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RESUMEN (en espafiol)

Desde hace un tiempo las sociedades avanzadas vienen reclamando un mayor cuidado
del planeta, ya sea en los productos que consumen como en los procesos que se
emplean para su obtencién. Esta cuestion sumada al hecho de la inestabilidad creciente
en el mercado de la energia ya sea del gas natural, los derivados del petréleo o los
combustibles nucleares han hecho que los gobiernos y empresas privadas hayan
apostado de modo decidido por una transicidn hacia fuentes de energia renovables.
Pese a la fuerte apuesta que se esta haciendo por la energia solar para la generacién de
calor y electricidad, todavia hay margen para la extension de su uso hacia la sintesis de
materiales. De esta manera, la primera parte de la tesis doctoral se centra en la
investigacion de procesos de sintesis de materiales ceramicos mediante el empleo de la
energia solar concentrada como fuente de calor para el proceso. En este sentido, por
una parte, se estudié la descomposicion de las arenas de silicato de zirconio empleando
la energia del sol para generar 6xido de zirconio (IV), que es un material ceramico
fundamental. Por otra parte, se sintetizé aluminato de magnesio (MgAl;Q4) a partir de
MgO y un residuo de la metalurgia del aluminio, como son los finos de electrofiltro del
proceso Bayer, utilizando como fuente de calor la energia solar concentrada.

La sintesis de materiales ceramicos es una aspecto fundamental, pero también lo es la
sinterizacion de estos materiales para obtener cuerpos densos que se puedan emplear
en diferentes campos, desde el de los refractarios hasta el de las ceramicas funcionales.
En la segunda parte de la tesis doctoral se abord6 la sinterizacion de materiales
ceramicos (ceramico-cerdmico y cerdmico-metal) empleando diferentes tecnologias,
incluyendo la sinterizacion en horno convencional de alta temperatura, la sinterizacion
por spark plasma sintering o el empleo de latecnologia de ldser de CO,. Los sistemas de
materiales compuestos ceradmicos densos estudiados pivotaron entorno a los materiales
oxidicos de uso comun, como el MgO y el Al,Os, a los que se incorporan diferentes tipos
de refuerzos en forma de nanoparticulas cerdmicas (ZrO2, Fe2Os, Al;O3 o TiOz) o
metalicas (molibdeno) con el objeto de mejorar su densificacion y su comportamiento ya
sea frente a la corrosion por escorias o0 sus propiedades mecanicas.

RESUMEN (en inglés)

For some time now, advanced societies have been demanding greater care for the planet,
both in the products they consume, and the processes used to obtain them. This issue,
added to the fact of growing instability in the energy market, whether for natural gas,
petroleum derivatives, or nuclear fuels, has caused governments and private companies
to have decidedly opted for a transition towards renewable energy sources. Despite the
strong commitment that is being made to solar energy for the generation of heat and
electricity, there is still room for the extension of its use towards the synthesis of
materials. In this way, the first part of the doctoral thesis focuses on the investigation of
synthesis processes of ceramic materials using concentrated solar energy as a heat
source for the process. In this sense, on the one hand, the analysis of zirconium silicate
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sands using the sun's energy to generate zirconium (IV) oxide, which is a fundamental
ceramic material, was studied. On the other hand, magnesium aluminate (MgAl.O4) was
synthesized from MgO and waste from aluminum metallurgy, such as electrofilter fines
from the Bayer process, using concentrated solar energy as a heat source.

The synthesis of ceramic materials is a fundamental aspect, but so is the sintering of
these materials to obtain dense bodies that can be used in different fields, from
refractories to functional ceramics. In the second part of the doctoral thesis, the sintering
of ceramic materials (ceramic-ceramic and ceramic-metal) was addressed using different
technologies, including sintering in a conventional high-temperature furnace, sintering
by spark plasma sintering, or the use of the technology laser of CO,. The dense ceramic
composite material systems studied in this doctoral thesis pivoted around commonly
used oxidized materials, such as MgO and Al;Os3 to which different types of
reinforcements are incorporated in the form of ceramic (ZrO,, Fe;Os, Al>,O3, or TiOy) or
metallic nanoparticles (molybdenum) to improve its densification and its behavior either
against corrosion by slag or its mechanical properties.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
EN MATERIALES
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Resumen

Desde hace un tiempo las sociedades avanzadas vienen reclamando un mayor cuidado del
planeta, ya sea en los productos que consumen como en los procesos que se emplean para su
obtencion. Esta cuestion sumada al hecho de la inestabilidad creciente en el mercado de la
energia ya sea del gas natural, los derivados del petroleo o los combustibles nucleares han
hecho que los gobiernos y empresas privadas hayan apostado de modo decidido por una
transicion hacia fuentes de energia renovables. Pese a la fuerte apuesta que se estd haciendo
por la energia solar para la generacion de calor y electricidad, todavia hay margen para la
extension de su uso hacia la sintesis de materiales. De esta manera, la primera parte de la
tesis doctoral se centra en la investigacion de procesos de sintesis de materiales ceramicos
mediante el empleo de la energia solar concentrada como fuente de calor para el proceso. En
este sentido, por una parte, se estudid la descomposicion de las arenas de silicato de zirconio
empleando la energia del sol para generar 6xido de zirconio (IV), que es un material cerdmico
fundamental. Por otra parte, se sintetizo aluminato de magnesio (MgAl>O4) a partir de MgO
y un residuo de la metalurgia del aluminio, como son los finos de electrofiltro del proceso

Bayer, utilizando como fuente de calor la energia solar concentrada.

La sintesis de materiales ceramicos es un aspecto fundamental, pero también lo es la
sinterizacion de estos materiales para obtener cuerpos densos que se puedan emplear en
diferentes campos, desde el de los refractarios hasta el de las ceramicas funcionales. En la
segunda parte de la tesis doctoral se abord6 la sinterizacion de materiales ceramicos
(ceramico-ceramico y ceramico-metal) empleando diferentes tecnologias, incluyendo la
sinterizacion en horno convencional de alta temperatura, la sinterizacion por spark plasma

sintering o el empleo de la tecnologia de laser de CO». Los sistemas de materiales compuestos



ceramicos densos estudiados pivotaron entorno a los materiales oxidicos de uso comun, como
el MgO y el AlbOs, a los que se incorporan diferentes tipos de refuerzos en forma de
nanoparticulas cerdmicas (ZrO, Fe;03, A12O3 o TiO2) o metalicas (molibdeno) con el objeto
de mejorar su densificacion y su comportamiento ya sea frente a la corrosion por escorias o

sus propiedades mecanicas.



Summary

For some time now, advanced societies have been demanding greater care for the planet, both
in the products they consume, and the processes used to obtain them. This issue, added to the
fact of growing instability in the energy market, whether for natural gas, petroleum
derivatives, or nuclear fuels, has caused governments and private companies to have
decidedly opted for a transition towards renewable energy sources. Despite the strong
commitment that is being made to solar energy for the generation of heat and electricity, there
is still room for the extension of its use towards the synthesis of materials. In this way, the
first part of the doctoral thesis focuses on the investigation of synthesis processes of ceramic
materials using concentrated solar energy as a heat source for the process. In this sense, on
the one hand, the analysis of zirconium silicate sands using the sun's energy to generate
zirconium (IV) oxide, which is a fundamental ceramic material, was studied. On the other
hand, magnesium aluminate (MgAl.O4) was synthesized from MgO and waste from
aluminum metallurgy, such as electrofilter fines from the Bayer process, using concentrated

solar energy as a heat source.

The synthesis of ceramic materials is a fundamental aspect, but so is the sintering of these
materials to obtain dense bodies that can be used in different fields, from refractories to
functional ceramics. In the second part of the doctoral thesis, the sintering of ceramic
materials (ceramic-ceramic and ceramic-metal) was addressed using different technologies,
including sintering in a conventional high-temperature furnace, sintering by spark plasma
sintering, or the use of the technology laser of CO». The dense ceramic composite material
systems studied in this doctoral thesis pivoted around commonly used oxidized materials,

such as MgO and Al,O3, to which different types of reinforcements are incorporated in the



form of ceramic (ZrO», Fe2O3, Al,O3, or TiO2) or metallic nanoparticles (molybdenum) to
improve its densification and its behavior either against corrosion by slag or its mechanical

properties.
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1. Introduccion

La palabra “ceramica” proviene del término griego “keramos”, que significa “material
calcinado” o “material horneado” (Pero-Sanz Elorz et al., 2019; Verdeja, 2008a, 2008b).
Los materiales ceramicos se suelen clasificar de varias formas (origen, aplicacion, estructura
cristalina, tipo de enlace, procesamiento, entre otros), pero la mas comun y sencilla puede
ser: ceramica tradicional y ceramica avanzada (Rahaman, 2003; Schacht, 2004). Desde
luego, pese a la importancia de las cerdmicas tradicionales por su aplicaciéon ornamental o
alimentaria, las ceramicas avanzadas abarcan un campo mas amplio motivado por su uso
estructural y funcional a nivel industrial, entre otros. Es por ello por lo que la investigacion
se centra con mayor diligencia hacia el campo de las cerdmicas avanzadas en general, y los
materiales refractarios en particular, los cuales se caracterizan por sus extraordinarias
propiedades fisicas, quimicas, mecanicas y refractarias, ya que estan disefiados para que sus
prestaciones no se deterioren con las elevadas temperaturas, incluso bajo la influencia de
materiales fundidos. Debido a esto, los materiales refractarios son indispensables en toda
actividad industrial, en especifico en la industria de los metales o metalurgia, siendo
utilizados principalmente como revestimientos de paredes, pisos y bovedas de diferentes

hornos.

Los materiales refractarios se pueden dividir en tres grupos dependiendo del grado de acidez:
basicos, neutros y acidos (Schacht, 2004; Verdeja, 2008b). Su uso y aplicacion para la cual

fueron disefiados depende del tipo de horno, entre los que podemos mencionar:

1) ladrillo de silice, en el cual se le afiaden de un 3 a 3.5 % de CaO para promover
la sinterizacion en fase liquida,

1) ladrillo de semi-silice, el cual contiene de un 18 a 25% de Al>Os3,

13



1i1) ladrillo de arcilla refractaria, que estd hecho de caolinita (Al2O3 - SiO; - 2H>0)
entre un 25 a 45 % de AlLOs,

1v) ladrillo con alto contenido en aliimina de un 45 a 100 % de aliimina,

V) ladrillo de dolomita, el cual esta hecho de (CaCO3 - MgCO3),

Vi) el ladrillo de magnesia, que contiene principalmente MgO (>90% MgO),

vii)  ladrillos de cromita, pueden contener entre un 34% de Al,O3 y un 30% de Cr203,
a menudo se producen ladrillos de magnesia-cromita,

viii)  ladrillos refractarios de zircon (ZrO; - SiO»), los cuales pueden contener un 4%

de CaO (Carter, 2013).

Como se puede constatar, las grandes familias de refractarios de naturaleza oxidica se basan
en Ca0O, MgO, Al>O3, Cr203, SiO2 0 ZrO,, aunque hay otro tipo de materiales de tipo carburo
o nitruro que también se emplean con finalidad de refractarios. Estos ladrillos refractarios
son fabricados de diferentes materias primas, como las anteriores, se prensan, para obtener
compactos en verde, y, posteriormente, se tratan térmicamente a elevadas temperaturas

(sinterizacion).

La industria ceramica se enfrenta a toda una serie de problemas relacionados con la lucha
contra el cambio climatico. Este aspecto afecta tanto a la obtencion de las materias primas
como a la obtencion de los productos sinterizados porque ambos procesos requieren de
elevadas temperaturas y, por ende, implican elevados consumos de energia que, en la
actualidad, son satisfechos por combustibles fosiles o electricidad. Estos consumos de
energia tienen un impacto en las emisiones de gases de efecto invernadero (y otros
contaminantes), inclusive la electricidad que, por ejemplo, en el caso de Espafia tiene un

factor de emisién del entorno de los 250 g CO: eq/kWh consumido. Asimismo, las
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condiciones cambiantes en lo que a la geopolitica respecta tienen un impacto relevante en la
politica de precios de los combustibles fosiles, que también se traslada a la electricidad como
producto final. Asi, por ejemplo, en los meses posteriores al intento de conquista de Kiev
(mayo-julio de 2022) durante la invasion rusa de Ucrania (2014-actualidad) los precios del
gas alcanzaron méaximos que, en el caso de Europa, dieron lugar a estratosféricos precios de
la electricidad porque era el coste de la generacion de electricidad con gas natural el que

fijaba los precios minimos de la electricidad.

Por otra parte, los consumidores de productos ceramicos y refractarios vienen demandando
materiales con mejores prestaciones, ¢ incluso con formas semiacabadas, o acortar los
tiempos de sinterizacion. Algunas de estas cuestiones pueden ser respondidas mediante el
empleo de técnicas de sinterizaciéon no convencionales, como la sinterizacion por descarga
de plasma (mas conocida por su denominacion en inglés Spark Plasma Sintering o SPS) o la
sinterizacion mediante el empleo de laseres. En el caso de la tecnologia Spark Plasma
Sintering es posible lograr materiales con unas propiedades mejoradas en ciclos cortos de
sinterizacion debido a una combinacidon de calentamiento, presién y condiciones de vacio
simultdneas. Permite, igualmente, lograr temperaturas de sinterizacion muy superiores a las
que permiten los hornos convencionales (es posible alcanzar temperaturas de sinterizacion
superiores a los 2500 °C) (Guardia-Valenzuela et al., 2018), a excepcion, si cabe de los
hornos de grafito. Estas altas temperaturas permiten, junto con los efectos de las condiciones
de vacio y la presion, lograr que fendomenos de sinterizacion que empleando métodos
convencionales ocurren a una temperatura muy elevada ocurran a temperaturas mucho mas
bajas empleando la tecnologia SPS. Todo ello sumado a que es posible lograr un efecto sobre

el tamafio de grano del material a sinterizar (Suarez et al., 2013). Otras técnicas, como la
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sinterizacion por laser o selective laser sintering, estan emergiendo como una interesante
alternativa en el campo de la fabricacion aditiva, aunque se trata de un campo todavia muy

incipiente (Yan et al., 2020).

Volviendo nuevamente a la sintesis de materiales ceramicos, la obtencion de estos se enfrenta,
como se decia, a una problematica de emisiones de gases de efector invernadero. Aunque
todavia no existen muchas alternativas sostenibles, una de las mas prometedoras es el empleo
de la energia solar concentrada. Mediante esta tecnologia, aunque todavia a escala de
laboratorio (o piloto) se ha logrado llevar a cabo procesos de la sintesis de materiales
(obtencion de metales y ceramicos refractarios duros), el procesado de materiales
(tratamientos superficiales, soldadura o sinterizacion) o reciclado de materiales
(descontaminacion de suelos, reciclado de aluminio o reciclado de otros residuos
industriales). La aplicacion de la energia solar al campo de los materiales ceramicos podria,
por lo tanto, contribuir a eliminar las emisiones de gases de efecto invernadero y a una
reduccion de los costes energéticos (Fernandez-Gonzalez, 2023; Fernandez-Gonzalez et

al., 2018).

De esta manera, esta tesis doctoral va a centrarse en dos aspectos fundamentales de la
industria ceramica, por una parte, en la sintesis mediante el empleo de energia solar de
materiales ceramicos, y, por otra parte, en la sinterizacion de materiales ceramicos avanzados
empleando diferentes técnicas de sinterizacion (horno convencional, sinterizacion por laser
de CO. y spark plasma sintering). Por lo que respecta a las familias de materiales a estudiar
se incluye, en la sintesis de materiales, la obtencion de zirconia por descomposicion térmica
del silicato de zirconio y la obtencidon de aluminato de magnesio a partir de MgO y un residuo

de la metalurgia del aluminio de alto contenido en Al>O3, y en la sinterizacion de materiales,
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la obtencion de cuerpos densos de composites Al>O3-molibdeno y MgO con nanoparticulas

de 6xidos metalicos (ZrOz, TiO2, Al>O3, Fex03, Si03).
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2. Objetivos

La investigacion recogida en esta tesis doctoral se centra en el campo de los materiales
ceramicos avanzados, enfocandose en dos grandes lineas de trabajo como son la sintesis de
materiales ceramicos y la sinterizacion de materiales compuestos de matriz ceramica
empleando técnicas convencionales de sinterizacion. Los objetivos generales de la

investigacion son, para cada una de las lineas de trabajo propuestas, los que siguen:
Linea de la sintesis de materiales ceramicos:

- Emplear la energia solar concentrada como una fuente de calor para procesos
industriales de interés tecnoldgico, como la fabricacion de materiales ceramicos,
como una alternativa para contribuir a la reduccion de las emisiones de gases de

efecto invernadero.
Linea de la sinterizacion de materiales compuestos de matriz ceramica:

- Utilizar rutas de sinterizacion convencionales (hornos de alta temperatura) y no
convencionales (sinterizacion con laser de COz y por spark plasma sintering) para
obtener cuerpos densos que pudieran ser empleados en aplicaciones de interés

tecnologico.

A continuacion, se profundizara en los objetivos particulares de cada una de las lineas de

investigacion anteriormente expuestas. Comenzando con la sintesis de materiales ceramicos:

- Estudiar la descomposicion térmica empleando energia solar concentrada de las
arenas de silicato de zirconio para obtener 6xido de zirconio (ZrO2) y recuperacion

del mismo por lixiviacion con sosa a baja temperatura (200 °C).
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Analizar el empleo de aditivos para mejorar-facilitar la extraccion del oxido de
zirconio, incluyendo la descomposicion sin aditivos, empleando un 10 % en peso de
carbonato de sodio o utilizando diferentes contenidos de 6xido de calcio (II) (10, 25
y 50% en peso).

Investigar la sintesis de la espinela MgAl>O4 empleando energia solar concentrada
como una alternativa de sintesis sencilla empleando una energia renovable a partir de
magnesia industrial y residuos de la industria metalurgica (finos de electrofiltro del
proceso Bayer).

Evaluar la influencia del empleo de residuos de tres plantas de fabricacion de alimina
metaltrgica, analizar sus parametros microestructurales y considerar la factibilidad

tecno econdmica del proceso.

Por lo que respecta a la linea de la sinterizacion de materiales ceramicos los objetivos que se

proponen son los que a continuacion se detallan para el refuerzo de ceramicas de matriz

magnesia y aditivos en forma de nanoparticulas, empleando para ello la metodologia de

sinterizacion convencional:

Estudiar la incorporacion de nanoparticulas de ZrO», TiO2, SiOz, ALOs, Fe:Os y
FeoAlbO4 en diferentes contenidos a un ceramico de matriz MgO y evaluar la
influencia en la microestructura y propiedades del material compuesto obtenido.

En el caso del material compuesto MgO-TiO», estudiar el empleo de nanoparticulas
de TiO», en diferentes contenidos 1, 3 y 5 % en peso, y variando el precursor del
MgO, que podia ser MgO caustico o brucita (Mg(OH),). Evaluar la microestructura,

y propiedades fisicas y mecéanicas del composite obtenido.
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- Enel caso de los materiales compuestos MgO-Si02 y MgO- Fe,Os3, estudiar el empleo
de diferentes contenidos 1, 3 y 5 % en peso en la densificacion y microestructura del
material denso obtenido.

- En el caso del material compuesto MgO- Al>Os, estudiar diferentes contenidos de
ALOs en peso: 1, 2 y 5, en la microestructura y las propiedades fisicas y mecénicas
del composite obtenido. También, evaluar la influencia de la temperatura de
sinterizacion: 1300, 1500 y 1600 °C.

- Encel caso del material compuesto MgO-ZrO», analizar diferentes contenidos en ZrO»
en peso: 1, 3 y 5, en la microestructura y las propiedades fisicas y mecanicas del
composite obtenido. También, evaluar la influencia de la temperatura de
sinterizacion: 1550 y 1650 °C, y el modo de prensado: presion en frio uniaxial,
prensado isostatico, 0 ambas. Asimismo, el objetivo es estudiar el comportamiento de
refractario frente al empleo de escoria de silicomanganeso con el fin de buscar un
potencial uso industrial para el composite.

- Enel caso del material compuesto MgO- Fe2Al>Os, analizar diferentes contenidos en
FexAl,O4 en peso: 1, 2.5, 5, 10 y 20, en la microestructura y las propiedades fisicas y

mecanicas del composite obtenido.

Finalmente, dentro de la linea de la sinterizacion de materiales ceramicos, se propone estudiar
el empleo de novedosas tecnologias de sinterizacion y procesamiento de polvos en la

obtencidn de cuerpos densos de un ceramico comun como el de Al,O3:

- Obtener nanocomposites de alimina y molibdeno mediante la ruta coloidal
empleando cloruro de molibdeno como precursor del molibdeno. Estudiar la
influencia de diferentes contenidos en peso (1, 5y 10 %) en las propiedades fisicas

21



(densificacion) y mecénicas del composite (dureza, resistencia a flexion y tenacidad),
y como el molibdeno afecta a la microestructura en términos de crecimiento de grano.
Evaluar el papel que desempena el empleo de la tecnologia de sinterizacion spark
plasma sintering en estas cuestiones.

Emplear la tecnologia de sinterizacion de laser de CO2 para obtener cuerpos densos
de Al,03-Mo, variando el contenido en molibdeno (1, 2.5, 5, 10 y 20 % en peso), y
evaluar como influye en la densificacion y la microestructura el empleo de esta

tecnologia.
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3. Sintesis de materiales ceramicos empleando energia solar
concentrada: Motivacion de la investigacion, novedad y discusion
de los principales avances en el area.

Las sociedades modernas avanzadas demandan cada vez mas que la produccion de los
diferentes elementos de consumo se realice de la forma mas sostenible desde el punto de vista
medioambiental posible. A esto se suma la cada vez més creciente inestabilidad geopolitica
que, junto con el hecho de que los combustibles de uso comun se encuentren en manos de
pocas corporaciones o paises, conduce a una crisis energética poco mas que perpetua, en
parte motivada por una falta de soberania energética. Asi hemos visto que durante los meses
posteriores a la invasion a gran escala de Ucrania los precios del gas natural se dispararon a
niveles nunca vistos lo que gener6 una crisis de grandes dimensiones en Europa por una parte
en el sector eléctrico como el industrial con subidas de precios que alcanzaron las dos cifras
porcentuales. Esta situacion viene siendo recurrente desde las grandes crisis del petréleo que
tienen lugar casi cada década. En estos periodos de incertidumbre la politica es la de buscar
fuentes alternativas que vengan a paliar estos problemas, y al albur de los cuales el desarrollo
de las energias renovables ha adquirido una dimensién tal que actualmente practicamente el

50% de la eléctrica en Espaia es generada mediante estas fuentes de energia (Figura 1).

Turbinacién bombeo
1,8 %

Carbén Hidraulica 11,4 %
19 %
e Eolica 23,3 %
1,6 %

I Solar térmica 1.8 %
Resto de
‘ renovables™ 2,2 %

Residuos 0.9 %

narina, hidroeslica y residuos renovables

Figura 1. Mix energético para Espaiia en el afio 2021 (E! sistema eléctrico espaiiol, 2021).

23



Pese a la implantacion de las energias renovables en la generacion de electricidad o calor,
todavia son pocas las investigaciones llevadas a cabo para buscar un uso directo de las
energias renovables en la produccion de materiales metélicos o ceramicos. En este campo, la
energia solar puede jugar un papel fundamental pues, cuando se encuentra adecuadamente
concentrada permite alcanzar temperaturas que pueden llegar a superar los 2000 °C, que son

los suficientes para llevar a cabo la mayoria de los procesos de la industria de los materiales.

3.1. La energia solar en el campo de los materiales

La utilizacion de la energia solar en el campo de los materiales viene de lejos. Cuenta la
leyenda que Arquimedes hundi6 la flota romana durante el Sitio de Siracusa durante la
Segunda Guerra Punica alla por el siglo III antes de Cristo (Figura 2). Mas allé de este hecho,

la aplicacion tradicional de la energia solar en el campo de los materiales es el secado de los

ladrillos de adobe al sol.

Figura 2. Fotograma de la pelicula Indiana Jones y el dial del destino donde se recrea el
empleo por parte de Arquimedes de espejos durante el Sitio de Siracusa para hundir la flota
romana.

Particularmente en la sintesis de materiales avanzados, la investigacion comienza en el siglo
XVII cuando un matematico aleman llamado Ehrenfried Walter Von Tschirnhaus diseno,

construyo y trabajo con lentes y espejos con el objetivo de concentrar la energia del sol y asi

24



fue capaz de fundir hierro y obtener porcelana. Posteriormente, durante el periodo Moderno,
Cassini disefid una lente de 1 metro de didmetro y fundié hierro y plata, mientras que
Lavoisier demostré que era posible el tratamiento de metales empleando atmosferas
especiales como nitrégeno (Flamant & Balat-Pichelin, 2009). Fue, sin embargo, tras la
Segunda Guerra Mundial cuando Felix Trombé logro la fusion de ceramicos refractarios de
alto punto de fusion (alimina, 6xido de cromo, zirconia, 6xido de hafnio y 6xido de torio), y
junto con sus colaboradores Marc Foex and Charlotte Henry La Blanchetais montaron el
horno solar de Meudon, el horno solar de Mont Louis y el famoso horno solar de Font Romeu-

Odeillo-Via (este ultimo a finales de los afios 60) (Figura 3).

Figura 3. Felix Trombé, Horno Solar de Odeillo en construccién y horno solar en la
actualidad.
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Para alguien no acostumbrado a la investigacion en el campo de la energia solar puede
resultar llamativo el hecho de que se puedan lograr temperaturas superiores a los 3000 °C
con el simple empleo de espejos y lentes. Cierto es que lo comun es que se pueda operar a
temperaturas entre 1500 y 2000 °C en un volumen de material razonable debido a cuestiones
relacionadas con la meteorologia (humedad, contaminacién o nubosidad), aunque es

temperatura suficiente para la mayoria de los procesos empleados en metalurgia.

Existen varios tipos de hornos solares, que se definen como sistemas Opticos que permite
concentrar la radiacién solar en pequefias superficies. Se describen de modo breve a

continuacion los distintos tipos de concentradores que existe:

- Horno solar de tipo directo y una sola lente, mejor conocido como lente Fresnel

(haciendo un simil, como una lupa), Figura 4.

Figura 4. Horno solar de tipo lente de Fresnel.

- Losreflectores parabdlicos, también de tipo directo, porque la radiacion solamente se

desvia en una ocasion, Figura 5.
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Figura 5. Reflector parabolico.

- Concentradores parabolicos de eje horizontal, de tipo indirecto, porque la radiacion

ya sufre dos desviaciones antes de alcanzar la muestra, Figura 6.

Figura 6. Concentrador parabdlico de eje horizontal.

- Concentrador parabolico de eje vertical, analogo al anterior, pero el concentrador
parabdlico se encuentra en la vertical con relacion a la superficie de la Tierra. El

esquema se muestra en la Figura 7.
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Figura 7. Concentrador parabdlico de eje vertical.
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En el caso del equipamiento empleado en esta tesis doctoral, se utilizé el horno solar (Medium
Size Solar Furnace) de eje vertical de 0.9 kW localizado en Font Roméu-Odeillo-Via
(Francia) perteneciente al PROMES-CNRS (PROcédés Matériaux et Energie Solaire-Centre
National de la Recherche Scientifique). Consiste en un concentrador parabolico de 1.5 metros
de didmetro, donde se logra concentrar la radiacion 15000 veces en el punto focal de 1

centimetro de diametro. Se muestra un esquema completo del equipo en la Figura 8.

28



Figura 8. Imagenes reales y esquematicas de la instalacion y equipos empleados (Fernandez-
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Gonzalez et al., 2024).

3.2. Sintesis de materiales ceramicos

La energia solar ha sido ampliamente utilizada en la sintesis de materiales cerdmicos, entre
los que se incluyen la obtencidén de cordierita a partir de las constituyentes temperaturas de
1300 °C (Oliveira et al., 2009). Sin embargo, el campo mas prolifico en la sintesis de
materiales empleando energia solar concentrado fue el de los materiales ceramicos

refractarios duros pues se han obtenido desde carburos, nitruros u 6xidos como son

(Fernandez-Gonzalez, 2023):

Nitruros y carburos de silicio.
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- Carburos y nitruros de tungsteno.
- Carburos y nitruros de titanio.

- Nitruros y carburos de molibdeno.
- Carburos de calcio.

- Nitruros de zirconio.

- Carburos y nitruros de aluminio.

- Alimina.

- Nitruros y carburos de cromo.

- Carburos y nitruros de tantalo.

- Carburos y nitruros de vanadio.

- Nitruros y carburos de niobio.

Otros trabajos en esta linea tuvieron lugar en la sintesis de ferritas, como el Mg(Cr, Fe)204,
(Michalsky et al., 2014) a 1200 °C en tiempos cortos. Otros investigadores abordaron la

sinterizacion del titanatos de magnesio empleando energia solar (Apostol et al., 2018).

3.3. Sintesis del oxido de zirconio: Novedad y discusion

El 6xido de zirconio se puede encontrar en la naturaleza en la forma de baddeleyita, aunque
se obtiene por via térmica o termoquimica a partir de las arenas de silicato de zirconio con
separacion posterior de los productos fundamentalmente por diferencia de solubilidad. De
esta manera, la manera de producir zirconia consiste en la calcinacion/disociacion por fusion
directamente, o empleando diferentes aditivos como la sosa, el carbonato de sodio, el 6xido
de calcio o0 magnesio, fluorosilicato de potasio o carbonatos de calcio. En este sentido, debido
al gran potencial que ofrece la energia solar, dado que permite alcanzar temperaturas que
superan las necesarias para lograr la descomposicion del silicato de zirconio, se propuso en
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este primer articulo la obtencion del 6xido de zirconio por descomposicion térmica de las

arenas de silicato de zirconio. La referencia del articulo 1 es:

Daniel Fernandez-Gonzalez, Juan Pifiuela-Noval, Ifiigo Ruiz-Bustinza, Carmen Gonzalez-

Gasca, Cristian Gémez-Rodriguez, Linda Viviana Garcia Quifionez, Adolfo Fernandez,

Luis Felipe Verdeja, 2023: Solar dissociation of zirconium silicate sand: A clean alternative
to obtain zirconium dioxide, Journal of Cleaner Production, 420, 138371.

https://doi.org/10.1016/j.jclepro.2023.138371

En este trabajo lo que se propuso fue la sintesis de la zirconia mediante un proceso de dos
etapas, pirometalurgia e hidrometalurgia, en las que la primera se llevo a cabo empleando
energia solar concentrada. La segunda consistid en una lixiviacion en medio acuso con sosa
caustica a 200 °C durante 6 horas en un reactor a presion, seguido de una filtracién con agua.
De esta manera, en la primera etapa se llevo a cabo el calentamiento de la arena de silicato
de zirconio sin aditivos, con un 10% en peso de carbonato de sodio y con diferentes
contenidos de 6xido de calcio (10, 25, y 50% en peso) (Figura 9). Llegados a este punto ya
se observa la formacion de fases complejas de zirconio con los aditivos, con lo que la ruta
mas prometedora resultd ser la que consistia en la simple descomposicion del silicato de

zirconio.
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Figura 9. Rutas de sintesis empleadas para obtener el 6xido de zirconio empleando energia
solar concentrada.

Para la segunda fase (ruta hidrometalurgica), hay que tener en cuenta que el dioxido de
zirconio es insoluble en agua y, ademas, se considera quimicamente no reactivo. Por otra
parte, la silice reacciona con la sosa (hidroxido de sodio) para dar lugar a silicatos solubles
de sodio. Por ello se lleva a cabo un filtrado final con agua que permitié obtener un producto
con casi un 95% de ZrO». De esta manera, empleando la energia solar concentrada se podria
obtener un ceramico de uso comun sin generar contaminantes gaseosos de efecto

invernadero.

3.4. Sintesis de aluminato de magnesio: Novedad y discusion

La metalurgia del aluminio genera durante la fabricacion de la alimina en el proceso Bayer
un subproducto recogido en los electrofiltros que se genera en volimenes proximos a las
80000-100000 toneladas en una planta de 1.2 Mt de alimina (Sancho et al., 2009). Este
subproducto contiene una mezcla de aliminas e hidroxidos de aluminio de pequefio tamafio
(finos) y se han propuesto numerosas posible aplicaciones como la eliminacion de

contaminantes metalicos en aguas (Jose Sancho-Gorostiaga et al., 2021), recuperacion de
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elementos de valor como el aluminio o el galio (Okudan et al., 2015) o la fabricacion de
refractarios (Sancho-Gorostiaga et al., 2021). En cualquier caso, lo que no se habia
propuesto hasta este trabajo habia sido la utilizacion de este subproducto como materia prima
para la sintesis de aluminato de magnesio. Se trata de una espinela con interés debido a sus
excelentes propiedades quimicas, térmicas, dieléctricas, mecanicas u 6pticas (Ganesh 2013).
Asimismo, se trata de un excelente material refractario de gran importancia como material
estructural ceramico debido a sus propiedades fisicas, quimicas y térmicas a temperatura
ambiente y altas temperaturas (Ping et al., 2001). Aunque existen numerosas rutas de
sintesis, nunca se habia empleado la energia solar concentrada para su sintesis que es, junto
con la sintesis del aluminato de magnesio a partir de los finos de electrofiltro del proceso

Bayer, la principal novedad de este trabajo. La referencia del articulo 2 es:

Daniel Fernandez-Gonzalez, Juan Pinuela-Noval, fﬁigo Ruiz-Bustinza, Carmen Gonzalez-

Gasca, Cristian _Gomez-Rodriguez, Linda Viviana Garcia-Quifionez, Adolfo Lopez-

Liévano, Adolfo Fernandez, Luis Felipe Verdeja, 2024: Solar assisted production of MgAl,O4
from Bayer process electrofilter fines as source of Al,O3, Journal of Sustainable Metallurgy,

10, 296-310. https://doi.org/10.1007/s40831-024-00805-6

En este trabajo se trabajo con finos de electrofiltro del proceso Bayer generados en tres
factorias localizadas en Canad4, Irlanda y Espafia, compuestos mayoritariamente por alimina
a, alimina y y gibbsita, y granulometria muy fina. Por otra parte, se empled MgO de calidad
industrial. El mezclado se realiz6 en seco en una relaciéon molar 1:1 para obtener el MgAl,O4,
a partir del MgO vy la cantidad correspondiente de finos teniendo en cuenta el contenido en
gibbsita presente en cada subproducto. Se realizaron simulaciones empleando el ANSYS para
comprobar que las temperaturas de trabajo eran lo suficientemente elevadas para la sintesis

33


https://doi.org/10.1007/s40831-024-00805-6

del material empleando como referencia para los calculos la medida de un termopar colocado
en la cara exterior del crisol donde se realizaron los experimentos. Con una duracién maxima
de 15 minutos se logra un producto cristalino en el caso de los tres tipos de residuos sin
generar emisiones de gases contaminantes. El esquema global del proceso se recoge en la

Figura 10.

Fines

Bayer process
electrofilter fines

MgO |

Air

Figura 10. Diagrama de flujo del proceso basado en energia solar para obtener la espinela
MgALOs.

Como se ha podido comprobar, esta primera parte de la tesis doctoral se ha centrado en la
sintesis de materiales de uso tipico en el campo de los materiales cerdmicos refractarios. Por
un lado, tenemos la sintesis del dioxido de zirconio, que es uno de los 6xidos que se
emplearon como refuerzo en los refractarios sinterizados en la segunda parte de la tesis
doctoral, aunque hay que sefialar que no fueron los polvos que se obtuvieron en esta primera
parte los que se emplearon (aunque se hubiera podido) como refuerzo de los refractarios de
magnesia. Por otro lado, tenemos la sintesis de MgAl>O4 empleando los dos 6xidos que se
emplearon como constituyente matriz para los refractarios sinterizados en la segunda parte
de la tesis doctoral: el MgO y el Al2Os3, aunque en este caso se hayan mezclado en una

proporcion molar 1:1 para obtener un material refractario.
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4. Sinterizacion de materiales ceramicos de matriz MgO o Al.Os
con nanoparticulas de oxidos ceramicos o metalicas empleando
técnicas convencionales o avanzadas (laser de CO: y spark plasma
sintering): Motivacion de la investigacion, novedad y discusion de
los principales avances en el area.

El progreso de las sociedades viene demandando cada vez mas requisitos cada vez mas
exigentes en lo que a los materiales se refiere. En este sentido, es habitual prestar una mayor
atencion a los materiales o producto final, pero también es necesario pensar en los equipos e
instalaciones que se emplean para fabricar los diferentes materiales, los cuales se enfrentan
a cada vez mas restrictivas condiciones medioambientales y de productividad. Asi pues, si
bien la primera parte de la tesis se centraba en la sintesis de materiales empleando energia
solar concentrada, la segunda parte de la tesis doctoral se centra en el desarrollo de materiales
compuestos de matriz MgO o AloOs mejorados con nanoparticulas de 6xidos metalicos y
metales para su empleo en los refractarios de hornos y equipos industriales. Los trabajos se

dividieron en dos grandes bloques, que son:

- Materiales cerdmicos de matriz MgO y reforzados con nanoparticulas de 6xidos
metalicos sinterizados en diferentes condiciones por la ruta convencional de horno de
alta temperatura.

- Materiales ceramicos de matriz Al>O3 y reforzados con nanoparticulas de molibdeno
metal sinterizados por dos rutas novedosas como son el laser de CO: y la tecnologia

spark plasma sintering.
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4.1. Fabricacion de materiales cerdmicos

La fabricacion de los materiales cerdmicos es un campo muy amplio de estudio que abarcar
desde la obtencion de materias primas o el mezclado de las materias primas para obtener
compuestos, la preparacion del compacto verde o el proceso de sinterizacion. En este sentido,
hemos visto en la primera parte de la tesis dos casos practicos de lo que seria la sintesis de
materias primas fundamentales para la industria ceramico-refractaria, como el ZrO> o el
MgALO4. En este segundo caso, los polvos obtenidos se podrian emplear como materia
prima para obtener cuerpos densos por alguna de las técnicas existentes en la actualidad, i.e.
prensado en frio y sinterizacion en horno convencional de alta temperatura. La sintesis de
este material se realiz6 por reaccion en estado solido empleando energia solar concentrada,
aunque, como se comenta en la introduccion de ese trabajo existen numerosas técnicas de
sintesis. Entre ellos destacan los basados en precursores quimicos porque permiten obtener
materiales muy homogéneos. A modo de ilustracion, el proceso sol-gel atrae la atencion, ya
que actualmente existen varios estudios donde desde sales reactivas sintetizan
nanoestructuras cerdmicas obtenidas a baja temperatura (Ahmed & Abdel-Messih, 2011;
Jayasankar et al., 2008; Zhang et al., 2004). Un limitante es que su uso en la produccién
de ceramicas avanzadas puede implicar graves dificultades como microestructuras no
deseadas (Rahaman, 2003). Asi mismo otros métodos como el spray pirolisis o la deposicién
quimica de vapor son utilizados mayoritariamente para la obtencion de materiales
semiconductores de peliculas delgadas con grosores del orden de nanoémetros (Boughalmi et
al., 2014; Messina et al., 2007), limitando su uso a capas con grosores muy pequeios. En
general cada procesamiento tiene sus ventajas € inconvenientes y como cada metodologia

tiene su interés ya sea por la posibilidad de sintesis de materiales a bajas temperaturas, la

36



obtencién de peliculas ceramicas delgadas o la mejora en la distribucion de la segunda fase
sobre el constituyente matriz, entre muchas otras cuestiones que son objeto de estudio

individualizado.

Pasando ya la obtencion de cuerpos densos ceramicos, la sinterizacion de polvos se erige
como la opcidon mas razonable por su bajo coste y buenos resultados en la produccion de
materiales ceramicos policristalinos densos (Rahaman, 2003). La combinacion con alguna
de las metodologias existentes para la preparacion de los polvos, como es la ruta basada en
el dopaje coloidal, permite lograr cuerpos densos con mejores propiedades que las de los
obtenidos por el simple mezclado con bolas y sinterizacion a elevada temperatura (Pifiuela-
Noval et al., 2023). El método de sinterizacion se puede, pues, dividir en dos partes: procesos

antes y después de la sinterizacion. Antes de la sinterizacion se pueden incluir:

1.- Sintesis del polvo partiendo de materias primas comerciales o empleando alguna de las
rutas quimicas que existen, como es el dopaje coloidal, que son técnicas que se emplean en

algunos de los trabajos que forman esta tesis doctoral.

2. Consolidacion del polvo para producir un cuerpo conformado en verde, generalmente se
han obtenido con alguna de las siguientes técnicas, al igual que se hace en alguno de los

trabajos que acompaian a esta tesis doctoral:

1) prensado en polvo (seco o semiseco) en un dado metélico,

i1) mezcla de polvo con agua o polimero orgédnico para producir masa plastica a la que

se le da forma mediante presion,

ii1) fundicion a partir de una suspension concentrada (fundicion en barbotina).
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3.- Proceso de sinterizacion, en la que el cuerpo conformado en verde es calentado para
producir una microestructura deseada (German, 1996; Rahaman, 2003). En este sentido, el
proceso de sinterizacion se puede llevar a cabo empleando ya sean hornos convencionales de
alta temperatura o novedosas técnicas de sinterizacion, como el laser de CO; o la

sinterizacion por spark plasma sintering.

Esta segunda parte de la tesis, aunque se estudian diferentes métodos de preparacion de los
polvos y varias tecnologias de preparacion de los compactos en verde, lo que da unidad
tematica es el empleo de diferentes metodologias de sinterizacion como son los hornos de
sinterizacion de alta temperatura el laser de CO» o la sinterizacion por spark plasma sintering.
Se hard, pues, en las siguientes lineas una introducciéon al tema de la sinterizacion y las

diferentes técnicas de sinterizacion que existen disponibles en la actualidad.

4.2. Sinterizacion de materiales cerdmicos

La sinterizacion es un proceso térmico que se utiliza en diferentes materiales para la
obtencion de cuerpos densos, ya sean metalicos, ceramicos o compuestos. La sinterizacion
es una de las tecnologias humanas més antiguas y se origin6 en la era prehistdrica con la
coccion de la ceramica (Kang, 2005a). En cerdmicos se emplea para ofrecer resistencia y
una estructura mas solida a un determinado cuerpo en verde que fue compactado o prensado
previamente. Generalmente la sinterizacion ocurre en hornos espéciales con diversas zonas

de temperatura.

Cuando se lleva a cabo la sinterizacion los poros son eliminados y la pieza llega a ser mas

densa y con mayor resistencia mecanica. La sinterizacion de las particulas se puede llevar a
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cabo en estado solido y en estado liquido (German et al., 2009; Kang, 2005d). En estado

solido, ocurren cuatro etapas importantes, las cuales son (German, 1996; Kang, 2005b):

a) adhesion; es cuando las particulas se acomodan debido a las vibraciones ocasionadas por

la energia que existe en la alta temperatura,

b) inicial; ocurren diferentes mecanismos de difusion (superficial, en volumen, por limite de
grano, vapor-condensacion, flujo viscoso o plastico), los cuales crean formacién y
crecimiento de cuellos entre las particulas, estos cuellos crecen hasta formar una sola

particula o grano,

¢) intermedia; existe un alargamiento y redondeo de los poros, es decir se elimina la porosidad

y crece el grano de la matriz refractaria y,

d) final, que es cuando ocurre la contraccion o densificacion del material

Desde un punto de vista termodinamico, la sinterizacion esta impulsada por la reduccion de
energia superficial. Las particulas pequenas tienen mas energia superficial y se sinterizan mas
rapido que las particulas grandes, por esta razon varios articulos han estudiado el efecto que
tienen nanoparticulas (Fe2O3, AlbO3, ZrSiO4, MgALO4, Cr203, TiO2, ZrOs, 1-C) sobre
matrices refractarias basicas (Dehsheikh & Ghasemi-Kahrizsangi, 2017; Dehsheikh et al.,
2018; Salman Ghasemi-Kahrizsangi et al., 2016; Ghasemi-Kahrizsangi, Dehsheikh, &
Boroujerdnia, 2017; Ghasemi-Kahrizsangi et al., 2017; Ghasemi-Kahrizsangi et al.,
2016; Ghasemi-Kahrizsangi et al., 2018; Gomez Rodriguez et al., 2015). Dado que el
movimiento atdmico aumenta con la temperatura, las altas temperaturas aceleran la
sinterizacion, la gran mayoria de los tratamientos térmicos por sinterizado ocurren de 1000

°C a 2000 °C (Siegel, 1993). Estas temperaturas de sinterizado se establecen de acuerdo con
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la regla “dos tercios con respecto a la temperatura de fusion de cada material a sinterizar”.
Algunas industrias cuando realizan el sinterizado, presentan desventajas ya que significan
altos consumos de energia y un alto costo en la produccion de los productos a sinterizar.
Ademas, cuando ocurre el sinterizado a elevada temperatura, generalmente se presenta un
crecimiento excesivo del tamafio de grano (Kang, 2005¢). Esto puede repercutir en
propiedades mecanicas, por lo que se busca en ocasiones disminuir la temperatura de
sinterizado, asi como controlar y obtener tamafio de granos pequefios homogéneos (el cual

se recomienda para evitar la propagacion de grietas).

4.2.1. Técnicas de sinterizado

Actualmente existen diferentes técnicas de sinterizado, entre las cuales se pueden mencionar:
horno convencional, spark plasma sintering, sinterizacion por microondas y sinterizacion
selectiva por laser, cuyo desarrollo ha permitido dar soluciéon a algunos de los problemas que
se mencionaban anteriormente, como las elevadas temperaturas de sinterizacion o el excesivo
crecimiento de grano en el caso de largas estancias a alta temperatura o velocidades de
calentamiento lentas. Otras técnicas de sinterizacion vienen a erigirse como las mas
adecuadas para piezas bajo demanda. En cualquier caso, ninguna tecnologia parece que se
vaya a sobreponer a las otras, si no que unas complementaran a otras en la busqueda de los

materiales densos con las mejores prestaciones.

