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Resumen

El objetivo principal de este trabajo de tesis es el estudio de la caracterizacion mecanica
y electroquimica de cuatro novedosos compuestos elaborados a partir de una matriz de carburo
de boro y distintos porcentajes de una aleacion de alta entropia (CoCrFeNiMo), para determinar

sus posibles aplicaciones industriales.

Este objetivo a su vez puede conseguirse mediante la superacion de distintos objetivos

especificos:
1. Estudiar y evaluar las propiedades mecanicas y electroquimicas de cada una de
las muestras por separado.
2. Comparar como afecta el porcentaje de aleacion de alta entropia (HEA) en la
matriz ceramica a nivel mecénico y electroquimico.
3. Comparar las muestras con HEA con una muestra de carburo de boro puro

(fabricado en las mismas condiciones) para determinar cudl es mejor y sus

posibles aplicaciones industriales.

La tesis propuesta se encuentra enmarcada en el programa de doctorado en Ingenierias
Quimica, Mecanica y de Fabricacion (QUIMEFA) por la Universidad de Las Palmas de Gran
Canaria, siendo su linea de investigacion corrosion de los metales. La presentacion de la
presente tesis es bajo la modalidad de tesis por compendio de publicaciones, para su correcto

desarrollo se han publicado 3 articulos.

En el primero de los articulos publicados “Corrosion Behavior of New B4C Ceramic
Doped with High-Entropy Alloy in an Aggressive Environment”, se realiza un estudio que
explora el comportamiento frente a la corrosion de una nueva cerdmica de carburo de boro
(B4C) dopada con 2% de una aleacion de alta entropia (HEA) expuesta a un entorno marino
agresivo. La investigaciéon incluye la caracterizacion microestructural y ensayos
electroquimicos, tratando de entender como afecta la influencia de la adicion de HEA en las

propiedades del material.

En el segundo de los articulos publicados “Corrosion Behavior and Microhardness of a

New B4C Ceramic Doped with 3% Volume High-Entropy Alloy in an Aggressive
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Environment”, se analiza el material, fabricado mediante sinterizacién por plasma de chispa,
pero en este caso la muestra dopada con un 3% de HEA. Se analiz6 mediante microscopia
electronica de barrido (SEM), ensayos de microdureza Vickers y una serie de técnicas
electroquimicas, como el potencial de corrosion, la polarizacion lineal y la espectroscopia de
impedancia electroquimica (EIS), para realizar una completa caracterizacion mecanica y
electroquimica del material. Se presta especial atencion a la microestructura del material, la
formacion de peliculas pasivas y la resistencia a la corrosion en un entorno altamente corrosivo,
de NacCl al 3,5%, lo que permite comprender mejor el comportamiento de las ceramicas dopadas

con HEA en condiciones agresivas.

El tercero y ultimo de los articulos publicados se titula “Impact of CoCrFeNiMo High-
Entropy-Alloy Doping on the Mechanical and Electrochemical Properties of B4C Ceramic”
trata de evaluar y comparar las propiedades mecénicas y electroquimicas de estos cuatro nuevos
materiales, compuestos por una matriz cerdmica de B4C dopada con volumenes de HEA (0,5%,
1%, 2% y 3% de CoCrFeNiMo) frente a una quinta muestra de B4C monolitico. Las muestras
estudiadas se obtuvieron mediante la técnica de sinterizacion por plasma de chispa. La
estructura y dureza de las muestras se analizaron mediante microscopia electronica de barrido
(SEM) y distintos ensayos de microdureza Vickers, del cual se obtuvo un estudio estadistico.
Durante la inmersion en agua de mar artificial para simular un entorno marino corrosivo, se
realizaron ensayos de potencial de corrosion, velocidad de corrosion y espectroscopia de
impedancia electroquimica para determinar el comportamiento electroquimico de las muestras.
Se obtuvieron las pendientes de Tafel y el circuito equivalente que se ajustaban a los datos

experimentales de EIS.
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1. Introduccion

El carburo de boro (B4C) es un material cerdmico con propiedades mecénicas
excepcionales, como una buena estabilidad térmica y conductividad (30 W/m K), una baja
densidad (2,52 g/cm3), un alto punto de fusién (2450 °C) y una elevada dureza (30 GPa) [1].
Estas propiedades garantizan que el B4C sea un material versatil y ventajoso, utilizado para una
amplia gama de aplicaciones industriales, como el sector balistico, refractario o electronico [2].
El B4C se comporta como un material termoeléctrico con un elevado coeficiente Seebeck de
300 uV/K. Esta caracteristica lo convierte en un material extremadamente interesante para
aplicaciones emergentes en termopares, diodos y transistores. El B4C est4 reconocido como el
tercer material mas duro conocido, después del diamante y el nitruro de boro cubico. Esta
ceramica combina una dureza excepcional manteniendo una baja densidad, lo que lo convierte
en una alternativa ligera al diamante (~3,51 g/cm3), sin embargo, su conductividad térmica es
inferior. Eléctricamente, el B4C se comporta como un semiconductor de baja conductividad, lo
que contrasta con el diamante, que es un magnifico aislante eléctrico. El B4C funciona bien en
entornos agresivos gracias a su gran resistencia a la corrosion. El diamante, a pesar de su inercia
quimica, puede oxidarse a temperaturas elevadas. El B4C podria sustituir el uso del diamante
por ser un material mas rentable y facilmente disponible en grandes cantidades, lo que lo hace

atractivo para diversas aplicaciones industriales [3].

Las radiaciones ionizantes son muy importantes en los &mbitos médico e industrial. En
medicina, se utiliza para técnicas de diagndstico por imagen y tratamientos de medicina nuclear.
En el campo industrial, la radiacion se utiliza para aplicaciones como la esterilizacion, el ensayo
de materiales y el control de calidad. La generacion de energia nuclear contribuye
significativamente a la produccién mundial de energia, ofreciendo una alternativa con bajas
emisiones de carbono a los combustibles fosiles. El reto consiste en determinar como
aprovechar las ventajas de la radiacion ionizante minimizando al mismo tiempo los riesgos
asociados. En este contexto, el B4C presenta una excepcional capacidad de absorcion de
neutrones (600 barns). Esto hace que se utilice ampliamente en los sistemas de proteccion y

monitorizacion de reactores nucleares como blindaje eficaz [4,5].

[3]
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Mas alla de sus aplicaciones nucleares, el B4C tiene una gran dureza y una densidad
reducida en comparacion con otras ceramicas, como el SiC, el A1203, el Si3N4 y el ZrO2. Estas
caracteristicas hacen que los polimeros reforzados con B4C resulten muy atractivos para

aplicaciones tribologicas [6].

El B4C es un semiconductor prometedor con un comportamiento de transporte eléctrico
de tipo salto. Su bandgap (aproximadamente 2,09 eV) esta influido por su composiciéon y orden
estructural. Es un material de tipo p con potencial para aplicaciones innovadoras en dispositivos

electronicos [2].

Un aspecto critico a la hora de procesar el B4C es la densificacion. A menudo se
necesitan materiales densos para muchas aplicaciones avanzadas. Se han estudiado diferentes
aditivos de sinterizacion para aumentar las tasas de densificacion, controlar el crecimiento de
grano y mejorar las propiedades mecénicas. El carbono ha demostrado su eficacia para reducir
la capa de 6xido de los polvos B4C, lo que favorece la sinterizacion y limita el crecimiento de

grano [7].

Por otro lado, las aleaciones de alta entropia (HEA) aparecieron en 2004 como resultado
de la combinacién de al menos cinco elementos metdlicos en proporciones atdmicas
aproximadamente iguales [8,9]. Este tipo de aleaciones despertaron rapidamente un gran interés
en el ambito académico debido a sus notables propiedades y a sus posibles aplicaciones en
ingenieria, donde se requiera alta resistencia, ductilidad, estabilidad térmica o resistencia a la
corrosion [10]. Actualmente las HEAs se encuentran en una amplia gama de aplicaciones
industriales, mostrando propiedades superiores a las aleaciones tradicionales (que normalmente
consisten en s0lo uno o dos elementos primarios), como son las aplicaciones biomédicas
[11,12], nucleares [13,14,15] y refractarias, como motores a reaccion y turbinas [16]. El enfoque
de las HEAs esté en constante desarrollo y crecimiento, estudios recientes intentan ampliar su
uso a distintas aplicaciones como la magnéticas, la conversion energética, el almacenamiento
de hidrogeno y la catalisis [17], dando respuesta a problemas sociales o industriales reales. En
la actualidad se han estudiado y se siguen estudiando muchas HEAs, ya sea para obtener
mejores propiedades o aumentar su campo de aplicacion, como MoNbTiVTaW [18],
Fe20Mn15Cr15V10AI10C2.5 [19], CoCrFeMnNi [20], TiNbTaZrMoHfWCr [21],
Fe20Co030Ni10Cr20Mn20 [22] y CoCrFeNiMo [23,24,25].

[4]
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La HEA CoCrFeNiMo se ha dopado con silicio [26], circonio [27], aluminio [28] o
titanio [29], y se ha utilizado como recubrimiento [30,31], lo que aumenta la versatilidad de la
HEA en diferentes aplicaciones de ingenieria. El efecto del Mo ha demostrado ser crucial no
solo en sus propiedades mecanicas, como la alta dureza [32], sino en la formacion de una capa
pasiva en el medio marino con la creacion de Cr203 y MoO3, que aumenta la resistencia a la
corrosion de la HEA [31,33]. Por otro lado, la adicién de Ni y Cr sobre la HEA contribuye a la
formacidn de una pelicula protectora de 6xido resistente sobre la capa externa del material, lo

que implica también una mejora en la resistencia a la corrosion [34,35].

El objetivo por tanto de esta tesis doctoral es el de investigar las propiedades mecénicas
y electroquimicas de estas nuevas muestras de B4C dopado con HEA de CoCrFeNiMo al 0,5%,
1%, 2% y 3%, comparando y evaluando los resultados obtenidos entre las muestras dopadas
con una quinta muestra de carburo de boro monolitico, para asi determinar sus posibles

aplicaciones industriales [36,37,38].

Asi, en este estudio, se ha investigado el impacto del dopado con CoCrFeNiMo HEA
en las propiedades electroquimicas y mecanicas de la ceramica B4C. Los ensayos
electroquimicos se realizaron en un ambiente artificial de agua de mar, una solucion de NaCl al
3,5% de volumen. Ademas, se realizaron ensayos de microscopia electronica de barrido (SEM)

y un analisis estadistico de microdureza, para completar la caracterizacion mecanica.

Por tanto, el estudio se centra en evaluar y comparar cinco muestras de carburo de boro,
cuatro de ellas dopadas con HEA, en un entorno marino y corrosivo. Este trabajo pretende
proporcionar una comprension mas profunda de como el dopaje CoCrFeNiMo HEA afecta a la
ceramica B4C y cual de estos compuestos tiene la composicion Optima, haciendo hincapié en
aplicaciones en las que factores como la durabilidad, la resistencia a la corrosion y la dureza

mejorada son esenciales, para asi determinar sus posibles aplicaciones industriales.

La tesis propuesta se encuentra enmarcada en el programa de doctorado en Ingenierias
Quimica, Mecénica y de Fabricacion (QUIMEFA) por la Universidad de Las Palmas de Gran
Canaria, siendo su linea de investigacion corrosion de los metales. Ademas, las publicaciones
cientificas elaboradas a raiz del desarrollo de esta tesis doctoral cubren los ensayos
mencionados para caracterizar estos nuevos materiales a nivel mecanico y electroquimico. En

total, se presentan 3 articulos publicados como primer autor, otro articulo pendiente de

[5]
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publicacién y distintas participaciones en congresos internacionales en las que se han realizado
comunicaciones orales o posters. Todo ello forma parte del trabajo para el correcto desarrollo
y reconocimiento de la tesis, justificando la unidad temética y permitiendo la presentacion de

la presente tesis bajo la modalidad de tesis por compendio de publicaciones.

[é]
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2. Justificacion del compendio

El resultado de la elaboracion de esta tesis doctoral por compendio es la publicacion de

3 articulos en los que soy el primer autor. Ademas, he colaborado en otras publicaciones aun

no publicadas, publicaciones en revistas no indexadas, participaciones en congresos y

presentacion de posters. Se muestra a continuacion un resumen de cada una de las publicaciones

en orden cronolégico:

, Corrosion Behavior of New B4C Ceramic Doped with High-
TITULO: , . .
Entropy Alloy in an Aggressive Environment
AUTORES: A D Rico-Cano, ] C Mirza-Rosca, B C Ocak, G Goller
REVISTA: Microscopy and Microanalysis
INDICE DE
2.9
IMPACTO:
CUARTIL: Q1
DOIL: https://doi.org/10.1093/mam/ozae044.666
ISSN: 1431-9276
EDITORIAL: Oxford University Press
MES'Y
N Julio 2024
ANO:
VOLUMEN: 30
PAGINAS 3

Este primer articulo investiga un nuevo material ceramico compuesto de carburo de boro

(B4C) dopado con una aleacién de alta entropia, centrdndose en su comportamiento

electroquimico en un ambiente salino y corrosivo (agua de mar artificial). De las 5 muestras

[9]
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totales de las que se disponian para la elaboracion de esta tesis, 4 de ellas dopadas HEA y otra

que no, en este articulo se estudio la muestra que disponia de un 2% de contenido de HEA. El

articulo incluye la sintesis del material, fabricado mediante sinterizacion por plasma de chispa,

la preparacion detallada de la muestra previa a los ensayos y las pruebas electroquimicas

realizadas: potencial de circuito abierto, polarizacion lineal y espectroscopia de impedancia

electroquimica. Ademads, se analiza a nivel microestructural mediante microscopia electronica

de barrido (SEM) para complementar la evaluacion del comportamiento frente a la corrosion.

