ULPGC
Universidad de
Las Palmas de
Gran Canaria

Doctorado en Ingenierias Quimica, mecanica y fabricacion

TESIS DOCTORAL

CARACTERIZACION DEL EFECTO DE MICRODOPAJES
NOVEDOSOS SOBRE LA ALEACION DE ALTA ENTROPIA
CoCrFeMoNi

Las Palmas de Gran Canaria, mayo de 2023

Autor:

Santiago J. Brito Garcia

Directoras:
Dra. Julia Claudia Mirza Rosca

Dra. lonelia Voiculescu




ULPGC




A

D. José Miguel Dofia Rodriguez, COORDINADOR DEL PROGRAMA DE
DOCTORADO en Ingenierias Quimica, Mecanica y de Fabricacion de la

UNIVERSIDAD DE LAS PALMAS DE GRAN CANARIA

INFORMA,

De que la Comision Académica del Programa de Doctorado, en su sesion de fecha
.................. tomo el acuerdo de dar el consentimiento para su tramitacion, a la tesis
doctoral titulada: “CARACTERIZACION DEL EFECTO DE MICRODOPAJES
NOVEDOSOS SOBRE LA ALEACION DE ALTA ENTROPIA CoCrFeMoNi”
presentada por el doctorando D. Santiago José Brito Garcia y dirigida por las

Doctora Diia. Julia Mirza Rosca.

Y para que asi conste, y a efectos de lo previsto en el Art. 11 del Reglamento de
Estudios de Doctorado (BOULPGC 04/03/2019) de la Universidad de Las Palmas
de Gran Canaria, firmo la presente en Las Palmas de Gran Canaria, a ............ de

mayo de dos mil veintitrés.




ULPGC




ULPGC




/

AGRADECIMENTOS

Quiero agrader a los componentes del grupo de investigacion, Pedro,
Neéstor y losif que en todo momento me ayudaron y me hicieron sentir uno mas
en el grupo. También agradecer a Cristina quien no ha dudado en colaborar
conmigo desde que se incorpord al grupo hace ya un ano. Les deseo lo mejor a

todos. Gracias.

También estimar y agradecer el apoyo y la dedicacion que han tenido
conmigo en todo este tiempo mis Directoras de tesis Dia. Julia Mirza y Dia.
Ionelia Voiculescu. Sin sus consejos, indicaciones y correcciones este trabajo no

seria el mismo. Mi mas sincero agradecimiento.

Pero si este trabajo de tesis ha llegado a buen fin, no me cabe la menor duda
de que ha sido por la inestimable comprension y el apoyo constante que he tenido

de mi querida compafiera, Mayca. Le estoy eternamente agradecido. Besos.

Comparto una frase que encontré una vez navegando por alguna web en
internet: “Nunca sabes de lo que eres capaz hasta que lo intentas”, me
anima a aventurarme a hacer cosas. El tiempo me ha demostrado que es asi, con

esfuerzo y trabajo, claro. Ahi sigue.




ULPGC




ULPGC

Resumen




ULPGC




/3

Resumen

El objetivo principal de este trabajo de tesis es el estudio de las propiedades mecanicas
y comportamiento frente a la corrosién en un medio agresivo de la aleacion de alta entropia

CoCrFeMoN:i al ser micro-dopada con los elementos Ti y Zr.
Este objetivo general se aborda a través de los siguientes objetivos especificos:

1. Efectos del micro-dopado con Zr sobre las propiedades mecanicas y frente a la
corrosion de la aleacion de alta entropia CoCrFeMoNi obtenida por refundicion por arco al
vacio. El estudio electroquimico de la corrosion se realiza en un ambiente altamente corrosivo
de agua de mar artificial. Se caracteriza la composicion microestructural por microscopia
electronica de barrido (SEM) y se realiza un andlisis cualitativo y cuantitativo mediante
espectroscopia de rayos X de dispersion de energia (EDS). Las fases presentes se determinan
por difraccion de rayos X (XRD). Se calcula el moédulo de elasticidad E, mediante un ensayo
de flexion en tres puntos y la microdureza. Para determinar el comportamiento ante la corrosion
se realizan ensayos de potencial a circuito abierto (OCP) espectroscopia de impedancia

electroquimica (EIS) y de polarizacion lineal (PL) en el potencial de corrosion.

2. Efectos del micro-dopado con Ti en el comportamiento de la aleacion de alta
entropia CoCrFeMoNi en un ambiente corrosivo simulado ante la variacion del voltaje desde
-1.0 a +0.8 V respecto del electrodo de referencia (SCE). Se analizan los espectros de
impedancia obtenidos por espectroscopia de impedancia electroquimica, mediante el ajuste con
un circuito eléctrico equivalente de dos constantes de tiempo, una que determina las
caracteristicas de la capa pasiva compacta y otra que determina las propiedades de la capa

pasiva porosa.
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3. Efectos del micro-dopado con Ti en la microestructura, la microdureza y el

modulo de elasticidad en la aleacion de alta entropia CoCrFeMoNi. La microestructura se
consigue observando las muestras, previamente preparadas, por microscopia SEM y XRD. La
microdureza se obtiene mediante un ensayo de identacion a diferentes intervalos aplicando una
carga constante y, por ultimo, para valorar el mdédulo de elasticidad se realiza un ensayo a

flexion en tres puntos sobre filamentos obtenidos de las muestras.

El tema de tesis propuesto se encuentra relacionado con las siguientes lineas de
investigacion del programa de doctorado en Ingenierias Quimica, Mecanica y de Fabricacion

(QUIMEFA):

- Nanomateriales

- Corrosion de los metales

La tesis trata del estudio del efecto del micro dopado de la aleacion de alta entropia
CoCrFeMoNi con los elementos Ti y Zr y establecer las caracteristicas mecanicas y
electroquimicas que permitan determinar los posibles usos y aplicaciones en los sectores
industrial, sanitario, aeroespacial o electronico entre otros. Por lo tanto, se puede observar que

el tema de la tesis es totalmente coherente con las lineas de investigacion seleccionadas.

En el articulo “Mechanical and corrosion behavior of Zr-doped high-entropy alloy
from CoCrFeMoNi system” se analiza el comportamiento frente a la corrosion en ambiente
agresivo simulado formado por disolucion de NaCl al 3.5 %, la microestructura, la microdureza
y el moédulo de Young de las aleaciones CoCrFeMoNi y, esta misma aleacién, micro-dopada
con Zr al 0.71 % en peso. El mdédulo de Young se obtiene mediante un ensayo de flexion en

tres puntos. La corrosion se estudia mediante ensayo de polarizacion lineal y espectroscopia de
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impedancia electroquimica y se determina la velocidad de corrosion. La microestructura se

caracteriza mediante SEM, EDS y XRD.

En el articulo “EIS Study of doped high entropy alloy”. Las aleaciones CoCrFeMoNi
y CoCrFeMoNi micro-dopada con Ti al 0.36 at % se someten, mediante un ensayo de
espectroscopia de impedancia electroquimica, a un rango de potenciales (entre -1.0 a +0.8 V
frente al electrodo de referencia) para evaluar su comportamiento ante el cambio de voltaje en
un medio agresivo simulado. Los espectros obtenidos se simulan con un circuito equivalente
que se ajusta a los datos experimentales y presenta dos constantes de tiempo que se

corresponden una con la capa pasiva compacta y la otra con la capa pasiva porosa.

En el articulo “Impact of Ti doping on the microstructure and mechanical
properties of CoCrFeMoNi high entropy alloy” Se analiza la aleacion CoCrFeMoNi y el
microdopado con Ti para analizar el efecto que se produce en su microestructura, la
microdureza y en el mddulo de elasticidad. La microestructura se observa, inicialmente, con un
microscopio Optico y posteriormente se realizan observaciones SEM de la superficie para poder
obtener los mapas elementales de las muestras. También se realiza un andlisis semicuantitativo
mediante EDS de las zonas dendriticas, D e interdendriticas ID y se obtiene el grado de

segregacion, Sg de los elementos componentes en cada fase.
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1. Introduccion

Desde que Yet et al. y Cantor et al. propusieron en sendos articulos en el afio 2004 la
posibilidad de crear nuevas aleaciones multicomponentes con porcentajes equiatomicos de sus
elementos se ha producido un incremento notable en la investigacion de estas nuevas
aleaciones, que finalmente se han pasado a denominarse Aleaciones de Alta Entropia (HEA),
debido a su gran entropia configuracional que nos da una idea del grado de desorden en la

disposicion de los dtomos en la aleacion.

La posibilidad de combinar cinco o mds elementos en proporciones iguales o
aproximadamente iguales abre un amplio abanico de posibilidades en el disefio de nuevos
materiales para su posible aplicaciéon en materiales para altas temperaturas para motores de
reaccién o reactores nucleares también materiales de aleaciones ligeras para aplicaciones
aeroespaciales o automovilisticas y recubrimientos resistentes a la corrosion para entornos
agresivos. Asi mismo se vienen desarrollando HEA para su uso probable en mecanismos
electroquimicos que permiten transformar la energia de un combustible en electricidad de

manera eficiente y sostenible.

Al combinarse los 4&tomos de manera aleatoria y no existir un elemento predominante
se consiguen propiedades excepcionales en los HEA como una muy buena resistencia a la
corrosion, alta resistencia, mejores propiedades magnéticas y buena estabilidad a altas

temperaturas.

Las investigaciones realizadas se han centrado en la formacion de aleaciones con 5 o

mas elemento y en proporciones equiatomicas o casi equiatomicas a diferencia de las aleaciones

[3]




tradicionales en las que prima uno o dos elementos principales con la adicion de pequenas
cantidades de otros elementos que modifican o mejoran sus propiedades. Desde hace pocos
afos se vienen realizando una serie de trabajos en aleaciones de alta entropia a las que se les
anade micro-dopaje de otro elemento a la aleacion base para estudiar su comportamiento en
cuanto a la modificacion de sus caracteristicas mecanicas y frente a la corrosion. El efecto del
microdopaje depende del elemento dopante afiadido, de la concentracion y de la aplicacion

prevista de la aleacion.

El objetivo principal de este trabajo de tesis es estudiar el comportamiento mecéanico y
frente a la corrosiéon en un ambiente quimico agresivo de la aleaciéon de alta entropia
CoCrFeMoNi al microdoparla con otros elementos, como el Ti, formando la aleacién
CoCrFeMoNi-Ti y con Zr formando la aleacion CoCrFeMoNi-Zr fabricadas mediante fusion

por arco al vacio.

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

. Analizar las caracteristicas mecanicas y fisicas de las aleaciones como la
microdureza, la microestructura, el modulo de Young mediante diferentes ensayos y analisis

cualitativos y cuantitativos de las muestras.

. Estudio desde el punto de vista de la resistencia a la corrosion de las aleaciones.
Dicho estudio se efectua a partir de medidas del potencial a circuito abierto (OCP), ensayos

potenciostaticos y de la aplicacion de la técnica de espectroscopia de impedancia electroquimica

(EIS).
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Por ellos se ha llevado a cabo:

1. El estudio del efecto de la adicion de Zr (0.71 % at.) en la aleacion CoCrFeMoNi
sobre las propiedades mecanicas y su comportamiento ante la corrosion

2. La realizacion de mediciones de espectroscopia de impedancia electroquimica
en las aleaciones CoCrFeMoNi y CoCrFeMoNi-Ti para evaluar la influencia del
voltaje en un entorno agresivo simulado. Los espectros se miden entre varios
niveles de potencial de -1 a +0.8 V con respecto al electrodo de referencia.

3. El estudio el efecto de la adicion de Ti (0.28 % at.) en la aleacion CoCrFeMoNi
para valorar su influencia en la microestructura, la microdureza y el modulo de
elasticidad.

4. El modelado y la simulacién con circuitos eléctricos equivalentes del
comportamiento en NaCl al 3.5% de las tres aleaciones, CoCrFeMoNi,
CoCrFeMoNi-Ti y CoCrFeMoNi-Zr para sus utilizaciones como materiales
resistentes a la corrosion en ambientes agresivos.

5. La realizacion de un ensayo de flexion en tres puntos de las muestras para
calcular el modulo de elasticidad de cada aleacion, aplicando la teoria de vigas
considerando una carga puntual centrada en una viga simple apoyada.

6. La observacién por microscopia optica de la microestructura de las superficies
de las muestras tratadas previamente.

7. La observacion por microscopia electronica de barrido (SEM) de la superficie
de las muestras para obtener informacion de la topologia de la superficie para
determinar el tipo de rotura producido y definir la ductilidad y fragilidad de la

fractura.
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8. El andlisis mediante EDS de la composicion quimica de las aleaciones y de la
distribucién de la concentracién de elementos en una zona determinada y
calcular el factor de segregacion (Sr) para evaluar el grado de segregacion de la
aleacion y poder compararlo con el resto de aleaciones.

0. Un anélisis por difraccion de rayos X (XRD) para conocer las fases cristalinas
que se forman en la microestructura analizando los patrones obtenidos.

10.  Larealizacion de un ensayo de identacion Vickers para conocer la microdureza

de cada muestra en funcion de la huella obtenida.

Las publicaciones cientificas derivadas de esta tesis doctoral cubren las estrategias
mencionadas. En total, se presentan 3 articulos publicados como primer autor, varios articulos
como autor o coautor y comunicaciones orales y en poster a varias conferencias internacionales.
Todas estas publicaciones suponen el ntcleo central del trabajo desarrollado, justificando la
unidad tematica y permitiendo la presentacion de la presente tesis bajo la modalidad de tesis

por compendio de publicaciones.

