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El objetivo principal de este trabajo de tesis es la aplicación de la técnica de 

Espectroscopia de Impedancia Electroquímica (EIS) en el estudio del mecanismo del proceso 

que tiene lugar al estar en contacto una aleación con un medio determinado. 

Este objetivo general se aborda a través de los siguientes objetivos específicos: 

1. Analizar la influencia de las adiciones de Tantalio en las aleaciones de titanio-

tantalio para poder utilizarlos como posibles dispositivos biomédicos teniendo en cuenta que 

los materiales utilizados actualmente como implantes generan problemas de salud a larga plazo. 

2. Modelar y simular con circuitos eléctricos equivalentes el comportamiento en 

HCl 20% de tres materiales, Ti, Ti-15Mo y Ti-15Mo-5Al fabricados mediante el proceso de 

fusión por láser para sus utilizaciones como materiales resistentes a la corrosión en diversos 

elementos mecánicos como: los intercambiadores de calor, turbinas bombas, válvulas, etc. 

3. Conocer el impacto del contenido del aluminio en la película pasiva formada 

sobre una aleación de alta entropía (HEA) para su posible uso en la fabricación de instrumentos 

médicos utilizados en condiciones especiales como infecciones, hematomas, alergias, etc. 

El tema de tesis propuesto se encuentra relacionado con las siguientes líneas de 

investigación del programa de doctorado en Ingenierías Química, Mecánica y de Fabricación 

(QUIMEFA): 

- Nanomateriales 

- Corrosión de los metales 

- Biomateriales para aplicaciones de ingeniería medica  

Resumen 



 

 

La tesis trata del estudio de la corrosión de varios materiales metálicos para su posible 

uso en el sector sanitario. Por lo tanto, se puede observar que el tema de la tesis es totalmente 

coherente con las líneas de investigación seleccionadas. 

La Espectroscopia de Impedancia Electroquímica (EIS) se aplica para caracterizar 

el comportamiento de diferentes metales y aleaciones en diversos entornos y para proporcionar 

nueva información que antes no podía obtenerse con las técnicas clásicas de corriente continua. 

Aunque se ha llevado a cabo una cantidad significativa de investigaciones utilizando la EIS 

para caracterizar los biomateriales, se ha realizado poca investigación sobre las mediciones de 

EIS de las aleaciones de Ti-Ta, Ti-Mo y otras. Se observa que es esencial para todos los sistemas 

considerar modelos de impedancia adecuados que puedan utilizarse para ajustar los resultados 

experimentales y proporcionar los datos relevantes que caracterizan el proceso de corrosión. 

Las aleaciones de alta entropía (HEAs) pueden proporcionar alternativas y cambios 

en las limitaciones de las propiedades de los materiales clásicos, de forma que su particular 

disposición espacial de los elementos que componen la misma, hacen que estas adopten el 

concepto de entropía, dando así la definición de dichas aleaciones. 

Las aleaciones de titanio en su estructura cristalina se suelen establecer en tres fases 

alotrópicas: aleaciones y casi   +  y aleaciones . Las aleaciones  de Ti 

contienen una mayor presencia de estabilizadores de la fase  y un menor contenido de 

alfágenos que las aleaciones  + .  

En el artículo “Comparative EIS study of titanium-based materials in high 

corrosive environments” se analiza el comportamiento en HCl 20% de tres materiales, Ti, Ti-



 

 

15 Mo y Ti-15Mo-5Al fabricados mediante el proceso de fusión por rayo láser, utilizando para 

simulación y modelación la espectroscopia de impedancia electroquímica (EIS). 

En el artículo “Compartive EIS Study of AlxCoCrFeNi Alloys in Ringer´s Solution 

for Medical Instruments”. Se estudia y aclara cómo el contenido de Al impacta en las películas 

pasivas formadas en estas aleaciones. Además, se examina la relación entre las características 

de la película de óxido y la concentración de Al variando el potencial entre -0,7 y 0,7 V frente 

al electrodo de referencia de calomelano saturado (SCE). La corrosión en el medio fisiológico 

se debe principalmente a los iones de cloro que contiene, al pH y a las condiciones especiales 

de uso como infecciones, hematomas, alergias, etc. En este trabajo se simuló un ambiente 

fisiológico infeccioso añadiendo HCl a la solución Ringer hasta alcanzar un pH = 3 a 37ºC. 

En el artículo “EIS Characterization of Ti Alloys in Relation to Alloying Additions 

of Ta” se caracterizaron varias aleaciones de Ti-xTa (con x=5, 15, 25, 30) utilizando 

espectroscopia de impedancia electroquímica (EIS) y diferentes otras técnicas para confirmar 

los resultados obtenidos. Se generaron mapas de alta resolución de la superficie de los 

materiales mediante microscopía de barrido en túnel (STM) y se obtuvo información sobre los 

mapas de distribución de átomos mediante espectroscopia de rayos X por dispersión de energía 

(EDS). La composición química y, por tanto, la estructura cristalográfica de las aleaciones se 

identificó mediante difracción de rayos X (XRD). Además, se investigó el comportamiento 

electroquímico de estas aleaciones Ti-xTa en líquido corporal simulado (SBF) a diferentes 

potenciales 
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1. Introducción 

Los metales resultan ser los materiales más adecuados en la reparación o reemplazo de 

tejido óseo dañado para aquellas aplicaciones que impliquen esfuerzo o carga, ya que combinan 

una elevada resistencia mecánica y a la fractura [1]. A pesar de esto, el uso de materiales 

metálicos en medios acuosos, como es el cuerpo humano, da lugar a la aparición de fenómenos 

corrosivos en dicho medio, denominados procesos electroquímicos [2]. La liberación de 

productos de corrosión y de iones metálicos producida por la corrosión electroquímica y, en 

especial, por la retirada mecánica de la capa de pasivación y la corrosión galvánica, son causa 

de preocupación en las aplicaciones de los metales como biomateriales debido a sus posibles 

efectos citotóxicos [3-5]. 

Las técnicas electroquímicas convencionales, tales como la voltametría cíclica, la 

polarización anódica o los pulsos de potencial y/o de corriente permiten hacer caracterizaciones 

sobre velocidades y mecanismos de reacción, la estructura de la doble capa, características 

difusivas, morfología del material o la estructura de la interfaz. No obstante, estas técnicas, 

generalmente desplazan el sistema lejos del equilibrio, por lo que las velocidades de reacción y 

los parámetros interfaciales pueden ser alterados por el propio método de medición. 

El objetivo principal de este trabajo de tesis es la aplicación de la técnica de 

Espectroscopia de Impedancia Electroquímica (EIS) en el estudio del mecanismo del proceso 

que tiene lugar al estar en contacto una aleación con un medio determinado. 

Este objetivo general se aborda a través de los siguientes objetivos específicos: 
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• Evaluación de la técnica de espectroscopía de impedancias electroquímicas, 

cuyo ámbito de aplicación en el campo de los biomateriales se encuentra en desarrollo.  

• Estudio desde el punto de vista de la resistencia a la corrosión de varias 

aleaciones para su empleo como implante en el cuerpo humano o para instrumental médico. 

Dicho estudio se efectuará a partir de medidas del potencial a circuito abierto (OCP), barridos 

potenciodinámicos, ensayos potenciostáticos y de la aplicación de la técnica de espectroscopía 

de impedancia electroquímica.  

Por ellos se ha llevado a cabo: 

1. Analizar la influencia de las adiciones de Tantalio en las aleaciones de titanio-

tantalio para poder utilizarlos como potenciales productos biomédicos teniendo en cuenta que 

los materiales utilizados actualmente como implantes generan problemas de salud a larga plazo, 

2. Modelar y simular con circuitos eléctricos equivalentes el comportamiento en 

HCl 20% de tres materiales, Ti, Ti-15Mo y Ti-15Mo-5Al fabricados mediante fusión por láser 

para sus utilizaciones como materiales resistentes a la corrosión en los intercambiadores de 

calor, turbinas bombas, válvulas, etc. 

3. Conocer el impacto del contenido del aluminio en la película pasiva formada 

sobre una aleación de alta entropía (HEA) para su posible uso en la fabricación de instrumentos 

médicos utilizados en condiciones especiales como infecciones, hematomas, alergias, etc. 

La impedancia es uno de los valores más importantes que puede ser medido en 

electroquímica y ciencia de la corrosión. Si se efectúa un muestreo con un ancho de banda 

infinito, éste contendrá toda la información que puede ser obtenida del sistema mediante medios 
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puramente eléctricos. El trabajo a realizar se basa en las siguientes características de la técnica 

de espectroscopia de impedancia electroquímica:  

 Las mediciones pueden llevarse a cabo en estado estacionario u otra condición 

específica.  

 El sistema puede ser tratado como lineal. Es una medición eléctrica 

relativamente sencilla que puede ser automatizada.  

 Se pueden caracterizar las propiedades del medio y de la interfaz en todo tipo de 

materiales (conductores, semiconductores, dieléctricos, cerámicos, composites, 

etc.).  

 Es posible verificar los modelos de reacción.  

 Pueden realizarse mediciones en electrolitos de baja conductividad.  

 Se trata de una medición de elevada precisión.  

 Es una técnica no destructiva cuando se aplica bajo condiciones de equilibrio. 

Las publicaciones científicas derivadas de esta tesis doctoral cubren las estrategias 

mencionadas, proponiendo mecanismos y circuitos eléctricos equivalentes que permitan 

apreciar la adecuada utilización y el comportamiento de nuevos materiales en determinadas 

condiciones de uso. En total, se presentan 3 artículos publicados como primer autor, varios 

artículos como coautor y comunicaciones orales y en poster a varias conferencias 

internacionales. Todas estas publicaciones suponen el núcleo central del trabajo desarrollado, 

justificando la unidad temática y permitiendo la presentación de la presente tesis bajo la 

modalidad de tesis por compendio de publicaciones.  
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El tema de tesis propuesto se encuentra relacionado con las siguientes líneas de 

investigación del programa de doctorado en Ingenierías Química, Mecánica y de Fabricación 

(QUIMEFA): 

- Nanomateriales 

- Corrosión de los metales 

- Biomateriales para aplicaciones de ingeniería medica 

La tesis trata del estudio de la corrosión de varios materiales metálicos para su posible uso 

en el sector sanitario. Por lo tanto, se puede observar que el tema de la tesis es totalmente 

coherente con las líneas de investigación seleccionadas. 
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2. Justificación del compendio

Justificación 
del compendio 2
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2. Justificación del compendio 

Las publicaciones científicas básicas derivadas de esta tesis doctoral son 3 artículos 

publicados como primer autor. He participado en 8 artículos indexados JCR como co-autor, 2 

artículos sin índice de impacto de los cuales 1 como primer autor y 5 capítulos de libros como 

co-autor. También he sido autor principal o co-autor en 31 presentaciones en eventos cientificos 

(poster o comunicación oral). Un resumen de cada publicación básica se presenta a 

continuación: 

TÍTULO : “EIS Characterization of Ti Alloys in Relation to 

Alloying Additions of Ta” 

AUTORES: Socorro-Perdomo, P.P.; Florido-Suárez, N.R.; Mirza-

Rosca, J.C.; Saceleanu, M.V. 

REVISTA: Materials 

ÍNDICE DE 
IMPACTO: 

3.623 

CUARTIL: Q1 

DOI: 10.3390/ma15020476. 

ISSN: 1996-1944 

EDITORIAL: MDPI 

MES Y AÑO: 01/2022 

VOLUMEN: 15 

PÁGINAS: 15 
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La creciente popularidad del Ti y sus aleaciones como importantes biomateriales está 

impulsada por su bajo módulo, su mayor biocompatibilidad y su mejor resistencia a la corrosión 

en comparación con los biomateriales tradicionales, como el acero inoxidable y las aleaciones 

de Co-Cr. Las aleaciones de Ti se utilizan con éxito en situaciones de estrés severo, como el Ti-

6Al-4V, pero esta aleación está relacionada con problemas de salud a largo plazo y, en 

respuesta, se han desarrollado diferentes aleaciones de Ti compuestas por elementos no tóxicos 

y no alérgicos, como Nb, Zr, Mo y Ta, para aplicaciones biomédicas. En este contexto, se han 

desarrollado aleaciones binarias de titanio y tantalio que se prevé que sean posibles materiales 

para fines médicos.  

Además, hoy en día, se han desarrollado nuevas aleaciones, como las aleaciones de alta 

entropía con Ti y Ta, para aplicaciones biomédicas, por lo que es necesario aclarar la influencia 

del tántalo en el comportamiento de la aleación. En este estudio, se caracterizaron varias 

aleaciones Ti-xTa (con x = 5, 15, 25 y 30) utilizando diferentes técnicas. Se generaron mapas 

de alta resolución de las superficies de los materiales mediante microscopía de barrido en túnel 

(STM) y se obtuvieron mapas de distribución de átomos mediante espectroscopia de dispersión 

de energía de rayos X (EDS). La difracción de rayos X (XRD) permitió identificar la 

composición química y, además, la estructura cristalográfica de las aleaciones.  

Se investigó el comportamiento electroquímico de estas aleaciones de Ti-Ta mediante 

EIS en fluido corporal simulado a diferentes potenciales. La resistencia de la capa pasiva 

aumenta con el potencial debido a la formación de la capa pasiva de TiO2·Ta2O5 luego 

disminuye debido a los procesos de disolución a través de la película pasiva. Dentro de las 

aleaciones Ti-xTa, Ti-25Ta demuestra excelentes propiedades de resistencia a la capa pasiva y 
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a la corrosión, por lo que parece ser un producto prometedor para dispositivos médicos 

metálicos. 

TÍTULO : “Comparative EIS study of titanium-based materials 

in high corrosive environments” 

AUTORES: Socorro-Perdomo, P.P.; Florido-Suárez, N.R.; Verdú-

Vázquez, A.; Mirza-Rosca, J.C 

REVISTA: International Journal Surface Science and Engineering 

ÍNDICE DE 
IMPACTO: 

1.178 

CITESCORE 2020 2.2 

DOI: 10.1504/IJSURFSE.2021.116333 

ISSN: 1794-785X 

EDITORIAL: Inderscience Publishers 

AÑO: 2021 

VOLUMEN: 15 

PÁGINAS: 152–164 

La espectroscopia de impedancia electroquímica (EIS) es una técnica relativamente 

compleja y moderna que debe su existencia a la aparición de los circuitos electrónicos. En este 

trabajo se ha analizado mediante EIS el comportamiento en ácido clorhídrico de tres aleaciones, 

Ti, Ti-15 Mo y Ti-15Mo-5Al, fabricados mediante fusión por rayo láser.  

Los espectros de impedancia se han obtenido a varios potenciales, desde el potencial de 

circuito abierto hasta +2,0 V frente al potencial del electrodo de referencia. Una vez analizados 

los perfiles de los espectros de impedancia, los datos experimentales se ajustaron a un modelo 
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eléctrico equivalente. Se presentaron dos modelos de circuitos equivalentes: en el potencial de 

corrosión Ecorr se utiliza un circuito simple mientras que en el rango de potencial pasivo se 

utilizó un circuito equivalente con 2 constantes de tiempo para ajustar los datos experimentales. 

Se concluyó que el titanio y las aleaciones de titanio estudiadas sufren una pasivación 

espontánea debido a la película de óxido que se forma en la superficie en contacto con la 

solución ácida reductora y por lo tanto, le confiere una alta resistencia en este entorno muy 

agresivo. 

TÍTULO : “Comparative EIS study of AlxCoCrFeNi alloys in 

ringer’s solution for medical instruments” 

AUTORES: Socorro-Perdomo, P.P.; Florido-Suárez, N.R.; 

Voiculescu, I.; Mirza-Rosca, J.C. 

REVISTA: Metals 

ÍNDICE DE 
IMPACTO: 

2.351 

CUARTIL: Q2 

DOI: 10.3390/met11060928 

ISSN: 2075-4701 

EDITORIAL: MDPI 

MES Y AÑO: 07/2021 

VOLUMEN: 11 

PÁGINAS: 14 
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En función de las propiedades requeridas para el instrumental médico, en comparación 

con los materiales clásicos, las aleaciones de alta entropía (HEA´s) son una opción versátil. Se 

han realizado medidas de Espectroscopia de Impedancia Electroquímica (EIS) en aleaciones de 

alta entropía tipo AlxCoCrFeNi con distintas concentraciones de contenido de Al (x = 0,6, 0,8 

y 1,0) para caracterizar su película pasiva y su resistencia a la corrosión a 37ºC bajo condiciones 

fisiológicas infecciosas simuladas (solución de Ringer acidulada con HCl) a pH = 3. Los 

espectros de impedancia se obtuvieron a diferentes valores de potencial entre -0,7 y +0,7 V 

frente a la referencia de calomelano saturado (SCE). El análisis de los espectros de impedancia 

se llevó a cabo ajustando diferentes circuitos equivalentes a los datos experimentales. Para el 

ajuste de los espectros se pueden utilizar satisfactoriamente dos circuitos equivalentes, con una 

y dos constantes de tiempo respectivamente: una constante de tiempo representa las 

características de la película pasiva compacta y la segunda es para la película pasiva porosa.  

Con la disminución del contenido de Al, los resultados EIS obtenidos se correlacionan 

con la evolución de la microdureza y la microestructura, que se caracteriza por Microscopía 

Óptica (OM), Microscopía Electrónica de Barrido (SEM) y Espectroscopía de Rayos X de 

Energía Dispersa (EDAX). Se observa para todas las aleaciones que la resistencia de la película 

pasiva es muy alta y disminuye con el potencial: la muy alta resistencia de la película pasiva 

implica una alta resistencia a la corrosión, que puede ser asignada a la formación de la capa de 

óxido protector y demuestra que las aleaciones analizadas cumplen los prerrequisitos para su 

uso como nuevos materiales para la fabricación de instrumentos médicos. 
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3. Publicaciones 

3.1 EIS Characterization of Ti Alloys in Relation to Alloying Additions of Ta 

TÍTULO : “EIS Characterization of Ti Alloys in Relation to 

Alloying Additions of Ta” 

AUTORES: Socorro-Perdomo, P.P.; Florido-Suárez, N.R.; Mirza-

Rosca, J.C.; Saceleanu, M.V. 

REVISTA: Materials 

ÍNDICE DE 
IMPACTO: 
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CUARTIL: Q1 
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EIS Characterization of Ti Alloys in Relation to Alloying
Additions of Ta

Pedro P. Socorro-Perdomo 1, Néstor R. Florido-Suárez 1, Julia C. Mirza-Rosca 1,*

and Mircea Vicentiu Saceleanu 2

1 Mechanical Engineering Department, Las Palmas de Gran Canaria University,
35017 Las Palmas de Gran Canaria, Spain; pedro.socorro@ulpgc.es (P.P.S.-P.);
nestor.florido@ulpgc.es (N.R.F.-S.)

2 Neurosurgery Department, Faculty of Medicine, “Lucian Blaga” University, 550024 Sibiu, Romania;
vicentiu.saceleanu@gmail.com

* Correspondence: julia.mirza@ulpgc.es

Abstract: The increased popularity of Ti and its alloys as important biomaterials is driven by their
low modulus, greater biocompatibility, and better corrosion resistance in comparison to traditional
biomaterials, such as stainless steel and Co–Cr alloys. Ti alloys are successfully used in severe stress
situations, such as Ti–6Al–4V, but this alloy is related to long-term health problems and, in response,
different Ti alloys composed of non-toxic and non-allergic elements such as Nb, Zr, Mo, and Ta
have been developed for biomedical applications. In this context, binary alloys of titanium and
tantalum have been developed and are predicted to be potential products for medical purposes.
More than this, today, novel biocompatible alloys such as high entropy alloys with Ti and Ta are
considered for biomedical applications and therefore it is necessary to clarify the influence of tantalum
on the behavior of the alloy. In this study, various Ti–xTa alloys (with x = 5, 15, 25, and 30) were
characterized using different techniques. High-resolution maps of the materials’ surfaces were
generated by scanning tunneling microscopy (STM), and atom distribution maps were obtained by
energy dispersive X-ray spectroscopy (EDS). A thorough output of chemical composition, and hence
the crystallographic structure of the alloys, was identified by X-ray diffraction (XRD). Additionally,
the electrochemical behavior of these Ti–Ta alloys was investigated by EIS in simulated body fluid at
different potentials. The passive layer resistance increases with the potential due to the formation of
the passive layer of TiO2 and Ta2O5 and then decreases due to the dissolution processes through the
passive film. Within the Ti–xTa alloys, Ti–25Ta demonstrates excellent passive layer and corrosion
resistance properties, so it seems to be a promising product for metallic medical devices.

Keywords: Ti–Ta alloys; corrosion; electrochemical impedance spectroscopy

1. Introduction

Titanium achieves its excellent corrosion protection because of the high stability of the
passive layer that develops on its surface [1], which can be re-formed at body temperature
and in physiological fluid if it is damaged. The increased popularity of Ti and its alloys as
important biomaterials is driven by their low modulus [2–4], greater biocompatibility, and
better corrosion resistance in comparison to traditional biomaterials, such as stainless steel
and Co–Cr alloys [5].

These desirable qualities were the motivating force for the early insertion of Ti as
an implantable material. Ti has low mechanical strength [6,7], and when aluminum and
vanadium are incorporated in low amounts, the resistance of the alloy is greatly improved
over that of titanium and the alloy could be successfully used in severe stress situations,
such as Ti–6Al–4V, which has been predominantly employed.
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However, Ti–6Al–4V has significant toxicity; harmful tissue reactions are caused by
vanadium and the release of both V and Al ions are related to long-term health disorders
such as peripheral neuropathy and Alzheimer’s and Parkinson’s diseases [8,9].

In response to these health problems, different Ti alloys composed of non-toxic and
non-allergic elements such as Nb, Zr, Mo, Ta, etc., have been developed for biomedical
applications [4,10–12]. However, the non-toxicity of alloying elements is only the first of
the three criteria for metallic materials to be used for medical applications. The second
important criterion for biomaterials is their resistance to corrosion, which also dictates
the tissue compatibility and eventual osseointegration of the implant—critical aspects to
consider for implant alloy design. The last important criterion is the Young’s modulus of
the implant in comparation with that of the bone. A mismatch between these modules can
lead to a reallocation of loads surrounding the implant, causing implant loosening [13].

In this context, binary alloys of titanium and tantalum have been developed and ana-
lyzed [14–23] and are predicted to be potential products for medical purposes; as tantalum
is a non-toxic element [24], they have better compatibility with bone tissue compared with
cp–Ti and Ti–6Al–4V alloys [21], and Ti–Ta alloys exhibit reduced modulus of elasticity
and increased relative strength (at equivalent stiffness) compared with commercially pure
titanium (cp-Ti) [25]. More than this, today novel biocompatible alloys such as high en-
tropy alloys with Ti and Ta are considered for biomedical applications and, therefore, it is
necessary to clarify the influence of tantalum in the behavior of the alloy.

Electrochemical impedance spectroscopy (EIS) is applied to characterize the behavior
of different metals and alloys in various environments and to provide new information that
previously could not be obtained with classical dc techniques [26,27]. Although a significant
amount of research has been performed using EIS to characterize the biomaterials, little
research has been conducted on EIS measurements of Ti–Ta alloys [17,28]. It is observed
that it is essential for all systems to consider suitable impedance models that can be
used to fit the experimental results and to provide the relevant data that characterize the
corrosion process.

In this study, various Ti–xTa alloys (with x = 5, 15, 25, and 30) were characterized using
different techniques. High-resolution maps of the materials´ surface were generated using
scanning tunneling microscopy (STM), and information about atom distribution maps was
obtained using energy dispersive X-ray spectroscopy (EDS). A thorough output of chemical
composition and hence the crystallographic structure of the alloys were identified by X-ray
diffraction (XRD). Additionally, the electrochemical behavior of these Ti–xTa alloys was
investigated in simulated body fluid (SBF) at different potentials.

2. Materials and Methods

2.1. Material and Sample Preparation

The studied titanium tantalum alloys were Ti–5Ta, Ti–15Ta, Ti–25Ta, and Ti–30Ta from
R&D CS (Research & Development Consulting and Services), Bucharest, Romania. The
Ti–Ta ingots (diameter = 20 mm, length = 30 mm) were produced by levitation fusion
in a high-frequency induction furnace operating with a cold copper crucible followed
by a homogenization heat treatment (heating rate 5 ◦C/min, homogenized at 1000 ◦C
for 8 h followed by natural cooling) in order to eliminate the segregation. The chemical
composition of the alloys was determined by the supplier; for Ti and Ta content, the XRF
technique was applied, while for the impurities (e.g., O, N, and C), the inert gas fusion
technique was employed. The detailed chemical composition of the alloys is presented
in Table 1.
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Table 1. Chemical composition of Ti–xTa alloys.