4.2.1.1. Horno convencional

Los hornos eléctricos convencionales son los mas utilizados cuando se sinterizan materiales
refractarios fundamentalmente debido a una cuestion de productividad. Estos pueden ser
utilizados utilizando atmosfera ambiente, aunque también es posible efectuar la sinterizacion

en atmosfera controlada. El empleo de diferentes tipos de atmodsferas permite controlar o
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promover cierto tipo de reacciones quimicas, dando lugar, en el segundo caso lugar a una

forma diferente de sinterizacion reactiva.

. Asi mismo también pueden trabajar con camaras al vacio o camaras especiales de atmosfera
controlada, con gases inertes que sirven para controlar reacciones quimicas en las que se debe
de evitar la presencia de un gas reactivo (por ejemplo, el oxigeno) con probetas que se
sinterizan. Con estos hornos se puede llevar a cabo la sinterizacion en un amplio rango de
temperaturas, que pueden llegar por encima de los 2000 °C. Esta ruta ha sido ampliamente
utilizada en la sinterizacion de materiales ceramicos y refractarios, incluyendo uno de los que
es objeto de estudio en esta tesis doctoral: el 6xido de magnesio (MgO), que es un material
refractario de interés y que es utilizado como revestimientos en hornos de metalurgia
secundaria. La obtencion de cuerpos ceramicos densos con incorporacion de nanoparticulas
de 6xidos metalicos (ZrO>, AlOs, Fe20s3, TiO2) para la mejora de propiedades fisicas,
quimicas y mecanicas se ha realizado empleando hornos convencionales variando diferentes
condiciones como se recoge en la literatura (Gomez Rodriguez et al., 2015; Gomez-

Rodriguez et al., 2020; Gomez-Rodriguez et al., 2019; Hernandez-Reséndiz et al., 2023).

4.2.1.2. Spark plasma sintering

El spark plasma sintering (SPS) es una técnica de sinterizacion que se basa en la aplicacion
simultdnea de una presioén uniaxial y una corriente eléctrica pulsada bajo una atmosfera
controlada (habitualmente en vacio, aunque se puede operar en atmosfera de argon, nitrogeno
o hidrogeno seglin se requiera) (Omori, 2000; Ragulya, 2010). E1 SPS puede ser considerado
como una variante del prensado en caliente, donde el horno se reemplaza por el molde que
contiene la muestra, que se calienta por efecto Joule mediante el paso de una corriente

eléctrica a través de la muestra donde las juntas de grano y el propio material, dependiendo
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de su naturaleza, actian como resistencias eléctricas, produciéndose el calentamiento
(Omori, 2000). El SPS, ha estado recibiendo una atencion creciente en las ultimas dos
décadas debido a su alta eficacia, permitiendo obtener una rapida sinterizacién y
densificacion, particularmente con materiales que son considerados dificiles de sinterizar,
como materiales refractarios o fases metaestables (Fang & Wang, 2010). Uno de los
principales intereses de este proceso, radica en la extrema rapidez del tratamiento térmico,
reduciéndose el tiempo, de horas, en el caso del sinterizado convencional, a pocos minutos
para el proceso SPS. La temperatura de consolidacion disminuye en comparacién con el
sinterizado convencional debido a un efecto simultaneo de presion, temperatura y
condiciones de vacio. Asimismo, otro de los aspectos que interesa del SPS es la posibilidad
de un control en el crecimiento de grano motivado precisamente por las elevadas velocidades

de calentamiento.

Dado que la aplicacion de altas temperaturas y tiempos de permanencia dentro del horno
durante el proceso de sinterizado favorece el crecimiento de grano, con el SPS, las altas
presiones y cortos tiempos estancia de sinterizado permiten mantener granos pequefios
(nanoestructuras en la matriz ceramica) (Diaz Campbell-Smith, 2014). A través de esta
técnica diferentes materiales se han sinterizado como: alimina (Shen et al., 2002), ceramicos
a base de NASICON (Lee et al., 2004), Niquel (Borkar & Banerjee, 2014), carburo de
silicio (Hayun et al., 2012), nanocristales de zirconia (ZrO;) (Li & Gao, 2000),
nanocomposites de titanio reforzados con nanotubos (Okoro et al., 2019), nanocomposites
de Al,03/Niy TiN/SisN4 (Isobe et al., 2008; Lee et al., 2010), ZrO2/Al>03 (Xu et al., 2020),

BaTiO3/Al.Oz3 (Zhan et al., 2003), entre otros y se ha comprobado mejoras en cuanto a las
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propiedades microestructurales y por ende en propiedades fisicas, quimicas y mecénicas de

los materiales sinterizados por SPS.

4.2.1.3. Sinterizado por energia solar

La energia solar es una fuente de energia renovable, practicamente ilimitada, la cual podria
ser considerada como un potencial sustituto para los combustibles fosiles (Patidar et al.,
2015). Hasta ahora los costes dependen de los gastos de instalacion de los grandes hornos,
los cuales se utilizan para concentrar la energia solar puntualmente, alcanzado temperaturas
superiores a los 2000 °C (Fernandez-Gonzalez, 2023). Las altas temperaturas se pueden
alcanzar sin la necesidad de emision de contaminantes y también permiten utilizar atmosferas
controladas. Por otro lado, con el uso de la energia solar se han estudiado diferentes
materiales, principalmente se ha visto favorecida la metalurgia, principalmente en lo que se
conoce como combustibles metalicos, por su potencial en el almacenamiento de energia,
aunque también la fabricacion de cemento, la sintesis de materiales cerdmicos, el
procesamiento de materiales o el reciclado de estos, una vez concluida su vida util

(Fernandez-Gonzalez, 2023).

De las investigaciones en el campo de los ceramicos ya se hablo con anterioridad en esta tesis
doctoral cuando se dio cuenta de aquellos que se habian sintetizado empleando energia solar,
aunque se puede recordar aqui un ceramico de interés en la industria refractaria como es el
aluminato de calcio. Fernandez-Gonzélez y col. estudiaron la sintesis de cementos de
aluminato de calcio por energia solar concentrada, haciendo una comparacion con la ruta
convencional y observandose una potencial reduccion de costes que podria llegar hasta el
40% (Fernandez-Gonzalez et al., 2018). Asi mismo, se han sintetizado ceramicos

refractarios duros, como se habia indicado. Sirvan a modo de ejemplo los nitruros de hierro
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(500 y 600°C) y nitruros de molibdeno (800 y 900°C) con energia solar concentrada en horno
solar de 40 kW, utilizando una atmosfera de amonia con tiempo de 30 y 60 min (Shohoji et
al., 2013). También, se han sintetizado diferentes tipos de carburos (Ti, V, Nb y Ta) con
energia solar. Es importante mencionar que el tipo de atmosfera juega un papel importante
en la sinterizacion de materiales utilizando energia solar, ya que se ha obtenido carburo de
tantalo utilizando presion atmosférica ambiente a 1600 °C por 30 min y atmosfera de argon
a 1200 °C por 30 min, es decir la temperatura bajo 400 °C con el uso de argon (Carvajal-

Campos et al., 2019; Cruz Fernandes et al., 2006).

Pero, mas alld de la sintesis de materiales ceramicos, la sinterizacion que emplea energia
solar no es un campo muy explorado, mas all4 de la sinterizacion de aceros, donde hay un
cierto bagaje investigador (Fernandez-Gonzalez, 2023). Podemos remarcar en este punto la
sinterizacion de discos ceramicos de alumina utilizando diferentes atmosferas (aire, Ar and
95N»:5H>). En este caso, se observo que los granos crecieron (no asi en el caso de la
sinterizacion de aceros especiales donde las elevadas velocidades de calentamiento y
enfriamiento promovieron un grano fino y la formacion de carburos metaestables observados
incluso a temperatura ambiente) y la densidad se increment6 después del sinterizado con
energia solar por arriba de 1780°C con una atmosfera de N>:H», en comparacion con

sinterizacion de horno convencional (Roman et al., 2008).

4.2.1.4. Sinterizacion por microondas

Se trata de una técnica no-convencional donde los materiales absorben las ondas
electromagnéticas y las transforman en calor. La energia de microondas tiene un rango de
frecuencia de 300 MHz a 300 GHz. El calentamiento por microondas es un proceso en el que

los materiales se acoplan con las microondas, absorben la energia electromagnética
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volumétricamente y la transforman en calor. Esto es diferente de los métodos convencionales
en los que el calor se transfiere entre objetos mediante mecanismos de conduccion, radiacion
y conveccion. En el calentamiento convencional, la superficie del material es primero
calentada y luego el calor se mueve hacia adentro de la pieza. Esto significa que hay un
gradiente de temperatura desde la superficie hacia el interior. Sin embargo, el calentamiento
por microondas, primero genera el calor dentro del material y luego calienta todo el volumen

de la pieza que se sinteriza (Oghbaei & Mirzaee, 2010).

Esta técnica puede ser aplicada tanto para sinterizar o procesar materiales 6xidos y no 6xidos
en polvo ("Advances in Induction and Microwave Heating of Mineral and Organic
Materials," 2011). Mediante esta técnica se permite una distribucion rapida y uniforme de
calor en el nucleo ceramico debido a la excitacion de cada unidad constituyente de la red

cristalina.

Los beneficios de la sinterizacion por energia de microondas, en comparacion con la
convencional, es que este método realiza un calentamiento rapido y volumétrico de la
muestra, asi como existe una mejora de la densificacion y control del grano (Riedel &
Svoboda, 2006; Upadhyaya et al., 2001). La sinterizacion por microondas puede reducir el
tiempo total de sinterizado, por ejemplo, una sinterizaciéon convencional de 5 horas 46
minutos la reduce a 1 horas y 45 minutos, (excluyendo el proceso de enfriamiento), es decir
se ha comprobado una disminucién del 70% del tiempo de sinterizacion (Barchetta et al.,
2017). La irradiacion por microondas puede producir un calentamiento interno eficiente, ya
que la energia se suministra directamente y penetra en el material a través de la interaccion

molecular con el campo electromagnético.
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Los procesos por microondas pueden mejorar la eficiencia de la densificacion y reducir
considerablemente el tiempo de ciclo de procesamiento para calentar rapida y uniformemente
la muestra, especialmente materiales cerdmicos gruesos, lo que resulta en ahorros
sustanciales de energia y costos. Por tanto, existe suficiente motivacion para promover el uso
de microondas en la sinterizacién de diversas ceramicas, asi como vitroceramicas,
nanoceramicas y bioceramicas. Actualmente, se promueve la investigacion para estudiar el
efecto de las condiciones (parametros) de sinterizacion por microondas en la microestructura,
formacion de nuevas fases, composicion y propiedades de los materiales producidos en
comparacion con los sinterizados convencionales. Por lo que diferentes materiales ceramicos
se han estudiado con esta novedosa técnica (Agrawal, 2006; Breval et al., 2005; Chen et

al., 2009; Kihiri et al., 2016; Oghbaei & Mirzaee, 2010).

4.2.1.5. Sinterizacion selectiva por laser

La sinterizacion selectiva por laser (SLS) es un proceso de creacion de prototipos capaz de
fabricar piezas de objetos totalmente funcionales, principalmente con formas pequenias,
contornos de piezas de alta precision y acabados superficiales especificos, que dificilmente
se obtienen con otros procesos (Gross et al.,, 2014; Kumar, 2003). Este método se ha
empleado recientemente debido a su idoneidad para procesar casi cualquier material:
polimeros, metales y ceramicas, utilizando tiempos de procesamiento cortos durante la
sinterizacion y conformacion de materiales, y puede implementarse a presion ambiente, y
temperatura ambiente (Gross et al., 2014; Kumar, 2003). En SLS, generalmente, se utiliza
un laser de CO2 o Nd:YAG para formar un componente completo a partir de materiales en
polvo, donde en algunos casos se utilizan aglutinantes intermedios (Bertrand et al., 2007;

Chen & Zhang, 2007). En ambos tipos de laseres, parametros como la potencia, la velocidad
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de escaneo y el tiempo de exposicion juegan un papel importante durante la sinterizacion de
un material. La potencia del laser controla la energia disponible para el proceso, mientras que
la velocidad de escaneo dosifica la transferencia de energia al lecho de polvo por unidad de
area; juntos, regulan la longitud, anchura y espesor de la zona irradiada (Li et al., 2017). En
algunos materiales, como la ceramica, el elevado punto de fusion, asi como la formacion de
grietas debido a la diferencia en los coeficientes de expansion térmica de las fases generadas
in situ, y la baja o nula plasticidad, hacen que el SLS sea un desafio. (Shahzad et al., 2012),
ya que se debe controlar la energia utilizada para unir los polvos ceramicos para lograr una
pieza sinterizada con buenas propiedades térmicas, mecanicas, quimicas y fisicas. Ademas,
la sinterizacion de piezas que contienen polvos de 6xidos refractarios se consigue, en general,
por difusion en estado solido, si no existe alguna fase ligante; ademas, se requiere un tiempo

de exposicion suficiente para lograr las densidades deseadas (Chen et al., 2019).

4.3. Sinterizacion convencional de refractarios de matriz MgO

En esta parte de la tesis doctoral en lo que se profundiza es en los materiales compuestos de
matriz ceramica reforzados con nanoparticulas de o6xidos metalicos y sinterizacion en
diferentes condiciones de temperatura, prensado o contenido en segunda fase. Se denominan
articulos complementarios aquellos trabajos que se publicaron en revistas no indexadas, o se

trata de capitulos de libros.

Cristian Gomez-Rodriguez, Linda Viviana Garcia-Quifionez, Josué Amilcar Aguilar-

Martinez, Guadalupe Alan Castillo-Rodriguez, Edén Amaral Rodriguez-Castellanos, Jesus
Fernando Lopez-Perales, Maria Isabel Mendivil-Palma, Luis Felipe Verdeja, Daniel
Fernandez-Gonzalez, 2022: MgO-ZrO, ceramic composites for silicomanganese production,

Materials, 15, 2421. https://doi.org/10.3390/mal5072421
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En este articulo de la tesis doctoral se estudid la corrosion de composites de MgO-ZrO», en
presencia de escoria de silicomanganeso (Gémez-Rodriguez et al., 2019). La idea fue
reforzar a la matriz de MgO con diferentes concentraciones de nanoparticulas de ZrO> (0, 1,
3 y 5% en peso), sinterizadas en horno convencional durante 4 horas, variando tanto la
temperatura (1550°C y 1650°C) y presion de conformado (100 MPa y 200 MPa con presion
uniaxial y presion isostdtica, respectivamente). En este sentido, aunque se obtuvieron
probetas densificadas con 1650°C y 200 MPa, las propiedades fisicas de densidad no variaron
relativamente y, realmente no se obtuvo un cambio significativo al utilizar dos variables en
presion y temperatura. Asi mismo, en la prueba de corrosion estdtica se obtuvo que la
corrosion es controlada por el cambio de la viscosidad de la escoria debido a la reaccion de
nuevas fases formadas in situ (durante el sinterizado) como CaZrO3, y la escoria fundida. En
general las nanoparticulas de ZrO; ayudaron a la formacion in situ de la fase de CaZrOs, ya
que el ZrO» entrd en solucion solida con el CaO (el cual se encontraba libre en la materia
prima utilizada). Ademas, el ZrO; fue localizado en los puntos triples y dentro del grano de
MgO con la nueva fase formada (CaZrOs3), ambas actuaron como barrera evitando el avance
de escoria dentro del refractario. Este tipo de refractarios representa una opcion potencial
para uso como revestimiento en horno para produccidn de aleaciones de SiMn desde el punto

de vista medioambiental y econdmico.

Articulo complementario: Cristian Gomez Rodriguez, Beatriz Escobedo-Trujillo, Luis

Felipe Verdeja, Daniel Fernandez-Gonzilez, Adolfo Fernandez, Linda-Viviana Garcia-
Quifidonez, Guadalupe Alan Castillo Rodriguez, 2023: Morphological study of refractory

composite materials based on magnesia (MgO) with additions of hercinite (Fe2Al>O4),
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Revista de Materiales Compuestos,

https://www.scipedia.com/public/Gomez_Rodriguez et _al 2023a

Esta investigacion trat6 acerca del estudio morfoldgico y mecanico de materiales refractarios
basados en magnesia (MgO) con adiciones de 0, 1, 2.5, 5, 10, y 20 % en peso de hercinita
(Fe2Al204), sinterizados a 1600 °C durante 4 horas en un horno eléctrico convencional
(Gomez Rodriguez). En esta investigacion se proporciona conocimiento en cuanto al
desarrollo microestructural de un material refractario base MgO con adiciones de hercinita.
De acuerdo con las micrografias presentadas en el articulo, se pudo observar que el mejor
resultado en términos microestructurales, es decir, con menor porosidad, formacion de limites
de granos y piezas mejor densificadas, correspondieron a las probetas de 20 % en peso de
Fe>AlOs. Con esta concentracion se observaron puntos triples con angulos diédricos
(angulos de 120 °). Esto fue indicativo que ocurrié una buena sinterizacion entre los granos
de MgO (Schacht, 2004). Ademas, con aumento de hercinita, durante el proceso de
sinterizado, la porosidad fue gradualmente disminuyendo lo que permitié6 que los granos
también fueran creciendo y las probetas fueran densificando. Con 10 y 20 % en peso de
hercinita, se detectd sobre los limites de grano la presencia de elementos como Ca y Fe,
mientras que en los puntos triples se detectaron elementos como Si, Ca y Fe. Con mayor
concentracion de hercinita, dentro de los granos de MgO se evidencio la formacion de
magnesioferrtita (MgFe2Os = 4.51 g/cm?®), la cual ayudé a aumentar la densidad de las
probetas de MgO (3.58 g/cm?). La probeta de 20% en peso de hercinita presentd un mejor
valor de dureza (339.44 HV) en comparacion a los otros porcentajes en peso de hercinita. La

idea fue proponer este tipo de refractarios como ladrillos con caracteristicas morfologicas y
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mecanicas en zonas especificas (para uso en zonas de quemado) en hornos rotatorios de

cemento Clinker.

Capitulo de libro: Cristian Gémez-Rodriguez, Luis Felipe Verdeja, Guadalupe Alan

Castillo-Rodriguez, Eden Amaral Rodriguez-Castellanos, Daniel Fernandez-Gonzélez,
Adolfo Collado-Hernandez, Linda Viviana Garcia-Quifionez, 2022: Nano-Oxide (SiO2 and
Fe»03) effect on magnesium oxide compound (MgO), Capitulo 3, En: Izabela Gabryelewicz,
Maciej Wedrychowicz, Patryk Krupa, Daniel Fernandez Gonzalez (Eds.), Production of

engineering materials (pp. 48-61). Zielona Gora, Polonia: University of Zielona Gora.

En este trabajo se estudid el efecto de la adicion de nanoparticulas de FeoOs3 y SiO2 en una
matriz de MgO (Gémez-Rodriguez et al., 2022). Los composites fueron sinterizados en un
horno eléctrico convencional a 1600 °C por 4 horas, las concentraciones de nanoparticulas
utilizadas fueron 0, 1, 3 y 5 % en peso de Fe203 y Si02 al MgO. Esto permitio que se alcanzara
una mayor densificacion de probetas cuando las nano-Fe;O3 fueron agregadas en 5% peso al
MgO. Debido a la alta solubilidad del 6xido de hierro (Fe>O3) en la magnesia existio la
formacion de vacancias cationicas en la magnesia resultando una alta movilidad atomica,
fomentando la precipitacion de enlaces de espinel de magnesioferrita (MgFe2Os),
permitiendo un transporte de masa mayor entre granos de MgO (densificando la pieza) en
comparacion con composites MgO-Si0O.. La mejor concentracion correspondio a un 5 % peso
de Fe>Os en la magnesia (MgO), ya que se obtuvo una densidad de 3.37 g/cm®y una porosidad
del 1.8%. Con probetas de MgO-SiO: se obtuvo formaciones de silicatos de magnesio, los
cuales son fases de bajo punto de fusidon que afectan el rendimiento de las piezas en elevada

temperatura.
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Articulo complementario: Marina Hernandez-Reséndiz, Cristian Gdémez-Rodriguez,

Daniel Fernandez-Gonzélez, Guadalupe Alan Castillo-Rodriguez, 2023: Synthesis and
characterization of dense MgO-TiO> nanocomposites obtained by two novel processing
routes, Ceramics International, 49, 12604-12614.

https://doi.org/10.1016/j.ceramint.2022.12.123

Este trabajo consistid en la obtencion de refractarios de magnesia densos reforzados con
nanoparticulas de TiO2, que se afiadieron en diferentes proporciones: 1, 3 y 5% en peso. La
principal novedad del trabajo fue el empleo de brucita (Mg(OH)2) o magnesia caustica (MgO)
como fuentes del MgO en el composite. En este sentido, se establecieron dos rutas (se
sinterizd MgO como referencia) y se vari6 el punto en el que se afiadieron las nanoparticulas
de TiOz: en la ruta 1 se anadieron las nanoparticulas a la brucita y se calcin6 el material a 960
°C durante 2 horas ya con las nanoparticulas de TiO»; en la ruta 2 se calciné la brucita a 960
°C durante 2 horas y se afiadieron en este punto las nanoparticulas de TiO,. En los dos casos,
el proceso continué con un prensado uniaxial en verde a 150 °C y una sinterizacion del
compacto en verde a 1600 °C durante 4 horas. El empleo de la ruta denominada 1 condujo a
una mayor densificacion (la densidad resulto ser al menos un 3.29% mayor) mientras que la
resistencia a la compresion en frio fue al menos un 20% mejor que en la ruta en la que las

nanoparticulas de TiO> se afiaden sobre el MgO caustico.

Articulo complementario: Cristian Gomez-Rodriguez, Linda Viviana Garcia-Quifionez,

Josué Amilcar Aguilar-Martinez, Francisco Javier Vazquez-Rodriguez, Daniel Fernandez-
Gonzélez, Luis Felipe Verdeja, José Fernando Lopez-Perales, Guadalupe Alan Castillo-
Rodriguez, Edén Rodriguez, 2023: Desarrollo de un refractario de MgO dopado con n-Al>03,

EYA ACADEMY, 1 (1), 46-61. http://doi.org/10.59335/nvyu9288

51


https://doi.org/10.1016/j.ceramint.2022.12.123
http://doi.org/10.59335/nvyu9288

En linea con lo indicado con relacion al refuerzo de los refractarios de MgO con
nanoparticulas de 6xidos metalicos, en este trabajo se emplean nanoparticulas de n-Al,O3
también en diferentes proporciones (ademads de la referencia sin aditivos) que fueron el 1, 3
y 5% en peso, para respetar unas condiciones comparables de sinterizacion en los diferentes
tipos de nanoparticulas. Asi, se hizo un prensado en verde a 100 MPa para posteriormente
realizar la sinterizacion a tres temperaturas: 1300 °C, 1500 °C y 1600 °C. Se observé una
mejora en la densificacion con la temperatura de sinterizacion, mientras que un incremento
en el contenido en nanoparticulas producia un efecto negativo en la microdureza. Por otra
parte, la resistencia a la compresion en frio medida sobre muestras sinterizadas a diferentes
temperaturas y con diferentes contenidos en nanoparticulas dio lugar a que los mayores
valores de esta propiedad fueran medidos para muestras sinterizadas a 1500 °C y con un

contenido en n-Al203 del 5% en peso.

En esta linea de la tesis se profundiz6 en la sintesis de refractarios de MgO con nanoparticulas
de diferentes 6xidos metalicos. En todos los casos se aprecid una mejora de la densificacion
y una mejora de las propiedades mecanicas, en particular de la resistencia a la compresion en
frio, con la adicidon de las nanoparticulas, al menos en los que esta propiedad se midio (se
constata también una mejora de la dureza con el contenido de esta segunda fase). Se recoge
en la Tabla 1 un cuadro resumen de la resistencia a la compresion en frio para ilustrar la
mejora, en aquellos casos en los que se dispone de esa informacion, que se produce con
relacion al valor del MgO sin emplear nanoparticulas, aunque se debe acudir a los diferentes
articulos para profundizar en los detalles microestructurales, de densificacion y de proceso.
Sirva, pues, esta Tabla 1 para ilustrar la evidente mejora que la adicion de las nanoparticulas

produce en una propiedad relevante de los ladrillos refractarios de magnesia.

52



Tabla 1. Valores de la resistencia a la compresion en frio para los sistemas estudiados.

Mejor composicion del
sistema

Resistencia a la
compresion en frio (MPa)

Condiciones de fabricacion

Articulo: MgO-ZrO: ceramic composites for silicomanganese production

MgO

120

Prensado uniaxial +
prensado isostatico (ambos
en frioy 100 MPa) y
sinterizacion a 1650 °C
durante 4 horas

MgO—(5% en peso) ZrO»

323.78

Prensado uniaxial +
prensado isostatico (ambos
en frioy 100 MPa) y
sinterizacion a 1650 °C
durante 4 horas

Articulo: Synthesis and characterization of dense MgO-TiO2 nanocomposites

obta

ined by two novel processing

routes

MgO

150

Prensado uniaxial en frio a
150 MPa + sinterizacion a
1600 °C durante 4 horas

MgO (caustico)-(5% en
peso) TiO>

203

Mezclado del MgO con
nanoparticulas de TiO +
Prensado uniaxial en frio a
150 MPa + sinterizacion a
1600 °C durante 4 horas

MgO (brucita)-(5% en
peso)TiO;

236

Mezclado del Mg(OH), con
nanoparticulas de TiO; +
calcinacion a 960 °C durante
2 horas + Prensado uniaxial
en frio a 150 MPa +
sinterizacion a 1600 °C
durante 4 horas

Articulo: Desarrollo de un refractario de MgO

dopado con n-AL QO3

100 MPa en frio + 1500 °C

MgO 64 durante 4 horas sinterizacion
MgO-(5% en peso) n- 156 100 MPa en frio + 1500 °C
AlLO3 durante 4 horas sinterizacion
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4.4. Sinterizacion no convencional de refractarios de matriz Al;O;

El ultimo bloque de la tesis lo constituyen las publicaciones relacionadas con la técnicas de
sinterizacion no convencionales aplicadas al refuerzo de materiales ceramicos de matriz
AlOs: sinterizacion por laser de CO; y sinterizacion por spark plasma sintering. En este
sentido, el refuerzo con molibdeno de una matriz de alimina es novedoso, habiéndose
aplicado por vez primera en los trabajos que en esta memoria se recogen.

Cristian GoOmez-Rodriguez, Linda Viviana Garcia-Quifionez, Luis Felipe Verdeja,

Guadalupe Alan Castillo-Rodriguez, Josué Amilcar Aguilar-Martinez, Aldo E Marifio-
Gamez, Daniel Fernandez-Gonzalez, 2022: Selective laser sintering of alumina-molybdenum
nanocomposites, Ceramics International , 48(19), 29540-29545.

https://doi.org/10.1016/j.ceramint.2022.08.058

En este trabajo se investigo6 la sinterizacion utilizando un laser de CO> de composites de
AlOs3-Mo (Gomez-Rodriguez et al.,, 2022). La alta concentracion de energia puntual
permitid la sinterizacion del compuesto refractario Al2O3-Mo. El laser fue utilizado como
medio de calentamiento, ademas con la adicion de Mo se pudo controlar los tamafios de
granos de la alimina. En este articulo principalmente se estudi6 la microestructura en funcién
a la concentracion de Mo, la cual impacta de manera directa en las propiedades mecanicas,
en particular en la tenacidad a la fractura. Por lo que, polvos de alimina en grado reactivo
con diferentes concentraciones de molibdeno (0, 1, 2.5, 5, 10 y 20 % en peso) fueron
mezclados y posteriormente prensados. Los compactos en verde posteriormente fueron
irradiados con un movimiento traslacional sobre el area superior de la muestra con un laser
de dioxido de carbono (CO3). Los parametros utilizados del laser fue A = 10.64 um, diametro

del rayo del laser 3 mm, densidad de potencia 70.29 W/cm?, con una velocidad de traslacion
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de 1.25 mm/s. Se sabe que el principal problema es que el molibdeno facilmente se oxida 'y
que requiere de atmosfera reductoras (Ar, H2) o inclusive en vacio, para evitar su oxidacion.
Aun asi, con el uso de esta técnica de sinterizacion rapida como es la tecnologia laser se pudo
a temperatura ambiente minimizar la perdida de molibdeno (evitando la transformacion de
MoO3 o molibdeno (VI)).

En los resultados morfoldgicos, se observaron diferentes tamafios de granos los cuales fueron
reduciéndose en funcion al porcentaje de Mo. Asi mismo, el Mo actué como un efecto de
fijacion, en los puntos triples como en los limites de grano. El Mo permitié que los limites
de grano no se desplazaran y que el grano creciera. Con concentraciones de 1, 2.5y 5% en
peso se observaron granos mayores de 5 um. Ademas, se pudo observar que las mejores
propiedades morfoldgicas se obtuvieron con un 10 % en peso, ya que se obtuvieron granos
pequeiios homogéneos con tamafios menores a 5 um. Con la muestra de 20% en peso, existid
una sobresaturacion de Mo, dentro de los granos como en los limites de grano. Asi mismo,
con mayor presencia de Mo (20% en peso) el molibdeno se oxidd presentandose la fase
MoO:.

Daniel Fernandez-Gonzalez, Marta Suarez, Juan Pinuela-Noval, Luis Antonio Diaz, Cristian

Gomez-Rodriguez, Linda Vivian Garcia Quifionez, Amparo Borrell, Adolfo Fernandez,

2023: Alumina/molybdenum nanocomposites obtained by colloidal synthesis and spark
plasma sintering, Ceramics International, 49(6), 9432-9441.

https://doi.org/10.1016/j.ceramint.2022.11.108

Este trabajo trata del estudio de nanocomposites de alimina-molibdeno obtenidos por sintesis
coloidal y posteriormente sinterizados por spark plasma sintering (SPS) (Fernandez-

Gonzalez et al., 2022). El empleo de la técnica de SPS no se habia reportado para el sistema
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AlO3-Mo. La idea de incorporar como segunda fase al Mo en la alumina (Al2O3) por SPS,
fue que este metal es atractivo por tener propiedades refractarias y puede mejorar las
propiedades mecanicas al Al,Os, particularmente la tenacidad a la fractura a elevada
temperatura. En esta investigacion los nanocomposites se prepararon por sintesis coloidal
desde polvos de aliimina y cloruro de molibdeno (V) usando etanol como medio dispersante.
Los composites que se estudiaron tenian concentraciones de 0, 1, 5y 10 % en peso de Mo.
Posteriormente fueron sinterizados en SPS durante 3 minutos a 1400 °C, con velocidades de
calentamiento muy rapidas (decenas de grados centigrados por minuto). Se obtuvieron
estructuras de grano muy fino, y resultados importantes en cuanto a valores de dureza y a
tenacidad. En el caso de la muestra de 1% en peso de Mo, la dureza es 28% mayor, y la
tenacidad es 50% mayor con respecto a la muestra de Al,0O3 monolitica. Asimismo, en este
estudio se obtuvo que los tamafos de granos de Al>O3 de los composites de Al2O3-Mo, fueron
de < 1.6 um, mientras para el caso de Al2O3 monolitica, > 70% de los granos de alumina

tuvieron un tamaro de 2 pm.

Asi pues, estos dos trabajos reflejan que es posible lograr una mejora de las prestaciones
mecanicas cuando se incorpora molibdeno a la matriz de A1>O3 dado que el caracter metalico
dota de mayor plasticidad a la muestra mientras que su naturaleza nanométrica impide el
crecimiento del grano, lo que se traslada a una mejora de la tenacidad. Igualmente, el empleo
incipiente de técnicas como el laser de CO; permite ir aproximandose al campo de la
fabricacion aditiva de piezas bajo demanda en ceramicos reforzados como el propuesto. Por
otra parte, el empleo de la tecnologia spark plasma sintering permite obtener cuerpos densos
con propiedades mejoradas en tiempos de sinterizacion inferiores a los 20 minutos, lo cual

permite actuar sobre las propiedades microestructurales de este tipo de materiales.
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Articulo 1: Solar dissociation of zirconium silicate sand: A clean
alternative to obtain zirconium dioxide.
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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis Application of concentrated solar energy (CSE) in the industry of materials is a promising alternative that is

developing in recent years to reduce the environmental impact while accomplishing the objective of producing

Keywords: high-quality products. It is important to enlarge the processes being studied with the competition of CSE to find

Zirconia the most attractive for the scalation up to the industrial level and thus contributing to the energy transition in the

:‘szfénzrﬂ%{y field of materials. Systematic laboratory research has been conducted within the thermal decomposition of metal
ustainabilll

carbonates, sulphates, hydroxides, and metal oxides with promising results using CSE, which has the competing
advantage of heat production without releasing pollutants and the construction of the installation as principal
cost. Nevertheless, the thermal decomposition of zirconium silicate (ZrSiO4), despite of the importance of zir-
conium dioxide in the field of ceramics and the high energy consumption in the process, has never been reported
in the literature using CSE. The process proposed in this manuscript consists of two stages, the pyrometallurgical
one, based on the direct application of CSE to ZrSiO4 to dissociate it into ZrO, and SiOs, and the hydrometal-
lurgical one, based on the aqueous extraction of the zirconium dioxide with NaOH at 200 °C for 6 h in pressure
reactor. The double-stage process based on CSE leads to the synthesis of close to 95% purity monoclinic ZrO,.
The energy for the pyrometallurgical route is supplied by a renewable energy source (CSE), thus contributing to
reduce carbon dioxide emissions in the synthesis of ZrO,.

Renewable energy
Concentrated solar energy
Ceramics

1. Introduction

Zirconium dioxide is one of the most important ceramic materials,
which has been widely researched and used due to the high toughness
and strength, compared with that of the common ceramic materials,
combined with some other relevant properties as the high thermal and
corrosion resistances, chemical inertness, low thermal conductivity, or
insulating characteristics (Verdeja et al., 2014). These interesting
properties have made zirconium dioxide to be used in a wide range of
different applications as abrasive products (Park et al., 2008),

* Corresponding author.
E-mail address: d.fernandez@cinn.es (D. Fernandez-Gonzalez).
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refractories (Zanelli et al., 2010; Weinberg et al., 2021; Xuekun et al.,
2023; Kusiorowski, 2020; Chen et al., 2020), dental and biomedical
applications (Seo et al., 2020; Hu et al., 2019; Chen et al., 2021;
Hanawa, 2020; Lorusso et al., 2020; Schiinemann et al., 2019; Grech and
Antunes, 2019), additive in paints and lacquers (Author, 1978), fuel cell
membranes (Vinodh et al., 2011; Rambabu et al., 2020; Nawn et al.,
2015), among others.

Zirconium dioxide can be found in the nature as baddeleyite,
although this oxide is usually produced by thermal or thermochemical
methods from zirconium silicate sand, with separation of the products
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by solubility or phase state of matter differentiation. The methods
commercially used to produce zirconia include the thermal dissociation/
calcination or the decomposition by fusion with different materials as
sodium hydroxide, sodium carbonate, calcium oxide and magnesium
oxide, potassium fluorosilicate or calcium carbonate. The temperatures
required for the process are high, which makes the process energy
intensive, where the source of energy is habitually the electricity.
Considering that the greenhouse gas emission intensity of electricity
generation in Europe is 275 g COo/kWh (European Environment Agency),
every kWh of electric power consumed in the production of ZrO, will
generate this amount of carbon dioxide. Therefore, the utilization of any
method that might avoid the utilization of electricity will become the
process zero-CO,. However, the synthesis of zirconia habitually involves
the presence of coke, apart from the electricity, to promote the thermal
decomposition of the ZrSiO4 into ZrO; (s) and SiO (g), which makes the
process a contributor to the greenhouse gas emissions. This route would
avoid the subsequent processes of products’ separation, as zirconia is
obtained as solid product and silicon is separated as silicon monoxide
gas, although the temperatures required for the process well exceed the
melting point of the zircon. In any case, the dissociation of the ZrSiO4
starts at temperatures below the melting point of the ZrO»-SiO, binary
diagram (2430 °C) since the zircon has an incongruent melting point,
which makes possible to obtain zirconia with processes that employ
lower temperatures and use thermochemical separation.

The European Green Deal, approved in 2020, as initiative of the
European Commission aims to reach climate neutrality in the European
Union in 2050. This objective involves all the sectors but particularly the
industry, where the decarbonization and modernization of energy-
intensive industries is a key point. The greatest efforts are being made
on the cement and steel industries because they account for >10% of the
anthropogenic CO, emissions. Nevertheless, the other industries should
also play an important role in the energy transition. Otherwise, the
objective of climate neutrality will be difficultly reached by 2050.
Within these other industries, it is possible to include the production of
zirconia, whose contribution to the anthropogenic CO; emissions is
significantly lower than that of other energy intensive industries since
the production of zircon is around 1.1 Mt/year (Selby, 2007), which is
partially used in the production of zirconia, but relevant to accomplish
the above-reported goal.

Significant research is being carried out to extract energy from the
sun in an efficient manner (Ahmadinejad et al., 2022a, 2022b; Ahma-
dinejad and Moosavi, 2022). This will make solar energy very attractive
for other industries apart from the energy generation. Within this
context, solar energy will play an important role in metallurgical pro-
cesses as it is possible to use it to produce electricity, heat, or steam for
the traditional processes, but it might be directly applied in new pro-
cesses especially conceived considering the particular characteristics of
the concentrated solar energy (CSE) technologies. In this line, solar
energy has been considered as a suitable alternative to produce metals as
it is reported in Fernandez-Gonzalez et al. (2018), and more recently in
the extended state-of-the-art review of Fernandez-Gonzalez (2023).
Research focused on the beginning in the obtaining of the commodities
(Murray, 1999) but soon the investigation oriented towards the
obtaining of metals for the field of metal fuels. Chuayboon and Aba-
nades, as part of the PROMES-CNRS (PROcédés Matériaux et Energie
Solaire- Centre National de la Recherche Scientifique) laboratory, re-
ported flexibility, reliability, and robustness of the solar based metal-
lurgical process for the co-production of metals as zinc or magnesium (to
be used as metal fuels) and product gases as CO or syngas (Chuayboon
and Abanades, 2022). Metal fuels are the most promising line that has
arisen from the thermal decomposition (sometimes supported by the
presence of carbon-based reductants) of metal oxides with CSE for the
process. Apart from the zinc oxide-zinc pair, which is the most devel-
oped line reaching even pilot plant scale research (Wieckert et al.,
2006), CSE has been used to produce metal fuels by thermal decompo-
sition of other metal oxides, as for instance the aluminum obtained from
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alumina (Vishnevetsky et al., 2013) or commodities, as the iron from
hematite (Ferndndez-Gonzalez et al., 2018b). Moreover, solar energy
has been also used in the production of silicon, although problems of
purity reduced the interest of this line (Murray et al., 2006). Other re-
searchers focused on the utilization of CSE in the production of Si—Ca
and Si-Mn alloys, considering the silicothermic reduction process of
calcium and manganese oxides (Fernandez-Gonzalez et al., 2019a,
2019Db). Researchers have not only centered on the integration of solar
energy in the production of metals by thermal decomposition or
reduction of oxides but have investigated about: the production of cal-
cium aluminate cements (Fernandez-Gonzalez et al., 2018d) or Portland
clinker cement (Costa-Oliveira et al., 2019); the synthesis of hard
ceramic materials taking advantage of the possibility of conducting ex-
periments in special or controlled atmospheres (Costa-Oliveira et al.,
2015; Cruz-Fernandes et al., 1998; Shohoji et al., 2012, 2021); or the
valorization of industrial wastes as the recycling of Waelz oxide to
recover zinc (Tzouganatos et al., 2013), the recovery of iron or copper
from metal slags (Fernandez-Gonzdlez et al., 2019¢, 2021), the obtain-
ing of glasses using secondary materials (Padilla et al., 2021) or the
decontamination of mercury soils (Navarro et al., 2012).

As reported, CSE has been widely employed in the decomposition of
metal oxides to obtain the metal. Nevertheless, research about the
application of solar energy in the decomposition of different phases has
been widely researched, particularly to obtain materials for the cement
industry. This way, it is possible to find the decomposition of phos-
phogypsum (Palla et al., 2022), gypsum (Salman and Khraishi, 1988),
and, especially, calcium carbonate (Flamant et al., 1980; Meier et al.,
2004; Abanades and André, 2018; Tescari et al., 2018). The thermal
decomposition of the above-reported compounds requires from tem-
peratures that can be easily attained with the participation of the
concentrated solar energy: gypsum, >900 °C; and, calcium carbonate,
>750 °C. Research does not limit to only these raw materials for the
cement industry but extended to decomposition of aluminum hydroxide
(Davis et al., 2017; Kakosimos et al., 2022), which is a fundamental
energy intensive step of the Bayer process to obtain the alumina, or the
decomposition of copper sulphides into copper and sulphur gas, as a
process that generates neither carbon dioxide nor sulphur dioxide and
allows obtaining copper and sulphur as separated phases (Winkel et al.,
2008). In all these processes, CSE is used to provide both the activation
energy and the energy for the chemical reaction (decomposition)
without generating any pollutants.

Zirconia is obtained, as reported above, by thermal decomposition/
dissociation of zirconium silicate sand at high temperatures. Reaction 1
indicates the process followed by the thermal decomposition of the
zirconium silicate into zirconia and silica.

Z1Si0y4 (s) < ZrO; (s) + SiO; (s) Reaction 1

Zircon decomposes by a solid-state reaction with dissociation tem-
peratures varying between 1285 and 1700 °C (Kraiser et al., 2008).
Despite the importance of this reaction in the obtaining of a fundamental
raw material for the ceramics industry and the possibilities that CSE
offers in this line, the process has never been studied using solar energy
as a route that has a zero contribution to greenhouse gas emissions.
Reaction 1 gives as a result insoluble zirconium dioxide and silica. SiO,
can be removed by leaching the products of decomposition with sodium
hydroxide solution at low temperatures (200 °C). This way, the ZrO, is
obtained as product of the filtration process and the silica, in the form of
soluble sodium silicate, is separated from the zirconia in the liquid of
filtration.

This manuscript proposes a novel route to produce ZrO, consisting of
two stages: pyrometallurgical (to dissociate the zircon sand into zirconia
and silica) and hydrometallurgical (to separate zirconia and silica),
where solar energy plays an important role. CSE is used in this manu-
script to provide the energy required for the thermal dissociation of the
zircon sand, which is nowadays supplied by electric power in electric arc
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furnaces using coke-carbon to support the process. The utilization of
solar energy contributes to the reduction of greenhouse gas emissions,
associated to both the generation of the electricity for the process and
the carbon material employed to promote the process. Therefore, the
novelty of the process proposed in this manuscript is the utilization of a
renewable energy source, as concentrated solar energy, to heat the
sample up to the temperature required for the dissociation, thus
contributing to reduce carbon dioxide emissions in the production of
zirconia. The second stage consists of the hydrometallurgical route to
obtain ZrO, and SiO, separated as independent products using a basic
lixiviation process.

2. Materials and methods

Zirconium silicate sand was employed as raw material. Zirconium
silicate sand consists of industrial grade quality with the chemical
composition showed in Table 1.

X-ray diffraction analysis (XRD) was carried out in the samples to
explore their crystalline structure and phase identification. XRD analysis
in Fig. 1 shows the structural characterization of the zircon (ZrSiO4)
sample before irradiation with solar energy. For this system, the planes
(101), (200), (211), (112), (220), (202), (301), (103), (321), (312),
(400), (411), (303), (420), (402), (332), (204) and (323) correspond to
the zircon silicate (ZrSiO4) phase, tetragonal crystal system, which are
indexed with PDF No. 96-900-2558.

Fig. 2 shows images of the starting powders. The size of the particles
is important to avoid the losses of materials or the deterioration of the
parabolic concentrator. This issue is relevant in the case of very fine
particles that can fly. The starting zircon sand particle size was analyzed
using ImageJ software. 55.42% of the zircon sand has a size between 1
and 2.5 pm, 24.01% a size between 2.5 and 5 pm, while the rest has a
greater size. With this particle size, its flight inside of the glass hood was
not appreciated during the experiments.

Sodium hydroxide (NaOH) was used as leaching agent to separate
ZrOy from SiO; in the second step of the process (hydrometallurgical
step). This reagent has also laboratory quality: Panreac, >98%. Traces of
silica, 0.001%; sodium carbonate, 1%; and potassium, 0.02%.

Experimental work was conducted in a vertical axis parabolic
concentrator belonging to the PROMES-CNRS and located in Font
Roméu-Odeillo-Via (France). The parabolic concentrator had 1.5 m in
diameter, as reported Fig. 3a, while the maximum concentration ratio
was 15000 in a focal point of 1 cm in diameter, with a maximum angle of
incidence of 56° and a distance to the focal point of 65 cm. The
maximum concentrated power that could be reached with this equip-
ment is 900 W for a 1000 W/m? DNI (Direct Normal Irradiation).
Samples in this manuscript were subjected to values of DNI within 850
and 975 W/m? in all the experiments and these were covered with a
protective glass as shown in Fig. 3b to avoid the deterioration of the
parabolic concentrator. Tests lasted 5 min without including the oper-
ations of preparation of the sample and cooling. A thermocouple was
placed close to wall of the crucible to control the progress of the process
in such a way that when the thermocouple was burned, the temperature
was above 1400 °C. The appearance of the sample after its removal from
the solar beam can be observed in Fig. 3c.

