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RESUMO

Titanio e suas ligas encontram aplicagées militares e civis especificas devido a uma
relagao custo-beneficio nem sempre interessante, apesar de possuirem extraordinarias
propriedades quimicas e fisicas. Usinas nucleoelétricas de agua pressurizada, por
exemplo, constroem condensadores resfriados com agua do mar e com tubulagdes de
titdnio comercialmente puro devido a resisténcia a corrosdo e confiabilidade exigidas.
Russos também ja aplicaram titdnio em cascos de submarinos por estes mesmos
motivos aliados a resisténcia mecanica especifica e a sua discricdo magnética.
Americanos 0 empregam nas estruturas de aeronaves de alto desempenho pela leveza
e ponto de fus&o superior ao do aluminio. Embora o titénio, protegido pela sua camada
passiva, ja possua elevada resisténcia a corrosdo, modificagdes superficiais via oxidagao
eletrolitica assistida por plasma (PEO) podem ampliar esta resisténcia pelo
espessamento da camada protetora, no entanto também aumentam a sua rugosidade e
até promovem um comportamento superhidrofilico. O aumento da resisténcia a corroséo
€ interessante aos condensadores das usinas nucleoelétricas, mas o aumento da
rugosidade e a superhidrofilicidade sao inoportunas por favorecer a fixacdo de
organismos marinhos e suas col6nias. Contudo, este conjunto de novas caracteristicas
€ especialmente interessante as aplicagdes biomédicas, pois a reagdo do organismo aos
biomateriais implantados reduz o pH da area exposta ao ataque corrosivo, podendo
evoluir a uma forma de corrosdo localizada, como a formagao de pites de corrosdo. O
risco deste tipo de degradacéo é minimizado pelo aumento da resisténcia eletroquimica
da camada passiva nativa do titdnio e a osseointegragdo é favorecida pela maior
rugosidade e molhabilidade de uma superficie superhidrofilica. Neste trabalho foram
produzidos por PEO fiimes de 6xidos sobre substrato de Ti-cp, a partir de diferentes
composigdes de eletrélitos contendo: ZrO2, Ta20s, além da combinagdo destes dois
oxidos. Uma vez obtidos, os filmes foram caracterizados por: FTIR, medigdo do angulo
de contato (molhabilidade), rugosidade, DRX, MEV, EDX, OCP, PDS e EIS. Destacamos
os resultados obtidos com filmes produzidos com 6 g/L da mistura de 6xidos, nos quais
foi atingida a superhidrofilicidade e uma resisténcia a polarizagao seis vezes maior a do

Ti-cp.

PALAVRAS-CHAVE: Titdnio Comercialmente Puro, Zirconio, Tantalo, PEO, Corrosao.



ABSTRACT

Titanium and its alloys find specific military and civil applications due to a cost-benefit
ratio that is not always interesting, despite having extraordinary chemical and physical
properties. Pressurized water nuclear power plants, for example, build condensers cooled
by seawater with commercially pure titanium pipes due to the corrosion resistance and
reliability required. Russians have also applied titanium to submarine hulls for these same
reasons, combined with specific mechanical strength and magnetic stealth. Americans
use it in high-performance aircraft structures for its lightness and melting point higher than
aluminum. Although titanium, protected by its passive layer, already has high resistance
to corrosion, surface modifications via plasma electrolytic oxidation (PEO) can increase
this resistance by thickening the protective layer, however they also increase its
roughness and even promote a superhydrophilic behavior. The increase in resistance to
corrosion is interesting for the condensers of nuclear power plants, but the increase in
roughness and superhydrophilicity are inopportune because they favor the fixation of
marine organisms and their colonies. However, this set of new characteristics is especially
opportune for biomedical applications, as the body's reaction to the implanted
biomaterials reduces the pH of the area exposed to corrosive attack, and may evolve to
a form of localized corrosion, such as the formation of corrosion pits. The risk of this type
of degradation is minimized by increasing the electrochemical resistance of the native
passive layer of titanium and osseointegration is favored by the greater roughness and
wettability of a superhydrophilic surface. In this work, oxide films on Ti-cp substrate were
produced by PEO, from different electrolyte compositions containing: ZrO2, Taz20s, in
addition to the combination of these two oxides. Once obtained, the films were
characterized by: FTIR, contact angle measurement (wettability), roughness, XRD, SEM,
EDX, OCP, PDS and EIS. We highlight the results obtained with films produced with 6 g/L
of the oxide mixture, in which superhydrophilicity and a resistance to polarization six times
greater than that of Ti-cp were achieved.

KEYWORDS: Commercially Pure Titanium, Zirconium, Tantalum, PEO, Corrosion.
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1. INTRODUGAO

No primeiro quartil do século XXI o uso do titanio evoluiu rapidamente a
maturidade no ciclo de vida de produtos da industria aeroespacial e também como
biomaterial e componente nautico. A alta resisténcia a corrosdo aliada a uma
consideravel resisténcia mecanica especifica justificaram o emprego estratégico do
titdnio e de suas ligas pelas forcas armadas de diversos paises durante o século
passado’ e quiga ao longo do préximo milénio também. Isto revela o potencial das
pesquisas e desenvolvimentos que envolvem este metal. A resisténcia eletroquimica
deste material destaca-se entre outros fatores, sendo em termos praticos o quinto
elemento quimico mais resistente a corrosao pela dgua do mar, superado apenas pela
platina, pelo ouro, além do carbono e da prata?. Superficies de titdnio expostas por 18
anos a agua do mar apenas perderam a coloracdo original. Esta elevada resisténcia
a corrosao € devida a uma fina pelicula de diéxido de titanio impermeavel e isolante,
qgue se forma e regenera rapida e espontaneamente ao ar (02), todavia eventual ponto
de falha nesta camada protetora, que nao se recupere tempestivamente, pode iniciar
o processo de corroséo puntiforme3. Tornar a camada passiva ainda mais inerte € o
desafio para melhorar o desempenho do titdnio em meios corrosivos contendo
cloretos, como a agua do mar, e a modificagao superficial via oxidagao eletrolitica
assistida por plasma (PEO) revela-se um processo viavel, rapido e econdmico para
este tratamento.

Os meios eletroliticos empregados na PEO foram compostos por oxidos de
zircbnio e de tantalo, pois trabalhos anteriores relatam o aumento da resisténcia a
corrosdo em ligas de titanio pela modificagdo superficial e alguns estudos indicam o
uso do zirconio ou do tantalo para promogéo deste efeito*.

Com relacdo ao tantalo, estudos reportam sua contribuicdo positiva como
elemento de adi¢ao as ligas de titanio, apesar de sua baixa resisténcia a corrosdo em
ambientes industriais com acido fluoridrico. Por outro lado, em outros meios contendo
acido cloridrico ou sulfurico, as ligas de tantalo com titanio balanceado, comparadas
as comerciais Ti-cp, Ti-6Al-4V, Ti-6Al-7Nb, apresentam resisténcia a corrosao

superior®.