Corrosion Behavior and Microhardness of a New B4C Ceramic
TiTULO: Doped with 3% Volume High-Entropy Alloy in an Aggressive
Environment
AUTORES: A D Rico-Cano, ] C Mirza-Rosca, B C Ocak, G Goller
REVISTA: Metals
INDICE DE
2.6
IMPACTO:
CUARTIL: Q2
DOIL: https://doi.org/10.3390/met15010079
eISSN: 2075-4701
EDITORIAL: MDPI
MES Y
. Enero 2025
ANO:
VOLUMEN: 15
PAGINAS 16

El segundo de los articulos, al igual que el primero, buscaba estudiar la caracterizacién

mecanica y electroquimica de otra de las muestras dopadas, en este caso la que disponia de un

3% de contenido de HEA. Buscando ampliar el conocimiento adquirido sobre este nuevo

[10]
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material y obtener una caracterizacion mas completa, ademas de los ensayos realizados en el

articulo anterior, se procedio a realizar un estudio estadistico de la microdureza de la muestra

(mediante un ensayo de microdureza Vickers) y ademds se obtuvo el circuito equivalente y

parametros eléctricos (profundizando mas en los resultados de la espectroscopia de impedancia

electroquimica).

TiTULO: Impact of CoCrFeNiMo High-Entropy-Alloy Doping on the
Mechanical and Electrochemical Properties of B4C Ceramic

AUTORES: A D Rico-Cano, J C Mirza-Rosca, B C Ocak, G Goller

REVISTA: Applied Sciences

INDICE DE
2.5

IMPACTO:

CUARTIL: Q1

DOI https://doi.org/10.3390/app15094859

eISSN: 2076-3417

EDITORIAL: MDPI

MES Y ANO: Abril 2025

VOLUMEN: 15

PAGINAS 17

En el tercero y ultimo de los articulos publicados, se realiza una comparacion de la

caracterizacion mecanica y electroquimica completa de todas las muestras del estudio, un total

de 5. Para ello se recogieron todos los datos obtenidos del primer y segundo articulo para

posteriormente compararlos con las otras muestras aun sin analizar; la dopada al 0,5% de HEA,

al 1% de HEA y la muestra sin dopar (carburo de boro monolitico). Se realizan por tanto todos

los ensayos nombrados en los anteriores articulos, pero ademas, el ensayo de polarizacion lineal

[11]
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es ampliado para obtener las curvas de Tafel, necesarias para calcular la velocidad de corrosion

de todas las muestras.

Estos 3 articulos, por tanto, obtenidos a través del estudio y ejecucion de la tesis
propuesta, son los que permiten la presentacion de la presente tesis es bajo la modalidad de tesis
por compendio de publicaciones, enmarcada en el programa de doctorado en Ingenierias
Quimica, Mecanica y de Fabricacion (QUIMEFA) por la Universidad de Las Palmas de Gran

Canaria, siendo su linea de investigacion corrosion de los metales.

[12]
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Introduction

Boron carbide (B4C) ceramic shows a unique combination of properties that make it a suitable material for multiple engineering
applications, like refractory, electronic or ballistic industry [1]. Eligible properties such as low density, good thermal conductivity
and high hardness and melting point makes B4C an extremely competitive material [2].

High-entropy alloys (HEAs) are a new type of material that contain at least five distinct metallic elements in approximately
equal atomic ratio, unlike the traditional metallic alloys, usually composed of one or two main elements [3]. Due to the excep-
tional properties of HEAs, such as high corrosion resistance, high strength, high ductility and high temperature stability, these
materials have gained the scientific community interest [4, 5]. Some potential applications are energy |6, 7], nuclear [8, 9], and
biomedical industries [10-12].

Thus, in this study, corrosion properties of new HEA doped B4C has been investigated to determine its behavior in artificial sea
water.

Experimental

Investigations were conducted on B4C with 2 vol.% CoCrFeNiMo HEA addition, from now on doped sample. This new material
was produced by the Metallurgical and Materials Engineering Department of Istanbul Technical University, using spark plasma
sintering (SPS) technic (SPS-7.40 MK-VIL, SPS Syntex Inc).

Before carrying out the electrochemical tests, the doped sample was encapsulated in a two-component epoxy resin to be easily
handled. Afterwards, the sample was polished with the Struers TegraPol-11 polisher in two stages: first polishing with silicon carbide
abrasive papers with progressively finer grain sizes varying from 240 to 2000 grit and secondly a final polishing with 0.1pm alpha
alumina suspension to obtain a mirror finish polishing. The manufacturing process and sample preparation are shown in Fig.1.

After preparing the sample, three electrochemical tests were performed using the potentiostat BioLogic Essential SP-150
(Bio-Logic Science Instruments SAS, Seyssinet-Pariset, France) and an electrochemical cell: Open circuit potential, linear polar-
ization and Electrochemical Impedance Spectroscopy ina 3.5% NaCl artificial sea water. The software used to set the test param-
eters and analyse the results it is EC - Lab® v-9.55 and aplicable standard ASTM G35-94(2004) was followed. The used
conventional electrochemical cell has three electrodes: doped B4C as working electrode, the platinum electrode as counter elec-
trode, and the saturated calomel electrode as reference electrode.

Using the software “Ecorr vs. Time™ approach, the 24 h open circuit potential of the sample was recorded at every 30 s or every
time there was a 100 mV change in potential. The data obtained was analysed and plotted as a graph of potential against time, to
determine whether the sample’s corrosion potential is stable over time or exhibits a trend toward passivation or corrosion.

Electrochemical Impedance Spectroscopy (EIS) is a nondestructive test that measures electrochemical impedance. It works by
applying an alternating current potential to an electrochemical cell while it measures the current through the cell main results.
Applicable standard I1SO 16773-1-4:2016 was followed.

The "Linear Polarisation” approach was used to carry out these measurements and its potential was stabilised by entering the sam-
ple surface area value and the test time of 110 minutes. The potential scanning showed a 10 mV/minute time-variation relationship
from - 0.1 to 1 V vs open circuit potential, with data recorded of intensity during the potential variation scanning. After the plotting of
these linear polarisation curves, the corrosion rate values of the sample were determined using EC-Lab’s "Tafel Fit" technique.

Results and discussion

Fig. 2 illustrates scanning electron microscope (SEM) images of the surfaces of B4C and doped B4;C-HEA ceramics that have been
etched using electrochemical methods. The monolithic B4C material exhibits a porous microstructure characterized by a non-
uniform distribution of grain size and shape. The B4C material exhibits the lowest relative density compared to doped ceramic
sample. The triangular and uniformly dispersed pores were primarily found at the intersections of three boundaries and the in-
terfaces between grains. Microstructural investigations indicate that the doping led to a more compact microstructure in compari-
son to the solid B4C material.

The distribution of doping HEA has been shown to be homogeneous, with the majority positioned on the grain borders and
filled pores at several grain junctions inside the B4C matrix. According to German et al. [13], the liquid phase functions as a sub-
stance that fills the pores, rather than spreading over the solid grains, when there is no solubility between the solid and liquid
phases. Due to inadequate liquid levels, the samples still retain holes as they were not completely filled. Based on the photos,

[17]
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the incorporation of HEA phase leads to the removal of voids within the matrix through the process of liquid phase sintering.
These tendencies are consistent with the shape of open circuit potential during immersion in artificial sea water (see Fig.3a).

The average grain size of the monolithic B4C was determined to be 2.57 pm and an uneven distribution of grain sizes was found
and was attributed to the rapid heating and melting of impurities that were already present in the initial powders. The doped cer-
amic yielded a more homogeneous distribution of particle sizes, with the smallest grain size measuring 2.16 pm. These observa-
tions suggest that the presence of HEA phases at the grain borders and triple junction locations inhibits grain expansion and
results in a finer grain structure. As a result of the tendency of high-entropy alloys to gravitate towards the configuration with
the lowest energy, HEA phases predominantly inhabited the smaller grains. It was found [13] that liquid phases have a tendency
to occupy the configuration with the lowest energy, leading them to flow preferentially towards smaller grains and pores and in
this way explain the linear polarization behavior (see Fig.3b).

The electrochemical impedance spectroscopy data (see Fig.4) showed a very high resistance to corrosion in artificial sea water.
Nyquist diagram (Fig.4a) depicts three zones: one semicircle at high frequencies, another semicircle at medium frequencies and a
diffusion line at high frequencies. The behavior is characterized by a process in two stages (Fig.4b): first the filling of the pores with
sea water (with an important diffusional component) and second the formation of a passive film inside the pores and on the sur-
face of the sample.

Conclusions

The behavior of a high entropy alloy doped B4C in artificial sea water was studied and the main conclusions are listed as follows:

* The doping of B4C ceramic with CoCrFeMoNi high entropy alloy led to a more compact microstructure in comparison to the
solid B4C material, inhibits grain expansion and results in a finer grain structure.

® The doped sample has a very high resistance to corrosion in artificial sea water.

¢ The chemical process which takes place at immersion of the doped sample in artificial sea water has two steps with an im-
portant diffusional component.

\
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powders Sintering
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Fig. 1. Sample manufacturing process and preparation.

Fig. 2. SEM images of the a) B4C ceramic and b) HEA doped ceramic.
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Abstract: The aim of this paper is to study both the mechanical and chemical properties
of a new material composed of B4C doped with 3% volume of CoCrFeNiMo HEA by the
spark plasma sintering technique. Scanning electron microscopy and microhardness were
used to characterize the composite microstructure and hardness. Corrosion behavior was
studied by corrosion potential, corrosion rate and electrochemical impedance spectroscopy,
where the equivalent circuit was obtained, characterized by the presence of the Warburg
element. The addition of HEA resulted in a more compact microstructure, filling pores
and inhibiting ceramic grain growth. A microhardness statistical analysis revealed that the
sample followed a normal distribution, which suggests that the sample has a homogeneous
structure. The doped material exhibits excellent corrosion resistance in artificial seawater,
where its chemical interaction occurs in two steps, with an important diffusional component.
This study highlights the potential for use in environments where both corrosion resistance
and mechanical strength are critical factors.

Keywords: ceramic; HEA; EIS; corrosion behavior; microhardness; SEM

1. Introduction

Boron carbide (B4C) possesses a distinctive combination of characteristics that make
it a preferred material for various technical applications. Boron carbide is utilized in re-
fractory applications owing to its elevated melting point (2450 “C) and thermal stability
and conductivity (30 W/m K). It serves as an abrasive powder and coating due to its
exceptional abrasion resistance. Its elevated hardness renders it appropriate for grinding
and cutting tools, ceramic bearings, wire drawing dies, and similar applications. It demon-
strates superior ballistic performance due to its high hardness (30 GPa) and low density
(252g/ cm?). Boron carbide is an exceptional thermoelectric material due to its elevated
Seebeck coefficient of 300 uV K !, and novel uses in thermocouples, diodes, and transistor
devices are being discovered [1]. B4C is extremely hard, ranked third after diamond and
cubic boron nitride. B4C has lower density, making it lightweight compared with dia-
mond, which has higher density (~3.51 g/ cm?). Boron carbide is a good thermal conductor,
though not as high as diamond that has exceptional thermal conductivity, the highest
among known materials. B4C is generally a semiconductor with low electrical conductivity,
while diamond is an excellent electrical insulator; however, doped diamonds can exhibit
semiconducting properties. B4C is highly resistant to chemical corrosion, making it suitable
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for harsh environments, while diamond is chemically inert and resistant to most acids and
alkalis but can be oxidized at high temperatures. B,C is less expensive and more readily
available in large quantities for industrial applications [1].

In medicine, ionizing radiation is essential for diagnostic imaging techniques, includ-
ing X-rays, CT scans, and nuclear medicine treatments. In industrial applications, radiation
is employed in sterilizing, material testing, and quality control, thereby improving safety
and efficiency. Furthermore, electricity generation by nuclear power constitutes a signifi-
cant share of global energy output, offering a low-carbon alternative to traditional fossil
fuels. The difficulty resides in utilizing the advantages of ionizing radiation while limiting
the related dangers. Under these conditions, shielding is an essential element in radiation
protection measures, and boron carbide possesses significant neutron absorption capacity
(600 barns). By4C ceramics are extensively utilized in nuclear applications, such as the
protection and supervision of nuclear reactors [2,3].