El tema de tesis propuesto se encuentra relacionado con las siguientes lineas de
investigacion del programa de doctorado en Ingenierias Quimica, Mecanica y de Fabricacion

(QUIMEFA):
- Nanomateriales
- Corrosion de los metales

La tesis trata del estudio mecanico y electroquimico varias aleaciones de alta entropia
tomando como base la formada por CoCrFeMoNi, microdopada con los elementos Ti,

formando una primera aleacion y Zr que constituye la segunda aleacion, y determinar su posible
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uso en los sectores industriales que necesiten de materiales novedosos que cumplan los
requisitos exigentes que requiere su actividad, como la industria aeroespacial, la energia
nuclear, los biomateriales o la industria de componentes electronicos entre otras. Por lo tanto,

se puede observar que el tema de la tesis es totalmente coherente con las lineas de investigacion

seleccionadas.
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2. Justificacion del compendio

Las publicaciones cientificas basicas derivadas de esta tesis doctoral son 3
articulospublicados como primer autor. Hay 2 articulos mas aceptados para
publicacion indexadosJCR en el cuartii Q1 en los que soy el primer autor.
También estoy como primer autor en 4capitulos de libro y en 1 como co-autor.
he participado en 5 congresos con posteresde losque en 4 estoy como primer

autor). Un resumen de cada publicacion bésica sepresenta a continuacion:

TITULO: “Mechanical and Corrosion Behavior of Zr-Doped
High-Entropy Alloy from CoCrFeMoNi System”
AUTORES: Santiago Brito-Garcia; Julia Mirza-Rosca; Victor

Geanta; Ionelia Voiculescu

REVISTA: Materials

INDICE DE 3748
IMPACTO:

CUARTIL: Q1
DOI: 10.3390/mal16051832.
ISSN: 1996-1944
EDITORIAL: MDPI
MES Y ANO: 02/2023
VOLUMEN: 16
PAGINAS: 14

El objetivo del trabajo es estudiar el efecto de la adicion de Zr sobre las propiedades
mecanicas y el comportamiento frente a la corrosion de una aleacion de alta entropia del sistema
CoCrFeMoNi. Esta aleacion se disefid para ser utilizada en componentes de la industria

geotérmica expuestos a altas temperaturas y a la corrosion. Dos aleaciones, una sin Zr

[11]
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(denominada Muestra 1) y otra dopada con 0,71 % en peso de Zr (denominada Muestra 2), se

obtuvieron en un equipo de refundicidn por arco en vacio a partir de materias primas granulares

de gran pureza. Se realiz6 la caracterizacion microestructural y el analisis cuantitativo mediante

SEM y XRD. Los valores del mdédulo de Young de las aleaciones experimentales se calcularon

a partir de un ensayo de flexion en tres puntos. El comportamiento frente a la corrosion se

estimd mediante

ensayo de polarizacion lineal y mediante espectroscopia de impedancia

electroquimica. La adicion de Zr dio lugar a una disminucion del valor del médulo de Young,

pero también a una disminucién de la resistencia a la corrosion. El efecto beneficioso del Zr

sobre la microestructura fue el refinamiento del grano, lo que garantizé una buena desoxidacion

de la aleacion.

TITULO :

“EIS Study of Doped High-Entropy Alloy”

AUTORES:

Santiago Jose Brito-Garcia; Julia Claudia Mirza-Rosca;

Cristina Jimenez-Marcos; Ionelia Voiculescu

REVISTA:

Metals

INDICE DE
IMPACTO:

2.695

CUARTIL:

Q2

DOI:

10.3390/met13050883

ISSN:

2075-4701

EDITORIAL:

MDPI

ANO:

2023

VOLUMEN:

13

PAGINAS:

17

Los prometedores resultados obtenidos en la investigacion de aleaciones de alta entropia

fomentan cada vez mas nuevas configuraciones de estas aleaciones. Nuestra investigacion se

realiz6 sobre la aleacion CoCrFeMoNi de alta entropia y la aleacion CoCrFeMoNi dopada con

[12]
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Ti. Se realizaron medidas de espectroscopia de impedancia electroquimica (EIS) en muestras

de alta entropia CoCrFeMoNi con y sin microdopaje de Ti para evaluar la influencia del voltaje
en su comportamiento en un entorno agresivo simulado. Los espectros de impedancia se
midieron entre -1.0 y +0.8 V vs. SCE a varios niveles de potencial. Se analizaron los espectros
de impedancia utilizando un circuito eléctrico equivalente para ajustarlos a los datos
experimentales. El circuito correspondiente que se ajusta con éxito a los espectros tiene dos
constantes de tiempo: la primera corresponde a los atributos de la capa pasiva compacta y la
segunda a las caracteristicas de la capa pasiva porosa. Los resultados muestran que el dopado
de la aleacion CoCrFeMoNi con 0,36 at. % de Tireduce la capacidad de la aleacion para resistir
la corrosion, ya que la aleacion puede reaccionar mas rapidamente con el ambiente circundante

lo que provoca una disminucion de la resistencia a la corrosion de la aleacion.

TITULO : “Impact of Ti Doping on the Microstructure and

Mechanical Properties of CoCrFeMoNi High-Entropy
AUTORES: Santiago Jose Brito-Garcia, Julia Claudia Mirza-Rosca,

Cristina Jimenez-Marcos y Ionelia Voiculescu

REVISTA: Metals

INDICE DE 3 495
IMPACTO:

CUARTIL: Q2
DpOI: 10.3390/met13050854
ISSN: 2075-4701
EDITORIAL: MDPI
MES Y ANO: 04/2023
VOLUMEN: 13

PAGINAS: 13
El principio de disefio de las aleaciones de alta entropia consiste en mezclar muchos

elementos quimicos en proporciones iguales o casi iguales para crear nuevas aleaciones con

[13]
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propiedades unicas y especiales, como alta resistencia, ductilidad y resistencia a la corrosion.

Algunas propiedades de las aleaciones de alta entropia pueden ajustarse mediante la
introduccion de nuevos elementos dopantes, que se seleccionan en funcidn de las condiciones
de trabajo. Se examind la aleacion de alta entropia CoCrFeMoNi para determinar el impacto
del dopado de Ti en su microestructura, microdureza y moddulo eléstico. El andlisis de la
microestructura revelo una estructura central consistente en fases cubicas centradas en la cara
(FCC) y cubicas centradas en el cuerpo (BCC), junto con la formacion de una fase Laves. La
adicion de Ti hizo que los granos de la aleacion fueran mas finos y redujo la diferencia de
concentracion de Mo entre las regiones interdendriticas y dendriticas. Como resultado del
dopado con Ti, la microdureza de la aleacion aumentd de 369 HV 0,2 a 451 HV 0,2. El dopado
con Ti produjo una duplicacion del valor de la resistencia a la rotura, aunque no se observaron

cambios significativos en el modulo elastico de la aleacion CoCrFeMoNi.

[14]
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3. Publicaciones

3.1 Mechanical and corrosion behavior of Zr-doped high entropy alloy fron
CoCrFeMoNi system

TITULO: “Mechanical and Corrosion Behavior of Zr-Doped
High-Entropy Alloy from CoCrFeMoNi System”

AUTORES: Santiago Brito-Garcia; Julia Mirza-Rosca; Victor
Geanta; Ionelia Voiculescu

REVISTA: Materials

INDICE DE 3748
IMPACTO:

CUARTIL: Q1
poI: 10.3390/mal6051832.
ISSN: 1996-1944
EDITORIAL: MDPI
MES Y ANO: 02/2023
VOLUMEN: 16
PAGINAS: 14
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Abstract: The aim of the paper is to study the Zr addition effect on the mechanical properties and
corrosion behavior of a high-entropy alloy from the CoCrFeMoNi system. This alloy was designed
to be used for components in the geothermal industry that are exposed to high temperature and
corrosion. Two alloys, one Zr-free (named Sample 1) and another one doped with 0.71 wt.% Zr
(named Sample 2), were obtained in a vacuum arc remelting equipment from high-purity granular
raw materials. Microstructural characterization and quantitative analysis by SEM and EDS were
performed. The Young modulus values for the experimental alloys were calculated on the basis
of a three-point bending test. Corrosion behavior was estimated by linear polarization test and by
electrochemical impedance spectroscopy. The addition of Zr resulted in a decrease in the value of
the Young modulus but also in a decrease in corrosion resistance. The beneficial effect of Zr on the
microstructure was the grain refinement, and this ensured a good deoxidation of the alloy.

Keywords: HEA; CoCrFeMoNiZr; microstructure; corrosion; EIS; Young modulus

1. Introduction

Since 2004, when Yeh et al. [1] and Cantor et al. [2] published the results of multicompo-
nent equiatomic alloys, eventually called high-entropy alloys (HEAs), combinations of many
components have been developed due to their improved properties compared to classic alloys
(of a main element with more than 50 at.%). Yeh et al. defined these alloys as containing a
minimum of five components that account for between 5% and 35% by atomic weight.

Cantor was the first to create an equiatomic alloy from the CoCrFeMnNi system,
and it was observed that the mechanical characteristics of high-entropy alloys rely on
chemical composition and microstructure [2,3]. If certain thermomechanical treatments
are applied to this alloy, its mechanical properties can be considerably improved. For
example, after treatment, the yield strength reaches up to 1834 MPa and the ultimate tensile
strength rises to 2069 MPa, with uniform elongation of 1.4% and total elongation of 7.4% at
room temperature. This alloy has high fracture resistance and low-temperature ductility,
although there have been only few investigations on how it react to corrosion. In some
chemical conditions, such as those containing chlorides, the corrosion resistance of this
alloy is not noticeably higher even if the amount of Cr and Ni is higher than that of stainless
steels (such as AISI 304) [4-6].

The elements selected for the CoCrFeMnNi alloy belong to the 3d and 4d transition
metal groups. In Fe-base alloys, Cr is a passivating element [7,8]; together with Ni, it
provides good corrosion behavior in line with the main elements in stainless steels. By
increasing the Cr content from 4.76 at.% to 33.36 at.% in AlCrCoFeNi alloy, the hardness
increases from 390 to 551 HVO0.1, and a good combination of strength and ductility is
obtained [9-11]. Co also improves the high-temperature resistance and tensile proper-
ties [12-15]. The high ultimate tensile strength (UTS) of multielement CoCrNi alloy is about
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740 MPa; however, after grain size refinement, it can reach 1000 MPa. Furthermore, the
elongation at fracture of this alloy is about 50%. The yield strength can be increased to
about 1 GPa in the case of the CoCrNi-3W alloy, which is almost double compared to the
CoCrNi alloy (400-500 MPa) [16]. The energy threshold for the mobility of Mn atoms is
usually lower than that of Co and Ni atoms, which allows it to diffuse more easily [17] but
the corrosion resistance decreases [18]. The alloying of CoCrFeNi with Nb and Mo allows
to obtain of yield strength of 426 MPa and a fracture strength of 714 MPa, with elongation
of 17.4% [19].

We decided to modify the alloy recipe proposed by Cantor using another element
instead of Mn, such as Mo, to increase the yield strength, ultimate strength, and hardness.
Some researchers used metalloids, such as Si and Ge, to simultaneously increase the yield
strength, ultimate strength, and ductility, due to the supplementary covalent bonding and
reinforcement effect of solid solution [20-22].

The replacement of Mn with tungsten, reported for the CoCrFeNiWx alloy, caused an
increase in hardness proportional to the W concentration [23].

It was found that, by reducing the Mn concentration (to 5 at.% Mn), the CoCrFeMnNi
alloy acquires higher yield strength values after annealing at 1117 K (from 387 to 477 MPa)
due to the grain refinement effect (from 4.4 to 2.61 um) [10]. Mn also shows a rapid
evaporation effect during melting processes; hence, in our study, this element was replaced
by Mo, which could improve the resistance to high temperatures [24]. Co-Cr-Mo alloy
is widely used for manufacturing of vanes and gas turbines due to its excellent fatigue
behavior and wear resistance [25-28]. In such alloys, molybdenum has a beneficial effect on
passivation capacity, contributing to the formation of a protective surface layer that allows
pitting corrosion to be limited [29,30]. Studies were conducted to estimate the effects on
the microstructure and properties of alloys with different Mo contents [31-33]. Such alloys
have been designed for the manufacture of furnace casings and chemical tanks used in
high-temperature and corrosion conditions [34], for components used in the geothermal
industry [35,36], or to obtain high-performance coatings [37].

The addition of Zr to multielement alloys allows the improvement of some mechan-
ical properties [38]; thus, in TIMoNbZrx alloy, Zr determined the improvement of wear
resistance, due to the formation of an oxide film that acts as a lubricant [39]. In terms of
corrosion resistance, grain refinement plays a great role, and a small addition of Zr can
contribute to grain refinement [40]. Thus, our study focuses on the use of the Mo and Zr in
an HEA for the manufacture of mechanical parts used in the geothermal industry at high
temperature and in corrosive media.

The impact of Zr addition on the CoCrFeNiMo high-entropy alloy’s microstructure,
elastic modulus, and corrosion characteristics is examined in this work. In order to analyze
the microstructure of the samples with and without Zr, optical microscopy, scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) are employed, micro-
hardness tests are performed, a three-point bending test is used to evaluate the modulus of
elasticity and linear polarization (LP), and electrochemical impedance spectroscopy (EIS) is
applied to examine electrochemical responses, corrosion kinetics, and interface parameters.

2. Materials and Methods
2.1. Material Preparation

On the basis of the CoCrFeNiMn combination, Mn was replaced by Mo, and a high-
entropy alloy was created, generating Sample 1. To improve the mechanical properties,
this alloy was then doped with Zr in a proportion of 0.71% by weight, creating Sample
2. The elements utilized to create these alloys were 99.00% pure, and the resulting alloys
contained the weight percentages and atomic percentages given in Table 1.

The ingots of each alloy were prepared at LAMET laboratory, Romania, with VAR
(vacuum arc melting) model MRF ABJ 900 VAR (Allenstown, Merrimack, NH 03275, USA),
under a protective argon atmosphere, and six remelting operations were performed for
complete homogenization.
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Table 1. Chemical composition of the experimental alloys.
wt. % at.%
Element
Sample 1 Sample 2 Sample 1 Sample 2
Co 20.67 20.34 21.52 21.15
Cr 19.99 19.80 23.58 23.33
Fe 19.88 20.23 21.84 22.20
Mo 20.20 19.18 12.92 12.25
Ni 19.27 19.74 20.14 20.60
Zr - 0.71 - 0.48

The samples were prepared from ingots after cutting and embedding in epoxy resin.
The specimens were ground using emery discs on a Tegrapol-11 Struers (Copenhague,
Denmark) polishing machine, and then each sample was polished applying a 0.1 pm
alumina suspension on a polishing cloth until it yielded a mirror-like surface, without
scratches. Following an ethanol wash, the samples were rinsed with distilled water. The
electrical contact between the sample and the potentiostat connection clamp was established
using a copper wire.

Using Image], version 1.53 k (public domain), each sample’s surface area S was
calculated; for this, 10 measurements each were taken. For each alloy, the equivalent weight
Ey (in g/eq) and density p (in g/ cm?) values were also computed (see Table 2).

Table 2. Data of surface area, density and equivalent weight of specimens.

S (cm?) p (g/cm?) E., (g/eq)
Sample 1 0.567 + 0.002 8.635 23.694
Sample 2 0.676 + 0.002 8.602 23.814

In this case, the equivalent weight of each sample was calculated using the atomic
weight of each element (M), its valence number (#;), and C; (its weight percentage), as
shown in the following equation:

w=) —*C (1)

The alloy density was calculated as follows:
k
o= 0C @
i=1

where p; (g/cm?) is the density of each element, and C; is its weight percentage.