O zircbnio, por sua vez, é considerado uma boa alternativa a modificagao
superficial devido as suas propriedades mecanicas e alta resisténcia a corrosdo*® . A
resisténcia a corrosao do zirconio e de suas ligas também é devida a uma fina camada
de oxido passivo que se forma espontaneamente sobre sua superficie, porém possui
suscetibilidade a corrosdo pontual quando em contato com eletrdlitos halogenados®.
Conforme ja exposto, esta corroséo localizada é prejudicial por atravessar a barreira
superficial e penetrar sem agredir a maior parte da superficie que permanece
inalterada®. Melhores desempenhos sdo interessantes e o espessamento e a
modificacdo da camada superficial pode ser uma alternativa a obtencédo de filmes
protetores mais resistentes a corroséo puntiforme do titanio®.

As combinagdes do 6xido de titdnio com oxidos de zircdnio e 6xidos de tantalo
revelaram-se efetivas para o aumento da resisténcia a corrosdo da superficie do
substrato de titanio comercialmente puro. Foram ensaiadas eletroquimicamente nove
condi¢cdes de tratamento superficial e uma do substrato Ti-cp como controle. Os
resultados de medidas de potencial em circuito aberto (OCP), varredura
potenciodinamica direta (PDS) e a espectroscopia de impedancia eletroquimica (EIS)
referendaram os resultados positivos da modificagdo superficial. Destacaram-se as
modificagdes produzidas pelo eletrolito com a mistura dos éxidos de zirconio e de
tantalo sobre o substrato de titanio comercialmente puro, quando comparado aos
resultados com oOxidos isolados.

Além dos ensaios de corrosdo, os ensaios de rugosidade e molhabilidade
(dngulo de contato) foram igualmente relevantes para caracterizagdo e estudo da
viabilidade deste tratamento as tubulagcbes dos condensadores de centrais
nucleoelétricas resfriados com agua do mar. Embora a PEO feita com eletrdlito
composto pela mistura de 6xidos de zircénio e de tantalo tenha contribuido para um
aumento na resisténcia a corrosao do titanio comercialmente puro, os resultados de
rugosidade e molhabilidade n&do foram favoraveis as aplicagcbes em trocadores de
calor resfriados com agua do mar. Nos filmes obtidos com 6 g/L de mistura de 6xidos,
por exemplo, houve um aumento significativo da rugosidade e as superficies
modificadas tornaram-se superhidrofilicas. Estas novas caracteristicas favorecem a

fixagdo de organismos marinhos e suas colbnias; fendbmeno extremamente
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indesejavel, pois além de promoverem a obstrugéo dos tubos dos trocadores de calor
no medio e longo prazo também contribuem para o risco de corrosao induzida por
microrganismos?. Nestas condigbes rapidamente evoluem: a adsorgdo de
aminoacidos, encadeamento de proteinas, crescimento de bactérias, estabelecimento
de biofilmes, crescimento de macrorganismos até o dominio de uma biota propria do
meio marinho®. Portanto a modificagdo superficial do titanio comercialmente puro,
grau ll, via PEO com eletrélito a base de 6xido de tantalo e éxido de zirconio néo é
adequada as tubulagdes de trocadores de calor expostas a agua do mar, embora
melhore sua resisténcia a corroséo.

Por outro lado, estes resultados de corroséo, rugosidade e angulo de contato
sdo0 especialmente interessantes em aplicagbes biomédicas'®'". O interior do corpo
humano também € um meio eletroquimico naturalmente agressivo a corpos
estranhos'? e suas reagdes corrosivas podem gerar ions metalicos pelo ataque aos
dispositivos biomédicos implantados'3. Estes ions migram por todo organismo com
alto risco de atingirem niveis de concentragido téxicos aos orgdos e tecidos'.
Implantes metalicos, cujos principais representantes incluem: Ti e suas ligas, ago
inoxidavel e ligas de Cr e Co, possuem diferentes graus de resisténcias a corrosao e
sofrem esta degradagdo em maior ou menor grau. Exames realizados em amostras
de sangue e urina de pacientes submetidos a artroplastia revelaram concentragdes
de ions Cr, Ni e Ti superiores aos limites aceitaveis. Até mesmo o titdnio e suas ligas,
com sua camada passiva biocompativel, que o torna especialmente interessante
como biomaterial, estdo sujeitos a degradagdo, pois esta pelicula protetiva nédo é
completamente imune a tribocorrosao, por exemplo, quando o desgaste produzido
pelo contato regular ao longo da vida util de um implante ocorre simultaneamente ao
ataque quimico que tem origem nas diversas substancias liberadas pelo metabolismo
do ser vivo'™. Outra condigdo agressiva as aplicagbes biomédicas ocorre
imediatamente apds a introdugcdo de um implante em organismo vivo, quando inicia-
se um complexo processo inflamatério como resposta a um procedimento cirdrgico
invasivo ou a presencga de qualquer corpo estranho®*. Entre os varios efeitos desta
reacao, sucede a diminui¢ao do pH local, pela presencga de acido hipocloroso (HOCI)

e acido lactico produzidos nos vacuolos dos fagocitos'. Esta condigéo é desfavoravel
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a estabilidade do filme oOxido protetor dos implantes na medida que facilita a
penetracdo desta camada passiva nas posi¢des mais suscetiveis da sua estrutura,
podendo atingir e propagar o processo corrosivo pontual para regides subjacentes a
superficie'® e, mediante a uma eventual incapacidade de repassivagdo, até ao interior
das pecas?. Nestas condigdes qualquer ganho na resisténcia a corrosdo torna-se
importante. Com relagdo ao aumento da rugosidade e redugao do angulo de contato,
estas caracteristicas sdo especialmente convenientes ao crescimento, a viabilidade
celular e a osseointegragao dos implantes de titanio6.17.

As condi¢des experimentadas por um implante in vivo sdo complexas e de dificil
reproducdo, todavia a caracterizagdo in vitro € o inicio do desenvolvimento de
qualquer biomaterial’?2. Complementando esta etapa de desenvolvimento também
foram realizadas as caracterizacbes FTIR, DRX e MEV/EDX para melhor

compreensao das modificagdes obtidas.

2. METODOLOGIA

Foram realizadas as seguintes etapas nesta pesquisa:

1. Preparacao de 30 amostras circulares de Ti-cp, com aproximadamente 3
mm de espessura, via corte de tarugo @ 24 mm (10 unidades em cutoff e
20 unidades com eletroerosao a fio) e polimento progressivo das faces
circulares com lixas d’agua 80, 150, 240, 400 e 600.

2. Lavagem das amostras em trés banhos de ultrassom: com tensoativo (100
mL agua deionizada com 1 g de tensoativo), enxague com 100 mL de agua
deionizada e, por ultimo, com alcool isopropilico (50 mL), durante 480 s em

cada banho.

3. Secagem das amostras com ar quente, identificagdo individual e

armazenamento em sacos plasticos com fecho hermético.

12



4. Producédo de 1 L de eletrolito para cada carga de oxido (2, 4 e 6 g/L) com: 1
L de agua deionizada, 2 g de hidroxido de potassio (KOH) e o respectivo
oxido em suspensdo. Este procedimento foi repetido para os trés grupos de
suspensao (ZrO2, Ta20s5 e mistura 50/50 de ZrO2 e Ta20s), totalizando 9
condigdes com diferentes eletrdlitos e concentragdes, conforme resumido

na Tabela 1.