Moreover, B4C exhibits superior hardness and reduced density in comparison to
ceramic materials such as Al;O3, ZrO,, SiC, and Si3Ny. Boron carbide-reinforced polymer
composites are increasingly being recognized for tribological applications that necessitate
low friction and minimal wear [4].

Boron carbide is a semiconductor characterized by hopping-type electrical transport
features. The energy band gap is dependent on composition and the extent of order. Reports
indicate a band gap of 2.09 eV, which includes several mid-bandgap states that complicate
the photoluminescence spectra. The material is generally p-type with potential uses in
innovative electronic devices [5].

The densification of boron carbide is crucial due to the necessity for dense bodies in
many specific applications. Numerous sinter additives have been evaluated for their ability
to increase the rate of densification, control grain development, and improve the mechanical
characteristics of boron carbide. Carbon has been highly useful in decreasing the oxide layer
of boron carbide powders, hence facilitating sintering and inhibiting grain development [6].
The same authors conducted a systematic study on the effects of the addition of the same
weight percent of different sintering additives (C, B, TiB2, and CSi) on the density, hardness
and wear resistance of ByC compacts, produced by pressureless sintering.

Many research efforts have been undertaken to improve the fracture toughness and
mechanical properties of ByC ceramics through the incorporation of metallic sintering
additives such as Co [7], Fe [8,9],Si [10], Ti [11], and Ni [12].

While the reduction in sintering temperature has been documented with the incorpo-
ration of metallic aids, these metals may result in diminished hardness values. Considering
the aforementioned factors, a novel strategy may be implemented to tackle these challenges
with the incorporation of HEAs as sintering additives.

HEAs, or high-entropy alloys, are a relatively new family of materials, characterized
by the inclusion of at least five different metallic elements in nearly equal atomic ratios,
unlike traditional alloys, which typically consist of only one or two primary elements [13].
HEAs possess remarkable properties, such as excellent corrosion resistance, high strength,
and impressive ductility and stability at elevated temperatures, which have captured the
interest of the scientific community [14]. Potential applications for HEAs include energy
systems [15,16], nuclear technology [17,18], and biomedical fields [19,20].

Doping high-entropy alloys (HEAs) involves the deliberate introduction of small
amounts of additional chemical elements into the base alloy composition [21]. This process
can significantly impact the alloy’s mechanical and physical properties. The impact of
doping is primarily influenced by the types of elements introduced, their concentrations,
and the specific application intended for the alloy. By strategically adjusting the doping
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process, HEAs can be tailored to possess properties that meet the requirements of particular
operating conditions.

CoCrFeNiMo HEA has been used as coating on 304 stainless steel [22-24] and 316
stainless steel [25] or doped with other metals such as titanium [14], zirconium [26], and
aluminum [27]. The inclusion of Cr and Ni significantly enhances the corrosion resistance of
the FeNiCoCrMo high-entropy alloy (HEA) by forming a dense, protective oxide layer over
the substrate [25,29]. Additionally, Mo, with its high melting point [30,31], contributes to
the formation of Mo-rich phases, imparting higher hardness and reducing pitting corrosion
due to lattice distortion [32]. In previous studies, the effects of varying Mo concentrations
(CoCrFeNiMox, x < 0.25) on the corrosion resistance of HEA coatings in acidic environ-
ments, such as 3.5 wt% NaCl solutions, have been explored, concluding that the passivation
film, composed mainly of Cr;03 and MoOs, was the key factor in enhancing the corrosion
resistance [25]. In similar studies it was demonstrated that the formation of a passivation
film in CoCr2FeNiMox (x < 0.4) coatings improved corrosion resistance in acidic 3.5 wt%
NaCl solutions [33].

In this context, combining CoCrFeNiMo HEA with B4C as a composite seeks to benefit
from the remarkable mechanical strength and corrosion resistance offered by the HEA
while utilizing the high hardness and thermal stability of B4C.

Thus, in this study, the corrosion behavior of a novel B4C ceramic material doped
with CoCrFeNiMo HEA is investigated to assess its performance in an artificial seawater
environment—a 3.5% in volume NaCl solution. In addition to corrosion testing, this
study aims to conduct a statistical analysis of the microhardness behavior of the material.
This research aims to assess the potential of these materials for use in harsh and corrosive
environments, with a particular focus on applications where durability, corrosion resistance,
and improved hardness are critical factors.

2. Materials and Methods
2.1. Material Preparation

This investigation focused on a B4C ceramic sample doped with 3 vol.% CoCrFeNiMo
HEA. This material was synthesized at Istanbul Technical University by the Department
of Metallurgical and Materials Engineering. First, the starting powders were weighed
accurately and mixed for 6 h using a tubular mixer (T2F Bachofen, Bachofen AG, Muttenz,
Switzerland) to ensure homogeneity. The mixed powders were then placed into a hollow
graphite die with an inner diameter of 50 mm and a thickness of 4 mm. To enhance electrical
and thermal conductivity and facilitate easy removal after sintering, a graphite sheet was
inserted between the punches and the powder. Additionally, the graphite die was insulated
with carbon felt to minimize heat loss.

The sintering process was conducted in a vacuum atmosphere using an SPS apparatus
(SPS-7.40 MK-VII, SPS Syntex Inc., Saitama, Japan). A pulsed direct current (12 ms/on,
2 ms/off) and uniaxial pressure of 40 MPa were applied throughout the process. The tem-
perature was monitored with an optical pyrometer (Chino, IR-AH, Tokyo, Japan) capable
of measuring temperatures above 570 °C, focusing on a small hole in the graphite die. The
process was temperature-controlled, and the shrinkage behavior of the samples was tracked
continuously via punch rod displacement. To account for the thermal expansion of the
graphite punches, a blank test was conducted, and the expansion values were subtracted
from the measured shrinkage data.

The optimized SPS parameters were set as follows: sintering temperature of 1600 “C,
heating rate of 100 “C/min, and a holding time of 5 min. The final samples had a diameter
of 50 mm and a thickness of 4 mm.
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Before performing mechanical and electrochemical tests, the ingot was embedded in
two-component epoxy resin for easier handling. The sample was then polished in two
stages using a Struers TegraPol-11 (Copenhague, Denmark) polisher: first, with silicon
carbide abrasive papers (from 240 to 2000 grit) and later with a 0.1 um alpha alumina
suspension to achieve a mirror-like finish. The whole manufacturing of the sample and

B4C and
HEA
powders

Spark
Plasma

Sintering

preparation process is illustrated in Figure 1.
kA dopad Encapsulation Polishing Mirror finish

B4C ingot polishing

Figure 1. Schematic representation of the material preparation.

2.2. Scanning Electron Microscopy (SEM)

The microstructure of the sintered sample was analyzed through scanning electron
microscopy model, FESEM JSM 7000 F (JEOL Ltd., Tokyo, Japan). To visualize effectively
the microstructural features and facilitate the interpretation of the results obtained, the
samples were etched using an electrolytic process to reveal the grain boundaries, employing
a 10% NaOH solution for 15 s under conditions of 10 V and a current density of 0.25 A /cm?.

2.3. Electrochemical Tests

After sample preparation, three different electrochemical tests were conducted using a
BioLogic Essential SP-150 potentiostat (Bio-Logic Science Instruments SAS, Seyssinet-Pariset,
France) and an electrochemical cell. These tests included open circuit potential (OCP), linear
polarization, and electrochemical impedance spectroscopy (EIS) in an acidic environment—a
3.5% NaCl artificial seawater solution. The EC-Lab® v-9.55 software was used to set test
parameters and analyze the results, following the ASTM G5-94(2004) standard [34]. The
conventional electrochemical cell had three electrodes: the doped B4C as the working electrode,
a saturated calomel reference electrode, and a platinum counter electrode.

2.3.1. Corrosion Potential

Using the “Ecorr vs. Time” technique, for 24 h, the open circuit potential of the sample
was recorded, with measurements taken every 30 s or when a 100 mV change in potential
occurred. To determine whether the sample’s corrosion potential remained stable, indicated
passivation, or showed signs of corrosion over time, the recorded data were plotted.

2.3.2. Corrosion Rate

For linear polarization measurements, the sample’s potential was stabilized by in-
putting the surface area and test duration (110 min). The potential was scanned at a rate
of 10 mV /min, ranging from —0.1 to 1 V versus the open circuit potential. The resulting
data were used to generate polarization curves, and the corrosion rate of the sample was
calculated using the EC-Lab’s “Tafel Fit” technique.
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23.3. EIS

EIS, or electrochemical impedance spectroscopy, is a nondestructive test and was used
to measure the sample’s electrochemical impedance by applying an alternating current to
the electrochemical cell at different frequencies and recording the resulting current. The
test followed the 1SO 16773-1-4:2016 standard [35]. To visualize the collected data, Nyquist
and Bode diagrams were used. For further analysis and to simulate the electrochemical
behavior of the materials, equivalent circuits (EC) were applied. These circuits helped in
accurately modeling and understanding the complex impedance characteristics observed
during the tests.

2.4. Microhardness

The Vickers microhardness of the sample was evaluated using an indentation test on a
FM-810 Microhardness Tester (Future Tech, Kawasaki, Japan). The surface was polished
to a mirror finish to ensure clear visibility of the indentation marks. Indentations were
made with a prudent distance between them to avoid interference with the measurements.
The test was conducted following the ISO 14577-1:2015 standard [36]. However, due to
the high hardness of the material, a load of 2 kgf was applied to measure the indentation
marks accurately. A total of 45 indentations were made on different regions of both the
monolithic and doped B4C samples, and the average Vickers hardness (HV;) value was
then calculated.

3. Results and Discussion
3.1. Scanning Electron Microscope (SEM)

Figure 2 shows, at low and high-magnification (3500 and 5000 x ), how a much denser
microstructure is obtained by adding CoCrFeNiMo HEA to monolithic B4C, as theoretical
density suggested (monolithic B4C: 2.52 g/cm?; 3% HEA B4C: 2.71 g/cm?) and measured
density corroborated (monolithic B4C: 2.43 g/ cm?; 3% HEA B4C: 2.66 g/ cm?) [37].

According to German et al. [38], liquid phases naturally tend to occupy configura-
tions with the lowest energy, preferentially flowing into pores or smaller grains. This
behavior, combined with the presence of CoCrFeNiMo HEA phases at triple junctions
and grain boundaries, inhibits grain growth and results in finer grains. For instance, the
microstructure of the 3% ByC HEA demonstrates only a slight reduction in grain size
(2.52 um) compared to monolithic B4C (2.57 pm) [37].

3.2. Electrochemical Tests
3.2.1. Corrosion Potential

The corrosion potential indicates the voltage at which the cathodic current density
shifts to anodic when a metal is immersed in a solution. In accordance with the Mixed
Potential Theory proposed by Wagner and Traud [39], oxidation and reduction reactions
involved in corrosion occur at equal rates on the metal’s surface. The change in corrosion
potential as time passes serves as an accurate measure of corrosion behavior, although it is
not sufficient for a comprehensive analysis.

In our observations, the corrosion potential of the sample first decreased but rapidly
increased in two steps with the immersion time, indicating that the sample became passi-
vated in the solution. The curve did not display any potential drops that would typically
be inherent in surface activation during exposure to the corrosive solution, which implies
that the passive film of the outer layers is thermodynamically stable under these conditions
(see Figure 3).
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Figure 2. SEM images of (a) monolithic B4C at 3500 x magnification, (b) 3% HEA-doped B4C at
3500 magnification, (¢) monolithic B4C at 5000 x magnification, and (d) 3% HEA-doped B,4C at

5000 magnification.
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Figure 3. Corrosion potential vs. time for 24 h of immersion in 3.5% NaCl solution.
3.2.2. Corrosion Rate

It was found that liquid phases [38] generally favor the lowest energy configuration,
causing them to move preferentially toward smaller grains and pores, which helps account
for the observed linear polarization behavior (see Figure 4).
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Figure 4. Polarization curve of ByC 3% HEA-doped sample in 3.5% NaCl solution.

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

This advanced technique is particularly useful for investigating the interfacial char-
acteristics related to processes occurring on the surfaces of metallic alloys. Compared to
other electrochemical methods, EIS offers several advantages, as it operates in a stationary
state, measuring small signals effectively and is capable of probing frequencies ranging
from 100 mHz to 100 kHz.