2.2. Microstructural Characterization

The microstructure of the alloys was analyzed using an environmental scanning elec-
tron microscope (ESEM) model Fei XL30 ESEM (MTM, Leuven, Belgium) equipped with a
LaB6 cathode coupled to an energy-dispersive X-ray electron probe analyzer (EDAX Sap-
phire) used to determine the chemical composition of the samples. Prior to microstructural
characterization, the samples were prepared according to ASTM E3-11 (2017) standard for
metallography [41]. Phase analysis was characterized using an X-ray diffractometer (XRD)
with an Empyrean diffractometer (Malvern-Panalytical). For the analysis CuKa radiation
(1.5406 A) in the range of 20 = 30°~100° with a step size of 0.04° at a power of 45 kV was used.

2.3. Modulus of Elasticity and Microhardness

A three-point bending test was performed to obtain the modulus of elasticity of the
material. For this purpose, the samples were cut with an IsoMet® 4000 Buehler precision
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linear saw (BUEHLER, Lake Bluff, IL, USA), which is capable of achieving minimal dis-
tortion of the material. Ten specimens were selected from each alloy to obtain a weighted
average of the results; the specimens had the shape of rectangular section filaments of
variable dimensions due to the irregular shape of the ingot obtained in the casting of the
alloy. The support spacing (L) in the test for Sample 1 and Sample 2 was 12.70 mm and
8.95 mm, respectively.

Once the samples were obtained, a three-point bending test was performed using
the Electroforce 3100 equipment (BOSE Corporation, Eden Prairie, Minnesota, USA), until
material breakage was reached or until the maximum equipment load of 22 N was applied,
all in compliance with ISO 7438:2020 [42].

Microhardness tests were performed at 24 °C and 48% humidity using a Shimadzu
HMYV 2T microhardness equipment (Tokyo, Japan). According to ISO 14577-1:2015 [43],
10 indentations were made for each sample, and a load of 1.96 N was applied.

2.4. Electrochemical Measurements

Sample 1 and Sample 2 were subjected to corrosion tests in a 3.5% NaCl solution using
Biologic SP-150 potentiostat (Seyssinet-Pariset, France). For the execution of the techniques
and the establishment of the process parameters, the EC-Lab® v-9.55 program was employed,
which also allows the plotting of the data obtained, as well as the calculation of the polarization
resistance (Rp), the Tafel coefficients, and the remaining electrochemical parameters.

The tests were carried out in a standard electrochemical cell with three electrodes,
consisting of the sample to be tested as a working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a platinum electrode as the counter electrode. Previ-
ously, the open-circuit potential was recorded by immersing the samples for 24 h in the salt
solution. These tests were performed three times to ensure reasonably reproducible quality.

The linear polarization test establishes the linear relationship between the applied
polarization and the current response in the vicinity of the corrosion potential (Ecorr). In this
case, the potential range of 25 mV =+ 1 versus Ecorr and a sweep rate of 0.166 mV /s were
used, and the polarization resistance was calculated. For potentiodynamic polarization
curves, a scan of potential from —1.2 V vs. SCE to +1.2 V vs. SCE was performed.

Additionally, the EIS test was performed using single sine wave measurements at
frequencies in the range of 10~ ! to 10° Hz for the two alloys. From this test, it was possible
to relate the chemical and physical properties of the prepared alloys to the electrochemical
process taking place by analyzing the spectra obtained. Therefore, the ZSimpWin 3.22 pro-
gram (AMETEC, Princeton, NJ, USA), which allows the interpretation of the EIS data, was
used to obtain and analyze the spectra. In addition, from the obtained data, an equivalent
circuit was fitted in order to interpret the behavior of the electrolyte/sample interface and
the state of the surface layer.

3. Results and Discussion
3.1. Microstructural Characterization

Representative SEM images of the two HEAs are presented in Figure 1a,b, both of
which showed a compact microstructure, without cracks. The microstructure of both alloys
was dendritic, with a grain refinement tendency in the case of Sample 2. A semi-quantitative
analysis was performed in order to reveal the chemical composition of the investigated
samples on the micro-areas labeled Area 1 and Area 2. Table 3 presents the quantified
values and estimated uncertainties of the elements found in the alloys’ composition. From
the EDS analysis, it can be observed that the dendritic zone, labeled Area 1 in both samples,
was rich in Ni, Fe, and Co. Area 2, corresponding to the interdendritic space, was made up
of alloy rich in Cr and Mo, with the concentration of elements such as Co, Fe, and Ni being
slightly lower. Low concentrations of Zr were identified in Sample 2, with slightly higher
concentrations in the interdendritic areas. A comparative analysis of the microstructure
of the two alloys highlights that the volume fraction of the interdendritic zones decreased
when Zr was added to the CoCrFeMoNi alloy. In this type of alloy, the o phase frequently
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appeared alongside the FCC structure. The addition of Mo to the CoCrFeNi system caused
the formation of eutectic containing intermetallic phases (o and ) in the FCC phase. The
eutectic microstructure influences the mechanical properties, determining the increase in
hardness and yield strength [44]. The key elements favoring the appearance of the o phase
are Mo and Cr, whose concentrations are higher in the interdendritic zone [44]. In the
high-entropy alloy CoCrFeNiMo, about 14% Cr- and Mo-rich o phase was identified [19].
In our alloys, the addition of 0.48 at.% Zr caused the Mo concentration to decrease from
20 at.% to 17 at.% in the interdendritic zones, while the Cr concentration remained almost
unchanged, at approximately 25 at.%. In this way, the tendency to form the sigma phase
was diminished.

Sample 1

3
8
2
7]
c
8 Area 2
£
Area 1

0 2 4 6 8 10 12 14 16
Energy (keV)

Sample 2

Area2 Zr

Intensity (a.u.)

Area1 Zr

0 2 4 6 8 10 12 114 1|6
Energy (keV)

Figure 1. SEM micrographs and corresponding EDS spectra for sample 1 (a) and sample 2 (b).

Table 3. EDS quantification results.

Sample 1 Sample 2
Areal Area 2 Areal Area 2
ElL wt. % at.% wt.% at.% wt.% at.% wt. % at.%
Mo 13.86 8.85 30.55 20.61 13.64 8.51 26.07 17.13
Cr 19.23 22.07 20.42 25.12 19.28 22.2 20.58 24.96
Fe 22.02 23.53 16.29 18.66 22.21 23.81 17.97 20.29
Co 22.49 22.78 18.34 19.91 21.74 22.09 18.92 20.25
Ni 22.41 22.78 14.40 15.69 22.54 22.99 15.55 16.82
Zr - - - - 0.59 0.39 0.80 0.55

Table 3 shows the chemical composition determined using the EDS method, where
a higher concentration of Mo and Zr in the interdendritic areas can be noted. The X-



Materials 2023, 16, 1832

6 of 14

ray diffraction patterns for both investigated samples are shown in Figure 2. The alloys
presented an FCC solid solution with some weak peaks, in addition to the (111) high-
intensity peak. Thus, the lower-intensity peaks were attributed to the secondary o phase,
corresponding to the rich Cr- and Mo-rich areas determined in the EDS investigations.

|—— Sample 1 + FCC
71— Sample 2

3
8 e
=
F A =
& & =
= * R
=i ] [ ..l"-._!"d
=] 1 )
E M - ,JKJ\“
+ +

e

60 70 80 90 100
20 (deq.)

Figure 2. XRD patterns of the investigated alloys.

3.2. Modulus of Elasticity and Microhardness

The load—displacement diagrams were obtained for the two samples using the three-
point bending test. Figure 3 shows one of the graphs for each specimen (10 samples of each
alloy were tested) and the straight-line results within the elastic limit of the alloy (i.e., when
the sample recovers its initial shape after deformation). The gradient of this line is

dF  48EI
o L3 ®
where E is the Young’s modulus of the sample of length L, which rests on two roller
supports and is subject to a concentrated load F at its center having a central deflection w. I
is the second moment of area, defined by
a’b

where 7 is the sample’s depth, and b is the sample’s width. Thus, the average value of the
modulus of elasticity of each of the proposed alloys was calculated. The obtained results
highlight that the alloy without Zr had a higher modulus of elasticity than that to which Zr
was added, as presented in Table 4.

It was found that the value obtained for Sample 1 was 20.5% higher than the value
reached by the Sample 2; the addition of Zr produced a decrease in the modulus of elasticity
and, therefore, in its stiffness.

The microhardness values HV0.2 and the standard deviation for the 10 measurements
of each sample are presented in Table 4. It can be observed that the addition of Zr improved
the average microhardness of HEAs. The SEM images of the fracture surfaces of the two
alloys are presented in the Figure 4; it can be observed that that a brittle fracture occurred
in both samples. A cleavage-like fracture plane can also be observed.

3.3. Electrochemical Measurements

The samples were immersed in 3.5% NaCl solution, and the open-circuit potential
(OCP) was recorded as a function of time up to 24 h. The OCP values changed continuously,
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fluctuating more rapidly during the first hours of immersion and reaching relatively
stationary values only after 24 h. Was observed that the OCP values after 24 h of immersion
were negative for both Sample 1 (—342 £ 63 mV vs. SCE) and Sample 2 (—458 4+ 43 mV
vs. SCE). This negative shift was related to the alteration of the film from the sample
surface. The steady-state potentials corresponding to the corrosion potential (Ecorr) were
obtained. Then, the linear polarization test in a potential range of 25 mV =+ 1 versus Ecorr
was performed, and the polarization resistance Ry, was obtained. Tafel measurements were
started from the cathodic to anodic direction in the range of —1.2 V to +1.2 V vs. SCE in
order to obtain the Tafel slopes.

150 + a) 375
14.411N
10.0 250 r
z z
— (8
5.0 0.278; 5.203 125 |
0.201; 1.010
y=34.08x - 4.07 y=6.27x - 0.25
R’=0.9979 R*=0.9999
0.124;0.12 0.048; 0.047
0.0 . L 0.00 ) L )
0.0 0.5 10 15 0.0 0.4 0.8 1.2
G (mm) G (mm)

Figure 3. Three-point flexural test diagrams: (a) Sample 1 and (b) Sample 2.

Table 4. Modulus of elasticity and hardness values for Sample 1 and Sample 2.

Alloy Modulus of Elasticity (GPa) Microhardness (HV0.2)
Sample 1 173.99 £ 4.25 369.2 +0.6
Sample 2 144.33 £ 5.38 402.6 £0.7

HT « 700 &V Date: 3 May 2022

3 pm IHE - 5.00kV
WD« 4.7 mm

WO - 7.6mm

Figure 4. SEM images of the fracture after three-point bending test: (a) Sample 1 and (b) Sample 2.

The potentiodynamic polarization curves were obtained during the tests carried out
to estimate the corrosion rate (CR) of the samples. The current values are presented on a
semi-logarithmic scale in Figure 5.
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Figure 5. Potentiodynamic polarization curves for Sample 1 and Sample 2.

The potentiodynamic polarization curves showed an increase in anodic current densi-
ties with the addition of zirconium to Sample 2, indicating a decrease in corrosion resistance
in the conditions of simulated seawater used in experimental tests. In the anodic range of
both curves, small increases of the current were observed, suggesting the acceleration of
the oxidation reaction due to local corrosion and repassivation processes.

The value of the cathodic current density decreased with the addition of zirconium.
Consequently, this implies that, in the simulated environment used for testing, the zirconium
acted as an inhibitor of the cathodic reaction, restricting the hydrogen evolution process.

The corrosion rate was calculated as follows:

_ IcorrKEW

CR oA

©)
where I, is the corrosion current (A), K is the constant that defines the units of corrosion
rate (3272 m/A-cm-year), E, is the equivalent weight (g/equivalent), o is the density
(g/cm3), and A is the sample area (cm?).

Table 5 shows the electrochemical values obtained with these curves. The calculated
CR data show values ranging from 2.44 x 10~% mmpy for Sample 1 to 2.80 x 10~3 mmpy
for Sample 2, representing a ~16-fold increase compared to Sample 1.

Table 5. Electrochemical parameters obtained from Tafel curves.

Econ icorl’ BC Ba Rp CR

[mV] [uA/em?] [mV/dec] [mV/dec] [kOQ-cm?] [mmpy]
Sample 1 —288 +£1 0.142 £ 0.012 104 £3 335+5 150 £+ 16 244 x 1073
Sample 2 —346 + 3 0.210 £ 0.032 121 +£4 338 +2 113 £ 12 2.80 x 1073

A more positive corrosion potential value can be observed for Sample 1 than for
Sample 2. The corrosion current (icorr) is representative of the degree of oxidation of the
alloy. A higher polarization resistance (Rp) denotes that the alloy is more resistant to
corrosion; thus, Sample 1 was more resistant to corrosion than Sample 2.

The Tafel slopes (a and 3c) were obtained through an analysis of the curve plotted in
an interval of 250 mV versus the open-circuit potential (OCP). Sample 1 showed a tendency
toward passivation because it had a value of 3, greater than (3., while Sample 2 presented a
corrosion tendency because the anodic slope was lower than the cathodic slope.
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The characteristics of the oxide layer formed on an alloy surface can be estimated by
means of the impedance technique, also known as electrochemical impedance spectroscopy
(EIS). The graphs obtained from the EIS tests are presented as Nyquist plots in Figure 6 and
Bode plots in Figure 7.

130.0
—e—Sample_1
—e—Sample_2
97.5
)
X
S 65.0
£
T
325
0.0 1 1 1
0.0 325 65.0 97.5 130.0

Re Z (KQ)
Figure 6. Nyquist diagrams for Sample 1 and Sample 2.
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Figure 7. Bode diagrams for Sample 1 and Sample 2.

As can be observed in the Nyquist plots (see Figure 6), the radius of the semicircle for
Sample 2 was smaller than that for Sample 1, indicating a low polarization resistance (a
low corrosion resistance) for Sample 2.

In the Bode vs. |Z| plot (see Figure 7), a slight shift toward a higher value of the
impedance module at the lowest frequency can be observed for Sample 1, indicating a
slightly increased corrosion resistance of this alloy. In the Bode phase plots shown in
Figure 6, a specific performance of the growth of a passive film can be observed for both
alloys. This passive layer had a capacitive behavior with a phase angle approaching 90°.
In the case of Sample 1, the higher phase angle was constant in a wide frequency band, a
phenomenon related to an increase in the effective surface area.

After analyzing the shapes of the impedance diagrams, the experimental results
could be fitted to an appropriate physical pattern consisting of an equivalent electrical
circuit (EC). This circuit consists of several series or parallel configurations of resistors,
capacitors, Warburg elements, etc. and provides the most relevant corrosion parameters
of the substrate/electrolyte system. The equivalent circuit is similar to that proposed for
Ti—xMo, Al CoCrFeNi alloys, TiO, nanofibers, and polymer electrolytes [45—-47].
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The equivalent circuit used to fit the experimental impedance data is presented in
Figure 7, and the values of the corresponding elements are shown in Table 5.