Tabela 1 - Agrupamento e identificagdo das amostras.

GRUPO / CONCENTRACAO IDENTIFICACAO
OXIDO DO ELETROLITO! DAS OBS.
(g/L) AMOSTRAS
CONTROLE? - A00, A10 e A20 SEM OXIDACAO
2 A01, A02, A0O3
ZrO2 4 A04, A05, A06
PEOj
6 A07, A08, A09 TENSAO
PULSANTE;
2 A11, A12, A13 EXCLUSIVAMENTE
ANODICA;
Ta20s 4 A14, A15, A16 | ONDA QUADRADA;
PICO 500 V;
6 A17, A18, A19 f=1000 Hz;
CICLO DE
2 A21, A22, A23 TRABALI-|O =50 %;
_ DURACAO 420 s.
= ZrO2 + Ta20s5
(50 / 50) 4 A24, A25, A26
6 A27, A28, A29

1 Eletrdlito: agua deionizada, 2 g/L de KOH mais o respectivo 6xido adicionado.
2 Amostra base para PEO.

5. Ajuste dos parametros da PEO: diferenca de potencial entre eletrodos 500
V, pulsados com frequéncia de 1 kHz, ciclo de trabalho 50% e duragao de

420 segundos.
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6. PEO de 27 amostras conforme Tabela 1.

7. Preservacao de 3 amostras sem modificagao superficial como controle.

8. Caracterizagdo superficial das 27 amostras modificadas e das 3 amostras
de controle através de ensaios nao destrutivos: FTIR, perfilometria,
molhabilidade, MEV/EDX e DRX.

9. Avaliagéo da resisténcia a corrosdo em 3,5 % de NaCl com 5 medi¢des de
cada condicdo de PEO, por meio de medidas de Potencial em Circuito
Aberto (OCP), Espectroscopia de Impedancia Eletroquimica (EIS) e

Varredura Potenciodinédmica Direta (PDS).

3. RESULTADOS E DISCUSSAO

Os resultados deste trabalho e suas discussdes estdo apresentados na forma de
artigo? publicado na revista Metals (ISSN: 2075-4701), classificada pela Qualis como

A2 na area de Materiais e fator de impacto 2,6 pelo Journal Citation Reports (JCR).

! O presente capitulo foi redigido em inglés e publicado na revista Metals, estando, portanto,
formatado como um artigo, em conformidade com as normas de estilo da revista.

RUBERTI, L.; ACCIARI, H. A.; CORREA, D. R. N,; PISSOLITTO, Y. B.; RANGEL, E. C;;
TRIVINHO-STRIXINO, F.; CRUZ, N. C. da. Effect on the electrochemical properties of PEO
films produced on commercially pure titanium using multicomponent oxide coatings. Metals,
Basel, v. 15, n. 6, p. 1-20, jun. 2025. DOI: https://doi.org/10.3390/met15060658. Disponivel
em: https://www.mdpi.com/2075-4701/15/6/658. Acesso em: 14 jun. 2025.
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Abstract: Titanium has specific uses due to its cost, which is counterbalanced by its extraor-
dinary chemical and physical properties. Submarine hulls and nuclear power plant pipes
hawve been made of Htanium since the last century due to its high corrosion resistance, and
the aircralt industry has also exploited its remarkable properties, such as lightness and high
melting point. Surface modifications by plasma electrolytic exidation (FECH may increase
its corrosion resistance, roughness and wettability. Furthermore, greater corrosion resis-
tance is a rather attractive property in nuclear power plant pipes, although the increased
roughness and wettability are disadvantageous downsides as they favor the attachment of
marine organisms. Nonetheless these new features are particularly interesting for biomedi-
cal applications. In this study, PEO films were produced on commercially pure titanium
substrates using different electralvies, one of which contains zirconium dioxide and the
other consisling of tantalum pentoxide, in addition to a thied one composed of a combi-
nation of the lormet two. Scanning electron microscopy (SEM), energy dispersive X-ray
apectroscopy {EDX), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR} analyses were porformed in addition to contact angle and roughness measurements,
and electrochemical tests were carried out to comparatively characterize the different film
compositions, The results revealed that excellent corrosion resistance was achieved by
mixing oxides in the electrolyte.

Keywords: biomaterial; titanium; PECY; ZrCh: TaxOy, coreosion

1. Introduction

Commercially pure titanium (CP-Ti) has enormous potential for advanced engineering
applications due o its high strength-to-weight ratio and remarkable corrosion resistance re-
sulting from its protective oxide laver [1]. Ithas been used in aerospace, marine enginesring,
chemical processing industries, as well as nuclear plants |2]. For instance, in nuclear power
plants cooled by seawater, condenser tubes are typically made from materials offering
excallent corrosion resistance and durability, given the harsh environment in which they
operate [3]. Among the most used materials for manufacturing these condenser tubes, com-
metcially pure titanium stands out owing to il performance in marine environments [4].

Mutnis 2026, 15, 658
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Itis a bincompatible material, thus it is widely used in biomedical appiications, although
its corrmmsion resistance has limitations, particularly when in contact with strong acids or
contaminants such az iron and chlorides at high temperatures, leading to localized corea-
sion cracking |5). Furthermaore, titanium is a very chemically reactive element [n] having
a fairly negative standard electrode potential {—1.63 V) [7] and its corrosion protection
is only provided by a thin and fragile native oxide layer [5]. Additional oxvide coatings
could enhance corrosion prodection and provide functional properties, ez, bioactivity
behavior [6,9]. not to mention the fact that there must be proper material and coating
method selection to maximize fHanium performance and durability [10].

Plasma electrobytic onddation {FEQY) is an efficient technique for enhancing the corrosion
resistance of CP-Ti and other valve metals, improving their utilization in aggressive environ-
ments [11-13]. This conversion coating process can be resumed by developing an efectric
breakdown under a strong electric field within a system comprising the substrate, an oxide
laver, a gas envelope, and the electralyie [14]. The electric discharge in this system establishes
a plasma state, wherein the surface substrate material is converted into a compound formed by
the substrate itself under anodic polarization at high temperatures and pressures, in addition
to the substrate alloy elements, of which oxvgen is one, and the electmolyte components [15].
Film growth kinetics may vary depending on the substrate used, and also on some parameters
defined by the electrical eneray source, in addition to the composition, lemperature and
hompgeneity of the electrolyvie, resulting in changes in the characteristics and properties of the
modified surfaces, such as the marphology, surface energy, crystalline structure, composition,
and electrochemical response [16-1%]. PEO allows the creation of a thick, dense, and adherent
oxide layer on the titanium surface, surpassing the natural oxide film in both its durability
and profective properties [20] despite producing rough surfaces that are not so interesting for
corrnsion resistance [21]. PEO coating may improve resistance to localized corrosion, such as
pitting and crevice corrosion, in harsh conditions involving chlorides, acids, or high tempera-
tures (23], Additionally, it offers ailored surface properties, including increased hardness and
wear resistance, thus further enhancing material performance in demanding applications [23].
By optimizing electrochemical stability and mechanical integrity, PEO ensures a longer service
lifespan and reduces maintenance costs, particularly concerning titanium, which makes ita
good choice for various applications [6,24,25].