Alloy
Ti Ta O N C

(wt. %) (wt. %) (wt. ppm) (wt. ppm) (wt. ppm)

Ti–5Ta 94.20 ± 0.06 4.92 ± 0.05 180 ± 14 80 ± 7 110 ± 8
Ti–15Ta 84.41 ± 0.06 14.82 ± 0.07 162 ± 11 75 ± 5 101 ± 6
Ti–25Ta 74.52 ± 0.05 24.89 ± 0.09 158 ± 12 82 ± 6 103 ± 5
Ti–30Ta 69.61 ± 0.07 29.67 ± 0.05 172 ± 11 78 ± 5 111 ± 4

The elastic modulus E and tensile strength σt of the obtained alloys are Ti–5Ta
(E = 142 GPa, σt = 381 MPa), Ti–15Ta (E = 101 GPa, σt = 402 MPa), Ti–25Ta (E = 65 GPa,
σt = 464 MPa), and Ti–30Ta (E = 94 GPa, σt = 445 MPa). The experimental methods followed
the ASTM E3-11 (2017) standard for metallo-graphic sample preparation [29]. The ingots
were cut with minimal deformation using the Buehler IsoMet 4000 Precision Saw, (Chicago,
IL, USA) and one-micron positioning allows for precise sectioning. Then, the specimens
were mounted with acrylic (compression hot mounting) in order to protect edges during the
polishing process. The next operation involves the grinding up to 2500 grit with SiC paper
and then polishing with 0.1 μm alpha-alumina until a mirror finish is obtained in a Struers
TegraPol-11 (Copenhague, Denmark) polishing machine. The samples were ultrasonically
cleaned using deionized water and rinsed thoroughly with distilled water and ethanol.

2.2. Microstructural Characterization

EDS measurements were carried out with an environmental scanning electron micro-
scope model FEI XL30 ESEM with an LaB6 cathode attached to an energy dispersive X-ray
electron sample analyzer, model EDAX Sapphire.

The structures of the Ti–Ta alloys were investigated by high-resolution scanning
tunneling microscopy (STM). All determinations were performed in air with a Hitachi
TM3030 microscope that had been transversely calibrated by imaging atomically accurate
oriented pyrolytic graphite. The tips were obtained by chopping a 0.20 mm Pt0.8Ir0.2 wire.
The data were acquired in constant current operation with specific tunneling currents of
0.13–0.3 nA and a specimen polarization of 0.4–1.0 V. No tip-induced shifts were noted.

X-ray diffraction (XRD) determinations were made using an Empyrean diffractometer
(Malvern-Panalytical). The device worked with a Cu Kα anode (1.5406 Å) in the range
of 2θ = 0–64◦ with a step size of 0.04◦ at a power of 45 kV and 40 mA in Bragg–Brentano
geometry. The samples have been rotated while collecting data in order to achieve better
data capture. The obtained patterns were simulated in order to determine the presence of
the crystalline phase, the lattice parameter, and the diameter of the grain with the assistance
of Malvern-Panalytical’s HighScore Plus software.

2.3. Electrochemical Measurements

Electrochemical measurements were carried out with a PAR 263 A potentiostat coupled
with a PAR 5210 (AMETEK, Berwyn, PA, USA) lock-in amplifier. A standard three-electrode
electrochemical cell with a Pt grid as a counter electrode and a saturated calomel electrode
(SCE) as a reference electrode was used. The mounted, grinded, and polished samples of
Ti–xTa alloys were employed as working electrode for the electrochemical measurements.
All the measurements were performed in simulated body fluid (SBF) prepared in our
laboratory with the pH = 7.8 measured with a multiparameters analyzer CONSORT 831C
and the composition is presented in Table 2.

The open circuit potential was recorded for 24 h with the samples immersed in
SBF solution. The potentiodynamic polarization curves were obtained with a scanning
rate of 0.166 mV/s in the potential range −800 to +2000 mV vs. SCE. The polarization
resistance Rp was calculated from traces of the polarization curve at ±10 mV versus
open circuit potential.
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Table 2. Composition of simulated body fluid (SBF).

Compound Composition [g/L]

NaCl 6.80
KCl 0.40
CaCl2 0.20
MgSO4·7H2O 0.20
NaH2PO4·H2O 0.14
NaHCO3 2.20
Glucose 1.00

The effect of the potential on the passive film of Ti–Ta alloys operating in a simulated
physiological environment was evaluated by electrochemical impedance spectroscopy
(EIS). The AC potential amplitude was set at 10 mV, and single sine wave recordings were
performed at frequencies in the range of 10−1 and 105 Hz for all specimens. To characterize
the oxide layer, impedance spectra were registered in the range of −400 to 2000 mV with a
step of 100 mV by continuously polarizing the electrodes and letting the system equilibrate
for 600 s at every potential. For the numerical fit of the measured impedance data, the
software program ZSimWin was used.

All the electrochemical tests were normally repeated three or four times to ensure that
they presented reasonable reproducibility.

3. Results and Discussions

The EDS analysis has been performed on micro-zones of the same square area, and
the elemental distribution maps (see Figure 1) and chemical composition for the four alloys
(see Table 3) are presented. It can be observed that there are no impurities in the metallic
mass and titanium and tantalum were the only identified elements.

 
Figure 1. Atoms distribution of Ti and Ta in the studied alloys: (a) Ti5Ta, (b) Ti15Ta, (c) Ti25Ta, and
(d) Ti30Ta.

In Figure 2, we can observe the surface topography acquired by scanning tunneling mi-
croscopy (STM). A three-dimensional analysis of the surface topography reveals nanoscale
deviations within an overall homogeneous nanoscale architecture found on the surface of
the Ti–Ta alloy.
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Table 3. EDS global analysis on micro-areas for Ti–xTa alloys.

Alloy
Ti Ta

at.% wt.% Error, % at.% wt.% Error, %

Ti–5Ta 99.01 94.95 1.22 0.88 4.38 3.67
Ti–15Ta 95.62 83.95 1.95 4.38 14.87 2.24
Ti–25Ta 91.76 74.63 2.03 8.23 24.83 2.15
Ti–30Ta 90.06 69.74 1.81 9.95 29.72 1.98

Figure 2. Representative scanning tunneling microscopy (STM) images of surface topographies for
(a) Ti5Ta, (b) Ti15Ta, (c) Ti25Ta, and (d) Ti30Ta.

Nanoscale deviations, suggestive of the topography present in natural tissue, have
been repetitively demonstrated to enhance the protein-specific adsorption, thus further
driving cellular activity and cell–cell relationships [30]. Thus, these features enable a
very promising interface to enhance cellular interaction because of increased nanoscale
roughness of the material interface.

Pure titanium has a closed hexagonal structure (HCP), i.e., an α-phase at room tem-
perature. At temperatures above 883 ◦C, there is a body-centered cubic (BCC) structure,
i.e., a β-phase. The β-phase is stable at temperatures below 883 ◦C with the addition of
β-stabilizers, and its stability depends on the amount of β-alloying elements. The quan-
tity of β-stabilizer required to retain the pure β-phase at room temperature depends on
the molybdenum equivalence, a rule derived from the analysis of binary titanium alloys.
Molybdenum equivalence is given by [31]:

Moeq = 1.0 Mo + 0.67 V + 0.44 W + 0.28 Nb + 0.22 Ta + 1.6 Cr + . . . . . . −1.0 Al

In general, a molybdenum equivalency of approximately 10 is necessary to stabilize
the β-phase while quenching [14], and the critical value to reach a complete β-phase is
ap-proximately 25. As we can see for the studied Ti–Ta alloys, the Moeq is below the
mini-mum value needed for a fully stable β phase, and the microstructure is made up of
α′′ grains within β grains. Figure 3 presents the XRD patterns taken from the Ti–xTa alloys.

Because the Ta element is a β phase former in the Ti-based alloys and Moeq is low,
the microstructures of all studied samples are clearly a mixture of α′′ phase (orthorhombic
structure) and β phase. However, the intensity of α′′ phase decreased as the concentration
of Ta increased, and this is attributed to the variation of the volume fraction of α′′ phase in
the matrix.
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Figure 3. XRD pattern for TixTa alloys.

3.1. Electrochemical Impedance Spectroscopy

Figure 4 shows the open circuit potential curves for all four Ti–xTa alloys immersed for
24 h in simulated body fluid. It can be observed that following the immersion, an abrupt
displacement of the potential has taken place towards positive values during a pe-riod
of 2–6 h. Afterwards, the open circuit potential continued to increase slowly, suggesting
the growth of a passive layer on the metallic surface. The linear polarization curves,
in semilogarithmic coordinates for the tested Ti–xTa alloys in simulated body fluid, are
displayed in Figure 5, and Table 4 shows the instantaneous corrosion parameters in this
physiological environment. All samples are characterized by high values of the polarization
resistance Rp (105 Ω·cm2).

Figure 4. Open circuit potential curves for Ti–xTa alloys during 24 h immersion in SBF.

The electric potential difference between the reference electrode and metal interface
is a relevant factor directly related to the surface conditions. EIS tests have been carried
out at various potentials in three areas: cathodic–anodic transition, passive transition, and
quasi-transpassive transition. The impedance results will be used to compare the effect of
the potential on the properties of the passive layer.
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Figure 5. Polarization curves for Ti–xTa alloys.

Table 4. Corrosion parameters from polarization curves (mean ± SD).

Alloy
Ecorr icorr ipass Rp

(mV vs. SCE) (μA/cm2) (μA/cm2) (kΩ·cm2)

Ti–5Ta −22 ± 4 0.67 ± 0.06 0.61 ± 0.11 522 ± 16
Ti–15Ta −70 ± 3 0.52 ± 0.12 0.58 ± 0.05 501 ± 23
Ti–25Ta −10 ± 3 0.43 ± 0.04 0.51 ± 0.16 598 ± 28
Ti–30Ta −38 ± 4 0.58 ± 0.21 0.57 ± 0.18 495 ± 12

3.1.1. Plots Interpretation

The Nyquist plots correspond to the impedance of Ti–5Ta, Ti–15Ta, Ti–25Ta, and Ti–30Ta
at different potential values. Even the EIS data were recorded within the −0.4 V ≤ E ≤ 2.0 V
potential range with a step of 100 mV; not all the obtained curves are shown in Figures 6–9.

Figure 6. (a) Nyquist; (b) Bode –IZI and (c) Bode-phase spectra at different potentials for Ti–5Ta in
simulated body fluid at pH = 7.8.
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Figure 7. (a) Nyquist; (b) Bode –IZI and (c) Bode-phase spectra at different potentials for Ti–15Ta in
simulated body fluid at pH = 7.8.

Figure 8. (a) Nyquist; (b) Bode –IZI and (c) Bode-phase spectra at different potentials for Ti–25Ta in
simulated body fluid at pH = 7.8.

Figure 9. (a) Nyquist; (b) Bode –IZI and (c) Bode-phase spectra at different potentials for Ti–30Ta in
simulated body fluid at pH = 7.8.

3.1.2. Ti–5Ta

The corresponding EIS plots are presented in Figure 6.
At all potentials, a near capacitive response was detected, characterized in Nyquist

plots (see Figure 6a) by incomplete semicircles. In the higher frequency band (1–100 kHz),
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the Bode plot (Figure 6b) shows constant values (horizontal line) of log |Z| versus log(f)
with a phase angle approaching 0◦. From 0 to 1 V, in the wide range of low and medium
frequencies, the spectra show a linear slope of approximately –1 in log |Z| as the frequency
decreases, while the phase angle values are close to 80◦. This is the typical response of a
compact passive film capacitor. The acquired values for passive film resistance are high
until 1.8 V, after which they decrease with the potential. In Figure 6c, it can be observed
that the phase angle observed for Ti–5Ta was encountered in the range of about −65◦ to
−80◦, suggesting a highly stable film on Ti–5Ta [19]. At a potential value higher than 0 V, a
unique peak is noted in the phase angle graphs, which indicates the engagement of one
relaxation time.

3.1.3. Ti–15Ta

The corresponding EIS plots are presented in Figure 7.
For this alloy, the shape of the impedance data is similar to that of Ti–5Ta but the

response of the compact passive oxide can be observed until 1.2 V, with no modifications of
the value of the electrolytic solution resistance (see Figure 7b). Bode-|Z| spectra displayed
a linear slope of about −1 and high impedance values (order of 105 Ω·cm2) in the low
and middle frequency ranges, which represent the characteristic response of a capacitive
behavior of the passive film [32]; after a potential value of 1.2 V, the impedance values
slightly decreased over time as result of the low dissolution of the passive layer [10].

3.1.4. Ti–25Ta

The corresponding EIS plots are presented in Figure 8.
For this alloy, we can also observe a strong change in the shapes of the impedance data,

but at lower potential than for Ti–5Ta and Ti–15Ta. This change takes place between 0.8
and 1.0 V. The Nyquist plots illustrate, at all applied potentials, one depressed semicircle,
suggesting non-ideal capacitive behavior (high corrosion resistance) for Ti–25Ta. When the
semicircles deformed and their diameters decreased over time, it shows some dissolution
processes through the passive film. During the potential scan, the electrolytic resistance is
constant (60 Ω·cm2), and the passive layer capacitance slowly decreases with the potential.
With the Ti–25Ta alloy, the best results in EIS spectra were obtained, completing the lowest
elastic modulus and the highest ratio of strength to modulus among Ti–Ta alloys [33]. It
can be observed that Bode-|Z| impedance plots showed linear portions with the slope
amounting to −1 (from −0.96 to −0.99) over a large frequency range (from 100 mHz to
100 kHz). At all analyzed potential values, a single peak is observed in phase angle plots,
which indicates the involvement of one relaxation time.

3.1.5. Ti–30Ta

The corresponding EIS plots are presented in Figure 9.
It can be observed that the Nyquist plots revealed the same capacitive loops but with

the lowest impedance values compared with the other alloys. It can be seen that the Bode-
|Z| impedance plots exhibited linear parts with a slope around −1 only at intermediate
frequencies. It was found that the maximum phase angle observed for Ti–30Ta was the
lowest among all the values obtained for the Ti–Ta alloys. It can be observed that the
electrolytic resistance was constant during the experiments (27 Ω·cm2).

3.2. Equivalent Circuits

The obtained impedance data were matched by employing a nonlinear regression
approach using the Randles equivalent circuit (see Figure 10a) [34–36]. This widely used
electrical equivalent circuit involves an ohmic solution resistance (Rs) in series with the
parallel arrangement of a CPE (Ql) and a resistor (Rl). Rl is a numerical indicator that
provides a value for the corrosion resistance of the passive layer that acts as a damper
to the flux of electrons (resistance) across the metallic material/electrolyte interface and
gives a measure of the level of protection provided by the passive layer that forms at the
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inter-face [10,37]. The employment of a constant phase element (Ql) in place of an “ideal”
capacitor was required due to the inhomogeneous nature of the passive layer formed on the
alloy surface and because of the differences between the flat surface of an ideal capacitor.
From the obtained data, it was found that the value of Rs does not change significantly
during the test due to the fact that the controlling factors that affect its magnitude, as
the stability of the exhibited surface and the number of ions in the simulated body fluid
solution do not change.

 
(a) (b) 

Figure 10. Equivalent circuits used for fitting the experimental data with: (a) one time-constant;
(b) two time-constants.

In the corrosion process, a passive layer is developed on the metallic surface and
the charge transfer reaction that occurs can be disregarded and the resulting measured
impedance could be assigned to the impedance of the passive film. The components of the
equivalent circuit are:

Rs—ohmic resistance of the physiological solution
Rl—resistance of the passive layer
Cl—capacitance of the passive layer
The analysis of the impedance plots was carried out by fitting these data with ZSimp-

Win software. The performance of the fit to the equivalent circuit was assessed in the first
place by the chi-square value and in the second place by comparing experimental data with
simulated data.

In place of capacitance, a constant phase element (CPE), representing the shift from
the real capacitive performance, was employed. The impedance of a CPE is characterized
by [27]:

ZCPE =
1

Y0(jω)n (1)

where:

− Z is the impedance of the constant phase element CPE
− j is the imaginary number (j2 = −1)
− ω is the angular frequency (rad·s−1)
− nπ/2 is the constant phase angle of the constant phase element (rad)
− Y0 is the constant of the constant phase element [S(s·rad−1)n]

According to all Bode plots and our previous work [10], only one time constant can be
clearly distinguished; however, at low frequencies, no clear definition of the second time
constant can be observed so only the high–medium frequencies’ data have been analyzed
in this work and only the simple circuit was used. Different studies [38,39] have proven
that data at low potentials have indicated the growth of a single layer of oxide on titanium
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characterized by one-time constant equivalent circuit; the same circuit was reported by
others who studied the corrosion of tantalum either in its pure form or as a coating [40–43].

When the impedance spectra were fitted to the equivalent circuits presented in
Figure 10, a CPE element was used because, generally, a distributed relaxation feature
is presented for TiO2 films.

In order to obtain the total impedance of the equivalent circuit, we determine the
admittance of the parallel arrangement (RlQl):

1
Zl

=
1

ZRl

+
1

ZQl

(2)

Because the roughness factor “n” is > 0.85, near to 1, the resulting Y0 value of Ql is
assumed to be Cl in the following discussion:

1
Zl

=
1
Rl

+ j w Cl (3)

The diagnostic considerations for the selection of equivalent circuits for modeling the
impedance data can be resumed by visual observations of the shifts in the experimental
Bode diagrams with the change of potential and concentration of the alloying metal. It
appears that, in the passive zone potentials (mostly strictly capacitive impedance), the
Bode graphs provide a good fit if the total impedance is modeled following the circuit in
Figure 10a. The obtained results of Cl and Rl are presented in Figures 11 and 12, respectively.

Figure 11. Capacitance of the passive films for Ti–Ta alloys in simulated body fluid: (a) at negative
potentials; (b) at positive potentials.

Figure 11 points to the fast decreasing of the passive film capacitance. A high initial Cl
is compatible with a high initial active surface and a high roughness factor. The evolution
of Cl with the potential is also compatible with the decreasing of the active surface due to
the increasing of the passive layer thickness, with all the alloys eventually reaching the
same order of film thickness.
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Figure 12. Resistance of the passive films for Ti–Ta alloys in Ringer’s solution.

In Figure 12, the resistance of the passive film (kΩ·cm−2) as a function of potential
is presented. It can be observed that the value obtained for Ti–25Ta is higher than that
of the other alloys, which depicts its highest corrosion resistance in simulated body fluid.
This is due to the chemical composition of this alloy, which is closed to the compositional
boundary between the α′ and α′′ phase and has the lowest elastic modulus and the highest
ratio of strength to modulus among Ti–Ta alloys [9].

The shape of the potentiodynamic polarization curves indicated that all the Ti–xTa
alloys are passivating immediately at immersion in simulated body fluid, a behavior that
can be termed stable passivity. In these conditions, after 24 h of immersion, the passive
film is thicker and the EIS data can be fitted with good results (chi2 of 10−4 order) by
the two-time equivalent electrical circuit presented in Figure 10b. In Table 5, the main
parameters of the proposed circuit for all the studied alloys are presented. Polarization
resistance Rp is represented by the sum of the resistance of the porous passive film and the
compact barrier layer (Rl + Rc) [44]. The value of the “n” parameter corresponds to the
extent of dispersion and is attributed to the surface inhomogeneity. The values of nc are
almost 1, and Qc is similar with a pure capacitor. The values of np are lower than those of
nc, and this may be due to the higher roughness and diffusion through the outer layer. The
simulated data are in good agreement with the experimental data, and chi-square values of
10−4 were obtained.

Table 5. Circuit parameters calculated from the fitting of the EIS spectra at corrosion potential to the
equivalent circuit from Figure 10b.

Alloy
Rs

(Ω·cm2)

Y0
p·105

(S·sn/cm2)
0 < n < 1

no
Rl

(Ω·cm2)

Y0
c·105

(S·sn/cm2)
0 < n < 1

nc
Rc

(kΩ·cm2)
χ2·104

Ti–5Ta 34.2 1.72 0.59 500.6 2.71 0.89 153.1 7.24
Ti–15Ta 59.0 9.90 0.78 887.5 17.6 0.91 322.4 4.37
Ti–25Ta 11.5 1.74 0.72 14.5 4.31 0.94 577.3 4.89
Ti–30Ta 27.1 6.13 0.79 28.1 1.10 0.90 485.9 1.88

The corrosion resistance of an alloy could be characterized by the polarization resis-
tance at the corrosion potential. This parameter can be calculated in two ways: (1) taking
the slope of the E vs. I relationship in the range of ± 10 mV vs. open circuit potential; (2)
from the fitting results of EIS spectra with all the implicated resistances [45]. Comparing
the values obtained by the two techniques, it is observed that, for low concentrations of
tantalum (Ti–5Ta and Ti–15Ta), the values of corrosion resistance obtained by EIS are lower
than those of the DC experiments. This is probably due to the fact that with the shift of the
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potential towards more positive values vs Ecorr, titanium forms a more compact oxide layer
than it does at the corrosion potential. At higher Ta concentrations (Ti–25Ta and Ti–30Ta),
Ta2O5 plays a more important role in the compactness of the passive film and the corrosion
resistance values from EIS and polarization curves are approximately the same. It can be
observed that the highest corrosion resistance of Ti–xTa alloys was obtained for Ti–25Ta.

Titanium is not a noble metal, and if this metal generally exerts a high electrode
potential, it is because a passivating film of oxide is formed on its surface; the stability of
this layer protects the metal from further deterioration.

During the anodic polarization, a film of TiO2 is formed:

Ti + 2H2O → TiO2 + 4H+ + 4e− (4)

For Ti, the Porbaix diagram of Ti–H2O indicates that the substantial decrease in the
passive film resistance at potentials close to 1 V can be attributed to the development of
TiO3–H2O on the surface of the alloys.

The Pourbaix Ta–H2O diagram [46] shows that the high strength of tantalum is at-
tributed to the development of a protective film of tantalum pentoxide (Ta2O5). Tantalum,
during the anodic polarization, tends to cover itself with this layer of Ta2O5, which has
good qualities (compactness, continuity, etc.). The reaction that takes place is:

2Ta + 5H2O → Ta2O5 + 10H+ + 10e− (5)

Tantalum pentoxide can exist in the hydrated state; it has a variable percentage of
water of crystallization and is attributed the formula Ta2O5·H2O or HTaO3.

4. Conclusions

1. The Nyquist plots for all the Ti–Ta alloys show the same incomplete semicircles with
large diameters increasing with the potential (up until a critical value for each alloy)
due to the improvement of the protective properties of the passive film formed on the
surface of the alloy.

2. For all Ti–Ta alloys, the Bode phase plots exhibited one phase angle—typical for a
capacitive barrier passive layer formed on the surface of an alloy.

3. Impedance spectra are fitted with a one-time constant equivalent circuit, common
for a compact oxide layer, for all Ti–Ta alloys in extra-cellular fluids. After a long
immersion period in simulated body fluid, the passive film is thicker and develops
a bi-layer structure: an outer porous layer and an inner compact layer. Tantalum
addition increases the stability of the passive film due to the development of Ta2O5.

4. Of the Ti–Ta alloys, Ti–25Ta demonstrates excellent passive layer and corrosion
resistance properties, and thus it seems to be a promising product for metallic
medical devices.
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1 Introduction  

Titanium has a great resistance to corrosion (Peters and Leyens, 2003) and this explains 
the great influence that titanium is acquiring in the chemical, biomedical and power 
generation industries. The price of titanium is high but due to the intrinsic nature of these 
industries, it is profitable because it lowers the maintenance costs. 

Titanium is normally used in those areas where stainless steel does not provide 
sufficient resistance to corrosion; titanium and titanium alloys have high tensile strength, 
high strength-to-weight ratio and excellent corrosion resistance due to a native oxide film 
formed on the surface. Therefore, it is found in facilities exposed to strong inorganic 
acids but unfortunately, this protective passive film is susceptible to failure in HCl 
environment industries. In these industries, less mechanical resistance is required than in 
others, but greater resistance to corrosion, which is why titanium and titanium alloys are 
used. Their uses are many, among which are: condensers, heat exchangers, turbines, 
purifiers, storage tanks, pipes, pumps, valves, etc. 

Pure titanium undergoes an allotropic phase transformation at 882°C, changing from 
a body-centred cubic crystalline structure (phase α) above the transformation 
temperature, to a compact hexagonal structure (phase β) below this temperature 
(Vasylyev et al., 2020). The exact temperature at which the transformation takes place 
strongly depends on the interstitial and substitutional elements found in this metal. It 
depends, ultimately, on the purity of the material. 
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The existence of two different crystalline structures makes possible to carry out 
thermal treatments with total transformation, since allotropic forms present a different 
behaviour against deformation: the phase α, little deformable and resistant to room 
temperature and the phase β, easily deformable (Kaur and Singh, 2019). 

The alloy elements that change the allotropic transformation temperature can be 
divided into three groups, α-stabilisers (Al, O, N, C), β-stabilisers (V, Mo, Nb, Ta, Fe, 
Mn, Cr, Ni, Cu, Si) and neutralisers (Zr, Sn). 

It is common to divide titanium alloys into three groups, depending on the phases 
present: alloys α and almost-α; alloys α-β and alloys β. The titanium β alloys have a 
higher content of β phase stabilising elements and a lower content of alphagenes than the 
alloys α-β. They are characterised by their high hardening capacity, since, for example, 
in small thicknesses they reach air hardening and completely retain the β phase (Kolli and 
Devaraj, 2018). They are titanium alloys with better aptitude for conformation by plastic 
deformation, being able to deform in cold much better than the α or α-β alloys  
(Noori Banu and Devaki Rani, 2019). 

Ti-Mo alloys are shown as one of the large families of alloys within β-Ti alloys. 
Molybdenum is a β phase stabilising element, so it decreases the transition temperature 
from β structure to α structure and stabilises the β phase. This temperature is directly 
increased by the presence of β phase stabilising alloy elements and in many cases, this 
temperature is below room temperature, so alloys with this characteristic have β structure 
in use at room temperature. 