Samples obtained in the solar furnace were milled to <180 ym after
removing the “unreacted material” and the “partially reacted material”.
The powders were treated in Parr Instruments Company reactor of 15 ml
of capacity, with Teflon recipient for 6 h at 200 °C in presence of sodium
hydroxide and water. The objective was to concentrate the ZrO, phase
by removal of the silica as soluble sodium silicate. The product extracted

Table 1
Specifications of zirconium silicate sand (wt. %).

ZrOy HfO, SiO, Fey03 MgO K0 NaO TiO2 Ca0

62.60 1.52 32.70 0.50 0.11 0.15 0.47 0.16 0.50
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from the reactor was filtered with water once removed from the furnace,
and both products were later dried in stove at 100 °C for further
analyses.

Three routes were explored according to Fig. 4: Route 1, employed
only ZrSiO4 as starting material; Route 2, used ZrSiO4 and 10 wt %
NayCOg; and Route 3, consisting of ZrSiO4 and 10, 25 or 50 wt % of CaO.

The characterization of the starting materials as well as of the final
products was carried out using the following equipment:

- X-ray diffraction, carried out with the Empyrean PANalytical
diffractometer using Kal and Kal radiation from Cu anode. All
measurements were performed with Bragg-Brentano setup at room
temperature with the 0.006° step size at 5-90° 20 scanning range and
the 145 s of measurement time for each step. Data analysis and the
peak profile fitting procedure were carried out using X'Pert High-
score Plus (Database PDF2 (70-0.94)).

Chemical composition was determined with S8 Tiger-Bruker X-ray
fluorescence spectrometer.

Scanning Electron Microscope was used to take micrographs at
different magnification with a Hitachi T3000 with a voltage of 5 kV,
with Energy Dispersive X-ray Spectrometer Quantax70.

3. Results and discussions
3.1. Macroscopic analysis

The treatment of the samples with concentrated solar energy affected
only a region of the entire volume of material treated in the solar furnace
(Fig. 5a and b). This is schematically indicated in Fig. 5c, where it is
possible to see the zones in the sample that can be found in Fig. 5a and b.
This is an important issue because when extracting and further pro-
cessing the sample, it is necessary to first remove the weakly adhered
material by conventional methods as air or brushing and then, the
partially reacted material by harder methods, as sandpaper. Therefore,
the material subjected to further processing and analysis is all from the
zone of completely reacted material.

Mass losses during the process were around 2-3%, associated to the
presence of moisture due to the storing conditions of the industrial
material, and minor projections of material produced during the pro-
cess. Minor losses of material might be also associated to the formation
of silicon monoxide during the process.

3.2. Results from the treatment in the solar furnace

X-ray diffraction analysis (XRD) was carried out for ZrSiO4 samples
irradiated with solar energy to explore their crystalline structure and
new phase identification (Fig. 6). In this Fig. 6, the zircon phase (ZrSiO4)
is clearly identified, some characteristic peaks and planes of this phase
were present, which were indexed with the same crystallographic
reference (PDF No. 96-900-2558) shown in Fig. 2. These peaks found
corresponded to small undissociated peaks of ZrSiO4. As observed in
Fig. 6, highest intensity peaks correspond to the phases of ZrO; and SiO»
due to the dissociation of ZrSiO4. From this Fig. 6, it is possible to see the
diffraction peaks of ZrO, (baddeleyite, corresponding to monoclinic
crystal system) at 20 = 17.449, 24.070, 24.465, 28.197, 31.490, 34.181,
35.320, 38.580, 40.748, 44.856, 45.540, 49.293, 50.144, 51.224,
54.126, 57.193, 59.830, 62.87, 64.332 and 65.737°, which were
indexed respectively with the crystalline planes (100), (011), (110),
(—111), (111), (002), (200), (021), (—211), (112), (—202), (022), (220),
(—122), (202), (—311),(131), (311), (—123), (222) of the reference card
PDF 96-900-7846. The SiO, peaks (quartz, corresponding to hexagonal
crystal system) were detected at 20 values: 22.328, 28.22, 39.188,
41.455, 43.014, 58.362, 61.628 and 64.450° with their respective
crystalline planes (100), (10-1), (110), (102), (111), (202), (210), (211),
which were indexed with the reference code, PDF 96-901-2605.



D. Fernandez-Gonzalez et al.

Journal of Cleaner Production 420 (2023) 138371

55*, Tirconium sllicate sand ZrSicy)
3

= = R =
: 7 =853 g
E _ A ':'.nl ll_.'-'l. =
POF § Bt-a00-255 : Wi
Zres0, . Arcon | ] :
| 40
i S CH R ST SR e PR e (AL T

10 15 20 25 30 35 40 45

2 8 {degres)

Fig. 1. X-ray diffraction pattern of the zirconium silicate sand.

Fig. 2. Images of the starting powders of zirconium silicate sand.

3.3. Removal of soluble phases

X-ray diffraction results already anticipated the success of the sub-
sequent step of removal of soluble phases, which indicates that route 1
(Fig. 4) is the most suitable to obtain the zirconia. Zirconium silicate
decomposed into zirconia and silica according to the reaction 1, where
zirconium dioxide is chemically considered unreactive. However, silica,
formed because of the reaction 1, reacts with caustic soda to form
highly soluble sodium silicates as represented by the reaction 2.

2x NaOH + SiO; — (Nap0)4-SiO; + x H,O Reaction 2

The solubility in water of the sodium silicate changes with the
temperature: 22.2 g/100 ml at 25 °C and 160 g/100 ml at 80 °C. The
samples, solar obtained material, once milled, were treated in reactor
with NaOH at 200 °C for 6 h and once removed the reactor from the
stove, filtration is immediately made in hot water.

It is possible to see in Table 2 that the product of filtration consists
only of ZrO, (95%) with minor quantities of either SiO, or non-
transformed ZrSiO4. The initial product contained 67.89% ZrO; and
30.48% SiO; in the form of ZrSiO4, which indicates a clear concentration

of the zirconium in the product of filtration. On the other hand, deter-
mined the zirconium content in the soluble product, it is possible to
observe 558 ppm of zirconium, which indicates that most of the zirco-
nium dioxide is recovered in the product of filtration.

3.4. SEM-EDX analysis

Scanning electron microscope was used to characterize the micro-
structure of the product obtained after the treatment of zirconium sili-
cate sand with concentrated solar energy. The micrographs correspond
to the route 1, the simple dissociation of the ZrSiO4 with CSE. Fig. 7 is an
example of the microstructure of the bulk material obtained by the
direct application of solar radiation, without being crushed for subse-
quent operations. Fig. 7a corresponds to the bulk material, where it is
possible to appreciate pores and holes that might be associated with the
formation of silicon monoxide, which oxidized later due to the oxidizing
environment where the experiments were conducted. Even when this
phase was not detected in the XRD analyses and, therefore, the disso-
ciation of the zircon through this intermediate step cannot be demon-
strated, this mechanism is the habitual in the industrial route used to
obtain zirconia from the zirconium silicate sand. Fig. 7b corresponds to
an image of the bulk material taken at further magnification. There, it is
possible to clearly identify to phases: one white as disperse constituent
and the other grey that corresponds to the matrix constituent. EDX line
analysis in Fig. 7c allows to indicate that white phase is zirconia (ZrOz)
and grey constituent correspond to silica (SiO,). This is confirmed by
EDX mapping in Fig. 7d.

The cooling in the process described in this manuscript is conducted
in air and it is, for that reason, very fast. The sample cools from the
dissociation temperature to ambient temperature in minutes. This
resulted in the appearance of dendritic structure in the treated sample,
as reported in Fig. 8.

As it is possible to see in Fig. 9, the grains of zirconia have rounded
morphology and a size <5 pm. The short duration of the treatment and
the fast-cooling rates impeded the development of grains of greater size.

The microstructure of the product of filtration appears in Fig. 10. The
microstructure, as deduced from the EDX mapping, corroborates the
XRD results as it comprises only sodium, silicon, and oxygen in the
elemental analysis. The characteristic morphology of the zirconia cannot
be observed in the microstructure.
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Fig. 3. (a) Image of the 1.5 m in diameter parabolic concentrator located in Font Roméu-Odeillo-Via and belonging to the PROMES-CNRS; (b) Irradiated sample with
glass protective cover (seen through a security lens); (c) Sample in the focal point after irradiation next to thermocouple.
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Fig. 4. Schematic diagram of three different routes considered to obtain the zirconia using solar energy, considering the expected results.

4. Discussion

Solar energy might be a suitable manner of achieving the decom-
position of several compounds (carbonates (Flamant et al., 1980; Meier
et al., 2004; Abanades and André, 2018; Tescari et al., 2018), sulphides
(Winkel et al., 2008), oxides (Murray, 1999; Vishnevetsky et al., 2013),

or hydroxides (Davis et al., 2017; Kakosimos et al., 2022)), which is a
typical route followed by this technology in the obtaining of metals (i.e.,

zinc) or metal oxides (i.e., calcium oxide). However, the decomposition
of silicates is a field yet to be explored and, therefore, this manuscript
has proposed for the first time the thermal dissociation of zirconium
silicate, to produce zirconium dioxide, which is an oxide with a wide



D. Fernandez-Gonzalez et al.

Journal of Cleaner Production 420 (2023) 138371

Completely resched materisl
Partially rezcted matesd s
Unreactad maberial

Fig. 5. (a) Sample just after the removal of the sample from below the solar beam; (b) Sample once cold; (c) Schematic representation of unirradiated and irra-

diated powders.

* 2o,

& Sy

& D50,

Intensity (u.a.)

L

III.H

20 a5 40

20 (degree)

Fig. 6. Sample once treated under solar beam: Route 1.

range of applications in different fields, particularly in that of ceramics
and bio-ceramics.

The production of the zirconia, or zirconium dioxide (ZrO,), is usu-
ally carried from zirconium silicate sand, or zircon (ZrSiO4), due to the
abundance and distribution on earth crust. There are other alternative
less available minerals, as baddeleyite (ZrO2), which would be the most
attractive due to the composition, or -catapleite ((NayCa)
ZrSi0309-2H50), zirkelite ((Ca,Fe) (Zr,Ti),0s5), wholerite (NaCay(Zr,Nb)
Si,0g(0,0H,F)), among others, which have less zirconium oxide content
in their formulation (30.5-31.5, 51.7-59.9 and 15.6-17.6 wt % ZrO»,

respectively). The ZrO content in the zircon approaches 65 wt %, which
becomes it in one of the minerals with the greatest zirconium dioxide
contents, as it is possible to check in the composition of the zircon sand
used in this manuscript and, it is, for that reason, the ore for ZrO,
production.

As it was reported in the introduction of the manuscript, there are
different methods to obtain the ZrO, from the ZrSiO4. The thermal
decomposition of the silicate seems, at first sight, the best option.
Nevertheless, the temperature for the thermal dissociation of ZrSiO4 was
assessed at 1673 + 10 °C, where a eutectic point can be found in the
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Table 2
X-ray fluorescence results for solar dissociation of zircon.

% Solar decomposition Product of filtration
ZrO, 67.89 94.73

HfO, 0.89 1.27

SiO, 30.48 2.25

Fe,03 0.27 0.15

NayO <0.01 <0.01

TiO, 0.14 0.13

CaO 0.36 0.42

Zr02-SiO3 binary diagram in Fig. 11. The decomposition of the zircon
occurs by solid-state reaction releasing SiO; in the form of intermediate
phases with superstoichiometric Si-content, as reported by Kaiser (Kai-
ser et al., 2008). These high temperatures were a challenge for the in-
dustry since the energy consumption represents an important part of the
production costs. This has led to search about the utilization of reagents
to reduce the temperatures required for the thermal dissociation of the
zircon. Apart from that, carbon materials are usually employed to reach
temperatures even higher than those collected in Table 3 and achieve
the formation of silicon monoxide (gas) and directly separate
silicon-phase from the zirconia.

Table 3 collects different research works about the dissociation of the
ZrSi04 into the ZrO, and SiO,. The thermal dissociation of ZrSiOy4 is
clearly influenced by the impurities in the raw material, and also that
there is a significant dissociation at temperatures well below the melting
point of ZrSiO4 (stablished in 2277 °C (Nakamori et al., 2017) or 2430 °C
(Abdel-Rehim, 2005), depending on the authors, which is related with
the incongruent melting point of the zircon). Reaching such tempera-
tures in conventional furnaces is difficult and energy consuming
(expensive), as it was already indicated. This way, unconventional high
energy methods, as plasma process, have been used to conduct the
dissociation of zircon at high temperatures with high energy density and
high quenching-cooling rates (avoiding risks of recombination) (Anan-
thapadmanabhan et al., 1993). This method allowed the high temper-
atures required for the dissociation of the zircon without additives (that
report problems of undesired phases) but with a significant consumption
of energy, which does not overcome the problem of the cost (and
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contribution to carbon dioxide emissions). These first research of
Ananthapadmanabhan reported a complete dissociation for a power
input of 12 kW, while in the research presented in the manuscript
maximum power of the parabolic concentrator was 0.9 kW for a
maximum of 5 min of treatment. Research has been conducted in this
line since the 70s (Evans and Williamson, 1977), which even reached the
pilot-plant scale (Wilks et al., 1974) and continues nowadays with the
purpose of achieving the in-situ removal of the silica as SiO gas
(Yugeswaran et al., 2015; Manikandan et al., 2021a). Plasma technology
is considered as a competing alternative to concentrated solar power
(CSP) regarding the characteristics of the process (power, flux density,
surface area, and temperature). Already in 1999, Flamant and col-
leagues made a comparison between the different high flux emerging
technologies, which can be observed in Table 4 (Flamant et al., 1999).
Nevertheless, the source of energy is directly renewable in the case of
solar energy, and, in the case of plasma, it might be still considered as

Fig. 8. Dendritic structure in the samples treated with concentrated solar en-
ergy, which is the result of the fast-cooling rates.

L 5l Filg
d

Fig. 7. (a) Image of the bulk material after the treatment with concentrated solar energy; (b) Image in detail of the sample treated with CSE: white, zirconia; grey,

silica; (c¢) EDX line scan.
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Fig. 9. Microstructure of the zirconia grains in white with rounded microstructure and small size.

Na o 5l

Fig. 10. (a) SEM micrograph of the residue of filtration; (b) Mapping: oxygen, purple; sodium, pink; silicon, light green. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

contributing to climate change (electricity). This way, electricity gen-
eration is still a contributor to carbon dioxide emissions. The CO»
emission intensity (g CO2/kWh), calculated as the ratio of CO5 emissions
from public electricity production (as a share of CO2 emissions from
public electricity and heat production related to electricity production),
and gross electricity production, was in 2022 of 275 g COy/kWh.
Therefore, the utilization of CSE in zircon dissociation is the best alter-
native to accomplish the goal of the European Union of being
climate-neutral by 2050 with net-zero greenhouse gas emissions, and
reducing emissions by at least 55% by 2030 compared with levels of
1990, Regulation (EU) 2021/1119 of the European Parliament and of
the Council of June 30, 2021 establishing the framework for achieving
climate neutrality and amending Regulations (EC) No 401,/2009 and
(EU) 2018/1999 (‘European Climate Law’).

Solar energy, when concentrated with the suitable methods allows
reaching temperatures >3000 °C (Table 4), which are sufficient for most
of the processes used to produce materials. There are nowadays different
issues that hinder the deployment of this technology in a larger scale:

- the limited research in this field,
- and, the cost of the concentrating systems (mirrors),

among others. Therefore, temperature in the case of concentrated
solar energy is not a problem for the process of zircon dissociation,
although knowing the exact temperature just below the solar beam is not
possible-easy in this type of processes, the same as it is difficult to
control the radiation that is applied to the sample in processes based on
the direct application of the solar radiation to the sample. However, the
burning of the thermocouple located close to the crucible walls
(>1400 °C), at 2-3 mm from the solar beam, confirmed that tempera-
tures reached in the zone affected by the beam were sufficient for the

thermal dissociation of the ZrSiO4. A better control of the temperature
and flux density is important in the case of samples that require from a
strict control of the temperature, but not in this case.

Different reagents are used for the industrial processing of zircon to
extract zirconium dioxide at temperatures well below the temperatures
required for the solid-state dissociation of the zircon (Abdel-Rehim,
2005). This is important in the cases where high temperatures involve
more expensive equipment and greater consumption of energy. This
way, methods traditionally employed to reduce the temperatures
required for the decomposition of the zircon are to use sodium carbonate
(900-1200 °C), sodium hydroxide (650-750 °C) (Menon et al., 1980;
Manhique et al., 2003; Mukhachev et al., 2023), or combinations
CaO-NaOH or KOH-NaOH (Abdelkader et al., 2008). The decomposi-
tion without supporting reagents, as seen in Table 3, requires from
further temperatures >1750 °C (Farnworth et al., 1981). Alternatively,
potassium hexafluorosilicate allows decomposing zircon into zirconia
and silica at temperatures above 700 °C (Nielsen et al., 2000). ZrSiO4
can be also decomposed with alkaline earth metal oxides as CaO or
MgO-CaO (El-Tawil et al., 1999). Within this line, some experimental
work was conducted in this project with NayCOs and CaO, using
concentrated solar energy.

Hence, the effect of adding sodium carbonate on zircon treated under
solar beam was studied by XRD analysis, and the sample of 90 wt%
ZrSiO4 + 10 wt% NayCO3 was considered. From Fig. 12, we can observe
the ZrSiO4 phase, and the dissociation of phases found and discussed in
Fig. 6 (ZrO4 and SiOs). Also, in this sample peaks were observed at 20 =
19.498, 22.774, 27.576, 31.028, 33.774, 42.265, 44.409, 46.516,
46.860, 51.132, 52.683, 64.128, 66.673 and 67.659° which can be
assigned respectively to the (104), (113), (20-4), (116), (300), (1010),
(21-8), (226), (2,0-10), (2110), (410), (42-4), (21-14), (514) planar
reflections of the hexagonal NasZr,Si3O1, phase (formation of a complex



D. Fernandez-Gonzalez et al.

Lgued
2haa

Twed
m\
I\\ Pl |

rall 5 PR o

. e bl ) ol
T
Eie = Tl
Lrilletot] 1 Ta%
]
= Falp=t BT
143 :
Frisile 4 Trd
I il rescrh L]
K21 P IrSii 4 H-Chisrz
i
I FeRH)E + L-Duadte
i i i i
Fd e o

Fig. 11. ZrO,-SiO, binary diagram (Suzuki et al., 2005).

Table 3
Dissociation temperatures and melting point of the zircon according to different
authors (Kaiser et al., 2008; Ayala, 1989).

Researchers Year Temperature Remarks
[§9)
Washburn and 1920 2550 Congruent melting
Libman
Matignon 1923 2000 Dissociation
Barlett 1931 1450 Dissociation
Heindl 1933 1800 Dissociation
Zhirnowa 1934 2430 Congruent melting
Bauer 1939 1650 Dissociation
Geller and Lang 1945 1775 Incongruent melting
Stott and Hilliard 1946  1500-1750 Dissociation depending on
purity
Geller and Lang 1945 1775 Incongruent melting
Curtis and Sowman 1953 1540 Solid-state dissociation
Toropov and 1956 1540 Solid-state dissociation
Galakhov

Cocco and Schromek 1958 1720
Butterman and Foster 1967 1676

Incongruent melting
Solid-state dissociation

Anseau, Biloque, 1976 >1525-1634 Solid-state dissociation
Fierens

Klute and Woermann 1982 1681 +5 Solid-state dissociation

Kanno 1989  1650-1700 Solid-state dissociation

Kocyan and 1997  >1550 Solid-state dissociation
Meulenberg

Levin 2001 1550 Solid-state dissociation

Pavlik and Holland 2001 1285 Solid-state dissociation

O’Neill 2003 1667 Solid-state dissociation

zirconium and sodium silicates, reported by Manhique and collaborators
(Manhique et al., 2003)), these planes were identified and indexed
comparing with PDF 96-152-7313.

On the other hand, the samples of 90 wt % ZrSiO4 + 10 wt % CaO; 75
wt % ZrSiO4 + 25 wt % CaO and 50 wt % ZrSiO4 + 50 wt % of CaO were
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studied microstructurally through XRD analyses (see Fig. 13). This
figure shows that with 10 and 25 wt% of CaO, characteristic peaks of
phases of ZrO5 and SiO, were also detected as in previous samples
studied (in Figs. 6 and 12). However, it is worth nothing that from 25 wt
% CaO, the formation of a new phase was evident at 20 = 30.137 and
50.243° assigned to the cubic structure Cag.16Z19.8601.86 (non-stoichio-
metric calcium zirconate) with reflections at (111) and (022).

With higher amounts of CaO (50 wt% ZrSiO4 + 50 wt% CaO), it was
evident that the zirconia (ZrO-) and silica (SiO5) were consumed to form
other phases and their respective peaks were present in less intensity or
were not evident. Obviously, the silica went into solid solution with the
calcium (forming Cay(SiO4)) and the zirconia formed with the calcium,
CaZrOg and Cag.16Zr0.8601.86- Zircon (ZrSiO4) peaks and only one SiO,
peak, were also detected.

The CaZrOj3 peaks were detected at 20 = 22.094, 31.446, 45.068,
50.741 and 65.636° with their respective planar reflections at (010),
(011), (020), (021) and (022). These peaks match the standard pattern
for the mineral calcium zirconate (PDF 96-154-2030, cubic crystal sys-
tem). Likewise, peaks of calcium silicate Ca(SiO4), were detected at 260
= 18.348, 24.886, 31.095, 32.060, 37.188 and 45.267° with their
crystallographic plans in (100), (002), (102), (110), (200) and (202).
The diffraction pattern of Cas(SiO4) matches the standard (PDF 96-153-
5812, hexagonal crystal system).

These compounds found (CaZrOs, Cax(SiO4), Cag 16Z10.8601.8¢ and
NayZr,Siz012) are detrimental for the recovery of ZrO, from the zircon
sand in terms related to the solubility in water. The formation of these
compounds is a problem habitually observed by other authors
attempting the decomposition of zircon by alkali fusion process in
conventional furnace. This way, Liu and colleagues (Liu et al., 2016) and
Manhique and collaborators (Manhique et al., 2003) observed the for-
mation of water insoluble NasZrSiOs and Na4ZrySizO12 compounds,
particularly at high temperatures, which has a clear influence on the
extraction of zirconium dioxide from the zircon sand. The formation of
calcium zirconate (CaZrOs) is detrimental for the extraction of ZrO,
from zircon sand, although it is a material used in high temperature
applications due to its melting point of 2368 °C and chemical inertness
(Schaffoner et al., 2013). The formation of this compound during the
treatment of samples ZrSiO4 + CaO, particularly in the sample with 50
wt % CaO, suggests that solar energy might be used in the synthesis of
the CaZrOs, although the process is yet to be studied.

The problem emerged from the routes 2 and 3 is that the lack of a
strict control of the temperature in the sample together with the addition
of phases that exhibit a basic character (sodium carbonate or calcium
oxide) while zirconium oxide is amphoteric (more acid nature than the
additives) leads to the reaction of these phases to form metastable
compounds at high temperature that remain even at room temperature
after a fast cooling. This is detrimental to the process and makes route 1
the most adequate to obtain zirconia using concentrated solar energy.

Therefore, after the preliminary experiments that resulted in unde-
sired phases. The route of the thermal dissociation of the zircon was the
only considered promising to extract ZrO from zircon sand using solar
energy. The product after the treatment with concentrated solar energy
consists of a bulk piece with the geometry like that of a hemisphere of
approximately 10 mm in diameter, with unreacted and partially reacted
material adhered. The product comprised, according to X-ray diffraction
results, ZrO, (monoclinic, baddeleyite) and SiO (quartz), which are the
stable phases at low temperature according to the ZrO,-SiOy binary
diagram in Fig. 11. The thermal dissociation of the ZrSiO4 to give these
products is thermodynamically favorable based on the calculations
made with the software HSC5.1 collected in Table 5. The value of the
free energy is negative for all the studied temperatures and becomes
even more negative as the temperature increases, which indicates that
the process is thermodynamically favorable. These values validate the
experimental results. This Table 5 also provides the enthalpy of reaction,
which is the minimum required for the dissociation process, although
CSE provides significantly greater quantities of energy due to the
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Table 4
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Comparison of plasma, and solar energy in terms of power, flux density, temperatures, efficiency, and cost.

Technology Typical power (kW) Flux density (W/em?) Surface area (cm?) Temperature (K) Overall efficiency (%) Capital cost (KECU/KW)
Plasma 10-2000 10* ~100 >5000 25 0.8-1.5 (50-1000 kW)
Solar <1000 10° ~1000 <3500 60 1.2-1.8 (50-1000 kW)
0wt % Frki0), + 10 wt. % Ma 00, & NaginBhD,
# IrD,

*  Si0,

Intensity {u.a.)
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Fig. 12. Sample once treated under solar beam consisting of 90 wt % ZrSiO4 + 10 wt % NayCOs: Route 2.
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Fig. 13. Sample once treated under solar beam consisting of 90 wt % ZrSiO4 + 10 wt % CaO; 75 wt % ZrSiO4 + 25 wt % CaO; 50 wt % ZrSiO4 + 50 wt % CaO:

Route 3.

impossibility of controlling (in the proposed experiments) the values of
applied radiation.

Therefore, it was checked that the thermal dissociation of zircon sand
using concentrated solar energy is possible. It was also verified that the
subsequent extraction of the silica resulted from the decomposition is
also possible after a treatment of 6 h at 200 °C in conventional furnace
using pressurized reactor. This silica appears as a sodium silicate in
agreement with the reaction 2, where the zirconium content is in the

10

order of magnitude of ppm. This minor zirconium losses are associated
to the experimental work. Most of the impurities in the initial raw ma-
terial are present on the treated product. The practice habitually con-
ducted to improve the purity of the zirconia, consists of an additional
acid lixiviation. The second process was carried out in electric furnace
although it could be conducted in a furnace heated with solar energy
since the required temperatures are easily attainable using this renew-
able energy source. Fig. 14 collects a scheme of the proposed process to
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Table 5

Thermodynamic values for the solid-state solar dissociation of the ZrSiO,.
T (°C) AH (kJ) AS (J/K) AG (kJ) K Log(K)
1400 24.875 18.237 —5.638 1.50E+00 0.176
1450 24.924 18.266 —6.551 1.58E+00 0.199
1500 24.981 18.298 —7.465 1.66E+00 0.22
1550 25.045 18.334 —8.381 1.74E+00 0.24
1600 25.116 18.373 —9.298 1.82E+00 0.259
1650 25.194 18.414 -10.218 1.90E+00 0.278
1700 25.278 18.457 -11.14 1.97E+00 0.295

obtain zirconium dioxide using solar energy.

The energy transition is an important issue in advanced economies
and, particularly, in the European Union. The EU aims to be climate-
neutral by 2050 with net-zero greenhouse gas emissions and reducing
emissions by at least 55% by 2030 compared with levels of 1990,
Regulation (EU) 2021/1119 of the European Parliament and of the
Council of June 30, 2021 establishing the framework for achieving
climate neutrality and amending Regulations (EC) No 401/2009 and
(EU) 2018/1999 (‘European Climate Law’). This objective obliges in-
dustries to search alternatives to the current technologies used in the
production of materials, which involve the utilization of fossil fuels or
electricity (having a CO emission intensity, as reported). The emission
of CO;, is taxed as a method used to oblige industries to reduce carbon
dioxide emissions by improving processes or adapting installations to
best available techniques, whether the budget dedicated to this purpose
wants to be reduced. This tax has an important economic impact in high
CO4, release industries, particularly those whose processes employ car-
bon or carbon products. The value of this tax, as an average value from
January to March 2023, is 87.06 €/ton CO. Its value has sharply
increased in the last years, from the 24.75 €/ton CO5 in 2020 to 80.87
€/ton CO4 in 2022. This has a repercussion in the cost of the electricity,
translated later to the customers and, in the considered case, to the in-
dustry of the zirconia production.

Solar energy is virtually free. This is in fact not totally truth because
the installation costs would have a significant impact on the cost of the
produced material. Purohit and Brooks (2021a) pointed out that one of
the challenges is still the capital cost associated to the mirror system and
general concentrated solar energy infrastructure. The heliostat field
contributes to 40-50% of the capital cost of the solar thermal metal-
lurgical system (Purohit and Brooks, 2021). The improvement in the
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thermal efficiency of the reactors together with the reduction in the cost
of the heliostats will contribute to reduce the capital cost (Purohit and
Brooks, 2021). Additionally, the spread of the solar thermal technologies
will also lead to a reduction in cost. For instance, the photovoltaic
modules varied the price from 105.7 $ per watt in 1975 to 0.2 $ per watt
in 2020 according to the International Energy Agency when the technol-
ogy widely spread, and equipment started to be produced in series.
The economic impact and the avoided carbon dioxide emissions are
calculated considering the parameters collected in Table 6. The calcu-
lations are made considering the generation of the electricity for the
process, which has a CO, emission intensity, thus representing an
environmental impact. The energy supplied in the process by solar en-
ergy (Esonr) in the experiments conducted in this project is calculated as
indicated in equation (1) considering an average incident radiation of
915 W/m? (DNI) with an efficiency of 60% (p, Table 4), a factor of
concentration of 15000 (f¢), a treatment duration of 5 min (t) and an
area of beam impact of 10 mm in diameter of 0.00007854 m? (aeam)-

\\ 1h
Eqotar = DNI-f - apegm- -t = 915 —-15000-0.00007854m?-0.6-5 min- our
m? 60 min
= 646.8 Wh = 0.65 kWh
Equation 1

The quantity of material treated in each cycle (Wy.,) is calculated as
in equation (2) considering a density of zircon silicate sand of 4.56 g/
cm?® (p/:si0,) @and a volume of material treated in each cycle of 262 mm?
(hemisphere of 5 mm in radius, Vaed)-

Table 6
Parameters of the solar production process.
Parameter Value
Energy per kilogram (kWh/kg ZrO,) 92
Electricity price for industrial 0.10
costumers (€/kWh)
Plant size (ton/hour) (Meier et al., 0.5(1 256 12.7(25
2005) MWy,) MWgy,) MW,)
Operating time (hours/year) 2400
CO,, emission intensity (g CO,/kWh) 275
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ot [ foars-200 *Cl

Fribradi mi i i e e yaaiug

i imered mate il £10,

Sl {1 A IGaT, W0 a1 kel
Al

Fig. 14. Scheme of the solar assisted process to obtain zirconia.

11



D. Fernandez-Gonzalez et al.

267mm’ 1 mol ZrSiO,

1 mol ZrO, 123.2 g ZrO,
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ZrSi0.
WZrO; = P2,5104'Vtrea|ed =4.56 g cm? L

This involves an energy supplied of 812 kWh/kg ZrO,. This energy is
significantly greater than that required by the reaction 1 according to
the data in Table 5: 0.056 kWh/kg ZrO», which assuming an efficiency of
60% would increase up to around 0.1 kWh/kg ZrO,. It is necessary to
consider that radiation during the process carried out with the solar
furnace in the experiments of this manuscript was no longer controlled
with shutter. If the process is conducted with the competition of elec-
tricity, the relative carbon dioxide emissions (relco,) would be, consid-
ering the real energy requirements for zircon decomposition, calculated
in agreement to equation (3):

kWh

1 2 CO,
" kg ZrO,

g C02 - kg COg
Wh 0.0275

kg ZrO, kg ZrO,
Equation 3

275 =275

I'elc()2 =0

which for a small plant producing a total of 1200 tons/year would
represent a CO5 emissions avoidance (e.) of around 33 tons. The en-
ergy consumed in the production of the zirconia (E.,) in a year is
calculated as indicated by equation (4):

kWh

Eeon =0.1
kg ZrO,

-1200000 kg ZrO, = 120000 kWh Equation 4

which represent a cost (coseec), whether the energy would have used in
the form of electricity, of 12000 €.

It is necessary to consider that one of the common routes used to
produce zirconia involves the utilization of carbon to promote the for-
mation of silicon monoxide gas and directly obtain the zirconia as a
separated phase. For instance, studies conducted with thermal plasma
process employed 1.5-2 mol of carbon (Manikandan et al., 2021b), thus
representing additional carbon dioxide emissions. The emissions asso-
ciated with the formation of silicon monoxide can be calculated from the
reaction 3:

ZrSiO4 + C — ZrO; + SiO (g) + CO (g) Reaction 3

where the CO is oxidized to CO, before the release to the atmosphere
due to health issues. Excesses of carbon indicated in (Meier et al., 2005)
of 1.5-2 mol C per mol of ZrO; (0.15-0.2 kg C per kg of ZrO,) lead to
carbon dioxide emissions associated with the process of 0.55-0.75 kg
CO3 per kg of ZrO,. This way, the carbon dioxide emissions avoidance in
terms of coke consumption (ec..) would be obtained with equation (5):

kg CO,
kg ZrO,
= 660 — 900 tons CO,

1 tonCO,
1000 kg CO,

ecore =0.55 (0.75) -1200000 kg ZrO,-

Equation 5

which represent a cost (cosyy, corresponding to the taxes due to the
carbon dioxide emission in the EU of 87.06 €/ton CO5) of 57500-78500
€. The carbon (coke) requirements (C.o) wWould be determined with
equation (6):

kg C 1tonC

Coore =0.15 (0.2 1200000 kg Zr0y —— > 180 — 240 tons C
oke 02z 70, € 21227000 kg C ons

Equation 6

which for a coke price of 2500 €/ton coke, would represent a cost
(coscoke) Of 450000-600000 €.

Three scenarios are considered in Table 7, corresponding to different
plant sizes. It is possible to infer from the results presented in Table 7
that the greatest carbon dioxide emissions avoidance would be achieved
in the term of coke, which is used to promote the formation of silicon

183.3 gZrSiO, 1 mol ZrSiO, 1 mol ZrO,

12

=0.812 g ZrO, Equation 2

monoxide. This aspect also represents a significant economic impact in
the production of zirconia from the zircon. Therefore, solar thermal
dissociation followed by leaching with NaOH seems to be a better
alternative to the route of thermal dissociation with carbon-coke to
produce silicon monoxide in the case of using the traditional route. Even
when both routes consume chemical reagents, the route of the NaOH
does not produce carbon dioxide emissions and the price of this material
is much lower than that of the metallurgical coke (NaOH: 500-1000
€/ton; coke: 2500-3000 €/ton). This route also avoids the taxes corre-
sponding to carbon dioxide emissions. The term corresponding to elec-
tricity is much lower both in carbon dioxide emissions and cost.
Therefore, the carbon dioxide emissions avoidance ranges from around
700-950 tons CO3 in the small plant to around 17600-23700 tons CO3 in
the big plant, which would have an economic impact ranging from
around 0.05-0.08 M€ to 1.5-2 M€. On the other hand, the potential
economic savings would range from around 0.5 M€ to 17.5 M€.
Nevertheless, despite the importance of the potential economic (and
environmental) savings, it is necessary to consider other important is-
sues as the cost of development and installation, as well as the trans-
portation costs from the places with suitable irradiation conditions, to
clearly analyze the interest of the process from the economics point of
view. This way, detailed manuscript of Meier and colleagues about the
lime calcination process (Meier et al., 2005) includes some of these as-
pects to estimate the price of solar produced lime. They obtained a
difference between the solar produced lime and the commercial lime of
2-3 times. Therefore, the development and installation costs still play an
important role in the deployment of solar-based processes for the syn-
thesis of materials. As a reference, Flamant and colleagues (Flamant
et al., 1999) estimated in 1999 the capital cost (KECU/kW) for solar
technology in 1.2-1.8 for plants of 50-1000 kW, which updated with the
inflation (around 65% from 1999) would be around 2-3 KECU/kW
nowadays. Considering this value, the capital costs for the plant of small
size would greatly exceed the 3M€ determined with this data, since it is
necessary to conduct different studies about the success of the process at
different levels of TRL (Technology Readiness Level) before reaching the
commercial scale, including the design of the appropriate reactors.
Other issue still important in the implementation of solar assisted
technologies in the production of materials is the lack of data of pilot
plants operating in real conditions for extended periods. This would
allow researchers and industrials to know the real useful number of
hours and available power in a year to produce the corresponding ma-
terial. All these operations would consume economic resources and
time. Anyway, these studies exceed the purpose of this investigation,
which was to demonstrate the feasibility of using concentrated solar
energy in the thermal dissociation of zirconium silicate sand and provide
a preliminary information about the importance of this process in the

Table 7
Environmental and economic impact of the utilization of solar based process.
Plant size (ton/ 0.5 (1 MWy,) 2.5 (5 MWy,) 12.7(25 MWy,)
hour)
Celec (tons CO3) 33 165 838.2
Ceoke (tons CO3) 660-900 3300-4500 16764-22860
Econ (kWh) 120000 600000 3048000
Ceoke (tons coke) 120-240 900-1200 4572-6096
COSelec (€) 12000 60000 304800
COScoke (€) 450000- 225000- 11430000-15240000
600000 300000
cosyx (€) 57500-78500 287300- 1459500-1990200
391800




D. Fernandez-Gonzalez et al.
mitigation of carbon dioxide emissions in the industry of ceramics.
5. Conclusions

Concentrated solar energy is a suitable alternative to provide the
energy-heat necessary for different processes of the industry of mate-
rials, including the field of synthesis of materials by thermal dissocia-
tion. The great advantage in this line of CSE is the possibility of
supplying heat without releasing pollutants and as main cost the in-
stallations required for the concentration of the solar energy. Several
examples of application of CSE in the thermal dissociation of materials
can be found in the literature, including metal oxides to produce metals
(for commodities or metal fuels), carbonates as limestone to obtain
calcium oxide (for cement industry), hydroxides as bayerite to obtain
alumina (for the aluminum industry) or sulphides as those sulphur and
zinc to obtain copper and zinc (as environmentally friendly alternative
without releasing pollutants).

Nevertheless, the thermal dissociation of silicates was not explored
in the literature. Therefore, this manuscript has proposed for the first
time the synthesis of zirconia (ZrO) by thermal dissociation of zirco-
nium silicate sand (ZrSiO4), where CSE was used to supply the activation
energy and the heat required for the dissociation without releasing
pollutants. Three routes were studied by thermal dissociation:

- 100 wt % ZrSiO4.
- 90 wt % ZrSiO4 + 10 wt % NayCOs.
- ZrSiO4 + 10, 25 or 50 wt % CaO.

The proposed process was divided into two steps:

- Pyrometallurgical, where CSE was directly used to provide the en-
ergy required for the process.

- Hydrometallurgical: crushed and grinded material to <180 pm was
treated with NaOH in pressurized reactor for 6 h at 200 °C.

The best alternative was the thermal dissociation of the zirconium
silicate sand, without additives, since the utilization of CaO or Na;COg3
involved reaction of these phases with the ZrO; to form complex phases
that hinder the separation or extraction of the zirconia. The two stages
process treating 100 wt % ZrSiO4 gave as a result separated products:
monoclinic zirconia with 95% purity and sodium silicate.

As future perspectives of research in this line, the objective should be
to take advantage of the high temperatures that it is possible to reach
with the competition of concentrated solar energy to achieve the for-
mation of silicon monoxide gas and directly obtain the zirconia and
silicon (monoxide) separated in a single step. It would be also interesting
to study the possibility of treating powders of ZrSiO4 in reactors espe-
cially conceived for this purpose.

Different economic-environmental scenarios about the potential
application of CSE in the production of zirconia from zirconium silicate
sand suggest that the solar-based process is a potential alternative for the
climate change mitigation and increase of the sustainability in the in-
dustry of ceramic materials synthesis.

CRediT authorship contribution statement

Daniel Fernandez-Gonzalez: Conceptualization, Methodology,
Validation, Formal analysis, Resources, Data curation, Writing — original
draft, Supervision, Project administration, Funding acquisition. Juan
Pinuela-Noval: Writing — review & editing, Funding acquisition. fiigo
Ruiz-Bustinza: Investigation, Funding acquisition. Carmen Gonzalez-
Gasca: Investigation, Funding acquisition. Cristian Gomez-Rodriguez:
Data curation, Visualization. Linda Viviana Garcia Quinonez: Data
curation, Visualization. Adolfo Fernandez: Writing — review & editing.
Luis Felipe Verdeja: Conceptualization, Methodology, Resources,
Writing — review & editing, Supervision, Funding acquisition, All

13

Journal of Cleaner Production 420 (2023) 138371

authors have read and agreed to the published version of the
manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgement

Daniel Fernandez-Gonzélez acknowledges the grant (Juan de la
Cierva-Formacién program) FJC2019-041139-I funded by MCIN/AEL/
10.13039/501100011033 (Ministerio de Ciencia e Innovacién, Agencia
Estatal de Investigacién).

Juan Pinuela Noval acknowledges the Programa “Severo Ochoa” of
Grants for Research and Teaching of the Principality of Asturias for the
funds received for the elaboration of the Ph. D. Thesis (Ref: BP20 041).

We thank the PROMES-CNRS (PROcédés Matériaux et Energie Sol-
aire- Centre National de la Recherche Scientifique) for providing access
to its installations, the support of its scientific and technical staff, and the
financial support of the SFERA-III project (Grant Agreement No
823802).

References

Abanades, S., André, L., 2018. Design and demonstration of a high temperature solar-
heated rotary tube reactor for continuous particles calcination. Appl. Energy 212,
1310-1320. https://doi.org/10.1016/j.apenergy.2018.01.019.

Abdel-Rehim, A.M., 2005. A new technique for extracting zirconium form Egyptian
zircon concentrate. Int. J. Miner. Process. 76 (4), 234-243. https://doi.org/10.1016/
j-minpro.2005.02.004.

Abdelkader, A.M., Daher, A., El-Kashef, E., 2008. Novel decomposition method for
zircon. J. Alloys Compd. 460 (1-2), 577-580. https://doi.org/10.1016/j.
jallcom.2007.06.032.

Ahmadinejad, M., Moosavi, R., 2022. Energy and exergy evaluation of a baffled-
nanofluid-based photovoltaic thermal system (PVT). Int. J. Heat Mass Tran. 203,
123775 https://doi.org/10.1016/j.ijjheatmasstransfer.2022.123775.

Ahmadinejad, M., Soleimani, A., Gerami, A., 2022a. Performance enhancement of a
photovoltaic thermal (PVT) system with sinusoidal fins: a quasi-transient energy-
exergy analysis. Int. J. Green Energy 20 (9), 978-996. https://doi.org/10.1080/
15435075.2022.2131434.

Ahmadinejad, M., Soleimani, A., Gerami, A., 2022b. The effects of a novel baffle-based
collector on the performance of a photovoltaic/thermal system using SWCNT/Water
nanofluid. Therm. Sci. Eng. Prog. 34, 101443 https://doi.org/10.1016/j.
tsep.2022.101443.

Ananthapadmanabhan, P.V., Sreekumar, K.P., Iyer, K.V., Venkatramani, N., 1993.
Plasma thermal dissociation of Indian zircon. J. Alloys Compd. 196, 251-254.
Author, N., 1978. Zirconium compounds in paint. Pigment Resin Technol. 7 (9), 15-17.

https://doi.org/10.1108/eb041421.

Ayala, J.M., 1989. Obtencién y caracterizacion de los 6xidos de zirconio sintetizados
mediante disgregacion basica del silicato de zirconio. Ph.D. Thesis. University of
Oviedo.

Chen, J., Xiao, J., Zhang, Y., Wei, Y., Han, B., Li, Y., Zhang, A., Li, N., 2020. Corrosion
mechanism of Cry03-Al;03-ZrO; refractories in a coal-water slurry gasifier: a post-
mortem analysis. Corrosion Sci. 163, 108250 https://doi.org/10.1016/].
corsci.2019.108250.

Chen, F., Wu, Y.-R., Wu, J.-M., Zhu, H., Chen, S., Hua, S.-B., He, Z.-X., Liu, C.-Y., Xiao, J.,
Shi, Y.-S., 2021. Preparation and characterization of ZrO2-Al,03 bioceramics by
stereolithography technology for dental restorations. Addit. Manuf. 44, 102055
https://doi.org/10.1016/j.addma.2021.102055.

Chuayboon, S., Abanades, S., 2022. Solar carbo-thermal and methano-thermal reduction
of MgO and ZnO for metallic powder and syngas production by green extractive
metallurgy. Processes 10 (1), 154. https://doi.org/10.3390/pr10010154.

Costa-Oliveira, F.A., Rosa, L.G., Fernandes, J.C., Rodriguez, J., Canadas, .,

Magalhaes, T., Shohoji, N., 2015. Nitriding VI-group metals (Cr, Mo and W) in
stream of NH3 gas under concentrated solar irradiation in a solar furnace at PSA
(Plataforma Solar de Almeria). Sol. Energy 114, 51-60. https://doi.org/10.1016/j.
solener.2015.01.028.

Costa-Oliveira, F.A., Fernandes, J.C., Galindo, J., Rodriguez, J., Cafadas, 1.,
Vermelhudo, V., Nunes, A., Rosa, L.G., 2019. Portland Cement Clinker Production
Using Concentrated Solar Energy — A Proof-Of-Concept Approach, vol. 183,
pp. 677-688. https://doi.org/10.1016/j.solener.2019.03.064.



D. Fernandez-Gonzalez et al.

Cruz-Fernandes, J., Guerra, L., Martinez, D., Rodriguez, J., Shohoji, N., 1998. Influence
of gas environment on synthesis of silicon carbide through reaction between silicon
and amorphous carbon in a solar furnace at PSA (Plataforma Solar de Almeria).

J. Ceram. Soc. Jpn. 106, 839-841. https://doi.org/10.2109/jcersj.106.839.

Davis, D., Miiller, F., Saw, W.L., Steinfeld, A., Nathan, G.J., 2017. Solar-driven alumina
calcination for CO, mitigation and improved product quality. Green Chem. 19 (13),
2992-3005. https://doi.org/10.1039/C7GC0O0585G.