The selection of a frequency range from 100 mHz to 100 kHz for electrochemical
impedance spectroscopy (EIS) measurements is driven by the necessity to encompass a
broad spectrum of electrochemical processes and system characteristics. The high frequency
ranges (10 kHz to 100 kHz) allow for the capture of information pertaining to the bulk
properties of the electrolyte, including ionic conductivity. This also illustrates the high-
frequency response of the system, including capacitive behaviors and dielectric properties.
The mid frequencies range (1 Hz to 10 kHz) offers valuable insights into charge transfer
resistance and double-layer capacitance, helping in the comprehension of processes such
as ion diffusion and interfacial phenomena at the electrode/electrolyte interface. The low
frequencies range (100 mHz to 1 Hz) indicates slow processes such as diffusion (Warburg
impedance) and long-term stability, playing a vital role in analyzing phenomena like mass
transport limitations, electrode porosity, and faradaic reactions.

Frequencies below 100 mHz are typically avoided because of the considerable time needed
for stable measurements and the possibility of noise interference. Frequencies exceeding 100 kHz
are unlikely to provide substantial additional helpful data for numerous electrochemical systems
and were also constrained by the limitations of our equipment’s capabilities.

Bode and Nyquist Diagrams in 3.5% NaCl Solution

The results from electrochemical impedance spectroscopy are displayed in Bode
phase impedance plots, recorded at the same potential in a 3.5% NaCl solution. The
highest impedance value was 60.047 k(}, and the maximum phase angle was 70.5° (see
Figure 5). The electrochemical impedance spectroscopy data collected showed incredibly
high resistance to corrosion in a 3.5% NaCl solution.
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Figure 5. Bode-1ZI and Bode phase for doped samples at Ecorr after 24 h of immersion in 3.5%
NaCl solution.

The Nyquist diagram (see Figure 6) depicts three zones: high frequencies describe
one semicircle, a second semicircle is described at medium frequencies, and finally at high
frequencies, a straight line revealing diffusion appears. The behavior is determined by a
two stages process: first, the filling of the pores and cracks with a 3.5% NaCl solution (with
a remarkable diffusional component), followed by the creation of a passive film within
those pores and on the material’s surface. Similar results were obtained with ByC doped

with 2% CoCrFeNiMo HEA [40].
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Figure 6. Nyquist diagrams for doped samples at Ecorr after 24 h of immersion in 3.5% NaCl solution
with (a) higher detail at low frequencies and (b) higher detail at medium frequencies.

The equivalent circuit model R(Q(R(QR)Q(RW))), which most accurately aligns with
the experimental results for sample B4C 3% HEA, is illustrated in Figure 7. This circuit
indicates that until the alloy film is reached, the outer layer of the sample demonstrates
dissolution resistance, featuring a both porous and dense passive layer.

[29]
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Figure 7. Equivalent circuit R(Q(R(QR)Q(RW))).

The electrical equivalent circuit was employed to model the experimental EIS data.
The impedance spectra were processed by using the software ZSimpWin 3.6 (Informer
Technologies, Los Angeles, CA, USA). The accuracy of the fit was determined by comparing
the simulated results with the experimental data collected, where the chi-square value
is calculated. A chi-square value near 105 indicates a highly precise fit with only a few
components required for the model [41].
The formula obtained by applying Kirchhoff’s circuit laws to this new circuit is
as follows: 1
Zeircuit = Rsot + 1 1 (1)
s R o e — —

1+t Tt —T
’G% R3+W; T3

After obtaining Equation (1), it is simplified to yield the following equation:

(R3+W3)-Q3
Qi (R1 + z+ 2 + (R3+W3)+Qs)

Ry R3+Ws)-Q3

Qi+ Ri+ 5% + (RO
The letter “Q” stands for a constant phase element (CPE).It is normally used when the
impedance data are not adequate for basic circuits elements and therefore, allow for the

consideration of the passivated surface. The impedance provided by a CPE is described by
the following equation [41]:

Zeireuit = Rsor +

@

b
Yo(jw)"

The letter “W” on the equivalent circuit stands for the Warburg element, which
represents the movement or diffusion of electrons or ions in solid or liquid phases. It is
represented by the following equation [42]:

Zcpe = (3)

1
LW = 4
" Yo(jw)*® ®

[30]
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Replacing the Equation (2) Warburg element and the constant phase elements, we
create the following equation for the equivalent circuit obtained:
1

sz R34+ —1- —
Ry Yo (w2 + ( 3 er_,ia.-]ﬂ—"") Ya(jw)"3

R+

1
Yy (ju)m ;r 1 1
Yaiju)"'2 R3+ le.’wJTE" . 'r'_\r_,mﬁ

Z:'irrrrr’: = Rsn!’ +

1 Rt —1 1
R Yol 2 (3 YigGw)® ) Valiw)™3

t 'r_l_.' w2 R3y+ 1 + 1
2wl & Yw[;uq“-; YJ\'J|r|’3

Table 1 shows the circuit equivalent parameters for the sample under study.

Table 1. R(Q(R(QR)Q(RW))) circuit equivalent parameters for ByC doped sample.

Parameters Results
Y (S-sec™/cm?) 1.001-10°8
m 0.856
Ri (ohm-cm?) 378.6
Y (S-sec” /cm?) 1.226-1077
" 0.968
R; (ohm-cm?) 209.8
Y3 (S‘sec“/cmz) 2.061-1073
ns 0.894
R3 (ohm-cm?) 6363
Yy (S-sec” /em?) 8.952.10 ¢
Chi-square 1.22.10°4

This model captures the processes occurring in the outer and inner layers of the
material during electrochemical testing, specifically in relation to its corrosion resistance
and passive film characteristics. When observing a bi-layer passive film consisting of
a porous layer in contact with the electrolyte and a compact layer in contact with the
underlying metal sample, several key characteristics and mechanisms influence the film'’s
performance, especially regarding diffusion and long-term corrosion resistance.

The porous outer layer exhibits greater permeability to ions and water from the
electrolyte, potentially acting as a barrier while facilitating the entrance of hostile species,
such as chloride ions, from the environment. Ions, such as corrosive chlorides, may pass
through the porous outer layer, with the diffusion rate dependent upon the layer’s porosity,
thickness, and rugosity. Oxygen may also penetrate the porous layer, contributing to
oxidation reactions at the interface of the compact layer.

The compact layer (inner layer) is dense and provides the main barrier by restricting
ion and electron transit. It attaches firmly to the metal surface, offering a more efficient
barrier against corrosion. The compact layer exhibits reduced permeability and serves as
a principal defense mechanism by markedly impeding the diffusion of aggressive ions,
resulting in decreasing the rate of metal dissolution. The integrity and stability of this layer
are essential for prolonged corrosion resistance.

The diffusion process affects long-term corrosion resistance, since the persistent access
of hostile ions through the porous layer might result in the localized degradation of the
compact layer over time. The compromise of the compact layer may accelerate corrosion
rates, resulting in pitting or crevice corrosion. The system’s capacity to re-passivate by
generating a new compact layer is essential for long-term resistance if the compact layer
is compromised. The migration of metal ions (e.g., Fe?*, Cr?*) from the metal substrate
to the outer layer can facilitate the development of protective oxides. Oxygen diffusion
through the porous layer is essential for sustaining passivity by facilitating the creation and

[31]
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repair of oxide layers; insufficient oxygen supply can impede the re-passivation process,
increasing the danger of corrosion in low-oxygen environments.

The results obtained suggest multiple layers of corrosion products, from a porous
outer film to a more compact intermediate layer, and capture the impedance characteristics
of the alloy surface. The presence of Warburg impedance on the layer closer to the alloy
suggests that diffusion plays a significant role in the corrosion dynamics, improving the
protective properties of the HEA system.

3.3. Microhardness

This test involves applying a vertical load onto the surface of the sample under study.
In this case, the B4C sample doped with a 3% volume of HEA was compared to monolithic
B4C by using a 136° edge angle pyramidal tetrahedral indenter from the hardness tester.
The process continues for 15 s until an indentation was formed and, according to the Vickers
method, a relationship was established between the applied load and the two diagonal
measurements that describe the area of the indentation.

When analyzing the results from this technique, it is important to consider that
the SEM images showed a porous microstructure with cracks appearing along the grain
boundaries related to the presence of agglomerated HEA phases on the grain unions, as
was corroborated by the equivalent circuit obtained from the electrochemical tests [37].

For this study, Vickers hardness was calculated using a fixed load of 2 kgf, as lower
loads were insufficient to indent the sample effectively. The Vickers hardness values of
indentation on the B4C sample doped with a 3% volume of HEA can be seen in Figure 8.

== == Average

Hardness (HV:2)
e
8

:

2500
1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45

Number of identations

Figure 8. Microhardness values of each indentation for B4C 3% HEA sample.

This variation can be attributed to the differing hardness levels of both the main phases
seen in the SEM, B4C and HEA, or the cracks noticed on the microstructure, as seen in other
B4C composite microhardness studies [43—45]. Therefore, a statistics study was applied to
analyze and compare the distribution and variability of the Vickers hardness measurements
of both samples. The results are summarized in Table 2, and various plots (boxplots, scatter
plots, histograms, and normal distribution) are generated to visualize the distribution and
comparison of hardness values across both samples (see Figure 9).
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Table 2. Statistical parameters of Vickers hardness measurements for both B4C doped and mono-

lithic samples.

Statistical Parameter

Mean
Median
Standard Deviation
Minimum
Maximum
Quartile 25
Quartile 50 (Median)
Quartile 75

Monolithic B;C (HV3)

2966.67
2990.0
181.09
2621.0
3381.0
2812.0
2990.0
3074.0

Doped B4C (HV3)

3308.57
3319.0
258.8
2737.0
3813.0
3182.0
3319.0
3514.0
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Figure 9. Vickers hardness for both ByC monolithic and doped samples comparison: (a) distribution
of Vickers hardness data through its quartiles; (b) dispersion of Vickers hardness values; (c) fre-
quency of Vickers hardness values within certain intervals (bins); (d) probability distribution of the

hardness values.
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Through statistical analysis and the generated graphs, we can observe key trends in
the hardness distribution of both samples. The B;C doped sample results are harder than
that of monolithic B4C. Although there is a notable difference between the minimum and
maximum values of both samples, most indentations are concentrated within a narrower
range, especially in monolithic B4C. This concentration suggests that both samples have a
homogeneous structure and follow a normal distribution. The Vickers indentation led to
radial cracks (see Figure 10), as seen in other B4C composite studies [37,45].

Figure 10. B,C doped sample (a) before Vickers indentation and (b) after Vicker indentation.

Densification leads to increased hardness as it results in a reduction of voids and
defects within the microstructure. Increased density enhances the load-bearing capacity, as
evidenced by the elevated microhardness values.

Hardness is influenced by grain boundary strengthening, as the increase in grain
boundary area from grain refinement due to HEA doping leads to enhanced resistance and
plastic deformation.

Secondary phases resulting from HEA doping can serve as reinforcement, thereby
improving the overall strength and hardness of the material. The phases may also act to
pin dislocations, thereby hindering plastic deformation and enhancing hardness.

The enhancement in microhardness resulting from the HEA doping of B4C can be
ascribed to improved densification, grain refinement, and the development of reinforcing
secondary phases. The microstructural alterations decrease porosity, improve grain bound-
ary strengthening, and obstruct dislocation movement, collectively leading to increased
hardness values.

4. Conclusions

The behavior of 3% HEA B4C ceramic in an artificial seawater environment was
thoroughly investigated and the key findings can be summarized as follows:

e  The addition of the CoCrFeMoNi high-entropy alloy to the B4C ceramic significantly
changed its microstructure, leading to a denser and more compact configuration when
compared to undoped B4C. This doping process effectively inhibited grain expansion,
resulting in a more refined grain structure.

e  The doped sample exhibited remarkable resistance to corrosion in the artificial seawa-
ter, making it suitable for applications in marine or corrosive environments conditions.

e  The chemical reactions that occur when the doped sample was immersed in artifi-
cial seawater followed a two-step process, with a significant diffusional component
involved. Initially, the seawater penetrated the material’s surface, followed by the
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formation of protective films or layers that prevent further degradation, contributing

to the observed high corrosion resistance.

In addition, the statistical microhardness analysis revealed the probability distribution
of the hardness values, indicating that the sample followed a normal distribution, which
suggests that the sample has a homogeneous structure. The Vickers hardness of 3% HEA
B4C ceramic was higher than that of monolithic B4C.