Within the circuit presented in Figure 8, the ohmic resistance of the simulated seawater
is labeled R, the resistance of the passive layer is labeled R, and the capacitance of the
passive layer is represented as Q. As a consequence of the heterogeneous thin oxide
film built up on the surface of the HEA alloys and the remarkable deviations of the Bode
diagrams, it was required to replace the “ideal” capacitance by a constant-phase element
(CPE) [48], the impedance of which is given [49] by Z = (jw) ™Y?, where j is an imaginary
number (> = —1), w is the angular frequency (rad-*~'), Y is the constant of the CPE
[S(s:rad~1)], n is the power number denoting the drift from ideal performance, n = «(7t/2),
and o is the constant-phase angle of the CPE (rad). Therefore, one of the parameters
obtained when modeling the process is the ideality coefficient “n”, in such a way that the
answer of the real process is more similar to the ideal as the value of n gets closer to unity
and, consequently, the surface is more uniform. Thus, for n = 1, the CPE element is reduced
to a capacitor with a capacitance Y? and, if n = 0, to a simple resistor [50].

11 1
Zeq ZRz ZQz '

(6)

Figure 8. Equivalent circuit to fit the impedance data.

With the aim of estimating the total impedance of the equivalent circuit, we computed
the admittance of the parallel arrangement (R,Q>) as follows [51]:

Although a constant-phase element was used to fit the experimental results, the
achieved value was considered as the capacity in the following equation:

1 1
— = — + jwC,. 7
Zo R jwCy ()

Multiplying by R, we get

_ R2 — j(WC2R22>

= : ®)
14 (WGR,)?
Once the electrolyte ohmic resistance is added, the resulting impedance is
Ry — j(wCaRy?
Zog = Ry + 2/ (0CRY) ©)

1+ (TUCQRz)Z .

R; was taken as the corrosion resistance of the analyzed HEAs. The R, values cal-
culated by fitting the experimental data with the simulated results of the corresponding
equivalent circuit are given in Table 6.
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Table 6. Fitted EIS parameters using the equivalent circuit model presented in Figure 8.
Sample 1 Error % Sample 2 Error %

Ry (kQ2-cm?) 42.70 0.96 45.09 1.22

Q, Y% (5:8"/cm?) 1.20 x 10~ 1.23 1.12 x 107> 1.72

Qn 0.88 0.28 0.87 0.38

Ry (kQ-cm?) 2.57 x 107 5.40 1.47 x 10° 4.75
X2 1.18 x 1073 1.87 x 1073

This decrease in R, (and, consequently, in corrosion resistance) when adding Zr
was due to the fact that the passive film formed on the surface of the HEAs changed its
properties as a result of this addition and became thicker (Y° decreased with Zr addition).

It can be noted that the passive film resistance R, decreased with the addition of Zr
because of the increase in the number of defective spots in the film. Without Zr, the passive
film formed on the surface of the alloy was more compact and protective (see values of Y’
in the Table 6).

Doping with oversized atoms, such as zirconium, obstructs the grain coarsening
of HEA, creating a supersaturated solid solution. Tekin et al. [38] observed the in situ
formation of ZrO, through TEM analysis; in contrast, in our XRD, although we had the
peaks of the phases, these were not effective because the volume fraction of ZrO, was
below the detection limit of XRD. The formation of ZrO, explained the high corrosion rate
of Sample 2 with zirconium in comparison to Sample 1 without zirconium.

After performing the corrosion tests, the surface was covered with a thin layer of
oxide, which was subjected to SEM analyses, and the results are presented in Figure 9. The
surface of both samples was covered with a very thin and transparent layer of oxide due to
the chemical reactions during immersion in the corrosive solution. In the case of Sample 2
alloy, the oxide layer was thicker and further blurred the surface microstructure.

Sample 1 Sample 2
Figure 9. SEM image of the surface after performing the corrosion tests: (a) Sample 1 and (b) Sample 2.

On the surface of Sample 1, a dendritic microstructure under the oxide layer and some
corrosion pits were visible.

4. Conclusions

The effects of alloying with zirconium on the microstructure, elastic modulus, and
corrosion properties of a high-entropy alloy, from the CoCrFeNiMo system, were investi-
gated. A simulated corrosive solution (3.5% NaCl) was used to characterize the corrosion
behavior of these materials using electrochemical techniques.

e A brittle fracture with a cleavage-like fracture plane could be observed for both alloys.
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e  The alloy without zirconium was more resistant to corrosion, with a very low corrosion
rate (2.44 x 1073 mmpy in comparison with 2.80 x 103 mmpy for the sample with Zr).

e The resistance of the passive film decreased with the addition of Zr (from 2.57 x 107 kQ)-cm?
to 1.47 x 10° kQ-cm?) due to the increased number of defects points in the film.

e  Doping with 0.71 wt.% Zr produced grain refinement and increased the hardness but did
not increase the modulus of elasticity or corrosion resistance of the CoCrFeNiMo alloy.
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Abstract: The promising results obtained in the research of high-entropy alloys are increasingly
encouraging new configurations of these alloys. Our research was conducted on the high-entropy
CoCrFeMoN:i alloy and the Ti-doped CoCrFeMoN!i alloy. Electrochemical impedance spectroscopy
(EIS) measurements were performed on samples with and without Ti-doped CoCrFeMoNi high-
entropy alloys in order to evaluate the influence of voltage on their behavior in a simulated aggressive
environment. The impedance spectra were measured between —1.0 and +0.8 V vs. SCE at various
potential levels. Using an electrical equivalent circuit to match the experimental data, the impedance
spectra were analyzed. The corresponding circuit that successfully fits the spectra has two time
constants: the first one is for the attributes of the compact passive layer and the second one is for the
features of the porous passive layer. The results show that doping CoCrFeMoNi alloy with 0.36 at.%
Ti reduces the alloy’s ability to resist corrosion, as the alloy can react more quickly to the surrounding
environment and cause a decrease in the corrosion resistance of the alloy.

Keywords: high-entropy alloys; Ti doping; EIS; equivalent circuit; corrosion resistance

1. Introduction

High-entropy alloys (HEAs) are a new class of materials that have received a lot
of attention recently due to their special qualities and promising applications in many
areas [1-3]. HEAs are made up of multiple metallic elements, typically five or more, mixed
together in roughly equal proportions. This results in a random atomic arrangement, which
gives rise to exceptional properties, such as high strength, high ductility, excellent corrosion
resistance, and high-temperature stability.

HEAs have gained widespread interest in the scientific community due to their po-
tential to revolutionize the design of structural materials, particularly in aerospace [4],
energy [5-8], and biomedical industries [9-12]. Researchers are exploring various aspects
of HEAs, including synthesis, characterization, and mechanical behavior, to better under-
stand their fundamental properties and optimize their performance.

In this field of high-entropy alloys, CoCrFeMoNi has been reported to have remarkable
mechanical qualities, such as high strength and superior ductility, even at cryogenic temper-
atures [13]. In particular, the high-temperature strength and ductility of CoCrFeMoNi HEA
make it a promising candidate for high-temperature structural applications [14], such as
in gas turbines and nuclear reactors, and with Nb and different concentrations of Mo, has
improved corrosion resistance of the load-bearing parts of marine equipment [15]. An ion
sulfurizing technique was applied to CoCrFeMoNi HEA, and the tribological properties
were improved greatly due to the fabrication of lubricant phases during sulfurization [13].

Doping refers to the intentional addition of small amounts of one element to another
material in order to modify its properties [16]. When metals are used as dopants, they can
have various effects on the material’s properties, depending on the specific metal and the
material being doped.
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For example, doping metals such as titanium, vanadium, or chromium into steels can
improve their mechanical properties, such as strength, ductility, and toughness [17-19].
This is because these metals can form strong carbides or nitrides, which act as strengthen-
ing agents and can also improve wear and corrosion resistance. Similarly, doping copper
into aluminum [20] can improve its electrical conductivity, while doping aluminum into
copper [21] can improve its strength and corrosion resistance. Doping with other metals
such as magnesium, zinc, or nickel [22,23] can also modify the properties of aluminum
alloys, depending on the specific application. Despite the fact that boriding has been
studied particularly for steels in several areas, including morphology, thickness, perfor-
mance, and kinetics, the boronization of HEAs is still in its early stages [24]. After the
boronizing technique was used on several types of HEA, its effects on the materials’ me-
chanical and tribological characteristics were examined. According to reports, boronization
increased the surface hardness of high-entropy alloys by more than three times [25,26]
and the wear resistance of HEA by twelve times [27]. Overall, Ti doping is a versatile
strategy for modifying the properties of various materials [28], and it is an active area of
research in many fields. It has been reported that, in coatings, Ti provides high wear and
corrosion resistance and a low friction coefficient, depending on the uniformity, hardness,
elastic modulus, and coating layer’s thickness [29], thanks to its high hardness, good
substrate adhesion, and inert structure [30]. Electrochemical impedance spectroscopy
(EIS) is a powerful analytical technique used to study the behavior of electrochemical
systems [31-33]. It involves the application of a low amplitude alternating current (AC)
signal to the system and analyzing the voltage response that results. By controlling the
frequency of the AC signal over a range of values, the technique allows the measurement
of impedance as a function of frequency.

EIS can provide information about the electrical properties of the system, such as
its resistance, capacitance, and inductance, as well as its electrochemical properties, such
as the charge transfer resistance, double-layer capacitance, and diffusion coefficient [34].
The technique can also be used to study the kinetics and mechanisms of electrochemical
reactions, the adsorption of species on the electrode surface, and the behavior of com-
plex electrochemical systems. Its non-invasive and non-destructive nature, along with
its ability to provide information about both the electrical and electrochemical proper-
ties of a system, make it a valuable tool for the characterization and understanding of
electrochemical systems.

Thus, the purpose of the present study was to evaluate, using EIS, the influence of
the potential on the behavior of samples without Ti and with Ti-doped CoCrFeMoNi
high-entropy alloys in a simulated aggressive environment. There is no data available
about this particular doped high-entropy alloy manufactured using the vacuum arc
remelting technique.

2. Materials and Methods
2.1. Sample Preparation

Investigations were conducted on the high-entropy CoCrFeMoN:i alloy (HEA) and on
the Ti-doped CoCrFeMoN:i alloy (HEATi). The samples were obtained by the ERAMET Lab-
oratory at Politehnica University of Bucharest using an MRF ABJ 900 vacuum arc remelting
(VAR) system. The laboratory took into account the potential losses from vaporization as
well as the anticipated degree of chemical element incorporation during melting in order to
design the metallic charge.

For Co, Cr, Fe, Mo, Ni, and Ti, high-purity raw materials with purity values of at least
99.7% were used. To attain sufficient homogeneity, the obtained alloys underwent 8 cycles
of flipping and remelting in VAR equipment (4 times for each part).

The elemental information of the HEA and doped HEA was determined using energy
dispersive X-ray analysis (EDS) using a Fei XL30 ESEM (MTM, Leuven, Belgium) scanning
electron microscope equipped with EDAX Sapphire detector. The atomic composition (at%)
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of the HEA is Co (21.52), Cr (23.58), Fe (21.84), Mo (12.98), and Ni (20.14); for the HEATi, it
is Co (21.09), Cr (22.67), Fe (21.37), Mo (14.26), Ni (20.24), and Ti (0.36).

The resulting ingots, which were transversally cut for additional analysis, were rods
about 10 centimeters long and 1 cm in diameter. The samples experienced a three-stage
surface processing procedure in order to conduct assessments of structure, composition,
and electrochemistry. They were first embedded in a cylinder made of phenolic resin
(see Figure 1 hot-mounting step) and after that, polished with SiC abrasive papers with
progressively finer grain sizes varying from 240 to 2000 grit. Immediately after, following a
final polish with 0.1 m alpha alumina paste, they were washed with ultrasonic deionized
water [35]. All the steps of the sample “s preparation and the posterior tests are presented
in Figure 1.

Figure 1. Samples’ preparation and posterior tests.
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2.2. Microstructural Characterization

An investigation was conducted on the microstructure of high-entropy alloys utilizing
optical microscopy. To examine the surface of the samples, they were immersed in a 10%
oxalic acid solution and subjected to a 5 V current for 5 to 25 s via electrochemical etching.
The OLYMPUS PME 3 microscope (Olympus Corp., Tokyo, Japan) was used for optical
observations of the etched surface. To investigate the microstructure and the segregation of
chemical constituents of the samples, an energy-dispersive X-ray electron probe analyzer
EDAX Sapphire (Ametek, Berwyn, PA, USA) was connected to an environmental scanning
electron microscope (ESEM) type Fei XL30 ESEM outfitted with a LaB6 cathode (STS, North
Billerica, MA, USA).

2.3. Electrochemical Measurements
2.3.1. Electrodes and Electrolyte

For all electrochemical measurements, a conventional electrochemical cell consisting of
three electrodes, namely a working electrode, a reference electrode, and a counter electrode,
was employed. The working electrode is formed by the alloy where the electrochemical
reaction of interest takes place and is made of the material being studied (sample 1 and
sample 2). The reference electrode is used as a reference point to measure the potential of the
working electrode. It is a stable electrode with a well-known potential, a saturated calomel
electrode (SCE). The counter electrode is an inert electrode that completes the circuit and
balances the flow of electrons. It is made of a material that does not participate in the
electrochemical reaction, in our case, platinum. During the electrochemical reaction, the
electrolyte solution serves as the medium for the flow of current from the working electrode
to the counter electrode. The potential difference between the working electrode and the
reference electrode is measured to determine the electrochemical properties of the system.
The three-electrode setup allows for precise measurements of the electrochemical behavior
of the system, while the reference electrode ensures accurate potential measurements. To
simulate the seawater environment, 3.5% NaCl solution was used.

2.3.2. Potentiodynamic Polarization

Potentiodynamic polarization is a technique used to study the corrosion behavior
of a material. In this technique, the potential of the sample is varied over a range of
values (starting at —1.5 V till +0.8 V vs. SCE) following the ASTM standard [36] while the
current passing through the electrode is monitored. By plotting the resulting current as a
function of the electrode potential, a polarization curve can be generated. Potentiodynamic
polarization (PD) was performed with a scan rate of approx. 300 uV / 1807.2 ms [37].

2.3.3. Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)

The PEIS experiment performed impedance tests into potentiostatic configuration in
employing a sinusoidal round a potential E that was adjusted to a constant value (from
—1.0 V to +0.8 V with a step of 200 mV). The potential was set to the fixed value for 30 min to
wait for cell current stabilization [38], and during this period, no impedance measurements
were undertaken. At each potential value, a scan from 100 kHz to 100 mHz with 6 points
per decade was performed with a peak-to-peak amplitude of 10 mV.
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3. Results and Discussions
3.1. Microstructural Characterization
Optical images of the microstructure can be seen in Figure 2 for both analyzed alloys.