There are many studies regarding the properties of titanium alloys with different 
concentrations of molybdenum starting at 3% Mo till 20% Mo, generally for biomedical 
applications. These alloys were most of them obtained by arc melting in an ultra-pure 
argon atmosphere (Oliveira and Guastaldi, 2008, 2009; Oliveira et al., 2007, 2009; Ho  
et al., 1999; Cardoso et al., 2014), but some of them were synthetised by laser-assisted 
(Almeida et al., 2012), using a DC magnetron sputtering method (Habazaki et al., 2003) 
or direct energy deposition – laser additive manufacturing (Bhardwaj et al., 2019). 

There are many techniques used in additive manufacturing, depending on the process 
used or the types of materials are needed to use. On some occasions, for example in the 
industrial environment, it is necessary to manufacture metal parts, and it is then when 
such innovative techniques as fusion or sintering of metal powder by electron beam 
namely electron beam melting come into play. This is a technology that makes possible 
to build geometrically complex parts and is very similar to selective laser sintering, but in 
which the energy source is more powerful. 

In this work, the behaviour in HCl 20% of three materials, Ti, Ti-15 Mo and  
Ti-15Mo-5Al fabricated by laser beam melting, was analysed using electrochemical 
impedance spectroscopy (EIS). 

2 Experimental 

Titanium and the following titanium alloys were studied: Ti-15Mo and Ti-15Mo-5Al (the 
numbers signify the wt. %) with the composition given in Table 1 and obtained by 
Electron Beam Melting (Arcam AB, Sweden) from high purity metallic gas atomised 
powders. The samples were built layer-by-layer on a titanium commercially pure grade 2 
as substrate and selectively melted at a voltage of 60 kV and electron beam size of  
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200 m. Due to the high reactivity of titanium, the process was carried out in a controlled 
atmosphere under high purity argon gas. The samples obtained are in the form of flat 
discs (approx. 0.5 cm in diameter) and the impedance tests have been carried out in a 
20% HCl solution. The samples were initially polished on a Struers Tegrapol-11 
polishing machine with emery discs of various sizes (800 to 2,500) and then with 
diamond paste (0.1 μm) on a polishing cloth. The surface of each sample has been left as 
a mirror surface to ensure reproducibility of results. Subsequently, the polished samples 
have been washed with acetone and then in an ultrasonic cleaner for ten minutes. Finally, 
they have been rinsed with bi-distilled water and air dried at room temperature. 

The electrochemical tests have been done at 25ºC using a cell containing 100 ml of 
electrolyte. The flat surface of each sample was brought into contact with the solution by 
means of a hanging meniscus assembly. To measure the potential of the analysed samples 
at all times, a saturated calomelane reference electrode (SCE) was used; a cylindrical, 
high-surface platinum mesh was used as a counter electrode. 

Impedance spectra have been obtained at various potentials, from open circuit 
potential to +2.0 V and therefore a set of potentiostat and blocking amplifier PARC 263 
A and PARC 5210 respectively have been used. At each potential, single sine wave 
recordings were made at frequencies between 100 mHz and 100 kHz. 

3 Results and discussion 

EIS is a technique relatively complex and modern that owes its existence to the 
emergence of electronic circuits fast enough and sensible enough to create and evaluate a 
variable frequency and phase signal (Ciucci, 2019; Gabrielli, 2020; Mareci et al., 2007; 
Niaz, 2020). It is a non-destructive technique (in case of tests in equilibrium conditions), 
particularly sensible to small modifications in the system, which permits the 
characterisation of the properties of the materials and the mechanism of electrochemical 
processes (Goulart et al., 2007; Oliveira and Guastaldi, 2009; Mareci et al., 2010). For 
many materials and electrochemical processes, the impedance varies with the frequency 
and the applied potential and therefore we relate it to the properties of these materials. 
This is due to the physical characteristics of the material, to the electrochemical processes 
that take place on the surface or a combination of both. Therefore, if we carry out 
impedance measurements in a suitable range of frequencies, the spectra obtained relate 
the physical and chemical properties of the samples to the mechanism of the 
electrochemical process that takes place. 

The interpretation of the impedance spectrum requires the selection of an appropriate 
electrical system that fits the experimental data (González and Mirza-Rosca, 1999). 
Through the model, the obtained measurements using this technique provide information 
related to the dissolution resistance, polarisation resistance and double-layer capacitance 
of Helmholtz. The dissolution resistance is obtained at high frequencies and the data 
acquired at low frequencies give information on the kinetics of the reaction. According to 
the model that is proposed and the way to propose it, information of the characteristic 
parameters of the process can be obtained. 

Firstly, the obtained results for the studied alloys at various applied passivation 
potentials will be commented analysing the most significant graphs (Nyquist and Bode 
graphs). 
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As can be seen in the Nyquist diagrams (see Figure 1), at the corrosion potential the 
radius of the semicircle is very small, which indicates a low polarisation resistance or 
what is the same, a low resistance to corrosion because on the material begins to form a 
passive layer. As the potential increases, the resistance to polarisation and implicitly the 
resistance to corrosion increases. 

Figure 1 Nyquist plots at Ecorr, 0.1V vs. SCE, 0.2V vs. SCE and 2.0V vs. SCE for (a) Ti,  
(b) Ti-15Mo and (c) Ti-15Mo-5Al (see online version for colours) 
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(c) 

It can be observed the beginning of another semicircle at 100 mV which translates into 
the beginning of a new stage of the process of passivation. At 200 mV the passive layer 
increases in thickness and the resistance to corrosion is also greatly increased. As 
potential increases the materials are still very stable in HCl 20% and the radius of the 
semi-circle in the Nyquist diagram undergoes a considerable increase which translates 
into an increase of the polarisation resistance (Rp) or, in other words, an increase of the 
resistance to corrosion. 
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In the Bode-IZI diagrams (see Figure 2) a strong displacement of the impedance 
module towards higher values is observed, clearly indicating an increase in corrosion 
resistance due to the formation of the passive layer on the surface of the three materials. 

Figure 2 Bode-IZI plots at Ecorr, 0.1V vs. SCE, 0.2V vs SCE and 2.0V vs. SCE for (a) Ti,  
(b) Ti-15Mo and (c) Ti-15Mo-5Al (see online version for colours) 
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The profile of the results at 200 mV is very similar and a little higher than that obtained at 
100 mV due to the increase in thickness of the passive layer with the increase in 
potential. The slopes of the graphs follow –1 at both 100 mV and 200 mV (including till 
2 V) indicating the capacitive behaviour of the passive film formed. 

In the Bode-phase diagrams (see Figure 3), a typical behaviour of the initial 
nucleation of a passive layer on the surface of the metal is observed in the corrosion 
potential. 
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Figure 3 Bode – phase plots at Ecorr, 0.1V vs. SCE, 0.2V vs SCE and 2.0V vs SCE for (a) Ti, 
(b) Ti-15Mo and (c) Ti-15Mo-5Al (see online version for colours) 
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As the potential increases, the formed film increases in thickness and has a capacitive 
response illustrated by a phase angle close to 90º over a wide range of frequencies. This 
phenomenon is associated with an increase in the capacity (C), which is related to an 
increase in effective surface area. 

Once the profiles of the impedance spectra are analysed, the obtained experimental 
data will be adjusted to an equivalent electrical model. An equivalent circuit is a 
combination of passive elements (resistances, capacitances, inductors and other forms of 
distributed impedance) that give a corrosion-like response in the frequency range under 
analysis. 

When the EIS experimental data is analysed, it is compared with the response of an 
equivalent electrical circuit and the values of the different electrical parameters are 
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measured. In the case of corrosion processes, these values are used to obtain information 
on both the corrosion resistance of the material and the corrosion mechanism. 

In the use of equivalent electrical circuits for EIS data analysis it is necessary to 
consider that there are, normally, a wide variety of circuit configurations that can 
reproduce, with high accuracy, the same response that is obtained experimentally from a 
real process. 

The equivalent circuit represented in Figure 4 corresponds to the simplest one with is 
possible to adjust the experimental data, when only the load transfer is taking into 
account. This circuit has been used to fit the experimental data obtained at the corrosion 
potential. In this case, the theoretical transfer function, Z( ), is represented by a parallel 
combination of a resistor R2 and a capacitance Q1, both in series with another resistor 
R1. 

Figure 4 Equivalent circuit used for fit the experimental data at Ecorr 

 

R1 represents the resistance of the electrolyte, whose value can be calculated by a sweep 
at high frequencies. R2 is the term for load transfer resistance, Rct. 

The capacity of the double layer Cdl (Q1) is related to the interactions that have place 
at the electrode/electrolyte interface. 

A constant phase element (CPE) has been chosen instead of an ideal capacitance 
(Ibri  and Mirza Rosca, 2002) in order to be able to take into account the heterogeneities 
of the passivated surface. 

The impedance of a CPE is given by Boukamp (1986): 

[ ] 1( ) ( )n
CPEQ Z C j −= =  

For this reason, one of the parameters obtained when modelling the system is the 
coefficient of ideality ‘n’, so that the response of the real system is closer to the ideal as 
the value of n is closer to the unit and therefore the surface is more homogeneous. So, for 
n = 1, the CPE element reduces to a capacitor with a capacitance Y0 and for n = 0 to a 
simple resistance. 

The experimental data at corrosion potential fit the equation 4 and the fitting results 
are presented in Table 1. 

R2 represents the polarisation resistance at the interface metal/passive film so, 
represents the corrosion resistance of the metal. It can be observed that this resistance 
increases with the addition of the Mo which is well-known that improves the pitting and 
crevice corrosion resistance enhancing the passive film resistance by decreasing the 
number of defects points in the film. R2 increases even more when Al is added due to the 
formation of a compact and protective Al2O3 film. 
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Table 1 Values of the fitted parameters of the experimental data with the equivalent circuit 
with one-time constant 

Alloy R1 ( cm2) Y0 (Fcm–2) N R2 ( cm2) 
Ti 0.81 8.9 × 10–4 0.62 14.7 
Ti-15Mo 0.64 8.2 × 10–4 0.64 16.9 
Ti-15Mo-5Al 0.83 7.9 × 10–4 0.70 17.2 

For potentials higher than the corrosion potential, the single circuit has unacceptable 
setting errors and therefore a circuit with two time constants which takes into account the 
structure of the passive layer already formed on the surface of the materials has been 
used. It should be recalled that in this study the main objective is to check the validity of 
the EIS technique for this type of system, so it is not so important the selected equivalent 
circuit, but that it allows to reveal the existence or not of differences in the 
electrochemical behaviour of the material depending on the applied passivation potential 
or the composition of the employed material. 

The circuit that best fits the experimental data in these cases is the one presented in 
Figure 5. 

The component elements are: 

R1 dissolution resistance 

Q1 CPE of the porous external passive layer 

R2 resistance of the external porous layer 

Q2 CPE of the inner passive layer 

R3 polarisation resistance. 

First, we calculate the admittance of the parallel combination (R2Q1): 

2 1

1 1 1
eq R QZ Z Z

= +  (1) 

Even a CPE was used for experimental data fitting, the obtained value is taken as the 
capacitance in the forthcoming discussion: 

2

1
1 1
eq R

j w C
Z Z

= +  (2) 

And after multiplying by R2: 

( )
( )

2
2 1 2

2
1 21

eq
R j wC R

Z
wC R

−
=

+
 (3) 

We added the ohmic resistance of the electrolyte: 

( )
( )

2
2 1 2

1 2
1 21

eq
R j wC R

Z R
wC R

−
=

+
 (4) 

The total impedance is, 
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 (5) 

After standard calculations, the following equation was obtained: 

( ) ( )

2 2 2

1 2 22 2 2 2 2 21 1
eq

A w AB w CD D AC w BDZ R jw
w B w C w B w C

− + − −= + +
− + − +

 (6) 

where 

 1 2A R R= +  

1 2B =  

1 2 1 3C C R= + +  

2 2D R=  

1 time constant of porous film [s]≡  

2 time constant of compact film [s]≡  

The first coupled parameters R2 and Q1 describe the processes at the outer porous passive 
film/solution interface and the second coupled parameters R3 and Q2 represent the 
properties of the reactions at the inner barrier layer/metal interface. The results of the 
fitting are presented in Table 2 and in Figure 6 residual error plots are shown for fits 
using the first (see Figure 4) and the second equivalent circuit (see Figure 5). From the 
value of the chi-square and the distribution of errors versus frequency, it can be seen that 
when a model with two time constants is employed, the quality of the fit is improved, so 
this circuit had to be considered. 
Table 2 Parameters obtained from fitting EIS data for Ti and Ti alloys at different potentials 

Alloy Pot.vs 
OCP 

R1 
( cm2) 

Y0 
(Fcm–2) 

n R2 
( cm2) 

Y0 
(Fcm–2) 

n R3 
(k cm2) 

Ti 0.1 0.79 1.8 × 10–4 0.82 660.2 6.2 × 10–3 0.95 7.3 
0.2 0.77 1.6 × 10–4 0.84 680.3 5.3 × 10–3 0.96 8.2 
2.0 0.64 2.0 × 10–4 0.87 522.4 6.8 × 10–3 0.90 7.1 

Ti-15Mo 0.1 0.69 2.1 × 10–4 0.80 720.8 5.5 × 10–3 0.96 9.6 
0.2 0.70 1.9 × 10–4 0.82 786.4 5.2 × 10–3 0.93 10.1 
2.0 0.77 2.3 × 10–4 0.85 702.3 5.9 × 10–3 0.89 9.2 

Ti-15Mo-5Al 0.1 0.84 2.3 × 10–4 0.79 782.8 5.2 × 10–3 0.91 11.7 
0.2 0.81 2.0 × 10–4 0.82 880.5 4.8 × 10–3 0.94 12.2 
2.0 0.79 2.3 × 10–4 0.88 723.4 5.2 × 10–3 0.88 10.6 

The parameter R1 has a value from 0.64 to 0.84  cm2 and is ascribed to electrolyte 
resistance and during the experiments there is no appreciable variation of the values 
which mean that no ions released in the solution during the passive potential range. 



 
  

 

 

  162 P.P. Socorro Perdomo et al.  
 

   
 
 

 

Figure 5 Equivalent circuit used for fit the experimental data at passivation potentials 

 

 

The values of R2 are lower than R3 values, reflecting that the outer porous film exhibits 
lower resistance than the inner barrier layer. High values of R3 are observed at all 
potential and an increase with Mo concentration and Al addition, confirming the 
formation of a passive layer with high corrosion protection ability. 

It can be observed that the fitted values of R3 increase with potential while Y0 
decreases, indicating that the thickness and stability of the protective oxide film increased 
in passivation potential range. 

The residual error plots using equivalent circuits with one and two-time constant are 
shown in Figures 6(a) and 6(b). 

It can be observed that with the second equivalent circuit the fitting quality is very 
good (chi-square = 1.8  10–5) better that with simple circuit. 

Figure 6 Residual error plots for fits using (a) one and (b) two time constant 
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4 Conclusions 

1 Titanium and titanium alloys undergo spontaneous passivation due to the oxide film 
formed on their surface in the reducing acid solution. 

2 The passive potential range is very large for the studied materials in HCl 20% 
(exceeding 2.0 V). 

3 As the potential increases, the thickness of the passive film increases and it has a 
capacitive response (good stability) over a wide frequencies range. 
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4 Two models of equivalent circuits describing the spontaneous passivation of Ti,  
Ti-15Mo and Ti-15Mo-5Al in HCl 20% were presented. At Ecorr simple Randles 
circuit is used while in the passive potential range an equivalent circuit with 2 time 
constants was used for fit the experimental data. Also a CPE was employed instead 
of the capacitive element. 

5 For all the analysed materials there are no released ions in the solution during the 
passive potential range. 

6 The addition of Mo and Al generates the formation of a passive layer with higher 
corrosion protection ability than for titanium. 

7 In a HCl 20% solution, the oxide film on Ti and Ti studied alloys fabricated by laser 
beam melting exhibits a high corrosion resistance and a long-term stability, which 
recommends their use for the manufacture of metallic parts employed in aggressive 
industrial environments. 
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Abstract: Depending on the properties required for the medical instruments, compared with the
classical materials, the high-entropy alloys (HEAs) are a versatile option. Electrochemical Impedance
Spectroscopy (EIS) measurements have been performed on AlxCoCrFeNi-type high-entropy alloys
with various concentrations of Al content (x = 0.6, 0.8, and 1.0) in order to characterize their passive
film and corrosion resistance at 37 ◦C under infectious simulated physiological conditions (Ringer´s
solution acidulated with HCl) at pH = 3. The impedance spectra were obtained at different potential
values between −0.7 and +0.7 V vs. SCE. Analysis of the impedance spectra was carried out by
fitting different equivalent circuits to the experimental data. Two equivalent circuits, with one time
constant and two time constants respectively, can be satisfactorily used for fitting the spectra: one
time constant represents the characteristics of the compact passive film, and the second one is for the
porous passive film. With the decreasing of Al content, the obtained EIS results are correlated with
the evolution of the microhardness and microstructure, which is characterized by Optical Microscopy
(OM), Scanning Electron Microscopy (SEM), and Energy-Dispersive X-Ray Spectroscopy (EDAX). It
can be observed for all alloys that the resistance of the passive film is very high and decreases with the
potential: the very high resistance of the passive film implies a high corrosion resistance, which can
be assigned to the formation of the protective oxide layer and demonstrates that the analyzed alloys
fulfill the prerequisites for their use as new materials for the manufacturing of medical instruments.

Keywords: high-entropy alloys; aluminum; Electrochemical Impedance Spectroscopy (EIS); equiva-
lent circuit; corrosion resistance; passivation; Ringer solution

1. Introduction

The high-entropy alloys (HEAs), due to their particular composition, offer an alter-
native point of view for the new generation of materials that can possibly change the
properties limitations of the classical materials. Two definitions of HEA are widely ac-
cepted: one based on the composition of the alloy and another based on the entropy concept.
The first definition categorizes HEAs as materials containing five or more elements where
every element has an atomic proportion between 5% and 35% [1]. According to the second
definition, HEAs are considered to be alloys that have a conformational entropy larger
than 1.61 R where R is the universal gas constant [2]. The high-entropy solid solutions are
typically FCC alloys, BCC alloys, and also amorphous-structured alloys (high-entropy bulk
metallic glass), but HCP-structured alloys were also reported [3]. Actually, there has been
a great increase in the number of works that report on these novel microstructures with
excellent properties [4–7].

The high-entropy solid solution AlCoCrFeNi was developed by Zhang’s team at Bei-
jing University of Science and Technology [8]. The microstructure, yield stress, compressive
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strength, plastic strain, and fracture mechanism of this alloy were studied [8,9]. The modifi-
cation of Al content to high-entropy alloys (HEA) with cubic face-centered structures (FCC)
leads to significant modifications in its physical and structural characteristics [10]. These
changes are due to Al’s ability to introduce a grading tendency within the FCC matrix, as
well as a network disturbance due to the increased atomic radius of Al (142 Å) in compari-
son with the remaining elements of HEAs (with an average of the atomic radius of Co, Fe,
Ni = 125 Å) [11]. For these reasons, many studies on this HEA with different aluminum
concentration were performed. For instance, the following properties were measured:
Vickers hardness for Al0.25 [12]; microstructure and tensile behaviors for Al0.3 [13–15];
microstructure, hardness, and corrosion properties of Al0.5 [16], tribological properties for
Al0.6 [17]; and compressive strength, Vickers, and Brinell Hardness for Al0.8 [18].

Since the properties of the AlxCoCrFeNi change significantly with aluminum concen-
tration, comparative studies with x varying at different values from 0 to 3 were performed,
and some characteristics were investigated: microstructure [19–21], hardness [16,22], elec-
trochemical properties [23–25], electric, magnetic, and Hall properties [26]. Review articles
and books were also written [3,8,27–29], and as a result, AlCoCrFeNi was found to exhibit
high hardness, toughness, and stiffness, low modulus of electricity, and high thermal
stability, which are properties that make it an option as a material for medical instruments
such as cutters, saws, scissors, etc.

Despite the very good properties, AlCoCrFeNi alloy can produce metallic ions that
can be diffused through passive oxide films. Some of these ions react with chlorine ions
from the human body, forming complexes and precipitates; those that react with the
water can form hydroxides and oxides, and in these conditions, the local change of pH
is produced. Accordingly, pH gradients are produced along the different areas of the
medical instruments, and this condition can produce and perpetuate crevice corrosion [30].
Consequently, local proliferation of the corrosion on some zones of HEA could appear.

However, the investigation of the degradation behavior of AlxCoCrFeNi in simulated
body fluid does not exist yet (for their use as medical instruments: cutting elements, tissue
detachment sewing, etc.), so this study clarifies how the Al content impacts on the passive
films formed on these alloys. In addition, the relationship between the characteristics of
the oxide film and the Al concentration is examined by varying the potential between
−0.7 and 0.7 V vs. SCE. The corrosion in the physiological environment is mainly due
to the chlorine ions that it contains, to pH, and to the special conditions of use such as
infections, hematomas, allergies, etc. In this paper, an infectious physiological environment
was simulated by adding HCl to Ringer solution until it reached pH = 3 at 37 ◦C.

2. Materials and Methods

2.1. Materials and Samples Preparation

The VAR (Vacuum Arc Remelting) process was used for the manufacture of high-
entropy AlxCrFeCoNi alloys (see Table 1) by using the MRF ABJ 900 VAR (Allenstown,
Merrimack, NH 03275, USA) at ERAMET Laboratory. High-purity granular base materials
of Al, Cr, Fe, Co, and Ni (99.9%) were used and classified according to ASTM B214-16 [31].
Eventual losses of material by vaporization are to be expected in accordance with the
theoretical chemical elements assimilations degree into the melt. Both conditions are taken
into account for the charge. The obtained alloys were melted in a VAR unit up to six times,
making use of argon as inert atmosphere, so that an adequate homogeneity could be
achieved. The mini ingot was presented in the shape of a cylindrical rod of approximately
10 cm in length and 1.5 cm in diameter. For a microstructural quality examination, the
first step is to cut the samples. A precision sectioning saw (BUEHLER USA, Lake Bluff,
IL 60044, USA), IsoMet®4000 Buehler, is used to ensure cuts with minimal deformation. To
simplify the manipulation of the samples and also to protect the edges of the samples, they
have been pasted with an epoxy system. Then, with a Struers grinding-polishing machine
(Struers Inc., Cleveland, OH 44145, USA), model TegraForce-1, the specimens were wet
ground and polished with 260 to 3000 grain SiC papers and continued by a 0.1 μm alumina
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suspension for final polishing. To remove traces of other substances, as we do with all
materials [32], the specimens were ultrasonically cleansed in ethanol for 10 min followed
by rinsing two times with deionized water. The experimental steps complied with the
ASTM E3-11(2017) standard for the preparation of metallographic samples [33].

Table 1. Composition (wt %) for analyzed HEAs.

Composition (wt %) Al Cr Fe Co Ni

Al1.0CrFeCoNi (Al1.0) 10.67 20.55 22.13 23.32 23.33
Al0.8CrFeCoNi (Al0,8) 8.72 21.00 22.61 23.82 23.85
Al0.6CrFeCoNi (Al0,6) 6.68 21.47 23.12 24.36 24.36

2.2. Test Environment

All data were obtained in Ringer Grifols solution (from Grifols Laboratories, Barcelona,
Spain) with the corresponding contents in mmol/L: Na+ 129.9; K+ 5.4; Ca2+ 1.8; Cl−
111.7; and C3H5O3 27.2 and acidified with HCl until reaching a pH = 3. The Ringer
Grifols solution is a complex physiological mixture in which some of the chloride ions are
substituted by lactate ions and some of the sodium ions are substituted by calcium and
potassium ions. A thermostatic bath at 37 ± 0.1 ◦C was used to obtain the test data.

2.3. Microstructural Characterization

The microstructure of the samples was studied through optical microscopy. The sur-
face of the samples was electrochemically etched with a 10% solution of oxalic acid where
the samples were immersed for 10 s and 5 A current. The optical observations of the surface
were made using a Zeiss AxioVert A1 microscope (Carl-Zeiss QEC GmbH, Ostfildern,
Germany). The SEM and the EDAX observations were performed with an environmental
scanning electron microscope model Fei XL30 ESEM (MTM, Leuven, Belgium) with LaB6
cathode coupled to an analyzer by energy-dispersive electron probe X-ray, model EDAX
Sapphire. Finally, the samples were coated by spraying with gold for the analysis of the
cross-section of the passive layer.

2.4. Microhardness

The microhardness of the samples was studied by performing an indentation test with
a microhardness tester model Remet HX-1000 (NCS Lab., Carpi, Italy). The sample, which
had been polished to a mirror finish as explained previously, was inspected with an optical
microscope, and then, the microhardness determinations were conducted perpendicularly
to the surface. The indentations were placed every 0.5 mm on the diameter of the sample.
A load of 100 g and dwell time of 15 s were performed [32]. Finally, the average level for
individual samples was calculated and reported as Vickers hardness (HV).

2.5. Electrochemical Measurements

The influence of potential on the passive film of HEAs under simulated physiolog-
ical conditions was investigated by Electrochemical Impedance Spectroscopy (EIS). The
equipment consists of a potentiostat PAR 263 A connected with a lock-in amplifier, model
PAR 5210, to a conventional electrochemical cell. Three electrodes are needed to perform
this technique: first, the working electrode (experimental sample); second, the electrode
used as reference is the saturated calomel electrode (SCE); and third, as counter electrode,
a platinum grid was used.