El-Tawil, S.Z., El-Barawy, K.A., Francis, A.A., 1999. Cubic zirconia from zircon sand by
firing with CaO/MgO mixture. J. Ceram. Soc. Jpn. 107 (3), 193-198. https://doi.
org/10.2109/jcersj.107.193.

Evans, A.M., Williamson, J.P.H., 1977. Composition and microstructure of dissociated
zircon produced in a plasma furnace. J. Mater. Sci. 12 (4), 779-790. https://doi.org/
10.1007/BF00548171.

Farnworth, F., Jones, S., McAlpine, 1., 1981. The production, properties and uses of
zirconium chemicals. In: Thompson, R. (Ed.), Speciality Inorganic Chemicals Special
Publication, vol. 40. Royal Society of Chemistry, London, pp. 247-283, 1981.

Fernandez-Gonzalez, D., 2023. A State-Of-The-Art Review on Materials Production and
Processing Using Solar Energy. Mineral Processing and Extractive Metallurgy
Review. https://doi.org/10.1080/08827508.2023.2243008 (in press).

Fernandez-Gonzalez, D., Ruiz-Bustinza, 1., Gonzdlez-Gasca, C., Pinuela-Noval, J.,
Mochoén-Castanos, J., Sancho-Gorostiaga, J., Verdeja, L.F., 2018. Concentrated solar
energy applications in materials science and metallurgy. Sol. Energy 170, 520-540.
https://doi.org/10.1016/j.solener.2018.05.065.

Fernandez-Gonzalez, D., Prazuch, J., Ruiz-Bustinza, 1., Gonzalez-Gasca, C., Pinuela-
Noval, J., Verdeja, L.F., 2018b. Iron metallurgy via concentrated solar energy.
Metals 8 (11), 873. https://doi.org/10.3390/met8110873.

Fernandez-Gonzalez, D., Prazuch, J., Ruiz-Bustinza, 1., Gonzalez-Gasca, C., Pinuela-
Noval, J., Verdeja, L.F., 2018d. Solar synthesis of calcium aluminates. Sol. Energy
171, 658-666. https://doi.org/10.1016/].s0lener.2018.07.012.

Fernandez-Gonzalez, D., Prazuch, J., Ruiz-Bustinza, I., Gonzalez-Gasca, C., Pinuela-
Noval, J., Verdeja, L.F., 2019a. Transformations in the Mn-O-Si system using
concentrated solar energy. Sol. Energy 184, 148-152. https://doi.org/10.1016/j.
solener.2019.04.004.

Fernandez-Gonzalez, D., Prazuch, J., Ruiz-Bustinza, 1., Gonzalez-Gasca, C., Pinuela-
Noval, J., Verdeja, L.F., 2019b. Transformations in the Si-O-Ca system: silicon-
calcium via solar energy. Sol. Energy 181, 414-423. https://doi.org/10.1016/j.
solener.2019.02.026.

Fernandez-Gonzalez, D., Prazuch, J., Ruiz-Bustinza, 1., Gonzalez-Gasca, C., Pinuela-
Noval, J., Verdeja, L.F., 2019c. The treatment of Basic Oxygen Furnace (BOF) slag
with concentrated solar energy. Sol. Energy 180, 372-382. https://doi.org/10.1016/
j-solener.2019.01.055.

Fernandez-Gonzalez, D., Prazuch, J., Ruiz-Bustinza, 1., Gonzalez-Gasca, C., Gémez-
Rodriguez, C., Verdeja, L.F., 2021. Recovery of copper and magnetite from copper
slag using concentrated solar power (CSP). Metals 11 (7), 1032. https://doi.org/
10.3390/met11071032.

Flamant, G., Hernandez, D., Bonet, C., Traverse, J.-P., 1980. Experimental aspects of the
thermochemical conversion of solar energy; Decarbonation of CaCOs. Sol. Energy 24
(4), 385-395. https://doi.org/10.1016,/0038-092X(80)90301-1.

Flamant, G., Ferriere, A., Laplaze, D., Monty, D., 1999. Solar processing of materials:
opportunities and new frontiers. Sol. Energy 66 (2), 117-132. https://doi.org/
10.1016/50038-092X(98)00112-1.

Grech, J., Antunes, E., 2019. Zirconia in dental prosthetics: a literature review. J. Mater.
Res. Technol. 8 (5), 4956-4964. https://doi.org/10.1016/].jmrt.2019.06.043.

Hanawa, T., 2020. Zirconia versus titanium in dentistry: a review. Dent. Mater. J. 39 (1),
24-36. https://doi.org/10.4012/dmj.2019-172.

Hu, C., Sun, J., Long, C., Wu, L., Zhou, C., Zhang, X., 2019. Synthesis of nano zirconium
oxide and its application in dentistry. Nanotechnol. Rev. 8 (1), 396-404. https://doi.
org/10.1515/ntrev-2019-0035.

Kaiser, A., Lobert, M., Telle, R., 2008. Thermal stability of zircon (ZrSiO4). J. Eur. Ceram.
Soc. 28 (11), 2199-2211. https://doi.org/10.1016/j.jeurceramsoc.2007.12.040.

Kakosimos, K.E., Fhatima, N., Al-Rawashdeh, M., 2022. Conversion of boehmite to
higher alumina phases by direct irradiation with concentrated light: numerical
modelling and experimental verification. AIP Conf. Proc. 2445, 130005 https://doi.
org/10.1063/5.0085732.

Kraiser, A., Lobert, M., Telle, R., 2008. Thermal stability of zircon (ZrSiOy4). J. Eur.
Ceram. Soc. 28 (11), 2199-2211. https://doi.org/10.1016/j.
jeurceramsoc.2007.12.040.

Kusiorowski, R., 2020. MgO-ZrO,, refractory ceramics based on recycled magnesia-
carbon bricks. Construct. Build. Mater. 231, 117084 https://doi.org/10.1016/j.
conbuildmat.2019.117084.

Liu, J., Song, J., Qi, T., Zhang, C., Qu, J., 2016. Controlling the formation of Na2ZrSiO5
in alkali fusion process for zirconium oxychloride production. Adv. Powder Technol.
27 (1), 1-8. https://doi.org/10.1016/j.apt.2015.08.005.

Lorusso, F., Noumbissi, S., Francesco, 1., Rapone, B., Khater, A.G.A., Scarano, A., 2020.
Materials 13 (23), 5534. https://doi.org/10.3390/mal3235534.

Manhique, A., Kwela, Z., Focke, W.W., 2003. De Wet process for the beneficiation of
zircon: optimization of the alkali fusion step. Ind. Eng. Chem. Res. 42, 777-783.

Manikandan, S., Kuberan, A., Yugeswaran, S., Ananthapadmanabhan, P.V.,

Pandiyaraj, K.N., Shajan, X.S., Balraju, P., 2021a. Silica-free zirconia from zircon
mineral by thermal plasma processing. Mater. Manuf. Process. 36 (2), 188-199.
https://doi.org/10.1080/10426914.2020.1832681.

Manikandan, S., Kuberan, A., Yugeswaran, S., Ananthapadmanabhan, P.V.,

Pandiyaraj, K.N., Shajan, X.S., Balraju, P., 2021b. Silica-free zirconia from zircon
mineral by thermal plasma processing. Mater. Manuf. Process. 36 (2), 188-199.
https://doi.org/10.1080/10426914.2020.1832681.

14

Journal of Cleaner Production 420 (2023) 138371

Meier, A., Bonaldi, E., Cella, G.M., Lipinski, W., Wuillemin, D., Palumbo, R., 2004.
Design and experimental investigation of a horizontal rotary reactor for the solar
thermal production of lime. Energy 29 (5-6), 811-821. https://doi.org/10.1016/
$0360-5442(03)00187-7.

Meier, A., Gremaud, N., Steinfeld, A., 2005. Economic evaluation of the industrial solar
production of lime. Energy Convers. Manag. 46 (6), 905-926. https://doi.org/
10.1016/j.enconman.2004.06.005.

Menon, P., Juneja, J., Krishnan, T., 1980. Decomposition of zircon by soda ash sintering
process. Am. Ceram. Soc. Bull. 59, 635-639.

Mukhachev, A., Shevchenko, V., Yelatontsev, D., 2023. Zircon processing in sodium
carbonate melt. IOP Conf. Ser. Earth Environ. Sci. 1156, 012019 https://doi.org/
10.1088/1755-1315/1156/1/012019.

Murray, J.P., 1999. Aluminum production using high-temperature solar process heat.
Sol. Energy 66 (2), 133-142. https://doi.org/10.1016/50038-092X(99)00011-0.
Murray, J.P., Flamant, G., Roos, C.J., 2006. Silicon and solar-grade silicon production by
solar dissociation of SizN4. Sol. Energy 80, 1349-1354. https://doi.org/10.1016/j.

solener.2005.11.009.

Nakamori, F., Ohishi, Y., Muta, H., Kurosaki, K., Fukumoto, K.-I., Yamanaka, S., 2017.
Mechanical and thermal properties of ZrSiO4. J. Nucl. Sci. Technol. 54 (11),
1267-1273. https://doi.org/10.1080/00223131.2017.1359117.

Navarro, A., Canadas, I., Rodriguez, J., Martinez, D., 2012. Leaching characteristics of
mercury mine wastes before and after solar thermal desorption. Environ. Eng. Sci. 29
(10), 915-928. https://doi.org/10.1089/ees.2010.0017.

Nawn, G., Pace, G., Lavina, S., Vezzi, K., Negro, E., Bertasi, F., Polizzi, S., Di Noto, V.,
2015. Nanocomposite membranes based on polybenzimidazole and ZrO; for high-
temperature proton exchange membrane fuel cells. ChemSusChem 8 (8),
1381-1393. https://doi.org/10.1002/css¢.201403049.

Nielsen, R.H., Schlewitz, J.H., Nielsen, H., 2000. Zirconium and zirconium compounds.
In: Kirk-Othmer Encyclopedia of Chemical Technology. https://doi.org/10.1002/
0471238961.26091803.a01.pub3.

Padilla, I., Romero, M., Robla, J.I., Lopez-Delgado, A., 2021. Waste and solar energy: an
eco-friendly way for glass melting. ChemEngineering 5 (2), 16. https://doi.org/
10.3390/chemengineering5020016.

Palla, S., Sharma, P., Rao, M.V.R., Ramakrishna, S., Vanguri, S., Mohapatra, B.N., 2022.
Solar thermal treatment of phosphogypsum and its impact on the mineralogical
modification for effective utilization in cement production. J. Build. Eng. 51, 104218
https://doi.org/10.1016/j.jobe.2022.104218.

Park, S.-W., Seo, Y.-J., Lee, W.-S., 2008. A study on the chemical mechanical polishing of
oxide film using a zirconia (ZrO)-mixed abrasive slurry (MAS). Microelectron. Eng.
85 (4), 682-688. https://doi.org/10.1016/j.mee.2007.12.049.

Purohit, S., Brooks, G.A., 2021. Chapter Five - application of solar thermal energy to
metallurgical processes. Adv. Chem. Eng. 58, 197-246. https://doi.org/10.1016/bs.
ache.2021.10.007.

Rambabu, K., Bharath, G., Arangadi, A.F., Velu, S., Banat, F., Show, P.L., 2020. ZrO,
incorporated polysulfone anion exchange membranes for fuel cell applications. Int.
J. Hydrogen Energy 45 (54), 29668-29680. https://doi.org/10.1016/j.
ijhydene.2020.08.175.

Salman, O.A., Khraishi, N., 1988. Thermal decomposition of limestone and gypsum by
solar energy. Sol. Energy 41 (4), 305-308. https://doi.org/10.1016/0038-092X(88)
90025-4.

Schaffoner, S., Aneziris, C.G., Berek, H., Hubdlkova, J., Priese, A., 2013. Fused calcium
zirconate for refractory applications. J. Eur. Ceram. Soc. 33 (15-16), 3411-3418.
https://doi.org/10.1016/j.jeurceramsoc.2013.07.008.

Schiinemann, F.H., Galarraga-Vinueza, M.E., Magini, R., Fredel, M., Silva, F., Souza, J.C.
M., Zhang, Y., Henriques, B., 2019. Zirconia surface modifications for implant
dentistry. Mater. Sci. Eng. C 98, 1294-1305. https://doi.org/10.1016/j.
msec.2019.01.062.

Selby, J.H., 2007. The Industrial Uses of Zircon and Zirconia, and the Radiological
Consequences of These Uses, INTERNATIONAL ATOMIC ENERGY AGENCY,
Radiation Protection and NORM Residue Management in the Zircon and Zirconia
Industries, 2007. IAEA, Vienna. Safety Reports Series No. 51.

Seo, J.-Y., Oh, D., Kim, D.-J., Kim, K.-M., Kwon, J.-S., 2020. Enhanced mechanical
properties of ZrO2-AlyO3 dental ceramic composites by altering Al;O3 form. Dent.
Mater. 36 (4), e117—e125. https://doi.org/10.1016/j.dental.2020.01.014.

Shohoji, N., Costa-Oliveira, F.A., Guerra-Rosa, L., Cruz-Fernandes, J., Magalhaes, T.,
Caldeira-Coelho, M., Rodriguez, J., Canadas, 1., Ramos, C., Martinez, D., 2012.
Synthesising carbo-nitrides of some d-group transition metals using a solar furnace at
PSA. Mater. Sci. Forum 730-732, 153-158. https://doi.org/10.4028/www.
scientific.net/MSF.730-732.153.

Shohoji, N., Costa-Oliveira, F.A., Galindo, J., Rodriguez, J., Canadas, 1., Cruz-
Fernandes, J., Guerra-Rosa, L., 2021. Synthesis of non-cubic nitride phases of va-
group metals (V, Nb, and Ta) from metal powders in stream of NH3 gas under
concentrated solar radiation. ChemEngineering 5 (2), 19. https://doi.org/10.3390/
chemengineering5020019.

Suzuki, M., Sodeoka, S., Inoue, T., 2005. Structure control of plasma sprayed zircon
coating by substrate preheating and post heat treatment. Mater. Trans. 46 (3),
669-674. https://doi.org/10.2320/matertrans.46.669.

Tescari, S., Moumin, G., Bulfin, B., de Oliveira, L., Schaefer, S., Overbeck, N., Willsch, C.,
Spenke, C., Thelen, M., Roeb, M., Sattler, C., 2018. Experimental and numerical
analysis of a solar rotary kiln for continuous treatment of particle material. AIP Conf.
Proc. 2033, 130014 https://doi.org/10.1063/1.5067148.

Tzouganatos, N., Matter, R., Wieckert, C., Antrekowitsch, J., Gamroth, M., Steinfeld, A.,
2013. Thermal recycling of waelz oxide using concentrated solar energy. JOM (J.
Occup. Med.) 65, 1733-1743. https://doi.org/10.1007/511837-013-0778-x.

Verdeja, L.F., Sancho, J.P., Ballester, A., Gonzalez, R., 2014. Refractory and Ceramic
Materials, first ed. Sintesis, Madrid, Spain.



D. Fernandez-Gonzalez et al.

Vinodh, R., Purushothaman, M., Sangeetha, D., 2011. Novel quaternized polysulfone/
ZrO, composite membranes for solid alkaline fuel cell applications. Int. J. Hydrogen
Energy 36 (12), 7291-7302. https://doi.org/10.1016/j.ijhydene.2011.03.056.

Vishnevetsky, L., Ben-Zvi, R., Epstein, M., Barak, S., Rubin, R., 2013. Solar
carboreduction of alumina under vacuum. JOM (J. Occup. Med.) 65, 1721-1732.
https://doi.org/10.1007/511837-013-0777-y.

Weinberg, A.V., Goeuriot, D., Poirier, J., Varona, C., Chaucherie, X., 2021.
Mullite-zirconia composite for the bonding phase of refractory bricks in hazardous
waste incineration rotary kiln. J. Eur. Ceram. Soc. 41 (1), 995-1002. https://doi.
org/10.1016/j.jeurceramsoc.2020.08.014.

Wieckert, C., Olalde, G., Krdupl, S., Guillot, E., Santén, S., Osinga, T., Epstein, M.,
Frommbherz, U., Steinfeld, A., 2006. A 300 kW solar chemical pilot plant for the
carbothermic production of zinc, International Solar Energy Conference. 2006
International Solar Energy Conference 7-13. https://doi.org/10.1115/ISEC2006-
99027. ISEC2006, 8-13 July 2006.

15

Journal of Cleaner Production 420 (2023) 138371

Wilks, P.H., Ravinder, P., Grant, C.L., Pelton, P.A., Downer, R.J., Talbot, M.L., 1974.
Commercial production of submicron ZrO, via plasma. Chem. Eng. World 9 (3),
59-65.

Winkel, L., Wochele, J., Ludwig, C., Alxneit, 1., Sturzenegger, M., 2008. Decomposition of
copper concentrates at high-temperatures: an efficient method to remove volatile
impurities. Miner. Eng. 21 (10), 731-742. https://doi.org/10.1016/].
mineng.2008.02.003.

Xuekun, T., Chaojie, Z., Lei, Z., Fei, Z., Quanli, J., Xinhong, L., Xiangchong, Z., 2023.
Preparation of ZrB2-ZrO,-SiC composite powder by carbothermal reduction from
zircon. China’s Refract. 32 (1), 25-29. https://doi.org/10.19691/j.cnki.1004-
4493.2023.01.005.

Yugeswaran, S., Ananthapadmanabhan, P.V., Thiyagarajan, T.K., Ramachandran, K.,
2015. Plasma dissociation of zircon with concurrent in-flight removal of silica.
Ceram. Int. 41 (8), 9585-9592. https://doi.org/10.1016/j.ceramint.2015.04.020.

Zanelli, C., Dondi, M., Raimondo, M., Guarini, G., 2010. Phase composition of
alumina-mullite-zirconia refractory materials. J. Eur. Ceram. Soc. 30 (1), 29-35.
https://doi.org/10.1016/j.jeurceramsoc.2009.07.016.



Articulo 2: Solar assisted production of MgAl:O4 from Bayer
process electrofilter fines as source of A12O3.

89




Journal of Sustainable Metallurgy (2024) 10:296-310
https://doi.org/10.1007/540831-024-00805-6

RESEARCH ARTICLE q

Check for
updates

Solar Assisted Production of MgAl, O, from Bayer Process Electrofilter
Fines as Source of Al,O,

Daniel Fernandez-Gonzalez' ® - Juan Pifiuela-Noval' - iAigo Ruiz-Bustinza? - Carmen Gonzalez-Gasca® -
Cristian Gémez-Rodriguez® - Linda Viviana Garcia-Quifionez® - Adolfo Lépez-Liévano® - Adolfo Fernandez' -
Luis Felipe Verdeja®

Received: 27 June 2023 / Accepted: 11 February 2024 / Published online: 21 February 2024
© The Minerals, Metals & Materials Society 2024

Abstract

Compared with conventional high-temperature methods based on electricity and fossil fuels, concentrated solar energy route
offers distinct advantages in terms of mitigating emissions of contaminants and shortening processing times. Nevertheless,
solar-based route also encounters challenges in producing significant quantities of materials, although the deployment of
this technology is still conditioned by the limited investigation in the field. This study presents a novel high-temperature
process based on solar energy to produce MgAl,O, spinel, which employs as source of Al,O; a waste from the aluminum
industry: waste alumina fines from the Bayer process. First, mixtures were prepared by mechanical mixing in a molar ratio
1:1 in agreement with the MgO—-Al,O; binary phase diagram. Then, synthesis of the MgAl,O, spinel was conducted by static
experiments (5 min) with direct application of concentrated solar energy (1150 W/cm?) at temperatures greatly exceeding
1800 °C as reported by ANSYS software. Wastes from three Bayer process factories were studied, which exhibited after the
synthesis process a good crystallinity. The carbon dioxide emissions avoidance would range from the 200 to 500 tons of CO,/
year in the case of a small plant producing 1000 tons/year to 5000 to 12,000 tons of CO,/year in the case of a commercial
plant producing 25,000 tons/year, thus contributing to mitigate climate change. The proposed process might lead to smaller
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volume of wastes in the aluminum industry, while the MgAl,O, may be used as raw material in the numerous fields based
on the chemical, thermal, dielectric, mechanical and optical properties.
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Introduction

Aluminum industry, accounting for a smelter production of
68 Mt in 2021 according to the United States Geological
Survey, is one of the most produced materials [1]. The pro-
duction of aluminum is carried out by means of a process
that involves two main stages, one, called Bayer process,
which has as objective to produce alumina from bauxite
(consisting of mainly aluminum hydroxides with variable
quantities of iron oxides, aluminum clays, kaolinite, and
minor amounts of other oxides [2]) and the other, called
Hall-Hérault process, which aims at producing aluminum
by electrolysis in a molten electrolyte of cryolite. Focusing
on the Bayer process, it involves several stages that include
the pressure leaching of bauxite ore with aqueous soda solu-
tion, precipitation of aluminum hydrate (bayerite) from clean
solution and calcination of the hydrate to produce alumina,
which is later employed as raw material in the Hall-Hérault
process.

Electrofilter fines are a residue generated in this process
in quantities of around 5-8% of the final alumina product
(approximately 80,000-100000 tons for a 1.2 Mt alumina
plants [3]). It consists of a mixture of different aluminas and
alumina hydrates with small particle size that are collected

as a residue in the electrofilter equipment. Different studies
were conducted to find an application or extract valuable
components from the electrofilter powders generated in the
Bayer process, although there is still not any process with
a massive implementation in the industry. This way, Bayer
process electrofilter fines have been used in the production of
ceramic materials as Tutic and collaborators, which obtained
mullite ceramics from Bayer electrofilter fines and low kao-
linite clay [4], and Sancho-Gorostiaga and others [5], which
proposed the utilization of this waste in the manufacture
of high temperature structural insulators. Other research-
ers tried to collect components from the residue as Okudan
and collaborators, which attempted to recover gallium and
aluminum [6]. For their part, Ayala and Pérez [7] investi-
gated the removal of Se(VI) from aqueous solution using
Bayer process electrofilter fines. Finally, other research in
this line was conducted by Sancho et al. [8] and Ayala et al.
[9], which recycled electrofilter fines as aluminum sulphate
for water coagulant uses, Sancho and co-authors [3], which
suggested that fines could be recycled as industrial qual-
ity aluminum sulphate, alums, and abrasives, and Sancho-
Gorostiaga and colleagues [10], which investigated about
the removal of copper from aqueous solutions using Bayer
process electrofilter fines.
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Solar energy, when it is adequately concentrated, offers
enormous possibilities in metallurgy and materials science
[11]. A recent state-of-the-art review of Fernandez-Gonzalez
[12] makes a deep literature survey of the applications of
solar energy in the field of materials. Our research group
has made intensive work in the application of concentrated
solar energy in the synthesis of materials: silicon-calcium
[13], where the synthesis of this energy-intensive alloy used
in deoxidizing of steels was attempted from mixtures of CaO
and Si to avoid carbon dioxide emissions and energy costs,
although it was produced in minor quantities associated
to the atmosphere of the process; silicon-manganese [14],
where the synthesis of this alloy typically used in the pro-
duction of steels was achieved from mixtures of manganese
(IV) oxide and silicon; calcium aluminate cements [15],
where the most relevant result was the synthesis of main
components of the high alumina (> 75%) calcium aluminate
cements using limestone as source of CaO for the process;
operations in the field of iron and steels [16], where metal-
lic iron was obtained from iron ore sinter fines reduced by
coke with the heat support of solar energy; and, zirconia
[17], which was obtained by solar thermal decomposition
of zirconium silicate sand and subsequent separation of the
ZrO, by pressure leaching with NaOH of the silica. Focus-
ing on the aluminum field, solar energy has been applied
to reduce the environmental impact by using a zero-CO,
energy. First investigations in this line can be attributed
to J. P. Murray [18], who proposed the direct reduction of
Al,0O; to aluminum or aluminum-silicon alloy or reduction
to AIN or Al,S; that could be more easily electrolyzed with
non-consumable electrodes. Several studies were conducted
from that moment in line with the production of aluminum
by carbothermal reduction with more or less success in the
obtaining of metallic aluminum [19-24]. Alternatively,
Lytvynenko [25] proposed the utilization of solar energy in
the obtaining of aluminum by electrolysis through the Hall-
Herault’s process using the current of a solar battery and
employing solar radiation to heat the cell. In the same line,
other researchers proposed the calcination of the aluminum
hydroxide to obtain alumina to feed the cell for the electroly-
sis of aluminum using solar energy [26, 27].

Nevertheless, apart from the potential application of solar
energy in the synthesis of materials, there is a growing interest
in its application to recycle or recover valuable components
from industrial wastes, for instance in the extraction of copper
and iron from copper slags [28] or iron from basic oxygen
furnace slags [29], due to the possibility of heating without
releasing pollutant. The research in this field focuses not only
on the recovery of metals from slags but in the immobilization
of contaminants, as filter dusts [30, 31] or soil and mine waste
samples containing mercury [32-35]. Anyway, the applica-
tion of solar energy in recycling or recovering metals is the
most important line due to the lower temperatures required
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in the case of operating with them whether compared with
ceramics. Therefore, other researchers aimed at recovering
metals (Zn, Fe, Pb and Cu) from electric arc furnace dust
(EAFD) and automobile shredder residue (ASR) [36, 37],
extracting zinc from Waelsz oxide produced during the recy-
cling of galvanized steels [38] or used solar energy to melt
aluminum scrap [39-42]. Nevertheless, as a consequence of
the high temperatures that can be reached with the compe-
tition of solar energy (above 2500 °C [11, 12]) researchers
have also attempted to recycle aluminum oxides. This way,
studies guided by Padilla and collaborators [43] in the field
of aluminum waste were conducted to obtain alumina from
boehmite prepared by sol-gel process from an aluminum
waste that proceeded from the fine suction system used in the
aluminum slag milling operation. The same authors, Padilla
and researchers [44], attempted the production glasses also
from aluminum wastes, which consisted in a powdered solid
trapped in filter sleeves during the slag milling process of the
aluminum tertiary industry. Apart from the aluminum residue,
these researchers employed other wastes as eggshells and mus-
sel shells as sources of calcium for the glass.

Magnesium aluminate compound is a spinel that is gain-
ing interest in different applications due to the excellent
chemical, thermal, dielectric, mechanical and optical prop-
erties [45]. Nevertheless, magnesium aluminate spinel is an
excellent refractory oxide of great importance as structural
ceramic due to the physical, chemical, and thermal prop-
erties at normal and elevated temperatures [46]. Different
methods can be used to obtain the MgAl,O, spinel. These
methods include sol-gel reaction [47], gelatin method [48],
metal-chitosan complexation [49], thermal decomposition
[50], hydrothermal [51], high-energy ball mill [52], micro-
wave assisted combustion [53], organic precursor combus-
tion [54], sonochemical [55], spray pyrolysis [56], spray
drying [57], among other processes [47]. Anyway, the most
habitual technique to synthesize this spinel is the solid-state
reaction from powders of MgO and Al,O;, although the
process has several disadvantages including long process-
ing times, need for repetition of several calcination stages,
requirement of high temperatures for sintering [46]. Some of
these issues might be solved with the application of concen-
trated solar energy. For that reason, this manuscript proposes
a novel method to synthesize MgAl,O, from Bayer process
electrofilter fines at laboratory scale using concentrated solar
energy as potential route to reduce carbon dioxide emissions.

Materials and Methods
Raw Materials

Three different Bayer Process Electrofilter Fines (BPEFs)
were used as source of Al,O; in the obtaining of the
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MgAl,O, spinel, while the MgO was provided by an indus-
trial supplier. The BPEFs were generated in Bayer process
plants located in three different countries: Canada, Ireland,
and Spain. The chemical composition was determined by
inductively coupled plasma mass spectrometry, while car-
bon and sulphur contents were obtained by combustion
with the equipment CS800 Eltra. Results for the BPEFs are
collected in Table 1. The structure of the BPEFs was ana-
lyzed by X-ray diffraction, which reported different types
of alumina (mainly a- and y-alumina, whose content was
determined by means of the area below the X-ray diffrac-
tion pattern) with certain amounts of gibbsite (AI(OH),).
The carbon content gives a characteristic grey color to the
sample. Mean particle size (ds,) was determined by photo-
sedimentometer Lumosed equipment. The water content
in the samples is represented by the Moisture on Ignition
(MOI, mass losses when heating the sample up to 550 °C
for 2 h) and Lost on Ignition (LOI, mass losses when heating
the sample up to 900 °C for 2 h). Additionally, the content in
aluminum trihydrate (gibbsite) was determined by thermal
analysis technique (Mettler-Toledo DSC822e), under a nitro-
gen atmosphere (50 ml/min) and at a heating rate of 5 °C/
min to determine the endothermic peak corresponding to the
hydrate water loss, where patterns with variable contents in
gibbsite (from 0.5 to 50%) were employed to obtain the cali-
bration line. This parameter is important because gibbsite
is also a source of Al,O; for the spinel although before the
reaction with the MgO, the aluminum trihydrate decomposes
into Al,O; and H,O, which leads to problems of decrepita-
tion. Numerical values of the characteristics of the BPEFs
are collected in Table 2.

Magnesia was provided by Grupo Pefioles (Mexico). The
chemical composition of the magnesia was determined by

X-ray fluorescence spectrometry. Results are collected in
Table 3.

Methods

Experiments were carried out in a vertical axis solar furnace
located in Font Roméu-Odeillo-Via (France), which belongs
to the PROMES-CNRS (PROcédés Matériaux et Energie
Solaire-Centre National de la Recherche Scientifique). It
consisted in a 1.5 m in diameter parabolic concentrator that
is illuminated with flat heliostat, which has a sun tracking
system. This way, a maximum concentration ratio of 15,000
in a focal point of < 1.5 cm is achieved. This means that
the maximum concentrated power would be 900 W for a
1000 W/m? DNI (Direct Normal Irradiation), achieved with
clean skies and parabolic concentrator. Experiments were
conducted under a glass hood to avoid the deterioration of
the parabolic concentrator with the powders that could leave
the sample. Besides, air suction was applied to avoid the
deposition of the powders in the glass hood, which would
have been detrimental to the process. A scheme of the pro-
cess appears represented in the Fig. 1.

The route chosen to manufacture the MgAl,O, spinel
was the solid-state reaction. Mixtures were prepared in a 1:1
molar ration according to the following chemical reaction:

MgO (s) + Al,O5(s) = MgALO,(s) (1

which according to the binary phase diagram MgO-Al,0;
is in the stoichiometric spinel zone. Sintering zone, accord-
ing to Sarkar and Banerjee [58], occurs in the temperature
range 1550-1650 °C, although the formation of the spinel
occurs also at greater temperatures as it appears in the phase
diagram.

Table 1 Composition of the

% ALO, Na,0 SiO, Fe,0, CaO K,0 TiO, MgO Ga0;, C S
BPEFs of the three Bayer %) 23 2 ™ o2 : 2 ™ £ s
process factories Canada 87 070 <004 <004 003 <004 <00l <001 0.008 008 0.02
Ireland 92 046 <004 <004 002 <004 <00l <001 0012 014 0.02
Spain 91 067 <004 <004 001 <004 <00l <001 0012 0.14 0.02
Table 2 Characteristics of MOI(%)  LOI(%)  o-Alumina  y-Alumina  Gibbsite (%)  dg (um)
the BPEFs of the three Bayer
process factories Canada 10.0 2.30 19.0 49.0 29.0 7.8
Ireland 53 1.60 17.0 65.5 14.5 53
Spain 6.6 0.7 33.0 322 18.0 8.7
12%3 Characteristics of the MgO (%) Ca0 (%) Si0, (%) ALO, (%) Fe,0, (%) B,O; (%) dg (um)
g
98.5 1 0.2 0.15 0.13 0.01 <45
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Fig.1 Scheme and real images of the installation and devices used in the experimental work

The temperature of the spot generated by the concentrated
solar energy was determined by finite element method-based
software ANSYS. The dimensions of the crucible were 19.55
mm in inner diameter, thickness of 3.28 mm and height of
25.4 mm, manufactured in alumina. The crucible was filled
with a mixture of powders of Al,0; and MgO in the propor-
tion 1:1 molar. The following properties were considered for
the thermal simulation: density, thermal conductivity, and
specific heat of the different materials in agreement with the
proportions. It is possible to see in Fig. 2a the scheme of the
process with the dimensions used in the calculations. The
analysis was carried out in a transient thermal module using
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the ANSYS Workbench application. To ensure the reliabil-
ity of simulation results, a finite element mesh convergence
analysis was conducted. This entailed progressively refining
the finite element mesh from a coarse (Fig. 2b (1) coarse
mesh) to a finer resolution (Fig. 2b (2) refine mesh), result-
ing in an increased number of elements/nodes. Throughout
this iterative process, temperature variations were monitored
until reaching a point where the variations became negligi-
ble. Additionally, a finer mesh refinement was implemented
specifically in the central region of the specimen, where the
energy beam impacts. On another note, Fig. 2c and d show
the simulations conducted with the software ANSYS for
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Fig.2 a representation of solar irradiation, b meshing of the crucible and charge ¢ simulation carried out with a spot size of 1 cm and 1150 W/
cm? and d simulation carried out with a spot size of 1.5 cm and 550 W/cm?

different spot size and, therefore, energy density. The dwell
time was in both situations 5 min, with 5 min of cooling.
Figure 2c shows the simulation done with a beam of 10 mm
in diameter, which involves 1150 W/cm? of energy density.
This situation reported a maximum temperature of 1944 °C.
On the other hand, Fig. 2d represents the simulation done
with a beam of 15 mm in diameter, which involves 550 W/
cm? of energy density. This scenario gave a maximum tem-
perature of 1676 °C.

Mathematical simulations carried out are useful to know
the approximate temperature of the spot, but they are not
adequate to understand the complete process. This way,
mathematical simulations report that the temperature in the
spot is sufficiently high to synthesize the MgAl,O, spinel.
The simulations did not consider the consumption of the
material as the process advances, it is necessary to consider
that the final volume is 1/3 of the initial (the reasons are:
powders manually compacted and sinter during the process,
decrepitation, water losses, and flying of fines due to the
air currents inside of the glass chamber). It is necessary to
introduce in this point the thermocouple control. The ther-
mocouple can be used to control the advance of the process
as when the temperature starts to fall in the point where it
is located (Fig. 1b), it is possible to assume that radiation is
not producing any effect on the sample. Figure 3 serves as an
example of the thermocouple measurements. The utilization

of thermocouples inside of the sample is not a suitable strat-
egy because they move and melt during the process.

There is not a control of the radiation applied to the sam-
ple (in other solar furnaces it is possible to employ a shutter
to control the percentage of incident radiation that is applied
to the sample). Within this line incident radiation during
the experiments presented in this manuscript exceeded 950
W/m?, which indicates that a power of around 0.9 kW was
applied on a surface < 1.5 cm in diameter.

The duration of the treatment was considered a crucial
factor in the manufacture of the MgAl,O, spinel. Within this
context, each experiment lasted 5 min. If the operations of
charging the crucible and cooling are included, the process

e A

Fig.3 Thermocouple measurement, located in the point indicated in
the Fig. 1B
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would last approximately 20 min in total. It is necessary
to consider that the process presented in this manuscript is
based on the direct application of the solar radiation to the
sample. Nevertheless, there are technologies to directly pro-
cess powders in solar furnaces [12]. This might be following
step that should be studied in the scalation of this technology
up to industrial scale, as the direct processing of powders
would significantly increase the productivity of the process.

Results and Discussion
Mass Differences

Table 4 collects the weight losses produced during the
experiments, which are consequence of several reasons dis-
cussed in the following lines.

Water: this is the main reason of the mass differences
resulted from the treatment of the samples with concen-
trated solar energy. Aluminum industry residue (BPEF)
was not subjected to any previous treatment, and it contains
certain quantity of physical water resulted from the stor-
age outdoors. This involves that moisture depending on the
y-alumina content was: 0.9% in Canada BPEFs, 2.6% in Ire-
land BPEFs and 0.4% in Spain BPEFs. Additionally, there
is certain quantity of chemical water since the residue con-
tains aluminum hydroxide that decomposes at temperatures
of around 550 °C according to the reaction 2.

2A1(0H)5(s) — AlLO5(s) + 3H,0 (g) )

It is necessary to consider MOI measurements for Canada
BPEFs were as high as 10%, while those corresponding to
the BPEFs of Ireland and Spain were 5.3% and 6.6%, in
agreement with the greater or lower gibbsite content. Aver-
age mass losses were 38% in the case of Canada BPEFs,
22.4% in the case of Ireland BPEFs and 26.5% in the case of

Table4 Weight losses produced during the treatment with concen-
trated solar energy

Initial weight  Final weight Mass losses (%)

(€ e
Canada 1 4.8 2.8 41.7
Canada 2 33 2 394
Canada 3 3 2 33.0
Ireland 1 32 24 25.0
Ireland 2 2.8 22 214
Ireland 3 2.9 23 20.7
Spain 1 3 2 33.0
Spain 2 38 2.7 29.0
Spain 3 34 2.8 17.6
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Spanish BPEFs. Therefore, losses are directly related to the
gibbsite content in the residue, which is reasonable consider-
ing the water content in the hydroxide.

Volatile matter: the residue contains alkali metals, mainly
Na,O, which according to the literature can evaporate at
temperatures in the range 1500-1560 °C [59]. These authors
indicate that the presence of Al,O; promote the evapora-
tion ratio (MgO also plays the same role, but it only slightly
enhances the evaporation ratio). Carbon, which is in minor
contents but gives the characteristic grey color to the mix-
ture, is also susceptible of being burned at the temperatures
of the treatment.

Flying powders and decrepitation: The presence of an
air current inside of the glass balloon leads to powder fly-
ing at the beginning of the treatment of the sample with
concentrated solar energy. This problem is also observed
in the case of operating without glass hood. Nevertheless,
one of the reasons of the mass losses is the decrepitation
produced due to the fast-heating rate and the presence of
water and hydrated compounds in the sample. It is necessary
to consider that powders are very fine, ds; <45 pm, which
suggests that green compacts could be a suitable option to
process these materials or employ a reactor like those pro-
posed by other authors in the case limestone calcination [60]
or ZnO-Zn loop [61].

Quantitatively, mass losses associated with water (mois-
ture + LOI 4+ MOI, included the dehydration of the gibbsite)
account for 28.50%, with chemical reactions (volatile com-
pounds + carbon combustion) are < 2% and with projections,
decrepitation and flying powders are 69.5%. The presence of
impurities might play the role of fluxes, for instance sodium
oxide is a common flux, but considering the excesses of
energy employed in the proposed process the influence of the
impurities in the reduction of the temperature is not relevant.

Microstructural Characteristics

The product at the end of the treatment consisted in bulk
material as it is showed in Fig. 4. This sample may be
grounded and milled to the desired grain size for further
applications. Likewise, other alternative may be the obtain-
ing of sintered discs of MgAl,O, spinel, or the direct pro-
cessing of powders as it was already anticipated. Despite the
final product is obtained as a bulk material, it is crystalline
as it is later reported in the X-ray diffraction analyses. In
fact, if the Fig. 4 is observed, it is possible to check that crys-
tals of MgAl,O, spinel are obtained at macroscopic scale.
Figure 5a and b show images of the MgAl,O, spinel crystals
at greater magnification.

Specimens were characterized by X-ray diffraction tech-
nique. This technique illustrates that the product obtained
after the treatment is really MgAl,O, spinel with the suitable
crystallinity. X-ray diffraction patterns are collected in Fig. 6
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Fig.4 Bulk MgAl,O, spinel sample obtained after the treatment with
concentrated solar energy

for the three MgAl,O, spinel prepared with the three BPEFs:
Fig. 6a, MgAl,O, spinel with Canadian BPEFs; Fig. 6b,
MgAl,0O, spinel with Irish BPEFs; and Fig. 6¢, MgAl,O,
spinel with Spanish BPEFs.

X-ray diffraction patterns report well crystallized speci-
mens with no traces of the starting raw materials, which
indicates that the treatment with concentrated solar energy
allowed to obtain the MgAl,O, spinel, as it was expected
from the phase diagram. Amorphous content in samples
is: Canadian 5.4% +2.0, Irish 5.0% + 1.9, and Spanish
5.6% + 2.0, determined with the XPowder Software.

Figure 7 collects the X-ray diffraction patterns of various
MgAl,O, spinels, either found in the nature as minerals or
synthesized in laboratories. The form of the diffractograms
analogous in the form to that obtained with the competition
of concentrated solar energy.

The X-ray diffraction parameters 26 and d-spacing for the
hkl planes are compared with those of the reference work
of Paterson and researchers [62], and some other MgAl,O,
spinels found in the nature and synthesized in laboratory.
This allows checking the quality of the obtained MgAl,O,
spinel. Results are collected in Table 5 for the positions of

the peaks and Table 6 for the d-spacing of the hkl planes.
There is significant approximation of the values of the solar
synthesized MgAl,O, spinel to those obtained by Paterson
and co-authors [58], as well as to those found in the nature
and, particularly to that synthesized in the laboratory, which
is evidence of the well crystallization of the spinel obtained
by means of concentrated solar energy using Bayer process
electrofilter fines as source of alumina.

Energy Efficiency and Technical Feasibility

Solar energy is a powerful source of heat that can be used in
the obtaining of energy intensive products without carbon
dioxide release in short times derived from the fast heating
and cooling rates, as it is possible to see in Figs. 2 and 3. The
synthesis of MgAl,O, spinel is an energy intensive process,
which is usually carried out at temperatures within 1550
and 1650 °C, although it is possible to obtain it at lower
temperatures (> 550 °C) with prolongated permanence at
these temperatures (>4 h). Ping et al. remarked that the time
for the synthesis of the MgAl,O, spinel is a relevant issue
[46]. Within this line, routes proposed at laboratory scale
by different authors are still time consuming and, therefore,
synthesizing the spinel in short times is still a challenge.
The low temperature synthesis by sol-gel process proposed
by Pei and researchers [64] lasts at least 6 h, the process of
modified sol-gel process proposed by Sanjabi and Obey-
davi [65] also lasted at least 6 h, Meng and colleagues [66]
indicate that their process took about 3 h. On the other hand,
Bocanegra and co-authors [67] proposed different routes of
synthesis that took > 36 h (ceramic method), >48 h (mecha-
nomechanical synthesis) and > 30 h (co-precipitation). In the
field of mechanomechanical synthesis too, Kong et al. [50]
required more than 14 h to sinter MgAl,O, spinel, with 12
h of milling in planetary ball milling and 2 h of sintering in
furnace. Zhang in the hydrothermal route, required more
than 31 h to synthesize the spinel [49]. On the other hand,

Fig.5 Details of MgAl,O, spinel crystals
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Table 5 Position of the peaks in the X-ray diffraction pattern of solar MgAl,O, spinel compared with those obtained by Paterson et al., (1991)
[58] and some other spinels either found in the nature or synthesized in the laboratory

MgAl,O, -from Pein Pyit, MgAl,O, -from Bo Phloi, Kanchouta- MgAl,0,— MgAlL,O, MgAl,0, MgAl,O,
Mogok, Myanmmar (natural) bori Province, Thailand (natural) [63]  (synthetic) -Canadian -Irish BPEFs -Spanish
[58] [58] BPEFs BPEFs
20 19.02 19.37 19.183 19.103 19.083
31.28 31.11 31.89 31.446 31.386 31.366
36.85 36.65 37.58 37.048 36.968 36.968
38.55 39.32 38.688
44.81 44.56 45.72 44.990 44.930 44.950
55.64 55.33 56.82 55.973 55.793 55.833
59.34 59.01 60.61 59.574 59.494 59.514
65.21 64.84 66.65 65.436 65.376 65.376
68.60 70.14 68.917 68.777
74.09 73.65 75.79 74.298 74.238 74.238
77.30 77.90 79.11 77.519 77.459 77.459

Table 6 D-spacing of the hkl planes of the peaks in the X-ray diffraction pattern of solar MgAl,O, spinel compared with those obtained by Pat-
erson et al., (1991) [58] and some other spinels either found in the nature or synthesized in the laboratory

hkl MgAl,O, -from Pein Pyit, MgAl,O, -from Bo Phloi, Kan- MgAL,O,—  MgALO, MgAL,O,  MgAl,0O,
Mogok, Myanmmar (natural)  choutabori Province, Thailand (synthetic) -Canadian -Irish -Spanish
[58] (natural) [63] [58] BPEFs BPEFs BPEFs

d-spacing 111 4.6706 4.5830 4.6231 4.6423 4.6471

220 2.8602 2.8743 2.8065 2.8426 2.8479 2.8496

311 2.4392 2.4512 2.3934 2.4246 2.4297 2.4297

222 2.3353 2.2915 2.3255

400 2.0224 2.0324 1.9845 2.0133 2.0159 2.0150

422 1.6513 1.6595 1.6203 1.6442 1.6464 1.6453

333 1.5569 1.5646 1.5277

511 1.5569 1.5646 1.5277 1.5506 1.5525 1.5520

440 1.4301 1.4371 1.4033 1.4252 1.4263 1.4263

531 1.3674 1.3418 1.3631 1.3638

620 1.2791 1.2854 1.2551 1.2756 1.2764 1.2764

533 1.2337 1.2398 1.2105 1.2304 1.2312 1.2312

Bai and researchers [68] employed more than 4 h in the
combustion method. Citric acid—ethylene glycol route was
used for the synthesis of MgAl,O, nano-powder, involving
a synthesis time of 40 h [69]. The solar process could be
competitive with microwave sintering, as irradiation lasts
less than 1 h [51], although the process has the inconvenient
of using electricity for the microwave equipment. From the
perspective of synthesis, Tripathy and Bhattacharya [70]
indicated that it is still an important challenge to synthesize
mesoporous MgAl,O, in a single step under rapid and eco-
nomically viable approach. Their process required only 2 h
to be completed by the flash pyrolysis route. Nevertheless,
the process proposed in this manuscript might be seen as a
competing alternative to produce MgAl,O, spinel in a single
step. The flow diagram of the solar process is presented in
the Fig. 8.