This study highlights the potential of HEA-doped B,C for use in environments where
both mechanical strength and corrosion resistance are critical factors. Future research lines
to further investigate the material’s properties and its applications include the following: (1)
examining the effects of doping B4C with elevated concentrations of HEAs (e.g., 4%, 5%, or
higher) to find the saturation point or optimal concentration for improved attributes such
as corrosion resistance, hardness, toughness, or thermal stability; (2) testing various HEA
compositions to determine how specific elements within the HEA affect the properties of
B4C, thereby identifying the HEA composition that provides enhanced corrosion resistance,
mechanical, thermal, or electrical properties.
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Abstract: The purpose of this article is to evaluate and compare the mechanical and electro-
chemical properties of four new materials, composed of a ByC ceramic matrix doped with
0.5%, 1%, 2% and 3% volumes of CoCrFeNiMo HEA with monolithic By4C. The studied
samples were obtained using the spark plasma sintering technique. The structure and
hardness of the samples were analyzed via scanning electron microscopy (SEM) and a
Vickers microhardness test. After immersion in artificial sea water to simulate a corrosive
marine environment, corrosion potential, corrosion rate and electrochemical impedance
spectroscopy tests were carried out to determine the samples’ electrochemical behavior.
Tafel slopes and the equivalent circuit that fit the EIS experimental data were obtained. A
denser microstructure and smaller grain size was achieved as the HEA content increase.
According to the Vickers measurements, every sample showed a normal distribution.
All studied samples exhibit great corrosion resistance in a two-step chemical interaction,
influenced by the presence of the Warburg element. The research demonstrates that increas-
ing the HEA content implies better performance of corrosion resistance and mechanical
properties, confirming the materials’ potential use in corrosive environments and harsh
mechanical applications.

Keywords: boron carbide; ceramic; HEA; EIS; corrosion behavior; microhardness; SEM

1. Introduction

Boron carbide (B4C) is a ceramic material with outstanding mechanical properties,
such as good thermal stability and conductivity (30 W/m K), a low density (2.52 g/cm?), a
high melting point (2450 “C) and high hardness (30 GPa) [1]. These properties guarantee
B4C as an extremely competitive material for a wide range of industrial applications, such
as ballistic, refractory or electronics fields [2]. B4C behaves as a thermoelectric material
with a high Seebeck coefficient of 300 uV /K. This characteristic makes it a very interesting
material for emerging applications in thermocouples, diodes and transistors. ByC is rec-
ognized as the third-hardest material, after diamond and cubic boron nitride. It combines
exceptional hardness, maintaining a low density, which makes it a lightweight alternative
to diamond (~3.51 g/cm?®). B4C exhibits good thermal conductivity but lower than dia-
mond’s. Electrically, ByC behaves as a semiconductor with low conductivity, contrasting
with diamond, which is a magnificent electrical insulator. B4C works good in harsh envi-
ronments due to its high resistance to corrosion. Diamond, despite its chemical inertness,
can oxidize at elevated temperatures. B4C could replace the use of diamond as a more
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cost-effective and readily-available-in-larger-quantities material, making it attractive for
industrial applications [3].

lonizing radiation is very important in medical and industrial fields. In medicine,
it is used for diagnostic imaging techniques and nuclear medicine treatments. In the
industrial field, radiation is used for applications such as sterilization, material testing
and quality control. Nuclear power generation contributes significantly to global energy
production, offering a low-carbon alternative to fossil fuels. The challenge is determining
how to take advantage of the benefits of ionizing radiation while minimizing the associated
risks. In this context, B4C exhibits exceptional neutron absorption capacity (600 barns).
This makes it extensively used in nuclear reactor protection and monitoring systems as
effective shielding [4,5].

Beyond its nuclear applications, B4C has high hardness and reduced density compared
to other ceramics, like SiC, Al;O3, 53Ny and ZrO,. These characteristics make polymers
reinforced with B4C highly attractive for tribological applications [6].

B4C is a promising semiconductor with a hopping-type electrical transport behavior.
Its bandgap (approximately 2.09 eV) is influenced by its composition and structural order.
It is a p-type material with potential for innovative electronic device applications [2].

A critical aspect when processing B4C is densification. Dense materials are often
needed for many advanced applications. Different sintering additives have been explored
to increase densification rates, control grain growth and improve mechanical properties.
Carbon has proven effective in reducing the oxide layer on B4C powders, which helps
sintering and limits grain growth [7].

High-entropy alloys (HEAs) appeared in 2004 as a result of at least five different
metallic elements being combined at approximately equal atomic ratios [8,9]. This kind
of alloy rapidly became of high interest in the academic field due to their remarkable
properties and their possible engineering applications, where high strength, ductility,
thermal stability or corrosion resistance are required [10]. HEAs are found in a wide
range of industrial applications, exhibiting superior properties to traditional alloys, which
typically consist of only one or two primary elements, in biomedical [11,12], nuclear [13-15]
and refractory applications, such as jet engines and turbines [16]. The actual focus of HEAs
has appeared to expand to magnetic applications, energy conversion, hydrogen storage and
catalysis [17], answering actual social or industrial problems. Many HEAs have been and
are being studied nowadays in order to obtain better properties or increase their application
range, such as MoNbTiVTaW [18], Fe20Mn15Cr15V10AI10C2.5 [19], CoCrFeMnNi [20],
TiNbTaZrMoHfWCr [21], Fe20Co30Ni10Cr20Mn20 [22] and CoCrFeNiMo [23-25].

CoCrFeNiMo HEA has been doped with silicium [26], zirconium [27], aluminum [28]
or titanium [29], as well as used as a coating [30,31], which enhance the HEA's versatility
in different engineering applications. The effect of Mo has proven to be crucial not just
on its mechanical properties, such as high hardness [32], but in the formation of a passive
layer in the marine environment with the creation of Cr;O3; and MoQOj3, which increases the
HEA’s corrosion resistance [31,33]. On the other hand, the addition of Ni and Cr on the
HEA contributes to the formation of a resistant protective oxide film over the outer layer of
the material, implying also an improvement in corrosion resistance [34,35].

This paper aims to investigate the mechanical and electrochemical properties of B4C
materials doped with 0.5% and 1% CoCrFeNiMo HEA and compare the results with those
of B4C doped with 2% and 3% CoCrFeNiMo [36,37].

Thus, in this study, the impact of CoCrFeNiMo HEA doping on the electrochemical
and mechanical properties of B4C ceramic has been investigated. Electrochemical tests
were conducted in an artificial seawater environment, a 3.5% volume of NaCl solution.
Additionally, scanning electron microscopy (SEM) and a microhardness statistical anal-
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ysis were conducted. The study focuses on evaluating and comparing these two new
compositions against the previously analyzed compounds under a marine and corrosive
environment. By expanding the scope of the investigation, this work seeks to provide a
deeper understanding of how CoCrFeNiMo HEA doping affects B4C ceramic and which of
these compounds have the optimal composition, with an emphasis on applications where
factors such as durability, corrosion resistance and enhanced hardness are essential.

2. Materials and Methods
2.1. Material Preparation

The investigation was conducted on 4 different composites of B4C ceramic doped
with 0.5%, 1%, 2% and 3% volumes of CoCrFeNiMo HEA, created by the Department of
Metallurgical and Materials Engineering of Istanbul Technical University. The preparation
of the samples starting from raw materials is presented in our previous articles [37]. A
graphite sheet was inserted between the punches and the powder to improve conduc-
tivity and facilitate post-sintering removal. Carbon felt insulation was used to minimize
heat dissipation.

Sintering was carried out under vacuum using a Spark Plasma Sintering (SPS) system
(SPS-7.40 MK-VII, SPS Syntex Inc., Saitama, Japan), applying a uniaxial pressure of 40 MPa
and a pulsed direct current (12 ms/on, 2 ms/off). The temperatures during the whole
process were measured with an optical pyrometer (Chino, IR-AH, Tokyo, Japan) on a
designated spot in the graphite die. Continuous shrinkage tracking was conducted through
punch rod displacement, with thermal expansion corrections based on a blank test. The
holding time (5 min), heating rate (100 “C/min) and sintering temperature (1600 “C) were
the established SPS conditions.

Then, the manufactured samples were embedded in a two-component epoxy resin.
Using a Struers TegraPol-11 system (Struers, Copenhagen, Denmark), the surface was
prepared via a two-step polishing procedure that included initial grinding with silicon
carbide abrasive sheets (240-2000 grit) and final polishing with a 0.1 um alpha alumina
suspension to achieve a mirror-like sheen. The fabrication and preparation procedure of all
studied samples is described in Figure 1.

BAC and HEA Spark Plasma HEA doped BAC
powders Sintering ingot
SAMPLE &
MANUFACTURING =
AND PREPARATION

0L5% DA Rl | 1% HEA Bal

2% HEA et | LA et

Mirror finish =
aadhing Palishing tmw

Figure 1. Schematic representation of the material preparation.
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2.2. Scanning Electron Microscopy (SEM)

The scanning electron microscope model FESEM JSM 7000 F (JEOL Ltd., Tokyo,
Japan) was used to analyze the microstructures of the samples under study. For a precise
and easier evaluation of the images, the composites were electrochemically attacked for
15 s with a 10% NaOH solution. This process helps to reveal grain boundaries and other
microstructural features, using, to maximize the results, a potential of 10 V and a current
density of 0.25 A/ em?. The linear intercept method (ASTM E112-96 [35]) was used to
calculate the average grain size.

2.3. Electrochemical Tests

After finishing the sample preparation, electrochemical evaluations were carried out
on the four different B4C variants. Potentiostat BioLogic Essential SP-150 (Bio-Logic Science
Instruments SAS, Seyssinet-Pariset, France) and an electrochemical cell were used to carry
out the different tests. A total of 3 electrochemical tests were performed: direct-current
open-circuit potential (OCP) and linear polarization and alternative-current electrochem-
ical impedance spectroscopy (EIS). All tests were conducted in a 3.5% NaCl artificial
seawater solution to simulate a marine environment. Test parameters were configured,
and data analysis was conducted using EC-Lab® v-9.55 software, in accordance with the
ASTM G5-94(2004) standard [39]. Each experiment utilized a conventional three-electrode
electrochemical setup, where the doped B4C samples served as the working electrodes, a sat-
urated calomel electrode acted as the reference, and a platinum electrode functioned as the
counter electrode.

2.3.1. Corrosion Potential

The open-circuit potential (OCP) was monitored over 24 h using the “Ecorr vs. Time”
technique, with data recorded every 30 s or when a potential shift of 100 mV occurred.
The results were analyzed to determine whether the material exhibited stable corrosion
potential, passivation behavior or progressive degradation over time.

2.3.2. Corrosion Rate

The Tafel slope is utilized to establish the corrosion rate. Tafel slopes for both anodic
(ba) and cathodic (b;) processes were determined by shifting the linear polarization curves.
The ASTM G5-87 [40] Standard Reference Test Method for Conducting Potentiostatic and
Potentiodynamic Anodic Polarization Measurements has been followed properly.

2.3.3. Electrochemical Impedance Spectroscopy (EIS)

EIS is a non-destructive alternative current technique with which the electrochemical
impedance of all studied samples was evaluated in a wide frequency range (100 mHz to
100 kHz).

Electrochemical processes that happen slowly, like long-term stability or diffusion, can
often be seen at low frequencies (100 mHz to 1 Hz). This helps to identify mass-transport
limitations, electrode porosity or faradaic reactions. Medium frequencies (1 Hz to 10 kHz)
are crucial for analyzing double-layer capacitance and charge-transfer resistance. This
frequency range offers important information about ion diffusion and interfacial interac-
tions at the electrode—electrolyte boundary. High frequencies (10 kHz to 100 kHz) provide
information on the bulk electrolyte properties, including ionic conductivity, capacitive
behavior and dielectric response.

Frequencies below 100 mHz were excluded because they prolong the measurement
times and are often affected by noise interference. Frequencies above 100 kHz were not
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considered either, as they provide minimal additional information for most electrochemical
systems. This frequency is also beyond the operational limits of the available equipment.

This test followed the ISO 16773-1-4:2016 standard [41]. The obtained impedance data
were represented using Nyquist and Bode diagrams. Additionally, equivalent circuits (ECs)
were utilized to model and interpret the electrochemical behavior of the material, providing
insights into its impedance characteristics.

2.4. Microhardness

With the use of an FM-810 Microhardness Tester (Future Tech, Kawasaki, Japan),
the Vickers microhardness of all the composites under study was established using an
indentation test. To guarantee precise measurements, the surface was polished to a mirror
finish for clear visibility of the indentations. The test was performed according to the ISO
14577-1:2015 standard [42], with 19.61 N load applied due to the material’s high hardness.
A minimum of 45 indentations were created in various areas of all doped B4C composites
and the monolithic B4C surface. Then, the average Vickers hardness (HV2) was calculated
like all other statistical parameters.

3. Results

For clarity and ease of reference, the B4C ceramic samples doped with 0.5%, 1%, 2%
and 3% volumes of CoCrFeNiMo HEA will be, on occasion, designated as B4C.05, B4C.1,
B4C.2 and B4C.3, respectively.

3.1. Scanning Electron Microscope (SEM)

SEM images of the samples after the electrochemical attack are shown in Figure 2.