These images show a dense microstructure that is free of cracks. In both alloys, the
microstructure is dendritic, but the HEATi exhibited a tendency towards grain refinement.

Figure 2. Metallographic structure of (a) HEA and (b) HEATI.

The SEM images of the samples with the corresponding maps and spectra are pre-
sented in Figure 3. It can be observed that the influence of iron increased as Ti doping was
applied, and Ti showed a distinct difference in the two regions. The segregation ratios of
cobalt, iron, and molybdenum all increased, but the segregation ratio of nickel decreased.
This suggests that these elements precipitated less or generated fewer intermetallic com-
plexes. Chromium’s segregation ratio remained basically unaltered. It may be claimed that
Ti doping increased the solubility limit of the solid phase for molybdenum and titanium
while decreasing it for nickel, cobalt, and iron. Chromium remained mostly unaffected.
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Figure 3. SEM micrographs and corresponding EDS maps and spectra for (a) HEA and (b) HEATi.

3.2. Electrochemical Measurements

The open circuit potential (OCP) is the potential difference between a metal electrode
and a reference electrode when there is no current flowing between them. This potential
is affected by the chemical environment surrounding the metal and can change over time
as the metal corrodes. By measuring the OCP over time, the OCP diagram is obtained,
which shows how the potential changes as a function of time. In a corrosive environment,
the OCP of a metal can be affected by a number of factors, including the concentration of
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dissolved oxygen, pH, and the presence of corrosive ions. The OCP diagrams of the HEA
and HEATI are presented in Figure 4.

0.000
-0.100
-0.200
=0.300

-0.400

Potential vs SCE (V)

-0.500

-0.600

0 15,000 30,000 45,000 60,000 75,000 90,000
Time (s)

Figure 4. Open circuit potential for HEA and HEATi during 24 h in 3.5% NaCl.

It can be observed that for both samples the potential fluctuates and decreases over
time; this suggests that the samples are susceptible to corrosion, and a corrosion product
layer is formed on the surface. After about 12 h, the OCP diagram shows a stable potential
over time, and this indicates that the alloys are not actively corroding and are, therefore,
relatively resistant to corrosion in these conditions.

The shape of the polarization curve can provide important information about the
electrochemical behavior of the metal. Figure 5 presents the polarization curves for the
HEA and HEATi samples. The fit of the curves is based on the Stern and Geary equation,
which states that the difference between the applied potential and the open circuit potential
immediately correlates with the logarithm of the current measured during an electrochem-
ical reaction [39]. The default positions for the fit are & 20 mV and £ 250 mV around
potential at zero current. Through these curves, the Tafel slopes were determined, being
Ba =775.9 mV /decade and B, = 119 mV /decade for the HEA and B, = 746.2 mV /decade
and f. = 338.7 mV/decade.

. e HEA
40 e HEATi

3.0 -
20 |
1.0 -
0.0 -

-1.0 |-

log |i] (LA/cm?)

=20 |-
=3.0 |-

-4.0 |-

1 A 1 N 1 N 1 N 1 N 1
-1.5 -1.0 -0.5 0.0 0.5 1.0

Potential vs ECS (V)

Figure 5. Linear polarization curves of the analyzed samples.
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The Tafel slopes are used to calculate the Tafel constant B:

_ BaBc
b= 2.303(Ba + Be) @

The corrosion rate is determined using the corresponding weight, density, and
surface area.
The following equation is used to determine the corrosion rate (CR) [37]:

_ IeorrKEy

CR= =

@)

The corrosion current is denoted as I and is measured in amperes (A). The constant
K is used to determine the units of the corrosion rate. The equivalent weight (Ey) is
measured in grams per equivalent, and the density (d) is measured in grams per cubic
centimeter (g/ cm?). The sample area (A) is measured in square centimeters (cm?).

The HEA sample has a corrosion rate of 2.38 x 10> mmpy, while for the HEATi,
the corrosion rate is 21.70 x 1072 mmpy, almost 10 times more. Similar results were
obtained when the CoCrFeNiMo high-entropy alloy was doped with 0.48 at.% Zr [40], and
it was reported that this doping produced grain refinement and increased the hardness
but did not increase the modulus of elasticity or corrosion resistance of the CoCrFeNiMo
high-entropy alloy.

The surface of the samples HEA and HEATi were examined using SEM/EDS methods
after 24 h of immersion in a 3.5% NaCl corrosive solution. For each sample, EDS analysis
was performed both on the dendrites and inter-dendritic areas.

The microstructure of sample LAS 1 (see Figure 6a) is composed of dendrites (Cr-,
Co-, Fe-, and Ni-rich), surrounded by inter-dendritic zones (Mo-rich, 19.50 - 15.56 at%
Mo). Measuring spots 1 to 4 are located on the dendrites, while spots 5 to 8 are located
on the inter-dendritic areas. As a result of EDS analysis (see Figure 6b), small quantities
of Na and Cl were observed on the sample’s surface. The maximum quantity of Cl was
measured only on the dendritic areas (0.05-0.14 at% Cl), while Na was present mainly on
the inter-dendritic areas (0.28-0.73 at% Na).

— . -
Sport 1 378K

@ “ @ F

4 336K

2.5

NN 210k

0.84K
0.42K
0.00K 14
0.0 17 34 51 6.8 85 10.2 19 13.6 153
Element Mean(wt%) Standard deviation
Co 19.81 0.92
Cr 19.98 0.43
Fe 18.04 0.64
Mo 25.18 251
Ni 16.99 1.32
Na 0.51 0.17
Cl 0.11 0.03

Figure 6. SEM observation (a) and EDS spectra and composition (b) of the HEA sample after 24 h of
immersion in 3.5% NaCl.

In the SEM observations and EDS measurements of the HEATi samples (see Figure 7),
Ti also appears in the chemical composition of the alloy, and in this case, the areas rich in
Mo are the inter-dendritic ones (12.92-13.76 at% Mo). The CI concentration was maximal
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on these areas (0.13-0.15 at% Cl), while the maximal Na concentration (0.90 at%) was
measured on an inter-dendritic zone.

6.8

85

102 19 136 153

Element Mean(wt%) Standard deviation
Co 18.51 0.79
Cr 17.97 0.66
Fe 17.72 1.09
Mo 29.39 2.64
Ni 16.18 1.30
g | 0.26 0.07
Na 084 022
Cl1 0.12 0.06

Figure 7. SEM observation (a) and EDS spectra and composition (b) of the HEATi sample after 24 h
of immersion in 3.5% NaCl.

The XPS results [41] suggest that the passive film mainly consists of Cr,O3 and MoO3,
according to the reactions [42]:

2Cr 4+ 3H,0 — CryO3+6H" 4+ 6¢~ 3)

Mo +3H,O — MoO3 + 6H" + 6e~ (4)

The impedance data were utilized to assess the behavior of the samples. When
examining the Nyquist plots, it becomes evident that all samples exhibit three distinct
regions. The first region corresponds to an area of low impedances at high frequencies,
while the second region corresponds to an area of medium impedances with a ratio greater
than that of the high-frequency region. Finally, the third region consists of a line of high
impedances at low frequencies. This pattern clearly indicates that at least two frequency-
dependent processes with different time constants are contributing to the feedback.

In the Nyquist plot of the HEATIi (see Figure 8d), an inductive behavior can be ob-
served at 400 mV. Inductance is a property of electrical circuits that describes the ability
of a circuit to store energy in a magnetic field when an electric current flows through
it. In electrochemical impedance spectroscopy (EIS), inductance is one of the three main
components of impedance, along with resistance and capacitance.

In EIS measurements, inductance can have a significant effect on the data obtained.
Inductance causes a phase shift between the applied AC voltage and the resulting AC,
which can be observed in the phase angle of the impedance data. The magnitude of the
inductance is also reflected in the frequency dependence of the impedance, with higher
inductance leading to a greater deviation from the ideal behavior of a purely resistive or
capacitive system. The Bode phase plot exhibits phase displacement in relation to frequency
for distinct potentials versus the reference electrode. The presence of a solitary phase shift
peak within the range of potentials between —1.0 V and —0.2 V suggests that any time
constants tied to the corrosion process must be relatively close in frequency. As the potential
increases, the maximum phase shifts systematically to lower frequencies. This change is a
sign of increased polarization resistance and can take place without any shift in interfacial
capacitance (see Figure 9a,c). It can be observed from the curves at 0.4 V, 0.6 V, and 0.8 V of
the HEATI (see Figure 9d) that phase Z changes sharply in the low-frequency region, which
means that the sample undergoes pitting corrosion (as can also be observed in Figure 5
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when the potential exceeds about 0.25 V). The reason for pitting corrosion in the HEATi
alloy can be explained by the preferential dissolution of iron ions into the electrolyte due
to the increase in the Fe segregation ratio when the high-entropy alloy was doped with
Ti. Due to the low stability of iron species compared to Cr, Mo, Ni, and Co substances,
previous investigations [43,44] on stainless steels demonstrated that Fe was primarily prone
to selective dissolution.
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Figure 8. Nyquist plots for HEA (a,b) and for HEATI (c,d).

In the Bode-IZI plots (refer to Figure 10), the impedance spectra for both samples
display overlapping curves at high and mid frequencies. There is a notable decline between
—0.2 and 0.0 V that persists throughout the duration of the experiment, with the film
resistance being reduced by over 10 times for all samples. Within the potential range of
0.0 V to 0.8 V, the phase data demonstrate the emergence of a second, low-frequency phase
peak. It is clear from this that the spectrum can be resolved into two nearly identical time
constants, suggesting the presence of a two-step mechanism of the electrochemical reaction
which occurs at the interface of the electrolyte/alloy.

The impedance of the low-frequency flat surface is related to the intrinsic characteris-
tics of the film in the Bode—1ZI graphs (see Figure 10). This low-frequency zone signifies
the total resistance of the passive film, charge transfer resistance, and electrolyte resistance.
Given that the last two resistances remain relatively constant for the same sample, any
modifications in the low-frequency region can be attributed to alterations in the film, po-
tentially resulting from the conductive pathways through it. The rise in low-frequency
impedance with potential indicates a greater corrosion resistance of the layer formed on
the HEA surface, with the HEA sample at 0.2 V displaying the highest corrosion resistance.

In Figure 8b and d, it can be observed that from 0.2 V to 0.8 V, a diffusion-controlled
process becomes a significant component of total impedance. These findings indicate
an ionic conductivity-controlled diffusion process for corrosion [45], with the transfer
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resistance dominating film resistance. The pore-filling process in the external layer may be
the cause of this inconsistent behavior.
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Figure 9. Bode phase for HEA (a,b) and for HEATi (c,d).

The selection of an appropriate equivalent circuit is critical for accurately fitting
and interpreting EIS data. The equivalent circuit should be physically meaningful and
relevant to the electrochemical system being studied, and it should be as simple as possible
while still capturing the important features of the system because adding too many circuit
elements can lead to overfitting, which can result in poor model predictions and difficulty
in interpreting the fitted parameters. It should provide a good fit to the experimental data,
and this can be evaluated by calculating the root mean square error.

The equivalent circuit that shows an appropriate balance between physical relevance
and simplicity is represented in Figure 11 and was used to model the corrosion process
parameters based on the impedance spectra visual data [46]. To compare the EIS data at all
potentials, we did not use the inductance in the circuit because with inductance, only for
one area of data (at 0.4V for the HEAT]), the fit was better, with all the rest of the data being
a good fit with the circuit from Figure 11.
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Figure 10. Bode-IZI for HEA (a,b) and for HEATi (c,d).

Figure 11. Electrical equivalent circuit used for fitting the experimental EIS data.

The impedance spectra were analyzed using ZSimpWin 3.6 software (Informer Tech-
nologies, Los Angeles, CA, USA), and the quality of the fit was evaluated by comparing the
experimental data with the simulated data and calculating the chi-square value. A value
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of chi-square around 10> signifies a highly accurate fit with a minimal number of com-
ponents [47]. All elements in the equivalent circuit were consistent with the data. As the
diffusion stage became increasingly important at potentials higher than —200 mV, a better
fit was obtained employing an equivalent electrical circuit with two time constants, known
as R(C(R(CR)). This circuit takes into consideration the properties of both the interior,
compact layer (R; is the charge transfer resistance, and C, is the double layer capacitance)
and the exterior, porous, passive layer (characterized by the resistance Ry and associated
capacitance C;). A capacitor was used instead of a constant phase element in fitting [48]
due to the homogeneous interface between the high-entropy alloy and the electrolyte.
For this circuit, the equivalent impedance is:

1
Zeq = Re + i &)
TR
R, Twt 2

considering:
e Risequal to Ry plus Ry;
e Tis the product of T1 and 12;
e Xisequal to 11 plus 12 plus C; times Ry;
e Yisequal to T2 times R1;
e Tl represents the time constant of the porous layer in seconds;
e T2 represents the time constant of the compact layer in seconds.

Basic computations yielded the following equation:

R — w2RT + w2XY tiw Y — RX — w2TY
(1—w2 TP+ wR (1= woT) 4w

Zeq = Re+ (6)

The electrolyte resistance (Re) is influenced by the separation among the working and
reference electrodes, which remained constant in all experiments. Meanwhile, Ry stands for
the resistance of the pores in the passive film and is linked to the ion conduction within the
structure of the passive layer, revealing the degree of protection against corrosion supplied
by the passive film to the base alloy. On the other hand, R, indicates the polarization
resistance at the interface between the alloy and passive film, considering the electrolyte’s
ability to enter into the pores.

R, represents the corrosion resistance of the investigated alloys, and its values are
presented in Figure 10 after fitting the experimental data with the simulated values using
the equivalent circuit. It can be observed that at —1000 mV, the R; values of both samples
are similar. However, as the potential increases, R; also increases and reaches its maximum
at —200 mV.

The rise in Ry, which correlates with the increase in potential, is attributed to changes
in the characteristics of the protective layer formed on the sample surface. Specifically, the
layer becomes increasingly compact, as evidenced by the nearly 90-degree phase angle,
and thicker, as seen in the decrease of capacity C, with the increasing potential (refer to
Figure 12). The HEA sample exhibits the highest R; value, as indicated in Figure 12b.
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Figure 12. Evolution of R; (a), Ry (b), C; (c), and C; (d) resulting from fitting of the experimental
data of HEA and HEATi.