Fircomia (£r0:) is recommended for protecting titanium surfaces against corrosion
due to its excelient chemical stability, high hardness, and superior resistance to aggressive
environments [26,27]. When applied as a coating material or incorporated into surface
treatmwents, wirconia acts as a compact barrier and avoids the diffusion of corrosive agents
within films, such as chloride ions, acids, and alkalis. Its compatibility with titanium
and its ability Lo form dense uniform layers enhance the overall corrosion resistance
of the substrate, even under extreme condilions such as high temperatures or marine
environments. Furthermore, zirconia has demonstrated anticancer, antibacterial, and
antipxidant effects in the human crganism and, as a biocompatible and harmless metal
oxide, its coatings arve particularly valnable in medical and dental applications, because it
safeguards ftanium mplants from corrosion-induced degradation while maintaining thekr
mechanical integrity. By extending the durability and reliability of titanium, zirconia-based
coatings contribute significantly to the performance and longevity of tanium components
in various industrial and biomedical applications [17].

Another biocompatible element is tantalum {Ta), which has high mechanical and
corrosion resistance, although with elevated cost. On the other hand, tantalum pentoxide
i TaaOs), which has a relatively low cost, is very stable even in cormsive solutions owing
toy its chemical stability, high dielectric strength, and a great ability to form dense, defect-
free films [25-31]. Consequently, biocompatible TazOk coatings are valuable for titanium
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biomedical applications, since they are protected from corrosion-induced degradation while
al the same time maintaining their functional properties [32]. Thus, by integrating TasOy
into surface treatments, performance and lifespan are signiticantly enhanced, benefiting
industries such as aerospace, chemical processing, and medical devices [24,25,29].

The originality of this work lies primarily in the innovative use of oxide mixtures
e ereate multicomponent coatings {Ti0,, Zrly, and Tay, Oy} via PED on CP-Ti grade
2 substrates. Its main objective was to evaluate the electrochemical behavior of these
micrometric films in saline environments. Add:ith'mall:..l; the Mj:mgraph}', chemical and
phasa composition, roughness, and contact angle were thoroughly examined and correlated,
prowiding valuable insights into the feasibility and potential applications of this technology
across various sectors of society.

2. Materials and Methods
2.1, Sunfince Preparabion

In this study. a total of 3 sample discs (24 mm in diameter} of CP-Ti grade I (Sandinox
Biomaterials, Sorocaba, SF, Brazil) were used as metallic substrates to produce FEO films.
Before the anodic oxidation, surfaces were polished using waterprood 5iC sandpapers (30,
1504, 240, 400 and A00 mesh, 3M DO BRASIL LTDA, Sumaré S, Brazil). They were then
cleaned in two sequential ultrasonic baths, first with surfactant (DET LIMP 532 CHEMOCO,
Hortolindia, 5B Brazil) and deionized water followed with an isopropyl aloohaol ([ TOGMAX,
Sorocaba, SF, Brazil) onlyv bath; each one lasting for 480 5. Afterwards, they were dried in a
hot air stream and stored ina desiccator until the beginning of FEC testing,

22 Sunfnce Modification

PEC treatments were conducted in different electrolyte compositions of distilled water,
patassivm hydroxide (KOH, Exodo Cientifica, Surnard, S, Brazil), sirconia (Zr0;, SIGMA-
ALDRICH BRASIL LTDA, Cajamar, 5F, Brazil) and tantalum pentoxide {TaaCy, AMG Brasil
5.4, Sao Joao del Rei, MO, Brazill. The corresponding concentrations of powders and
the samples’ nomenclabure are shown in Table 1. Based on previous research |17], PEOD
treatments were pertormed in a pulsed MACO-30 power supply syatem {Plasma Technnlng_'.-'
Ltd., Hong Kang, China) operating at 500V, 1 kHz, 50% for 420 s, with a water-cooled
stainless steel reactor vessel set as a cathode, using the titanium sample as an anode. Three
samples were kept as control without PEC.

Table 1. Sample test data.
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23, Surface Cluracterizatian

Topographic details were examined using a scanning electron microscope coupled o an
energy dispersive X-ray spectrometer (SEM/ EDX; JEOL Lid., Akishima, Tokyvo, Japan) for
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elemental analysis. Phase composition was evaluated by X-ray diffraction {XRI); Shimadau
XRID 6100 diffractometer, Kyotn, fapan) operating at 40 kY and 30 muh, measured using a thin
fikrn i comtinunus scam mode configuration with step size of 0.02° and collacting time of 1.2 5,
Diffracied peaks were indexed wsing crvstallographic datasheets from the [nternational Centre
for Diffraction Data (ICDD). Fourder transform infraved spectroscopy (FTIRALO; Jasco Co.,
Takyo, Japan) identified the functional groups on the surface in transmittance mode, 4 cm !
resolution and 128 scans. Average roughness (Ka} was measured by optical profilometry
(Dektak 150 profilometer, Veeco Metrology, Tucsom, A, USA), using a stylus radius of 12.5 pm,
scan length of 100 wm for 12 s and an applied force of 0.3 wM. Surface wettability was verified
using contact angle measurements (Kame-hart Instrument Co., Succasunna, W, USA) and a
distilled water droplet (30 pL) at room temperabure.

24, Electrochemical Megsuremenis

Electrochemical tests were carried out using an Autolab POSTATIZEN potentio-
stat/ galvanostat (Metrohm AG, Herisau, Switzerland} connected Lo a three-electrode flat
cell system. Each of the 30 samples representing the different experimental conditions of
surface modification {as shown in Table 1), in addition (o three CP-Ti control samples, was
used as the working electrode, while a large-area platinum wire was used as the counter
electrode and Ag/ AgClas the reference electrode. A 3.5 wi™h NaCl solution was used as an
electrolyie at Tonm temperature to simulate the aggressiveness of marine environments.
Crpen circuit potential {OCF) measurements were performed until reaching a steady state.
Then, electrochemical impedance spectroscopy (EIS) was measured using 10 mV (rms)
perturbation and frequencies ranging from 10 kHz to 100 mHz, 10 points per frequency
decade. Polarization direct scanning (PD5S) was conducted from —1 to+2 ¥, ata L mV's ke
Results were analyzed using the NOVA® software version 2.1.5 (Metrohm . Five repli-
cate measurements were obtained for each test, and the resulls found for PEQ films were
compared with themselves and with those for the untreated sample (CP-Ti substrate).

3, Results and Discussion

3.1, Current-Time Curpes

Druring the first minute of the PEC current was measured every 10 s After this, the
current was taken every minute until the end. These results are summarized in Figure [
The FEQ current started at relatively high levels and dropped, romaining at lower levels
after the first minute, which already indicates the formation of an insulating layer, as had
been observed in similar cases [24,29].
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Figare 1. Current density vs, tone graphs obtamed dunng the PEO,
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3.2, Marphologicel mad Compesitional Awmalysis

In Figure 2, some topographic details, such as small pores, clusters and plaquer., are
observed on the modified surfaces, but no remaining grooves from the original substrate were
found. Pores are the result of electrical discharges ooourming during the dielectric breakdown
of the oxide layver [12], while agglomerates are probably particles absorbed from the electrolyte,
assisted by the electrical field. The original morphology of the untreated substrate (control)
completely disappearsd after treatments, prishably indicating complete coverage.