When analyzing the etched microstructures of the composites, the grain size was
measured: B4C.05 (2.53 + 0.32 pm), B4C.1 (2.51 + 0.35 pm), B4C.2 (2.16 + 0.20 um) and
B4C.3 (2.52 + 0.27 um). All samples presented smaller average grain sizes compared to
monolithic ByC (2.57 + 0.11 pm). It can be observed that the sample with 2% HEA content
exhibits the smallest average grain size. It can be observed how the CoCrFeNiMo addition
phase is clearly localized at the triple junctions and along the grain boundaries, contributing
to understanding the high-entropy behavior within the B;C matrix. HEA is observed as
mainly filling pores or smaller grains, due to natural liquid-phase behavior, that tend to
occupy configurations with the lowest energy [43]. The theoretical density of all samples
increases with the HEA content: monolithic B4C (2.52 g/ cm3), B4C.05 (2.55 g/ cm?), B4C.1
(258 g/ cm?), B4C.2 (2.64 g/ em?) and B4C.3 (2.71 g/ cm?). The measured density also
increases as the HEA content of the samples increases: monolithic B4C (243 g/ cm?), B4C.05
(249g/ cm?), B4C.1 (2.54 g/ cm?), B4C.2 (2.61 g/ cm?) and B4C.3 (2.66 g/ cm?). Finally, the
porosity was measured: monolithic ByC (3.57%), B4C.05 (2.42%), B4C.1 (1.42%), B4C.2
(0.78%) and B4C.3 (1.95%).

3.2. Electrochemical Tests
3.2.1. Corrosion Potential

The voltage at which the cathodic current density transitions to anodic when a metal
is submerged in a solution, artificial sea water in this case, is called corrosion potential.
The variation in corrosion potential over time provides a reliable indicator of the corro-
sion behavior, where oxidation and reduction reactions take place at equal rates on the
samples surface [44].
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Figure 2. BSE-SEM images of B4C and B4yC-doped composites: (a) monolithic B4C; (b) B4C.05;
() B4C.1; (d) B4C.2; (e) B4C.3.

Figure 3 presents a clear tendency towards higher corrosion potential as the HEA
volume percentage increases. The B4C.05 sample shows a remarkable drop close to 5 h of
immersion, which indicates a surface activation during exposure to 3.5% NaCl solution;
however, after 13 h of immersion its corrosion potential began to increase, inherent to the
creation of a passive film on the outer layers of the composite, suggesting that it becomes
thermodynamically stable under a marine environment. Sample B4C.1, at close to 8 h of
immersion, shows another potential drop, followed by a slight tendency to a potential
decrease. Sample B4C.3's corrosion potential first decreased but rapidly increased, just like
sample B4C.2’s corrosion potential; however, during exposure, B4C.3's corrosion potential
shows a clear positive tendency.
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Figure 3. Comparison of corrosion potentials vs. time for 24 h of immersion in 3.5% NaCl solution of
studied samples.

3.2.2. Corrosion Rate

The corrosion rate procedure offers insight into the effect of the environment on a
material and can be determined through linear polarization curves, which relate potential to
current. Figure 4 illustrates the linear polarization test performed to measure the corrosion
rate of the composites immersed in artificial seawater, represented on a semi-logarithmic
scale of current values.

1 -
ot
<1
. L
g Monolithic B4C
=37 ——0.5% HEA B4C
§° =4 L ———1% HEA B4C
——2% HEA B4C
= ——39%HEA B4C
-6 |
—7 1 L 1 1 1 J
-0.9 -0.6 -0.3 0 0.3 0.6 0.9

Potential (V VS SCE)

Figure 4. Polarization curve of studied samples in 3.5% NaCl solution.

The 0.5% HEA B4C sample shows the most negative corrosion potential (Ecorr) and the
highest corrosion current (I¢orr) of all the composites under study, as can be seen in Table 1.
It was observed to be oxidized the most among all samples. To obtain the corrosion rate,
first, the Tafel slopes (Bc and Ba), equivalent weight, density and surface were calculated.
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Table 1. Corrosion parameters for all samples tested.
P t Monolithic 0.5% HEA 1% HEA 2% HEA 3% HEA
TN B4C B4C B4C B4C B4C
Ecorr (MV vs. Ref) —600.665 —~749.920 —478.421 —357.533 —230.693
Teorr (HA/cm?) 0.296 0.834 0.161 0.111 0.041
Pe (mV) 49.7 84.2 559 77.0 91.1
Ba (mV) 65.6 108.4 66.3 60.3 125.2
Equivalent weight (g/eq) 3.946 3.963 3.980 4.014 4.049
Measured density (g/cm?) 243 £0.02 249 +£0.01 2.54 4+ 0.01 2.61 £+ 0.02 2,66 +0.02
Surface (cm?) 0.996 1.035 0.843 0.935 0.898

Corrosion rate (mpy)

62.158 x 1073 165.183 x 10-3 38544 x 1073 23516 x 1073  8.951 x 103

As the HEA content of composites increases, their corrosion rate decreases, indicating
a higher corrosion resistance. Of all samples, B4C.3 presented the lowest corrosion potential,
corrosion current and corrosion rate values, confirming that increasing the HEA content
implies better performance regarding corrosion resistance. All four of the samples in our
study tend to passivate, probably due to the creation of a passive film on their surface.

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

EIS is an advanced method, being highly effective and accurate for analyzing in-
terfacial properties associated with surface processes in metallic alloys. Unlike other
electrochemical techniques, EIS offers significant advantages, such as operating under
steady-state conditions, efficiently measuring small signals and covering a broad frequency
range from 100 mHz up to 100 kHz.

Electrochemical impedance spectroscopy results of the different composites are pre-
sented as Bode-phase impedance plots, recorded at a consistent potential in a 3.5% NaCl
solution. Due to the high number of samples under study, the Bode impedance plot is
presented in Figure 5 and the Bode-phase plot in Figure 6; this way, the conducted test can
be interpretated easier.

5o
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" ——0.5% HEA BAC
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Figure 5. Bode impedance for the studied samples at Ecorr after 24 h of immersion in 3.5%
NaCl solution.
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Figure 6. Bode phase for the studied samples at Ecorr after 24 h of immersion in 3.5% NaCl solution.

In Figure 5, it is observed that the highest measure of impedance is attributed to B4C.3,
which registered a value of 60.047 k(). This indicates that the 3% HEA composite has higher
corrosion resistance as result of its capacity to oppose electric current. This is followed by
B4C.2, presenting a similar result as obtained for the corrosion potential, as when the HEA
volume percentage increases in the sample composition, the higher its corrosion resistance
behavior. B4C.05 and B4C.1 presented similar results, indicating a very similar behavior.

The data obtained from the EIS measurements of B4C composites demonstrated a
very high resistance to corrosion in artificial seawater, especially B4C.3. On the other
hand, Bode-phase analysis of ByC-reinforced samples reveals significant differences in their
electrochemical behaviors across frequency ranges (see Figure 7).

At low frequencies, the B4C.3 sample shows the most negative phase angle (—75°),
which indicates a strong capacitive behavior and a strong passive layer. The B4C.05 sample
shows a lower phase shift (~—30), which implies a higher charge transfer rate and lower
capacitive response. These results suggest that lower HEA concentrations lead to a thinner
or less effective passive layer.

At medium frequencies, all the samples transition towards a mix between capacitive
and resistive response. The 3% HEA ByC sample maintains the highest phase shift. This
indicates superior electrochemical stability, which matches the corrosion potential and
corrosion rate test results.

At high frequencies, it can be seen how all composites converge towards lower phase
angles (~—10 to —30°), dominated by electrolyte resistance. The B4C.3 sample consistently
demonstrates the best capacitive properties, implying improved corrosion resistance. On
the other hand, the 0.5% and 1% B4C samples show the weakest capacitive response.
This suggests that lower HEA concentrations result in a less effective passive layer. The
intermediate behavior of the 2% B4C sample implies a balance between resistive and
capacitive contributions.

The Nyquist diagram reveals, for every sample, three remarkable zones, as seen in
Figure 7. High and medium frequencies are described with semicircles, and low frequencies
are defined by a straight line, which indicates Warburg element appearance. This indicates
that the corrosion mechanism of the samples is changing, from charge transfer to diffu-
sion, with the B4C.3 sample exhibiting the most pronounced Warburg impedance [45,46].
The overall trend indicates that increasing the HEA content enhances resistance behav-
ior. This can be explained potentially due to agglomeration effects or altered charge
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transport mechanisms. This must be considered when optimizing these materials for

electrochemical applications.
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Figure 7. Nyquist diagrams for the studied samples at Ecorr after 24 h of immersion in 3.5% NaCl
solution: (a) complete plot; (b) detail at medium frequencies; (c) detail at low frequencies.

A more vertical line in the low-frequency region suggests that the system behaves more
like an ideal capacitor. This behavior may be associated with the formation of protective
layers or barriers that restrict corrosion, confirming that of all composites, B4C.3 has the
highest resistance to corrosion under the studied situation.

The experimental EIS data were analyzed using an electrical equivalent-circuit model,
and ZSimpWin 3.6 software (Informer Technologies, Los Angeles, CA, USA) was used to
accurately represent the impedance response. The equivalent-circuit model that provided
the best fit for all studied samples can be seen in Figure 8. A chi-square (x?) parameter
close to 10~ suggests a highly accurate fit between experimental and simulated data.
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Figure 8. The equivalent circuit for the fitting of the EIS data.

In contexts where the passivated surface is considered, the letter “Q” stands for a
Constant Phase Element (CPE). When it comes to the diffusion of ions or electrons in solids
or liquids, the “W” stands for the Warburg element.

This configuration suggests that before reaching the alloy film, the outer layers of
the samples offer resistance to dissolution, characterized by a dual-layer passive struc-
ture, consisting of both porous and compact regions. After applying Kirchhoff’s cir-
cuit laws to the circuit and replacing the CPE and Warburg element, we obtained the

following equation:

Zeircuit = Rsor +

Ry-B , (R3+C)-D
[R’ tREt (R3+C)+D]

A+Ri+ g5 + RGD

where the letters “A”, “B”, “C” and “D” stand for

The equivalent-circuit parameters for all samples can be seen in Table 2.

_ 1
~ Y(jw)™
n 1
 Ya(jw)™
. 1
Y (juw)*?
1
Y3( jw)

n;

(R3+C)-D
R3+C)+D

M

()

3)

)

©)

This study evaluates the electrochemical behavior of the composites under study,
which suggests the appearance of a two-layer passive film. First, a porous outer layer,
and secondly, a more compact inner layer, both play a role in the corrosion resistance of

the samples.
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Table 2. R(Q(R(QR)Q(RW))) equivalent-circuit parameters for all ByC-doped samples under study.

Parameters

Y, (S-s"/cm?)
nl

R; (ohm-cm?)

Y5 (Ss"/em?)
n2

R; (ohm-cm?)

Y3 (S-s"/cm?)
n3

R; (ohm-cm?)

Yy (5-57 /em?)

Chi-square

Monolithic 0.5% HEA 1% HEA 2% HEA 3% HEA
B4C B4C B4C B4C B4C
4472 x 1078 5218 x 1073 4927 x 1075 8.268 x 10~? 1.001 x 10-8
0.876 0.460 0.516 0.940 0.856
147.3 1204 115.1 226.9 378.6
2,302 x 1014 1.200 x 104 2,617 x 1075 5.700 x 107 1.226 x 1077
0.999 0.772 0.968 0.797 0.968

2.635 x 1073 13.910 1.398 317.2 209.8
3.284 x 1073 1.972 x 1077 8.002 x 107 2.118 x 1072 2,061 x 1079
0.8 0.948 0.987 0.889 0.894
3.397 7.797 2042 4918 6.363
2916 x 10~4 1179 x 103 1.095 x 104 8.396 x 105 8.952 x 107
9.92 x 1074 7.75 x 1074 7.02 x 104 5.18 x 104 1.22 x 1074

In the first place, protective and corrosive processes are facilitated by the porous layer,
which controls the diffusion of ions and oxygen. lts porosity, thickness and roughness play
an important role in chloride ion penetration, which directly affects the compact layer.

Finally, the compact layer works as the primary corrosion barrier. It ensures surface
passivation by limiting ion and electron transport. Its stability is crucial for long-term
protection, as degradation may lead to localized corrosion. Metal ion migration (e.g., Fe?*
or Cr**) and oxygen diffusion contribute to passivity maintenance by the formation of
protective oxides.

The EIS analysis confirms the existence of multiple corrosion layers. The appearance
of the Warburg element on both Nyquist diagrams and the equivalent circuit indicates that
the corrosion process is controlled by diffusion. This implies the creation of a protective
film that helps with the passivation of the alloy.

3.3. Microhardness

The aggregation of HEA phases at grain junctions, frequently observed in earlier
B,4C composite microhardness studies, was responsible for the identification of a porous
microstructure and various fissures on the SEM images, primarily along the grain bor-
ders [47-49]. This suggested the need to perform a microhardness statistical analysis.

In order to perform this analysis, a fixed load of 19.61 N was applied on numerous
occasions along different regions of the surface of all studied samples. With the use of a
diamond point pyramidal indenter (136” edge angle), an indentation was developed after
applying a vertical load for 15 s. The hardness of all studied samples as a relation between
the applied load and the indentation mark was determined using the Vickers method.

Table 3 provides a summary of the findings of all studied samples, accompanied by
different visual representations (boxplots, histograms and normal distribution curves) to
provide a comprehensive comparison of hardness values across the different composites.