The increase in the R, value up to —0.2 V reflects the enhancement of the protective
properties of the passive film as the potential rises. However, in the positive potential range,
a decrease in C; and C; (refer to Figure 12¢,d) indicates an increased irregularity and non-
uniformity of the passive layer compared to the surface of the metal. It is a well-established
fact that Ni and Cr are highly resistant to corrosion and form a robust passive film on
the surface. During polarization, Ni(OH); and Cr(OH)3 are formed, leading to a uniform
and compact passive film that effectively hinders Cl” from coming into contact with the
metal surface, thereby lowering the corrosion rate and enhancing the alloy’s resistance to
corrosion [48].

The decline in resistance at higher positive potentials can be attributed to the thinning
and breakdown of the protective film on the sample surface. As the potential is shifted from
—200 mV to more positive values, R, decreases, indicating a reduction in the corrosion
resistance of the alloy. This phenomenon occurs because the protective film formed on
the sample surface becomes more permeable, enabling the electrolyte’s chloride ions to
reach and attack the base metal. This is further evidenced by the decrease in Cyp, which is a
result of the pores’ increased surface area that is exposed to the electrolyte, as shown in
Figure 12d.

At positive potentials, the reduction in C; and C, suggests that the passive film
becomes more uneven and rough compared to the underlying metal surface.

The discrepancies between the outcomes obtained from linear polarization and elec-
trochemical impedance spectroscopy methods are attributed to inaccuracies arising from
the initial current spike that distorted the polarization curve, leading to a shift of the zero-
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current potential from the Ecorr equilibrium. However, the curve-fitting analysis of the EIS
spectra, as demonstrated by the chi-square value, indicates a high degree of conformity
between the experimental and simulated data.

4. Conclusions

In the present work, CoCrFeMoNi HEAs and Ti-doped CoCrFeMoNi HEAs were
prepared using vacuum arc remelting. Electrochemical impedance spectroscopy (EIS)
measurements were performed on samples with and without Ti-doped CoCrFeMoN:i high-
entropy alloys in order to evaluate the influence of voltage on corrosion behavior in a
simulated aggressive environment.

Above 0.25 V vs. SCE, the HEATi sample undergoes pitting corrosion. The reason for
the pitting corrosion in the HEATi alloy can be explained by the preferential dissolution
of iron ions into the electrolyte due to the increase in the Fe segregation ratio when the
high-entropy alloy is doped with Ti.

Doping CoCrFeMoN!i alloy with 0.36 at.% Ti reduce the alloy’s ability to resist corro-
sion, as the alloy can react more quickly with the surrounding environment and cause a
decrease in the corrosion resistance of the alloy.
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Abstract: The design principle of high-entropy alloys is to mix many chemical elements in equal
or nearly equal proportions to create new alloys with unique and special properties such as high
strength, ductility and corrosion resistance. Some properties of high-entropy alloys can be adjusted
via introducing new doping elements, which are selected according to working conditions. The
high-entropy alloy CoCrFeMoNi was examined to determine the impact of Ti doping on its micro-
structure, microhardness and elastic modulus. Microstructure analysis revealed a core structure
consisting of both face-centered cubic (FCC) and body-centered cubic (BCC) phases, along with the
formation of a Laves phase. The addition of Ti made the alloy grains finer and reduced the Mo
concentration difference between the interdendritic and dendritic regions. As a result of Ti doping,
the microhardness of the alloy increased from 369 HV 0.2 to 451 HV 0.2. Ti doping produced a
doubling of the breaking strength value, although no significant changes were observed in the elastic
modulus of the CoCrFeMoNi alloy.

Keywords: high entropy alloys; Ti-doping; microstructure; microhardness; three-point bending

1. Introduction

Metallic alloys that contain at least five distinct elements in approximately equal
proportions are known as high-entropy alloys (HEAs). HEAs contain numerous principal
elements in high concentrations, unlike traditional alloys, which usually contain one or two
main elements with minor amounts of other elements added to enhance certain properties.
The high-entropy concept was introduced in 2004 by two different groups [1,2] and since
then, a variety of HEAs have been developed and studied, including alloys containing ele-
ments such as nickel [3,4], aluminum [5,6], titanium [7,8] and molybdenum [9]. One of the
defining characteristics of HEAs is their high configurational entropy, which is a measure
of the degree of disorder in the arrangement of atoms within a material. Some potential
applications of HEAs include high-temperature materials for use in jet engines or nuclear
reactors [9,10], lightweight alloys for use in the aerospace or automotive industries [11,12]
and corrosion-resistant coatings for use in harsh environments [13-15]. Recently, high-
entropy alloys have been created for potential use in extremely effective electrochemical
devices that efficiently and sustainably transform fuel energy into electricity [16]. While
HEAs are a relatively new class of materials, research in this area is rapidly expanding, and
there is significant interest in exploring their potential properties and applications.

The field of high-entropy alloys has found that CoCrFeMoNi possesses exceptional
mechanical properties, including impressive strength and flexibility even when exposed to
extremely low temperatures [17,18]. These properties, particularly its high-temperature
strength and ductility, make CoCrFeMoNi a promising material for use in high-temperature
structures such as gas turbines and nuclear reactors [19]. Additionally, adding Nb and
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varying concentrations of Mo [20] has been found to enhance the corrosion resistance of
load-bearing parts used in marine equipment.

Doping of high-entropy alloys (HEAs) refers to the intentional addition of other
chemical elements, in small amounts [21], to the base alloy composition which can influence
the physical and mechanical properties of the alloy. Overall, the effect of doping on HEAs
depends on the specific elements added, their concentration and the intended application
of the alloy. Through carefully adapting the doping strategy, HEAs with properties suitable
for certain operating conditions can be obtained.

Ti doping has been extensively studied in a wide range of materials, including semi-
conductors, ceramics and metals. Ti doping is commonly used to modify the electronic
properties of semiconductors. For example, Ti doping in silicon (5i) can lead to an increase
in the number of free electrons, which can enhance the electrical conductivity and make
Si more suitable for applications such as solar cells and microelectronics [22]. Similarly,
Ti doping in gallium nitride (GaN) can enhance the electrical conductivity and improve
the performance of GaN-based devices (LEDs) and the mobility of electrons in transistors
(HEMTs) [23,24].

Ti doping can also alter the mechanical and chemical properties of ceramics. For in-
stance, Ti doping in alumina (Al,O3) can enhance its hardness, fracture toughness and wear
resistance, making it suitable for applications such as cutting tools, biomedical implants
and armor materials [25]. Ti doping in barium titanate (BaTiO3) can modify its ferroelectric
properties, leading to improved piezoelectricity and a greater dielectric constant, which
can be useful for applications such as sensors and actuators [26].

The mechanical and physical characteristics of metals can also be changed through
titanium doping. For example, Ti doping in copper (Cu) can improve its strength, ductility
and thermal stability, making it suitable for applications such as electrical interconnects and
microelectronic packaging [27]. Similarly, Ti doping in iron (Fe) can enhance its magnetic
properties, making it suitable for magnetic storage and sensing applications [28].

Thus, the aim of this research paper was to study the Ti doping effects on the mi-
crostructure and mechanical properties of the high-entropy alloy CoCrFeMoNi. Ti was
chosen as a doping element due to its grain-refining effect, which allows the improvement
of strength and ductility. For now, there are no data available about this particular doping
method on high-entropy alloys from this alloying system and which are manufactured
using the vacuum arc melting technique.

2. Materials and Methods
2.1. Sample Preparation

The high-entropy CoCrFeMoNi alloy (named HEA) and Ti-doped CoCrFeMoNi al-
loy (named HEATi) were obtained using a MRF ABJ 900 vacuum arc remelting (VAR)
installation from ERAMET Laboratory (UPB, Bucharest, Romania). To design the metallic
charge, potential losses from vaporization were considered, as well as the predicted level
of chemical element incorporation during melting. Energy dispersive X-ray analysis (EDS)
employing a Fei XL30 ESEM (MTM, Leuven, Belgium) scanning electron microscope outfit-
ted with an EDAX Sapphire detector was used to ascertain the elemental composition of
the HEA and doped HEATi samples. The results (in wt% and at%) are presented in Table 1.

Raw materials with high purity levels of at least 99.7% for Co, Cr, Fe, Mo, Ni and Ti
were utilized. The obtained alloys were subjected to 8 rounds of flipping and re-melting in
VAR equipment under an inert Argon atmosphere to achieve adequate homogeneity. The
resultant ingots were rods 10 cm in length and 1 cm in diameter. To carry out assessments of
the structure, composition and mechanical properties, the samples underwent a three-stage
surface processing procedure. First, they were embedded into a phenolic resin cylinder
(see Figure 1) and then polished using SiC abrasive papers with increasing grain sizes
ranging from 240 to 2000 grit. Following this, they underwent final polishing utilizing a
0.1 pm alpha alumina paste and were ultimately cleaned using ultrasonic-deionized water
according to ASTM E3-11(2017) [29].
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Table 1. Chemical composition of as-cast experimental samples HEA and HEATi.

wt% at%
Element
HEA HEATi HEA HEATi
Co 20.67 20.09 21.52 21.09
Cr 19.99 19.04 23.58 22.67
Fe 19.88 19.29 21.84 21.37
Mo 20.20 22.10 12.98 14.26
Ni 19.27 19.20 20.14 20.24
Ti - 0.28 - 0.36

Figure 1. Sample fabrication for analysis.

2.2. Microstructural Characterization

To investigate the microstructure, the prepared cross-sections cut off from the alloy
ingots were subjected to electrochemical etching using a 10% oxalic acid solution, with
a voltage of 5 V and an immersion time ranging from 5 to 25 s. The microstructure
was first examined using an OLYMPUS BX 51 (Olympus Corp., Tokyo, Japan) optical
microscope (OM).

The samples” X-ray diffraction data were measured using a Bruker D8 ADVANCE
diffractometer (Bruker Corp., Billerica, MA, USA) and used to characterize the phase
analysis. CuKa radiation (A = 1.5418 A) in the range of 26 = 5-80° with a step size
of 0.02° at a power of 40 kV (LYNXEYE XE high-speed position-sensitive detector) in
Bragg-Brentano geometry was employed for the analysis.

For SEM observations, a Hitachi TM3030 Scanning Electron Microscope with an EDX
spectrometer (Hitachi High-Tech Science Corporation, Tokyo, Japan) was utilized, with
voltage set to 15 kV and the working distance set to 10.7 mm.

2.3. Microhardness

To determine the microhardness of the samples, an indentation test was conducted
using a Shimadzu HMV 2T microhardness tester (Shimadzu, Kyoto, Japan) at 25 °C and
45% humidity. The sample, which had previously been polished to a mirror finish, was
examined using an optical microscope before perpendicular microhardness measurements
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were taken. Indentations were made at 0.5 mm intervals along the sample diameter, using
a load of 1.961 N and a dwell time of 10 s. In accordance with ISO 14577-1:2015 [30],
10 indentations were made for each sample and the Vickers hardness (HV) was then
calculated as the average value of each individual sample.

2.4. Three-Point Bending Test

To determine the modulus of elasticity of the material, a three-point bending test was
conducted. The specimens were prepared via cutting samples using a BUEHLER IsoMet®
4000 precision linear saw (Lake Bluff, IL, USA), from which minimal alteration of the
material occurs. The cutting process utilizes a blade speed of 2200 rpm and a feed speed of
13.9 mm/min. A total of ten samples were selected from each alloy to obtain a weighted
average of the test results. The test was performed using a BOSE Corporation Electroforce
3100 machine (Bose Corporation, Eden Prairie, MN, USA), applying a maximum load of
22 N until the material fractured or reached the maximum load capacity according to ISO
7438:2020 [31].

3. Results and Discussions
3.1. Microstructural Characterization

To study the effect of Ti doping on the microstructure, the base CoCrFeMoNi alloy
(Figure 2a,b) and the Ti-doped one (Figure 2c,d) were examined using optical microscopy.
The microstructure of both alloys is dense and free of cracks. From the images, it can easily
be seen that the dimensions of the dendrites in the case of the Ti-doped alloy are much
finer at the same magnification. Over the same surface area, approximately twelve grains
of different diameters (bordered by grain boundaries) are observed in the Ti-doped alloy,
while in the un-doped alloy there are only two coarse grains.

Figure 2. Metallographic OM images of HEA (a,b) and HEATi (c,d).
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XRD analysis of the CoCrFeMoN:i alloy reveals a microstructure consisting of three
main phases: an FCC (face-centered cubic) solid solution and a BCC (body-centered
cubic) solid solution, in addition to a Laves phase (Figure 3). This result agrees with
the result obtained for the equiatomic CoCrFeNi alloy, reported to be multiphase at room
temperature [32]. The FCC solid solution is the dominant phase and consists of a mixture of
Co, Cr, Fe, Mo and Ni atoms. The BCC solid solution consists mainly of Mo and Fe atoms.
The ternary intermetallic hard phase (Laves phase), consisting of Co, Fe, and Mo atoms, is
distributed in both phases. The uniform distribution and finer dimensions of Laves phases
can contribute to increased mechanical strength properties.

% BCC
@ ¢ FCC

‘ Laves

le s rimn, HEATI

Counts

20 ()
Figure 3. XRD patterns of the HEA and HEATi.

Sherrer’s equation is used to calculate the size of nanocrystalline materials from the
full width at half maximum (FWHM) of a diffraction peak acquired from X-ray diffraction
(XRD) research. The equation is as follows:

KA
P= B eos0) @

where:

D denotes the material’s average crystallite size in nanometers (nm).

K is a dimensionless form factor that is usually taken as 0.9.

A is the wavelength of the X-ray radiation used for the diffraction measurement, which is
usually measured in angstroms (A).

B is the diffraction peak’s FWHM in radians.

0 is the Bragg angle, which is the X-ray beam’s angle of incidence on the sample surface.

The equation connects the finite size of crystallites in a material to the widening of
diffraction peaks. The diffraction peak becomes wider as the crystallite size decreases. The
equation assumes that the crystallites in the sample are spherical and randomly orientated.
The results for the HEA and HEATi are presented in Figure 4.
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—  HEA

HEATi
BCC & FCC 39.8 nm

BCC 24.6 nm

BCC & FCC 39.8 nm

Counts

BCC 15.8 nm

Figure 4. Size of crystallites in HEA and HEATI.

The SEM images and elemental maps of the samples are presented in Figure 5.