AC impedance measurements were recorded at open circuit potential, with an AC
potential amplitude of 10 mV, and single sine wave measurements were conducted at
frequencies between 10−1 and 105 Hz. To analyze the characteristics of the oxide film, the
impedance spectra were recorded between −0.7 and +0.7 V with a 0.2 V step permitting
the system to be stabilized for 10 min at each potential. Thus, the electrodes are polarized
in a continuous way [33]. A personal computer was used for data acquisition and analysis
using ZSimpWin software (AMETEC, Princeton, NJ, USA) to interpret the spectra.
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3. Results and Discussion

3.1. Microstructural Characterization

Optical images can be seen in Figure 1a–c in which the general characteristic of the
microstructure is dendritic. The individual concentration of the elements in the different
alloys influences the morphology of the phases. Accordingly, in the case of Al1.0 and Al0.6,
the aspect of the dendrites is almost rounded, while for Al0.8, it presents acicular forms with
different orientations. It was found that even for small changes in the chemical composition,
there are changes in the phases and compounds in these alloys. The explanation is that
at certain proportions of Al in this matrix, the crystal structures change from FCC to BCC
+ FCC or to BCC. The SEM microstructural aspects at higher magnifications shown in
Figure 1d–f are comparable to those found by optical microscopy. At higher magnifications,
the individual features of each alloy are emphasized. For instance, in the case of Al1.0
(Figure 1d), the microstructure is constituted by phases disposed in an orderly manner in
the metallic matrix, which is flanked by straight grain edges. The microstructure of Al0.8
(Figure 1e) reveals the propensity of growth of acicular phases (Widmanstätten), resulting
in significantly larger grain boundaries. In regard to the Al0.6 sample (Figure 1f), the two
phases are significantly different. Since the structure of the alloy with x = 0.6 is the one that
presents in wide spaces the presence of two phases and therefore is the most representative,
we have chosen it to show the EDAX results (see Figure 2 and Table 2).

Figure 1. Metallographic microscopy and SEM images for Al1.0CrFeCoNi (a,d), Al0.8CrFeCoNi (b,e), and
Al0.6CrFeCoNi (c,f).
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Figure 2. EDAX analysis on the surface of the alloy Al0.6CrFeCoNi (the point analysis of chemical
composition was in the right upper corner of each rectangle).

Table 2. The results in weight percentage of EDAX analysis of the alloyAl0.6CrFeCoNi.

Spectrum Al Cr Fe Co Ni

Sum
Spectrum 6.87 20.66 24.18 24.04 24.26

Spectrum 2 5.74 20.90 26.23 25.04 22.09
Spectrum 3 5.86 20.78 26.07 24.82 22.47
Spectrum 4 6.02 20.93 25.43 24.71 22.91
Spectrum 5 5.74 20.89 26.10 24.88 22.38
Spectrum 6 6.12 20.71 25.70 24.63 22.84
Spectrum 7 8.75 22.12 22.70 22.48 23.95
Spectrum 8 8.16 21.08 23.08 23.45 24.24
Spectrum 9 8.57 22.28 22.99 22.55 23.61
Spectrum 10 9.04 21.48 22.59 22.38 24.52

Mean 7.09 21.18 24.51 23.90 23.33
Standard
deviation 1.38 0.58 1.55 1.09 0.89

On the surface of the HEA, there are two zones: a dendritic zone (D) and an interden-
dritic zone (ID) with significant compositional differences of the elements (see Table 3).
A segregation factor [9], the segregation ratio (SR), was used to calculate the level of element
segregation, which is defined as:

SR =
element concentration in D area
element concentration in ID area

. (1)
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Table 3. Composition analysis results in D and ID areas and SR values for Al0.6CrFeCoNi and
Al0.8CrFeCoNi alloys.

Alloy Parameters Al Cr Fe Co Ni

Al0.6CrFeCoNi
D 5.74 20.9 26.23 25.04 22.09
ID 9.04 21.48 22.59 22.38 24.52
SR 0.63 0.97 1.16 1.12 0.90

Al0.8CrFeCoNi
D 7.98 26.63 23.32 22.15 19.92
ID 10.85 20.99 20.63 22.39 25.15
SR 0.74 1.27 1.13 0.99 0.79

For Al0.6CrFeCoNi, the nanoscale analysis revealed the dendritic region rich in Fe and
Co but depleted in Ni and Al and the interdendritic region rich in Al and Ni but depleted
in Co and Fe. Only chromium shows no significant difference in the two areas with a
somewhat higher concentration in the interdendritic zone.

As the content of Al increments, the effect of chromium is more powerful, and Co
shows no obvious difference in the two zones, which is in accordance with the results of
other researchers [9].

Aluminum and chromium increase their segregation ratios, while nickel and cobalt
decrease it. We would say that they form less intermetallic compounds (or that they
“precipitate” less). Iron does not substantially vary its segregation ratio.

It could almost be said that the increase in aluminum reduces the solubility limit of the
solid phase for nickel and cobalt, increases it for chromium, and iron is almost unaffected.

3.2. EIS Results

To evaluate the passive layer characteristic, the impedance data will be used. In
Nyquist plots (Figure 3), it can be noted that all samples present three distinct region
consisting of (i) an arc with a small ratio at high frequencies (low impedances); (ii) another
arc at medium frequencies with the ratio bigger than that of high frequencies and (iii) a
line at low frequencies (high impedances). This is clearly indicative of the feedback from at
least two different frequency-dependent processes with their respective time constants.

Figure 3. Nyquist diagrams evolution with the potential for (a) Al1.0, (b) Al0.8, and (c) Al0.6.

From the Bode-phase spectra in the range −700 to −100 mV (Figure 4) for the three
HEAs, the changing of a widely capacitive film to a resistive one can be observed, and this
is a measure of the integrity of the film and therefore of the corrosion resistance.
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Figure 4. Bode-phase spectra at negative potentials for (a) Al1.0, (b) Al0.8, and (c) Al0.6.

The Bode-phase spectra show the phase shift as a function of frequency for different
potentials vs. the reference electrode. The single-phase shift peak for the potentials between
−0.7 and −0.1 V indicates that any time constants associated with the corrosion process
must be close in frequency. The maximum phase shift is centered at about 10 Hz for Al0.8
and 100 Hz for Al0.6 and systematically shifts to lower frequencies as the potential increases,
reaching a value of about 1 Hz for Al0.8 and 5 Hz for Al0.6. This shift to lower frequencies
is an indication of the increases of the polarization resistance and can occur without a shift
in interfacial capacitance.

In the Bode–IZI plots (see Figure 5), for the three HEAs, at high and middle frequencies,
the impedance spectra show superimposable curves. All the spectra show a significant
drop between −0.1 and +0.1 V. This drop continues with the increasing of potential until
the end of the experiment, and the resistance of the film at that moment was reduced
more than 200 times for all the HEAs. The impedance of the low-frequency flat surface is
associated with the inherent quality of the film. This low-frequency platform represents the
addition of the surface layer resistance, the transfer resistance, and the electrolyte resistance.
Since both last resistances change slightly for the same HEA, changes in the low-frequency
plateau represent changes in the film, and these can be due to the conductive paths through
the film.

Figure 5. Bode-IZI spectra for (a) Al1.0, (b) Al0.8, and (c) Al0.6.

The increase in low-frequency impedance with the potential is indicative of a richer
corrosion resistance of the film formed on the HEA surface. The highest corrosion resistance
belongs to the alloy with x = 0.6; the value is more than double that for the alloy with x = 1,
and this confirms that the Al content decrease has changed the passive film characteristics.

In Figure 5, from 0.1 to 0.7 V, a diffusion-controlled process has become a significant
part of the total impedance. This is shown by the spectral region with a slope of about 1/4,
which occurs from a log frequency of 4.5 to a log frequency of 3.0 and by the spectral region
with slope increasing from 1/4 to 1/2, which occurs from a log frequency of 3.0 to 1.0.
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These data suggest a corrosion process with diffusion-controlled ionic conductivity [34],
and the impedance is dominated by transfer resistance rather than film resistance. This
difference in behavior may be attributed to the filling of pores in the film.

When the spectra curve registered from +0.1 to 0.7 V vs. SCE (increasing and decreas-
ing tendency, see Figure 6), strange behavior was observed at lower frequencies where the
phase angle changed the direction of evolution at about 50 Hz. This behavior is probably
due to a drift of Ecorr and polarization of the HEA during the impedance measurement [34].

Figure 6. Bode-phase spectra at positive potentials for (a) Al1.0, (b) Al0.8, and (c) Al0.6.

Based on the visual observations of the impedance spectra, the corrosion process pa-
rameters have been modeled by the equivalent circuits presented in the Figures 7a and 8a [35].

Figure 7. (a) Simple equivalent circuit used for the fitting; (b) Rct evolution with the potential; (c) Y0

and n parameter corresponding to Cdl for the studied alloys.
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Figure 8. (a) Equivalent circuit with two time constants used for the fitting of spectra at positive potentials; (b) Rp evolution
with the potential; (c) Rct evolution with the potential; (d) Y0 and n1 parameter corresponding to Cp for the external layer;
(e) Y0 and n2 parameter corresponding to Cdl for the internal layer.

The elements components of the equivalent circuits are the electrolytic resistance
( RΩ), the resistance of the passive film ( Rp), the capacitance of the passive film ( Cp), the
double-layer capacitance ( Cdl), and the charge transfer resistance ( Rct).

The analysis of the impedance spectra was performed by matching the experimental
data with those obtained through the ZSimpWin software. The quality of the fit with
an equivalent circuit was initially evaluated by the chi-square value and then by the
comparison of the experimental data with the simulated ones. A chi-square value of 10−5

indicates a very good fit by using a low number of elements. All elements of the equivalent
circuit behaved consistently.

RΩ is the unbalanced electrolyte resistance and is dependent on the distance from the
working electrode to the reference electrode (which remained the same in all the experiments).

Rp is representing the resistance of the passive film pores and is assigned to the
resistance of the ion conduction path within the passive layer structure. It indicates the
degree of the efficiency of the passive film in protecting the base alloy against corrosion.

Rct represents the polarization resistance at the interface alloy/passive film by con-
sidering the entry of the electrolyte into the pores. Fitting procedures have shown that
as results of inhomogeneities and porosity, a better coincidence between the theoretical
and experimental data is achieved if instead of pure capacitance a constant-phase element
is introduced.

CPE constant phase elements were employed (representing the variation from the
typical capacitive behavior) and the impedance of a CPE (symbolized with Q) is shown
by [36]:

Q : Z = (jω)−n·Y0. (2)

Z represents the impedance of CPE, j is the imaginary number (j2 = −1), ω is the
angular frequency (rad·s−1), Y0 is the constant of CPE [S(s·rad−1)n] where n is the power
number, n = α(π/2) where α is the constant phase angle of the CPE (rad). If n = 1, CPE = C;
if n = 0, CPE = R, and if n = 0.5, CPE = W.

In this way, all the capacities of the two equivalent circuits have been replaced by
phase constant elements.
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First, the experimental data have been modeled with the simple circuit of one time
constant, the Randles circuit; see Figure 7a. This circuit, called R(QR), is composed of a
resistance (Rct) in parallel with Qdl, and these two elements are connected in series with
the electrolyte resistance RΩ. To calculate the total impedance of the equivalent circuit, we
calculate the admittance of the parallel combination (RctQdl):

1
Zeq

=
1

ZRct

+
1

ZQdl

. (3)

Even a constant phase element was used for fitting the experimental data; because n
is close to 1, the obtained Y0 value is taken as a capacity in the forthcoming discussion:

1
Zeq

=
1

Rct
+ j w Cdl . (4)

Multiplying by Rct, the left side term, Zeq, is:

Zeq =
Rct − j

(
w Cdl Rct

2)

1 + (w Cdl Rct)
2 . (5)

After adding the resistance of the electrolyte, the total impedance is:

Zeq = RΩ +
Rct − j

(
w Cdl Rct

2)

1 + (w Cdl Rct)
2 . (6)

Rct is considered the corrosion resistance of the analyzed materials. The values of
Rct obtained by adjusting the experimental data with the simulated values from the used
equivalent circuit are shown in Figure 7b. Initially, at a potential of −700 mV, the values
of Rct for the three HEAs are very similar. As the potential increases, Rct also increases,
reaching a maximum value at −100 mV vs. SCE. This increase of Rct (and implicitly of the
resistance against the corrosion) with the increase of the potential is due to the passive layer
that is formed on the surface of the HEAs modifying its characteristics as a function of the
potential: (a) it is more and more compact, since the parameter “n” of the constant phase
element approaches 1, the ideal behavior of a capacity and, (b) it is more and more thick
(Y0 decreases with the potential); see Figure 7c. The maximum value of Rct at −100 mV
belongs to Al0.8, but the one that maintains the maximum value in a longer potential
interval is Al0.6. This can be explained by the smaller concentration of Al species (oxide
and hydroxide) in the passive film, which is a species that promotes a more defective film.

As the potential is shifted from −100 mV to more positive values, Rct decreases (and
implicitly decreases the corrosion resistance). This is because the oxide layer on the sample
surface is porous; thus, chlorine ions from the electrolyte can easily pass through it and
corrode the unprotected metal surface. This process is proved by the decrease of the
n-parameter corresponding to the diffusion process, while Yo increases a lot due to the
increase of the surface exposed to the electrolyte (caused by the pores in the passive layer);
see Figure 7c.

Considering that at potentials higher than −100 mV, the diffusion stage occupies an
increasingly important place in the mechanism of the corrosion process, a better fitting of
the experimental data is obtained by using an equivalent electrical circuit with two time
constants (see Figure 8a). This circuit, called R(Q(R(QR)), considers both the characteristics
of the external porous passive layer (process dominated by ion diffusion) and the internal
compact layer (process dominated by charge transfer).

For this circuit, the total impedance is

Zeq = RΩ +
1

j w Cp +
1

Rp+
1

1
Rct

+j w Cdl

. (7)
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After standard calculations, the following equation was obtained:

Zeq = R1 +
R − w2RT + w2 AB

(1 − w2T)2 + w2R2
+ jw

B − RA − w2TB

(1 − w2T)2 + w2 A2
(8)

where:

R = R2 + R3
T = τ1τ2
A = τ1 + τ2 + C1R3
B = τ2 R2
τ1 ≡ time constant of porous layer [s]
τ2 ≡ time constant of compact layer [s]

No significant difference between the Rct values of the analyzed HEAs was observed
(see Figure 8c). The evolution of Rp, represented in Figure 8b, shows some differences
in the case of sample A0.8: the resistance of the porous passive film decreases slightly
with the potential due to pores that increase in number and fill with electrolyte. At 0.7 V
vs. SCE, the Rp of the HEAs decreases as the aluminum content grows: increasing the Al
content in the alloys leads to a rise of Al and a diminishing of Cr in the passive films. This
increase in the amount of Al contained in the passive film takes the form of Al oxides and
hydroxides, which effectively build up porous layers that finally result in a thicker passive
film. Accordingly, we present in Figure 8d the evolution with the potential of n and Y0p.

It is well known that Co, Ni, and Cr are extremely corrosion-resistant elements and
form a strong passive film on the surface. Co2+, Co3+, Ni2+, and Cr3+ species, which are
generated in the polarization process [36], form a uniform and compact passive film that
successfully inhibits the contact of the Cl− with the metallic surface, thus reducing the
corrosion rate and improving the corrosion resistance of the alloy (see Rct evolution in
Figure 8c). The decrease of resistance as the applied potential increased at positive values
can be attributed to film thinning and breakdown at higher potentials.

There is a small variation in the values of the parameter n of the Ydl associated with
the roughness of the electrode surface (see Figure 8e). In the positive range of potential, a
variation of “n” is indicative of modifications of non-uniformity and the roughness of the
passive film with respect to the metallic surface.

This could be explained by the fact that the dendritic zone of Al0.8 has much more
chromium than the dendritic zone of Al0.6, and being zones of large area, the higher the Cr
content in the phase, the better the corrosion resistance property of the passive film formed.
However, as the potential increases, the total Al content in the alloy is prevalent, and the
higher corrosion resistance is achieved by the alloy with less aluminum.

3.3. Microhardness

For each sample, five indentations were performed, and the average value is then determined.
To correlate the Vickers hardness with yield strength σy using a constant Cv that is

approximately equal to 3, the Tabor equation [37] can be used:

σy =
HV
Cv

. (9)

Microhardness HV values for HEAs are converted into equivalent yield stress values
using this equation (see Table 4).

Table 4. Mechanical properties of analyzed HEAs.

Property Al1.0CrFeCoNi (Al1.0) Al0.8CrFeCoNi (Al0,8) Al0.6CrFeCoNi (Al0,6)

HV (MPa) 562 ± 33 427 ± 17 245 ± 11
σy (MPa) 187.5 ± 11 142.3 ± 6 81.9 ± 4
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It was observed that the decrease in aluminum concentration significantly decreased
the hardness [38] and consequently the Young’s modulus and the yield strength of such
alloys (see Table 4). Fan et al. observed that by increasing the level of aluminum from 0.5 to
1, the microstructure of the HEA system was changing from an FCC structure to a duplex
FCC structure plus BCC and then to a simple BCC structure [39]. A previous study carried
out [39] reported that the hardness of the BCC phase is greater than that of the FCC phase,
which can be confirmed by our results.

4. Conclusions

The variation of aluminum content in the AlxCrFeCoNi system has a significant
influence on the microstructure and the behavior of alloys in simulated body fluid.

As the aluminum content decreases, the solidified microstructure varies from equiaxed
dendritic grain to equiaxed non-dendritic grain and then to columnar dendritic structure.
In the equiaxed non-dendritic grain structure, Widmanstätten side plates can be observed.

The decrease in aluminum content increases the solubility limit of the solid phase for
Ni and Co, decreases it for Cr and, Fe is almost unaffected.

Electrochemical Impedance Spectroscopy is a very powerful technique to study the
corrosion performance of high-entropy alloys in a simulated human body environment.
The obtained results were confirmed by the other techniques that were employed in this
study. Circuits composed of one and two time constants in addition to the ohmic resistance
of the electrolyte are proposed as equivalent circuits to fit the corrosion behavior of HEAs.
The charge transfer resistance in parallel with the double layer capacitance is represented
by the low frequency time constant, whereas the medium frequency one is related to
the reactions of the alloy´s constituents on the metal surface. Through this technique,
information was obtained about the changes of the protective capacity of the passive
layers, according with the composition of the alloy and the exposure potential, which
demonstrates that the analyzed alloys fulfill the prerequisites for their use as new materials
for the manufacturing of medical instruments.
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Analysis of Bone-Implant Interface with Osseoinduction Treatment
Julia Mirza Rosca, Pedro Socorro Perdomo, Nestor Florido Suarez and Maximina Monzon mayor

University of Las Palmas de Gran Canaria, Las Palmas de GC, Canarias, Spain

The interactions of tissues, bones and body fluids with biomaterials are an area of crucial importance to 
all kinds of medical technologies. The implants need to integrate with surrounding tissues to restore 
adequate function, without releasing harmful chemical products or significantly modifying the local 
environment.

Even since the 1980s the titanium alloys are intensively applied in the manufacturing of orthopedic 
devices, it was reported [1] that V is toxic in vitro at concentrations below those of synovial fluids in vivo.
The administration of metallic powders to L929 and osteoblast MC3T3-E1 cells showed that Nb had no 
effect on their relative growth ratios [2] and for this reason it was developed an alternative alloy, 
Ti6Al7Nb, in which the vanadium was exchanged with niobium. Today Ti6Al7Nb alloy is the preferred 
choice for cementless total joint replacement.

In this study a chemical treatment was attempted to prepare an osseoinductive surface: immersion in 
NaOH aqueous solution then dried at 40ºC and heated up to 600ºC for 1 hour and cooled to room 
temperature [3]. After osseoinductive treatment, the material was implanted in animal´s tibiae (mini-pig). 
At 6 months after implantation, the animals were sacrificed and the segments of the proximal tibia 
epiphyses were cut off, fixed in phosphate-buffered formalin and dehydrated; finally, they were embedded 
in polyester resin and then cutted transversally (metal and bone together) and grounded to a thickness of 
75-100 μm. With these samples a lot of observations of interface bone-implant were made: TEM and SEM 
observations, histological examinations and SEM-EDX analysis.

It can be concluded that there aren´t toxic and carcinogenic responses of animals to implant materials. The 
EDX detected the following metals: Ti, Ca, P and Al; the calcium and phosphorus presented a Ca/P ratio 
of 1.65 indicating that it is similar to bone mineral phase. The bone was in intimate contact with the 
bioactive Ti6Al7Nb implant (see Fig.1). Over time, the amount of bone directly bonding to the implant
increased (see Fig.2) and the immature bone had formed in the earlier stages, matured and converted to 
lamellar bone. All the results revealed that the osseoinductive surface of the implant is in direct contact 
with newly formed bone without any intervention of a soft tissue layer. We regard osseoinductive ability 
of nanostructured Ti6Al7Nb as one of the advantages of this implant in consideration for clinical 
applications.
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Figure 1. General view 

 
Figure 2. New bone in direct contact with the implant 
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Classic metallic alloys generally contain one metal in a high proportion, called the base metal, and very rarely two 
metals in similar proportions. Although small amounts of other elements are added, this can make a big differ-
ence in the characteristics of the obtained alloy. Due to the great advance of science and technology, new metallic 
alloys containing more than 2 base metals, with a different metallurgical concept, have been recently  explored1,2.

High-entropy alloys (HEAs) are one of the most promising results of the exploration of new chemical com-
positions for metallic materials with improved  performance3–5. Originally, they were defined as an alloy with at 
least five metallic elements with atomic percentage between 5 and 35%6.

One of the basic alloy from HEA category, AlCoCrFeNi, was discovered in 2014 by Zhang’s group at Uni-
versity of Science and Technology from Beijing,  China2. Many other groups have joined the research effort to 
understand this HEA  microstructure7,8,  hardness9,10,  strength11,12, friction and  wear13 and thermal  resistance14,15 
particular properties. Although many interesting topics have been explored, only few studies deal with corro-
sion properties of this high-entropy alloy, in general depending of fabrication method: if is synthesized by laser 
 additive16, by electrospark  process17 and by spark plasma sintering with pre-alloy powders obtained through gas 
 atomization18. Other studies, with different aluminium concentration were  performed19–21.

In the late last century, the progress of materials science led to the rapid development of biomedical materials. 
Nowadays, titanium alloys are widely used as implants and prosthesis in the human body because of their excel-
lent biocompatibility and low density. However, titanium alloys do not have sufficient strength characteristics 
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for medical instruments used for surgery or prosthetic devices. The recent development of HEAs provides a new 
generation of biomaterials which may can be used for medical devices.

To be able to use the high-entropy alloys for the manufacturing of medical instruments (like cutters, saws, 
scalpels etc.), their mechanical characteristics and corrosion resistance in physiological fluids which contain 1% 
wt. NaCl, must be tested. Furthermore, if the material corrodes due to chemical attack, some corrosion products 
that will form can produce undesirable reactions at metal-tissue interface. To avoid this deleterious effect, the 
chemical composition of the new alloys must be carefully  designed22. The material needs to be inert in contact 
with the human body, so it won´t cause any metal contamination when used internally. Together with the 
mechanical  properties23,24, corrosion resistance plays a critical role in determining the successful use of HEAs for 
biomedical  applications25,26. In this study the effect of three different nickel concentrations on the microstructure, 
hardness and corrosion properties of high entropy alloys from AlCrFeCoNi system has been investigated. The 
reason for adding nickel is that nickel generally increases ductility and hardness. Nickel improves heat treat-
ment properties by expanding the critical temperature level, it does not form oxides and this increases strength 
without decreasing ductility. The results presented below indicate that the structure and corrosion behavior of 
AlCrFeCoNix alloys strongly depends on the Ni content.

The high entropy AlCrFeCoNix alloys (with x = 1.0, 1.4 and 1.8) 
were obtained in the ERAMET Laboratory of the Politehnica University of Bucharest, using the MRF ABJ 900 
Vacuum Arc Remelting (VAR)  installation10,25. The theoretical degree of assimilation of the chemical elements 
during melting and the possible losses by vaporization were taken into account for designing the metallic charge. 
Highly pure raw materials, including Al, Cr, Fe, Co and Ni (at least 99.5%) were used. In order to obtain the 
adequate homogeneity, the obtained alloys were flipped and re-melted in VAR equipment for 6 times (3 times on 
each part) under inert atmosphere of Argon.

Samples in the form of rods of about 10 cm long and 1 cm diameter were obtained. The rods were trans-
versally cut and some samples were selected for homogenization (annealing to 1100 °C for 48 h followed by 
water quenching). For structural, compositional and mechanical analyses the samples were embedded into an 
epoxy resin cylinder and then their surface was prepared in 3 stages: (1) polishing with SiC abrasive papers of 
progressive grain size from 240 to 2000 grit; (2) final polishing with 0.1 μm alpha alumina paste; (3) cleaning in 
ultrasonic deionized water.

All the measurements were performed in Ringer Grifols solution (from Grifols Labo-
ratories, Barcelona, Spain) with the following composition in mmol/l:  Na+ 129.9;  K+ 5.4;  Ca2+ 1.8;  Cl− 111.7 and 
 C3H5O3

− 27.2. It is a modified physiological solution in which part of the sodium ions are replaced by calcium 
and potassium ions and parts of the chlorine ions by lactate ions. The lactate ions are transformed into bicarbo-
nate ions allowing a regulation of the solution pH. The tests were conducted at 37 ± 0.1 °C in a thermostatic bath.