It is important to remark that process proposed in this
manuscript at laboratory scale required a maximum of 15
min for the process in the solar furnace. Even when the
blending and crushing might be time consuming, the pro-
posed route might represent a competitive alternative to pro-
duce the MgAl,O, spinel.

The processing times might be significantly reduced as
well as the productivity of the process might be increased
in further steps aimed at the scalation of the process. The
direct application of the solar energy, as a process like
that conducted in electric furnaces where the heating is
punctual, is a potential alternative to produce MgAl,O,
spinel although research conducted with other materials-
processes might be potentially applied in this case. The
production of lime by calcination of limestone and the
thermal decomposition and reduction of zinc oxide with
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Fig.8 Flow diagram of the solar process to produce MgAl,O, spinel

solar energy have been significantly studied using solar
for the process [12]. The first investigations in this line
were conducted by direct application of the solar beam
to the samples in a laboratory scale but soon research
acquired a greater dimension and investigators started to
think about the increase of the productivity. Within this
line, reactors are a key point and, therefore, have been
significantly reviewed in the literature [71-73]. However,
the importance of directly processing powders might be
considered as one of the key points. Pilot plant scale stud-
ies have already validated the possibility of processing
powders of limestone to produce lime, or reducing dif-
ferent metal oxides to obtain metal fuels, where the Paul
Scherrer Institute has played an important role in the last
30 years [74]. Nevertheless, these indirectly heated reac-
tors have never been applied in the synthesis MgAl,O, spi-
nel. Thus, the following investigations in this line should
be oriented to the synthesis of the compound in the form
of powders, which would reduce even more the process-
ing times as the steps of blending and crushing may be
eliminated. There is not too much information about the
world production-consumption of MgAl,O, spinel. Ganesh
and collaborators indicated that the world consumption
of spinel exceeded the 205,000 tons in 2004 [75]. This
production, updated to current levels of consumption,
might be easily covered with 10 solar factories consider-
ing that the conditions of production proposed by Meier
and coauthors to produce lime (plant design of 25 MW,
operating for around 2700 h per year to produce 27,000
tons) [76] are applicable in the case of the MgAl,O, spi-
nel synthesis, although other researchers, as Purohit and
researchers [77], increase the capacity of production (in
this case for iron nuggets) to 200,000 tons/year. These
technoeconomic studies, together with others reported in
the review of Fernandez-Gonzalez [12] for different pro-
cesses, suggest that the deployment of this technology at
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larger scale is only related with economic issues due to
the lack of a plant operating for long periods of time under
real conditions. Once validated in a real environment that
it is possible to reach such capacities of production, plants
to produce different materials will appear in countries with
the suitable sun conditions.

Regarding the environmental issues, solar energy has a
great potential in reducing carbon dioxide emissions. The
energy demand required in the synthesis of the MgAl,O,
spinel was determined by means of the software HSC Chem-
istry 5.1. Calculations include heating from the room tem-
perature (25 °C) to the synthesis temperature (assumed to
be 1700 °C) and energy required for the formation of the
compound. It is important to indicate that the formation of
the spinel occurs partially through intermediate decomposi-
tion of the gibbsite with a Al,O; to MgO molar ratio 1:1.
Therefore, it is important to consider the gibbsite content in
the thermodynamic calculations. Results are collected in the
Table 7 for each residue of the aluminum industry, which
indicates the energy required from the theoretical point of
view.

Concentrated solar energy was directly applied to the
sample. Power during the experiments was 900 W for a
Direct Normalized Irradiation of around 1000 W/m? and a
parabolic concentrator of 1.5 m in diameter with a concen-
tration ratio of 15,000, a distance to the focal point of 65 cm,
a maximum angle of incidence of 56° and a focal point of 1
cm in diameter. Therefore, the energy consumed during the
experiments, which lasted for 5 min, is approximately 0.075
kWh to produce 2.4 g (31.25 kWh/kg, 112,500 kJ/kg). The
efficiency of the process (n), defined as n=(Egi,ei/Erora)
- 100, is < 5% in this case. In fact, Flamant and coauthors
estimated that the energy conversion efficiency from the pri-
mary energy source to the useful energy beam reaches the
60% in the case solar furnaces [78]. It is necessary to remark
at this point that there was not a strict control of the energy
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Table 7 Thermodynamic calculations for the formation of the MgAl,O, spinel
Reaction Energy
demand (klJ/kg
MgAL0,)
MgO + Al(OH); —MgAl,0,+H,0 6047.7
MgO + Al,0;—MgAl,0, 1979.3
Energy demand (kJ/kg MgAl,O,)
Canada Ireland Spain
3159.1 2569.2 2711.6

requirements in the process proposed in this manuscript as
the objective was to demonstrate the feasibility of synthesiz-
ing the MgAl,O, spinel.

The potential reduction in carbon dioxide emissions was
calculated. The efficiency of the electric arc furnace was
assumed to be in the range 40-75% [79], which would be
the energy source replaced by the solar energy. The plant
sizes were assumed to be of 1000, 5000 and 25,000 tons
MgAl,O, spinel per year, in agreement with the reference
plant production sizes proposed by Meier and colleagues
[76] for limestone calcination. Moreover, the carbon inten-
sity of electricity in Spain in 2022 was 217 g CO,./kWh,
according to the Energy Institute Statistical Review of World
Energy. Results of the carbon dioxide avoidance are col-
lected in Table 8. It is possible to see that the utilization of
concentrated solar energy in the production of MgAl,O, spi-
nel would promote a significant reduction in the greenhouse

gas emissions and can contribute to the energy transition in
the field of raw materials production for the manufacture of
advanced ceramics.

Conclusions

The synthesis of ceramic materials still involves processes
that generate significant quantities of greenhouse gases, thus
contributing to the climate change. Within this context, solar
energy, when it is adequately concentrated, emerges as a
suitable alternative for high temperature processes. There-
fore, this renewable energy source has been applied in the
synthesis of MgAl,O, spinel, where the source of alumina
was a residue from the aluminum metallurgy called Bayer
process electrofilter fines.

Table 8 Carbon dioxide emissions avoidance considering the data collected in Table 7

Efficiency (%) Canada Ireland Spain
Energy demand (theoretical) 3159.1 2569.2 2711.6
(kI/kg)
Energy demand (real) (kJ/kg) 40 7897.8 6423.0 6779.0
75 4212.1 3425.6 3615.5
Plant size (t/y) Energy demand (kWh)
1000 40 2,193,835.1 1,784,168.1 1,883,057.1
75 1,170,028.7 951,556.3 1,004,306.4
5000 40 10,969,175.4 8,920,840.5 9,415,285.3
75 5,850,143.6 4,757,781.6 5,021,531.8
25,000 40 54,845,877.2 44,604,202.4 47,076,426.6
75 29,250,717.8 23,788,907.9 25,107,659.0
Plant size (t/y) CO, emissions avoidance (t/y)
1000 40 476.1 387.2 408.6
75 253.9 206.5 217.9
5000 40 2380.3 1935.8 2043.1
75 1269.5 1032.4 1089.7
25,000 40 11,901.6 9679.1 10,215.6
75 6347.4 5162.2 5448.4
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The synthesis of the spinel was conducted in very short
times, not exceeding the 5 min under the action of the solar
beam. The solar spot was at temperatures clearly exceeding
1700 °C, as it was reported by mathematical simulations,
which is sufficient for the formation of the compound. The
formation of the MgAl,O, spinel occurred partially through
an intermediate process of decomposition of the gibbsite.

The fine particles of the residue together with the high
heating rates and the water content produced certain mass
losses that in a possible industrial process could be collected
and sent back to the beginning of the treatment. Within this
context, the direct application of the solar energy might be
a technology that imitates the processes conducted in the
electric arc furnaces in terms of direct application of the
heat, although the processing of powders in indirectly solar
heated furnaces might be a suitable alternative to directly
process powder and reduce even more the processing times.

There is neither difference in terms of crystallinity nor
phases when considering the three residues: Canada, Ireland,
and Spain. The direct application of the solar radiation to the
sample and the temperatures in excess to those required for
the synthesis of the spinel hinder the possible influence of
impurities in terms of reducing the synthesis temperature.

Three different scenarios were analyzed to evaluate the
potential reduction in the carbon dioxide emissions. The val-
ues ranged from the 200 t/year in the case of small plants
(1000 tons/year) to 12,000 t/year in the case of commercial
plants (25,000 tons/year). This also translates into econom-
ics in terms of reducing the impact of the CO, emissions
taxes.
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metal smelting) of the refractory resulting from operation under extreme conditions, which
requires year by year, from large amounts of money for maintenance or total replacement
of damaged refractory linings.

Silicomanganese (17-20% Si and 1.5-2.0% C) is mainly consumed in electric arc fur-
nace steel production [7-10]. Its utilization is expected to advance at a faster rate than
ferromanganese and ferrosilicon because it adds less phosphorus, carbon, aluminum, and
nitrogen [7-10] to the steel. It is also an effective deoxidizer, which results in cleaner steel.
Low and ultra-low carbon silicomanganese alloys (26-31% Si and 0.05-0.5% C) are used in
the manufacture of stainless steels and special steels [7-10].

Silicomanganese alloy is produced by carbothermal reduction in raw materials (man-
ganese ores, quartzite, (Fe)Si-remelts, coke (1.5-2%), and high carbon ferromanganese
production slag (35-45% MnO), since both types of alloys are produced in the same factory)
in a Submerged Arc Furnace (SAF) at temperatures within 1600 °C and 1700 °C [11]. One of
the critical issues during the silicomanganese production is the refractory lining damage in
the tap-hole area and the furnace hearth due to the wear and chemical corrosion caused by
molten metal and slag [11], which involves a non-smooth production process and economic
and environmental impacts resulting from the periodic replacement of the refractory. Silico-
manganese slag (around 1225 kg slag per ton) is disregarded when it contains 6 to 12% of
dissolved MnO, where the other main constituents are SiO; (38-44%), CaO (20-35%), MgO
(5-15%), and Al,O3 (10-25%). Within this context, little literature is available about the
deterioration of the refractories in the presence of silicomanganese slag, and this is limited
to SiC-based and C-based refractories [11-14]. However, the improvement of refractories
for the SiMn alloy production is essential due to the technological importance (23.5 Mt are
expected for 2025) of this material alloy in the steelmaking process [7-10].

Historically, MgO-based refractories have fulfilled the requirements of the metallur-
gical and steel industries. The addition of different additives, particularly oxides, has
been subject of research for more than 10 years. C [15-17], Al,O3 [18], Cr,O3 [19-21],
MgAl204 [22,23], ZI‘SIO4 [24], ZI‘OZ [25], T102 [26], FeAle4 [27], or CaZrO3 [28] were
added to improve the properties of MgO-based refractories, and considering nanoparti-
cles, it is possible to point out Fe,O3 [29,30], Al,O3 [30-32], ZrO; [33,34], ZrSiOy [35,36],
C [37,38], MgAlL,O4 [39], TiO; [40,41], CryO5 [42,43], and SiO; [44].

This manuscript presents an innovative study about the behavior of MgO reinforced
with ZrO, nanoparticles in the presence of silicomanganese slag. The influence of different
contents of ZrO; nanoparticles (0, 1, 3, and 5 wt.%) is discussed together with the effect
of the method of obtaining the green compacts (cold uniaxial pressing or cold uniaxial
pressing and cold isostatic pressing) and also the sintering temperature (1550 °C or 1650 °C).
The results of this research work could represent a potential benefit for the industry of
SiMn alloy production from the environmental and economic points of view.

2. Materials and Methods
2.1. Materials

Sintered magnesia (MgO) with an average particle size < 45 um (98.5% MgO, 1% CaO,
0.2% SiOy, 0.15% Al O3, 0.13% Fe;O3, 0.01% B,03, 3.48-3.52 g/ cm?® bulk density, supplied
by Grupo Pefioles company (Laguna del Rey, Coahuila, México) was used as starting
material. It is well known that the fine fraction is considered the weakest constituent of a
refractory matrix. Therefore, it has to be reinforced by a strong bond development. The
bonding strength represents one of the main microstructural characteristics contributing to
the reliable refractory matrix establishment. Increasing the bonding strength, the resistance
against many kinds of stresses during the performance, and structural spalling would be
improved. Fine fraction study is important since it is the one that has the highest reactivity
in a refractory system. Besides, the aggregates are the main refractory constituent that
supports the mechanical, thermal, and chemical changes in a system. On the other hand,
there are many studies focused on the fine elements of a refractory (matrix and bonding
structure), as was cited below. Through these studies, it was found that reducing the
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particle size (<45 um) helps the thermal sintering process by improving the morphology
and microstructure of sintered composites with a beneficial impact on the mechanical,
physical, and chemical properties [17,28,30,34].

High purity zirconia (ZrO,) nanoparticles (<100 nm, >99.9% purity, 5.89 g/cm? rela-
tive density, >25 m?/g specific surface area, supplied by Skyspring Nanomaterials Inc.,
(Houston, TX, USA) were also used as starting raw material. ZrO, nanoparticles used
in this manuscript had a monoclinic structure. Zirconium oxide (ZrO;) is a phase that
characterizes by exhibiting three polymorphic transformations. It is monoclinic from room
temperature up to 1170 °C, tetragonal from 1171 °C to 2370 °C, and cubic above 2370 °C and
until the melting point (2715 °C). It is well known that there are several phases that, as the
MgO, Ca0O, and Y;0O3 are adequate to stabilize a single crystalline structure of ZrO,, that is
to say, they would remain with a certain crystalline structure form from room temperature
to the melting point. Thus, without polymorphic changes (monoclinic-tetragonal-cubic, or
vice versa) and, therefore, volume changes that could involve cracks in the parts.

Silicomanganese slag from the metallurgical process was used to assess the chemical
resistance of experimental refractory compositions (wt.%): 26.88% SiO,, 24.85% CaO,
24.56% MnO, 12.41% Al,O3, 4.55% MgO, 1.21% BaO, 0.76% NayO, 0.80 K,O, and balanced
others (Fe, P, Ti, Sr). Silicomanganese slag was milled and screened to <38 pm. The slag
chemical composition was determined by an Axios, a PANalytical wavelength-dispersive
X-ray fluorescence spectrometer (Servicios Cientifico-Técnicos, Universidad de Oviedo,
Oviedo, Asturias, Spain) with an Rh-anode X-ray tube as a radiation source (4 kW as
maximum power). Samples were measured in a vacuum with a 15-50 eV energy resolution.
For the quantitative analysis of the spectra, the Omnian software was used.

The slag is considered basic when BI > 1 considering the basicity index BI = (% CaO +
% MgO)/ (% SiO,) [45,46]. Therefore, the SiMn slag is a basic slag (1.09), so the chemical
compatibility with MgO-based refractories is high.

2.2. Sample Preparation

Weight percentages of ZrO, nanoparticles were added to magnesia powders consider-
ing the following relation: (100 — X) wt.% MgO + X wt.% of ZrO,, where X =0, 1, 3 and 5.
Table 1 shows the experimental design and physical properties carried out in this research.
Bulk density and porosity tests were developed in accordance with the ASTM-C830-00
Standard and as described in the same standard [45].

The nanoparticle’s dispersion was obtained using Zephrim PD3315 as a dispersant
and acetone as a dispersion medium. A 1/10 ratio (nanoparticles/dispersant) was used.
Afterward, the powders with the specific nanoparticle concentration and ethylene glycol
(2 wt.% of the total mass) as a binder were mixed for 15 min by a mechanical method using
an Alghamix II-Zhermack mechanical mixer (Facultad de Ingenieria Mecénica y Eléctrica,
San Nicolds de los Garza, Nuevo Leén, México) at 100 rpm to obtain a suitable homogeneity.

Then, the resulting powder mixtures were formed in green cylinder samples (25 mm in
diameter and 30 mm in height) using two options: cold uniaxial pressing (CUP) at 100 MPa
for 2 min; cold uniaxial pressing (CUP) at 100 MPa for 2 min and cold isostatic pressing
(CIP) in an autoclave (Autoclave Engineers, Inc. P-419 (located in Centro de Investigacion
en Nanoteriales y Nanotecnologia (CINN), L’Entregu, Asturias, Spain) at 200 MPa for
5 min.

All the experimental samples were dried in a muffle (Departamento de Ciencia de los
Materiales e Ingenieria Metalurgica, Escuela de Minas, Energia y Materiales, Universidad
de Oviedo, Oviedo, Asturias, Spain) at 250 °C for 24 h to evaporate moisture. After
the drying process, sintering was carried out in a Lindberg Blue M /1700 Thermo Fisher
Scientific electric furnace (Escuela Politécnica de Mieres, Universidad de Oviedo, Mieres,
Asturias, Spain) using a heating rate of 5 °C/min with a dwell time of 4 h at maximum
temperature (1550 °C or 1650 °C, depending on the sample). Cooling down to room
temperature was carried out in the furnace.
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Table 1. Sintering temperature, pressing method (cold uniaxial pressing (CUP) or cold uniaxial
pressing (CUP) + Cold Isostatic Pressing (CIP)), batch composition and physical properties of sam-

ples analyzed.
Sintering Batch Composition Physical Properties
Temperature Simple ZrO; Nanoparticles MgO Density . 7o

Code (Wt.%) (WE.%) (g/cm®) Porosity (%)

XL1 0 100 2.62 28.46

o XL2 1 99 2.66 27.21

1550 °C XL3 3 97 2.88 20.83

XL4 5 95 2.89 20.90

XL5 0 100 2.67 27.03

XL6 1 99 2.67 26.79

o CUP + CIP

1550 °C XL7 3 97 2.90 19.69

XL8 5 95 2.90 20.24

XL9 0 100 2.65 27.54

1650 °C XL10 1 99 2.83 21.73

6 XL11 3 97 2.95 18.27

XL12 5 95 3.01 17.22

XL13 0 100 2.71 26.25

° CUP + CIP XL14 1 99 2.88 20.57

1650 °C XL15 3 97 2.99 16.43

XL16 5 95 3.06 14.49

2.3. Methods

2.3.1. Microstructural Analysis

The microstructural analysis was carried out using a Philips X'Pert diffractometer
(Servicios Cientifico-Técnicos, Universidad de Oviedo, Oviedo, Asturias, Spain) equipped
with Cu anode tube and K«1 radiation (A = 1.54056 A) to investigate the crystallographic
information, in the range of 20 from 15° to 90° at a scan speed of 1°/s. Data analysis
and the peak profile fitting were carried out using the XPowder program. The main
crystalline phases of the silicomanganese slag are gehlenite (Cap Al(SiAl)O7), kirschsteinite
(CaFe?*Si0y), and fukalite (Cay[SipOg][CO5](OH),) with an average phase percentage of
around 22%. Melilite phase (Ca, Na), (Al Mg) (Si, Al),O7) represents a phase percentage of
14%, and other phases that represent less than 10% were detected (rhodochrosite—MnCOj3,
goethite—(o-Fe3*O(OH), tephroite—Mn,SiO4 and mozartite—CaMn?>*(SiO4)(OH)).

2.3.2. Morphological Analysis

The morphological analysis of the MgO refractory reinforced with ZrO, nanoparticles,
sintered at 1550 °C and 1650 °C, was carried out by a JEOL-6610LV scanning electron
microscopy (Servicios Cientifico-Técnicos, Universidad de Oviedo, Oviedo, Asturias, Spain)
equipped with an electron disperse X-ray spectroscopy (EDX) detector (Inca energy-200).

2.3.3. Mechanical Properties

Mechanical resistance of the composites was determined by cold crushing strength in
specimens of sintered samples corresponding to cylindrical specimens with a diameter of
24 mm and a height of 11 mm.

An ELE-INTERNATIONAL hydraulic universal press machine (Departamento de
Ciencia de los Materiales e Ingenieria Metalurgica, Escuela de Minas, Energia y Materiales,
Universidad de Oviedo, Oviedo, Asturias, Spain), model ABR-AUTO with a maximum
load set at 200 tons, was used for the evaluation. The compressive load was applied parallel
to the cylindrical samples at a speed of 50 kgf/s and at room temperature.
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2.3.4. Chemical State Analyses

The elemental composition and oxidation state analyses of sintered samples were
carried out by a Thermo Scientific X-ray photoelectron spectroscopy (XPS, Facultad de Inge-
nierfa Mecanica y Eléctrica, San Nicolas de los Garza, Nuevo Le6n, México) using a K-alpha
X-ray photoelectron spectrometer system. The samples were excited by a monochromatized
Al K X-ray radiation of energy of 1486.6 eV.

Cleaning by a soft surface etching step was performed to remove superficial impurities
from the sample during the analysis. Binding energies of all the peaks were corrected
using C 1 s energy at 284.6 eV corresponding to adventitious carbon. Moreover, the charge
compensation was corrected by the flood gun associated with the spectrometer. The peaks
were deconvoluted using a Shirley type background calculation and peak fitting using the
Gaussian-Lorentzian sum function.

2.3.5. Chemical Properties

A measurement of slag penetration by a static corrosion test (finger test method) was
performed to determine the chemical resistance of the sintered refractory samples against
SiMn slag corrosion. The test consists of drilling a hole (~3.5 mm in diameter with 2.5 mm
in depth) in the center of the upper face of the cylindrical sample and filling it with powder
slag (5 g). The sintered samples analyzed in this chemical test were 25 mm in diameter
and 6 mm in height. The experiment was carried out in an electric furnace for 4 h at
1550 °C. Both the heating and cooling rates were 5 °C/min. Afterward, samples were
transversely cut using a diamond disc. After cutting, the surfaces of interest were polished
for microscopy evaluation.

Figure 1 shows a scheme of the slag penetration analysis carried out in the refractories.
Points A, B, and C represent zones where the morphological analyses by SEM were carried
out. These zones correspond to the slag zone (top area), interphase slag/refractory (middle
area), and the refractory zone (bottom area). The dotted red line indicates the path followed
in all the samples corresponding to the chemical semi-quantitative analysis of elements
(wt.% ) by the EDX technique.

B mm

25 mm

Figure 1. Scheme representing the chemical resistance test of silicomanganese slag on refractory
samples where: A = slag zone, B = slag/refractory interface, and C = refractory zone.

3. Results and Discussion
3.1. Microstructural Analysis

Figure 2 shows the XRD patterns of the reference sample (100 wt.% of MgO) and the
MgO sample containing 5 wt.% of ZrO, nanoparticles. This XRD analyses compare the
influence of the sintering temperature (1550 °C and 1650 °C) as well as the effect of the
method of obtaining the green compacts (CUP or CUP + CIP). These two compositions
were chosen as the most representative to identify the crystalline phases in the samples.
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Figure 2. XRD pattern of the sample 100 wt.% MgO (brown and blue line, 2 and 4) and MgO sample
containing 5 wt.% of ZrO, nanoparticles (red and pink line, 1 and 3) sintered at 1550 °C and 1650 °C,
pressed by: (a) Cold uniaxial pressing (CUP) and (b) cold isostatic pressing after cold uniaxial
pressing (CUP + CIP).

As can be observed, the reference samples (100 wt.% of MgO) exhibited in all condi-
tions the same crystalline phase (2nd and 4th diagrams), corresponding to periclase ICDD
45-0946). The patterns show the characteristic peaks located in 20 equal to 36.93°, 42.91°,
62.3°, 74.64°, and 78.63° with preferential orientations in the crystallographic planes in
(111), (200), (220), (311), and (222), respectively.

Meanwhile, samples with 5 wt.% of ZrO, nanoparticles (1st and 3rd diagrams) display
diffraction planes corresponding to magnesium oxide (MgQO) (ICDD 45-0946). Moreover,
the zirconium oxide phase (ZrO,) (ICDD 50-1089) is identified in 26 equal to 30.27°, 35.25°,
50.37°, and 60.20° with planes diffracted in (011), (110), (112), and (121). Moreover, it was
observed in this research that the ZrO, nanoparticles were completely surrounded by MgO
particles (matrix constituent). In agreement with the MgO-ZrO, binary diagram, the ZrO,
tetragonal phase admits 10% of MgO, and the cubic phase admits up to 27% MgQO in solid
solution. Thus, there was a change from monoclinic to tetragonal when the composites
were sintered at 1600 °C, and this crystallographic change was maintained down to room
temperature as the MgO acted as a stabilizer. This can be checked in the X-ray diffraction
results in Figure 2 as with 5 wt.% of ZrO,, peaks corresponding to the tetragonal ZrO, were
observed (ICDD 50-1089). Small peaks with low-intensity corresponding to the calcium
zirconate phase (CaZrOs) (ICDD 35-0790) were detected. This phase is attributed to the in
situ reaction between CaO (phase detected as an impurity of MgO) and the additions of
ZrO, nanoparticles.

3.2. Morphological Analyses

Figure 3 shows scanning electron microscope images of the reference sample (100 wt.%
of MgO) and of the sample with 5 wt.% of ZrO, nanoparticles formed by CUP or CUP + CIP
and sintered at 1550 °C or 1650 °C.
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Figure 3. SEM images. (a,b) 100 wt.% MgO samples and (c,d) specimens MgO containing 5 wt.% of
ZrO, nanoparticles, all sintered at 1650 °C. (e,f) 100 wt.% MgO and (g,h) MgO containing 5 wt.%
of ZrO; nanoparticles, all sintered at 1550 °C. (i) shows the shape of each of the phases identified
as point 1 (CaO), point 2 (CaZrOs), point 3 (ZrO,). (a,c,e,g) correspond to samples pressed by CUP.
(b,d,f,h) correspond to samples pressed by a CUP + CIP.

Figure 3a,b shows the microstructures of MgO samples formed by CUP or CUP + CIP
(XL9 and XL13 samples, sintered at 1650 °C, respectively), where MgO grains (dark gray
phase) and small CaO particles (blurred white color phase with a particle size ~3 pm) are
observed. The MgO aggregates (10 to 40 um in size) have an angular morphology, while
the MgO particles that form the matrix have a quasi-spherical morphology (<5 pum in size).
The CaO particles also have an angular morphology.

Figure 3c,d shows the microstructures of the sample with 5 wt.% of ZrO, nanoparti-
cles formed by CUP or CUP + CIP techniques and sintered at 1650 °C (XL12, and XL16
samples, respectively). Three main phases corresponding to magnesia (MgO), zirconia
(ZrO,) (circular morphology, bright, intense white color with a particle size < 3 um), and
calcium zirconate (CaZrOs) (rounded light gray particles with a particles size around 5 um),
were observed. As can be observed, ZrO, nanoparticles and CaZrOj3 particles are at the
grain boundaries and triple points. This microstructural characteristic might lead to the
development of a pinning effect that allows not only to reduce the porosity but also to
increase the density. The XL16 sample (Figure 3d) developed the highest density value
(3.05 g/cm?) and the lowest porosity percentage (14.48%).

Figure 3e,f, corresponds to the microstructure of MgO samples sintered at 1550 °C
(formed by CUP or CUP + CIP techniques, respectively), where MgO grains (dark gray
phase) have an irregular shape. Moreover, some CaO particles (soft gray phase) are
observed as impurities from raw material. In both microstructures (XL1 and XL5 samples),
it is evident a deficit of cohesion between particles develops a dense matrix. This feature
opens the opportunity to use a bond phase that allows a better cohesion between particles.

Similar microstructural characteristics were observed in 100 wt.% MgO samples sin-
tered at 1550 and 1650 °C. The highest density (2.71 g/cm?) and the lowest porosity (26.24%)
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were reached by the XL13 sample (100 wt.% MgO) formed by CUP + CIP and sintered at
1650 °C.

Figure 3g,h shows the microstructure of the MgO sample with 5 wt.% ZrO, nanoparti-
cles formed by CUP or CUP + CIP techniques and sintered at 1550 °C (XL4 and XL8 samples,
respectively). The microstructural analysis revealed the same phases as those identified in
the samples sintered at 1650 °C, i.e., MgO, ZrO,, and CaZrO3;. However, the presence of
CaZrOj; is lower compared with the samples sintered at 1650 °C. The ZrO; nanoparticles
and CaZrOj particles are also located at the grain boundaries and triple points. Figure 3i
shows the shape of the phases detected in the XL4 sample: Point 1: Ca0, it is possible to
see that they are bigger than the nanoparticles, and they appear in blurred white color.
Point 2: CaZrQO;3, this phase appears with acicular shape with a color intermediate between
the bright, intense white points of ZrO, and the blurred white color of the CaO. Point 3:
ZrO, nanoparticles, circular morphology, bright, intense white color.

The difference in density and porosity between the MgO sample that contains 5 wt.% of
ZrO; nanoparticles sintered at 1550 and 1650 °C (formed by CUP or CUP + CIP techniques)
is remarkable. The combined effect of temperature and forming method leads to higher
densification and higher reduction in porosity. Besides, a pinning effect through the
addition of ZrO, nanoparticles might contribute to reaching a higher density and an
effective porosity reduction.

In general, some mechanisms might promote the densification of the MgO microstruc-
ture through the addition of ZrO, nanoparticles [47]: (i) an in situ CaZrO3 phase formation
with a higher density (4.95 g/cm?) than that of the matrix of MgO (3.58 g/cm?), (ii) the
development of a ceramic bonding through the CaZrOs3 formation, (iii) a pinning effect
due to the specific location of ZrO, and CaZrOs at the grain boundaries and triple points.
It is well known that the pinning effect contributes to the porosity elimination, and thus
higher densification is obtained. The pinning effect (through ZrO, and CaZrO3) avoids the
grain boundary movement, allowing the porosity elimination. However, that phenomenon
does not mean that the grain size cannot grow since all that is happening during sintering
is cohesion between particles that leads to the grain growth. That is why MgO grains grow
through the pinning effect. Below we demonstrated this effect graphically. Details of the
mechanism are indicated in Figure 4.
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Figure 4. Influence of ZrO; nanoparticles on the densification of the samples.

3.3. Mechanical Properties

Figure 5 shows the variation in the cold crushing strength of the magnesia samples re-
inforced with ZrO, nanoparticles (1, 3, 5 wt.%) and the reference sample of MgO (100 wt.%
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of MgO). The increase in the ZrO, nanoparticles content leads to an increase in mechan-
ical resistance since, in all compositions, an increasing tendency in CCS (Cold Crushing
Strength) values can be observed. The sample was made with 100 wt.% MgO formed by
CUP and sintered at 1550 °C (XL1, reference sample) reached a mechanical resistance of
60.94 MPa. The sample with 5 wt.% of ZrO, nanoparticles formed by CUP and sintered
at 1550 °C reached the maximum value of CCS (180.32 MPa, corresponding to the XL4
sample), with an improvement of 66.2% with respect to the reference sample of 100 wt.%
MgO, curve 1. Meanwhile, the samples formed by CUP + CIP and sintered at 1550 °C
(curve 2) were more sensitive to the forming method since 5 wt.% of ZrO, nanoparticles
in the composite resulted in a remarkable improvement of 80.44% with respect to the
reference sample of 100 wt.% MgO (maximum value of 311.61 MPa, corresponding to the
XL8 sample). For the samples formed by CUP and sintered at 1650 °C (XL12 sample), the
maximum CCS value was 318.72 MPa, which corresponds to an improvement of 80.87%
with respect to the reference sample of 100 wt.% MgO. Finally, the highest cold crushing
strength was reached by the sample XL16, which was formed by CUP + CIP and sintered
at 1650 °C, 323.78 MPa, corresponding to an improvement of 80.87% with respect to the
reference sample of 100 wt.% MgO.
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Figure 5. Variations in the cold crushing strength (CCS) of magnesia refractories with different
contents of ZrO, nanoparticles formed by CUP or CUP + CIP and sintered at 1550 °C and 1650 °C.

As it is known, the temperature is the main factor in a ceramic system that leads
to a correct sintering process, thus increasing the mechanical properties among other
properties, as was corroborated in these refractory systems. However, at low sintering
temperatures (1550 °C), it was confirmed that the forming method controls the increase in
mechanical resistance.

In these samples, three mechanisms were present as the concentration of ZrO, in-
creased: (i) a crystalline structure change mechanism with energy absorption, i.e., at a high
concentration of ZrO, nanoparticles, more particles undergo a structural change, which
helps to stop the crack propagation. When a crack approaches a ZrO; particle (tetragonal
zirconia), it is transformed into a new crystalline structure (monoclinic structure) by dis-
placement transformation. This structure change implies energy absorption, causing the
crack to slow down and stop [48].

This transformation is not only induced by temperature change but also occurred by a
diffusionless shear process at near sonic velocities [3,49,50]. (ii) A volumetric expansion
mechanism is believed to be another factor that helps stop cracks. A volumetric expansion
(3-5%) is generated by the ZrO, phase transition from tetragonal to monoclinic. This
transition occurs by displacement transformation induced by pressure [3,51-54]. The
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expansion is carried out in the periphery of the ZrO, particles. Since these particles
increase in volume, they help to deflect or break the cracks [3]. (iii) With an increase
in ZrO, nanoparticles content and with the CUP + CIP method, samples densified with
homogenous pore dispersion into the MgO matrix (isolated pores) were obtained, helping
to increase the mechanical resistance.

3.4. Chemical States Analyses

An XPS analysis was carried out in this work to corroborate the results obtained in
XRD analysis. According to the best results in previous analyses, the samples pressed
by CUP + CIP (XL5, XL8, XL13, and XL16 samples) were studied by XPS high-resolution
spectra after the sintering process (Figure 6). Figure 6a—f corresponds to peaks of the
binding energy of Mg 1's, Ca 2 p, and O 1 s for MgO samples sintered at 1550 °C and
1650 °C, respectively. Figure 6g shows high-resolution spectra of zirconia nanoparticles
powders before being incorporated into the matrix (MgO). In this case, two peaks can be
observed, which are accredited to Zr 3 d components of spin-orbit splitting (three ds/,
and three dj,, orbitals), with binding energies of 181.92 eV and 184.29 eV, respectively.
The energy difference AE, between the Zr 3 d doublets, corresponds to 2.4 eV [55]. The
image inserted in Figure 6g shows the high-resolution O 1 s peaks in the binding energies
at 529.85 eV [56] and 531.02 eV [57,58], corresponding to ZrO, nanoparticles and the carbon
tape, respectively. Figure 6h—o corresponds to high-resolution XPS of Mg 1s, Ca2 p, O
1s, and Zr 3 d for samples with 5 wt.% of ZrO, nanoparticles sintered at 1550 °C and
1650 °C, respectively.
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Figure 6. XPS high-resolution spectra of (a) Mg 1s, (b) Ca 2 p, and (c) O 1 s of MgO sintered a 1550 °C,
(d)Mg1s, (e) Ca2pand (f) O1s of MgO sintered a 1650 °C. Spectra in (g) correspond to Zr 3 d for
nanoparticles of ZrO,. The image in the inset in (g) shows two peaks; one corresponds to the O 1 s
spectra of nano-ZrO, (higher peak) and the other to C 1 s corresponding to carbon tape. (h-o0) Spectra
of Mg 1s,Ca2p,O1s,and Zr 3 d correspond to samples with 5 wt.% of ZrO, nanoparticles sintered
at 1550 °C and 1650 °C, respectively.

The deconvoluted core-level spectrum of Figure 6a,d,h,1 corresponds to peaks of the
binding energy of Mg 1 s of the MgO and Mg(OH); phases. The corresponding binding
energy for MgO (red line) was 1303.76, 1304.01, 1303.99, and 1303.56 eV. Meanwhile, the
binding energy of Mg(OH), (blue line) was detected at 1302.99, 1303.02, 1302.81, and
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1302.90 eV. This phase was detected due to a reaction on the sample surface with the
environment humidity.

The deconvoluted core-level spectrum of Figure 6b,e,i,m corresponds to peaks of
the binding energy of Ca 2 p of the CaO phase, identified by green lines. In the samples
with ZrO, nanoparticles at 1550 °C and 1650 °C (Figure 6i,m), a chemical shift towards
lower binding energies was evident in comparison with those obtained in samples of MgO
(Figure 6b,e) sintered at 1550 °C and 1650 °C, respectively. The above is attributed to
the formation of the CaZrO3; phase with binding energies at 347.20 (2 p3,») and 350.81
(2 p1/2) at 1550 °C, and 347.25 (2 p32) and 350.88 (2 p1/2) eV at 1650 °C. These results agree
with binding energies values reported in other works [59,60]. XPS analysis confirmed the
presence of CaZrOs formed in the sample when the ZrO, nanoparticles were added, as was
observed in XRD analyses [42]. The energy difference (AE) was ~3.6 eV and corresponded
to Ca 2p doublets, which agrees with the literature [60]. The CaO is an impurity in the
raw material that reacts with the ZrO; to form CaZrOj; in MgO samples containing ZrO,
nanoparticles [3,47].

Figure 6¢ f,jn shows the deconvolution of binding energies of O 1 s for MgO (Figure 6¢,f)
and MgO containing 5 wt.% of ZrO, nanoparticles (Figure 6j,n), each sintered at 1550 and
1650 °C. In general, three peaks associated with the phases MgO, Mg(OH),, and CaO
phases are observed. However, with ZrO, nanoparticles, two more peaks corresponding to
ZrO; and CaZrOj3 (violet and brown line, respectively) are observed. The different binding
energies values of O 1 s eV peaks of MgO, Mg(OH),, CaO, ZrO;, and CaZrO; phases are
listed in Table 2. Besides, a comparison is made with those values found in the literature.

Table 2. Binding energy corresponds to O 1 s eV peaks of MgO, Mg(OH),, ZrO,, CaO, and CaZrOj3
phases for samples of 100 wt.% MgO sintered a 1550 °C (XL5) and 1650 °C (XL13), samples of MgO
containing 5 wt.% of ZrO, nanoparticles sintered at 1550 °C (XL8) and 1650 °C (XL16).

O1lseV
Sample
MgO Mg (OH), ZrO, CaO CaZrOj3
2102 529.85
nanoparticles
XL5 531.4 531.16 530.49
XL8 530.64 531.69 529.97 532.96 532.1
XL13 531.73 531.09 529.82
XL16 531.16 531.54 530.15 532.58 532.2
531.15 [58],
From the 5;’51'2[5[755;%] 531.5 [58], gﬁ;; {gg} 53010 [64],  531.9[65],
literature 53'1 2 [6,1] ! 531.6 [61], 530'0 [63]’ 532.5 [59]. 532.2 [59]
’ ' 532.5 [58], ' ‘

Figure 6k,0, shows the deconvolution of the Zr 3 d core level spectrum for the sample
with 5 wt.% ZrO;. A doublet in their high-resolution spectra due to spin-orbital coupling
is shown. The binding energies correspond to 181.15 (Zr 3 ds5/,) and 183.42 eV (Zr 3 d3,,)
(Figure 6k) for samples sintered at 1550 °C and 181.23 (Zr 3 d5 ;) and 183.69 eV (Zr 3 d3 ;)
(Figure 60) for samples sintered at 1650 °C. The energy difference (AE) between the peaks
is ~2.4 eV, which completely agrees with the raw material analyzed of ZrO, nanoparticles
(Figure 6g).

Table 3 presents the XPS binding energies for high-resolution analysis of Mg 1's, Ca
2 p, and Zr 3 d of each sample analyzed.

In summary, the changes in chemical states in the elements (Mg, Ca, O, Zr) of the
analyzed samples were identified by the XPS technique. The major change was detected in
Ca, O, and Zr due to the CaZrO; phase formed during the sintering process. According
to the literature in Table 2, the bond energies detected in 532.2 and 532.1 eV for oxygen
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represents the formation of the CaZrO3 phase. Meanwhile, the Ca and Zr displayed shifts
towards lower bond energies corresponding to a reduction in each element.

Table 3. Binding energy corresponds to Mg 1's, Ca 2 p, and Zr 3 d of MgO, Mg(OH),, CaO, CaZrO3,
and ZrO,; phases, corresponding to samples of 100 wt.% MgO sintered a 1550 °C (XL5) and 1650 °C
(XL13), MgO containing 5 wt.% of ZrO, nanoparticles sintered at 1550 °C (XL8) and 1650 °C (XL16).

MglseV Ca2peV Zr3deV
Sample
MgO Mg(OH)z CaO 2P1/2 CaO 2P3/2 ZI’OZ 3d3/2 ZI‘Oz 3d5/2
210, 184.29 18192
nanoparticles

XL5 1303.76 1302.99 351.00 347.40

XL8 1303.99 1302.81 350.81 347.20 183.42 181.15

XL13 1304.01 1303.02 350.98 347.30

XL16 1303.56 1302.90 350.88 347.25 183.69 181.23

1301.1 [57],

From the 1 3133 ?;'?5[76 (%]é] 1301.98 [58], 31%87[?24]1] 346.5 [59], 183 [59], 181.1 [70],
literature 1303.4 [67]. g(());; [[ggl], 351.0 [59,60]. 347.7 [59]. 184.9 [69]. 182 [63].

3.5. Chemical Properties
3.5.1. MgO Sample Tested with Silicomanganese Slag

Figure 7 shows the morphological analysis of the XL13 sample once it was chemically
attacked with silicomanganese slag. The XL13 sample corresponds to MgO formed by
CUP + CIP and sintered at 1650 °C. Moreover, a graph corresponding to the concentration
of silicomanganese slag elements as a function of the penetration distance is plotted. As
a guidance, a schematic representation of the cross-cut section of the specimen used for
chemical analysis is observed.

Figure 7a shows the SEM micrograph corresponding to the upper area of the sample
(lateral wall of the hole) where the slag was placed. Strong adhesion of silicomanganese
slag to the MgO grains is observed, as indicated by the crusts shown in the image. Figure 7b
shows the interface between magnesia refractory/silicomanganese slag, where the first
contact between MgO grains and slag is displayed. A dense microstructure can be observed
due to a slag infiltration into the pores.

Figure 7c corresponds to the sample’s lower area, where silicomanganese slag penetra-
tion into the matrix can be observed. The slag is located both at the grain boundaries and
triple points. The results of the semi-quantitative analysis (EDX) are presented in Figure 7d.

The plotted graph shows the concentration of slag elements associated with the slag
(Mn, Ca, Si, and Al) ordered from highest to lowest traces as a function of the penetration
distance concerning the height of the sample (6 mm). The letters marked as A (upper area
of the sample), B (interface, magnesia refractory /silicomanganese slag), and C (lower area
of the sample) and the red dotted lines on the graph correspond to the place (distance from
y = 0) where the morphological SEM study of the samples was performed. A concentration
of 1.11% of slag elements was detected at 181 pm from the bottom of the sample. Likewise,
another significant concentration of 7.26% of slag elements was observed at around 763 um
to the bottom of the sample. The slag concentration was 7.63% at a distance from 1927 um
to 3381 um to the bottom of the sample. This zone represents the boundary between
MgO grains and the bottom of the hole where the silicomanganese slag was placed. The
slag concentration decreased (~2.94%) due to a slag penetration towards the bottom and
walls of the refractory at the zone covered by the hole (3490 um to 6000 pm distance).
Figure 7e shows the cross-section sample and the zones where the SEM micrograph analyses
were made (indicated by letters A, B, and C). The path followed to perform the chemical
microanalysis by EDX is indicated by the dotted red line.
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Figure 7. (a—c) SEM images of 100 wt.% MgO sample sintered at 1650 °C and chemically attacked
with silicomanganese slag. (d) The concentration of silicomanganese slag elements as a function of
the penetration distance. (e) Schematic representation of the cross-cut section of the sample used for
chemical analysis.

3.5.2. MgO Containing 5 wt.% of ZrO, Nanoparticles Tested with Silicomanganese Slag

Figure 8 shows the morphological analysis of the sample XL16 chemically attacked
with silicomanganese slag. The sample XL16 corresponds to the MgO sample that contains
5 wt.% of ZrO, nanoparticles formed by CUP + CIP and sintered at 1650 °C. The graph
corresponding to the concentration of silicomanganese slag elements as a function of the
penetration distance is also plotted. A schematic representation of the cross-cut section of
the specimen used for chemical analysis is observed.

In Figure 8a, the wall of the hole where the silicomanganese slag powders were placed
to carry out the chemical corrosion analysis is observed. The image shows the molten slag
strongly adhered to the MgO and ZrO, grains. In some cases, a strong slag adherence
leads to the development of a crust that protects the refractory to direct contact with the
melted slag, gas, and fluxes. Figure 8b shows a micrograph corresponding to the area
below the interface refractory/slag, i.e., the lowest area where the slag was deposited. Slag
penetration was mainly observed at the grain boundaries of magnesia. However, some slag
penetrated closed pores inside the MgO grains, as was observed in the micrograph. Some
agglomerates composed of ZrO, nanoparticles are surrounded by some elements from the
slag (Mn, Ca, Al, Si, Ti). ZrO, nanoparticles might be a barrier at both triple points and
grain boundaries to avoid the advance of the SiMn slag in the refractory. As was analyzed,
no CaZrOj traces were found.
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Figure 8. (a—c) SEM images of the MgO sample that contains 5 wt.% of ZrO, nanoparticles sintered at
1650 °C and chemically attacked with silicomanganese slag. (d) The concentration of silicomanganese
slag elements as a function of the penetration distance. (e) Schematic representation of the cross-cut
section of the sample used for chemical analysis.

This phenomenon can be attributed to a possible interaction between CaZrO3 and the
slag. This reaction might change the slag viscosity that prevents slag penetration, i.e., a
higher viscosity will help to control or stop the slag infiltration, as reported in other CaZrO3
refractory systems [23].