Figure 5. SEM image (a) and elemental maps (b) of HEA sample; SEM image (c) and elemental maps
(d) of HEATi sample.
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To uncover the chemical composition of the analyzed samples within different micro-
areas identified as spectra, a semi-quantitative analysis was performed in ten points located
on different phases (see Figures 6 and 7): five in the dendritic zone (D) and five in the inter-
dendritic zone (ID). Then, the mean and standard deviation were calculated. Tables 2 and 3
display the measured concentration values of the elements detected in the respective alloys’
composition. An analysis comparing the microstructure of the two alloys revealed that
upon introducing Ti to the CoCrFeMoN!i alloy, there was a noticeable reduction in the
volume fraction of interdendritic zones. It is common to observe the presence of the o
phase in this type of alloy, in addition to the FCC structure [33]. When Mo was added to
the CoCrFeNi system, a eutectic structure emerged that contained intermetallic phases
(o and p) within the FCC phase. This eutectic microstructure had a notable impact on
the mechanical properties of the alloy, leading to increased hardness and yield strength.
The Mo concentration in the interdendritic zone is the primary factor that contributes to
the appearance of the o phase [34]. The CoCrFeNiMo high-entropy alloy was found to
contain an approximately 14% Cr- and Mo-rich o phase [35]. In the HEA sample, the Mo
concentration in the interdendritic zones dropped from 34.4 wt% to 15.6 wt%. In contrast,
the Cr concentration remained steady, hovering around 20 wt%. This shift in concentration
ultimately resulted in a decrease in the tendency to form a Laves phase.

Spectrum 4

Spectrum 6 Spectrum 8

Spectrum 7

Spectrum 5

| Spectrum 2
Spectrum 9

Spectrum 1

Spectrum 3
Spectrum 10

9um
=]

Figure 6. Selected points on the HEA surface for EDS analysis.

Spectrum 6

Spectrum 5

Spectrum 7

3 X Spectrum 1
Spectrum 8

Spectrum 10

Spectrum 2

Spectrum 9

Spectrum 4

Spectrum 3

Figure 7. Selected points on the HEATi surface for EDS analysis.
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Table 2. The HEA sample’s EDS analysis results in weight percentage.

Spectrum Co Cr Fe Mo Ni
1 17.70 20.52 15.11 34.40 12.27
2 17.43 19.35 16.88 33.12 13.22
3 16.50 21.04 15.29 33.16 14.01
4 16.71 20.46 17.48 33.02 12.33
5 16.39 2297 16.74 31.24 12.67
6 22.39 19.33 21.58 17.64 19.06
7 23.10 19.68 19.92 15.58 21.72
8 22.68 19.10 19.78 17.37 21.08
9 22.70 19.87 19.45 15.94 22.03
10 22.52 17.52 18.15 20.30 21.51
Mean 19.81 19.98 18.04 25.18 16.99
Standard deviation 0.92 0.43 0.64 2.51 1.32
Table 3. The results in weight percentage of EDS analysis of the alloy HEATi.
Spectrum Co Cr Fe Mo Ni Ti
1 17.05 17.84 14.30 37.87 12.67 0.27
2 15.63 18.17 13.80 39.35 13.04 0.00
3 16.80 19.41 13.30 37.92 12.45 0.12
4 14.54 20.96 15.46 37.92 10.58 0.54
5 16.83 19.94 15.51 33.79 13.55 0.38
6 21.93 16.78 19.47 19.72 21.51 0.60
7 20.36 20.00 23.20 18.26 17.77 0.41
8 20.00 17.37 19.43 25.16 18.04 0.00
9 21.30 14.53 21.13 19.30 23.50 0.24
10 20.7 14.73 21.57 24.62 18.70 0.00
Mean 18.51 17.97 17.72 29.39 16.18 0.26
Standard deviation 0.79 0.66 1.09 2.64 1.30 0.07

The segregation factor is a helpful parameter to evaluate an alloy’s degree of segre-
gation and to compare the segregation behavior of various alloys. When the SR value
is higher, there is more concentration of the element in the alloy’s most segregated area,
indicating a greater level of segregation.

The segregation factor (see Table 4) can be measured experimentally using various
techniques, such as electron microscopy and energy-dispersive X-ray spectroscopy (EDS).
These techniques allow the concentration of elements to be measured at different locations
within the alloy, providing information on the extent of segregation.

Element concentration in Dendritic area

"~ Element concentration in Interdendritic area

@

Table 4. Composition average results in D and ID areas an Sg values for HEA and HEATi alloys.

Alloy Parameters Co Cr Fe Mo Ni Ti
D 22.68 19.10 19.78 17.37 21.08 -
HEA 1D 16.95 20.87 16.30 32.99 12.90 -
Sk 1.34 0.92 1.21 0.53 1.63 -
D 20.86 16.68 20.96 21.41 19.90 0.25
HEATiI 1D 16.17 19.26 14.47 37.37 12.46 0.26
Sr 1.29 0.87 1.45 0.57 1.60 0.96

Upon conducting nanoscale analysis of the HEA sample, it was found that the dendritic
region was abundant in Co, Fe and Ni, but had low levels of Mo. On the other hand, the
interdendritic region was rich in Mo but depleted in Co, Fe and Ni. In the HEA alloy, the
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element that exhibited no noticeable difference between the D and ID regions, with slightly
increase of the concentration observed in the D zone, was chromium.

As Ti doping was introduced, the effect of iron became more prominent, and Ti exhib-
ited a noticeable difference in the two regions. Cobalt, iron, and molybdenum exhibited an
increase in their segregation ratios, while nickel showed a decrease in its segregation ratio.
This indicates that these elements formed fewer intermetallic compounds or precipitated
less. The segregation ratio of chromium remained largely unchanged. It can be said that
Ti doping reduced the solubility limit of the solid phase for nickel, cobalt and iron, and
increased it for molybdenum and titanium, while chromium was almost unaffected. In our
alloys, doping with 0.36 at.% Ti changed the distribution of Mo in the dendritic zones (max.
39.35 wt%, min. 33.79 wt%) compared to the interdendritic zones (max. 29.39 wt%, min.
18.26 wt%).

3.2. Mechanical Properties

The analysis of mechanical properties focuses on two specific methods for evaluating
toughness: microhardness and three-point bending. Both methods involve preparing
samples, which can lead to changes in the material structure due to the cutting process.
These changes can create thin layers of altered material that may affect the results of the
elastic modulus. Although efforts were made to minimize this effect and verify the accuracy
of the conclusions about the underlying material, additional work is needed to eliminate
the impact of sample preparation on the results.

3.2.1. Microhardness

Microhardness tests were carried out on the two samples, HEA and HEATi (see
Figure 8).

Figure 8. Vickers hardness testing on (a) HEA sample and (b) HEATi sample, using a load of 1.961 N
and a dwell time of 10 s.

Hardness imprints indicate how the surface of the alloy is deformed through slow pro-
gressive pressing with the diamond indenter. Thus, it is possible to observe the deformation
planes that appear at the tips of the imprint as well as the deviation from the ideal rhombic
shape of the imprint if the material is inhomogeneous in the two directions of deformation.
The values of the diagonals of the fingerprints indicate the hardness differences between
the two studied alloys. HEA alloy has a larger diameter, which means decreased hardness
compared to the HEATi alloy.

Table 5 provides information about the microhardness values in HV 0.2 and standard
deviation for the 10 measurements conducted on each sample. The data show that the
inclusion of Ti had a positive effect on the average microhardness of HEA. The addition
of titanium during the doping process impacted several aspects, including the size of the



Metals 2023, 13, 854

10 0f 13

grains and their boundaries, distribution of elements and the formation of precipitates.
These changes resulted in variations in microhardness and the strengthening mechanisms of
the metal [33,36]. The four primary mechanisms for strengthening metals are solid solution,
precipitation, dislocation and boundary strengthening. The titanium doping process mainly
employs solid solution, precipitation and dislocation strengthening to achieve its effects.
The characteristics of the microstructure significantly impacted the properties of the sample
that was doped with titanium. As a result, the main strengthening mechanisms were
precipitation and dislocation.

Table 5. Microhardness values HV 0.2 and standard deviation for HEA and HEATI.

Alloy HV 0.2
HEA 369.20 + 0.56
HEATi 450.90 £ 0.50

The process of doping revealed a discrepancy in the concentration of Mo between the
dendritic and interdendritic zones, leading to the strengthening mechanisms of dissolution
and dislocation. Furthermore, the formation of a Laves phase was beneficial for strength-
ening via precipitation, which plays a crucial role in enhancing the microhardness of the
titanium alloy.

Taking into account that the grain size of the HEA sample is greater than that of HEATi
(see metallographic images from Figure 2), the obtained values of microhardness are in
accordance with the Hall-Petch relationship, which is based on the idea that the smaller the
grains in a metal, the greater the number of grain boundaries per unit volume [37]. These
grain boundaries act as barriers to dislocation motion, which is the primary mechanism of
plastic deformation in metals. Therefore, a high density of grain boundaries can hinder the
movement of dislocations and make it more difficult for the metal to deform plastically,
resulting in an increase in microhardness.

3.2.2. Three-Point Bending Test

Figures 9 and 10 present load-displacement diagrams obtained through the three-point
bending test on two samples. The elastic limit of the alloy was identified as the point at
which the sample returned to its original shape after deformation. Within this limit, the
graph displayed a linear relationship, and the gradient of this line was calculated using the
formula dp/d, = 48EI/L3, where E represents the Young’s modulus of the sample of length
L, supported on two roller supports, and subjected to a concentrated load F at its center with
a central deflection €. To determine the second moment of area, I, the equation I = (a®>b)/12
was utilized, with a representing the sample’s depth and b representing its width. Using
these calculations, the average modulus of elasticity for each alloy was determined, with
results indicating that the alloy lacking Ti had a slightly lower modulus of elasticity than
the Ti-containing alloy, as shown in Table 6. Ten samples of each alloy underwent testing.

Table 6. Modulus of elasticity values of the two samples, HEA and HEATI.

Alloy E (GPa)
HEA 173.99 £ 4.25
HEATi 177.89 £3.70

It was found that the values obtained for HEA and HEATi are almost the same; the
addition of Ti does not modify the modulus of elasticity and, therefore, its stiffness.

Additionally, Figures 9 and 10 display SEM images of the fracture surfaces for both
alloys, revealing a brittle fracture in both cases, with a visible cleavage-like fracture plane.
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4. Conclusions

The CoCrFeMoNi high-entropy alloy was examined to determine the impact of Ti dop-
ing on its microstructure and mechanical properties. The microstructure analysis revealed
a fundamental matrix that consisted of both face-centered cubic (FCC) and body-centered
cubic (BCC) phases, along with the formation of a Laves phase. Upon the addition of Ti
doping, there was a noticeable refinement of the grains within the alloy. Additionally, there
was a reduction in the disparity between the concentration of Mo within the interdendritic
and dendritic regions. The increase in Ti doping also led to a rise in microhardness, which
was measured to be 451 HV 0.2, up from 369 HV 0.2. This aspect can be taken into account
when designing the alloy for conditions where improved hardness or good wear resistance
are required. However, despite the increase in breaking strength and microhardness values,
no significant modifications in the elastic modulus of the HEATi alloy were observed.
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Introduction

High entropy alloys are an extremely diverse and interesting class of materials as they are promising
materials for a wide range of industrial applications because they are very hard, heat resistant and show
great variability in their magnetic behavior [1,2].

High entropy alloys or HEAs consist of five or more different metallic elements; since their macroscopic
properties are highly dependent on interatomic interactions, it is of great interest to probe the local
structure and structural disorder around each individual element [3,4].

In recent years, the well-known Cantor alloy (CoCrFeMnNi) has attracted considerable attention due to
its excellent toughness and fracture strength but its corrosion resistance is very low because Mn interferes
with the passivation process and therefore, in our study we have considered an HEA in which Mn has
been replaced with Mo (CoCrFeMoN:i). To further improve the properties, the alloy obtained has been
microalloyed with titanium.

Experimental

The ingots of each alloy are prepared at LAMET laboratory, Romania, by Vacuum Arc Melting (VAR)
in a protective argon atmosphere by using the MRF ABJ 900 VAR equipment and eight remelting
operations are carried out for complete homogenization.

The raw materials used to form these alloys are 99.00 % pure and the obtained alloys have the
composition wt % and at % shown in Table 1. One of the samples, CoCrFeMoNi (named HEA)
and that with Ti doping was named (HEAT?).

Table 1. Chemical composition of the experimental samples

wt % at %
Element
HEA HEATi HEA HEATi
Co 20.67 20.09 21.52 21.09
Cr 19.99 19.04 23.58 22.67
Fe 19.88 19.29 21.84 21.37
Mo 20.20 22.10 12.92 14.26
Ni 19.27 19.20 20.14 20.24
Ti - 0.28 - 0.36

The samples with and without Ti are compared: their microstructure is analyzed by optical microscopy
(Olympus BXS5, Japan) , SEM and EDS (HITACHI TM3030); the modulus of elasticity of the alloys was



studied by a three-point bending test (Electroforce 3100 BOSE Corporation, USA) and their
electrochemical responses, by linear polarization (LP) and electrochemical impedance spectroscopy (EIS)
using a SP-150 potentiostat (BioLogic, France). The hardness was measured with Shimadzu HMV2T
microhardness apparatus (Tokyo, Japan). The samples preparation and analysis is shown in Figure 1.
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Figure 1. Schematic preparation and analysis of the samples.

Results and discussion

a) Microstructure



The optical examination after electrochemical etching is shown a dendritic structure for both samples
(See Figure 2)

Figure 2. a, b) Microstructure of HEA and c,d) HEAT! after electrochemical etching.

The microstructures were also analyzed by scanning electron microscopy and the compositions were
determined by EDS.



Figure 3. Imagen EDS y zona marcada con la seleccion del mapeo, (a,b), lineas espectrales de los
elemento de la aleacion (¢) e imagenes de mapeo de los elementos de la HEA, (d to h).
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Figure 4. Imagen EDS y zona marcada con la seleccwn del mapeo, (a, b) lineas espectrales de los
elemento de la aleacion (c) e imagenes de mapeo de los elementos de la HEAT], (d to 1).

b) Elastic modulus and hardness
The elastic modulus was determined and the hardness of both samples was calculated and the results are

shown in Table 2. It can be observed that the elastic modulus is similar, but the hardness of Ti-doped
sample is improved.

Table 2. Elastic modulus and hardness of the samples
Elastic modulus (MPa) Hardness HV0.2

HEA 173.99 £4.25 369.20 + 0.56
HEATi 177.89 £ 3.69 450.90 + 0.50




b) Electrochemical behavior
Figure 5 illustrates the potentiodynamic polarization curves of HEA and HEATi in 3.5 wt.% NaCl
solution at 25C. The results show that both samples exhibit active dissolution starting at aprox. 0V and
almost could not passivate in sodium chloride solution.
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Figure 5. Potentiodynamic polarization curves.

The graphs obtained from the EIS tests are presented in Figure 6 for HEA and in Figure 7 for HEAT:.
As can be observed in the Nyquist plots presented in Figure 6, and Figure 7, the radius of the semicircle
for HEATi is smaller than for HEA, which indicates a low polarization resistance (a low corrosion

resistance) for HEAT!.
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Figure 6. EIS graphs for the HEA sample.
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Figure 7. EIS graphs for the HEATi sample.