To study the microstructure of the alloys by optical microscopy, their 
surface was etched by electrochemical route using a solution of 10% oxalic acid, a current of 5 A and an immer-
sion time of 4 s. The observations of the surface were made using an OLYMPUS PME 3-ADL microscope.

Scanning electron microscope (SEM) observations were made using a S LoVac of the Apreo Field Emission 
Scanning Electron Microscope (THERMO FISHER SCIENTIFIC, Co., USA) equipped with a TEAM EDX 
spectrometer. For ensuring the best high vacuum imaging and analytic conditions the microscope was set to 
run at 20 kV voltage and 1.6 nA beam current, for working distance of 10.0 mm.

The electrochemical measurements were made with a conventional 
three-electrode electrochemical cell: the sample as working electrode, Pt as counter electrode and a saturated 
calomel electrode (SCE) as reference electrode. The used potentiostate was a SP-150 (BioLOGIC Science Instru-
ments) controlled by a computer with EC-LAB software package.

Open circuit potential (OCP). Open circuit potential measurements during 3 days were performed, followed 
by potentiodynamic polarization measurements. All tests were performed three times and data were processed 
using EC-LAB software.

Potentiodynamic polarization studies—polarization resistance and Tafel slopes. In order to calculate the Tafel 
slopes for the partial anodic processes  (ba), and the Tafel slopes for the partial cathodic processes  (bc), the linear 
polarization curves have been shifted from  EOCP − 150 mV to  EOCP + 150 mV using a scanning rate of 10 mV/s. 
The polarization studies to evaluate the passivation process continued with measurements from − 800 mV (vs.
SCE) to + 500 mV (vs.SCE), increasing the potential at a scanning rate of 1 mV/s. SP-150 potentiostate was used 
to perform the tests and data were processed using EC-LAB software, both from BioLOGIC Science Instru-
ments. Results showed the potentiodynamic polarization curves and the breakdown potential.

The HEAs Vickers microhardness has been measured by an indenta-
tion test using a REMET HX-1000 Microhardness Tester. The samples, with the surfaces polished to mirror 
quality for good vision of the prints, were indented every 0.5 mm along the diameter. The tests were carried out 
according to the regulation UNE-EN ISO 6507-1:2006, applying a load of 100 g during 15 s. A minimum of 5 
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indentations were made on each sample and the average value was calculated, expressing it as the Vickers hard-
ness (HV).

X-ray diffraction experiments were performed with the aid of an empyrean diffractometer 
(MALVERN-PANALYTICAL). The instrument was working with a Cu Kα anode at a power of 45 kV and 40 mA 
in the Bragg–Brentano geometry. The samples were rotated during acquisition to ensure a better data collection. 
The acquired patterns were simulated to extract the crystalline phase present, lattice parameter and grain size 
with the aid of HighScore Plus software from MALVERN-PANALYTICAL.

The phase structure of an alloy is critical for its biocompatibility and depends on the solu-
bility of the alloying elements. The interaction between the phase structure and the biologic environment deter-
mines which elements will be released and, therefore, how the body will respond to the alloy. The grain size 
affects the corrosion processes because the grain boundaries influence the corrosion behaviour. The smaller the 
grain size of the samples, the higher the critical current density they will have as the edges of the grains store 
internal energy that promotes the  corrosion27.

The microstructures of the analysed HEAs before corrosion tests are shown in Fig. 1a–f. The overall look 
of the optical microstructures is dendritic (Fig. 1a–c). The different concentrations of the alloying elements 
involves the morphology of the phases. Thus, in the case of AlCrFeCoNi the aspect of the dendrites is quite 
round, while in the  AlCrFeCoNi1.4 sample we can observe needle forms that are oriented in different directions. 
The  AlCrFeCoNi1.8 sample combines rounded phases with needle-like phases, consistent with the observation 
reported by Cao et al.28.

Chrome induces the formation of a protective and compact oxide layer on the surface of nickel alloys, the 
optimum corrosion resistance being obtained with Cr contents of about 16–27%. If the Cr content is lower, 
the alloy may not be able to develop a passive film adequate for a good corrosion resistance. AlCrFeCoNi has 
a spinodal structure quite typical for high entropy alloys, as we reported  before5. This structure determines the 
smaller dimension of the phases and higher interfaces area increasing the hardness value.

The SEM observations are presented in Fig. 1d–f. The microstructural aspect is similar to that observed by 
optical microscopy. In the case of  Ni1 alloy, the crystalline grains with crystallites are observed, organized like 
Chinese letters, bordered by linear limits (Fig. 1d). As the Ni content increases in the  Ni1.4 alloy, the appearance 
of acicular phases is observed (Fig. 1e). As further increase of nickel content in  Ni1.8 alloy the acicular phases 
become rounded (Fig. 1f).

The elements Al, Co and Ni can form continuous solid solutions with the same composition in the matrix 
of dendritic and interdendritic zones while Cr and Fe segregated more in the spherical precipitates of dendritic 
 region5,7. This suggests that the partitioning of elements from the solution phase of HEA is inherently related to 
the enthalpy and miscibility between the various atoms  present22.

The heat treatment performed after casting promoted homogenization of chemical composition and changes 
of microstructure aspect (Fig. 1g–i). The linear appearance of the grain boundaries was replaced by curved con-
nections and the amount of needle phase decreased. In Fig. 1g three types of phases can be distinguished, as 
follows: a majority phase (light gray) with dendritic appearance, an inter-dendritic phase (dark gray) and thin 
needle like phase formed inside the majority phase. As the nickel concentration increased (Fig. 1h,i), there was 
a compositional change of the 2 major phases (dark gray and light gray) and a decreasing of the needle-like 
phase number.

The surface of the samples was examined also after performing heat treatment and corrosion test. For all the 
samples, pitting corrosion was observed. The images of the corroded surfaces highlight the acicular-looking 
phases that formed in the microstructure after the heat treatment (see Fig. 1j–l). It is observed how the chemi-
cal solution partially dissolved the surface film and preferentially attacked the alloy phases. As the Ni content 
in sample  Ni1.8 increases to 31 at.% (Fig. 1l), more extended corrosion effects on the alloy phases are observed.

The EDS analyses have been performed on micro-zones, having the same square area, see 
Fig. 1g–l. The results of the chemical composition for the three alloys are presented in Table 1.

Analyzing the EDS results from Table 1 it is observed that Al concentration decreases in all samples that were 
simultaneously heat treated and corroded, from about 10 at% to 2.57–3.03 at%. A similar evolution is observed 
in terms of Ni concentration, which decreases from the maximum values existing in the heat treated samples 
(24.99 at% for  Ni1 to 37.68 at% for  Ni1.8) to just over half of the initial values (12.73 at % Ni for  Ni1 to 25.14 at% 
Ni for  Ni1.8). Cr and Fe maintain their concentrations within tight limits (maximum variations of 5 at%), and 
Co records the largest increases in concentration for simultaneously heat-treated and corroded samples. This 
behavior emphasizes the high chemical stability of Co in the metal matrix of the analyzed alloys.

Based on the EDS analysis performed on different phases, following the initial values of Co and Cr content 
in those phases, the specific tendency of segregation and association of these elements to form common phases 
is observed on atoms distribution maps (see Fig. 2).

In the case of  Ni1 (AlCrFeCoNi) TT sample, the chemical microanalysis on light grey phase indicates that 
it contains about 5.08 at% Al, 9.14 at% Co, 31.76 at% Cr, 29.80 at% Fe and 20.51 at% Ni. The dark grey phase 
contains 27 at % Al, 8.55 at% Co, 10.37 at% Cr, 14.15at% Fe and 38.26 at% Ni.

Regarding  Ni1.4  (AlCrFeCoNi1.4) TT sample, the light grey phase contains 4.40 at % Al, 7.16 at % Co, 34.18 
at % Cr, 28.96 at % Fe and 21.42% Ni. The dark grey phase contains 23.53 at% Al, 7.21 at % Co, 13.35 at % Cr, 
15.21 at % Fe and 39.23 at % Ni.
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Finally, in the case of  Ni1.8  (AlCrFeCoNi1.8) TT sample, the light grey phase contains 21.73 at% Al, 5.31 at 
%Co, 9.85 at% Cr, 12.82 at% Fe and 48.88 at% Ni. The dark grey phase contains 5.51 at % Al, 6.02 at % Co, 29.06 
at% Cr, 24.98 at.% Fe and 31.01at % Ni.

These results highlight the tendency of Al and Ni to form stable compounds (dark grey phase) and quite equal 
distribution of the other elements in light grey phase or in the acicular phases.

Figure 1.  Microstructure evolution of HEAs  (Ni1,  Ni1.4 and  Ni1.8) during thermal and chemical processing: 
(a), (b), (c) optical microstructure; (d), (e), (f) SEM as-cast microstructure; (g), (h), (i) SEM heat treated 
microstructure; (j), (k), (l) Thermal treated and corroded microstructure.
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The XRD patterns acquired from as-cast samples are displayed in Fig. 3. The  Ni1 sam-
ple exhibited a pure primitive cubic phase (space group Pm-3m, number 221), matched very well by refer-
ence pattern 04-018-5047, Al0.4Co0.4Cr0.4Fe0.4Ni0.4. Increasing the Ni content resulted in the appearance 
of a new FCC phase (Fm-3m, group 225, a = 3.5643 Å), that was matched by reference pattern 04-022-2301, 
 Co0.25Cr0.25Fe0.25Ni0.25 and indicated by symbol # in front of the Miller indices in Fig. 3. Also,  Al0.9Ni4.22 (pattern 
00-050-1294) with a slightly different lattice parameter (FCC, a = 3.5700 Å) and  Cr0.10Fe0.65Ni0.25 (pattern 04-019-
2390) with a slightly different lattice parameter (FCC, a = 3.5920 Å) are good matches. The presence of an Al-Ni 
FCC type compound after the thermal treatment is strongly supported by the EDS results. After corrosion treat-
ment, a strong decrease in Ni and Al concentrations was observed, which was probably caused by the dissolution 
of this compound, while the others elements were not that much affected. SEM images of the corroded surface 
also suggest that a phase initially present was dissolved and disappeared from the surface region.

XRD patterns acquired from samples after the thermal treatment exhibited a mixture of two cubic phases: a 
primitive one and a FCC one (Fig. 3), with the relative percentage displayed in Table 2, although the presence 
of other FCC type compounds as those mentioned above could not be ruled out. The patterns also displayed 
narrower diffraction peaks, indicative of grain growth. The lattice parameters of the Pm-3 m and FCC phases, 
also displayed in Table 2 did not significantly changed with the increase of Ni content or the thermal treatment.

With the increasing of nickel concentration, the lattice parameter of the primitive cubic phase varies very 
slightly, from 2.876 Å to 2.870 Å, while the grain size remains almost the same (from 398 to 414 and 365 Å) for 
as-cast samples. For the FCC phase, the lattice parameters also vary very slightly but the grain size increases with 
the nickel content for both as-cast andannealed samples. It can be seen that, for all the studied alloys, the lattice 
parameter of the two phases varies marginally, which was also reported for other  HEAs29.

The results show a good homogeneity of the samples with two main solid solutions formed and some minor 
compounds segregating in the dendritic zone.

After the thermal treatment, the elemental composition of HEAs does not change; however, after the corro-
sion stage, the Al concentration in the surface region significantly dropped, followed by Ni; Co concentration 
went up, while Fe and Cr did not change much.

To explain these results, the formation after the thermal treatment of an Al-Ni compound is hypothesized, 
which should be corroded faster than the main HEA phase. There are several Al-Ni compounds having an FCC 
lattice and a lattice parameter very close to that of FCC AlCoCrFeNi HEA that could explain the results.

Open circuit potential measurement curves during one-week immersion 
are shown in Fig. 4.

For all analyzed HEAs, after a short immersion time of about some hours, there is an increase in the corrosion 
potential due to the growth of passive layers on the surface of the alloys. During the first 24 h, the OCP for all 
the three alloys increases with 30–50 mV due to the build-up of the passive layers on the surface of the HEAs. 
The maximum value of OCP is 236 mV for AlCrFeCoNi and 235  AlCrFeCoNi1.8 and almost half of this value, 
102 mV, for  AlCrFeCoNi1.4.

Table 1.  EDS global analyses on micro areas for HEAs after different processing stages. Corr, corroded; TT, 
Thermal treated; T + C, Thermal treated and corroded.

Element
Ni1 Ni1.4 Ni1.8

Corr TT T + C Corr TT T + C Corr TT T + C
Al, at% 12.00 9.89 2.57 11.68 14.28 3.03 10.59 10.46 2.77
wt% 6.33 5.14 1.29 6.12 7.54 1.52 5.47 5.37 1.38
Error,% 5.47 5.43 4.13 2.84 5.47 5.74 2.92 5.82 5.76
Co, at% 6.59 8.48 21.85 3.75 7.40 21.49 3.34 5.36 20.49
wt% 7.58 9.62 24.07 4.29 8.54 23.46 3.77 6.01 22.33
Error,% 5.34 5.02 1.79 3.32 4.43 1.79 3.88 4.51 1.76
Cr, at% 28.72 26.98 31.83 32.61 22.67 28.51 29.62 22.95 26.16
wt% 29.17 27.01 30.93 32.93 23.07 27.46 29.50 22.71 25.15
Error, % 1.93 1.90 1.90 1.99 2.00 1.95 2.04 2.11 1.97
Fe, at% 26.56 26.40 26.41 24.75 21.52 23.52 22.94 21.39 21.07
wt% 28.98 28.38 27.57 26.85 23.53 24.33 24.54 22.73 21.76
Error,% 2.05 1.95 1.87 1.81 2.11 1.94 1.90 2.30 1.99
Ni, at% 23.28 24.99 12.73 24.78 31.13 19.62 31.33 37.68 25.14
wt% 26.58 28.24 13.97 28.26 35.78 21.33 35.24 42.10 27.29
Error,% 2.12 1.94 2.05 1.73 2.11 1.93 1.67 1.98 1.85
O, at% 2.38 2.46 3.54 1.39 2.22 2.77 1.08 1.61 3.25
wt% 0.74 0.76 1.06 0.43 0.70 0.82 0.33 0.49 0.96
Error, % 5.15 4.57 4.13 2.78 5.21 4.40 2.73 6.24 4.28
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Figure 2.  Atoms distribution of main elements of HEAs micro-area. (a) in  Ni1 TT sample; (b)  Ni1.4 TT sample; 
(c)  Ni1.8 TT sample.
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After the OCP reaches the maximum value, it begins to decrease. This decrease is due to the changes in the 
characteristics of the surface film.

From the curves can be seen continuous breakages and repairs of the passive layer.

Polarization techniques have been used respecting the indica-
tions of ASTM Subcommittee G01.11 on Electrochemical Measurements in Corrosion Testing regarding the 
reproducibility of cyclic potentiodynamic polarization measurements for determining the susceptibility to local-
ized  corrosion30.
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Figure 3.  XRD patterns acquired from as-cast samples and from thermal treated samples (Miller indices for the 
new FCC phase induced by a higher Ni content are marked by symbol #).

Table 2.  Samples phase composition, lattice parameters and grain size.

Sample
Pm-3m (PDF 04-018-5047) Fm-3m (PDF 04-022-2301)
Content (%) Lattice parameter (Å) Grain size (Å) Content (%) Lattice parameter (Å) Grain size (Å)

Ni1 100 2.876 398 – – –
Ni1.4 78 2.870 414 22 3.595 327
Ni1.8 37 2.873 365 63 3.599 402
Ni1_TT 16 2.875 574 84 3.588 562
Ni1.4_TT 73 2.871 937 27 3.591 1813
Ni1.8_TT 75 2.872 1258 25 3.591 1259
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Figure 4.  Variation of open circuit potential with time for the three alloys (AlCrFeCoNi,  AlCrFeCoNi1.4, 
 AlCrFeCoNi1.8) in Ringer solution.
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1. Plots in a semi-logarithmic version between − 150 mV (vs OCP) and + 150 mV (vs OCP) after 1 week in 
Ringer solution are displayed (see Fig. 5a).

  The values of  Ecorr,  icorr,  ba,  bc and  Vcorr were determined by EC-Lab software and presented in Table 3. An 
alloy will corrode if  bc is greater than  ba and will be subjected to passivity if  bc is smaller than  ba. The higher 
values of  ba vs  bc for all the three alloys indicates an anodic control of the corrosion process which implies 
the existence of a passive layer on the sample’s surface. The point resulted in the intersection of the two Tafel 
slopes has the coordinates  icorr and ZCP (zero current potential). It can be seen that in all the cases, the dif-
ference between OCP and ZCP is only few mV. This indicates that the errors introduced into the values of 
kinetic parameters are negligible with the variations of the charging current.

  The corrosion current densities obtained for the analyzed HEAs are much lower than that of the  304SS31, 
which means that these HEAs are more resistant to general corrosion than 304SS.

  With the increase of Ni content, the corrosion rate of the alloy presents a non-linear trend mainly due to 
the fact that Ni content is not the only factor affecting the corrosion process (for example: microstructure, 
element distribution, etc.).

2. Pitting potential
  The pitting potential (or pit nucleation potential  Enp) is one of the most important parameter characterizing 

the susceptibility of HEA to pitting corrosion. It is the potential at which the passive film formed on the HEA 
surface is damaged and the current density begins to increase drastically in the passive range due to the pits 
nucleations. Plots in a linear version of I vs E between − 0.8 V and + 0.5 V vs Ref (see Fig. 5b) were performed 
in order to determine the pit nucleation potential (pitting potential) and pitting protection potential (the 
potential in the reverse scan associated with a drop in current density caused by the repasivation of pits).
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Figure 5.  (a) Tafel curves for  AlCrFeCoNi1,  AlCrFeCoNi1.4 and  AlCrFeCoNi1.8 after one-week immersion. (b) 
Potentiodynamic polarization curves for AlCrFeCoNi,  AlCrFeCoNi1.4,  AlCrFeCoNi1.8 presented in linear axis in 
order to reveal the nucleation pitting potential and pitting protection potential).

Table 3.  Electrochemical parameters of corrosion process estimated through Tafel approximation.

Alloy Ecorr (mV) icorr (nA/cm2) ba (mV) bc (mV) Corrosion rate (mmpy)
AlCrFeCoNi − 255.59 428 638.4 255.1 5.92E−03
AlCrFeCoNi1.4 − 199.7 748 169.2 124.5 3.00E−02
AlCrFeCoNi1.8 − 206.86 374 347 185.8 1.25E−02
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  A scan rate of 1 mV/s was used and considered to be sufficiently slow to prevent any distortion of the 
curves. The values of nucleation pitting potential were 185 mV for AlCrFeCoNi, 245 mV for  AlCrFeCoNi1.4 
and 385 mV for  AlCrFeCoNi1.8. The obtained values characterize the resistance of the analyzed HEA to 
pitting corrosion and can therefore be considered a measure of the susceptibility of HEA in simulated body 
fluid.  AlCrFeCoNi1.8 has the most positive pit nucleation potential: the more positive Enp, the more resistant 
the alloy is to pitting.

  Among the three tested alloys, the difference between  Enp and  Epp for  AlCrFeCoNi1.8 is the largest, which 
suggests that the repasivation tendency of pits on this alloy is large and only at higher potential these pits 
can transform to stable pits.

Five indentations have been made for each sample and the average value was calculated. 
The hardness values decrease with the increase of nickel concentration (562HV for AlCrFeCoNi, 455HV for 
 AlCrFeCoNi1.4 and 316HV for  AlCrFeCoNi1.8) as a result of dissolution of Cr and Fe precipitates in the nickel-
rich matrix, forming a stable solid solution as we reported  before10. For other HEA system, substitution of Al 
with different Zr concentrations, determine changes in the microhardness values, attributed to the phase changes 
in the alloy  structure23.

As has been demonstrated in a few  studies11,24 most metals and alloys exhibit strengthening effect by grain 
refinement due to the boundaries that function as impediments to dislocations. The decreasing of grain boundary 
density lead to the microhardness (and equivalent yield strength) values decreasing in HEAs which is consistent 
with the concept that the lattice of the crystal is seriously distorted and dislocations movement is more difficult 
than in conventional  alloys32,33.

In this study, the effects of nickel content on the microstructure, microhardness and corrosion behavior of 
high-entropy entropy  AlCoCrFeNix alloys in simulated body fluid were investigated and following conclusions 
were drawn:

1. The microscopy examination revealed the dendritic morphology for as cast alloy  AlCrFeCoNi1.0 and the 
increase of the extent of the interdendritic areas by increasing the nickel concentration for  AlCrFeCoNi1.4 
and  AlCrFeCoNi1.8. The annealing determined a more uniform distribution of the phases for the three 
high-entropy alloys and the modification of the morphology of the grain boundaries. It also resulted in a 
significant increase of the grain sizes.

2. The formation after the annealing treatment of an Al-Ni compound is hypothesized, which should be cor-
roded faster than the main HEA phase. There are several Al-Ni compounds having an FCC lattice and a 
lattice parameter very close to that of FCC AlCoCrFeNi.

3. The low corrosion rates and low corrosion currents demonstrate the good stability of the studied samples of 
 AlCoCrFeNix (x = 1.0, 1.4 and 1.8) in simulated biological environment.

4. The lattice parameter of the cubic phase varies very slightly, from 2876 to 2870 Å by increasing the Ni content, 
but the grain size decreases considerably (from 398 to 206 Å) for as-cast samples. For the FCC phase, the 
lattice parameters also vary very slightly but the grain size increases with the nickel content for both as-cast 
and annealing samples.

5. The results proved that by manipulating the composition and structure of HEAs their mechanical and chemi-
cal performance could be optimized to meet the requirements for their usage as novel medical instruments 
materials.

The datasets generated during the current study are available from the corresponding author on reasonable 
request.
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Introduction The term "high entropy alloys" (HEA) was first introduced in 2004 to describe alloys with 
multiple major elements in equiatomic or near-equiatomic proportions [1,2]. A novel metallurgy was created 
that did not consider one or two major elements with the others as only minor additions, but rather all elements 
solidifying on equal conditions from the liquid state. High entropy alloys (HEA), that have been identified as 
multicomponent alloys which contain a at least five metallic elements with quantities in the range of 5 - 35 %, 
can easily lead to multicomponent solid solution phases and yield an interesting combination of high strength 
and toughness performance, superior ductility, excellent wear and corrosion resistance. One of the basic alloy 
from HEA category, AlCoCrFeNi, was discovered in 2014 by Zhang’s group at University of Science and 
Technology from Beijing, China [3]. Many other groups have joined the research effort to understand this 
HEA characteristics as microstructure, hardness, strength, friction, thermal and corrosion resistance [4]. 
Although many interesting topics have been explored, only few studies deal with fatigue properties of this 
high-entropy system, in general depending of fabrication method. Experimental The high entropy alloys from 
the system AlCrFeCoNi were obtained in the ERAMET Laboratory of the Politehnica University of Bucharest, 
using the MRF ABJ 900 Vacuum Arc Remelting (VAR) installation [5]. The theoretical degree of assimilation 
of the chemical elements during melting and the possible losses by vaporization were taken into account for 
designing the metallic charge. Highly pure raw materials, including Al, Cr, Fe, Co and Ni (at least 99.99%) 
were used. In order to obtain the adequate homogeneity, the obtained alloys were flipped and re-melted in 
VAR equipment for 6 times (3 times on each part) under inert atmosphere of Argon. Tensile tests were 
performed at room temperature using a standard ASTM E8M specimen. The tensile test was performed at an 
initial strain rate of 10-3s-1 using a Bose Electro Force 3100 universal testing machine (Bose Corporation, 
Minnesota, USA) and the tensile test was carried out three times for every alloy. The high cycle fatigue test 
was conducted employing a standard ASTM E466 specimen. High-cycle fatigue terms were a frequency of 20 
Hz and a stress ratio of R = 0.1 at room temperature. The fatigue resistance (fatigue limit) was fixed at the 
maximum stress level that does not produce fractures at 106 cycles. Prior to fatigue testing, the specimens were 
ground using 600 - 2500 grit emery paper and 0.3 μm alumina suspension to significantly minimize the 
influence of surface roughness as mentioned in the laboratory protocol [6,7]. Results and discussion Currently, 
many test procedures and models have been employed to estimate the fatigue behavior of materials. However, 
various test methods and types of materials have a substantial impact on the evaluation of fatigue performance. 
Therefore, to analyze the fatigue characteristics of different materials under various test procedures, the 
strength and fatigue properties of high entropy alloys were evaluated through tensile and compression tests at 
several different loading rates and stress ranges. In this work, three high entropy alloys of the AlCrFeCoNi 
system were tested (see Fig. 1). Based on this, the strength creep surface models associated with the loading 
cycles and the unified normalized fatigue model of the analyzed alloys under different stress conditions were 
determined. By comparing the differences between the fatigue performance of the three alloys, the results 
reveal that the fatigue performance of the analyzed materials were totally distinct under various test procedures. 
The standard fatigue equation cannot estimate the effect of sample size and stress level on the fatigue 
properties. Therefore, the fatigue model obtained in this paper can solve these difficulties. It is of course also 
clear that the fatigue behaviour of one sample is better than that of the other two alloys when the stress value 
is low. Therefore, the fatigue lifetime of this sample is considerably more sensible to the stress value than that 
of the other two alloys. On the basis of the settlement and the comparative examination of the standardized 
models of the fatigue properties of different high entropy alloys, the scientific transformation from alloy fatigue 
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to structural fatigue is carried out, which offers perspectives on the anti-fatigue engineering of high entropy 
alloys. Conclusions The mechanical properties obtained from static testing and fatigue behavior of high-
entropy alloys were correlated with other mechanical parameters (hardness and rugosity). From the comparison 
of the fatigue resistance grade of AlCrFeCoNi HEA with other metallic materials, it is clear that the fatigue 
resistance of the investigated materials is significantly higher than that of other tested materials.