Lo

Figure 2. SEM images for the controd (upper} and modified surfaces by PECY, sequentially: 2 Ze0); (a),
4 ZrCh (b, 6 200 (), 2 TaxOs (d)), 4 TapOs {e, & Taals (£), 2 Ze0 + Taals igh 4 £r0s + TazUs (b,
and & Zr07 + Taals (18

Regarding the results in Figures 3-5, compared to the reference control substrate, a
large increase in oxygen content was detected, clearly indicating the formation of layers
of oxides (TiCk, Ze(h and Taz(). The levels of Zr and Ta also increased exponentially,
but non-gradually with respect to the electrolyte composition, which indicates that the
treatment parameters ate relevant for controlling the incorporation of different chemical
elements as well. A recent work revealed that the conductivity and energy of the electrical
discharges change I.'r:,.' madifying the electrolyte composition, resulting ina reroval of part
of the oxide instead of the enrichment of chemical elements [25].
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Figare 3. Sermi-quantitatve EDX analysis obtaimed for the control (CP-Tipand modiBed surfaces in

Figuene 2
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Figure 5. EDX mappings obtained for different films.

Figure b, FTIR spectra, depicts 0-H bonding presence at 3650 crm ! frequency as stretch-
ing (v} vibrations [33], probably originating from the electrolvie. Metal oxide surfaces can
adsorty (O from the environment and an asymimetric stretch band of COs is characteristic,
typically appearing in the region of 2340 cm ! [34]. The bands at 1600 cm ! are assigned
toy - bomd bending (5} [35] and at around 1350 cm ¥t C-H stretching (v} vibrations |25].
Frequencies below 1000 cm * are related Lo metal-0 bonding: 900 cm ! were assigned to
Ta-{-Ta vibration [3&], 800 and 490 em ! 1o Ti-0 vibration [37], and &00cm © to Ta-0 vibra-
tiom [36,35]. Some regular ripples were identified in the range 1400 to 2400 con ' and probably
are due to the optical phenomenon of Mie scattering [39]. Therefore, the results indicated that
the Zr(} and Ta. Oy, particies were successfully incorporated into the coatings during the FEO
treatment, agreeing with the previous characterizations.

20



Mdetals 2028, 15, 658

Taf X

4 6 2r0,+Ta,0,

4 4 2r0,+Ta,0,
# 2 Zr0,4Ta,0,

#3340

s mape
1;-1-1-!1-1'——'!—-

e pppp———

4 6Ta,0,

.‘\-\._
"
%,

T
i w
&

1!
...-.-{d.-...-i-.-.

@ 47Ta,0,

)

¥

@ 2 Tay0y

4 61Ir0,

', L
e
F

@ azr0,

Transmittaance (a.u.)
:

& 2200,

...______..____._...__E

5

Reference
-] Control
CP-Ti substrate

e e R e e R e e e e Dy
| L
i
e

T o T o i O i R e A T e S 1 B e P e e e e

3800 2400 1404 a0
em’?
Figure &. FUIR spectra for the control and mesditied surtaces of Figuee 2

According to the results in Figure 7, it was observed that the two variables, contact
angle and roughness, are correlated since high contact angle values are associated with
lower Ra walues, and vice versa. Bharti et al. concluded that there should be another factor
which influences wettability in addition to surface mughness and adsorbed OH polar
groups on the surface tend to make it superhydrophilic [40], as found in6 Zrek + Tag Oy,
where prominent (FH presence was evidenced in previous FTIR spectra. The replacement of
Z1idy by Tay(ly does not substantially change roughness, most possibly because the major
comnparent on both surfaces (Zr0s or TasOy at any concentration) is Ti {or its oxide, TiO ).
Thus, the incorporation of Zr or Ta in films only becomes more significant in the mixture of
oxides (Zr(h + TazOe), which is in full agreement with the results shown in Figure 3.
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Contact angle and roughness analyses are relevant for industrial and biomedical
applications. Although PEC can increase the corrosion resistance of commercially pure
Litanium, roughness and contact angle resulls were unfavorable to seawater applicalions.
For instance, in Figure 7, 6 Ze0); + TasOly sampies had increased ronghness and reached
superhydrophilicity simultaneously. This fact improves the risk of marine organism at-
tachment, leading to amino acid adsorption, protein chaining and the establishment of
binfilms that could rapidly evolve to the domination of a marine biota [41], in addilion to
the undesirable corrosion induced by microorganisma [42]. On the other hand, enhanced
corrosion resistance, increased roughness and superhvdrophilicity are espectally attractive
for biomedical purposes [43].

Figure 5 depicts XRD diffractograms for the control {CP-Ti without PECY treatment
taken as reference) and the samples modified by PEC. The control peaks at 350, 3847,
40.2° and 53.0° corresponded o the ICDD card 44-1294 for the hexagonal close-packed
atructure of metallic itanium [17]. The modified samples still indicated metattic Ti peaks as
well. All FEO-treated samples indicated the presence of TiO: in both anatase and rutile
phases resulting from the PEC process. For the samples modified with ZeCl, only the
sample with an added 6 g/L indicated baddelevite presence at 30,3 while the sample
reaching the largest Zr mass's according to the EDX analysis (5%} for 4 Zr(k, did not
indicated the same increase in the diffractogram. The samples modified with TasOs, having
a higher oxide concentration {4 and 6 g /L), indicated the presence of orthorhambic TaaO,
al 26,77, 28,37, 3667, and 553.47, visible on the ICDD card 25-922. As for the EDX analysis of
those samples, both revealed the presence of Ta on the surface, having 6 and 16 mass %,
respectively. Ultimately, all samples modified with both oides (210 plus TaxOk) indicated
the presence of baddeleyite at 30.3°.
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Figure 8. XRED patterns for the modified surfaces in Figune 2
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3.3, Electrochemiical Analysis
331 Open Circuit Potential — OCT Measurements

Figure 9 shows the OCF graphs for the control group and the films obtained by PEC
in different experimental conditions. 1t was obhserved that the largest dispersions between
curves corresponded to the lowest oxide concentrations, 2 and 4 g/L, both for Zr(3: and
Taz Oy, while it seems that the mivture Zr0:y + TasOy was not significantly affected by
changes in concentration. Both Zr(y and Ta:Uy were al concentrations of 2 and 4 2/1,
although the dispersions between curves were the largest. This change tends to be increas-
ingly positive OCP values, while in the remaining film compositions, fluctuations in the
potential are closer to those found for the control group, which might be a consequence of
partial coverage of the substrate.
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Figure %, Cpen circuit potential measurements, OCT (V) found for the controd group and difterent

umpnﬂi.l:irm af films

To further this amalysis, the OCT values found in the steady state {last point of each
curve) of the five repetitions of each test were collected to devise a scatter diagram instead
of average values. This considered that, in a few cases, dispersions were sp great that they
could be attributed to the heterogeneity of the films themselves, so that the analysis of
average values could fead o a misintarpretation of data,