In the analysis of the statistical values, it can be seen how 2% and 3% HEA samples
exhibit the greatest hardness values, which confirms that HEA doping positively influences
the hardness of ByC ceramics. Lower HEA concentrations (0.5% and 1%) showed lower
hardness values. This relation can be explained with the microstructure analysis seen in
the SEM images, where the porosity of the lower HEA concentration composites was not
completely filled, leading to an incomplete phase integration with the ceramic matrix and
microstructural inconsistencies.
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Table 3. Statistical parameters of Vickers hardness measurements for B4C composites and monolithic

B4C sample.
Hardness (HV;)
Statistical

Parameters B4C B4C 0.5% BsC1% B4C 2% B4sC 3%

monolithic HEA HEA HEA HEA
Mean 2966.67 3079.52 3016.71 3268.00 3308.57
Median 2990.00 3073.00 3011.00 3288.00 3319.00

Standard deviation 181.09 296.82 211.32 225.16 258.80
Minimum 2621.00 2432.00 2568.00 2799.00 2737.00
Maximum 3381.00 3862.00 3550.00 3859.00 3813.00
Quartile 25 2812.00 2876.00 2913.00 3112.00 3182.00
Quartile 50 2990.00 3073.00 3011.00 3288.00 3319.00
Quartile 75 3074.00 3288.75 3100.00 3405.00 3514.00

The histogram provides a visual representation of the frequency distribution of Vickers
hardness values for each B4C sample under study. This allows for an easy and intuitive
comparison of the hardness variations among different compositions. By analyzing the
histograms, it is possible to identify the spread, central tendency and asymmetries of the
hardness distributions among HEA additions (see Figure 9).
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Figure 9. Histogram of Vickers hardness for (a) monolithic B4C; (b) B4C.05; (¢) B4C.1; (d) B4C.2; and

(e) B4C 3.
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Histograms charts reveal how the addition of HEA affects the hardness distribution.
They show the hardness values of all indentations classified into different ranges. Compos-
ites with high HEA doping show higher hardness measures and smaller spread, suggesting
a more homogenous hardness profile. The 0.5% HEA composite shows lower hardness
measures and a wider distribution, which indicates greater variability.

In addition, box plots and normal distribution graphs of the Vickers hardness values
obtained (see Figure 10) were generated in order to complete the statistical analysis. Infor-
mation about the mechanical behavior of all composites and the impact of varying doping
concentrations is obtained.

Boxplot of Vickers Hardness for All Samples

o
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3600
°
S 3400
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g
3200
s
o
x
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(a)

Bell Curve (Normal Distribution)
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Vickers Hardness (HV;)
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Figure 10. Vickers hardness for B;C composites and monolithic sample comparison: (a) distribution
of Vickers hardness data through its quartiles; (b) probability distribution of the hardness values.

The analysis of quartiles and Gaussian curves demonstrates that the 1% and 2% of
HEA samples have a more consistent and predictable hardness distribution. The 0.5%
HEA concentration composite possesses a wider spread and more variability, indicating
continuous microstructural modifications. On the other hand, the B4C.2 sample has less
variability, confirming the SEM results. These results prove the idea that HEA doping
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improves the B4C ceramic’s mechanical performance, with the greatest results shown for
higher HEA concentrations.

4. Conclusions

Focusing on the electrochemical and mechanical performances of ByC ceramics doped
with varying concentrations (0.5%, 1%, 2% and 3%) of CoCrFeNiMo HEA, the principal
findings are described as follows:

*  When CoCrFeNiMo high-entropy alloy is added to the B4C ceramic matrix, a denser
structure is obtained. A more refined grain structure was obtained because of this
doping procedure. HEA addition leads to a more compact configuration and the
inhibition of grain expansion in comparison to monolithic B4C, resulting in notable
microstructure alterations. Of all the samples studied, the smaller average grain size
and the denser configuration were achieved in the 2% HEA concentration sample.

*  Electrochemical tests revealed that corrosion resistance improved progressively with
higher HEA content. The 3% HEA-doped B4C demonstrates the highest resistance
in artificial seawater conditions. The enhanced performance is attributed to the
formation of a more compact and protective passive layer, effectively mitigating
material corrosion.

e  The statistical microhardness analysis of all composites revealed that even though
every sample followed a normal distribution (suggesting a homogeneous structure),
the 0.5% and 3% HEA concentrations had a less uniform and predictable hardness dis-
tribution, which suggests ongoing microstructural adjustments. The Vickers hardness
of the B4C-doped composites were higher as the HEA percentage increased, indicating
a strict relation between doping and hardness.

All the tests carried out clearly determine that increasing the HEA content implies
better performance regarding corrosion resistance and mechanical properties. The 3% HEA
B4C composite exhibited the best results across all different tests, while the 0.5% HEA B4C
sample showed the poorest performance. The study finally determines the potential of
CoCrFeNiMo HEA-doped B4C ceramics for applications that involve mechanical strength
and corrosion resistance. It highlights the outstanding behavior of all composites in
aggressive environments, especially the 3% HEA-doped composite.
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5. Otras publicaciones y eventos cientificos

A continuacion se listan, en cada uno de los apartados, el resto de los eventos cientificos

en los que he participado activamente para el correcto desarrollo de esta tesis doctoral, ya sea

como autor o coautor. Se nombran por orden cronologico en cada uno de los distintos apartados.

5.1. Publicaciones aceptadas pendientes de publicarse

Microscopy and Microanalysis - The Effect of Zn Addition on Bioabsorbable
Mg Alloys

Microscopy and Microanalysis - Comparison and Evaluation of the Corrosion
Behavior of Two Innovative B4C Samples Doped with 0.5% and 3%
FeNiCoCrMo High-Entropy Alloy

5.2. Publicaciones en revistas sin indice de impacto

IGSCONG’21 (online) - Microstructure and Corrosion Behavior of TiMoZrXSi
Biomaterial Focused on Hip Prosthesis

NTSA’21 (online) -

DENTISTRY AND ORAL HEALTH’21 - Comparative study of different
worldwide materials for prosthodontic restoration

BRAMAT’24 - EIS study of HEA doped B4C ceramic in artificial sea water

5.3. Participaciones en congresos (poster o presentacion oral)

IGSCONG’21 (online) - Microstructure and Corrosion Behavior of TiMoZrXSi
Biomaterial Focused on Hip Prosthesis

NTSA’21 (online) -

DENTISTRY AND ORAL HEALTH’21 (online) - Comparative study of
different worldwide materials for prosthodontic restoration

M&M’24 - Corrosion Behavior of New B4C Ceramic Doped with High-Entropy
Alloy in an Aggressive Environment
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Fig. 1. Obtaining Mg-base alloys in levitation, samples’ preparation and testing.

Figure 1.jpg

https://www.abst orecard.com/cfp/submit/submissions/ y/view.asp?EventKey=BPLEWXQQ&SubmissionlD=2063221

[69]



ULPGC

Universidad de

Las Palmasde | Escuelade
Gran Canaria Doctorado

12/5/25, 20:22 Preview - Call for Submissions - 2025 Microscopy Society of America

Fig. 2. SEM microstructure of Mg-Ca-Zn alloys.

Figure 2.jpg
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Descriptives

Descriptives

Sample ~N Mean Median sSD

1 30 59.00 60.00 9.03
= 30 63.82 63.60 10.28

Fig. 3. Microhardness statistics.

Figure 3.jpg
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Fig. 4. Electrochemical testing of the samples.

Figure 4.jpg
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Fig. 2. Corrosion potential vs. time for 24 h of immersion (a)), corrosion rate (b)), for both B4C HEA-doped
samples in 3.5% NaCl solution.
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Fig. 4. Distribution of Vickers hardness data through its quartiles (a), frequency of Vickers hardness values
within certain intervals (bins) (b)) probability distribution of the hardness values (c)), comparison for B4C
doped samples.
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ABSTRACT

Introduction

Biomaterials are designed to act with biological systems by evaluating, treating or
replacing some tissue, organ or body function. Since the hip supports 9 to 12 times a person's
weight, hip prostheses need to be made mainly of metallic materials.

Currently, the most used metallic material for orthopedic applications is titanium with the
respective alloys given which provide better properties. Titanium alloys are classified into
alpha, alpha-beta and beta alloys which depend on the predominant alpha and beta phases in
the microstructure at room temperature [1]. Nonetheless, the alloy Ti6Al4V presents certain
difficulties since aluminum can cause, in high concentrations, dementia or problems to the
central nervous system in addition to vanadium which is a toxic element and can produce
adverse effects on tissues [2].

Purpose

A study of two samples with different percentage composition, T1 (73 Ti, 20 Mo, 7 Zr, 0
Si percentage) and T2 (72 Ti, 20 Mo, 7 Zr, 1 Si percentage), produced by a Vacuum Arc
Remelting (VAR) method, is developed to evaluate the potential biomedical applications of
these alloys focusing on hip replacement.

Experimental

As a previous step to electrochemical and metallographic tests, several processes should be
performed, such as to embed into an epoxy resin cylinder the samples for cutting and their
subsequent polishing in two stages: polishing with SiC abrasive papers of progressive grain
size from 280 to 1200 grit and final polishing with 0.1 micrometer alpha alumina suspension.

However, the metallographic test is carried out for two different types of grit emery paper,
P800 and P1200. In both tests, the samples must have a mirror finish polished. Once the
samples are prepared, images are taken by utilizing the metallographic microscope, 10 and 20
times amplification of the actual size of a part of the samples. Then, these samples are
submerged from 15 to 35 seconds, in a dissolution of a reactive agent called Kroll (water,
hydrofluoric acid, nitric acid) and they are observed again through the microscope.
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On the other hand, electrochemical test consists in inserting a specimen into an
electrochemical cell together with Saturated Calomel Electrode (SCE) as reference and Pt
electrode as counter electrode, Corrosion potential (Ecorr) was determined and
Electrochemical Impedance Spectroscopy (EIS) was applied [3].

Results

In the metallographic test, the images taken before the corrosive agent attack show some
porosity and scratches on the samples surface. Nevertheless, two different phases of the
structure of the compositional variants under study can be observed after chemical etching.
Moreover, in the corrosion tests, the samples are immersed in Ringer Grifols solution which
simulates the physiological fluid of the human body. All the electrochemical tests are
processed by the Ec Lab program to accomplish the values and the graphics. In the linear
polarization test, potential E versus time graphics are obtained to determine the tendency to
passivation or corrosion of each sample. Besides, the EIS method is performed on each
specimen at different potentials to obtain the Bode Impedance graphics.

Conclusions

The two samples show a positive behavior in contact with physiological fluids, therefore,
their possible use in various medical devices should continue to be studied. T2 sample, which
has a lower percentage of titanium and silicon, show a greater ease of stabilization, although
the two samples tend to passivation. However, in the EIS method, using Bode-impedance
graphics, the higher the impedance value result, the higher its corrosion resistance. Sample T1
has higher corrosion resistance because its impedance value is upper than T2, its process
occurs in one stage and the impedance phases of the different values given during the EIS are
similar. The metallographic study confirms the two-phase amorphous structure of the samples
for different polishing finishes. In view of the data collected and the conclusions presented, it
is not possible to establish a clear relationship between the degree of concentrations of
titanium and silicon in the alloys and the behavior against electrochemical corrosion.

Keywords— Biomaterial; Bode Impedance; Corrosion Potential; Linear Polarization;
Electrochemical Impedance Spectroscopy; Metallographic Test.
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Introduction: Nowadays, due to the great weight borne by the hip and the problems caused by the
current biomaterials used, new alloys with a low modulus of elasticity and low cytotoxicity are being
researched and developed. It has therefore been decided to further investigate the possible biomedical
applications of T1 (73% Ti, 20% Mo, 7% Zr, 0% Si) and T2 (72% Ti, 20% Mo, 7% Zr, 1% Si) samples.
Experimental: To perform the three-point bending and microhardness tests, the specimens are
embedded in an epoxy resin cylinder, then cut into sheets for re-embedding and polished with silicon
carbide emery papers and 0.1 micrometer of alumina suspension [1]. Three-point bending test to find
the value of the modulus of elasticity of each specimen and the microhardness test with at least 5
indentations to calculate and express as Vickers hardness (HV) were performed [2].

Results: Once the techniques have been applied, it can be observed in the three-point bending test that
the value obtained for the modulus of elasticity of one of the three specimens tested in sample T1 is
much higher than that of the others, and the same occurs in sample T2, where the values of thetwo
specimens tested are very different from each other. Furthermore, the graphs of Vickers hardnessversus
scan length for both samples show widely dispersed maxima and minima, as the surfaces of the samples
show soft and hard areas and it is confirmed that the hardness increases the higher the applied load and
the higher the percentage of silicon.