Figure 1. Fatigue fractography of the high-entropy alloy
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Introduction In the early 2000s, a distinctly different approach emerged based on conceptually equiatomic 
or near-equiatomic multicomponent alloys, commonly with five or more metallic elements, which were 
assumed to form stable single-phase solid solutions [1]. This stability was then attributed to the high 
entropy of the mixture coupled with a disordered multi-element solution, which was assumed to be in 
competition with the enthalpy of phase formation. This concept, initially proposed by Yeh et al [2] in 
Taiwan and separately by Cantor et al [3] in the UK, has come to be called high-entropy alloys (HEA) 
and has been found to be of great importance in the formulation of new alloys. AlCoCrFeNi is one of the 
most studied alloy systems from the area of high entropy alloys (HEA) due to it’s attractive microstructure 
and mechanical properties. AlCoCrFeNi alloys are mainly prepared by vacuum arc remelting (VAR), 
which is based on the remelting of the raw elemental metals by means of the arc generated between the 
electrode and the metallic powder to be melted. However, arc remelting method requires high energy and 
the phase composition is not uniform, which is prejudicial to the mechanical properties of the alloy. It is 
often necessary to homogenize at high temperature and continue hot or cold working, followed by 
annealing treatment, to disintegrate the microstructure of the melt and thus obtain homogeneous materials 
with a fine-grained structure [4]. In this work the effect of annealing treatment on the microstructure and 
corrosion resistance of AlCoCrFeNi in simulated body fluid is studied for the possible use as new material 
for nuclear applications. Experimental procedure The alloy AlCoCrFeNi was obtained from high purity 
powders of Al, Cr, Co, Fe and Ni in a MRF ABJ 900 Vacuum Arc Remelting installation. The heat 
treatment consists of heating the samples at 1100ºC, maintaining them at this temperature during 72 hours 
and then cooling in water at room temperature. Microstructural characterization with Optical Microscopy 
(Zeiss AxioVert A1), Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy (Fei 
XL30 ESEM with LaB6 cathode coupled to an EDAX Saphire) was performed. Electrochemical 
Impedance Spectroscopy (PAR 263A connected with a lock-in amplifier PAR 5210) was used to analyze 
the behavior of the samples in high concentration salts solutions and the results were correlated with the 
corrosion potential and the corrosion rate in the same conditions. Results and discussion It can be observed 
that the overall look of AlCoCrFeNi without heat treatment (see Fig.1) is polygonal grains with no obvious 
particles and only small pores and nanoprecipitates are detected. Two different zones are highlighted, one 
dendritic and other interdendritic with significant compositional differences of the elements. The 
nanoscale analysis revealed the dendritic region rich in Al and Ni but depleted in Cr and Fe and the 
interdendritic region rich in Cr and Fe but depleted in Al and Ni. Only cobalt shows no significant 
difference in the two areas with a somewhat higher concentration in the interdendritic zone. After heat 
treatment, a wall-shaped structure is predominant (see Fig.2). Both size and quantity of the precipitates 
increase, indicating that the heat treatment promote the homogeneous structure formation. The analysis 
indicates that the nanoscale precipitates are phases with all the elements (Ni, Cr, Al, Fe and Ni) of near-
equimolar ratio and the matrix is Cr and Fe rich phase. Because the matrix is the predominant phase and 
in it the concentration of Cr is high, the predominant component of the uniform and compact passive film 
is Cr2O3 that successfully inhibits the contact of the chloride ions with the metallic surface, thus reducing 
more than 50 times the corrosion rate and improving the corrosion resistance of the alloy. Electrochemical 
Impedance Spectroscopy is a very powerful technique to study the corrosion performance of high entropy 
alloys in a very concentrated salt solution and the obtained results were confirmed by the other 
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electrochemical techniques employed in this study. Through all these techniques, information was 
obtained about the changes of the protective capacity of the passive layers, according with and without 
the heat treatment of the alloy and the exposure potential. Conclusions The heat treatment has a significant 
influence on the microstructure and the behavior of the alloys in simulated body fluid. With the heat 
treatment, the solidified microstructure varies from equiaxed dendritic grain to a wall-shaped structure 
with nanoprecipitates. The very high resistance of the heat treated alloy implies a high corrosion resistance 
which can be assigned to the formation of the protective chromium oxide layer. The obtained results 
demonstrate that the heat treatment alloy fulfill the prerequisites for its use as new material for nuclear 
applications. 
 

 
 

 

 
Figure 1. Fig.1 As-cast microstructure of AlCrFeCoNi alloy 
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Figure 2. Fig.2 Heat treated microstructure of AlCrFeCoNialloy 
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Introduction

           Titanium and titanium alloys, being biologically inert materials, are not chemically bonded to bone 
tissue. Consequently, in clinical use they must be fixed to the bone by mechanical interlocking, and the 
potentially loosening over an extended period can be a serious challenge (Zhang and Chen 2019; Kaur and 
Singh 2019). It has been found that biologically active materials, like hydroxyapatite and some glasses, were 
found that form strong chemical links with bone tissue and are being used extensively to fill bone defects. 
However, due to their brittleness, they are only suitable in situations where mechanical loads are absent or 
principally compressive. Titanium and its alloys are the most suitable to exhibit bioactivity in case of load-
bearing components but must be previously subjected to a special surface treatment, involving changes in the 
passive film properties. In this paper, the improvement of osseointegration of two titanium alloys was studied.

Experimental

Ti-6Al-4V and Ti-6Al-4Fe alloys were obtained by Electron Beam Melting (Arcam AB, Sweden), built 
layer-by-layer on a titanium commercially pure grade 2 as substrate. The samples obtained in the form of flat 
discs (approx. 0.5 cm in diameter) were initially polished on a Struers Tegrapol-11 polishing machine (López 
Ríos et al. 2020) with emery discs of various sizes (800 to 3000) and then with diamond paste (0.1 μm) on a 
polishing cloth. The surface of each sample has been left as a mirror surface to ensure reproducibility of results 
(Pałka and Pokrowiecki 2018). The samples were immersed for one day in a 10M NaOH aqueous solution at 
a temperature of 60°C and then immersed for 3 months in Carter-Brugirard artificial saliva. For comparison, 
samples with the same composition but without chemical treatment were immersed in the same conditions to 
differentiate the effects of the treatment.

Data on mechanical and electrochemical behavior are reported. SEM observations of the surface film 
and EDX measurements were carried out. Elemental distribution by EDX maps were employed to establish 
the composition of the oxide layer, the alloy morphology and to detect any contamination particles. Optical 
metallography, Vickers microhardness and tensile tests were used to analyse the mechanical behavior. The 
electrochemical performance of these alloys was determined in artificial saliva by electrochemical polarization 
and electrochemical impedance spectroscopy.

Results and discussion

During the study of the mechanism of bone union of biologically active ceramics, it has been shown 
that the fundamental requirement for synthetic materials to be bonded to a living bone is the development of a 
bone-like apatite film on their surface.

           The resulting apatite is very close in composition and structure to the bone material. Therefore, 
osteoblasts favourably regenerate and differentiate to form apatite and collagen in this apatite film and, 
consequently, the adjacent bone can come into proximal contact with the apatite film from the surface. After 
this happens, a vigorous chemical link is created between the bone minerals and the surface of the apatite layer 
to decrease the energy of the interface between both (Zhenhuan et al. 2020).
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            Titanium and its alloys are generally covered with a thin TiO2 passive layer, and hence is chemically 
durable. However, even this stable TiO2 layer reacts with NaOH solution to form a sodium titanate gel, and 
this layer can be stabilized as an amorphous sodium titanate by a suitable heat treatment (Kokubo et al. 2004). 
This sodium titanate layer forms many Ti-OH groups on its surface in the living body via the exchange of its 
Na+ ions from the surface with H3O+ ions in the surrounding body fluid. 

            The apatite layer is so tightly bonded to the substrates that a fracture occurs not at the apatite-substrate 
interface but in the glue or the apatite layer when a tensile stress is applied normally to the substrate at a 
crosshead speed of 1 mm.min-1 (see Fig.1 and Fig.2). The estimated adhesive strengths between the apatite 
layer and the substrate ranged from 9.8 to 11.5 MPa. 

            The observation that apatite deposition occurred better on the contact substrates indicates that the 
increase of pH in the simulated body fluid could play a decisive role in the formation of apatite on NaOH-
treated alloys. Evidently, a much higher pH is predicted to accumulate in the gap under the contact substrates 
due to the narrow pathway for ion diffusion, while a higher pH, necessary for apatite nucleation, could not be 
achieved in the proximity of the open surface due to the greater ease of ion diffusion. Thus, the decisive role 
of ion diffusion in the bioactivity of sodium titanate gel can be demonstrated. It also suggests that the 
biologically activity of sodium titanate gel decreases with contact with aqueous solution because of the 
dissolution of the sodium component of the gel. 

Conclusions 

It turned out that the oxide films on the metal surface showed a tendency to passivation and very high 
stability and no evidence of any form of local corrosion was noted. The experimental electrochemical 
performance data of such layers were fitted by an equivalent circuit having two-time constants. The mechanical 
and EDX results support the existence of a porous outer passive film with a high oxygen concentration and a 
dense and protective inner passive film where titanium dioxide is the predominant compound. EIS results 
confirmed the mechanistic findings. The outcomes show that the employment of a surface processing improves 
the adherence of the passive film to the alloy surface and enhances the biocompatibility of the medical 
implants. 
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Figure 1. Fig.1 Ti6Al4Fe tensile test after NaOH treatment 
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Figure 2. Fig.2 Ti6Al4V tensile test after NaOH treatment 
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Introduction

In the 1980s, the possibility of creating alloys by combining different elements or materials began to be 
developed theoretically. By changing the proportion of each of the elements that form part of the alloy, the 
properties of the alloy can be improved, making the different components "work as a team", giving rise to 
materials with better behavior against corrosion attacks, others against impacts, etc. [1][2]. This theoretical 
development gave rise to the idea of high entropy alloys (HEA). In 1995, Professor Jen-Wei Yeh, National 
Tsing Hua University, Hsinchu, Taiwan, suggested making alloys using five or more different metals in similar 
proportions to make them alloys with many major elements. The name High Entropy Alloys is in fact due to 
the fact that the high stability of these alloys is because of their high entropy, which increases with the number 
of elements used for their preparation and composition. In parallel, Brian Cantor, from the University of 
Bradford, together with his research team, was also working with high entropy alloys [3]. It was Professor Yeh 
who gave the name to this type of alloys, but Brian Cantor, despite not referring to them with that terminology 
when working with them, developed a high-entropy alloy using the same number of atoms of each element, 
which has been and is the basis of the studies carried out since then within this field of research. In this work, 
the behavior of two HEA (High Entropy Alloys) of different composition, in simulated body fluid, is studied 
in order to determine whether these alloys are suitable for use in the field of medical prosthesis and implants.

Experimental

The studied materials, namely HEA 1 and HEA2, have the following composition:

HEA 1: 20.45%Mo, 32.45%Ta, 12.67%Ti, 18.97%Zr and 15.46%Fe

HEA 2: 17.32%Mo, 38.95%Ta, 13.21%Ti, 17.45%Zr and 13.07%Nb.

In order to characterize the properties of these two alloys, different electrochemical methods were used. 
Electrochemical Impedance Spectroscopy and the analysis of the spectra was carried out by fitting different 
equivalent circuits to the experimental data [4], [5]. The spectroscopy impedance results were correlated with 
the microstructure which was characterized by Optical Microscopy, Scanning Electron Microscopy and 
Energy-dispersive X-ray Spectroscopy.

The electrochemical studies were performed in Ringer solution, an isotonic solution typically composed of 
potassium chloride, sodium bicarbonate, calcium chloride and sodium chloride. A solution that resembles the 
plasma contained in the blood of human beings and is therefore useful for tests such as those carried out in this 
study, where the aim is to work by simulating as a working environment, body fluids, which help the body to 
balance its pH, the activation of muscles and nervous systems.

Results and discussion

The microstructures of the studied alloys are presented in Fig.1 and Fig.2.

Both HEA 1 and HEA 2 have an apparently homogeneous structure and the presence of dendrites due to the 
rapid cooling of these in the copper base where they have been manufactured can be clearly observed.
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From the electrochemical tests we can say that HEA 1 has a lower corrosion potential than HEA 2, which 
means that HEA 1 is more susceptible to corrosion than HEA 2.

On the other hand, HEA 1 shows a pitting potential of 0.700 V and a repassivation potential of 0.331 V while 
HEA 2 is the most resistant to this type of corrosion, showing no damage during the test.

Conclusions

Both alloys exhibit spontaneous passivation with a low passive current density, low corrosion rate and high 
electrochemical impedance in Ringer solution, indicating a better bio-corrosion resistance than Ti6Al4V used 
nowadays. The good biocompatibility of the two alloys in simulated body fluid can be mainly attributed to the 
non-cytotoxic surface film and to the high corrosion resistance of the studied alloys. The surface film is non-
cytotoxic because is consisted of oxides of high biocompatible elements as Nb, Ta and Ti. The high corrosion 
resistance leads to a less release of corrosion products during service life. Therefore, all the results further 
demonstrated the potential of the analyzed high-entropy alloys for biomedical applications.

Figure 1. Microstructure of HEA1

Figure 2. Microstructure of HEA2
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Introduction

The notion of high entropy alloys is a significant new change in alloys design, as they emphasize 
compositions that are close to the center of a multicomponent phase diagram, in contrast to conventional 
alloys that are controlled by one basic element. The high entropy alloys can potentially stack solid-solution 
phases with respect to intermetallic compounds and can give rise to interesting properties such as superior 
hardness, notable toughness, superior fracture toughness and corrosion resistance [1][2] As potentially 
remarkable engineering alloys, the AlCoCrFeNi HEA system has stimulated considerable research activities 
because it possesses a series of attractive physical, chemical and mechanical qualities [3].

The objective of this research is the assessment of the microstructure progression and tuning of the 
mechanical properties of Al0.8CoCrFeNi fibers produced by cutting followed by annealing at 1100 °C. By 
thermomechanical treatment and microstructure monitoring, equilibrated tensile properties were obtained at 
room temperature. In comparison to the bulk as-cast alloy, the heat-treated fibers exhibit an elongation 
significantly major [4]. The disadvantage in improving the ductility of the fibers was a decrease in yield 
strength and fracture toughness.

Experimental

The Al0.8CoCrFeNi ingot was prepared from high purity elements by vacuum-arc melting. The molten ingot 
was cutted into very thin samples (0.5 mm in height) and prepared by grinding (2500 grit SiC abrasive paper) 
and then polishing them until they were optically flat (0.3μm alumina paste). High-entropy alloy fibers with 
diameters of 0.4 mm and 1.5 cm in length were then cut from these samples. Afterwards, the HEA fibers 
were annealed at 1100 °C for 15 min. Tensile tests were performed on a Bose Electro Force 3100 universal 
testing machine (Bose Corporation, Minnesota, USA) using a strain rate of 10-3s-1 at room conditions 
(approx. 22°C).

Results and discussion

It was observed that the fibers had an equiaxed grain structure after heat treatment. The ultimate tensile 
strength (σf), elongation at fracture (εf)) and yield strength (σy) of the fibers were determined. The tensile 
strength (σf) of the heat-treated fibers at room temperature is comparable to that of the as-cast 
Al0.8CoCrFeNi alloy.

Fracture images of alloys are routinely examined to identify possible deformation patterns and failure 
factors. Fig. 1 displays a fractograph of the core area of a typical tensile sample for the fiber with 0.4 mm 
diameter. The fracture surface morphology exhibits a typical ductile failure.

For Al0.8CrFeCoNi the EDAX nanoscale analysis revealed the dendritic region rich in Fe and Cr but 
depleted in Ni and Al and the interdendritic region rich in Al and Ni but depleted in Cr and Fe. Only cobalt 
shows no significant difference in the two areas with a somewhat higher concentration in the interdendritic 
zone.

It is well known that Co, Ni and Cr are extremely corrosion resistant elements and form a strong passive film 
on the surface. Co2+, Co3+, Ni2+ and Cr3+ species which are generated in the polarization process form a 
uniform and compact passive film that successfully inhibits the contact of the Cl- with the metallic surface, 
thus reducing the corrosion rate and improving the corrosion resistance of the alloy [5].
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Conclusions

A systematical survey of the microstructure progression and its effect on the mechanical performance of 
Al0.3CoCrFeNi HEA fibers before and after annealing at 1100°C was carried out. The following conclusions 
were reached:

Tensile samples annealed at 1100 °C exhibit significant ductility, i.e., >15%, and higher tensile strength 
values. These outcomes indicate that the mechanical performance of HEA fibers can be customized to 
particular class of properties with an adequate selection of the high-entropy alloy and annealing temperature.

The improved ductility of high-entropy alloy fibers may be caused by the reduction of casting defects, the 
"curing" of small casting imperfections and the reduction of residual stress by annealing treatment and 
subsequent cutting process. These characteristics clearly demonstrate that the high-entropy alloys fibers can 
be recommended for low-dimensional products as wires, that require good strength, excellent thermal 
stability and high ductility.

Figure 1. Fig.1 Fractograph of the core area of a tensile sample for the fiber with 0.4 mm diameter.
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Introduction

Using biomaterials to reconstruct damaged parts of the human body is a reality, and to do so they must 
meet a series of conditions and ensure a certain duration. Until relative recently, the biomaterials were 
basically engineering materials selected on the criteria of their ability to meet specific biological 
acceptability requirements. Nowadays, many of them are designed, produced, and manufactured with the 
unique objective of having an applicability in the medical sector [1] [2].

Regarding the alloys for dental use, it was found that, in addition to corrosion resistance, the different 
alloys with high noble metal content present mechanical and biological properties that are perfectly 
compatible for oral use. However, due to the economic situation and the consequent increase in the price 
of gold, the use of these alloys currently has very high costs for a significant fraction of patients. As a 
solution to this problem, the study of economically alternative alloys is proposed [3].

Due to their attractive properties from a dental point of view and not least due to their reduced price 
compared to gold, Ag-Pd alloys have been used extensively in prosthetic dentistry in recent years [4]. 
According to the classification system of the American Dental Association, Ag-Pd alloys are categorized 
as noble alloys, while Au-based alloys are considered high noble alloys [5].

Experimental

The study focuses on the alloy Ag-Pd-Cu-Au-Zn-Ir or PALLIAG (commercial name) which, even with a 
lower content of noble metals, still presents good resistance to corrosion, being suitable for use in the 
mouth.

The corrosion resistance of metals and their alloys is principally governed by the surface passivation 
process. In this way, the Palliag alloy should be examined more closely in order to acquire a better 
understanding of its behavior and to check its viability. Therefore, a study of the physical and mechanical 
properties will be made by means of metallographic aspects (with Zeiss AxioVert A1 optical microscope) 
and by means of Vickers hardness (with Buehler microhardness tester). Its electrochemical behavior will 
also be determined (using a PAR 263A potentiostat-galvanostat connected with a lock-in amplifier PAR 
5210), which will allow the comparison of the trends exhibited. It is concluded that the chemical properties 
are acceptable when compared with reference dental alloys. This locally limits the passivity of the metal, 
a very small anodic area surrounded by a large cathodic area is generated and as a consequence, local 
corrosion (pitting) develops rapidly.

Results and discussion

The microstructure of the Palliag alloy after chemically attack is presented in Fig.1. The Vickers hardness 
was measured at different test loads (0.001; 0.005; 0.01, 0.025, 0.05 and 0.1 Kg) and a Vickers hardness 
footprint is shown in Fig.2.
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The stabilization potential for the Palliag alloy at 40°C is -0.055V and it remains stable for the next 24 
hours. These results show that this alloy does not suffer alterations by the electrolyte, this is indicative 
that they will present low corrosion speeds. This behavior is not indicative that the material is passivated, 
however, presents a stability that allows use as a dental prosthesis.

It is clear from this that it is a biphasic alloy in which there is an alpha and a beta phase, one soft 
(approx.110HV) and one hard (approx.180HV). With these obtained results, it is possible confirm that the 
alloy is homogeneous in all its area and thickness and that there is an absence of different layers superficial, 
as could be the case of some compact layer in the superficial of thickness considered.

Conclusions

According to the results obtained during the corrosion potential tests during 30 minutes and 24 hours at 
room temperature and at 40 ºC, it can be concluded the following:

After immersion in Ringer solution, the potential value of the sample studied decreases until it reaches 
equilibrium, when it stabilizes and remains constant.

The open circuit potential evolution of Ag-Pd is assigned to the passivation of the sample followed by an 
Ag superficially enrichment and the potential development of an insoluble AgCl film on the surface of the 
alloy.

The corrosion rate of the analyzed sample, calculated by means of Tafel's curves, tells us that its value is 
0.012, which is very good.

It is concluded that the chemical and mechanical properties are acceptable when compared with reference 
dental alloys.

Figure 1. Figure 1.  Metallographic analysis polished and chemically attacked surface

Figure 2. Figure 2. Vickers hardness footprint with 0.025 kgf load 
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Abstract 
In the case of conventional Ti-based biomaterials, such as Ti-6Al-4V and Nitinol, the release of Al, V and Ni has been shown to be detrimental to 

the human body and in this context, Ti-Ta alloys have been proposed as one of the best options for biomedical devices. The main focus of this study 
is to review the different chemical composition of manufactured Ti-Ta alloys, their various techniques of fabrication as well as the microstructure, 
mechanical properties and corrosion resistance. The paper sought to give an idea of the scope of the research and effort that has gone into developing 
a high-quality titanium medical device.

Keywords: Ti-Ta alloys; Arc-melting; Microstructure; Mechanical properties; Corrosion; EIS

Introduction
The market request for suitable materials for permanent 

devices in the human body is growing as people live longer and their 
bones are weakening with age. The most widely used biomaterial 
today is titanium, whose corrosion resistance is due to the stability 

at human body temperature and in physiological media if injured. 
The use of Ti and its alloys as biomaterials is increasing due to 
their reduced modulus, higher biocompatibility, superior strength 
and increased corrosion resistance compared to conventional 
biomaterials such as stainless steel and Co-Cr alloys. But in the case 
of traditional Ti-based biomaterials such as Ti-6Al-4V and Nitinol, 
the liberation of Al, V and Ni has been shown to be detrimental to 
the human organism [1,2]. In this context, Ti-Ta alloys have been 
proposed as one of the best options for biomedical devices due to 
their exceptional biocompatibility in the human body environment, 

superior strength, relatively lower elastic moduli and superior 
corrosion resistance [3–5].

Chemical Composition of Titanium-Tantalum Alloys
Various types of binary titanium- tantalum alloys have been 

designed, manufactured and analyzed as follows: Ti-10Ta [6–10]; 
Ti-20Ta [10];  Ti-30Ta [6–8,10–12]; Ti-40Ta [6,10,12,13]; Ti-50Ta 
[6,8,10–15]; Ti-60Ta [6,10]; Ti-70Ta [7,10]; Ti-80Ta [6,10].

 Fabrication
To present date, Ti-Ta alloys were satisfactorily produced by arc-

melting [7,11–14,16,17], powder metallurgy [17,18], mechanical 
alloying [19,20] and additive manufacturing [21–25]. Scientists 
have made enormous efforts for the production of titanium-
tantalum alloys by arc melting in a high-frequency induction 
furnace. Because of the large discrepancies in melting point and 
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density values of Ti and Ta, Ti-Ta alloys used to be remelted many 
times to obtain a homogeneous elemental composition, which 
entailed a long processing time. The challenge in the production 
process by the melting technique suggests that fabrication of the 
alloy by powder metallurgy is a reasonable option because it is a 
complete and simple technique that implies the fractionation and 
synthesis of the alloy. Although melting, powder metallurgy and 
mechanical alloying are able to manufacture Ti-Ta alloy ingots with 

products with personalized complex shapes. Selective laser melting, 
SLM is a powder melting additive manufacturing AM process, can 
fabricate complex metallic devices directly from CAD models with a 
layer-by-layer method.

Microstructure Characterization 

alloying element (tantalum in this case) is identical to the lattice 

which results from the uncompleted diffusion less conversion 

orthorhombic martensitic crystal framework formed by the rapid 
cooling or quenching of Ti or Ti alloys from above the beta transus 
to below the beta transus [30]. There are experimental data that 

alloys [31].

Thus, it is well established that in binary titanium-tantalum 

phase) [19,27]. The formation of one phase or other depends on Ta 
content and posterior treatment of the alloy.

The microstructures of the Ti-Ta alloys were analyzed by X-ray 
diffraction analysis (XRD), scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM). Metallographic 
examinations were also carried out to determine the as received 
and heat-treated microstructures [13].

Mechanical Properties
The tantalum concentration plays an essential contribution to 

the mechanical properties of Ti-Ta alloys. It is assumed that higher 
Ta concentration is not necessarily better for the improvement of 

values as a function of aging temperature were determined [6–

modulus and tensile tests were carried out on Ti-Ta alloys [3,6,8–

25Ta3 to 110 GPa for Ti-10Ta obtained by selective laser melting 
(SLM) [8]. The ultimate tensile strength has values from 500 MPa 

The wear resistance of Titanium-Tantalum alloys and the 
biocompatibility were evaluated by assessing cytotoxicity through 
the MTT assay [7]. Between these techniques, to detect transus 
beta, electrical resistivity is a very accurate tool for measuring 
structural variations in Ti-based alloys [34,35].