Conclusions

The effects of titanium dopping on the microstructure, elastic modulus, hardness and corrosion properties
of CoCrFeNiMo high entropy alloy has been investigated. Simulated corrosive solution of 3.5wt.%NaCl
was used to characterize the corrosion behavior of these materials by electrochemical techniques.

. Both alloys exhibited a compact microstructure, with no cracks, porosity or other defects.
. The alloy without titanium is more resistant to corrosion, with a very low corrosion rate.
. The resistance of the passive film decreases with the addition of Ti due to the increasing of the

number of defects points in the film. Without Ti the passive layer that forms on the surface of the alloy is
more compact and protective.
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Introduction

In recent years there has been a great interest in high entropy alloys (HEAs) since they have good
mechanical properties, high corrosion resistance and good thermal conductivity among others, which
makes them interesting for various fields of research. For this reason, it is important to know their
behavior in different conditions that allows us to define the possible applications of these HEA's [1-3].
The literature has been confirming the effect of doping with different elements in the improvement of
the mechanical properties and corrosion resistance of HEA's [4]. One of the aspects to be considered in
the mechanical properties of a HEA is the strength and fracture toughness of the alloy. These
mechanical characteristics are related to the value of the modulus of elasticity (E) of the alloy, which
provides information on the cohesion of the material as it is related to the binding energy of the atoms.
To calculate the modulus of elasticity of the prepared alloys, a three-point bending test is performed on
fibers of the material.

Experimental

A non-equiatomic high entropy alloy is made with the elements: Co, Cr, Fe, Mo and Ni of chemical
composition in percent by weight, wt %, of 20.67, 19.99, 19.88, 20.20 and 19.27 respectively, which we
call Sample 1. From this alloy a second one, Sample 2, is obtained by doping with 0.71%wt. Zr. Two
ingots are manufactured with high purity elements, 99.00%, in an arc melting furnace model MRF ABJ
900 VAR in a protective argon atmosphere. Six remelting operations are carried out on each ingot to
achieve a good homogenization. To obtain an average value of the modulus of elasticity, 10 fibers
obtained with a Buehler IsoMet® 4000 precision linear saw machine using 0.5 mm thick tungsten disks
are made from the specimens. The fibers have a rectangular section with an average thickness of 0.45
mm and variable length. A three-point bending test is performed in an Electroforce 3100 universal
testing machine providing a maximum force (F) of 22N. The fibers are placed in the bending test fixture,
see Figure la, and a vertical force is applied at its midpoint until the strand breaks, as in Figure 1b, or
the maximum force is reached. Finally, an analysis of the breakage zones is performed by electron
fractography using a Sigma 300 VP field emission scanning electron microscope (FESEM). The
observation is performed with the secondary electron detector (SE) at 15 kV at different magnifications.

Results and discussion

With the data obtained in the three-point bending test, the force (F) displacement (w) graphs are
generated (see Figure 2). From the straight line obtained in the elastic zone, we take its slope and
calculate the modulus of elasticity as dF/dw = 48EI/L3, where E is the modulus of elasticity, I is the
moment of inertia of the rectangular section and L is the length between supports.



Figure 1. a) Three-point bending test of one of the specimens and b) detail of the fracture of one of the
specimens.
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Figure 2. Three-point flexural test diagrams for: a) Sample 1 and b) Sample 2.

For Sample 1 a value of E of 173.99 + 4.25 GPa is obtained and for Sample 2 the calculated value is
144.33 + 5.38 GPa. The value obtained for the sample with Zr is 20.5% lower than for the sample
without the addition of Zr which causes a decrease in the stiffness of the alloy.
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In the FESEM micrographs of the samples, Figure 3 and Figure 4, it can be seen how on the surface of
Sample 1 there are fracture planes that indicate a brittle fracture of the material and, on contrary, on the
surface of Sample 2 there are small dimples characteristic of a material that presents certain ductility.

Figure 4. FESEM image of the a) fracture surface of Samplel and b) detail of the marked zone.
Conclusions

In this work a high entropy alloy from CoCrFeMoNi system and then doped by 0.71 wt% Zr were
fabricated by vacuum arc melting. FESEM and three-points bending tests were performed to analyze the
fracture surface and to evaluate the elastic modulus. It was determined that the doping with only 0.71
wt% Zr, the elastic modulus decreased with more than 20% and this is associated with great strength,
high elasticity and high wear resistance.
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ABSTRACT
Introduction

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.
Purpose

A study of two samples with the same chemical composition, Alo3Ti3Cr2Fes, 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 20um and widths of no more than Smm.
Experimental

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



of the microscopic structure of the alloys and, finally, corrosion tests, for the corrosion potential

and corrosion rate determinations.
Results

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 R? is calculated to verify the optimality of
the model used. In all cases the value of R? 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 Leorr and

the Tafel coefficients Ba and e from which the corrosion rate is calculated in mmpy.
Conclusions

The values of the tensile strength ciwn 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 on 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 (40°C). 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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ABSTRACT
Introduction

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.
Purpose

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.
Experimental

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






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.
Results and discussion

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.
Conclusions

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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Introduction

High entropy alloys (HEA) are the new class of materials whose research has been developing in the
last 17 years after Cantor et al. and Yeh et al. published their work in 2004. These materials have unique
structural properties that open up a wide range of possibilities for the creation and development of novel
materials for specific applications [1]. In the medical field, HEAs have been developed for metallic
devices, in various alloy systems, where biocompatibility and mechanical properties are essential
conditions [2].

Experimental methods and results

Abase alloy is designed, a high entropy equiatomic multicomponent alloy with pure elements (99.95%),
formed by the system Cr, Co, Fe, Mo and Ni (LAS1) and from this alloy two other alloys are obtained
by adding another component to the alloy. 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. 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. 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, x of the obtained values and the standard deviation sm
are calculated.

Conclusions

Compared to the base sample LAS1, the modulus of elasticity increases slightly with the contribution
of Ti, alloy LAS2, while the alloy LAS3 with the contyibution of Zr, has a significant decrease in the
value of the modulus of elasticity, which makes it interesting to carry out future research in this line of
work. l '
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Abstract. A base alloy is designed, a high entropy multicomponent
equiatomic alloy with pure elements (99.95%), formed by the Cr, Co, Fe, Mo
and Ni system, LAS1, and from this alloy a new alloy is obtained by adding
one more element, Zr, which we call LAS3. Both alloys were remelted by
voltaic arc (VAR), to study the mechanical and corrosion behavior that allows
us to consider its use as a medical material. One ingot of each alloy is
produced by arc melting in an inert argon atmosphere [1] and six remelting
operations are performed on each of these alloys to ensure homogeneity.
The modulus of elasticity E of each of these alloys is calculated by a three-
point bending test. For this purpose, strands are cut from each of the
samples and tested in an Electroforce_3100 machine applying a maximum
load of 22 Newton. At least 10 tests are carried out with each of the alloys
designed, the mean, x_ of the values obtained is calculated, as well as the
standard deviation m. A linear polarization test is also carried out to calculate
the corrosion rate. A BioLogic SP_150 potentiostat is used and for the
electrochemical tests a 3.5 wt.% NaCl is employed. Beforehand, the
samples are subjected to an open-circuit potential for 24 hours and also to
Electrochemical Impedance Spectroscopy [2].

Keywords: High entropy alloy, corrosion, three-point flexion, arc melting
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Abstract

The present study has the objective of defining the metallographic structure of two titanium
alloys in order to find if they can be used in medical prostheses. The composition of the alloys
is: Ti4Fe (93.2% Ti, 4% Fe, 2% Al, 0,8 V) and Ti10Al (89.5% Ti, 0.5% V, 10% Al).

For the purpose of obtaining the metallographic structure, it was necessary to use an optic ZESS
microscope Axio Vert Al. The materials were initially cut into samples of small volume and
covered in epoxy resin in such a way as to leave a controlled surface exposed to the environment
[1]. Afterwards the samples were polished and grinded with a Struers polishing machine, SiC
papers and an alpha-alumina suspension of 0.1 um [2]. When this process was finished, the
samples were cleaned for preventing possible contaminations that could affect the results. The
alloys were then submerged in Kroll reactive for five seconds in order to expose their
metallographic structure by acid attack. Shorter immersion times were not sufficient to observe
the structure satisfactorily, and longer times caused regions of the alloys to burn.

Figure 1. Metallographic structure of alloys Ti4Fe (a) and Til10Al (b) observed with 100x
magnifications.

The presence of the allotropic forms of a-titanium and B-titanium can be seen in the two images
obtained [3], although it is not possible to distinguish which of the regions corresponds to
which. If one wanted to obtain this information, it would be necessary to use other tests [4,5].
It can be seen that in the Til0Al alloy there is a greater presence of burnt regions by the acid
attack of the Kroll reactive, although not enough so that the structure cannot be appreciated.
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When was published the results of the multicomponent equiatomic alloys which they proposed,
eventually called High Entropy Alloys (HEA), many combinations of components have been
developed due to their improved properties compared to classic alloys (of a main element with more
than 50 at.%).

Two new high entropy alloys were fabricated for this research: one from the system CoCrFeNiMo,
and other alloy has the same composition but with Zr additions. They were tested in marine
environment. Their microstructure, elastic modulus and corrosion characteristics has been examined
in this work. In order to analyze the microstructure of the samples optical microscopy, Scanning
Electron Microscopy and Energy-dispersive X-ray spectroscopy were employed; three-point
bending test was used to evaluate their modulus of elasticity and linear polarization and
electrochemical impedance spectroscopy to examine their electrochemical responses, corrosion

kinetics and interface parameters.

Keywords: HEA, CoCrFeNiMo, microstructure, Zr, corrosion.
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Abstract. The history of metallic alloys dates back to ancient times when
humans first learned to extract and work with metals such as copper, tin, and
bronze. The earliest known alloy, bronze, was created around 4000 BC by
mixing copper with small amounts of tin. Over time, people discovered that by
mixing one metal with small quantities of other, they could create alloys with
improved properties (iron with small amounts of carbon to create steel).. In the
Middle Ages, blacksmiths and metallurgists continued to experiment with
different alloys, and many new ones were discovered. In the 18th and 19th
centuries, the Industrial Revolution brought about significant advances in
metallurgy, and many new alloys were developed. HEAs were first developed
in the early 2000s, and they have attracted significant attention from materials
scientists and engineers due to their unique properties. Unlike traditional
alloys, HEAs have no dominant metal and are instead made up of a mix of
multiple metals. This random mixture of metals in HEAs leads to a number of
interesting properties, including high strength, high hardness, and good
corrosion resistance. HEAs are also highly resistant to deformation and have
good thermal stability.

Keywords: high entropy alloys, fabrication, microstructure, corrosion.
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CONCLUSIONS

By applying Kroll’s reagent, the structure of the studied titanium alloys can be appreciated.

A time of 5 seconds resulted optimal for performing the metallographic test, shorter or longer times of submersion did not result in
acceptable results.

100x magnifications are enough to appreciate the metallographic structure of the alloys.

The presence of two different allotropic forms of titanium is confirmed by the presence of two regions.

The Ti10Al alloy presents a notable number of regions affected by the chemical attack of the Kroll reactive.
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A base alloy is designed, a high entropy multicomponent SEM micrographs and corresponding
alloy with pure elements (99.95%), formed by the system EDSspectratASdiand LASS
Cr, Co, Fe, Mo and Ni (LAS1) and from this alloy other alloy
is obtained by adding another component to the alloy. In
alloy, Zr is added (LAS3) in order to study the mechanical
behavior and corrosion behavior. Simulated corrosive
solution was used to characterize the corrosion behavior
of these materials by electrochemical techniques.
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addition of Zr. The corrosion rate increases slightly, 15,25% with zirconium addition, which makes it
interesting to carry out future research in this line of work.
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7. Conclusiones

Se sintetizan las principales conclusiones derivadas de la investigacion y que se

encuentran recogidas en las publicaciones cientificas.

Las conclusiones son las siguientes:

® En ambas aleaciones se observo una fractura fragil con un plano de fractura similar a la

hendidura.

® Laaleacidn sin circonio era mas resistente a la corrosion, con una tasa de corrosion muy
baja (2,44 x 10—3 mmpy en comparacion con 2,80 x 10—3 mmpy para la muestra con

Zr).

® La resistencia de la pelicula pasiva disminuyo con la adicién de Zr (de 2,57 x 107 kQ-
cm2 a 1,47 x 105 kQ-cm2 ) debido al aumento del nimero de puntos defectuosos en la

pelicula.

® El dopaje con 0,71 % en peso de Zr produjo un refinamiento del grano y aumento la
dureza, pero no increment6 el modulo de elasticidad ni la resistencia a la corrosion de

la aleacion CoCrFeNiMo.

® Por encima de 0,25 V frente a SCE, la muestra HEATi sufre corrosion por picaduras. La
razon de la corrosion por picaduras en la aleacion HEATi puede explicarse por la
disolucion preferente de iones de hierro en el electrolito debido al aumento de la relacion

de segregacion de Fe cuando la aleacion de alta entropia estd dopada con Ti.

[45]
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® FEl dopaje de la aleacion CoCrFeMoNi con 0,36 at. % de Ti reduce la capacidad de la
aleacion para resistir la corrosion, ya que la aleacion puede reaccionar mas rapidamente

con el entorno y provocar una disminucion de la resistencia a la corrosion de la aleacion.

® Se examiné la aleacion de alta entropia CoCrFeMoNi para determinar el impacto del
dopaje con Ti en su microestructura y propiedades mecénicas. El analisis de la
microestructura reveld una matriz fundamental que consistia en fases cubicas centradas en
la cara (FCC) y ctibicas centradas en el cuerpo (BCC), junto con la formacion de una fase
Laves. Al anadir el dopante de Ti, se produjo un notable refinamiento de los granos dentro
de la aleacion. Ademas, se redujo la disparidad entre la concentraciéon de Mo en las
regiones interdendriticas y dendriticas. El aumento del dopado de Ti también dio lugar a
un incremento de la microdureza, que se midi6 en 451 HV 0,2, frente a 369 HV 0,2. Este
aspecto puede tenerse en cuenta a la hora de evaluar la calidad de la aleacion. Este aspecto
puede tenerse en cuenta a la hora de disenar la aleacion para condiciones en las que se
requiera una mayor dureza o una buena resistencia al desgaste. Sin embargo, a pesar del
aumento de los valores de resistencia a la rotura y microdureza, no se observaron

modificaciones significativas en el mddulo elastico de la aleacion HEATI.

[46]
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