de carga devido ao seu baixo médulo de elasticidade, enquanto que a liga Ti-
20Nb-20Ta apresenta potencial para aplicacdes que requerem melhor osseointegracdo, devido a sua

caracteristica hidrofilica e maior trabalho de adesao.

Conclui-se que as liga avaliadas possuem potencial para aplicagdes biomédicas, uma vez que a
variagcdo controladas dos teores de Nb e Ta permite modular tanto as propriedades mecanicas quanto

as caracteristicas superficiais.
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6 SUGESTOES PARA TRABALHOS FUTUROS

A partir do desenvolvimento e caracterizacdo inicial efetiva de novas ligas da classe de titanio,

para aplicacdes biomédicas, podem ser ser realizados trabalhos futuros para completar a analise das

ligas propostas:

Analisar a presenga da fase w em demais propriedades mecanicas, incluindo comportamento
em fadiga e ensaios de tracdo, determinado o escoamento eldstico, a resisténcia e a capacidade

deformacdo, além do médulo de cisalhamento.

Empregar microscopia eletronica de transmissdo (TEM) para investigar com maior precisao a

fase w, determinando sua morfologia, distribui¢do e tamanho.

Realizar testes de biocompatibilidade in vitro e in vivo para garantir a bioatividade em aplicagcdes

biomédicas das ligas e recobrimentos desenvolvidos.

Realizar ensaios de corrosdo, desgaste e tribocorrosao para avaliar o comportamento das ligas

em condi¢des mais proximas ao ambiente fisioldgico.
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