Corrosion Resistance
Corrosion resistance of Ti-Ta alloys was validated by different 

dc techniques as open-circuit potential measurements, linear 
polarization, potentiodynamic polarization and coulometric zone 
analysis [6,7,12,13,15,36,37].

The electrochemical impedance spectroscopy (EIS) is employed 
to describe the performance of various metals and alloys in diverse 
media and to supply new information that could not previously 
be acquired with traditional direct current methods 38. Although 
there has been a substantial volume of research using EIS to analyze 
biomaterials, there are only a few with respect to EIS measurements 
on Ti-Ta alloys and Ti-Ta alloys [12,37,39].

It is noted that it is critical for all cases to develop proper 

data and obtain the parameters that describe the corrosion process 
[38,39].

Conclusion
Ti-Ta alloys have not yet been widely adopted in medical 

these two metals; in recent years, additive manufacturing processes 
have been successfully developed and approved for the fabrication 
of biomedical devices, including for Ti-Ta alloys. But detailed 
research on the effect of Ta concentration on the microstructure and 
performance of Ti-Ta alloys processed by additive manufacturing is 
still limited.
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the two polymers in the physical network, we used FTIR and NMR techniques. An excellent distribution 
of OxP inside the PVA matrix was noticed with the help of SEM images. An optimal composition was 
noted for the hydrogel with a content of 7.5% OxP, which is characterized by crystallinity and high 

between OxP and PVA through physical bonds recommends these hydrogels for biomedical applications.
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different techniques. The results of the study exhibit that the contact of alloys during 24-hours with 

than adequate corrosion resistance in Ringer´s solution, although one of the dental alloys presented 
a higher corrosion resistance than the other one.
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32.45%Ta, 12.67%Ti, 18.97%Zr and 15.46%Fe; B) 17.32%Mo, 38.95%Ta, 13.21%Ti, 17.45%Zr and 
13.07%Nb. In order to characterize the properties of these two alloys, different electrochemical 
methods were used. First of them was Electrochemical Impedance Spectroscopy and the analysis of 

spectroscopy impedance results were correlated with the microstructure which was characterized 

Nb, Ta and Ti and all the results demonstrated the potential of the analyzed alloys for biomedical 
applications.
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shapes, sizes and structures. In the course of time, these skeletal tissues suffer from different diseases 
which damage their physical properties and good functioning. The most common treatments for 

naturally synthesized biomaterials in bone tissue engineering. Hydroxyapatite (HAP), a calcium 
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ABSTRACT

Corrosion is currently a worldwide source of economic, material, environmental damage 

and in the worst case, even human loss due to corrosion in infrastructure. To combat it there are 

a variety of techniques and treatments, but even applying them in their strictest form, sooner or 

later, the phenomenon cannot be avoided. Cathodic protection is a technique used to control the 

corrosion of a metal surface by making it the cathode of an electrochemical cell. Impressed 

current cathodic protection systems consist of anodes that are connected to a power source that 

provides a perpetual source of electrical flow. This method can often provide much longer 

protection than a sacrificial anode, as the anode is supplied by an unlimited power source.

The objective is the study, design and elaboration of the prototype, continuing a 

preliminary study called "Study of the protection against corrosion of a metallic structure" in 

order to introduce modifications and improvements to the prototype to allow to overcome 

corrosion in metallic structures.

Therefore it is proposed a prototype based on cathodic protection is proposed, since it is 

defined as the method to reduce or eliminate the corrosion of a metal. To do this, the surface 
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must be made to function as a cathode when it is in an electrolyte, that is, a medium, whether 

aquatic, atmospheric or terrestrial. This is done by impressed current cathodic protection. 

Continuing with an already open line of research, design of a prototype starting from a DC - 

DC Buck - Boost converter to which a closed loop power system is incorporated, thus allowing 

control of the printing current and the relative humidity of the environment through of a voltage 

and humidity sensor, respectively. 

For the characterization and viability of the prototype, different tests are carried out, 

among them, it tested in a salt spray chamber using steel specimens to test for corrosion by 

generation of an adverse environment in an accelerated manner.  

The conditions of the test, suppose an extreme reproduction to which any structure could 

face against the corrosion, the commutation between the values of intensity of polarization and 

maintenance can take a second plane, reason why all the attention was focused on the 

verification whether the current protection technique printed with the values calculated on the 

bias current during this line of research were capable of correctly protecting. When conducting 

the test using the impressed current technique, it was done with a zinc anode, a material that is 

not recommended for this type of protection due to its rapid consumption, which is why it has 

been changed in the current study for the installation of platinum anodes. The specific details 

of how structures are constructed can also add to the complexity — and therefore cost — of 

cathodic protection. In addition to this cost, the system also requires routine maintenance, 

including periodic visual inspection. In the case of impressed current cathodic protection there 

is also the ongoing cost of electricity.  Sacrificial anodes in particular have a limited amount of 

current available, are subject to rapid corrosion, and therefore have a limited lifespan. 

In conclusion, the design proposed for the device has flaws, so it would represent a new 

line of research open to optimization. Regarding the tests carried out in a saline mist chamber, 

they proved that a greater resistance to corrosion is achieved than that obtained with the control 

specimen, so that different ways of applying it could be analyzed. At the same time, it is 

interesting to continue with the use of the new tests on the cathodic protection technique by 

impressed current. 

Keywords: Corrosion, Cathodic Protection, Prototype 
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ABSTRACT

Metallic glasses are those which share the properties of both metals and glasses. As 

promising materials for different applications, metallic glasses are preferred over metals, 

ceramics, magnetic and some other types of existing materials due to their enhanced properties. 

Some of the important reasons for which we consider these glasses for specific application like 

biomaterials are discussed in this study.

A study of two samples with the same chemical composition, Al93Ti3Cr2Fe3, produced by 

the "Metal spinning cooling" method but cooled at different speeds of the rotating wheel: one 

at 1700 rpm (which we call Al - 17) and the other at 2500 rpm (which we call Al - 25), is carried 

out to evaluate the possible biomedical applications. The thin film samples have thicknesses of 

less than 20μm and widths of no more than 5mm.

For their characterization, mechanical and electrochemical tests are carried out, which 

will allow to know the main properties of the material in order to decide the possible biomedical 

applications of the alloys. A tensile test will be carried out to calculate the Young's modulus of 

elasticity and the tensile strength, a metallographic study in order to define the characteristics 
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of the microscopic structure of the alloys and, finally, corrosion tests, for the corrosion potential 

and corrosion rate determinations. 

To calculate the Young's modulus of elasticity E, the graphs are obtained with the values 

of each of the tested specimens. A rectilinear section of the graph is selected and we calculate 

the linear dispersion equation y = ax + b where 'a' represents the slope of the line and gives us 

the E value. Finally, the coefficient of determination R2 is calculated to verify the optimality of 

the model used. In all cases the value of R2 is above 0.99 so we can say that the model fitts 

more than 99% of the calculated variable. The corrosion tests are performed in Ringer's 

solution, which simulates the physiological fluid of the human body. An open circuit potential 

test is performed and the evolution of the potential E is represented with respect to time and the 

profile of the obtained curve will allow us to know the tendency to passivation or to corrosion 

of each sample. A linear polarization is performed on each specimen in the electrolytic cell. 

The data are processed in the Ec-Lab program obtaining the values of corrosion current Icorr and 

the Tafel coefficients a and c from which the corrosion rate is calculated in mmpy. 

s

The values of the tensile strength ten can be considered low in comparison with other 

alloys used as titanium-based biomaterials or stainless steels, although in none of the two 

metallic glass samples studied is this value lower than that of cortical bone (50 - 150 MPa). To 

highlight the average value obtained for the ten for the Al-25 sample, which is of the order of 

2.2 times that of Al-17. In all the microphotographs taken of the metallic glass samples, without 

attack and with the attacks carried out with hydrofluoric acid, a non-crystalline structure is 

observed, as is to be expected in a material with a glassy structure. The samples studied show 

good corrosion behavior, although they show a notable increase in corrosion rate when tested 

at body temperature (40ºC). Comparing the corrosion rate between the samples Al-17 and Al-

25 at each temperature analyzed, it is observed that Al-17 at room temperature has a corrosion 

rate increase of about 4.5 times with respect to the corrosion rate of Al-25. It is concluded that 

the Al-25 sample presents a better behavior as biomaterial due to the higher mechanical 

resistance, a low Young's modulus and a lower corrosion rate. The metallographic study 

confirms the amorphous structure of the samples, in none of the micrographs crystalline 

structures are observed. 

Keywords: Metallic glass, Tensile strength, Corrosion 
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P11. HYDROGELS BASED ON PVA AND PULLULAN WITH SELF-HEALING BEHAVIOR
Raluca-Ioana Baron1 1, Sergiu Coseri1 

1“Petru Poni” Institute of Macromolecular Chemistry, Iasi, Romania

Abstract

the two polymers in the physical network, we used FTIR and NMR techniques. An excellent distribution 
of OxP inside the PVA matrix was noticed with the help of SEM images. An optimal composition was 
noted for the hydrogel with a content of 7.5% OxP, which is characterized by crystallinity and high 

between OxP and PVA through physical bonds recommends these hydrogels for biomedical applications.
Acknowledgements: This work was supported by a grant from Ministry of Research and Innovation, 

Keywords: hydrogels, pva, pullulan, self-healing behavior.

P12. CELLULOSE - CARBON NANOTUBES HYBRID MATERIALS ACTING AS 
ELECTROMAGNETIC SHIELDING MATERIALS
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1“Petru Poni” Institute of Macromolecular Chemistry, Iasi, Romania

Abstract

nanotubes (VO-CNT) composites were prepared by embedding carbon nanotubes on the surface of 

Acknowledgements: This work was supported by a grant of Ministry of Research and Innovation, 
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P13. CORROSION BEHAVIOR OF TWO NEW CO-CR DENTAL ALLOYS FOR PORCELAIN-
FUSED-TO-METAL CROWNS
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different techniques. The results of the study exhibit that the contact of alloys during 24-hours with 

than adequate corrosion resistance in Ringer´s solution, although one of the dental alloys presented 
a higher corrosion resistance than the other one.

Keywords: Co-Cr dental alloys, corrosion, Ringer solution.

P14. NEW OPTION FOR BIOMATERIALS OF MEDICAL PROSTHESIS AND IMPLANTS 
P.P. Socorro-Perdomo1, N.R. Florido-Suarez1, I. Voiculescu , J.C. Mirza-Rosca1 
1

Politehnica University of Bucharest, Romania

Abstract

32.45%Ta, 12.67%Ti, 18.97%Zr and 15.46%Fe; B) 17.32%Mo, 38.95%Ta, 13.21%Ti, 17.45%Zr and 
13.07%Nb. In order to characterize the properties of these two alloys, different electrochemical 
methods were used. First of them was Electrochemical Impedance Spectroscopy and the analysis of 

spectroscopy impedance results were correlated with the microstructure which was characterized 

Nb, Ta and Ti and all the results demonstrated the potential of the analyzed alloys for biomedical 
applications.

Keywords: biomaterials, prosthesis, implants.

P15. BIOCOMPATIBLE APATITIC MATERIALS FOR BONE TISSUE ENGINEERING: NEW 
APPROACHES IN MODERN MEDICINE

Toma Fistos , Roxana Ioana Brazdis , Anda Maria Baroi , Irina Fierascu , Radu Claudiu Fierascu
1National Institute for Research & Development in Chemistry and Petrochemistry – ICECHIM, Bucharest, 

University of Agronomic Sciences and Veterinary Medicine of Bucharest, Romania

Abstract

shapes, sizes and structures. In the course of time, these skeletal tissues suffer from different diseases 
which damage their physical properties and good functioning. The most common treatments for 

naturally synthesized biomaterials in bone tissue engineering. Hydroxyapatite (HAP), a calcium 
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COMPARATIVE STUDY OF DIFFERENT NI-CR DENTAL MATERIALS FOR 
CASTING DENTAL CROWNS AND BRIDGES
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Abstract: The materials used for the porcelain-fused-to-metal and casting dental crown and bridge are required 
to have a simple manufacturing process, low cost price and surely a very good corrosion resistance. The nickel 
from Ni-based alloys is known as highly toxic, with epithelial cells and fibroblasts and despite the common 
allergies to nickel, it was allied with chromium, so the use of Ni-Cr alloys in the oral cavity does not always lead 
to an allergic reaction; so the use of Ni-Cr dental alloys is increasing. 
Due to the spread of Ni-Cr alloys, the present paper made a comparative study of six alloys: Wiron NT, Wirolloy 
and Heraenium (Germany), Verasoft (USA) and Nicromal Soft and V (Romania) regarding microstructure 
characterization and corrosion behaviour (Open Circuit Potential, Polarization Resistance, Tafel slopes and 
Electrochemical Impedance Spectroscopy) in simulated body fluid (Ringer solution). 
The obtained results showed that mentioned alloys are under the influence of an anodic control, due to the 
formation of protective layers, most likely of oxide, on the surface. Also, according to the type of corrosion these 
alloys can be divided into two categories. A uniform general corrosion behaviour was found on the surface of 
Wiron NT and Heraenium Ni-Cr alloys and pitting corrosion for Wirolloy, V, VeraSoft and Nicromal Soft Ni-Cr 
alloys. In terms of susceptibility to corrosion, the biologic safety of the studied alloys is very high for the 
Heraenium and Wiron NT and adequate for the rest. 

Key words: Ni-Cr dental alloys, corrosion, biomaterials





S P E C I M E N S  P R E P A R A T I O N

M .López Ríos,1 P. P. Socorro Perdomo1, V .Lucero Baldevenites1, I.Voiculescu2, V. Geanta2, J. C. Mirza Rosca1*

1 Las Palmas de Gran Canaria University, Mech. Eng. Dept.,Spain
2 Politehnica University of Bucharest, LAMET, Bucharest, Romania

Effects of Nickel Content on the Microstructure, Microhardness
and Corrosion Behavior of High-entropy AlCoCrFeNix Alloys

T E S T S  A N D  R E S U L T S

The microscopy examination  
reveals dendritic morphology for 
the reference alloy (AlCrFeCoNi) 
and the increase of the width of 

the interdendritic zones by 
increasing the nickel 

concentration.

Hardness values decrease with 
increasing the percentage of 

nickel because of the dissolution 
of precipitates in a nickel rich 

matrix and in consequence 
forming continuous solid 

solutions.

The alloys were immersed in SBS 
(Simulated Body Fluid) during one 
week . The low corrosion rates, 
low corrosion currents and high 
polarization resistance attest 
the good stability of HEAs in 

simulated biological environment. 

The pioneering efforts in obtaining the high
entropy alloys (HEAs) created the
groundwork for a new concept of solid
solutions multi-principal element alloys with
unique properties at the nanoscale. In this
study we investigate the effect of different
nickel concentration on the microstructure,
hardness and corrosion properties of high
entropy alloys from AlCrFeCoNi system.

Nanometric image
of HEA1 surface
after fracture
(Scanning Electron
Microscope)
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1. Introduction:
Increased use of Ti and Ti alloys as biomaterials is occurring due to their
lower modulus, superior biocompatibility and high corrosion resistance
compared with conventional biomaterials such as stainless steel and Co-Cr
alloys. These attractive properties were a driving force for the early
introduction of Ti and Ti-6Al-4V as implantable materials [1]. But Ti-6Al-4V
has a potential toxicity and adverse tissue reactions [2,3] and new Ti alloys
composed of non-toxic and non-allergic elements have been developed for
biomedical applications [4]. Among them, titanium-tantalum binary alloys
have [5,6] been developed and, in this work, corrosion resistance of Ti-Ta
alloys was tested by open-circuit potential measurements, linear
polarization, potentiodynamic polarization and Electrochemical Impedance
Spectroscopy.

2. Experimental Part:
The studied titanium tantalum alloys were Ti-5Ta, Ti-15Ta, Ti-25Ta and Ti-
30Ta from R&D CS (Research & Development Consulting and Services)
Bucharest, Romania. The Ti-Ta ingots (diameter = 20 mm, length = 30 mm)
were obtained by levitation melting in a high-frequency induction furnace
with a cold copper crucible, followed by a homogenization heat treatment
in order to eliminate the segregation.
A conventional three-electrode electrochemical cell with a Pt grid as
counter electrode and saturated calomel electrode (SCE) as reference
electrode was used. AC impedance data were obtained at different
potentials using a PAR 2634 A potentiostat connected with a PAR 5210
lock-in amplifier. The amplitude of the AC potential was 10 mV and single
sine wave measurements at frequencies between 10-1 and 105 Hz were
performed for each sample. In order to characterize the oxide film, the
impedance spectra were recorded between -400 mV and 2000 mV with a
100 mV step, polarizing the electrodes continuously and allowing the
system to stabilize for 600 s at each potential. Data acquisition and analysis
were performed with a personal computer and the spectra were
interpreted using the ZSimpWin program.

3. Results and Discussions:
The electric potential difference between electrolyte and metal interface
is a relevant factor directly related to the surface conditions. The EIS
tests have been carried out at different applied potentials in 3 domains:
cathodic-anodic transition, passive and near transpassive transition. The
impedance data will be compared in order to evaluate the influence of
the potential on the passive oxide characteristics (see Fig.1).

a)                                  b)                                c)

Figure 1. EIS curves for Ti-15Ta:a) Nyquist, b) Bode IZI and c) Bode 
phase

Analysis of the impedance spectra was done by fitting these data with
ZSimpWin. The quality of fitting to the equivalent circuit was judged
firstly by the chi-square value and secondly by comparing experimental
with simulated data.
Instead of capacitance, constant phase elements CPE (which represent
the deviation from the true capacitive behavior) were used.

Diagnostic criteria for the choice of equivalent circuits for modeling
impedance data may be summarized by visual observations of the shifts in
experimental Bode plots with changing potential and alloying element(see
Fig.2).

4. Conclusions: 
Among Ti-Ta alloys, the Ti-25Ta exhibits superior properties of the passive
film and corrosion behavior, therefore it appears to be a promising
candidate for metallic biomaterials.

Impedance spectra are fitted with one time constant equivalent circuit,
typically for a compact oxide film, for all Ti-Ta alloys in extra-cellular
fluids. The Nyquist plots for all the Ti-Ta alloys show the same incomplete
semicircles with large diameters increasing with the potential (till a
determinated value for each alloy) due to the improvement of the
protective properties of the passive film formed on the surface of the
alloy.

The passive layer resistance decreases with the potential due to the
dissolution processes through the passive film. For all Ti-Ta alloys, the
Bode phase plots exhibited one phase angle, typical for a capacitive
barrier passive layer formed on the surface of the alloy.

Titanium-tantalum binary alloys are expected to become promising
candidates for medical applications due firstly to tantalum which is a non-
toxic element and secondly, due to their better compatibility with bone
tissue compared with cp-Ti and Ti-6Al-4V alloy.
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1. Introduction:
The importance of the mechanical stability of one implant is evaluated by
analyzing the quality of the osseointegration at the bone-implant interface
through the analysis of the amount of neoformed bone in direct contact
with the implant, able to mechanically fix the implant and the type of bone
tissue that is formed.
The study of the in vivo behavior of a Ti6Al7Nb implant, subjected to 2
different surface treatments, is of great interest in order to determine and
evaluate the possible TOXICITY caused by the implant through the content
of metals present in biological fluids of experimental animals,
OSTEOINTEGRATION of the implant and OSTEOINDUCTION at the implant-
bone interface.

2. Experimental Part:
To study the release of ions from the implant (Ti6Al7Nb) to the body
(determination of Aluminum toxicity), the Atomic Absorption Spectrometry
(EAA) technique has been used.
This technique has been chosen, since they have very good characteristics:
high specificity, selectivity, excellent sensitivity at low concentrations (1000
ppm), speed of determination and a wide field of application (70 elements,
which makes it the technique). best suited for measuring Aluminum in
biological fluids)

For the bone-implant interface study (osseointegration), the Scanning
Electron Microscopy technique with EDX analyzer was used.

3. Results and Discussions:
The area known as the tip-plate was analyzed by means of a 1.5 mm scan,
collecting points, as in the other cases, from the bone part, the bone-metal
interface and the metal.
Likewise, the interface was carefully examined in order to find out if there
is metal contamination in the bone-organic structure.

Figure 1. Análisis interfaz hueso-implante en la zona de la punta-placa 
mediante barrido de 1.5 mm

This new treatment, called SBF (synthetic or simulated body fluids), has the
advantage of inducing the formation of apatite (hydroxyapatite coating) in
metals and other materials, immersed in solutions that simulate biological
fluids (Ringer, Earl, Hanks ). The innovation of this treatment is found in the
use of biovitroceramic particles as substitutes.

In order to demonstrate the feasibility of this treatment in medical
applications, it was evaluated in vitro through its application to implants.

Biocompatibility analyzes consisted of in vitro assays of osteoblastic cells
(osteoblast culture) donated by the American Type Culture Collection.
Osteoblastic cells were grown with an initial density of 1x104 cell · cm-2 in a
medium consisting of a 1:1 mixture of Dulbecco's modified Eagle's medium
and Ham's F12 medium containing 0.3 mg/ml G418, 10% fetal bovine
serum, 100 U/ml of penicillin and 100 g/ml streptomycin, in a humid
atmosphere and 5% CO2.

Depending on the incubation temperature, the cell culture can show
similar preosteoblastic characteristics.
Analyzes of the surface of the implants at the microstructural level, as well
as the XRS patterns are shown below.

Figure 2. De izq. a der. se muestra la superficie del Ti6Al7Nb y el patrón 
XRD.

In the image of the Ti6Al7Nb microstructure, the primary grains of the
metastable phase are observed and the graph shows the characteristic
peaks of the Ti6Al7Nb alloy.

4. Conclusions:
In vitro tests, treatement superficial SBF with biovitroceramic particles to
the implants indicate that there is good osteoinduction and
biocompatibility in the samples, highlighting immersion time as an
important parameter in deposition quality (biocompatibility and
cytotoxicity): expression of alkaline phosphatase confirms that
osteoblastic cells belong to the osteoblastic phenotype, existing positive
histochemical reaction; Cytomorphological analyzes show differences
related to the start of the culture: after 24 hours, results are better for
samples immersed for 15 days; after 48 hours, results are better for
samples immersed for 15 days.

Studies using the EAA technique indicate that the concentration of Al that
can affect humans due to the diffusion of Al by wearing an implant is
insignificant, and cannot be considered harmful compared to daily
consumption due to food intake or other factors.

This last conclusion collides with the arguments found in the existing
literature that bet on a change in the implantable material, that is, a
change in the widely used Ti6Al4V alloy with satisfactory results for the
Ti6Al7Nb alloy object of this study, much more expensive and difficult to
obtain
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1. Introduction:
Relatively few metals are biocompatible and, therefore used for structural
application in the body (e.g., implants for hip, knee, ankle, shoulder, wrist
and finger); the principal metals used are: stainless steels, cobalt-based
alloys and titanium-based alloys. This is due to their ability to bear
significant loads, withstand fatigue loading and undergo plastic
deformation prior to failure. Further studies have shown the release of
both V and Al ions from the alloy might cause long-term health problems,
such as peripheral neuropathy, osteomalacia and Alzheimer diseases [1,2].
Zirconium is similar to titanium in that an adherent, protective oxide film
forms on its surface. As a result, zirconium is very resistant to corrosive
attack and also exhibits the highest biocompatibility of all metals [3].
The purpose of the present investigation is to correlate the microstructure,
microhardness and electrochemical behaviour of nanostructurated Ti-20Zr
in artificial extra-cellular fluids for biomedical applications.

2. Experimental Part:
The Ti-20Zr alloy, composed of 80% Titanium and 20% Zirconium, (from
R&D CS Bucharest, Romania – Research &Development Consulting and
Services) was obtained by vacuum melting. Samples (Fig. 1) were prepared
for each one of the different techniques: optical metallography, Vickers
microhardness and Electrochemical Impedance Spectroscopy.
For microscopic observations, an Olympus PME 3-ADL microscope was
employed. The surface was observed before etching and analysed at
different magnifications.
The samples, ground and polished to mirror finish with alumina paste of
0.1 , were used to measure the microhardness by means of an
indentation test (Remet HX-1000 Microhardness Tester).
Electrochemical measurements were made at 25ºC using a single
compartmented cell containing 75 ml of electrolyte. The potential of the
working electrode was measured against a NaCl (saturated) - calomel
electrode (SSCE) and the mentioned potentials were referred to this
electrode. A cylindrical Pt grid was used as a counter electrode.

3. Results and Discussions:
Fig. 1 shows the I-E profiles for Ti-20Zr alloy in Ringer's solution. The
positive potential scan at 0.01 V/s runs from -0.5 V to 1.5V and did not
show a cathodic current or anodic peaks.

The negative potential-going scan exhibits a cathodic peak at
approximately -0.15 V. Current instabilities related to breakdown and
repair events of the passive film are not detected and the returning scan
does not exhibit a hysteresis loop, so the passive film has been fully
restored (Fig. 1).

This behavior demonstrates that Ti-20Zr alloy exhibits excellent corrosion
resistance due to the stable oxide layer formed on the surface. It has
been demonstrated that Zr offers superior corrosion resistance over
most other metals [4].