According to the OUF values in Figure 10, it was observed that the slightest dispersion
between points occurred for the comtrol group, in which all replicate measurements were
below —03V (Ag/AgCl), which can be explained by the formation of a native uniform film
rasulting from the oxidation of titanium, making the surface less active o cormosive attack
by chloride fons. Comparatively, the dispersions obtained for different film compositions
were significantly greater, so that, for a single composition, the OCP may vary widely,
from values lower than —0.4 W to approximately —0.1 W, as can be observed for 4 Zrlh
i4 @ /L) Such a significant difference may be due to the heterogeneous nature of films
formed by FEO, non-uniform distribution in the metal subsirate COVETARE, Or even the
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presence of defects or porosities in the films, as had also been attestad by other authors in
related works [6,44]. Furthermore, for most film compositions, althowgh COF values ave
more often positive than for those obtained for CP-Ti (contral), values as negative as those
found for the contral samples were observed at times, which is another indication of a few
discontinuities in PEO films.
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Figure 10, Scatter diagram (n = 5] shows the OCP values at steady stabe {1800 5§

Aliofkhazraei et al. (2021} proposed an alternative way to minimize this problem by
increasing film thickness o hinder the access of chloride ions o the metal substrate, thus
limniting the number of anodic sites located on the surface [6]. Compositional changes have
also been investigated for the same purpose. For instance, Babaei et al. {2015) demonstrated
that increasing the content of £r in films produced by PEC leads to a significant increase
in P values, but such an increase was only observed after 10 h of film immersion in
an aguenus medium containing chloride ions [#4]. Therefore, the kinotic effects on the
formation of secondary oxides during the period of exposure o the electrolyte must also
be considered [6,44].

Furthermore, it is worth mentioning that, with respect to the three compositions, from
2wé g/, represented by a mixture of oxides, Zr( + Tas Oy, the higher the concentration,
the greater the OCT valwes. Maoreover, all repllcate measurements resulted in OCP values
greater than +0.1 V (Ag/AgCl) at & g /L, indicating that a mixture of oxides, at the highest
concentration tested, should produce a ssmergistic effect o protect the substrate, which
can be better elucidated in a further step through surface analysis at 8 nanometric scale.
From a mmpnﬁltin:mal 5t.ar|.dpn'in1,, it is assurmed that a mixhure of oxides migh'l form more
corrosion-resistant phases.

332 Polarization Direct Scanning—PDS Measurements

POS curves for CP-Ti substrates and PEC films are shown on Figure 11, Regarding
the dispersions among the fve replicates of the PDS measurements, the same behavior
observed in OCT is found in the polarization curve profiles, with the amallest differences
for the control group compared to FED films. This is probably owing to the multiphase or
heterogeneous characteristic of PEO films compared o the native TiO: film grown on the
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surface of control samples. The five replicates exhibited a pseudopassive behavior for CP-Ti
in chloride medium, indicated by a slight increase in current with increasing potential,
within potentials ranging from —0.5 w00V (Ag /ApCl). Yerokhin and colleagues ablained a
similar behavior in their studies, which was explained by the tendency to depassivation
due to the instability of the Tik film in a chloride medium,; therefore, leading to native
owide dissolution and the formation of soluble complexes [7]. The difference in corrosion
potential, E.,,, between the five replicate measurements, precisely at the inflection point
of each curve, the control in Figure 51, may be related to the native flm growth occurring
continuously on the surface of samples, which becomes increasing ly thicker with the aging
of samples. After the formation of PECY films, this difference between replicates in OCP
values remained and, in a few cases, it has even increased, probably since these films are
not uniform along the metal substrate coverage. On the other hand, one cutstanding resull
is that, for all compaositions investigated herein, the paeudopassive behavior characteristic
of CP-Ti in a chloride medium was thoroughly eliminated, i.e., in the passive section of PDS
curves, the current remained constant or even decreased from an increase in potential at
times, thus indicating that the constituent oxides of PEO films are more stable in a chloride
medium, compared o those of the native TiC: Alm. Furthermaore, corrosion currents were
lower than 1 pA for all replicates of CP-Ti, and even lower by several orders of magnitude
for PECY films. Regarding the passivation current density, for the control samples, these
values psciliated around 1 mA /cm?, while for the three PEO film compositions, these
values varied between 0.1 and 1 pA/em?, regardless of their respective concentrations.
Furthermore, none of the PEO film samples showed a lranspassive section; thus, no film
rupture is expected since the potential sweep in the anodic branch of the curves indicates
only the passivation film thickening in the chioride medium.
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Figure 11. '3 curves for the CP-Ti substrate {control) and other Alm compesitions. Five replicate

measurements for each experimental condibon were taken.
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3.33. Electrochemical Impedance Spectroscopy—EIS Measurements

The EIS spectra obtained in complex plane format for the contral group exhibited a
single distorted semicircle in the frequency range investigated, and experimental resulis
were fitted using the equivalent electrical circuit model inserted in the graph shown in
Figure 12, The control is composed of the splution resistance, 8., and a parallel association
of the polarization resistance, By, with the electric double layer capacitance which was
better modeled by a constant phase element, CFE, in order to emphasize a non-ideal
capacitance, thus considering the angular frequency exponent, n, associated with the
deviation from ideality used to represent a non-uniform current distribution related to
surface heterogeneities, such as roughness and porosity. On the other hand, the EIS spectra
of all other film compositions in Figure 12 were better fitted by the circuit composed of
the splution resistance, Rs, followed by the film capacitance (semiciecle obtained at high
frequencies), which was better modeled by a CPE in parallel with the film polarization
resistance, Rp, in addition to the Warburg element, W, inserted to fit the straight line
component at low frequencies in the complex plane, representing diffusional phenomena
at the metal / film S electrolyte interfaco.
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Figure 12, EIS spectra in the complex plane obtammed bor the contrel group and other film composibions,
Inserticn: equivalent electrical circuit modeds dsed to it E15 specira.

Table I shows fitling results corresponding to the control group. As expected, Ry
vahies varied between approximately 0.5 and 1 M{} « em? for all replicates, indicating a
highly corrosion-resistant surface due to the formation of the native Tily filon. CPE-Y0
values are consistent with the electrochemical response of 4 metal surface in contact with
an oxidizing aqueous medium, and CPE-n with n = 1 agrees with the single large-diameter
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semicircle. Interestingly, the By values corresponding to PEO films, Tables -5, vary in
several orders of magnitude, and are even significantly lower than those calculated for
CP-Ti substrates in a few cases, which may be due to the accumulation of electrolyte
within the pores of films, thus increasing the local chloride concentration and producing a
localized corrosion phenomenon as a consaquence by restricting the ionic mobility within
the film at its interface with the metallic substrate. The spectra, obtained in Bode
format (Figures 51 and 52 above, found in the Supplementary Material), exhibit a second
maximumn of the phase angle at low frequencies in some cases, nareower than 307, which is.
consistent with the diffusion inside pores [45]. Furthermore, the large dispersions between
measurements reveal the native heterogeneity of PEC films [46]. CPE-Y( values smaller
than 10 ® 55" .cm 7 are consistent with those expected for passive or protective films [47].