The formation of CaZrO; was not the objective of the present research work. However,
magnesia raw material included CaO among its impurities (up to 1 wt.%), which by reaction
with the zirconia nanoparticles lead to the CaZrO3 formation. CaZrOj is located at the
grain junctions and triple points since ZrO, nanoparticles react with CaO forming CaZrOs;
at these points, also promoted by the utilization of fine particles. The reaction of CaZrOs
formation is widely reported in the literature [71-73]:

On the other hand, calcium zirconate, due to its beneficial properties, such as high melt-
ing point (2345 °C), low linear thermal expansion coefficient (11.05-10% K1), high hardness
(9.5 GPa), low thermal conductivity, high chemical stability, and corrosion resistance to al-
kalis (especially KOH), alkaline earth metals, slags [74-76] and other environments such as
NaVO;-Na;SOy4 mixture [77], can be applied in numerous fields of industry. This chemical
compound is stable up to the temperature of 1800 °C, at which the transformation from
orthorhombic to cubic phase takes place [78]. CaZrOj is also a promising candidate for
use in titanium metallurgy. Meanwhile, CaZrOs is considered a material for refractory
linings in cement kilns when is added to the MgO refractories [28,79,80]. CaZrO3; was
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successfully verified as a competitive refractory material for the melting process of titanium
and the production of cement clinker. However, only a few research works concerned the
interaction of this refractory compound with steelmaking and ironmaking slags.

Although CaZrQOs is stable at 1550 °C in contact with the slag, it is suggested in the
present study (considering the chemical composition of the silicomanganese slag (wt.%):
26.88% SiOy, 24.85% CaO, 24.56% MnO, 12.41% Al,O3, 4.55% MgO, 1.21% BaO, 0.76% NayO,
0.80 KO, and balanced others (Fe, P, Ti, Sr)) that the following products can be formed by
reaction with the metallurgical slag: calcium zirconate (CaZrOs3), zirconium oxide stabi-
lized with Ca?* (ZrO,stab., Zstab.), gehlenite (C;AS), and baghdadite (CazZr[O; | SipO7],
C3ZS;). These phases coexist in the four-component diagram A-C-Z-S (Al,O3—-CaO-ZrO,-
5i0O,) [81]. The suggested reaction is attributed to the exposure time in contact with slag
and the main chemical compounds that constituted the silicomanganese slags.

In Figure 8¢, a slag-free microstructure is observed since, in the EDX analysis, only
MgO and ZrO; are found.

Figure 8d shows the results of the semi-quantitative analysis by the EDX technique.
The plotted graph shows the concentration of slag elements (Mn, Ca, Al, Si, and Ti) ordered
from highest to lowest traces as a function of the penetration distance concerning the height
of the sample (6 mm). The letters (A, B, and C) and red dotted lines on the graph correspond
to the area where the morphological study was carried out on the sample. The analysis
allowed us to observe that there was no slag penetration at the bottom of the refractory
specimen. A slag concentration of 0.85% was detected above 1636 pm concerning the
bottom of the sample.

This concentration might result from the slag infiltration into the residual open pores
after the sintering process. The slag concentration was 3.22% at a distance from 1945 um
to 3109 pm with respect to the bottom of the sample. This concentration might be due to
the slag infiltration through the MgO grain boundaries. At the interface between magnesia
refractory/silicomanganese slag (~3467 pum concerning the bottom of the sample), the
concentration of slag elements was 4.32%. The first contact and infiltration of the slag took
place in this zone of the refractory. The slag concentration was ~11.5% in the wall of the
hole where slag was deposited (at a distance from 3500 um to 6000 um). This value was
higher concerning the sample of 100 wt.% of MgO due to a higher dense refractory matrix
that retained more slag elements in this zone. Figure 8e shows the cross-section sample
and the zones where the SEM micrograph analyses were made, indicated by letters (A, B,
and C). The path followed to perform the chemical microanalysis by EDX is indicated by
the dotted red line.

In summary, the change in slag viscosity (a higher slag viscosity) due to the reaction
between CaZrOj3 and the melted slag is the main mechanism that leads to a decrease in
corrosion attack. Moreover, the addition of ZrO, nanoparticles represents a barrier at triple
points and grain boundaries to avoid the advance of the slag in the refractory. These two
mechanisms help to control or stop the slag penetration.

4. Conclusions

The behavior of MgO ceramics reinforced with ZrO; nanoparticles against SiMn slag
was studied in this manuscript. Different contents of ZrO, nanoparticles (0, 1, 3, and
5 wt.%) were considered, as well as different methods of obtaining green compacts (CUP
and CUP + CIP) and sintering temperatures (1550 °C and 1650 °C).

Three mechanisms promote the densification of the MgO microstructure through the
addition of ZrO, nanoparticles: (i) CaZrO3; phase formation (formed due to in situ reaction
between CaO (1 wt.%) and the ZrO, nanoparticles) with a higher density (4.95 g/ cm?) than
the MgO matrix (3.58 g/ cm?); (i) development of a ceramic bonding through the CaZrO3
formation; (iii) pinning effect due to the specific location of ZrO, and CaZrOj at the grain
boundaries and triple points. The lowest values of porosity (14.485%) and the highest value
of density (3.0599 g/ cm3) were measured in the samples with 5 wt.% of ZrO; nanoparticles
formed by CUP + CIP and sintered at 1650 °C.
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The main change by the XPS technique was detected in Ca, O, and Zr due to the
CaZrOj3; phase formed during the sintering process. The bond energies detected in 532.2
and 532.1 eV for oxygen correspond to the formation of the CaZrOj; phase.

The increase in mechanical resistance for samples with ZrO, nanoparticles is a conse-
quence of this phase. The maximum value of CCS is observed when 5% ZrO; nanoparticles
are added. Samples were obtained by CUP + CIP and sintered at 1650 °C. The value of cold
crushing strength is 80.87% greater than the reference sample with only MgO.

The corrosion resistance is controlled by the CaZrOj3 but also by the decreased porosity,
which difficulties the advance of the slag in the refractory. Similarly, ZrO, nanoparticles
act as a barrier both at the triple points and the grain boundaries, avoiding the advance of
silicomanganese slag in the magnesia refractory.
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ARTICLE INFO ABSTRACT

Keywords:

Selective laser sintering
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Alumina/molybdenum nanocomposites were obtained from alumina and molybdenum particles. Alumina with
different molybdenum contents (0, 1, 2.5, 5, 10 and 20 wt %) was first uniaxially pressed at 100 MPa to obtain
green compacts that were later sintered using a carbon dioxide (COg) laser. Samples were characterized by X-ray
diffraction and Scanning Electron Microscope to evaluate the morphological and microstructural characteristics
of the composites. SEM results show that for mixtures with 1, 2.5, 5 and 10 wt % Mo, metallic Mo appears
dispersed within the alumina grains (grain boundaries and triple points). Nevertheless, for the mixture with 20
wt % Mo, it also appears in the alumina matrix as Mo in triple points and grain boundaries, although MoOs is also
identified (as inclusion). The presence of these phases was confirmed by X-ray Diffraction technique. These
metallic molybdenum particles distributed in the alumina matrix at triple points and grain boundaries promote
the densification of the composite. Metallic molybdenum has also a pinning effect, which drastically affects the
microstructural evolution during the sintering, mainly on the grain size of alumina. The best results were

observed for the composite Al;03-10 wt % Mo, with an average alumina grain size <10 pm and few pores.

1. Introduction

High alumina bricks are widely used in industrial furnaces due to the
great characteristics of high temperature performance, great corrosion
and wear resistances, among others. However, fracture toughness is
sometimes a problem for certain engineering applications. For that
reason, several methods have been proposed to improve the fracture
toughness in ceramics, mainly based on the crack deflection, which can
be made with fibers or whiskers, nacre-like structure or hard second
phases. The incorporation of a second phase, such as metallic particles,
to the alumina matrix has been subject of research for many years [1].
This way, Matteazzi and Le Caér synthesized nanometric a-AlyO3-M
composites, where M was Fe, V, Cr, Mn, Co, Ni, Cu, Zn, Nb, Mo, W, Si
and Fe alloys [2], which were sintered by aluminothermic reduction.
Waku and co-workers also investigated Al,Os-Mo, -Ta, -Nb composites
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prepared by hot pressing [3]. Other composites Al,Os-metal have been
proposed to improve the fracture toughness: AloO3-Ni [4-7] and
Aly,03-W [4,8]. However, molybdenum appears as the metal with the
greatest interest to reinforce alumina ceramics when fracture toughness
is considered. It has been added in the form of metallic powders, MoOs
or Mo fibers [9-11]. Nawa and collaborators sintered Al,O3—Mo com-
posites by hot pressing under vacuum conditions [12]. Wang and co-
authors prepared Al,O3-Mo composites by different methods:
dissolution of MoOs powder in ammonia solution followed by
spray-drying or hot-plate drying before hot pressing under hydrogen
reductant atmosphere; mechanical mixing and hot pressing [13]. Lada
and others prepared Al;03-10 vol % Mo composites by aqueous gel
casting method and sintering in argon atmosphere at 1600 °C for 2 h
with very slow heating and cooling rates [14]. Broniszewski et al. sin-
tered alumina-molybdenum composites from powders by hot pressing at
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1350 °C for 1 h under a pressure of 20 MPa in argon atmosphere [15].
Zygmuntowicz and researchers obtained Al,O3-Mo composites by cen-
trifugal slip casting method and sintering at 1400 °C for 2 h under 20 vol
% H3-80 vol % Ng atmosphere [16]. Several questions arise from the
above-mentioned research: the improvement of the fracture toughness
resulted from both the second phase (molybdenum) on the composite
and the inhibition of the alumina grain growth, and the requirement of
long sintering processes under special atmosphere (in general reductant)
to avoid the oxidation of the molybdenum (to form molybdenum (VI)
oxide (MoO3)), whose boiling point is at 1155 °C.

On the other hand, selective laser sintering (SLS) is a technique that
allows the consolidation of powder layers, sintering layer after layer, to
obtain three-dimensional parts with fine finishes and complex shapes,
being an efficient, economical, high-precision and fast process. Two
different types of lasers are commonly used Nd:YAG and carbon dioxide
(CO3). The type of material that can be studied with each laser mainly
depends on both the wavelength that each laser generates (1.64 ym and
10.64 pm, respectively) and the wavelength that each material can
absorb. Different materials have been treated using laser as heat source
for the selective sintering of metallic, ceramic and polymer powders, or
mixes between them [17-20]. Great part of the studies in the sintering
using laser have focused on the variables that depend on the laser and
have direct influence in the properties of the obtained parts: scanning
speed [21], scan spacing [22,23], energy density [24,25], laser scanning
strategy [26], layer thickness [22,27], laser power [24], particle size and
distribution [28].

There is little research about the selective laser sintering of alumina
parts. Part of this research focuses on the preparation of powders for
later sintering in furnace [29,30]. Regarding direct sintering of alumina
(or alumina with additives) using selective laser sintering, it is possible
to report the research of Fayed et al. [31] that employed Nd:YAG laser to
sinter alumina parts; Shishkovsjy and collaborators reported
alumina-zirconium porous ceramics manufactured by selective laser
sintering using Nd-YAG laser [32]; Subramanian and Marcus sintered
alumina with aluminum by Nd-YAG selective laser sintering with sub-
sequent treatment in furnace at different temperatures and times to
study the effect [33]. Alumina-molybdenum cermet manufactured using
selective laser sintering was not yet reported in the literature.

Despite the significant interest of the alumina-metal composites to
obtain alumina-base refractories with improved the fracture toughness
(and flexural strength), and the potential advantages of laser sintering
technique related with the economization of the processing time, this
technique has not been already applied to manufacture such composites.
This way, considering the high melting points of the considered mate-
rials (Aly03, 2072 °C; Mo, 2623 °C), a heating source as the CO; laser
was employed. Therefore, we present in this manuscript novel research
about the utilization of the selective laser sintering to obtain alumina-
Mo composites. The influence of the molybdenum content (0, 1, 2.5,
5, 10 and 20 wt %) on the microstructure and morphology of the
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composite was studied when the green compacts were irradiated with
carbon dioxide laser.

2. Experimental
2.1. Raw materials and sample preparation

Powders of aluminum oxide (Al;O3, 99.9% purity, J.T. Baker) and
molybdenum (Mo, 99.9% trace metals basis, Sigma Aldrich) were used
as raw materials. SEM images of the initial powders are reported in
Fig. 1. These images indicate that most of the molybdenum initial par-
ticles are nanometric while the size of the alumina initial particles is in
the range 20-100 pm. Six compositions of AloO3 and Mo samples were
prepared with the objective of studying the influence of the molybde-
num content on the microstructure of the ceramic-metal composite. The
samples were prepared considering the following relation: (100—X) wt.
% Al,O3 + X wt. % of Mo, where X = 0, 1, 2.5, 5, 10 and 20). Once
weighted the starting materials in the above-indicated proportion, raw
materials were loaded in an attrition mill with alumina balls (3 mm in
diameter) in a ratio of 10 to 1 and using isopropyl alcohol as milling
medium. Blending was carried out for 5 h in order to ensure a homo-
geneous mixture. Powder mixtures were treated at 120 °C for 24 h to
remove any traces of alcohol and dry powders were sieved by 180 pm.
Powders mixture (1 g) were uniaxially pressed in a metallic mold to
obtain cylindrical samples of 7 mm in height and 12 mm in diameter
using a pressure of 100 MPa for 2 min. A SEM image of the green

prorveinrE

Fig. 2. SEM image of the green compacts. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 1. SEM images of the initial powders of alumina (a) and molybdenum (b).
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compacts is reported in Fig. 2 to check the difference with the specimen
sintered using laser of COs.

2.2. Laser sintering

Green compacts were sintered by means of a CO laser equipment
(Coherent, Diamond k-150 model with a wave length A = 10.64 pm),
where the laser irradiation was perpendicular to the circular surface of
the samples. The laser nozzle is fixed in this equipment and the sample
was placed on the translation system, which was programmed to move
longitudinally, so a parallel radiation was achieved on the diameter of
the samples. Subsequently, two more irradiation routes were assigned
one next to the other. The sintering resulted on morphological and
microstructural changes of the sample.

The following selective laser sintering parameters were considered in
this investigation: laser power of 79.5 W, spot diameter of the laser beam
of 3 mm and scanning distance of 12 mm. Moreover, the irradiation
power density is Q = 70.29 W/cm? and the translation speed was 1.25
mm/s. There is a distance between the laser nozzle and the surface of the
sample of 35 mm. Green compacts are located on the surface of the
translation equipment and experiments were carried out at room tem-
perature and under ambient atmosphere.

2.3. Characterization

X-ray diffraction technique was used to identify the crystalline
phases at the end of the selective laser sintering process. The equipment
where the diffraction patterns were obtained was a PANalytical EMPY-
REAN diffractometer with a target of metal cobalt (radiation K, =
1.5406 A) operated at 40 kV, 40 mA and an X’Celerator detector in
Bragg-Brentano geometry. The scans were carried out over a 20 range
from 5° to 120° with a step scan of 0.013° and 25.5 s per step in a
continuous mode. Peak fitting was carried out with the commercial
software XPowder12.

3. Results
3.1. X-ray diffraction

Results of the X-ray diffraction analyses of laser sintered samples are
summarized in Fig. 3. The oxidation of molybdenum has been subject of
significant research throughout the years [34,35], because metallic
molybdenum exhibits good mechanical properties at high temperatures
but the resistance to oxidation is really poor. This way, at temperatures
greater than 400 °C oxidizes to form MoOgs, which easily volatilizes

; TR ETIL TR R

fie 1| afdel [ o s r I¥5 17 | g va e dal Ak, 00wt Bla

- | S 8 L L) | | R 1| [ TF | S TP s
=g Ly
,',; T — Iﬁ — =IT____llmbﬁ'___"' Rl 1 3wt Ma
=L |
] i L] LA, & 0F il
g [y | |

i
= —L : _l__-_'.I A i gy e i

" |

= = — | | |_ i1 s,

] et ] I i = () be L] [, 1] [ ] ]
2 Theta degree
Fig. 3. XRD patterns of: (a) Aluminium oxide (Al,03) sample and (b-f) samples

containing 1, 2.5, 5, 10 and 20 wt % of Mo, respectively. At the bottom, the
diffraction patterns of Al,O3, MoO3 and Mo are observed.
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(1155 °C). This is a problem in the manufacture of composites with
molybdenum as this element is lost during their manufacture, as for
instance in the case of graphite-molybdenum composites sintered at
high temperatures (2600 °C [36]). X-ray diffraction analyses suggest
that oxidation of molybdenum for contents <10 wt % is not relevant and
peaks correspond to only molybdenum and aluminum oxide, which
might be associated to the sintering speed. X-ray diffraction analysis of
alumina-20 wt % molybdenum composite indicates the presence of
molybdenum (VI) oxide, which as it is later observed in SEM-EDX ana-
lyses, tends to agglomerate and the pinning effect of the molybdenum
microparticles disappear.

3.2. SEM-EDX

The morphological characterization was performed by Field Emis-
sion Scanning Electron Microscopy (FESEM) using a FEI Nova Nano SEM
200, with an acceleration voltage of 10-15 kV in low vacuum mode and
an Helix detector; additionally, energy dispersive X-ray microanalysis,
EDX (Oxford, model INCA X-Sight) was also carried out for semi-
quantitative chemical microanalysis. Images are collected in Fig. 4. It
is possible to see that molybdenum clearly appears at grain boundaries
and triple points, particularly for the composite Al;03-10 wt % Mo. It is
precisely in this sample where few pores are identified in the micro-
graphs, which suggest high densification rates. In other cases, there are
empty spaces at triple points and grain boundaries that suggest that the
sintering of the composite was not complete. It is also possible to see in
these cases that grain has grown during the selective laser sintering
process, probably due to the insufficient quantity of molybdenum in
some cases (when Mo content is < 10 wt %) and to the significant
oxidation of the molybdenum (when Mo content is > 10 wt %). The
sample with 10 wt % has the smallest grain size (<10 pm), precisely
promoted by the fine molybdenum particles located at triple points and
grain boundaries that have a pinning effect. As it was observed in the X-
ray diffraction analyses, molybdenum (VI) oxide appears as inclusions in
several points of the microstructure for the greatest molybdenum con-
tents (20 wt %). This question is highly relevant for the mechanical
properties of the composite as these inclusions appear as stress con-
centration sites in the composite. In the other cases, metallic molybde-
num particles clearly appear at triple points and grain boundaries (see
Fig. 4).

3.3. Discussion

The reinforcement of ceramic materials, and in particular alumina
ceramics, has always attracted significant interest in an attempt to
promote the mechanical properties (as well as the slag corrosion resis-
tance in other cases) by second phases located at triple points and grain
boundaries that could divert the crack during its propagation. These
second phases also avoid the grain growth and, in this way, a fine
grained structure has a significant length of grain boundary, which is
beneficial to avoid crack propagation. This manuscript collects a novel
research about the application of selective laser sintering to manufacture
Al,03-Mo ceramic materials with the aim of studying the microstructure
and analyzing how this could have influence on the mechanical prop-
erties, in particular on the fracture toughness.

The main problem of the molybdenum is that it easily oxidizes under
sintering conditions and this habitually requires sintering the
molybdenum-based composites, and Al;O3-Mo, under special atmo-
spheres as Ar/H» [37], vacuum [12,38], argon [14,15] or Hy/N3 [16]. In
this way, the utilization of fast sintering techniques, as laser, might be
useful to minimize the losses of molybdenum as molybdenum (VI) oxide
during the sintering process and, at the same time, obtain dense com-
posites. It was possible to see for molybdenum contents <10 wt % that
molybdenum (VI) oxide does not appear during the X-ray diffraction
analyses (this phase appears in the sample with 20 wt % molybdenum),
although this is not indicative of potential minimum losses of this
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Fig. 4. SEM images of irradiated samples, where: (a) corresponds to Al,O3 particles and (b-f) corresponds to 1, 2.5, 5, 10 and 20 wt% of Mo, respectively.

element during the sintering process of the composites with <10 wt %
Mo. SEM technique suggests pining effect promoted by the metallic
molybdenum and few pores, which indicates that sintering of the
Al,03-Mo composite could be achieved without special atmosphere for
these contents of molybdenum. This is potentially beneficial because
near-net shape sintered samples could be obtained in very short times
without using any special atmosphere, which otherwise could compli-
cate the process. Therefore, laser sintering of ceramic materials arises as
a technology that could compete with other novel high energy density
technologies as solar energy [39-46] or spark plasma sintering [47,48].
This way, competitiveness of ceramic industry could increase because
sintered ceramic materials might be obtained in shorter times. Selective
laser sintering technique is a good option to sinter ceramics because it is
a versatile technique, which is one of the aspects that is being searched
by the industry and, particularly by the additive manufacturing in-
dustry. The reason is that this technology allows the rapid fabrication of
functional parts, in addition to having the ability to process a wide range
of materials (polymers, ceramics and metals) [49], although the
manufacture of dense alumina ceramics is still to be studied. Therefore,
this manuscript could be a starting point to study the obtaining of dense
ceramics using laser technology. There is currently a wide variety of
manufacturing techniques, but the most attractive and of greatest
importance to the industrial sector are, naturally, those that provide
high efficiency in production output without neglecting quality stan-
dards. Therefore, one of the most cost-effective methods for
manufacturing complex 3D parts is the selective laser sintering tech-
nique, which has achieved the highest market share growth since 1997
[501.

Based on several studies [51-56], selective laser sintering could
provide a number of advantages as the selection of any specific area,
sintering at room temperature (with the sintering temperature being
reached only in the surface of the beam), sintering of layers of microns in
thickness, selection of the area that is to be irradiated, among others as
the possibility of operating under two methods of irradiation, punctual
or translational, where in this last case, it is possible to adjust the speed
of the beam and the direction of irradiation. Moreover, it is possible to
process parts of considerable size. Anyway, the greatest interest of this
technology arises from the possibility of obtaining microstructures and
morphologies of sintered refractories in seconds, which are comparable
with those obtained by means of other sintering methods (as the sin-
tering in furnace) that require hours. This could relate with the pro-
ductivity but also with the savings in manufacturing costs, the reduction
in energy consumption, and, therefore, this process could be environ-
mentally friendly and could attract interest of the industry of ceramics in

general.

There are two laser sources used for the Selective Laser Sintering of
materials which are, continuous wave CO5 with a wavelength of 10.6
pm, and Nd:YAG laser of wavelength 1.06 pm with pulsed or continuous
mode [57]. The use of the laser source for each material is mainly
governed by the percentage of energy absorption of each material. In the
research presented in this manuscript, laser of CO5 was chosen because
we know that the matrix of the composite (Al;03) has high absorption
(96% of wavelength of 10.6 pm with CO; laser) with long wavelengths
[50]. In the case of metals, as molybdenum, it is known that they absorb
shorter wavelengths. This way, a sufficient amount of energy was sup-
plied to induce high local temperature leading the beginning of the
solid-state sintering. Thus, when the Al,03 atoms were irradiated, they
had sufficient energy to make that the vacancies of the Al;O3, which are
in the hexagonal structure of the aluminum oxide, were replaced at high
temperature by other cations that are inside of the volume of the crystal
of the aluminum oxide. Therefore, there is a migration towards the grain
boundaries, making the grain boundaries to start to move and grow due
to the cationic movement, which takes place in the same direction. This
growth associated to the movement of cations is drastically affected by
the molybdenum particles, located at triple points and grain boundaries,
avoiding the growth of the grains and the movement of the grain
boundaries.

4. Conclusions

Alumina-molybdenum composites sintered by selective laser sinter-
ing were proposed in this manuscript. Different molybdenum contents
were studied: 0, 1, 2.5, 5, 10 and 20 wt %. It was possible to see that
increasing the molybdenum content resulted in composites with less
percentage of porosity. It is possible, for that reason, to say that
increasing the molybdenum content results in greater densification
rates, which could ensure the good characteristics of the alumina. The
best results were observed in the case of the composite Al;03-10 wt %
Mo, with an average alumina grain size <10 pm and few pores. It is also
observed for this molybdenum content that this element drastically af-
fects the microstructural evolution during the sintering, mainly the final
size of alumina, as this element, located at triple points and grain
boundaries, inhibits the grain growth. On the other hand, results suggest
that laser sintering could be an attractive method to sinter Al,03-Mo
ceramics in short times. This is particularly relevant when the molyb-
denum content is < 10 wt % Mo as greater contents involve the
appearance of significant quantities of molybdenum (VI) oxide, which,
apart from its potential volatilization and, thus losses of molybdenum, is
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detrimental for the mechanical properties of the composite when it
appears as inclusion.
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Alumina/molybdenum nanocomposites were prepared by colloidal synthesis from alumina powder and mo-
lybdenum (V) chloride using ethanol as dispersion medium. Modified alumina was calcined at 450 °C in air
atmosphere to remove chlorides, and then treated in a tubular furnace at 850 °C under Ar/H, to reduce the MoO3
formed in the previous stage and obtain Al;03 with molybdenum nanoparticles on the surface. Three different
molybdenum contents were proposed (1, 5 and 10 wt % Mo), and pure alumina was used as reference, that were
sintered by spark plasma sintering (SPS) under vacuum atmosphere at 1400 °C for 3 min with an applied pressure
of 80 MPa. Composites were characterized by microstructure, hardness, toughness, and three-point bending test.

The presence of molybdenum nanoparticles resulted in a fine-grained structure promoted by the presence of
molybdenum at grain boundaries and triple points, as well as by the utilization of the SPS equipment. Hardness is
at least a 20% greater and fracture toughness 30% larger in the composites than in the monolithic alumina.

1. Introduction

One of the main interests of ceramic materials is the wear resistance
together with the thermal and chemical stabilities [1]. These properties
are important for some engineering applications [2]. The main problem
of ceramic materials arises from the mechanical properties. These ma-
terials are, in general, brittle, since they are easily broken by crack
propagation. Several methods have been proposed to improve fracture
toughness of ceramics. One of these is based on the crack deflection,
which can be made with fibers or whiskers, with a nacre-like structure or
with hard second phases. The incorporation of a second phase, such as
metallic particles, to improve the mechanical properties of the alumina
has been proposed for years [3]. This way, Mattecazzi and Le Caér
synthesized nanometric a-AloO3-M composites, where M was Fe, V, Cr,
Mn, Co, Ni, Cu, Zn, Nb, Mo, W, Si and Fe alloys [4]. They prepared the
composites by room temperature ball milling of mixtures of the

* Corresponding author.
** Corresponding author.

above-mentioned metal oxides and aluminum and, nanocomposites
were obtained by aluminothermic reduction in different times (1.5-24
h) using different powder-to-ball weight ratio (1:30 to 1:40 in the
planetary, and 1:10 to 1:5 in the vibratory) under pure nitrogen or argon
atmosphere depending on the mixture. They satisfactorily produced
nanocomposites to be used as dispersoids in high temperature metals
and alloys to improve the properties. Other researchers also investigated
the composites Al;03-metal. Within this line, Waku and co-workers also
investigated Al,03-Mo, -Ta, -Nb composites prepared by hot pressing
[5], which resulted in a significant increase of the flexural strength and
fracture toughness of the composite.

Some other Al,Os-metal composites were studied by different
researchers:

- Al,Os-Ni. Within this topic, Sekino and collaborators studied high-
density nickel-dispersed-alumina (AlyO3/Ni) composites with
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excellent mechanical properties (high strength and high-temperature
hardness) by reduction with hydrogen and hot pressing of Al,03/NiO
mixed powders [6]. Also in this line, Fahrenholtz and colleagues
reported AlyO3-Ni composites, prepared by reactive hot pressing of
aluminum and NiO, with high strength and toughness [7]. Addi-
tionally, Breval and coauthors studied the properties (hardness,
stiffness, and toughness) and microstructure of Ni-Al,O3 composite
materials prepared by sol/gel method [8]. Miazga et al. prepared
Al,03-Ni composites, with improved fracture toughness of the ma-
trix, by aqueous gel casting process and sintering in reducing at-
mosphere [9]. And, finally, Rodriguez-Sudrez et al. studied Al,O3-Ni
composites sintered by conventional route and spark plasma sinter-
ing [10].

Al;03-W: Also, Sekino, and collaborators, prepared two types of
Al,03-W composites by hot pressing of a- AloO3 and y- Al;03 and
tungsten powders resulting in improved fracture toughness (1.6
times) compared with the monolithic Al,O3 [11]. Moreover, Sekino
and Niihara studied the mechanical properties of high density
Al;03-W nanocomposites prepared by controlled reduction and hot
pressing of Al,03-WO3 mixtures [12]. Finally, Rodriguez-Suarez
et al. [13] prepared Al;O3-nW composites by colloidal processing
route and spark plasma sintering and obtained full dense compacts
with high hardness.

AlyO3-Fe: This family of composites was few studied; only the
research of Konopka and Ozieblo can be found in the literature [14].
The methodology that they used to prepare the composite (with
different iron contents (10, 30 and 50 wt %)) consisted in: wet
mixing of reactants in ethanol for 2 h in agate mill; application of
uniaxial (20 MPa) and isostatic (120 MPa) pressing to obtain the
green compacts; and, sintering in two stages (900 °C and 1700 °C in
vacuum for 1.5 h). They observed that the improvement of me-
chanical properties was limited by the appearance of FeAl,O4 spinel.

However, molybdenum is the metallic phase that has attracted the
greatest interest due to its refractory character to improve the me-
chanical properties of the alumina, particularly the fracture toughness,
and the composite being suitable to be used at high temperatures. Mo-
lybdenum has been added in the form of metallic powders, MoOs or Mo
fibers [15]. Different techniques and molybdenum contents (up to a
maximum of 26.6 vol % [16]) have been proposed to prepare Al,O3-Mo
composites: spray-drying, hydrogen reduction and sintering with or
without hot-pressing [15]; hot-pressing under vacuum conditions [17,
18]; conventional powder metallurgy technique [19]; dissolution of
MoO3 powder in ammonia solution, followed by spray-drying or
hot-plate-drying to obtain ammonium molybdate/Al,O3 granules that
were subsequently reduced in hydrogen atmosphere and hot-pressed to
obtain Mo/Al;03 composites [20]; aqueous gel casting method and
sintering in argon atmosphere at 1600 °C with 2 h of retention and slow
heating and cooling rates (3 and 5 °C/min) [21]; or consolidation by
centrifugal slip casting at 3000 rpm for 1.5 h (slurry containing 50 vol %
solid phase including 10 vol % molybdenum particles), drying at 30 °C
for 48 h and sintering at 1400 °C for 2 h in 20 vol % H-80 vol % N [22].
And, much more recently, Gémez-Rodriguez and coauthors reported the
possibility of sintering Al,O3-Mo composites using laser of CO5 as heat
source [23]. However, spark plasma sintering technique has yet to be
reported in the manufacture of Al,O3-Mo composites.

On another note, the improvement of the mechanical properties of
the monolithic alumina, apart from the addition of the metal, requires a
nanometric size and a homogenous distribution in the matrix. Within
this line, it was observed that fine dispersoids resulted in the grain
growth restrain due to pinning effect at grain boundaries [16], which is
positive for the fracture toughness and hardness of the composite [16,
20]. Moreover, the homogeneity of the microstructure of the composite
has a critical influence on the properties [20]. Therefore, colloidal
processing method has been seen as a technology very suitable to obtain
homogeneous distribution of nanoparticles in ceramic materials [24].
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Already published research reported that it is possible to obtain a very
homogeneous distribution of very small molybdenum nanoparticles in
an alumina matrix using this technique [25]. On the other hand, Spark
Plasma Sintering (SPS) is a relatively novel technique that is attracting
significant interest because it allows a high-speed of powder consoli-
dation [26]. This technique has not been applied in the manufacture of
Al;03-Mo composites, as it was already indicated. Therefore, the syn-
thesis of alumina/molybdenum nanocomposites starting from a modi-
fied alumina powder in a solution of molybdenum (V) chloride in
ethanol and subsequent sintering in spark plasma apparatus is proposed
in this manuscript. The presence of molybdenum nanoparticles has
significant influence in the microstructural evolution during sintering
and, as a result, mechanical properties are significantly affected.

2. Experimental procedure
2.1. Processing of alumina/molybdenum composites

Alumina/molybdenum nanocomposites were prepared using
a-alumina (Aly03) powder (Taimei Chemicals Co., Ltd, Tokyo, Japan)
with dsp = 0.153 pm, a specific surface area of 14.5 mz/g and 99.99%
purity (8 ppm Na, 10 ppm Si, 8 ppm Fe), and molybdenum (V) chloride
(Sigma Aldrich, Madrid, Spain) as molybdenum precursor.

The preparation of the composite is detailed in the following lines.
The procedure was the same for the three compositions that were chosen
(1 wt % Mo, 5 wt % Mo and 10 wt % Mo), apart from the monolithic
alumina. First, alumina powders and molybdenum (V) chloride were
dispersed in ethanol (anhydrous 99.97% ethanol) separately. Later,
molybdenum (V) chloride solution in ethanol was added dropwise into
the alumina solution. The slurry was first heated at 80 °C under mag-
netic stirring. After that, it was heated at 120 °C for 24 h in air atmo-
sphere to start the nucleation of the composite and remove the ethanol.
Dried powders were sieved under 180 pm, and they were later treated at
450 °C for 2 h in air atmosphere to remove chlorides and reduced af-
terwards under Ar/H; atmosphere at 850 °C for 2 h to obtain molyb-
denum nanoparticles. Treated powders were sieved under 63 pm.
Finally, the powders were sintered using the spark plasma sintering
apparatus.

Powders were first placed into a graphite die (20 mm inner diameter)
and uniaxial pressure of 80 MPa was used at the same time that tem-
perature was applied. The cycle of the process consisted in heating at a
rate of 100 °C/min from room temperature to the sintering temperature
(1400 °QC), and finally, sample was sintered for 3 min of dwell time at
1400 °C. Cooling was carried out inside of the equipment at a cooling
rate of around 500 °C/min. Temperature was controlled by a pyrometer.

2.2. Characterization techniques

X-ray diffraction analyses of the powders as well as of the sintered
samples were carried out using a Bruker D8 Advance Powder X-ray
Diffractometer with Cu-ka radiation (A = 0.15406 nm). Working con-
ditions included a copper anticathode cooled with water with an in-
tensity of 40 mA and a voltage of 40 kV, a sweep between 5 and 70° with
a step size of 0.03° and a step time of 0.5 s.

The relative density of the sintered samples was calculated using Eq.
(1.

p(%):d/dth.loO @
where d is the density measured using the Archimedes method and dy, is
the real density obtained by helium pycnometry using Accupyc 1330
V2.04 N on samples previously grounded below 63 pm to increase the
accuracy of the measurement.

High-resolution transmission electron microscopy (HRTEM) was
used to evaluate the adherence of the molybdenum nanoparticles to the
surface of the alumina particles. The equipment was a JEOL JEM 2100F
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with an acceleration voltage of 200 kV with a field emission gun.

Microstructural characterization and fracture surface of the sintered
samples was performed by Field Emission Scanning Electron Microscopy
(FESEM) on a Quanta FEG 650.

Vickers microhardness was determined using a Buehler Micromet
5103 microindentator. Measurements were made by applying loads of
1000 gf, with an indentation time of 10 s, on samples polished down to a
roughness of 1 pm. The applied load was worked out considering the
Kick Law. Hardness was determined according to Eq. (2).

H,=1853 P/ 2

where P stands for the applied load (in N) and d is the diagonal length of
the indentation (in mm).

Fracture toughness, Kj¢, was determined by means of the indentation
method using Eq. (3):

Kic 3

“or
where P is the applied load using the indentator, and C is the length of
the crack.

Mechanical properties were tested in mechanical tests machine Ins-
tron 8562. Samples of 3 mm x4 mm x20 mm were prepared to evaluate
the flexural resistance. Mechanical resistance of materials after the
three-point bending test was evaluated using Eq. (4):

_3PL

T 2.wb? 4

Of

where o; is the mechanical resistance of the material in MPa, P is the
load the sample supports in N, L is the distance between supports in mm,
w is the width of the sample in mm and b is the thickness of the sample in
mm.

3. Results and discussion
3.1. Nanocomposite powders

3.1.1. Sintering curve in the SPS

Fig. 1 shows the linear shrinkage and speed curve for the Al,O3 and
Aly,03-Mo composites in the spark plasma sintering apparatus. The
material starts to exhibit a significant shrinkage at 1075 °C, particularly
in the case of the monolithic Al;03, while in the case of the Al,O3-Mo
composites, this happens at around 1100 °C. Therefore, the

Ikisplacement (i

— LD,
i s ALCD S 1%ATD
AL 5% Mo
— AL, 10% Mo -
5 - - - - :
400 (1] ik [ETLT] 1200 140

Temperature ("C)

Speed | mumminy

Ceramics International 49 (2023) 9432-9441

molybdenum content seems to have influence on the beginning of the
sintering process. On the contrary, the sintering of the alumina ends at
1280 °C while the final sintering temperature is approximately 1350 °C
for Al;03-Mo composites. The maximum speed is reached at 1130 °C,
which is analogous in all the compositions. Therefore, it is possible to
say that molybdenum produces a delay in the sintering process. This
temperature is 200 °C below than in the case of Diaz et al. [24], where
composites were cold isostatically pressed (CIP) at 200 MPa and sintered
in Ar/H, atmosphere at 1600 °C for 2 h in conventional furnace. The
selected sintering temperature is the same used in the case of Wang and
Wei [20], where composites were manufactured by hot-pressing at 1400
°C with an applied uniaxial pressure of 30 MPa for 1 h under vacuum
atmosphere. Sintering conditions in this manuscript are, therefore,
comparable with those employed in Wang and Wei [20] in shorter sin-
tering times (3 min in spark plasma sintering against 1 h in hot pressing)
and with fast heating and cooling rates that have influence on the final
microstructure of the composite.

3.1.2. Phase identification

Fig. 2 shows the X-ray diffraction patterns of pure alumina (Fig. 2a),
Al;03-Mo powder treated at 450°C/2h in air (Fig. 2b), Al;03-Mo powder
after reduction in Ar/Hy atmosphere at 850 °C for 2 h (Fig. 2¢) and
Aly,03-Mo composite after sintering in the SPS equipment (Fig. 2d).
Fig. 2 b-d correspond to the composite Al;03-5 wt % Mo. X-ray
diffraction patterns for the other composites were analogous. According
to XRD, the main constituents of the powders after the treatment in
furnace at 450 °C for 2 h under air atmosphere (78 vol % N»-21 vol % O,
—1 vol % Ar) (Fig. 2b) are Al,03 and MoOs. The second phase is formed
by oxidation of the molybdenum (V) chloride used as precursor of mo-
lybdenum during the colloidal processing. Reaction is indicated in Eq.
(5).

MoCl; (s) +3/2 0; (g) = MoO; (s) +5/2 Cl (g) ®)

After a reduction treatment in furnace at 850 °C for 2 h under Ar/H,
atmosphere (Fig. 2¢) the main mineralogical phases are Al;03 and Mo
since a reduction the molybdenum (VI) oxide to Mo by the hydrogen has
happened according to the reaction indicated in Eq. (6).

MoO; (s) +3H, (g) = Mo (s) + 3H,0 (g) Q)

Finally, the SPS sintered sample is composed only by a- Al;03 and
Mo particles (Fig. 2d).

A detailed microstructural characterization was made by HRTEM.
Images corresponding to Al;03 with 5 wt % molybdenum are shown in
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Fig. 1. Linear shrinkage and speed curve for Al,03 and Al;03-Mo powders during the spark plasma sintering.
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Fig. 2. XRD pattern of pure alumina (a), Al,03-5 wt- % Mo 450°C/2h in air
(b), Al,03-5 wt- % Mo 850°C/2h (c¢) in Ar/H, and Al,03-5 wt- % Mo
SPSed (d).

Fig. 3. It is possible to see that molybdenum nanoparticles (in black
color) have an average grain size of around 20 nm and appear superfi-
cially adhered to the surface of the alumina (in light grey color).

3.2. Dense nanocomposites

Dense composites are formed as a result of the treatment in the spark
plasma sintering apparatus. The values of the densification of the sample
because of the sintering process are collected in Table 1.

It is possible to see that all the sintered samples show high density
values, being close to 99% or even higher, as reported by other authors

"-’
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for Al;03-Mo composites (i. e. Simpson and Wasylyshyn obtained values
of relative density >98% by hot-pressing at 1400 °C and 35 MN m2 for
1-2 h [27]). These values of density could be related to the fact that
during the sintering process the porosity in the samples was reduced due
to the homogeneity and size of the particles, resulted from of a combi-
nation of pressure and temperature in the spark plasma sintering
apparatus.

3.2.1. Microstructural analysis

Fig. 4 shows a FESEM general view of the microstructure of the
different composites, Aly03, Al;03-1 wt % Mo, AlpO3-5 wt % Mo and
Al;03-10 wt % Mo, sintered at 1400 °C for 3 min obtained on fracture
surfaces. Molybdenum appears homogeneously distributed in the matrix
of alumina as it is clearly appreciated in Fig. 4.

According to the type of fracture, it is observed that pure alumina
shows a clear intergranular fracture. However, when molybdenum is
added, two types of fracture appear in the composite: intergranular and
transgranular. It could be associated to a possible toughening mecha-
nism, as the nano-sized particles are far smaller than the critical particle
size of initiating microcracking around [28].

Molybdenum nanoparticles appear preferentially located at triple
points and grain boundaries, as reported in Fig. 5. Rounded in red color,
it is possible to see these molybdenum nanoparticles located at grain
boundaries and triple points for the sample with 1 wt % Mo (Fig. 5).
Similar situation is observed in the case of samples with greater mo-
lybdenum content, although the size of the molybdenum nanoparticles
is greater, as it is possible to see in Fig. 4, which is detrimental to the
mechanical properties of the composite.

Increasing the molybdenum content involves that more particles
appear, and these particles grow, the more the greater the molybdenum

Table 1
Density of the SPS sintered samples.

Apparent density  Real density (g/cm®) Relative sample

(g/cm®) helium pycnometry density (%)

Al,03 3.9369 4.0054 98.29
Aly03-1 wt 3.9898 4.0456 98.62

% Mo
Al,03-5 wt 4.0897 4.1102 99.50

% Mo
Al,O3-10 wt  4.2167 4.2531 99.14

% Mo

Fig. 3. TEM image of reduced modified powder at 850 °C/2 h of the Al,03-5 wt % Mo. (a) Left image corresponds to a general view of the powders. (b) Right image
corresponds to a detail view of the powders (black color: molybdenum nanoparticles, <20 nm; light grey: alumina particles, >200 nm).
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Fig. 4. FESEM images of the fracture surface of pure and Al,03-Mo SPS sintered samples.

Fig. 5. FESEM image of the fracture surface of Al;O3-Mo SPS sintered samples.
Rounded in red color, molybdenum particles appear preferentially located at
triple points and grain boundaries for the sample Al,03-1 wt% Mo. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

content. The size of the molybdenum nanoparticles ranges from 40 nm
to 450 nm, although differences are observed depending on the sample.
In the case of the sample AlyO3-1 wt % Mo, molybdenum nanoparticles
have a size <200 nm, with particles as small as 40 nm. Nevertheless, in
the case of the composites Al;03-5 wt % Mo and Al,03-10 wt % Mo,
small particles are also identified but molybdenum nanoparticles with a
size >250 nm are around 30% and 45%, respectively. There is a histo-
gram of the size distribution of the alumina and molybdenum in Fig. 6.
Regarding the size of the alumina particles, the pining effect produced
by the presence of molybdenum is clearly observed. Monolithic AloO3
ranging from 2 to 6 pm is >70%. Nevertheless, the size of Al,O3 particles
is always <1.6 pm in presence of molybdenum. The influence of the
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molybdenum content must be also considered, as when the molybdenum
content is 1 wt %, the percentage of Al,O3 grains with a size in the range
0.2-0.6 pm is as high as 54%. On the contrary, when the molybdenum
content is 10 wt %, the percentage of Al,O3 grains with a size in the
range 0.2-0.6 pm reduces to 26% (for 5 wt % Mo, the fraction of Al,O3
grains in this range is 40%). Within this context, increasing the molyb-
denum content does not involve an AlyO3 grain refinement but molyb-
denum particles grow instead of promoting a finer microstructure in the
composite.

3.2.2. Mechanical properties

3.2.2.1. Hardness. Hardness of the composite was measured to analyze
the influence of the molybdenum addition. Pure alumina shows a low
hardness value due to the grain growth during sintering. The addition of
molybdenum nanoparticles produces an increase of the hardness of the
composite with respect to the monolithic alumina (Table 2) showing the
positive effect of the molybdenum nanoparticles in the composites.
However, this improvement is not observed when the molybdenum
content increases for the composites. This could be justified by trade-off
between the grain refinement effect and metal phase addition effect. The
increase of the hardness can be explained by means of the reduction in
the grain size produced by the addition of the nanoparticles [29], due to
the pinning effect of them on the alumina matrix. The above-mentioned
is complemented with the advantage of the SPS, which are the fast
heating (100 °C/min) and cooling (500 °C/min) rates and the short
sintering times, resulting in the possibility of avoiding the grain growth.
Therefore, the sintering technique also plays a role as grain-growth in-
hibitor to obtain a grain size smaller than in conventional sintering.
Increasing the molybdenum content does not involve a growth of the
hardness value, as it was already indicated. This is consistent with re-
sults obtained by other authors using different sintering techniques, see
Fig. 7. If the microstructural analysis is considered, the minimum grain
sizes are measured in the case of the composite AlyO3-1 wt % Mo.
Increasing the molybdenum content does not improve the refinement of
the alumina grain as the percentage of alumina grains in the smaller
range in Fig. 6 is lower as the molybdenum grain size increases. At the
same time, molybdenum size is greater the greater the molybdenum
content.
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Fig. 6. Alumina and molybdenum histogram of particles’ sizes distribution for the different molybdenum contents.