The obtained average values of microhardness permitted the calculation of
the measurement depth. It was observed the presence of two phases: one
soft and one hard and the correspondence values of microhardness are
presented in the Table 1.
It can be seen that phase is softer than phase (around 30% less). The
hardness of Ti-20Zr alloy is 1.2 times as large as that of commercially pure
Ti, confirming the alloy's superior mechanical strength .
In Table 2 the approximate tensile strength is presented for the last three
applied loads (50, 100 and 200 gf) using the average Vickers Hardness
value.
The obtained tensile strength for Ti-20Zr is also superior to that of
commercially pure Ti.

4. Conclusions: 
The + microstructure obtained by aging at 1273 K for two hours
exhibits a better mechanical biocompatibility, hence it is more suitable
than the other microstructures for biomedical applications. These results
confirm the data obtained with higher Zr content in Ti-based alloys.
The hardness of Ti-20Zr alloy is 20% higher than that of commercially
pure Ti, confirming the alloy's superior mechanical strength.
The Ti-20Zr alloy exhibits an excellent corrosion resistance, better than
cpTi and taking into account that there is a general agreement that Zr
compounds have no local or systemic toxic effects, we can conclude that
Ti-20Zr can be a potential biomaterial for use as an artificial surgical
implant.

References:
[1] J. Yu, Z.J. Zhao, L.X. Li, (1993), Corrosion fatigue resistances of
surgical implant stainless steels and titanium alloy Corros. Sci. 35(1-4),
pp. 587-591.
[2] S. Rao, T. Ushida, T. Tateishi, S. Okasaki, S. Asao, (1996) Effect of Ti,
Al, and V ions on the relative growth rate of fibroblasts (L929) and
osteoblasts (MC3T3-E1) cells, Bio-med Mater. Eng. 6, pp. 79-86.
[3] ASM International: Handbook of Materials for Medical Devices, Ed. by
J.R. Davis, 2004.
[4] N. Stojilovic, E.T. Bender, R.D. Ramsier, (2005), Surface chemistry of
zirconium, Prog. Surf. Sci., 78(3-4), pp.101-184.

5. Acknowledgments: 
We gratefully acknowledge the support and generosity of The R&D CS
(Research & Development Consulting and Services) Bucharest,
Romania, without which the present study could not have been
completed.

SOFT AND HARD PHASES - Ti-20Zr
LOAD 
(gf)

PHASE HARDNESS 
(HV)

INDENTATION 
DEPTH ( m)

0.5 SOFT 37.3 0.712
HARD 50.0 0.615

1 SOFT 66.2 0.756
HARD 91.3 0.643

2 SOFT 101.5 0.863
HARD 145.3 0.721

3 SOFT 127.7 0.942
HARD 197.2 0.758

4 SOFT 149.8 1.000
HARD 214.8 0.839

5 SOFT 163.7 1.075
HARD 288.4 0.809

10 SOFT 194.6 1.394
HARD 242.4 1.249

20 SOFT 201.9 1.935
HARD 298.4 1.592

50 SOFT 212.8 2.981
HARD 255.3 2.722

100 SOFT 201.3 4.335
HARD 256.2 3.842

200 SOFT 210.5 5.990
HARD 268.8 5.305
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1. Introduction:
In recent years, due to the great advance of scientific and technological
research, new alloys are being explored with a different metallurgical
concept: at least three basic components and these alloys are called High
Entropy Alloys (HEA) [1]. In this way it was created the groundwork for a
new concept in alloy design by looking after combinations of metals to
work “in team” for an advanced material with unique properties.
At the end of the last century, the progress of science led to the rapid
development of biomedical materials and the recent development of high
entropy alloys (HEA) provides a new perspective for a new generation of
biomaterials [2].

2. Experimental Part:
Two new experimental alloys (with the composition presented in Table 1)
were obtained by Vacuum Arc Remelting from high purity chemical
elements (99.5%) that exhibit extremely low bio-toxicity for the human
body (for this reason we named them BioHEA).
Both the compositional analysis performed using the dispersive energy
probe and the structural characterization by X-ray diffraction revealed the
dendritic separation of compounds in the fine dendritic matrix.
In order to analyze the passivation process, the electrochemical impedance
spectroscopy technique at different potentials was used and the
experimental results were compared with those obtained by potentiostatic
and potentiodynamic techniques.

3. Results and Discussions:
Two new experimental alloys (with the composition presented in Table 1)
were obtained by Vacuum Arc Remelting from high purity chemical
elements (99.5%) that exhibit extremely low bio-toxicity for the human
body (for this reason we named them BioHEA).
Table 1. The chemical composition of the alloys used

The EIS results of the analyzed BIo-HEA are shown in figure 1

.

4. Conclusions: 
The low corrosion rates, low corrosion currents and high polarization
resistance attest the good stability of these BioHEA in simulated biological
environments.
The effect of the presence of different elements on the HEAs properties
in simulated body fluid (SBF). The microstructure, the hardness and the
corrosion properties of high entropy alloys and their passive films were
analyzed; the alloys were obtained by vacuum arc remelting from raw
materials with high purity.
It resulted that the tested oxide films presented passivation tendency and
a very good stability at local corrosion was detected. The mechanical data
confirm the presence of an outer porous passive layer and an inner
compact and protective passive layer. EIS confirms the mechanical
results. The thicknesses of these layers were measured. SEM photographs
of the surface and EDX profiles for the samples illustrate the appearance
of a microporous layer.

References:
[1] B.S. Murty, J.W. Yeh, S. Ranganathan, Chapter 1 - A Brief History of
Alloys and the Birth of High-Entropy Alloys, Editor(s): B.S. Murty, J.W. Yeh,
S. Ranganathan,High Entropy Alloys,Butterworth-Heinemann,
2014, Pages 1-12, ISBN 9780128002513
[2] Yeh, Jien-Wei. (2006). Recent progress in high-entropy alloys. European
Journal of Control - EUR J CONTROL. 31. 633-648. 10.3166/acsm.31.633-
648.
[3] Bombac D, Brojan M, Fajfar P, Kosel F, Turk R. «Review of materials in
medical applications.» Materials and Geoenvironment (RMZ) 54 (2007):
471-499.
[4] Norlin A., Pan J., Leygraf C. «Investigation of electrochemical behavior
of stimulation/sensing materials for pacemaker electrode applications.»
Journal of the Electrochemical Society 152 (2005): 7

5. Acknowledgments:
We gratefully acknowledge the support and generosity of Laboratory
The LAMET, Politecnica University of Bucharest, Romani, without
which the present study could not have been completed.

Nestor R. Florido Suarez1, Viviana E. Lucero Baldevenites, Pedro P. Socorro 
Perdomo, Ionelia Voiculescu, Victor Geanta, Julia C. Mirza Rosca,

1University of Las Palmas de Gran Canaria, Process Engeneering Dept.
1nestor.florido@ulpgc.es

Wt.% 
Mo Ta Ti Zr Nb Fe

BioHEA 1 20.45 32.45 12.67 18.97 15.46
BioHEA 2 17.32 38.95 13.21 17.45 13.07

B IOHEA 2

m m m mm m m m

m m
m m

m m m m

x10 x20

20-second Kroll attack

x5 x20

B IOHEA 1

The alloys were microstructurally characterized (dendritic morphology) and
microhardness measurements were performed (Fig.2)

Figure 3. Corrosion potential in 24 hours 

Figure 1. Chemical  at tack and metal lographic analysis
Bio-HEA 1 and 2 

x20x10

x5 x20

Figure 2. Chemical  at tack and metal lographic analysis

Grinding and polishing phases

The 24-hour corrosion potential is shown in Figure 3





According to microstructure tests result, two crystal structures were observed, a hard one and a soft one. An increase of tantalum content has an effect on increasing material 
hardness.
Young´s modulus and mechanical properties of TiTa alloys greatly depend on tantalum content, resulting in much lower Young´s modulus than pure titanium.
The open circuit potential of the TiTa alloys stabilizes at a value after a certain period of inmersion in the Ringer´s solution. This phenomenon is due to the rapid formation of 
the TiO2  and Ta2O5 passive layer and its stabilization.
EIS was used to investigate the corrosion resistance of TiTa alloys, all alloys presented a capacitive behavior, typical of passive systems. Corrosion resistance best results were 
obtained by the TiTa alloy with the highest tantalum content.obtaine
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ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

TITANIUM-TANTALUM ALLOYS WITH BIOACTIVE 
SURFACE FOR ORTHOPAEDIC IMPLANTS
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MATERIALS

ELECTROCHEMICAL IMPEDANCE 
SPECTROSCOPY

THREE POINT BENDING TEST

OPEN CIRCUIT POTENTIAL

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRROOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPYYYYYCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRROOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEEE

Alloy Components
Composition by weight (wh%)

Weighted Measured

Ti5Ta
Ti 95,0 95,0

Ta 5,0 5,0

Ti15Ta
Ti 85,0 84,8

Ta 15,0 15,2

Ti25Ta
Ti 75,0 74,6

Ta 25,0 25,4
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Increasing the Osseoinduction of Ti6Al7Nb Tibia Implant by Surface Treatment and “in vivo” Application

Animals such as rats, guinea pigs, rabbits, dogs, sheep, goats, pigs and others with a relatively long life expectancy
are suitable for long-term testing of subcutaneous tissues, bones and muscles. Pigs are one of the preferred species
as they have organs and osseointegration times similar to humans and this is one of the main reasons why the
minipig has been chosen as an experimental animal in our study, mainly focused on analyzing the behavior "in
vivo" of a titanium alloy plate Ti6Al7Nb with nanostructured surface, from the point of view of its osseointegration
and its toxicity.

Biomaterials,
corrosion,
electrochemical,
orthopedic

Keywords: ABSTRACT

EQUIPMENT

In this study, the implant was designed so that implantation is simple and as minimally invasive as possible, in the tibia, 
ensuring optimal bone-implant contact as well as load transmission (bone growth induction).

Radiography of the implant

The study of the bone-implant interface of the samples from the experimental animals shows that elements belonging to
the mineral part of the bone tissue (calcium, phosphorus) have been found. The average of the results obtained from the
Ca/P ratio that have been analyzed for each animal allow us to confirm that there is bone growth.

Metal-implant interface analysis

Studies using the atomic absorption spectropy technique indicate that the proportion of aluminium that can affect humans due to the diffusion
of this element when wearing an implant is insignificant and cannot be considered harmful compared to daily consumption through food intake
or other factors.

RESULTS

WORKING PROCEDURE

7 13 15 17 18 24 25 (Sin
Tratar) 26 27 34 MEDIA

CEREBRO (mg/kg) 17,2 19,1 19,6 22 18,9 24 23,8 17 23,5 22,6 20,77
GRASA (mg/kg) 1,3 1,5 1 1 1 1 1 1 1 1 1,085
RIÑÓN (mg/kg) 28,3 26,3 22,4 21 28,1 28 23,9 23,3 29 29 25,93
BAZO (mg/kg) 28,9 28 28,5 26,2 25,4 26,3 28,5 26,5 21 26,2 26,55
HÍGADO (mg/kg) 18,3 22,4 17,8 17,9 19,9 23,8 23,4 22,2 24,3 21,7 21,37
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Variation of the Aluminum Concentration in different types of 
Biological Tissues depending on the Specimen

BRAIN (mg/kg)
FAT (mg/kg)

KIDNEY (mg/kg)
BAZO (mg/kg)
LIVER (mg/kg)

TISSUE (SMOOTH ZONE)

BONE FORMATION (ABRUPT ZONE)

Bone to implant interface analysis in the tip area (1.5 mm scan)

IMPLEMENTMENTLEIMPL
Ti6Al7Nb

TISSUEE-E-BONE SSUEE ONBOB
ZONE

0 mm

1.5 mm

0 mm

1.5 mm

0.5 mm5 mm
0.6 mm

ZONA 1: BONE FPORMATIONN, , CaaCa, , PP, P, ,P OO y y y CC (0 mmm-m-0.5 mm)

ZONA 2:: INTERPHASESE, , CC y y y OO (0.5 mmm-m-0.6 mm)

ZONA 3:: IMPLANTETE, , TiiTi, , AllA , , Nbb (0.6 mmm-- 1.4 mm)
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C
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Biocompatibility of High Entropy Alloys: Science and Design
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Wt.% 
Mo Ta Ti Zr Nb Fe

BioHEA 1 20.45 32.45 12.67 18.97 15.46

BioHEA 2 17.32 38.95 13.21 17.45 13.07
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The effect of the presence of different elements on the HEAs properties in
simulated body fluid (SBF). The microstructure, the hardness and the
corrosion properties of high entropy alloys and their passive films were
analyzed; the alloys were obtained by vacuum arc remelting from raw
materials with high purity.
It resulted that the tested oxide films presented passivation tendency and a
very good stability at local corrosion was detected. The mechanical data
confirm the presence of an outer porous passive layer and an inner compact
and protective passive layer. EIS confirms the mechanical results. The
thicknesses of these layers were measured. SEM photographs of the surface
and EDX profiles for the samples illustrate the appearance of a microporous
layer.
The results emphasized that the surface treatment increases the passive layer
adhesion to the HEA surface and improves the biocompatibility of the
biomedical devices inducing the bone growth on the metallic surface.

CONCLUSIONS

RESULTS

EQUIPMENTS

BIOHEA 1 BIOHEA 2

TECNICS

CHEMICAL COMPOSITION OF THE ANALYZED BIOHEA



According to microstructure tests result, two crystal structures were observed, a hard one and a soft one. An increase of tantalum content has an effect on increasing material 
hardness.
Young´s modulus and mechanical properties of TiTa alloys greatly depend on tantalum content, resulting in much lower Young´s modulus than pure titanium.
The open circuit potential of the TiTa alloys stabilizes at a value after a certain period of inmersion in the Ringer´s solution. This phenomenon is due to the rapid formation of 
the TiO2  and Ta2O5 passive layer and its stabilization.
EIS was used to investigate the corrosion resistance of TiTa alloys, all alloys presented a capacitive behavior, typical of passive systems. Corrosion resistance best results were 
obtained by the TiTa alloy with the highest tantalum content.obtaine
TiTa

ed by thaine
a alloys
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oy withallo
d have
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MMETALLOGRAPHIC ANALYSIS

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

TITANIUM-TANTALUM ALLOYS WITH BIOACTIVE 
SURFACE FOR ORTHOPAEDIC IMPLANTS
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MATERIALS

ELECTROCHEMICALL IMPEDANCEE 
SPECTROSCOPY

THREEE POINTT BENDINGG TEST

OPENN CIRCUITT POTENTIAL

Alloy Components
Composition by weight (wh%)

Weighted Measured

Ti5Ta
Ti 95,0 95,0

Ta 5,0 5,0

Ti15Ta
Ti 85,0 84,8

Ta 15,0 15,2

Ti25Ta
Ti 75,0 74,6

Ta 25,0 25,4
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NEW HIGH ENTROPY ALLOYS (HEA) WITH SMALL ADDITIONS FOR POSSIBLE USE AS BIOMATERIALS

Wt.%    ]
Alloys Cr Fe Mo Co Ni P Zr
LAS 1 19.61 20.57 17.15 21.24 20.62 0.21 -
LAS 2 19.33 19.52 20.85 20.44 19.50 - -
LAS 3 19.80 20.23 19.18 20.34 19.74 - 0.71

An ingot of each of these
alloys is fabricated by vacuum
arc melting in an inert argon
atmosphere and six remeltings
are carried out to ensure their
homogeneity. By means of a
three-point bending test, the
modulus of elasticity E is
calculated. The fatigue
experiments were carried out.
For this purpose, filaments are
cut and tested in an
Electroforce_3100 machine
that applies a maximum load
of 22 Newton. At least 10 tests
are performed with each of
the designed alloys and the
mean

E L E C T R O C H EM I C A L I M P E D A N C E

S P E C T R O S C O P Y T E S T

M I C R O S C O P Y A NA L I S Y S

P R E C I S I O N C U T I N G M A CH I N E

P R E S S A N D M E T A L L O G R A P H I C P O L I S H E R
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New class of materials has been developing in the last years and the materials from this class have unique
structural properties that open up a wide range of possibilities for the creation and development of novel
materials for specific applications. In the medical field, HEAs have been developed for metallic medical
devices, in various alloy systems, where biocompatibility and mechanical properties are essential
conditions. First, a base alloy was designed, a high entropy equiatomic multicomponent alloy with pure
elements (99.95%) as Cr, Co, Fe, Mo and Ni (named LAS1) and from this alloy two other alloys are
obtained by adding another alloying component. In one alloy, Ti is added (LAS2) and in the other Zr is
added (LAS3) in order to study the mechanical behavior that allows us to consider its use as a biomaterial



The effect of Tungsten addition on the Co-Cr dental alloys
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Wt.% 

Co-Cr 1
Co Cr W Na V Nb Mn

56.31 24.72 9.16 3.17 1.99 1.54 0.93

Co-Cr 2
Co Cr Mo Mn Rb Tc Si

61.17 30.10 4.17 1.62 1.06 0.58 0.24

Co-Cr 3
Co Cr Mo Si Mn - -

57.66 32.32 4.96 2.06 1.34 - -

CHEMICAL COMPOSITION

EQUIPMENTS

The variety of alloys for prosthetic restorations has increased rapidly over the last twenty-five years, which makes
their selection for a given clinical situation very difficult. A series of properties - such as elastic modulus,
microstructural phases, grain size, corrosion resistance, coefficient of thermal expansion, oxide and color, strength,
hardness, - are of relevance when it comes to the correct selection of an alloy. The most important factor in such a
choice is patient biosafety. The alloy selection decision has profound financial, legal, technical, practitioner
satisfaction, and patient health consequences. The analyzed dental materials are Co-Cr alloys used for the
fabrication of ceramic or composite coated crowns and bridges. Due to their coefficients of thermal expansion they
are suitable for the most common metal veneering ceramics on the market
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In this study, 3 Co-Cr alloys with increasing tungsten content have been analyzed.
Corrosion potential, corrosion rate and pitting potential measurements have been carried
out. The behavior under service conditions has been evaluated by means of
electrochemical impedance spectroscopy whose spectra have been fitted to an equivalent
circuit which has allowed to determine the characteristic parameters of the taking place
process. The composition of the corrosion products has been analyzed by scanning
electron microscopy and EDS. As the tungsten content increases, the properties of the
alloy improve: it acquires optimum casting qualities and an extra fine molecular structure
resulting in smooth and compact surfaces for easy and simple processing
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Experimental Materials

CORROSION BEHAVIOR OF SOME NI-CR AND CO-CR DENTAL ALLOYS

Materials Science and Engineering Faculty
Transilvania University of Brasov -

12TH INTERNATIONAL CONFERENCE ON MATERIALS SCIENCE & ENGINEERING
BRAMAT 2022

Metallography Analysis

The use of dental alloys as a material for bridges, crowns and prostheses is currently being investigated,
taking into account their biocompatibility, as the material must be non-toxic and not cause allergies,
inflammation or other reactions affecting the body.
In this field, Co-Cr and Ni-Cr based alloys are often used, as they have good corrosion resistance and high
wear resistance due to the crystalline nature of cobalt and nickel. In addition, Ni-Cr and Co-Cr alloys have
been used in the field of dentistry for porcelain or porcelain-fused-to-metal crowns due to their good
biocompatibility, wear resistance, long service life, good mechanical properties and superior corrosion.

After electrochemical etching, the metallographic test is carried out by
taking images with the metallographic microscope and by electrochemical
test consisting in inserting a specimen into an electrochemical cell together
with Saturated Calomel Electrode (SCE) as reference and Pt electrode as
counter electrode. Corrosion potential (Ecorr) was determined and
Electrochemical Impedance Spectroscopy (EIS) was applie

Ni-Cr 

Ni-Cr Co-Cr 

Co-Cr 
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INTERNATIONAL TEACHING AND PRACTICE FOR ENGINEERING STUDENTS

Transilvania University of Brasov Romania

BRAMAT 2022
12TH INTERNATIONAL CONFERENCE ON MATERIALS SCIENCE & ENGINEERING

Materials Science and Engineering Faculty
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The teaching resources on technologies will be
based on current applied research addressing
healthcare smart public buildings. This provides
students with a broad overview of the most
advanced technologies, Internet of Things (IoT),
and the latest technologies. [4], from devices
(sensors, actuators, monitors, control facilities,
etc.), connectivity, control, automation and
data analysis. There will be a collaboration
between 3 universities and 3 hospitals from 3
different countries (Spain, Turkey and Romania),
each of which will benefit from the experience
of the others, transferring the know how
available from all to all.

The concept of teaching and practice has been developing for many years [1], intimately linked to the concept
of "teaching and practice", as Jos Arets says in his work, "If you're not at the table, you're on the menu". One
of the major drawbacks of new engineers is their lack of experience in the working world, with this "on site"
practical training programme, the new engineer will be able to develop their full creative potential directly [3]
and provide students with a hands on experience that adds specific practical value compared to the distance
or classroom based theory of specialised courses in intelligent building maintenance engineering
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7. Conclusiones

Conclusiones 7
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7.  Conclusiones 

En este capítulo se resumen las principales conclusiones derivadas de la investigación 

y que se encuentran recogidas en las publicaciones científicas. 

Las conclusiones son las siguientes: 

 La Espectroscopia de Impedancia Electroquímica es una técnica muy potente para 

estudiar el comportamiento de la corrosión de las aleaciones de alta entropía en un 

entorno corporal humano simulado. Los resultados obtenidos fueron confirmados por 

las otras técnicas que se emplearon en este estudio. Los circuitos compuestos por una y 

dos constantes de tiempo, además de la resistencia óhmica del electrolito, se proponen 

como circuitos equivalentes para ajustarse al comportamiento de corrosión de las HEA. 

La resistencia de transferencia de carga en paralelo con la capacitancia de la doble capa 

está representada por la constante de tiempo de baja frecuencia, mientras que la de 

media frecuencia está relacionada con las reacciones de los constituyentes de la aleación 

en la superficie del metal. A través de esta técnica, se obtuvo información sobre los 

cambios de la capacidad protectora de las capas pasivas, según la composición de la 

aleación y el potencial de exposición, lo que demuestra que las aleaciones analizadas 

cumplen con los prerrequisitos para su uso como nuevos materiales para la fabricación 

de instrumentos médicos. 

 La variación del contenido de aluminio en el sistema AlxCrFeCoNi tiene una influencia 

significativa en la microestructura y el comportamiento de las aleaciones en el fluido 

corporal simulado. 
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 A medida que disminuye el contenido de aluminio, la microestructura solidificada varía 

de grano dendrítico equiaxado a grano no dendrítico equiaxado y luego a estructura 

dendrítica columnar. En la estructura de grano equiaxado no dendrítico se observan 

placas laterales de Widmanstätten. La disminución del contenido de aluminio aumenta 

el límite de solubilidad de la fase sólida para el Ni y el Co, lo disminuye para el Cr y, el 

Fe casi no se ve afectado. 

 El titanio y las aleaciones de titanio sufren una pasivación espontánea debido a la 

película de óxido que se forma en su superficie en la solución ácida reductora. 

 El rango de potencial pasivo es muy amplio para los materiales estudiados en HCl 20% 

(superando los 2,0 V). 

 A medida que aumenta el potencial, aumenta el grosor de la película pasiva y tiene una 

respuesta capacitiva (buena estabilidad) en un amplio rango de frecuencias. 

 Se presentaron dos modelos de circuitos equivalentes que describen la pasivación 

espontánea del Ti, Ti-15Mo y Ti-15Mo-5Al en HCl 20%. En Ecorr se utiliza un simple 

circuito de Randles mientras que en el rango de potencial pasivo se utilizó un circuito 

equivalente con 2 constantes de tiempo para ajustar los datos experimentales. También 

se empleó un elemento constante de fase CPE en lugar del elemento capacitivo. 

 Para todos los materiales analizados no hay iones liberados en la solución durante el 

rango de potencial pasivo. 

 La adición de Mo y Al genera la formación de una capa pasiva con mayor capacidad de 

protección contra la corrosión que la del titanio. 
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 En una solución de HCl al 20%, la película de óxido sobre el Ti y las aleaciones 

estudiadas de Ti fabricadas mediante fusión por rayo láser presenta una alta resistencia 

a la corrosión y una estabilidad a largo plazo, lo que recomienda su uso para la 

fabricación de piezas metálicas empleadas en entornos industriales agresivos. 

 Las gráficas de Nyquist para todas las aleaciones de Ti-Ta muestran los mismos 

semicírculos incompletos con diámetros grandes que aumentan con el potencial (hasta 

un valor crítico para cada aleación) debido a la mejora de las propiedades protectoras 

de la película pasiva formada en la superficie de la aleación. 

 Para todas las aleaciones de Ti-Ta, los gráficos de fase de Bode mostraron un ángulo de 

fase, típico de una capa pasiva de barrera capacitiva formada en la superficie de una 

aleación. 

 Los espectros de impedancia se ajustan con un circuito equivalente constante de una 

sola vez, común para una capa de óxido compacta, para todas las aleaciones de Ti-Ta 

en fluidos extracelulares. Tras un largo periodo de inmersión en el fluido corporal 

simulado, la película pasiva es más gruesa y desarrolla una estructura bicapa: una capa 

exterior porosa y una capa interior compacta. La adición de tántalo aumenta la 

estabilidad de la película pasiva debido al desarrollo de TaO25. 

 De las aleaciones de Ti-Ta, la Ti-25Ta demuestra unas excelentes propiedades de 

resistencia a la corrosión y de capa pasiva, por lo que parece ser un producto prometedor 

para los dispositivos médicos metálicos. 

 