Table 2, Ftting results of EIS spectra tor the conteod group ana 3.5 wi' MaCl solution.

EIS Measuremenl Replicates

Control
1 ] 3 'l 5

Rs 10.96 599 10:21 12.61 1158

i3-cm?) (0.6 (0.6} (L&) (1.9 (L7}
Rp 47 1P 633 x 10 522x 100 106 = 1P 103 = 108

(02-em) {4.4) 4.5) (4.7} {129 82}
CPE-Y0 929« 100 769 x10° 961 x10° 829 x10° 752 x 10°

ANt ol 0.4 04y (0.3) W6} (04)

093 nag .91 naz naz

CFEn (1) (0.1} (0.1} (02 {1}

Table 3. Fitting results of E15 spectra for Zo0y films ina 35 wi NaCl sodubon.

ElS Measurement Replicates
- 1 2 " 1 8
2210: ULET (fied) 05T (fined) 21.40 235) LET {fined) W7 (fived)
mi;ﬂ :_nin:zz 11|H.?_|:Em_;:|_ 1057 (foee) zﬁh'hﬁ} LA ik 1) WET 01
6 210 VKET (Fined) 1057 (foeed ] 1 .a;ruwm 1iL.87 {fixed) e
2E0: 864 - '13""%1'51 12 0P (56) 139« 107 (29) 502 % WP (RD) 427 1P (14}
mﬁl‘_ﬁ _ :'iﬂ:-, 354 = 1P _.:__1'_7}1:_"] 56 ﬂﬁ?mﬁiﬁﬁﬁﬁ"ﬂ: W0 20) 500, .c"[?i-‘:'uf-a'pm
B 210 TA3 = WY 1. P51 R 0EL AWk m‘ BB 386 10 (225)
2 Z10; Thw D" (285 &0 10- *’m 8 SEx 10 U(07)  20x b0 "'[2] 1) 18« 10 (16
1ST=:EH sz, 42 .__a_u_-_'_F_-'_.:T:f.ﬂ e WU A58) Law it 33 sk W ET0] Sas ""i:i]_ﬂ
6 Zr0s BEx WP A0 10x 107288 20w UF '[Ew 15 W (e 22100480
270 iid '.;3 3 T4 1104 (1.4} ut_u'l."('l"n] 53 {14
CPEn 8710y, Ll LS (L) 066 (24} L5 (2 LI {1 &)
& 2102 196 (2.1) L0023 08 (23 196 (20) D2 (L6
2710 G A0"(34) Sex 1077 52w 10 M3 27«00 3310 g
Wt _ ABGS  AEAMANR SRSWA0H GAXNIBEN RECKEE ATEWNGE |
6 Zr0 2T 0T (L) BSxI0R(LD) 20w MFAEY Sdx 0P340 094173
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Table 4. Fittisag, results of ELS spectra for TazOs filmes i 3.5 wi% MeCl sodubion.
ElS Measorement Replicates
a0 1 [ 3 F 5
2 Taylhy LFBT tined) 6 68 {85 B401 (114 AL (12 1508 5.1
- 5 4 Tas00s 1087 (fined) 10157 | fived) 117 [ Frved) L1187 (Eixed) 1057 {fned)
 TagOs 1187 {fixed) 07 (e 1087 (fived) ILET {fixed) 1087 ffixed)
2 Taydy 240 WP A9 217100290 392« 1P (176 445 = 10 {7.6) 6T = 100 (49)
miL’} 43,0, 156 10 fszq] A6 P32 2P (R M5« 10H5) AW«
& Tay 00, 236 % 1035 230 176 L6310 (6H 106« WP ILY 38 m}[?z;
27Ta,0, 14= @5 15 :n--;';s T -':[n; Lil = 1073 (4.3
Wi 9 4Tay0, BB WP(08) 34« 0000 841U ES)  LexWUEH  20el07@ry
& Tay 0, 4% 10789 30« = 10 (15.0) :.3 TS R0 TT e 0P(7H 96« 1054
2 Taz(le o (1 BSsqLL) 065 (2.0} MEE(L2) DesRE
CPEn 4 TayOs L7 (1.5} n.24424) 01 10 1168 {1.0) 5241 7)
& Tay (), 1022 L7041 (65 0.9} 1165 (25] 5T 8]
2 Taalls AB = WD* (24 13w 100 (26 28w 048 3Fx 100221 A= W08
I 4 Tag 0= SIx W R 23000015 LxWO A8 Lex07 1310003
& TazCs A x (19  TFEL0O(5d A6 <I00 39 TE«IPE4)  28x 10953
Table 5. Fitting results of E1S spectra for Ze0y + Taz Oy Blms noa 3.5 wi® NalCl solution.
EIS Measurement Replicates
Fr05i Thalis 1 2 3 o 4 =
| 22604 Tai0n B51 (274 107 (fived | 1157 [Faxed ) UEET {fined) 1007 Hied |
mi'mﬂ ATOn 4 'r.,cr. HLET (Fixed) WA (i) 10 a?[.r_@i 13.14 (20.9) 10157 [fied)
& Z10s + TazO= 187 (fixed) L0 BT |fixed) 1087 [ Frved| L1187 gfined) 1057 ffined )
37r0h 4 TasOs 545 NP9 2054 10° (52} 635« 10°(353) L85« 104(125) 275w 10° 107
miL*i AZiDy+ TaxDs 532 = 10° e I SR 4o¢ w0 BF 506 U7
6Zr0: + TaxOs 4S5 x WP (TH  B7dx 1P (99) 279 10° (238 &7 0°(L3) 605 = 10°(13)
'1_1_';:_:-;:{.',0. 29 E:Tf'a:t_z;._-i:i: W (284 15<W0-CET) A5« 10" (108 39« 1008
1552-..:1-!; AT+ TaDy 28 1DY 54 5= 107 (126) Lisi® 102 1 109 (14 ﬂ._i'-_!_'-q e
B2r0;+ Taily  Abx W-'F5 7«10 (153 S35« 10-0{Map 33«04 25x 10 an
AZrOne Ty LML) LDOGRD) 045 (13) USE(LE) 077 (L3)
CPEn 4 Zr0y + Tagl, 1193 {1.7) LT4{LT) 074 (14 51 i3 51 {100
b Zr + Tagls a5 (L1} .73 {20 067 (28 190 (1L5) 5 5|
2Zr0s+TasOy B3 % I (L0)  S3x00°(2d) Slx1r-"(134) 221079  35.10° @9
‘Siﬁi_,' 4Zr0: ¢ Tag0s  Bow WP [121) 43 =100 (78 33« -t (al) L= A0 (17) 15 107 8
BErDneTaz0s 1S« W0-7(18) 13 =1077(2% 24w HF 48 33x 1000175 A7« 107° 200

Variations in the chemical composition of electrolytes may result in remarkable differ-

ences in the phase formation and morphology of films produced by anodic oxddation [45].
Several authors found Ry, values for films obtained by PECQ which are higher than those
corresponding to the metallic substrate (usually CP-Ti} in several orders of magnitude.
Therefore, they have suggested equivalent electrical circuit models representing an anodic
film comsisting of nwo layers, i.e, one being internal and compact, the other an external
and porous laver [45-50]. However, Ry values herein calculated for the PEO films were
generally lower than those determined for CP-Ti substrates, and this fact was attributed o
the presence of large pores enabling the electrolyte ditfusion inside the film, as in Tables 2-5,
where values in parentheses represent the percentage error of each drcuit element and
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¥+ = 0.1 for all firted spectra. A decrease in the phase angle accompanied by an increase
in capacitance and a langer exposure Hme of films to the cormsive medium is generally
associated with the presence of pores in films [44].