The values of hardness obtained in this research are significantly
greater than those obtained by other authors as Zygmuntowicz et al.
[22] (9.72 GPa for Al,O3 and 9.25 GPa for Al,03-10 vol % Mo) or Lada
and collaborators [21] (7.39-10.44 GPa for Al;03-10 vol % Mo). A
graphical representation of the results obtained by other authors
compared with those obtained in this research appears in Fig. 7. In the
first case [22], the composite was obtained by centrifugal slip casting
and sintering at 1400 °C for 2 h under H»-80 vol % Ny atmosphere with 5
°C/min of heating rate. In the second case [21], the composite was ob-
tained by gel casting method and sintering under argon atmosphere at
1600 °C for 2 h and 3 °C/min of heating rate and 5 °C/min of cooling
rate. In the case of Rankin and collaborators [30], they obtained a value
of 22.4 GPa for the monolithic Al,Og sintered by hot pressing at 1600 °C
under an applied pressure of 55 MPa. Nevertheless, they were not able to
appreciate an improvement in the hardness as the molybdenum content
increased (22.6 GPa for Al;03-0.5 vol % Mo; 20.25 GPa for Al,03-3 vol
% Mo; 19.10 GPa for Aly03-5 vol % Mo). Values in this manuscript are
also better than those of Wang and Wei [20], which obtained hardness
for the monolithic alumina of around 16 GPa with the greatest values of
hardness being measured in the case of the composite with 1 vol % Mo,
which approaches 19 GPa. In this second case, composites were manu-
factured by hot pressing at 1400 °C with an applied uniaxial pressure of
30 MPa for 1 h under vacuum atmosphere, as it was already pointed out.
Sintering conditions in the spark plasma sintering apparatus allows a
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better control of the microstructure, which usually results in
fine-grained microstructures. The size of the molybdenum nanoparticles
is in all compositions of this manuscript within the range 40-450 nm,
with smaller sizes for the composition Aly03-1 wt % Mo, which provides
the best values of hardness. Previous research in this line report values of
molybdenum particle sizes of: 7.79 pm + 0.85 pm-13.90 pm + 1.03 pm
in the case of Zygmuntowicz et al. [22]; 4.35 pm in the case of Lada et al.
[21]; or 0.08-0.28 pm in the case of Wang and Wei [20], which corre-
lates with the above indicated values of hardness.

3.2.2.2. Fracture toughness. Table 3 collects the variation of fracture
toughness (Kic) as a function of the molybdenum content for the
alumina/molybdenum composites obtained by spark plasma sintering
and colloidal processing method. It is possible to appreciate that small
quantities of molybdenum involve significant improvements in the
fracture toughness, from 3.17 MPa m'/2 in the case of the monolithic
Al,O3 to >4.14 MPa m'/2 in the case of Al,03 with different molybde-
num contents. Fig. 8 collects a comparison of the fracture toughness
obtained by different researchers using different sintering techniques.
The value of the fracture toughness of the composite is at least 30%
greater than that of the monolithic alumina, with the best results being
obtained for the composite with Al,03-5 wt % Mo (4.84 MPa m! 2),
where the improvement is >50%. This improvement is consistent with
that observed by Rankin and co-workers [30], which obtained that
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Fig. 6. (continued).

Table 2
Hardness as a function of the molybdenum content.

Hardness (GPa)

Al,O3 18.91 + 0.61
Al,05-1 wt % Mo 24.12 + 0.87
Al,05-5 wt % Mo 23.49 + 0.75
Al,05-10 wt % Mo 23.16 + 1.15

fracture energy for the composite with 5 vol % Mo (0.5 wt % of MgO to
inhibit the grain growth) was 50% greater than that of the monolithic
alumina (5.26 MPa m'/?, Al,03; 6.03-6.73 MPa m'/?, Al,05-5 vol. %
Mo). Wang and Wei also observed that toughness increased by 32% with
the addition of molybdenum, with molybdenum grains of micrometric
and nanometric size at grain boundaries and entrapped within alumina
[20] (3.40 MPa m'/2, Al,03; ~3.6 MPa m'/?, Al;05-1 vol % Mo; and
~4.5 MPa m"/?, Al,03-5, 10 and 20 vol % Mo). Diaz and collaborators
observed that fracture toughness was ~40% greater (1 wt % Mo) than
that of the monolithic alumina (4 MPa m'/ 2, Aly,03; 6.26 MPa m'/ 2,
Al,03-1 wt % Mo; ~5.75 MPa m'/?, Al,03-5 wt % Mo; and, ~4.00 MPa
m'/2, Al,03-20 wt % Mo). Finally, Broniszewski et al. also observed that
molybdenum had a positive influence for the fracture toughness in
Aly03-Mo composites [31] (3.5 MPa m'/?, Al,O3; 3.64 MPa m'?
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Al>03-5 wt % Mo; 3.95 MPa m'? Al;03-10 wt % Mo). Values of fracture
toughness in the above referenced research are on the same order of
magnitude than those obtained in this research. These values of the
fracture toughness seem to be strongly related with the molybdenum
grain size: from hundreds of nanometers in the case of Diaz et al. [24] to
~3 pm in the case of Broniszewski et al. [31]. According to the density
values and the microstructure obtained by FESEM, the improvement in
fracture toughness could be also associated to the presence of a very
small grain sizes of molybdenum and the homogeneous distribution of
this reinforcing phase in the matrix. All the composites exhibit in this
case an improvement of the fracture toughness in comparison with the
monolithic alumina. This improvement seems to be more related with
the crack deflection or crack detention by absorption of the energy by
the molybdenum particle. The influence of alumina grain size on the
improvement of the fracture toughness is not clear. Even when the
microstructural analysis in Fig. 6 in relation with the values of fracture
toughness in Table 3 clearly evidences that fracture toughness is greater
in the samples with molybdenum, this relation is not so evident when
only considering the samples containing molybdenum. It is possible to
see in the microstructural analysis in Fig. 6 that the greatest refinement
is produced by the molybdenum nanoparticles in the specimen Al,03-1
wt % Mo. Nevertheless, this sample does not report the greatest value of
fracture toughness, which corresponds to the sample Alo03-5 wt % Mo.
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Fig. 7. Comparison of the hardness values obtained in this research with those
obtained by other researchers using different sintering techniques.

Table 3
Fracture toughness as a function of the molybdenum content.
Fracture toughness (MPa-m™/?)
ALO; 3.17 £ 0.25
Al,03-1 wt % Mo 4.25 + 0.22
Al,03-5 wt % Mo 4.84 £ 0.16
Al,03-10 wt % Mo 4.14 £ 0.32

As the molybdenum content increases further (Al;03-10 wt % Mo), the
fracture toughness is even worse than in the composite Al;03-1 wt. %
Mo. There is some discussion about the influence of the alumina grain
size on the improvement of fracture toughness. Most of research studies
were focused on alumina with grain size in the micron scale, where there
was an evident improvement of fracture strength when the grain size
decreased [32-34]. Nevertheless, Yao et al. found that fracture tough-
ness in fine grained alumina was independent of the grain size in a study
made on submicron alumina grain sizes [35]. In this line, it is possible to
see that the addition of molybdenum produces a refinement of the
alumina grain size from the scale of microns to nanometers, which has
influence on the improvement of the fracture toughness. However, if we
consider the study of Yao et al. [35], once the alumina grain size is in the
scale of nanometers (as happens in the case of the samples with mo-
lybdenum), the improvement of the fracture toughness should be
consequence of the presence of the molybdenum nanoparticles. In this
case, it is necessary to consider that the number of molybdenum parti-
cles increases as the molybdenum content increases, which promotes the
effect of crack deflection produced by the second phase (a method that is
usually employed to improve the fracture toughness in the field of ce-
ramics [1]) or the detention of the crack as plastic deformation of the
molybdenum particles. This suggests that the improvement of the frac-
ture toughness is result of the combined effect of the grain size
(refinement of the alumina grain size from the microns to the nanome-
ters) but also by the crack deflection or crack absorption as plastic
deformation produced by the molybdenum nanoparticles.

3.2.2.3. Flexural strength. Flexural strength does not improve with the
addition of molybdenum (Table 4). The reasons to explain this behavior
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Fig. 8. Comparison of the fracture toughness values obtained in this research
with those obtained by other researchers using different sintering techniques.

are not clear and require from further studies. Other research with these
types of composites showed different behaviors. For instance, Diaz et al.
[24] reported a maximum of flexural strength for the composition
Aly03-1 wt % Mo (0.69 vol %) with a fast deterioration of this property
for greater compositions, reaching values of 700 MPa for this composi-
tion while for 5 wt % Mo the value was <600 MPa and for the 20 wt %
Mo was <400 MPa. On the other hand, Nawa et al. [17] appreciated that
the best results were obtained in the case of Al,03-5 vol % Mo (600
MPa), although the flexural strength did not deteriorate as fast as in Diaz
et al. [24] since the flexural strength was close to 575 MPa for the
composite Alp03-20 vol % Mo. This situation was not observed by Wang
and Wei [20]. They appreciated different behaviors depending on the
processing method: mechanical mixing of Mo-Al,03, spray drying pro-
cess to prepare molybdate/Al,O3 granules subjected later to reduction
with hydrogen and dissolution of MoO3 in ammonia solution and dry on
a hot plate subjected later the molybdate/Al,O3 granules to reduction
with hydrogen. The values of flexural strength were in this case far from
those obtained by Nawa et al. and Diaz et al., as the maximum strength
was 530 MPa, while the values of the maximum flexural strength for
samples prepared by dissolving-precipitation/spray-drying was in the
range 300-346 MPa. These last values are consistent with the values of
flexural strength obtained in this manuscript. Wang and Wei [20]
indicated that these low values of flexural strength may be due to the
lower sintering density of the two composites. Other reasons may be
provided to explain these poor values of flexural strength. On the one

Table 4
Flexural strength as a function of the molybdenum content.

Flexural strength (MPa)

425.02 £7.45
349.68 + 40.35
305.59 £ 46.11
326.15 £ 4.83

Al,03

Al;03-1 wt % Mo
Al;03-5 wt % Mo
Aly05-10 wt % Mo
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hand, the presence of second phases that even when improve the
toughness as they are obstacles for the crack propagation, they are
points where stresses can concentrate making the composite to break at
lower stresses than in the case of the alumina refractory [1]. This is also
observed in surface of fracture, since the mechanism of fracture changes
from intergranular in the case of monolithic alumina to intergranular
and transgranular combined mechanisms in the case of the composites.
Therefore, during the crack propagation, this founds a point for the
stress concentration in the molybdenum nanoparticles, which are bigger
the greater the molybdenum content.
This way, Griffith equation for brittle fracture stablishes that:

[2-E-y
TN 7e

where E is the young modulus, y is the surface energy and c is the crack
size. Therefore, the addition of molybdenum nanoparticles involves the
addition of “defects” to the alumina matrix, which even grow as the
molybdenum content increases. As the flexural strength is inversely
proportional to the crack size, the presence of molybdenum nano-
particles may produce a deterioration of the value of the flexural
strength of the composite.

On the other hand, another reason that may explain the deterioration
of bending strength would be the problem of the weak interfacial
bonding between Al;O3 ceramic matrix and molybdenum metal phase.
This question was already identified by other researchers in the field Mo-
Aly03 composites [36]. Although further study should be carried out in
this line, if Fig. 9 is considered, it is possible to clearly see from the
surface of fracture that many molybdenum grains detach from the
composite when the specimen is broken by three-points bending test,
which indicates that there is weak interfacial bonding between AlyO3
ceramic matrix and molybdenum metal phase. Therefore, it seems that
there is not good crystalline interaction between the alumina and the
molybdenum. This is, the metal does not enter in the lattice of the
alumina, and for that reason, both phases remain independent at the end
of the sintering process (there is not strong consistence between the
matrix and the disperse constituent).

7)

4. Conclusions

Colloidal processing is an effective method to produce alumina-
molybdenum composites. Using this method, molybdenum nano-
particles are homogeneously distributed at the alumina grain bound-
aries, which is beneficial to obtain a homogeneous small grain size. On
another note, spark plasma sintering technique allows fast sintering of
the particles. This allows obtaining Al,O3-Mo composites in very short
times (3 min at sintering temperature) at lower temperature (1400 °C)
than other conventional methods. Several additional conclusions can be
deduced from the research:

- The addition of molybdenum nanoparticles involves an improve-
ment of the hardness and toughness with respect to the alumina
ceramic without nanoparticles. Hardness and toughness increase at
least a 25%. Hardness is a 28% greater in the case of the Al;03-1 wt
% Mo (without significant differences with the values measured in
the other compositions) and toughness is a 50% greater in AlyO3-5 wt
% Mo with respect to the AlyO3.

The addition of molybdenum nanoparticles inhibits the grain growth
of the Al;O3. The grain of alumina in the Al;03-Mo composite is <
1.6 pm, while in the case of the monolithic alumina, > 70% of the
alumina grains have a size >2 pm.

The addition of molybdenum nanoparticles is deleterious for the
flexural strength. The presence of molybdenum particles (that grow
as the Mo content increase) act as stress concentration sites where
the brittle failure can take place. Other justifications may be asso-
ciated to the poor interaction between the alumina and molybdenum
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Fig. 9. Fracture surface of the sample Al;03-10 wt % Mo.

nanoparticles. Flexural strength is at least 18% lower in the com-
posite with respect to the monolithic alumina.

- The utilization of the spark plasma sintering technique allows, apart
from the already mentioned reduction of processing times, obtaining
very fine-grained structures, which is beneficial for the hardness of
the composite because of the fast heating and cooling rates. This
influence in the microstructure is combined with that of the
molybdenum.
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Since the refractory materials are immersed in aggressive environments, the deterioration
is evident because they are affected by slags, gases or liquids that corrode the material.
Materials used in the refractory lining of the rotary furnace of cement are densified
materials with high resistance, particularly magnesia bricks (MgO) with second phases to

improve their characteristics. Within this investigation, formulations with refractory Keywords:
powders were developed, which were uniaxially pressed at 100 MPa and sintered at 1650 °C Mag’.‘e.s'a
for four hours. Up to a maximum of 20 wt.% of hercynite (Fe2AI204,) was added as second ngrrca:rc]{‘t;ios
phase to the refractory matrix of magnesia (MgO). The morphological characteristics as well Morfologia

as the mechanical properties of the sintered samples, in a conventional electric furnace,
were studied by scanning electron microscopy (SEM) with Energy-dispersive X-ray
spectroscopy (EDX). As a result, it was checked that, the temperature used in the
experiments was not sufficient to obtain sintered specimens of the MgO powders (100 wt.
%). The additions of Fe2AI204 helped to obtain morphologically densified specimens. A 10

Microestructura
Sinterizacién

and 20 wt. % of Fe2AI204 promoted the grain growth during the sintering process.

1. Introduccion

Los materiales refractarios son ampliamente utilizados en
procesos industriales. Son disefiados y fabricados con el
objetivo de soportar elevadas temperaturas y ambientes
agresivos de liquidos, solidos y gases [1]. Recientemente se han
estudiado diferentes sistemas refractarios tomando en cuenta
composiciones de nanoparticulas, agregadas al 6xido de
magnesio (MgO). Estos estudios se han basado en mejorar
principalmente propiedades fisicas [2], [3], [4], mecanicas [5],
térmicas [6] y quimicas [5] [7] [8]. Los estudios anteriores se
centran en explotar las capacidades de las nanoparticulas (<100
nm) brindando efectos potenciadores en la matriz, debido al
efecto del tamafio, area superficial, y efectos cuanticos de éstas.
La desventaja principal es el coste elevado, y de esta manera
resulta dificil escalar, de muestras de laboratorio a una
produccién industrial real. El 6xido de magnesio (2800 °C) se
utiliza como revestimiento de recipientes en procesos
siderdrgicos y también en hornos rotatorios de cementos. Estos
Ultimos consisten en un largo cilindro de acero el cual es
forrado de material refractario, asi mismo, tiene una ligera
inclinacion y se encuentra en constante movimiento por medio
de rodillos. En este tipo de horno se produce el clinker para
cemento Portland [9]. El horno se divide en tres zonas (zona fria,
zona intermedia y zona caliente) donde las condiciones y la
temperatura  (400-550 °C, 660 -1100 °C, 1300- 1600 °C,
respectivamente) varian de acuerdo con cada zona. Asi mismo
los materiales utilizados tanto para zona fria y zona intermedia
son diferentes segun el contenido de Al,O,, y arcilla refractaria
densa. La zona caliente se divide a su vez en tres partes (zona
de transicion alta, zona de quemado y zona de transicién baja).
Los ladrillos refractarios utilizados en zonas de transicion alta

son principalmente ladrillos de magnesia-espinela (MgO-MgAl,
0,) y magnesia-zirconia (MgO-ZrO,) [10] [11] [12]. La zona de
guemado es la zona donde se encuentra la mayor temperatura.
Esta zona es una de las mas afectadas debido a las condiciones
extremas en las cuales se encuentran inmersos los ladrillos
refractarios, provocando cambios o remplazos de ladrillos
refractarios periédicamente [13]. En esta zona, se utilizan
refractarios basicos, principalmente magnesia-cromita (MgO-
CrO;) [14]. Pero se ha comprobado que con estos ladrillos

refractarios se pueden llegar a formar fases de Cr**a Cr®
(cromo hexavalente) cuando los refractarios son expuestos por
encima de los 800 °Cy debido al contacto de alcalis, siendo este

compuesto (Cr6+) toxico y cancerigeno [15]. Para remplazar
estos ladrillos y para aumentar la seguridad ecolégica en la
industria, se han propuesto estudios de sistemas que son
altamente resistentes a las temperaturas, y a los alcalis de esta
zona y que ecolbégicamente son mas limpios. Por lo que se ha
optado por reemplazar estos refractarios (MgO-CrOs) por
dolomita- (CaCO3-MgCO;) agregando segundas fases como
ZrO,, MgO o MgO con espinela (MgAl,O,), inclusive MgO -
zirconia. En este tipo de sistemas lo que se busca es formar una
capa protectora (auto-revestimiento) que ayude a proteger al
ladrillo refractario, pero muchos de ellos no logran formar la
capa protectora, haciéndolo vulnerable al ataque quimico de los
alcalis, causando agrietamientos, spalling, y erosién. Inclusive
se forman bajos puntos de fusién entre la materia primay
elementos que contienen estos ladrillos refractarios debilitando
propiedades térmicas y, por consiguiente, afectando al objetivo
para el cual fueron colocados en esa zona. En la zona de
transiciéon baja los ladrillos mas utilizados son ladrillos de
magnesia - espinela. En este sentido, se busca emplear ladrillos
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con caracteristicas especificas para uso en zonas de quemado.
Como primera parte, la presente investigacién se centra en el
estudio de un sistema refractario magnesia-hercinita (MgO-Fe,
Al,0,), y brinda un estudio de caracteristicas morfoldgicas
(anélisis elemental semicuantitativo), = microestructural y
mecanico, de probetas, para posible uso en parte importante
del horno rotatorio de cemento.

2. Materiales y métodos

2.1. Materia prima

Se empleé magnesia calcinada (MgO) con un tamafio de
particula < 45 pm. Esta materia prima fue suministrada por la
compafiia Grupo Pefioles (Laguna del Rey, Coahuila, México).
Polvos de hercinita (Fe,Al,O,) con pureza del 99.9%, fueron
suministrados por la empresa Maerz Ofenbau AG. La hercinita
fue molida en un molino de bolas de alumina durante 15
minutos. Posteriormente, los polvos fueron tamizados con
malla 325, para obtener polvos de tamafio de particula < 45 pm.
La Figura 1 muestra la materia prima utilizada: (a) hercinita
(antes de molerla), en la cual se observa, una fase obscura
correspondiente al aluminio y una fase mas clara la cual fue
detectada como hierro. Las particulas de hercinita presentan un
tamafio promedio entre 25y 70 ym; vy, (b) polvos de MgO, los
cuales se observan en forma de polvo fino (= 1 uym) con las
particulas de fase oscura correspondiendo al MgO vy las
particulas de color blanco, perteneciendo al CaO. La Tabla 1
muestra la composicion quimica del 6xido de magnesio (MgO).

Parey i gl

Figura 1. Micrografias de SEM, correspondientes a materia
prima utilizada, a) hercinita (Fe,Al,0,) y b) 6xido de magnesio
(MgO).

Materia prima Andlisis quimico
MgO | CaO | FeO| Fe,O5 |Al,O5|SiO, | LOI

97431 09 | ~ 0.06 B 0.6 |1.01

MgO

Tabla 1. Analisis quimico de la materia prima utilizada (MgO).
2.2. Preparacioén de las muestras

Se agregaron porcentajes en peso de hercinita (Fe,Al,O,) a la
magnesia (MgO), considerando 0, 1, 2.5, 5, 10 y 20 % en peso.
Para asegurar la correcta homogeneidad de mezclado se realizé
una mezcla mecanica, en un mezclador (ALGHAMIX II-
Zhermack) a 100 rpm, para cada concentracién. Las mezclas de
cada composicién se vertieron en un molde metalico para
obtener pastillas refractarias en verde. Estas se obtuvieron
mediante prensado uniaxial a 100 MPa en forma de discos de
10 mm de diametro y 9 mm de altura. Las probetas refractarias
fueron sinterizadas en un horno eléctrico a 1650 °C durante 4
horas con una rampa de calentamiento de 5 °C/min. Se
realizaron 5 probetas para cada porcentaje en peso, los valores
reportados pertenecen ala media de las probetas de cada
composicion.

se realiz6 con un FEI Nova,
NanoSEM 200

microestructural
electrénico de barrido (MEB)

El analisis
microscopio
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equipado con un detector de espectroscopia de rayos X de
dispersion de electrones (EDX) (EDAX, modelo Apollo XP,
numero de serie 2930). La dureza de los materiales fue
determinada por indentacién de superficies pulidas con cargas
de 300 gramos durante 10 segundos empleando el durémetro
Buehler. Por razones estadisticas, se hicieron 5 indentaciones
en cada probeta.

3. Resultados y discusion

3.1. Analisis morfolégico

La Figura 2 muestra imagenes de (MEB), las cuales
corresponden a superficies pulidas de probetas de MgO con
diferentes concentraciones de hercinita (Fe,Al,0,). En cada
concentracion se muestran tres diferentes magnificaciones. La
Figura 2(a), corresponde a una muestra de 100 % de MgO, en
esta probeta se observan porosidades, granos de éxido de
magnesio y particulas de éxido de calcio. El éxido de calcio
(CaO) se considera impureza el cual viene inmerso desde la
materia prima, debido a la obtencién del MgO. Ya que el MgO
es obtenido desde dolomita CaMg(COs;),. De acuerdo con la
Tabla 1, el Ca, fue detectado desde la materia prima del MgO
con una concentracién de = 0.9 %. La Figura 2 (b, cy d),
corresponden a micrografias de probetas del 1, 25y 5 % en
peso de Fe,Al,O,, respectivamente. Asi mismo, una fase blanca
fue formada. Mediante analisis puntual EDX, se detecté en esta
fase blanca la presencia de Ca y Fe. Con estas concentraciones
se observaron porosidades redondas iguales a5 pm. Con
probetas del 10 % en peso de Fe,Al,0, (Figura 2 (e)), se
observaron formaciones bien definidas de limites de grano, los
cuales rodeaban a granos de MgO. Finalmente, con probetas
con concentraciones del 20 % en peso de hercinita, se
observaron limites de granos con formacién de puntos triples
con angulos diédricos (angulos de 120 °) que representan una
buena sinterizacion entre los granos de MgO [16], por lo que,
durante el proceso de sinterizado, la porosidad fue
gradualmente disminuyendo lo que permitié que los granos
también fueran creciendo y densificando.

Figura 2. Micrografias de probetas pulidas de MgO con
diferentes composiciones de Fe,Al,0,, donde: a) 100% MgO; b)
1%; ¢) 2.5%; d) 5%; e) 10%; y, ) 20% peso.

Con la probeta del 20% de Fe,Al,Os, tres fases de color blanco
fueron detectadas, las cuales tenian concentraciones de Mg, Fe,
Al, Cay Si (ver Figura 3). La primera fase, correspondia a fase
blanca en limites de grano con concentraciones de Mg, Fe, Cay
Si. Sobre los granos se evidenciaron dos fases mds, una con
formacién de pequefias cruces blancas (con concentracién de
Mg y Fe), y otra fase blanca opaca la cual correspondié a Mgy
Al

En general algunos mecanismos que ocurrieron pudieron
ayudar a promover la densificacién de la microestructura de las
probetas de MgO, a través de la adicion de microparticulas de
Fe,Al,05. a) Formacién in situ de la fase magnesioferrita (MgFe,
0, =4.51 gr/cm®) la cual tiene mayor densidad respecto a la

matriz (MgO= 3.58 gr/cm3) (espectro 1, Figura 3). b) Las fases
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formadas (entre Mg, Fe, Cay Si, ver Figura 3, espectro 3y 4) en
limites de grano, permitieron un sinterizado en estado liquido,
de tal manera que los granos solidos de MgO coexistieron con
el liquido, actuando como enlazante entre las particulas sélidas,
ayudando a densificar la pieza [17].

Otro mecanismo importante que pudo estar presente fue la
formacién insitu de la fase espinela MgAl,O, (Ver, Figura 2(f),
micrografia donde se observa fase blanca opaca y se sefiala al
Al, la cual es una fase quimicamente mas estable a diferentes
tipos de escorias. Se sabe que ladrillos refractarios con
composicion  MgO- MgAl,0, son utilizados en Zonas de
Transicion Alta y en Zonas de Quemado dentro del horno
rotatorio de cemento. Ademds, que esta fase tiene una
temperatura de fusién alta (2135 °C), se caracteriza por ser
quimicamente mas estable y mucho mas resiente a la
rehidratacién de la matriz del MgO.

En la probeta del 20% de hercinita, se evidencié la disminucién
de porosidades, respecto a las demas probetas. Como se sabe,
un ladrillo refractario puede tener un porcentaje de porosidad
permitido y que opere bajo condiciones normales en
condiciones de trabajo bajo las cuales fue disefiado. En la
probeta del 20% de hercinita, se observa porosidad remanente,
se piensa que esta, podria ayudar para que cuando el Clinker
penetre a través de la porosidad quede anclada una capa
solidificada en las porosidades [18], y que posteriormente sirva
de autoproteccion contra el mismo Clinker de cemento [19]. Ya
que la Zona de Quemado es donde se encuentra la mayor
temperatura y es una de las mas severas para los ladrillos
refractarios dentro del horno rotatorio de cemento.

Figura 3. Micrografia correspondiente a probeta del 20% en
peso de Fe,Al,O,, analizada por EDX puntual en diferentes
partes de la probeta.

3.2. Analisis de microdureza

En la Figura 4 el efecto del porcentaje de hercinita (Fe,Al,0,)
sobre la dureza de las probetas, fue estudiado. Como se puede
observar en la gréafica con adicién de Fe,Al,0, se observan
variaciones de dureza, en general un ligero aumento en la
dureza fue evidente con adiciones de hercinita. En la gréfica se
observa con 1% en peso de Fe,Al,O, una dureza de 204.7 HV,
con 2.5, 5y 10 % en peso de hercinita se observé que los
valores se mantuvieron casi constantes con valores de 250.1,

https://www.scipedia.com/public/Gomez_Rodriguez_et_al_2023a

239.5 y 228.86 HV, con la probeta del 20 % de Fe,Al,O, se
observé un aumento en la microdureza (339.44 HV). Este
aumento es consistente con la evolucién microestructural
presentada en la Figura 2, en la cual se observé que con esta
probeta se obtuvo una probeta densificada.
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Figura 4. Variacién de la dureza Vickers en funcién del
porcentaje en peso de Fe,Al,0, agregado al MgO.

4. Conclusiones

En este trabajo se ha presentado un estudio morfoldgico y
mecanico (microdureza) de probetas realizadas con magnesia
(MgO) y adiciones de hercinita (Fe,Al,0,). Esta investigacion
proporciona conocimiento en cuanto al desarrollo
microestructural de este tipo probetas. De acuerdo con las
micrografias del material sinterizado se puede observar que el
mejor resultado en términos microestructurales, es decir, con
menor porosidad, formacién de limites de granos y piezas
mejor densificadas, corresponde con las probetas de 20 % en
peso de Fe,Al,O,. Asimismo, esta probeta presentd mejor
dureza en comparacién a los otros porcentajes en peso de
hercinita (339.44 HV).
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Trabajo complementario 2: Nano-Oxide (SiO2 and Fe:03) effect
on magnesium oxide compound (MgO).
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3.1. Introduction
3.1.1. Refractory materials

Refractory materials have many different definitions in the literature. However,
one of the most common ways to define them is as materials that can withstand
elevated temperatures and are subjected to different degrees of mechanical and
thermal stress. Moreover, they resist corrosion and the erosion by solids, gases,

and liquids as well. This definition is not unique, yet it can be taken as one that
best describes the refractory materials.
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3.1.2. General composition of refractory materials

A refractory material is generally composed of four structural units:

a. Grains or _aggregates: main element of refractory materials. They
constitute near 70% of the product. Different grain sizes and
aggregates are used to build and produce a dense texture.

b. Matrix: materials with sizes smaller than 150 um, which are used to
fill up space between the aggregates.

c. Binding material: structural unit that joins the aggregates with the
matrix to form the refractory material.

d. Pores: zones in the material where no material is found.

3.1.3. Recent studies on refractory materials: Investigation of their properties

Refractory materials play an important role on different industrial activities,
specially where the production requires high temperatures, such as the melting of
ferrous and non-ferrous metals. Different types of refractory materials have been
employed as linings for walls, tiles, vaults for electric arc furnaces, metallurgical
pots, basic oxygen furnaces, among others. These materials have been used due to
their excellent thermal, chemical, and mechanical properties. Magnesia-carbon
brick is taken as standard for the lining of ladle metallurgy furnaces for slag lines,
basic oxygen furnaces, and electric arc furnaces for steel making and in secondary
steel-making furnaces and equipment [1-3]. However, this refractory is a carbon-
rich material, which makes it prone to oxidation and this condition leads to
subsequent side effects. Recently, several efforts have been made to improve the
performance of MgO bricks through the addition of different additives, such as
TiO,, SiO,, Al,Os, ZrO,, Fe;0s, and ZnO [4, 5], but problems remain due to the
increasing severity of the operating conditions. This fact has created enormous
opportunities for further research in the field of refractory materials.
Nanotechnology was introduced to the refractory industry some years ago, and
nowadays it is an important tool included in many research projects [3, 6-8]. In
their research work, Huizhong et al. reported on the addition of nano-Fe;0; to a
matrix of magnesia-chrome refractory and found that the sintering temperature
was reduced about 150 °C [9]. Another interesting report comes from Min Chen et
al., who studied different sizes of zirconia (micro-nano-powders) added to MgO-
CaO refractories sintered at 1600 °C. The results showed that densification was
promoted by increasing the amount of nano-ZrO,. In addition, the formation of
calcium zirconate (CaZrOs) induced a volume expansion, which improved the
thermal shock resistance, as well as an enhancement of the slag corrosion
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resistance due to the chemical inertness of the CaZrOs phase [10]. Finally, Azhari et
al. investigated the effect of nano-Fe,03 up to 8 wt. % in MgO-Cr,0; refractory
matrix and established that the formation of magnesioferrite spinel was reached
at 1350 °C [11]. On the other hand, as is known, the fine fraction is considered the
weakest constituent of a refractory matrix. Therefore, it must be reinforced by the
development of a strong bonding. The bonding strength represents one of the
main microstructural characteristics that contributes to the development of a
reliable refractory matrix. Increasing the bonding strength, the resistance against
many kinds of stresses during performance and structural spalling would be
improved. Considering the above mentioned, in the present research work, the
effect of nanoparticles of Fe,03 and SiO; as structural bonding on the sintering
process of a dense magnesia composite was investigated.

3.2. Experimental procedure

3.2.1. Raw materials

Dead burnt magnesia (at industrial grade purity) with a particle size < 45 um was
used as raw material. Its chemical composition, determined by X-ray fluorescence
technique, is given in Table 1. High-grade nano-iron oxide (a-Fe;0Os) and silicon
oxide a-SiO,, with an average particle size in the range of 20-50 nm, were supplied
by Skyspring Nanomaterials, Inc., USA (Table 2). The compositions investigated
were 0, 1, 3, and 5 wt.% of nano-Fe;03; and SiO,, which were added to magnesia
powders. The a-Fe;0s3 (99.0 wt. %) and SiO; (99.9 wt. %) nano-raw materials in the
present study were of analytical grade.

Tab. 1. Chemical analysis of magnesia.

Chemical analysis (%)

Raw material
MgO Cao FeO Fe203 Al203 SiO2 Lol

MgO 97.43 0.9 - 0.06 - 0.6 1.01

Tab. 2. Properties of the high-purity powders.

Powder Purity (%) Size nm SSA m?/g Color
Fe20s3 (a) 99 20-40 40-60 Red brown
SiO2 99.9 20-50 18 White
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3.2.2. Dispersion test

The best dispersant for the nanoparticles was found by means of a dispersion test
using acrylic copolymers as dispersant agents with acetone medium. This test
consisted of mixing the nanoparticles inside of test tubes with six different
dispersants in acetone and acetone alone. Once the nanoparticles were immersed
in the liquid medium, the ultrasonic agitation method (Aquasonic TM 75 T model)
was carried out during 1 hour for homogenization.

The tested dispersants were: Crodafos 010-LQ, Crodafos 03-LQ, Oratan 850,
Oratan 681, Triton X-100, Zephrym, and acetone. Figure 1 shows the test tubes
with the mixtures of Fe,0s; or SiO, nanoparticles, acetone, and the dispersants.
This analysis observed the settling time of the nanoparticles past 12 days. The best
results were the essay tubes where the nanoparticles were dispersed in the liquid
medium and not sedimented.

oi .
test

-

Crodafos § Crodafos § Oratan | Oratan J Triton I Zephrym || Acetone I s
0104 03A 850 681 X-100 § PD3315

e

-

. % m wm sban

Fig. 1. Test tubes with the mixture of nanoparticles and dispersants used for the dispersion test.

| ——— R
- -

3.2.3. Dispersion test of Fe.O3; nanoparticles

Figure 2 shows the dispersion percentage as a function of time for the Fe,0s;
nanoparticles dispersed in acetone and the other dispersants. The results indicated
that the dispersion volume was near 100% for Zephrym during the first four days.
Similarly, Oratan 681 and Triton X-100 had a high dispersion volume during the
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first days, near 93% and 90%, respectively. As the days were passing, Fe,0s
nanoparticles were sedimenting on the test tube for all proposed mixtures, which
was evidenced by the change in transparency of the liquid (acetone) used in each
essay tube. After 12 days, Zephyrm dispersant helped to reduce the sedimentation
of Fe;03 nanoparticles.

- 100 # Crodalos 0100

35 % # Crodalos 031Q

gvo 80 ¥ Oratan 850

8 B Oratan 681

S & A TritonX-100

5 50 # Zepheym

2 4 ¥ Acetona

5 ¥

g 2 Results

a 10

,g 0 - ‘ . Zephrym
83333 3ii:3%:23: Il Oratan 681

Fig. 2. Dispersion test of Fe;03 nanoparticles. Zephrym, Triton X-100 and Oratan 681 were the best
dispersants used, these dispersants showed greater dispersion percentage past 12 days.

3.2.4. Dispersion test of SiO, nanoparticles

Figure 3 exhibits the dispersion percentage as a function of time for SiO,
nanoparticles immersed in acetone and other dispersants. After 12 days, Zeprym
and Oratan 681 showed a higher dispersion volume, 65 and 60%, respectively.
From day 5 to day 12, there is no significant change in the dispersion percentage
for all dispersants and the sample that contained just acetone. After 12 days,
Zephyrm dispersant also helped to reduce the sedimentation of SiO, nanoparticles
and the dispersion volume in the liquid medium remained high, which was 65%.

52



Production of engineering materials

) ¥ Crodafos 010-0Q
§ ) | ® Crodafos 0340
;70 3 B Oratan 850
g # Oratan 681
& &0 ® Triton X-100
g 0 8 2epheym
o 0 # Acctona
n.30
c
0 Results
@ X
g 10 . Zephrym
'2 0 | Ora!anﬁsl
0 i e IIl. Crodafos 03-1Q
:""1‘232‘1",‘:"5
EEiE3i iiii:

Fig. 3. Dispersion test of SiO, nanoparticles. Results considers the dispersants that showed greater
dispersion percentage past 12 days

3.2.5. Use of pressure and temperature on refractory composites

Refractory mixtures were made based on the MgO + nano-Fe,03; and MgO + nano-
SiO; systems. To disperse the nanoparticles, we used Zephrym dispersant (based
on the obtained results).

Refractory samples with a diameter of 25.4 mm and a height of 25.4 mm were
obtained using a uniaxial pressure of 100 MPa. The refractory samples were
sintered in an electric furnace at 1600 °C at a rate of 5 °C/min for 4 hours. Figure 4
displays the sintered samples of MgO and MgO with 1, 3 and 5 wt. % of nano-
Fe>05 and SiO,, as well as their dimensions before after sintering at 1600 °C.
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1600°C

Fe,0, (1600°C)
3%

Fig. 4. Sintered samples at 1600 °C. MgO sample is located at the top part, corresponds to 0 wt. % of
nanoparticles added to the matrix. (a-c) sintered samples with 1, 3 and 5 wt. % of nano-Fe;0s. (d-f)
sintered samples with 1, 3 and 5 wt.% of nano-SiO..

3.2.6. Microstructural characterization and physical analysis of samples

The presence of ceramic phases was determined by X-ray diffraction technique
(XRD; Bruker D8 Advance model) with CuKa radiation (A = 1.5406 A) operated at 40
kV and 30 mA. The scans were performed in the 20 range from 10 to 90° with a
step scan of 0.05° and 1.5 s per step in a continuous mode. The morphology
analysis was performed using an FEI Nova NanoSEM 200 scanning electron
microscope (SEM) equipped with an electron dispersive X-ray spectroscopy (EDX)
detector (EDAX, Apollo XP model, 2930 serial number). The bulk density and
apparent porosity were obtained using Archimedes’ principle (according to
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standard, ASTM C-20), reported values are the average of 10 determinations for
each composition.

3.3. Results and discussion

Figure 5a shows the effect of Fe,03; nanoparticle additions on the bulk density and
apparent porosity of sintered specimens sintered at 1600 °C. It is observed that
the bulk density begins to increase gradually starting from 1 wt. % of Fe,0s, finding
its highest value at 5 wt. %. This behavior can be attributed to the higher density of
Fe,03 (5.24 g/cm3) in comparison to the MgO (3.58 g/cm?) or by the new phase
formation (MgFe;0, = 4.51 g/cm3). In addition, it can be assuming a good
dispersion in all the concentrations used, since the shown tendency is coherent
with the increment in Fe;Os nanoparticles addition. Another densification
mechanism is correlated microstructurally with the low melting point belonging to
the nano-iron oxide in comparison with magnesia oxide, which leads, several
times, to the formation of an iron oxide bridge that permits a suitable mass
transport between MgO particles. With a maximum increase of Fe;0s
nanoparticles, the bulk density increased appreciably, reaching a value of 3.37
g/cm3 at 5 wt. % of nano-Fe,0; with a corresponding value of apparent porosity of
1.8%. Taking into account the porosity registered in the MgO matrix without the
addition of nanoparticles (4 %), the porosity decreased substantially when the
Fe>0s; nanoparticles were added.

Figure 5b shows the bulk density and the apparent porosity results of samples
with nano-SiO; in the MgO matrix. From the analysis of results, it is observed that
there is a tendency toward a decrease in bulk density, while at the same time
there is an increase in apparent porosity when nano-SiO, is added. A higher
apparent porosity was reached with the addition of 3 wt. % of nano-SiO; (7.3%). It
is important to mention that the maximum density was registered in the sample
without the addition of nano-SiO,, that is, in the MgO sample (a density of 3.29
g/cm?® with 4% apparent porosity). This behavior can be attributed to spinel
formation (Mg,SiO,) along with the appearance of microcracks around this phase.

Figure 6a shows the XRD patterns of sintered samples with the addition of 1,
3, and 5 wt. % nano-Fe;03 and without nano-Fe;0; addition (reference). Samples
with 1 wt. % of nano-Fe;0; addition and without nano-Fe,Os3 addition exhibit the
existence of single-phase MgO (periclase) and no impurity peaks are observed. The
diffraction patterns of samples with 3 and 5 wt. % of nano-Fe,03 addition mainly
consisted of MgO (periclase) and MgFe;0. (magnesioferrite) phases.
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Fig. 5. Density and porosity as a function of weight percentage of: a) Fe,03 nanopatrticles, b) SiO,

nanoparticles, sintered at 1600 °C.

Figure 6b shows the XRD patterns of sintered samples without and with the
addition of 1, 3, and 5 wt. % of nano-SiO,. In the samples without and with 1 wt. %
of nano-Si0,, MgO (periclase) was detected as the main crystalline phase.
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Simultaneously, in the samples with 3 wt. % of nano-Si0O,, MgO (periclase) and
Mg,SiO, (forsterite) phases were detected

In the sample with the addition of 5 wt. % of nano-SiO,, MgO (periclase) and
Mg,SiO, (forsterite) were observed once again. A greater number of peaks
corresponding to the forsterite phase were detected when 5 wt. % nano-SiO, was
added to the MgO matrix.
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Fig. 6. XRD patterns of the samples sintered at 1600 °C. Yellow line corresponds to samples with 100
wt. % of MgO. Gray, pink, and blue lines correspond to 1, 3 and 5 wt. % of a) nano-Fe,03 and b) nano-
SiO,, respectively.
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Figure 7 shows the microstructure corresponding to the sample without the
addition of nanoparticles. From the analysis, the typical microstructure of an MgO
fractured surface is observed. In addition, porosity and a dark gray phase
corresponding to MgO (magnesia) were identified as well as CaO (lime) particles as
impurities (white phase).

Fig. 7. SEM micrographs of sintered MgO (100%) specimens at 1600 °C.

Figure 8 displays SEM micrographs at different magnifications of samples with
1, 3, and 5 wt. % of nano-Fe,03. With nano-Fe,03; addition at 1 wt. % (micrographs
at the top of Figure 8), the formation of phases with iron (Fe) and calcium (Ca)
concentrations was observed. These phases formation take place during the
reaction of nano-Fe,03 with CaO impurities, resulting in calcium iron oxides. These
oxides, characterized by low melting points, were found randomly in low
proportion in the MgO matrix.

With the addition of nano-Fe;Os at 3 wt. % (micrographs in the middle of
Figure 8), a homogeneous microstructure with low apparent porosity (1.9%) and a
phase corresponding to magnesioferrite (MgFe,04) was found. Sample containing
5 wt. % of nano-Fe,0s, revealed magnesioferrite phase (MgFe,0,) in the grain
boundaries as well as in the periclase grains, corroborated by XRD analysis. As
claimed by some researchers, the high solubility of iron oxide (Fe;0s) in periclase
(around 60 wt. % at 1500 °C) due to the near ionic radius of iron and magnesium
(Mg?*: 0.65 A; Fe*: 0.6 A) leads to the formation of cationic vacancies in magnesia
[12]. This phenomenon results in high atomic mobility, encouraging precipitation
of magnesioferrite spinel from periclase and enhancing the direct bond formation.

58



Production of engineering materials

The white lines at the boundary and between periclase grains shown in Figure
8 (specifically in samples with 3 and 5 wt. % of nano-Fe,0s) indicate a spinel bond
(magnesioferrite spinel, MgFe,04), which also plays an effective role in lowering
the dihedral angle between periclase grains. As it is known, one of the key factors
in reducing the sintering temperature of direct-bonded bricks, as reported nearly
four decades ago, is lowering the dihedral angle between periclase grains [11].

Similarly, calcium (Ca) and iron (Fe) concentrations have been observed in the
triple points as revealed by EDX analysis (white phase). Although this phase was
not detected by XDR, it can be attributed to the calcium iron oxide phase (see
point 1 and inserted table in Figure 8).

Fwt. % Fo O

Fig. 8. SEM micrographs of sintered samples at 1600 °C with 1, 3, and 5 wt. % nano-Fe;03. Every
composition has different magnifications, corresponding to 20, 10, and 5 um.

The SEM analysis carried out on the samples with nano-SiO; content is shown
in Figure 9. The EDX analysis indicated the presence of calcium magnesium silicate
in the samples corresponding to the nano-SiO, additions at 1 and 3 wt. %
(corresponding to the three micrographs in the top and the three in the middle of
Figure 9, respectively). This phase has a low melting point and was formed by the
reaction of nano-SiO, and CaO (as an impurity occurrence from magnesia).

Furthermore, Figure 9 shows the specimens with 5 wt. % additions of nano-
SiO;, where the formation of magnesium silicates (Mg,SiO4) was identified. This
phase was observed on the grains of magnesia, with a triangular morphology
(white phase, see micrographs at the bottom of Figure 9). Magnesium silicate
phase was identified by a punctual EDX analysis (see point 2 and inserted table in
Figure 9) and was confirmed by XRD analysis.
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Fig. 9. SEM micrographs of sintered samples at 1600 °C with 1, 3, and 5 wt. % nano-SiO,. Every
composition has different magnifications, corresponding to 20, 10, and 5 um.