Conclusions: Therefore, the values of the modulus of elasticity found for each sample are very
different from each other, making the results inconclusive. However, in the case of microhardness,
both samples perform well under the different loads applied, although sample T2 has a higher
resistance to deformation.
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Hello and good afternoon, my name is Alberto Rico and 1 am PhD student from the mechanical
engineer department, at the university of las Palmas de Gran Canaria, situated in the island of Gran
Canaria, Canary Islands, Spain.

The title of the paper I am about to expose is “Comparative study of different worldwide
materials for prosthodontic restoration”.

Many alloys are available for prosthodontic restorations and among them nickel-based alloys are
widely used in the porcelain-fused-to-metal and casting crown and bridge. This is due to their
simple fabrication process, low cost and, not less important, to their corrosion resistance.
Therefore, study this alloys behavior in contact with physiological fluids is very important, if not,
corrosion products can cause serious problems to our health, such as local inflammation or damage
to our immune system.

Even the nickel-chromium alloys form a thin protective oxide film on the surface, they show
unstable galvanic corrosion and also, they corrode in physiological solutions such as balanced salt,
human saliva, artificial saliva and artificial sweat solutions. Despite all these, the use of Ni-Cr
dental alloys is increasing. Many types of Ni-Cr alloys are found in the world markets and contain
Fe, Mo, Mn, Cu, Nb, Al and Si in their composition.

The present paper made a comparative study of six Ni-Cr dental alloys from USA, Romania and
Germany that are worldwide used prosthodontic restoration, studying how they react in artificial
physiological fluids, in this time, Ringer solution.

First, we cut the samples in order to obtain 5 cylindric specimens of 2 mm long. Then,
microstructure analysis, Open Circuit Potential (Eoc), Potentiodynamic Polarization and
Electrochemical Impedance Spectroscopy (EIS) techniques were applied.

All alloys examined are under the influence of an anodic control, due to the formation of protective
layers, most likely of oxide, on the surface of the alloys. The alloys studied can be divided into
two categories according to the type of corrosion observed. A uniform general corrosion behavior
was found at the surface of the two Ni-Cr alloys (as we can see in sample 1 and 2 microstructure

United Research Forum
1-75 Shelton St, Covent Garden, London WC2H gJQ,
United Kingdom
https:/ /unitedresearchforum.com/
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analysis images, before and after being chemically attacked, both with almost the same chromium
percentage). In the other hand, localized points of corrosion were found in the others Ni-Cr alloys.
The Electrochemical Impedance Spectroscopy shows on the Nyquist diagram a capacitive arc on
each sample, and the Bode Impedance spectrum indicate that for high frequencies the impedance
logarithm tends to become constant.

In terms of susceptibility to corrosion, findings in this study show from the impedance spectra
analysis that all alloys investigated have more than adequate corrosion resistance in artificial
saliva. Being sample 1 and 2 the alloys with greater corrosion resistance, meanwhile, sample 5 and
6, probably by their high copper percentage (which is used to increase the alloy moldability,
making it easier to manipulate), shows the lowest corrosion resistance, probably becoming toxic
if expose to physiological fluids for long time.

Thank you very much for listening, I hope this presentation was adequate to expose and understand
the techniques and results found. Hope seeing you all soon at the Canary Island.

Keywords: dental alloys, corrosion, Ni-Cr, EIS
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M any alloys are available for prosthodontic restorations and among them nickel-based alloys
are widely used in the porcelain-fused-to-metal and casting crown and bridge. This is due
to their simple fabrication process, low cost and, not less important, to their corrosion resistance.
Even the nickel-chromium alloys form a thin protective oxide film on the surface, they show
unstable galvanic corrosion and also they corrode in physiological solutions such as balanced
salt, human saliva, artificial saliva and artificial sweat solutions. Despite all these, the use of Ni-Cr
dental alloys is increasing. Many types of Ni-Cr alloys are found in the world markets and contain
Fe, Mo, Mn, Cu, Nb, Al and Si in their composition. The present paper made a comparative study
of six Ni-Cr dental alloys from USA, Romania and Germany using microstructure analysis, Open
Circuit Potential (EOC), Potentiodynamic Polarization and EIS technique. All alloys examined
are under the influence of an anodic control, due to the formation of protective layers, most
likely of oxide, on the surface of the alloys. The alloys studied can be divided into two categories
according to the type of corrosion observed. A uniform general corrosion behavior that was found
at the surface of the two Ni-Cr alloys and a localized in points corrosion found in the others Ni-
Cr alloys. In terms of susceptibility to corrosion, findings in this study show from the impedance
spectra analysis that all alloys investigated have more than adequate corrosion resistance in
artificial saliva.

Keywords: dental alloys, corrosion, Ni-Cr, EIS
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Abstract: Evaluating a new material's corrosion behavior is a crucial step in its development, since it
allows us to determine the material's whole range of possible applications. Therefore, we decided to
proceed with different electrochemical test in artificial sea water, obtaining information about

corrosion resistance, corrosion rate and

0 corrosion potential. The surface taken in

‘E 2 analysis is a new type of material, boron
= carbide doped with a 3% of High-Entropy
=-4 Alloy (HEA) CoCrFeNiMo, with promising
\%ﬂ -6 mechanical properties [1]. The doping of
w2l B4sC ceramic with CoCrFeMoNi high
-8 : - entropy alloy led to a more compact
-0,4 0,1 0,6 microstructure in comparison to the solid
Potential (V VS SCE) B4C material, inhibits grain expansion

and results in a finer grain structure. The
doped sample has shown a promising
high resistance to corrosion in artificial
sea water. By electrochemical impedance
spectroscopy [2-3], it was demonstrated
that the chemical process which takes place at immersion of the doped sample in artificial sea water
has two steps with an important diffusional component, ending with the creation of a passive film as
shown in Fig. 1.

Fig. 1. Linear polarization Rate of doped BsC sample.

Selective references:

1.B. C. Ocak and G. Goller, Investigation the effect of FeNiCoCrMo HEA addition on properties of B4C ceramic
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2. ). Cabrera-Pefia, 5.). Brito-Garcia, J.C. Mirza-Rosca, G.M. Callico, Electrical Equivalent Circuit Model Prediction
of High-Entropy Alloy Behavior in Aggressive Media, Metals (Basel). 13 (2023) 1204.
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SAMPLE PREPARATION

B4C and HEA Spark Plasma HEA doped Encapsulation Polishing Mirror finish
powders Sintering BaC ingot polishing
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conclusions are listed as follows:
’ - The doping of BAC ceramic with CoCrFeMoNi high entropy alloy led to a more compact microstructure in
a4 ez o oz a5 o /" comparison to the solid BAC material, inhibits grain expansion and results in a finer grain structure.
o oo Lk - The doped sample has a very high resistance to corrosion in artificial sea water.
-mmmmmmnmummmmmnmumw

l l " The behavior of a high entropy alloy doped B4C in artificial sea water (3.5% NaCl) was studied and the main

Co-funded by i . L i
Erasmus+ the European Union A Lspivusoeoanica |||||| s ITU

Acknowledgements: ERASMUS 2023-1-RO01-KA220-HED-000159985: Smart Healthcare Engineering

[104]



ULPGC

Universidad de

Las Palmasde | Escuelade
Gran Canaria Doctorado

UL iy | /
s » raMat 2024
G e AlvVidl & U

CERTIFICATE OF PARTICIPATION

13t International conference on materials science & engineering
13-16 March 2024, Brasov, Romania

The research entitled: EIS STUDY OF HEA DOPED B,C CERAMIC IN ARTIFICIAL SEA WATER, authors: Alberto Daniel Rico-Cano,
Julia Claudia Mirza-Rosca, Burak Cagri Ocak, Gultekin Goller, was presented by Alberto Daniel Rico-Cano, at BraMat 2024
international conference, organized by Materials Science and Engineering Faculty of Transilvania University of Brasov.

The extended conference program is available on the BraMat 2024 conference website: http://www.bramat.ro.
Paper identifying number: 1.0.01
Section: Metallic materials and composites (Section I)

Prof. dr. eng. Alexandru PASCU
tefials Stienice and Engineering Faculty

/
. Conference chairman

[105]






Escuela de
Doctorado

ULPGC
Universidad de
Las Palmas de
Gran Canaria

s

/;

G

. N o \
,/./// NN\ //,

~.

T 36"

\ \ R
ARARRARANY
A I T O T T g Vil

R TN N N N

e /,// N ,./
N

N\

N

o\
NN N
\

o % ) // \ AN
\\
XK
\ /.
\ \ \ \

\
\ /

—,
i

N

[107]






n Universidad de

Las Palmas de | Escuelade
Gran Canaria Doctorado

6. Conclusiones

Centrandonos en las prestaciones electroquimicas y mecanicas de la ceramica B4C sin
dopar (0% HEA) y dopada con concentraciones variables (0%, 0,5%, 1%, 2% y 3%) de

CoCrFeNiMo HEA, los principales hallazgos se describen a continuacion:

Cuando se afiade la aleacion de alta entropia CoCrFeNiMo a la matriz ceramica B4C, se
obtiene una estructura mas densa. Gracias a este procedimiento de dopaje se obtuvo una
estructura de grano mads refinada. La adicion de HEA conduce a una configuraciéon mas
compacta y a la inhibicidn de la expansion del grano en comparacion con el B4C monolitico, lo
que da lugar a notables alteraciones de la microestructura. E1 SEM corrobor6 que, de todas las
muestras estudiadas, el menor tamafio medio de grano y la configuraciéon mas densa se

alcanzaron en la muestra con una concentracion de HEA del 2%.

Los ensayos electroquimicos revelaron que la resistencia a la corrosion mejoraba
progresivamente con un mayor contenido de HEA. Todas las muestras inmersas en la solucién
corrosiva siguieron un proceso de corrosion en dos etapas, en el que intervino un importante
componente de difusion. Inicialmente, el agua de mar artificial penetré en la superficie del
material, a lo que siguid la formacion de peliculas o capas protectoras que impiden una mayor
degradacion, contribuyendo a la elevada resistencia a la corrosion observada. El B4C dopado
con HEA al 3% demuestra la mayor resistencia en condiciones de agua de mar artificial. El
mayor rendimiento se atribuye a la formacion de una capa pasiva mas compacta y protectora,

que mitiga eficazmente la corrosion del material.

El anélisis estadistico de microdureza de todos los materiales compuestos reveld que,
aunque todas las muestras seguian una distribuciéon normal (lo que sugiere una estructura
homogénea), siendo la ceramica dopada a un 2% de HEA la que presentd menor variacion,
confirmando los resultados obtenidos en el SEM. Las concentraciones de HEA del 0,5% y el
3% presentaban una distribucion de dureza menos uniforme y predecible, lo que sugiere ajustes
microestructurales en curso. La dureza Vickers de todas las muestras B4C fue mayor a medida

que aumentaba el porcentaje de HEA, lo que indica una relacion estricta dopaje y dureza.

Todas las pruebas realizadas determinan claramente que el aumento del contenido de

HEA implica un mejor rendimiento en cuanto a resistencia a la corrosion y propiedades
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mecanicas. El material compuesto B4C con un 3% de HEA mostrd los mejores resultados en
los diferentes ensayos, mientras que la muestra B4C con un 0,5% de HEA mostr6 el peor
rendimiento. El estudio determina finalmente el potencial de la ceramica B4C dopada con HEA
CoCrFeNiMo para aplicaciones que implican resistencia mecanica y resistencia a la corrosion.
Destaca el excelente comportamiento de todos los compuestos en ambientes agresivos,

especialmente el compuesto dopado con HEA al 3%.

En definitiva, podemos determinar que la adicion de la HEA a la matriz ceramica del
carburo de boro, en sus propiedades mecdnicas consigue una estructura mas densa y mayor
dureza, a medida que se aumenta el contenido de HEA, mejores estas propiedades. Sin embargo,
a partir del 2% de contenido en HEA los resultados caen ligeramente, presentando la muestra
con un 3% de contenido en HEA resultados ligeramente peores que la anterior. Esto cobra
sentido tras el andlisis del SEM, en el que se aprecia como la HEA se va depositando en los
poros de la matriz ceramica. Al solidificarse la ceramica antes que la HEA, esta aun liquida,
tiende a ocupar las configuraciones con menor energia, como son las intersecciones entre granos
o los poros [39]. La muestra al 3% de contenido en HEA demuestra saturacion de la matriz
ceramica, existiendo mas metal del que la configuracion del carburo de boro puede absorber de

manera estable y homogénea, dando lugar a una configuracion mas cadtica.

A nivel electroquimico, no hay duda ninguna de que a mayor contenido en HEA también
se consiguen mejores propiedades, siendo la muestra con un 3% de HEA la més estable en todos

los ensayos realizados.

La mejora en ambas de estas caracteristicas supone ampliar en gran medida el rango de
aplicacion de este material en usos industriales, siendo una alternativa mucho mas econémica
que el diamante. Las muestras dopadas han conseguido una mayor densidad del material, mayor

dureza y mayor resistencia a la corrosion frente al carburo de boro monolitico.
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