Capacitance values determined by fitting E15 spectra are comsistent with those expected
for a metal covered with a protective and compact barrier-type film. Therefore, there is
no evidence of corrosion on the metal substrate [47]. Zehra et al. (2021) produced highly
corrosion-resistant films in a 3.5 wt' NaCl solution after PED treatment on titanium
substrates. R, values, according to the authors, were higher by bwo orders of magnitude,
compared o those obtained for the metallic substrate which was attributed to the formation
of a hybrid film composed of TiCk, MoO: and S5k [50]. On the other hand, Sowa et al.
obtained low impedance values for some films produced by PEC on tangalum substrates,
The authors attributed it to pores and lower resistance to diffusion phenomena at low
frequencies [49].

34, General Considerations

The semiquantitative analysis using EDX demonstrated that the oxide mixhure was
the experimental condition that most effectively faciiitated the incorporation of Zr and Ta.
The concentration of these elements in the films increased proportionally with the addition
of Zr(k and TasOx oxides to the PED electrolytes. Although the underlying mechanizsm
remains urclear, it is assumed that the oxide mixture promaotes the formation of TiCk, Zr0,,
and Tay(h phases on the substrate surface, while also obscuring the presence of metallic Ti
in XEL} analyses.

According to the contact angle measurements, the 6 Zrik + Ta:Ohy condition exhibited
the best wettability, which may be linked to the increased presence of Til, Zr0;, and Tas (4
phases in XED. These phases likely act as OH receptor sites during intense FEO discharges, a
hypothesis consistent with the strong presence of this polar group in the FTTR spectrum.

Furthermore, the mixing of Zri} and Tax(0s oxides into the electrolyte resulted in more
heteropgeneous and better-sealed surfaces wilth fewer porés under SEM. This structural
madification may have influenced the electrochemical response, leading to remarkahly
strong outcomes for these experimental conditions, both in terms of potential measurements
and Ky magnitude.

Therefore, based on these findings, an effective strategy may be one that enhances
heterageneity and compositinnal diversity, optimizing the incorporation of various metal
oxides in films produced via PECL

4, Conclusions

Different films were investigated herein with respect to morphology, composition,
presence of phases, electrochemical behavior and hydrophilic properties. Although films
;:lmduced I:I].-' PEQ are quite heterogeneous and have a very imgularlnkmgraph}', in addition
lo being characterized by the presence of a large number of micrometric pores among the
compasitions under evaluation, it is noteworthy that the mixture of oxides (Zr0: + TasOy)
seems bo produce & synergistic effect in terms of wettability, which also becomes less
susceptible o spontaneous corrosion (due to having presented the highest OCP values), in
addition to a distinet behavior in PN curves and E1S results, due to larger capacitive ancs.

Regarding the electrochiemical analysis, a remarkable result is clear in PDS profiles,
which was the fact that PEO films were more stable in the chloride medivm compared to
the native film, even though they are still characterized by the presence of large pores that
may constrain their protective properties. To avoid such a problem, a set of sequential PEO
tests should be implemented ina further step, aiming to create a mullilayer filim o that the
pores of an underlying layer could be fillad with a superpoesition of a new oxide layer. In
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general, the results obtained in this study indicate that the two highest concentrations of
210 + TayOy mixture should ke further explored in a subsequent step of this work.

Supplementary Materials: The following supporizng information can be downloaded at hitps: 0 Owen
ik ooy bl S0 S0 me bl S0GIRGE ], Figun_' 51: Hode |:|:i..:5r.||r|:i, im!:mrlnnr_'e module obtamed
measurements (Exp) and ftted values (Cale) for the control group and other filmoomposdbions;
Figure 51- Bode diagrams, phase angle-obbained messurements {Exp) and fited values {Cale) for the
comitrod group and other flm commnpuasifaona.
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4. CONCLUSOES

O recobrimento 6xido multicomponente feito através da oxidacao assistida por
plasma eletrolitico sobre o substrato de titanio comercialmente puro pode aumentar
significativamente a resisténcia de polarizagdo da superficie deste material e
consequentemente sua resisténcia a corrosdo em meios salinos como a agua do mar.
Os melhores resultados foram obtidos com a mistura 50/50 de 6xidos de zircénio com
oxidos de tantalo em suspensdo no eletrdlito na concentragéo total de 6 g/L. Este
mesmo grupo de amostras apresentou o maior aumento de rugosidade superficial e o
menor angulo de contato, tendo atingido o comportamento superhidrofilico. Este
conjunto de novas propriedades € especialmente interessante as aplicagdes
biomédicas que requerem uma superficie com maior resisténcia a corrosao aliada a
uma melhor afinidade bioldgica.

O processo de oxidacdo assistida por plasma eletrolitico, da forma como foi
realizado, produziu uma variagdo muito grande nas medi¢oes da analise eletroquimica
e precisa ser mais bem estudado e definido para reducdo desta distribuicido e

consequente reprodutividade de resultados.

5. SUGESTOES DE TRABALHOS FUTUROS

O desenvolvimento desta pesquisa estimula e indica o caminho para
continuidade de um trabalho que possa explorar as oportunidades de melhoria
identificadas e ampliar as conclusdes sobre o emprego do titdnio comercialmente puro
modificado superficialmente via PEO com as seguintes sugestodes:

e Partir da mistura de 6xidos de zircdnio e 6xidos de tantalo na concentracéo 6
g/L para o eletrdlito da nova PEO, mantendo tensao, ciclo de trabalho e duragao
do tratamento;

e Producgao de amostras via PEO com agitagao do eletrdlito;

e Refinamento e controle de uma granulometria homogénea dos 6éxidos
particulados em suspensao no eletrélito da PEO;
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e Medir a condutividade dos eletrdlitos antes e depois da PEO para maior
controle do processo;

e Repetir as andlises FTIR, Rugosidade, Angulo de Contato, DRX, MEV e EDX;

e Anadlise do comportamento eletroquimico em solugdo de fluido corporeo
simulado (SBF);

¢ Analise das curvas de Tafel separando os ramos anddicos dos catddicos;

¢ Analise com voltametria ciclica (VC) para caracterizagdo do potencial de pite;

¢ Analises eletroquimicas separadas sem encadeamento de medi¢gdes OCP, EIS,
Tafel e VC;

e Medir resisténcia ao desgaste conforme ensaio padrdo da Fatec Sorocaba;

e Avaliar seccoes transversais das amostras obtidas por PEO;
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