3.4. Conclusions

The addition of nano-Fe;0s leads to the formation of a magnesioferrite spinel
bond that permits a suitable mass transport between MgO particles. The addition
of nano-SiO, contributes to the formation of calcium magnesium silicates (which is
a phase with low melting point). The high solubility of iron oxide (Fe,0s) in
magnesia leads to the formation of cationic vacancies in magnesia, resulting in a
high atomic mobility, encouraging the precipitation of magnesioferrite spinel from
periclase, and enhancing the direct bond formation. The constitution of this phase
aided the sintering process. Moreover, the density increased with the increment in
concentration of nano-Fe,0s; best concentration corresponded to the sample with
5 wt. % of nano-Fe,03, with a density of 3.37 g/cm?® and a porosity of 1.8%. On the
other hand, density decreased with the increment of nano-SiO, concentrations in
the sintered MgO samples; they have open porosities.
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processing routes.
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ABSTRACT

The aim of the present manuscript is to obtain dense MgO refractories by means of two novel different routes:
TiO2 nanoparticles in brucite (Mg(OH)2, R1) and TiO2 nanoparticles in caustic magnesia (MgO, R2). Therefore,
contents of TiO, nanoparticles were added at 1, 3, and 5 wt % to brucite and caustic magnesia while the
reference sample consisted in 100 wt % MgO (R0), which was obtained from calcined brucite. The nanoparticles
were mixed with the brucite in the first route (R1), and the mixtures were first calcined at 960 °C and then cold
uniaxially pressed at 150 MPa and subsequently sintered at 1600 °C for 4 h. Also, TiO, nanoparticles were mixed
with the caustic magnesia in the second route (R2), and the mixtures were then cold uniaxially pressed and
sintered at 1600 °C. Different techniques were considered to characterize the composites: Thermal Analysis,
XRD, SEM, bulk density and porosity, and cold crushing strength (CCS). Results suggest that the route 1 produces
MgO-TiO2 composites with greater densification rate (density is at least a 3.29% greater) and better mechanical
properties (CCS is at least a 20% better) than the route 2. Therefore, starting from brucite (Mg(OH)2) to obtain
MgO-TiO, composites is a better alternative to produce a material with greater densification and better me-
chanical properties.

1. Introduction

results with those obtained for MgO-TiO, refractory composites directly
obtained starting from caustic magnesia (MgO). Brucite, with the

The study of MgO refractories adding second phases in micro and
nanometric sizes has been widely reported in literature [1-20]. Part of
these investigations focus on the structural changes generated by the
second phases added to the matrix and on the obtained properties.
Similar considerations could be applied to the study of TiO, nano-
particles on the structure and properties of MgO refractories. However,
the novelty of this manuscript arises from the utilization of industrial
grade brucite of synthetic origin doped with TiO, nanoparticles to
obtain MgO-TiO; refractory composites and the comparison of the

chemical formula Mg(OH),, is mainly used as precursor of magnesia
(MgO) to manufacture refractory bricks. Nevertheless, it has some other
uses as flame retardant, source of magnesium or, more recently, it was
used as Mg(OH)»/TiO; composite for catalytic degradation of chemical
warfare agents [1]. Sintered magnesium oxide is one of the most
important basic refractory materials used for many years worldwide by
cement or different metallurgical industries, as the lining of ladles that
transport the melt or used in walls, vaults, or floors of furnaces where
different materials are melted [2,3]. Due to the demanding standards
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that they require in the fusion processes and obtaining of the finished
products, these industries require refractory bricks of high purity and
quality with exceptional properties. Recently, several researchers have
reported the role of nano-additives or micro-particles on sintered
magnesia, where Al;O3 [4-7], MgAl,04 [8,9], SiO3 [10], ZrOy [11-13],
Fep03 [5,14], ZrSiO4 [15], TiOy [16,17], C [18,19] or Cry03 [20] have
been incorporated into the caustic magnesia and sintered magnesia
matrix. Thermal, chemical, physical and mechanical properties have
been substantially improved in these composites. Anyway, these in-
vestigations have centered on the impact that nano or micro-additions of
ceramic oxides have on the sintered magnesia composite using caustic
MgO as starting material. Nevertheless, the effect that TiOy nano-
particles addition on industrial grade brucite (Mg(OH),) of synthetic
origin may have on the final properties of sintered magnesia has not
been yet studied.

There are different processes for obtaining high purity MgO,
although it is commonly obtained from the precipitation of synthetic
brine combined with calcined dolomite [4,21-23]. From brine, MgCl is
obtained in aqueous solution, which is introduced into a reactor and
reacts with Ca(OH),;, where also there is a reaction between
MgO-CaO-H>0, from the calcination of dolomite. The Mg(OH), ob-
tained by precipitation from the reactor is calcined in a Herreshoff kiln
to produce high purity caustic MgO powder. The caustic MgO powder is
then pressed (briquetted) to be sintered in a vertical furnace at 1800 °C
and produce sintered MgO.

Anyway, it is known that magnesium hydroxide is a chemically
defined compound with hexagonal/rhombohedral crystal structure.
When the brucite is calcined, during thermal decomposition at 960 °C, a
face-centered cubic crystalline transformation occurs, which yields
caustic MgO [24]. In this transformation, the presence of Ti*" ions could
influence in the crystalline structure of brucite by substitution Mg?*
ions, finally impacting on the properties of the last stage to obtain the
sintered MgO [25,26].

Within this manuscript, three routes (R0, R1 and R2) are proposed to
elaborate MgO-TiO, refractories:

- RO route, TiO3 is not added (reference sample). Brucite was calcined
at 960 °C for 2 h, subsequently the obtained MgO powders were
uniaxially pressed and green compacts were sintered at 1600 °C for 4
h.

R1 route, TiO3 nanoparticles are added before the calcination of the
Mg(OH),. Mixtures of Mg(OH), and TiO; nanoparticles were later
calcined at 960 °C for 2 h, then uniaxially pressed and, finally, green
compacts were sintered at 1600 °C for 4 h.

R2 route, TiO; is directly added to the caustic MgO (after the calci-
nation of the Mg(OH), at 960 °C for 2 h). Later, powders were uni-
axially pressed and green compacts were sintered at 1600 °C for 4 h.

The results of the formed phases, morphology, physical and me-
chanical properties such as density, porosity, and cold crushing strength
of the three routes were investigated and discussed. Raw materials were
analyzed by chemical composition and thermal analysis.

2. Experimental procedure
2.1. Calcined powders and sintered powders

Brucite (Mg(OH),) industrial grade (Penoles Group Inc.) was used as
raw material. The chemical composition of the raw material was
determined by inductively coupled plasma atomic emission spectros-
copy (brand Thermo model iCAP 6500 Series): 0.03 wt % Al,03, 0.31 wt
% Ca0, 0.05 wt % SiO3, 0.02 wt % Fe;03, 46 wt % MgO, 53.59 wt % LOL.
High purity nanoparticles of titanium dioxide, TiOy (Sigma-Aldrich,
Inc., St. Louis, MO, USA), with particle size <21 nm, were used as a raw
material. Other specifications of the TiO,- rutile/anatase phases are:
>99.5% of purity, 35-65 m2/g of Specific Surface Area, 1850 °C of
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melting point, 4.26 g/cm® of density. 1, 3, and 5 wt % TiO, nanoparticles
were added to brucite (Mg(OH)2) and caustic magnesia (MgO) for route
R1 and R2 respectively, where the MgO:TiO5 ratio is equivalent in both
routes (R1 and R2): 99:1 ratio (with sample codes BR1-1 and BR2-1 for
route 1 and 2, respectively), 97:3 ratio (with sample code BR1-3 and
BR2-3 for route 1 and 2, respectively) and 95:5 ratio (with sample code
BR1-5 and BR2-5 for route 1 and 2, respectively). In the case of route 1,
the formulations were calculated considering the content of the chem-
ical water of brucite. Fig. 1 shows a flow diagram of the three routes (RO,
R1 and R2) proposed to elaborate raw materials for refractories based
on MgO from brucite. In the R1 route, TiO; is added to the brucite; in the
R2 route TiO; is added to the caustic MgO, which is obtained from
brucite through calcination at 960 °C for 2 h; in the RO route TiO5 is not
added.

Based on the above, the objective of the R1 route is to prepare
MgO-TiO; refractories from brucite by adding TiO3 nanoparticles before
the calcination of the Mg(OH),. Mixtures of Mg(OH), and TiO, nano-
particles were later calcined at 960 °C for 2 h, then uniaxially pressed
and, finally, green compacts were sintered at 1600 °C for 4 h. The
objective of the R2 route is to prepare refractories from brucite but
adding TiO4 nanoparticles after the calcination of the Mg(OH), at 960 °C
for 2 h (i.e. adding TiO5 nanoparticles to the caustic MgO in the stage
just after the calcination of the brucite). Later, the mixed powders of
routes 1 and 2 were uniaxially pressed and green compacts were sintered
at 1600 °C for 4 h. Finally, the objective of the RO route is to prepare
MgO refractories from Mg(OH), without TiO3 nanoparticles. As in the
other routes, MgO powders were uniaxially pressed and green compacts
were sintered at 1600 °C for 4 h.

All powder mixtures obtained by RO, R1 and R2 routes were uni-
axially pressed (UP) in a steel mold at 150 MPa for 2 min to obtain
compacted green samples. Then, green compacts were sintered at
1600 °C for 4 h with a heating rate of 5 °C/min in a conventional furnace
(KSL-1700X). Table 1 collects information about the samples used in this
research, where the Stage 1 corresponds to the calcination of Mg(OH),
or Mg(OH), + TiO2 nanoparticles and Stage 2 is the sintering of the MgO
or MgO + TiO, nanoparticles.

Fig. 2(a) shows a representative SEM micrograph of caustic magnesia
powders (i.e., after the calcining of the brucite (Mg(OH,) or before the
sintering process), the particle sizes were <655 nm. Fig. 2(b) shows a

[ Mg(om,
¥ L ]
KEi Hii K2

i
Ty TrniThdes

T T *
Crdzmahion

BT Bl

HI

1 el naniyEracks

msakie M pll

T. L .

oo vty preoed

Hi Hi Rl

M1 Sraered Mgl
with Tirly adkded in euestie g

K1 Samisyed Mgl
ahi Tidy aikded Lo Tz

Fig. 1. Flow diagram of the preparation process of the samples. R1 and R2
indicate the followed route, where TiO, nanoparticles were added; RO indicates
the route followed when TiO, was not added.
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Table 1
Routes, samples code and parameter used in stage 1 and 2.

Ceramics International 49 (2023) 12604-12614

Routes/Samples ID Stage 1

Stage 2

Route Sample Raw material (wt. %)

Temperature (°C)

Raw material (wt. %) Temperature (°C)

d
code Brucite Mg Nano-TiO, added in Calcination 2 h Caustic magnesia Nano-TiO, added in caustic Sintering 4 h
(OH), brucite (MgO) MgOo
RO BRO 100 - 960 - - 1600
R1 BR1-1 99.31 0.69 960 - - 1600
BR1-3 97.91 2.09 960 - - 1600
BR1-5 96.49 3.51 960 - - 1600
R2 BR2-1 100 - 960 99 1 1600
BR2-3 100 - 960 97 3 1600
BR2-5 100 - 960 95 5 1600

15 1Hn .
) ¥ 13 1m

Fig. 2. SEM images of a) caustic magnesia powders and b) sintered magnesia sample at 1600 °C.

SEM image of the surfaces of a sample of sintered magnesia (MgO),
where sintered grains with circular porosities were observed. The sizes
of the grains varied significantly (37-147 pm).

2.2. Dispersion of nanoparticles

TiO4 nanoparticles with anionic polymeric dispersant (10 wt % of
crodafos 03A IQ in relation to the wt. % of nanoparticles, Croda In-
dustrial Chemicals, Snaith, UK) were dispersed in acetone to avoid the
agglomeration of the nanoparticles. The dispersion was subjected to
magnetic stirring (Intillab Ms-500) for 15 min, and then the suspension
was placed in an ultrasonic bath (VWR Scientific Aquasonic 75T) for 20
min. The dispersion was mechanically mixed with the brucite (Mg
(OH)2) (R1 route) (Alghamix II-Zhermack) for 15 min at 100 rpm to
obtain a homogeneous mixture with the suspension of TiO, nano-
particles in brucite. The same procedure was carried out in the case of
caustic magnesia (MgO) in R2 route. This methodology was applied for
each content in TiO, nanoparticles.

2.3. Particle size after calcination

The particle size after calcination of brucite was calculated from the
full width to half maximum (FWHM) peak of greatest diffraction for
MgO (111) using the Scherrer equation [27].

D= K2
" pcos

(€Y

where, D: sample particle size, K: factor (0.89), A: x-ray wavelength, f:
FWHM of the maximum diffraction peak in radians, ¢: diffraction angle
of the maximum peak. The results obtained are shown in Table 2.

Table 2

Parameters used in the Scherrer equation to obtain the particle size (D) after
calcination of brucite (caustic magnesia (MgO)) and caustic magnesia samples
with additions of nano-TiO».

K A (10\) FWHM B (FWHM in e () D
(°260) rad) (nm)
MgO 0.89 1.78901 0.4809 0.004196654 25.1369 379
MgO-1 0.89 1.78901 0.45 0.003927 25.1556 406
wt. %
TiOy
MgO-3 0.89 1.78901 0.451 0.003935727 25.15955 405
wt. %
TiOy
MgO-5 0.89 1.78901 0.4497 0.003924382 25.1916 406
wt. %
TiOy

2.4. Microstructural and morphological analysis

The crystal structure and identification of phases were carried out by
X-ray diffraction technique (XRD; Panalytical Empyrean model) with
Co-K, radiation (A = 1.79 A) operated with a voltage of 40 KV and a
current of 40 mA. The scans were performed in the 20 range from 10 to
110° and 10 s per-step in a continuous mode. The morphology of all
sintered samples was characterized by a Scanning Electron Microscope
(JEOL JSM-6010 PLUS/LA) equipped with an electron dispersive X-ray
spectroscopy (EDX) detector.

2.5. Physical and mechanical characterization, and thermal testing
The densification of the samples, bulk density (BD) and apparent

porosity (AP), was studied by the Archimedes method (ASTM-C20). In
other words, this test was carried out by immersing all the sintered
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samples in a liquid medium (water), and by weighting the difference.
Thus, BD and AP are obtained using formulas (2) and (3).

M1 — M
Bulk density (g / cm’® ) = {72} 2
M;
M, — M-
Apparent porosity (%) = {Mz — Mj x 100 3)

where, M; is initial weight, M is saturation weight and M3 is immersion
weight. The mechanical resistance was determined by the cold crushing
strength (CCS) method. A mechanical testing machine (ELE-Interna-
tional, ABR-AUTO V2 model, with range up to 200 tons) was used. With
a loading rate of 490 N/s. Samples of 25.4 mm in diameter and 25.4 mm
in height were used in both evaluations and the reported values are the
average of 13 measurements for each designed composition. The
maximum loads per unit area that a refractory material support before
failure occurs are obtained with CCS test. The refractory raw materials
(brucite (Mg(OH),) and caustic magnesia (MgO)) were subjected to
simultaneous differential thermal analysis (DTA)/thermogravimetric
(TGA) analyses (TA Instruments, model SDT Q600). The analysis was
carried out up to 900 °C.

3. Results and discussions

3.1. Differential thermal analysis and thermogravimetric analysis of raw
materials

Fig. 3 shows the simultaneous differential thermal analysis and
thermogravimetric (DTA-TGA) curves of Mg(OH), and MgO. Brucite
powders (Mg(OH),) (Fig. 3 (a)) show an endothermic peak at 100 °C,
with a weight loss of 31.44% which is attributed to the elimination of
physical water in brucite [28]. Likewise, another important endothermic
event occurs at 426.06 °C and a weight loss of 18.73% is observed. This
thermal event corresponds to the dihydroxylation of ions (H* and OH™)
of brucite, which were chemically bound to Mg ions [7,29,30].

It is evident that the sample in this temperature remains with a mass
of 49.83%. From 450 °C to 755 °C only a loss of mass of 2.40% occurs,
attributed to the diffusion of water vapor trapped in the oxide, according
to the literature [31].

Fig. 3 (b) depicts the simultaneous DTA/TGA curves of caustic
magnesium oxide (MgO) (this compound was obtained from the calci-
nation of brucite). As can be seen at 220 °C and 397 °C, mass losses
corresponding to 1% and 1.7% are observed respectively, corresponding
to evaporation of physical and chemical surface moisture that the
sample absorbed due to its hygroscopic nature. Results show the pres-
ence of a large endothermic transition at 323 °C, which agrees with the
dihydroxylation process reported in a range of 300-464 °C [32]. Up to
900 °C there is only a 0.6% in loss in weight which could be attributed to
the release of ClI™ ions (which occurs at around 714 °C), since this
element can be found in the raw material (in natural brine mantle, ac-
cording to Brewer) [33].

3.2. Structural analysis

3.2.1. Raw materials and calcined powders

The phase composition of the raw materials was studied by XRD.
Fig. 4 (a) shows the diffractogram of caustic magnesia (MgO), in which
characteristic peaks of magnesium oxide (ICDD 01-077-2364) are evi-
denced. Fig. 4 (b) corresponds to the brucite (Mg(OH)2) sample where
characteristic peaks of the brucite phase are evident (ICDD 04-016-
3445). The TiO2 nanoparticles showed two phases corresponding to
rutile (ICDD 98-007-6734) and anatase (ICDD 98-009-7051) phase, both
observed in Fig. 4 (c). To quantify the mass ratio of the phases in TiO5
nanoparticles, a Rietveld analysis was performed, and 83.7% for Anatase
and 16.3% for Rutile were obtained. Table 3 shows structural
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Fig. 3. DTA/TGA results of raw materials used: a) Brucite (Mg(OH),) and b)
Caustic magnesia (MgO).

parameters and mass ratio of the used raw materials. In all the experi-
ments, the same TiO2 nano powders were used, so the mass ratio was not
modified.

Generally, rutile TiO; is a thermodynamically more stable phase at
high temperatures and anatase TiO3 is a thermodynamically more stable
phase at low temperatures [34]. Likewise, it is known that the anatase
phase transforms into the rutile phase above 750 °C according to the
DeVries phase diagram [35] and according to other works [36,37],
where they report that from 650 °C to 800 °C the phase transformation
to rutile is completed. In the current work, the calcination and sintering
temperatures were 960 °C and 1600 °C, respectively. Based on the
above, it is assumed that in the aggregated TiO, nanoparticles, a
transformation from anatase to rutile phase appeared at high tempera-
tures. Therefore, it is considered that rutile was the one that was
maintained during the sintering process.

After the calcining process (corresponding to Stage 1, at 960 °C),
calcined brucite powders (Mg(OH),) without TiO, (BRO sample) and
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Fig. 4. XRD patterns of raw materials (a—c) and calcined powders (d-g). (a) Powder of caustic magnesia, (b) brucite Mg(OH)», (¢) Nano-TiOs, (d) calcined brucite
powder, (e-g) corresponds to calcined powders of brucite with MgO:TiO,, ratio of (e) 99:1, (f) 97:3 and (g) 95:5 of wt. %.

Table 3
Structural parameters and mass ratio of the raw materials used.
Phase Mass ratio  Lattice Volume Angles
(%) parameters (A% between axes
A
From TiO, 83.7 a 3.7863 135.73 a=p=y=90°
nanoparticles b 3.7863
Anatase c 9.5108
From TiO, 16.3 a 4.5949  62.15 a=p=y=90°
nanoparticles
Rutile b 4.5949
c 2.9587
MgO 100 a 4209 7456 a=p=y=090°
b 4.209
c 4.209

with TiOy nano additions (BR1-1, BR1-3 and BR1-5 samples) were
analyzed by X-ray diffraction (see Fig. 4 (d-g)).

Fig. 4 (d) corresponds to powders of calcined brucite (already con-
verted to caustic magnesia), showing characteristic MgO peaks (ICDD
01-077-2364). Fig. 4 (e-g) show the XRD results of calcined brucite with
nanoparticles of TiO, where it is possible to identify magnesium tita-
nium oxide (MgTiOg3) phase in agreement with ICDD 04-006-6602 file,
and MgO phase according to the file ICDD 01-077-2364.

3.2.2. Sintered samples

Fig. 5 (a) shows the X-ray diffraction patterns of the BRO sintered
sample from 100% brucite (no Mg(OH), peaks were detected). These
diffraction peaks agree with ICDD 01-077-2364 file corresponding to the
MgO phase. Fig. 5 (b-d) show the X-ray diffraction patterns of the sin-
tered samples from brucite with MgO:TiO, weight ratio of 99:1, 97:3 and
95:5 of the BR1-1, BR1-3 and BR1-5 samples, respectively. It is observed
in these samples that with the increase in TiO, nanoparticles, 4 peaks
intensify and are most prominent (particularly for the sample with 5 wt
% of TiOy nanoparticles), corresponding to the phase Mg,TiO4 (ICDD
01-079-0830). Fig. 5 (e), like Fig. 5 (a), shows the X-ray diffraction
patterns of the BRO sintered samples of 100% brucite. Fig. 5 (f-h) show
the X-ray diffraction patterns of the sintered samples of composition

from caustic magnesia with MgO:TiO» ratio wt. % of 99:1, 97:3 and 95:5
of the BR2-1, BR2-3 and BR2-5 samples, respectively. In these samples,
similar crystallographic planes at the same positions (20) appeared as
those with 1, 3 and 5 wt % of TiO nanoparticles with Mg(OH),. It is
worth noting that all TiO nanoparticles reacted with MgO phase and so
were not detected by XRD, because TiO; appears as MgTiO4 in the XRD
pattern of the sintered samples (See Fig. 5 (d) and (h)).

3.3. Densification

Bulk density and porosity were measured by the Archimedes method,
as described above, in accordance with the standard ASTM-C20. Fig. 6
(a) and (b) show the effect of TiO2 nanoparticles on the bulk density and
apparent porosity, respectively, of sintered samples. In Fig. 6 (a), the
value of bulk density corresponding to the sample BRO of RO route (i.e.,
0 wt % of TiO,) was 3.34 g/cm®. The bulk density results for the R1
route, i.e., adding TiO, nanoparticles to the brucite, show values sub-
stantially increased to 3.46 g/cm?® (i.e., 3.59% increase in density with
respect to the reference sample RO) with the incorporation of 1 wt % of
TiO4 nanoparticles, which corresponds to the sample BR1-1. In the same
route with 3 and 5 wt % of TiO3 nanoparticles (i.e., the samples BR1-3
and BR1-5 respectively), the density values remained stable in 3.45 g/
em?, corresponding to an increase of 3.29% in the value of density with
respect to the reference sample RO, for both concentrations.

The bulk density results for the R2 route, i.e., adding TiO, nano-
particles to caustic magnesia, appear substantially increased to 3.38 g/
em® (i. e., 1.19% increase in density with respect to the reference sample
RO) in the case of incorporating 1 wt % of TiO5 nanoparticles, which
corresponds to the sample BR2-1. In the same route with 3 and 5 wt % of
TiO4 nanoparticles (i.e., the samples BR2-3 and BR2-5 respectively) the
density remained stable with values of 3.35 and 3.36 gr/cm® respec-
tively, corresponding to 0.3% and 0.6% respectively increase in density
with respect to the reference sample RO, for both concentrations.

If route 1 and route 2 are compared, it is possible to see that greater
values of density are obtained in the case of the route 1. This involves
that this route promotes the densification of the composite: density is at
least a 3% greater in the samples obtained by the route 1 than those
obtained in the route 2.
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Fig. 5. XRD patterns of sintered samples at 1600 °C where: (a) Sample BRO, (b-d) Samples BR1-1, BR1-3, and BR1-5 respectively, (e) Sample BRO, (f-h) Samples

BR2-1, BR2-3 and BR2-5, respectively.

The densification of the sintered samples can be explained as follows:

1. From brucite by R1 route. It may be due to two important
phenomena.

A. When TiO; nanoparticles were added to the brucite and calcined
at 960 °C, the following occurred: Mg(OH), has a hexagonal
crystalline structure and when MgO dissociates from chemical
water (300-464 °C [26,30]), a diffusion of Ti** ions (0.65 ;\) [38]
towards the crystalline structure brucite Mg?* (0.68 A) [13] oc-
curs forming MgTiO3 as confirmed by XRD analysis results (see
Fig. 4 (e-g)) [26]. In this ionic migration, vacancies are also
generated because the tetravalent ions of Ti that migrate towards
spaces (of similar ionic radii) of Mg with bivalent valence ions
cause a greater demand of oxygen ions, generating atomic va-
cancies, i.e., crystalline imperfections in the MgO network [26].
Therefore, this increases the internal energy of the network,
which is a major cause of an atomic diffusion driving force,
helping the mobility of the ionic transport of this material, which
contributes to the densification of the MgO sample during the
sintering process.

B. Furthermore, another important factor is that during calcination,
the phase obtained (MgTiO3) had a higher density (4.0 g/cm®)
[39] compared to MgO phase (3.58 g/cms) [2], hence, 1 wt % of
TiO9 nanoparticles helped to substantially increase the density of
the sintered samples.

2. From caustic magnesia by R2 route, the following happened:

A. When TiO; nanoparticles were added to caustic magnesia sam-
ples, they also helped to the densification, although they did not
have the same effect as in samples of the R1 route, since the ionic
mobility was lower in the sintering process, which caused a
poorer densification compared with samples by R1 route. The
main difference of the process is that by R1 route the Ti*" ions
occupied Mg?" ion sites in the MgO crystal lattice during the
transformation of hexagonal crystalline structure from brucite to
crystalline structure of MgO (face centered-cubic) during heat
treatment at 960 °C.

Fig. 6 (b) shows the porosity percentage of sintered samples without

and with TiO9 nanoparticle additions. The RO reference sample pre-
sented 0.6% porosity. In both R1 and R2 routes with TiO3 nanoparticles
additions, the porosity decreased compared to the RO reference sample.
However, with samples made by the R2 route, where TiO2 nanoparticles
were added to caustic magnesia, it is observed that porosity slightly
increased with the TiOy content (1, 3 and 5 wt %) being 0.246, 0.257
and 0.258%, respectively. On the other hand, for samples made by R1
route, where brucite was doped with 1, 3 and 5 wt % TiO nanoparticles,
the porosity increased for the first compositions, 0.236 and 0.248%,
respectively, and remained constant for the third composition, 0.243%.
It is generally observed in Fig. 6 that the tendency of density in routes 1
and 2 is the same: the density is almost the same for the compositions
with 3 and 5 wt % of TiO5 nanoparticles while the highest density was
obtained for 1 wt % TiO, nanoparticles. It is clearly observed that the
density of the samples obtained by the route 1 is 2.5-3.0% greater than
that of the samples obtained by the route 2. The above is consistent with
the behavior of the porosity of the sintered samples, shown in Fig. 6,
where it is observed for both R1 and R2 routes that the tendency is the
same as the addition of TiO; increases. It is clearly observed that the
porosity of the samples obtained by the route 2 is 4.0-6.0% greater than
that of the samples obtained by the route 1. Summarizing, it should be
noted that the samples produced by the R1 route obtained higher density
and lower porosity than the samples of the R2 route. The increase in
porosity could be explained by the microcracks caused during cooling
due to the different thermal expansion coefficient between Mg,TiO4
formed and MgO obtained from brucite [7,40].

3.4. Morphology

A SEM micrograph of the MgO sample sintered at 1600 °C from
brucite (Mg(OH)3) by the RO route is shown in Fig. 7. Fig. 7 reveals a
sintering morphology with open porosity and traces of Ca and Si as
impurities.

To understand the effect of the nanoparticles of TiOy on the
morphological evolution of sintered MgO (by R1 and R2 route), the
morphology was studied by SEM and EDX as shown in Fig. 8(a—f). Fig. 8
(a-c) correspond to samples of sintered MgO from brucite (R1 route)
with 1, 3 and 5 wt % of TiO, nanoparticles, respectively. The sample
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Fig. 6. Effect in sintered samples of 1, 3 and 5 wt % of nano-TiO, additions in
brucite and caustic magnesia by the R1 and R2 routes, respectively; 0 wt % of
nano-TiO, addition corresponds to the RO route: a) variation of the bulk den-
sity, b) variation of the apparent porosity.

with 1 wt % of TiO5 nanoparticles shows morphology of densified sin-
tered MgO grains with closed porosity. Likewise, a white phase corre-
sponding to magnesium titanate oxide phase (Mg2TiO4) is observed (see
Fig. 8 (a)). It was appreciated with 3 and 5 wt % of TiO nanoparticles

I ey :'.'l-.__r__l,'
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that white phase increased with the addition of TiO5 nanoparticles to the
sample, generating a greater amount of MgsTiO4 (see Fig. 8 (b and c)).
This agrees with the results obtained in XRD analysis, corresponding to
Fig. 5 (c and d). Likewise, it was observed with 5 wt % of TiO, nano-
particles that they were homogeneously distributed within the MgO
matrix. Based on the results obtained in XRD, it is known that the TiO5
nanoparticles fully reacted with MgO, to form Mg,TiO4 (see Fig. 5 (d)).

Fig. 8 (d-f) correspond to samples of caustic magnesia (MgO) with 1,
3 and 5 wt % of TiO, nanoparticles, respectively. Fig. 8 (d) corresponds
to 1 wt % of TiO3 nanoparticles and shows morphology with growth of
MgO grains, residual open porosity, and low formation of MgyTiO4.
Likewise, Fig. 8 (e and f) correspond to samples with 3 and 5 wt % of
TiO5 nanoparticles where the amount of Mg,TiO4 phase increased. All
these samples had a lower density compared to samples of brucite with
additions of nanoparticles. This was because with caustic magnesia and
additions of TiOy nanoparticles, the driving force in atomic diffusion
was not high enough for adequate sintering to take place, which results
in morphologies with open porosities. Also, the formation of micro-
cracks, when the spinel type phase (Mg,TiO4) was greater than 100 pm
(see Fig. 8 (e)), is appreciated. This is due to the different coefficients of
thermal expansion of the MgO matrix (~13.5 x 107 °C’1) [40] and the
spinel phase of Mg,TiO4 (~12 x 10°%°c ™ [40], which generates
microcracks and porosity, resulting in a deterioration in the morphology
and properties of the sample.

EDX punctual microanalysis was performed on the sample with 3 wt
% of TiO, nanoparticles and it is shown in Fig. 8 (e). Point 1 (37.76 wt %
0; 54.49 wt % Mg; 0.34 wt % Al; 1.33 wt % Si; 2.18 wt % P; 3.91 wt %
Ca) corresponds to the MgO phase and point 2 (36.31 wt % O; 37.80 wt
% Mg; 0.34 wt % Al; 0.12 wt % Si; 0.07 wt % P; 0.07 wt % Ca; 25.28 wt %
Ti) corresponds to the Mg,TiO4 phase, according to the XRD results
obtained in Fig. 5 (g). At both points, trace of elements such as Al, Si, P
and Ca were detected (due to the process of the raw material obtaining).

Fig. 9 shows the evolution at higher magnification of the sintered
microstructure at 1600 °C, corresponding to the reference sample and
samples made by route 1 (a-c) and route 2 (d-f). The mapping of each
sample is shown in each image of Fig. 9. This figure shows the
morphology that the phases present and elemental analysis maps ob-
tained by energy dispersive X-ray spectroscopy (EDX), in each sample. In
the reference sample, grains of MgO are observed, identified as the dark
grey phase. Likewise, different porosities and phases constituted by Ca
and Si were observed, which are due to impurities from the raw material
(brucite, Mg(OH)s). Fig. 9 (a-c) corresponds to brucite samples with 1, 3,
and 5 wt % of TiO3 nanoparticles, respectively. In these micrographs, Ca
phases were also identified, which had triangular shapes, light white in
colour. Likewise, the Si phase was detected around porosities, this phase
corresponded to phases of light grey colour. The Mg,TiO4 phase was

Fig. 7. SEM images of sintered MgO sample from brucite without TiO,, a) morphology of the sample, b) area mapping, the inserted table corresponds to a semi-

quantitative area analysis of the MgO sintered sample.
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Fig. 8. SEM images of samples sintered at 1600 °C: (a—c) corresponds to samples of R1 route, i.e., brucite Mg(OH), with a) 1 wt%, b) 3 wt%, c) 5 wt% of nano TiO,.
(d-f) corresponds to samples of R2 route, i.e., caustic magnesia (MgO) with d) 1 wt %, e) 3 wt %, f) 5 wt % of nano-TiO,. EDX points 1 and 2 correspond to detected

phases of MgO and Mg,TiOy, respectively.

identified as white phase with round shapes that grew with aggregates of
nano-TiOs. Fig. 9 (d-f) corresponds to samples of caustic magnesia
(MgO) with 1, 3, and 5 wt% of TiO, nanoparticles, respectively. Simi-
larly, the same phases were identified, the microstructural difference
was that with 5 wt % of nano-TiO by route 1 (Fig. 9 (c)), smaller and
very round porosities (almost closed) were observed, unlike with 5 wt%
of nano-TiO; by route 2 (Fig. 9 (f)), which still showed large porosities
and agglomerations of nano-TiO; that formed Mg,TiO4 phase.

3.5. Mechanical testing

Fig. 10 (a) shows the mechanical behavior of the nano-TiO5 doped

12611

sintered magnesia samples (from brucite and caustic magnesia) and the
reference sample of MgO. The increase in TiO, nanoparticles leads to an
increase in mechanical resistance, since an increasing tendency in Cold
Crushing Strength (CCS) values was evident in all compositions, from 1
to 5 wt % of TiO, nanoparticles. As it can be seen in Fig. 10 (a), the
samples made from brucite exhibited higher values of CCS, the highest
value being 236 MPa (brucite sample + 5 wt % of TiO2 nanoparticles). It
is clearly appreciated that the cold crushing strength in the samples
obtained by the route 1 is 16-23% greater than that of the samples
obtained by the route 2. It is also concluded that during the sintering
process a stronger bonding structure was created for the brucite samples.
It is important to comment that both, in samples made with brucite or
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Fig. 9. SEM images and mapping of samples sintered at 1600 °C of samples made by: RO, (sample reference), R1, corresponds to samples of brucite Mg(OH), with a)
1 wt %, b) 3 wt %, ¢) 5 wt % of nano TiO,. R2, corresponds to samples of caustic magnesia (MgO) with d) 1 wt %, e) 3 wt %, ) 5 wt % of nano-TiO,.

caustic magnesia, the density slightly decreased for composites with 3
and 5 wt % of TiO, nanoparticles whether compared with samples
containing 1 wt % of TiOy nanoparticles. On the contrary, the CCS
increased, which is attributed to the fact that with ceramic materials
containing a range of porosity <30%. This can benefit the compressive
strength since before the load acts on the ceramic particles, the pores
absorb part of the mechanical energy that is dissipated through the
sample [2,41]. As a result, an improvement of 36.5% and 26.1% (in
samples with 5 wt % of TiO5 nanoparticles corresponding to R1 and R2
routes, respectively) is observed, compared to the reference sample.

Fig. 10 (b) shows a micrograph corresponding to the fracture zone of
the brucite Mg(OH), sample with 5 wt % of nano-TiO, (236 MPa), where
transverse microcracks are observed with respect to the applied load.
These cracks are identified as intergranular cracks that advance through
the grain boundaries with a size of less than 200 pm. Likewise, these
correspond to thin cracks compared to those generated in the caustic
magnesia sample +5 wt % of nano-TiO,.

Fig. 10 (c), shows a micrograph corresponding to the fracture zone of
the caustic magnesia (MgO) sample with 5 wt % of nano-TiO, (203
MPa), where macrocracks oriented in horizontal and vertical axes are

observed. This was since in route 2, a greater agglomeration of TiO5
nanoparticles was observed (see Fig. 8 (f)), which caused that when the
mechanical load was applied, cracks (transgranular) were formed in
these phases and through grains of MgO. These macrocracks showed
lengths greater than 200 pm and were wider than those generated with
the brucite sample +5 wt % of nano-TiOs. Both micrographs shown here
are related to the results obtained from Fig. 10 (a).

4. Conclusions

In this work, a new route was proposed to obtain composites of
densified refractories based on MgO. The effect of the addition of TiO4
nanoparticles in brucite (route 1) or in caustic magnesia oxide (route 2)
on the thermal, microstructure, morphological, physical, and mechani-
cal properties was investigated. The results are shown below:

Thermal properties: Raw material dihydroxylation occurred at
426.06 °C and 323 °C for brucite and caustic magnesia, respectively.

Microstructural analysis: XRD analyses confirmed the formation of
the MgTiO3 phase in calcined brucite powders with TiO, nanoparticles.
Also, during sintering the formation of Mg,TiO4 has taken place.
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Fig. 10. (a) Cold crushing strength of magnesia sintered samples made from brucite (route 1, red line) or caustic magnesia (route 2, blue line) with 0, 1, 3 and 5 wt %
of TiO, nanoparticles. (b) SEM image of fractured sample corresponding to brucite sample + 5 wt % of nano-TiO,, (c) SEM image of fractured sample corresponding
to caustic magnesia (MgO) sample with 5 wt % of nano-TiO,. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Physical properties: The results show that when TiO3 nanoparticles
were added to brucite paste (route 1), higher densities were obtained
(from 1 to 5 wt % of TiO,, the density remained stable at around ~3.46
g/cm?) with respect to when the TiO, was added to the caustic magnesia
(route 2). The density of the samples obtained by the route 1 is 2.5-3.0%
greater than that of the samples obtained by the route 2. Moreover, there
was a 3.59% increase in density of the sample in route 1 with 1 wt % of
TiO4 nanoparticles with respect to the reference sample.

Morphological analysis: By SEM, in route 2, microcracks were
observed around the Mg,TiO4 phase, when the size of this phase was
equal to or greater than 100 pm. This affected the mechanical properties
since cracks were evident in these phases when the load was applied.

Mechanical properties: There was an increase in CCS values with the
content in TiO5 nanoparticles for both routes. The samples fabricated by
route 1 exhibited higher CCS values compared to route 2. The cold
crushing strength in the samples obtained by the route 1 is 16-23%
greater than that of the samples obtained by the route 2. If compared
with the reference sample (0 wt % TiOy), there is an improvement of
36.5% and 26.1% in samples with 5 wt % of TiO; of R1 and R2 routes,
respectively.

In conclusion, the best route proposed for the elaboration of dense
refractory materials based on MgO is that consisting in adding TiO»
nanoparticles before the calcination of the Mg(OH),, calcination at
960 °C for 2 h, uniaxial pressing and, finally, sintering at 1600 °C for 4 h.
The best values of mechanical properties were observed for the com-
posite MgO-5 wt. % TiO (cold crushing strength of 236 MPa).
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Resumen: Se estudia el efecto de las nanoparticulas de a-Al20s (hasta 5 % en peso) sobre las
propiedades fisicas, mecanicas y térmicas, asi como sobre la evolucién microestructural de un
refractario de magnesia densa. Se utilizan temperaturas de sinterizacién a 1300°C, 1500°C y 1600°C.
Las propiedades fisicas de interés fueron la densidad y la porosidad aparentes, que se evaluaron
mediante el método de Arquimedes. Las propiedades térmicas se examinaron mediante
calorimetria diferencial de barrido. El comportamiento mecanico se estudié mediante pruebas de
resistencia a la trituracion en frio y micro dureza. Finalmente, la microestructura y las caracteristicas
cualitativas mineralogicas se estudiaron mediante microscopia electrénica de barrido y difraccion
de rayos X, respectivamente. El aumento de la temperatura de sinterizacién dio como resultado una
densidad mejorada y una porosidad aparente reducida. Sin embargo, a medida que aumentaba el
contenido de nanoparticulas de a-Al2Os, la densidad y la micro dureza disminuian. Las
observaciones microestructurales mostraron que la presencia de nanoparticulas de a-Al2Os en la
matriz de magnesia indujo la formacién de espinela de magnesio-aluminato (MgAl204), que mejord
la resistencia mecanica mas significativamente a 1500°C.

Palabras llave: magnesia; Refractarios; Nanoparticulas de Al20s; espinela de magnesio-alimina;

sinterizacion

1. Introduccién

Desde la introduccién de la magnesia (MgO), su uso como refractario basico ha
aumentado enormemente debido a su costo razonable, excelente resistencia quimica a es-
corias y fundentes basicos a altas temperaturas, asi como un alto punto de fusién (2800°C).
Estas propiedades se han convertido en refractarios a base de MgO en preferenciales para
las industrias del hierro, no ferrosos y cemento [1-4]. En las industrias sidertrgicas, la
magnesia se ha utilizado ampliamente en convertidores de acero, hornos de arco eléctrico
y en revestimientos de cuchara para el proceso de fabricacion de acero. Sin embargo, la
conductividad térmica y el alto coeficiente de expansién térmica del MgO se ven afectados
de tal manera por las altas temperaturas que inducen el desprendimiento térmico en con-
diciones de calentamiento [5]. Este efecto se ha mitigado desde el desarrollo del refractario
de magnesia-carbono (MgO-C) en la década de 1970. Este fue un desarrollo tecnoldgico
de gran importancia, ya que permitio controlar y mejorar las propiedades térmicas de la
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magnesia. La mejora se debid a importantes ventajas como la alta conductividad térmica,
la excelente resistencia al choque térmico (debido a su baja expansion térmica) y la buena
resistencia a la corrosion [6-13].

Los refractarios de MgO-C tipicamente contienen 7-20 % en peso de carbono [5, 14].
Pueden producirse serios inconvenientes con un mayor contenido de carbono, tales como:
i) la oxidacién del carbono da como resultado una estructura altamente porosa con una
union débil, poca resistencia mecanica que permite una facil penetracién y eventual
corrosidn por escoria y acero fundido; ii) aumento de la temperatura de la carcasa; iii)
mayor consumo de energia originado por el aumento de la conductividad del refractario;
iv) liberacion de gases de didéxido de carbono o monoéxido de carbono; y v) dificultad para
controlar con precision el contenido de carbono en el acero [5, 13, 15-18].

Para superar el fendmeno de oxidacién, los investigadores refractarios han estado
investigando el uso de diferentes dxidos y antioxidantes no 6xidos como Al, Si, Mg,
AlsB4Cr, SiC, SiBs, CaBe, ZrO2, CaO, MgAOs y Al:Os para aumentar la resistencia a la
oxidacion de los refractarios de MgO-C [19-36]. Los antioxidantes pueden tener la
capacidad de restringir y retrasar la oxidacion del carbono, pero nunca hasta el punto de
detenerlo por completo. Las nuevas tendencias se han centrado en la reduccién del con
tenido de carbono (2-4%) y el desarrollo de refractarios de magnesia libres de carbono,
pero con propiedades como el refractario de MgO-C [36, 37]. Este problema se ha
convertido en un desafio dificil para los investigadores refractarios. La soluciéon mas
atractiva a este desafio implica el uso de la nanotecnologia, que es reconocida como el
campo de investigacion mas prometedor del siglo 21. La nanotecnologia se utiliza
actualmente en muchas aplicaciones de investigacion con resultados sobresalientes [38-
63]. El uso de fuentes de nano carbono como [44-51]: negro (CB), nano fibras (CNF),
nanotubos (CNT), grafito expandido (EG) y nano laminas de grafeno u éxido de grafito
(GON) muestran un alto potencial en el desarrollo de refractarios de MgO-C bajos en
carbono. La investigacion demuestra que la adicién de CB en refractarios de MgO-C logré
mejores propiedades mecanicas y termo mecanicas que los refractarios de MgO-C con alto
contenido de carbono disponibles comercialmente.

Wei et al. [52] estudiaron el efecto de agregar nano laminas de Fe (de 0 a 1.0 % en
peso) a la microestructura de refractarios de MgO-C bajos en carbono unidos con resina
fenodlica. Encontraron que las resistencias mecanicas y de choque térmico de los
refractarios bajos en carbono con nano ldminas de Fe al 0,5% en peso son altamente
mejoradas en comparacion con las muestras sin nano laminas de Fe, lo que se atribuye a
la formacién in situ de CNT y la aparicién de puentes que inducen un mecanismo de
desviacion de grietas en la matriz. Matsuo et al. [53] informaron una mejora de 2,2 veces
de la resistencia a la flexién cuando se agregé 0,4 % en peso de CNF a los refractarios de
MgO-C. Zhu et al. [47, 48] informaron que los refractarios de MgO-C que contienen
distribuciones homogéneas de nano carbonos, especialmente CNT y CB tienen un médulo
de ruptura en frio residual (CMOR) mas alto y una menor pérdida de resistencia que los
refractarios convencionales de MgO-C después del choque térmico, ya que los materiales
a nano escala pueden absorber y aliviar el estrés debido a la expansion térmica y la
contraccion de particulas refractarias. Ademas, los CNT y CB contribuyen a reducir la
mala distribucién del estrés térmico en los refractarios de MgO-C.

Salman Ghasemi-Kahrizsangi et al. estudiaron el impacto de agregar nanoparticulas
de ZrSiOs, ALOs y TiO2 en las propiedades de los refractarios de MgO-C [54-56].
Descubrieron que el nano-ZrSiOs mejord la resistencia mecanica y a la oxidacién mediante
la formacion de cristales de forsterita, enstatita y en forma de aguja de fases de ZrC. La
adiciéon de Nano-Al:Os promovié la densificacion del refractario de MgO-C debido a la
formacion de fases de MgAlL:Os, AIN y AlisCs; nano-Al:Os también mejoro la resistencia a
la oxidacion de los refractarios de MgO-C. La adicion de nano-TiO: condujo a la genera-
cion de fases de TiN, TiC y TiCN, mejorando las propiedades mecanicas, fisicas y
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termoquimicas. Zagar et al. [55] estudiaron el efecto del tamafo de particula de Cr20s en
la densificacién de refractarios de magnesia. Los resultados mostraron que a medida que
el tamafio de particula de Cr20s se redujo (~ 20 nm), la densidad de los refractarios de
MgO aumenté a temperaturas relativamente bajas (~ 850°C). Azhari et al. [56]
investigaron el efecto de la adicién de nano-Fe20s en la matriz refractaria magnesia-cromo;
encontraron que la disolucion de nano-Fe20s y la migraciéon iénica mejoraron el proceso
de sinterizacidn, asi como la estructura de enlace directo. Huizhong et al. [57] también
estudiaron la adicion de nano-Fe20s en la matriz refractaria magnesia-cromo. Informaron
que la temperatura de sinterizacion puede reducirse (~ 150°C) [10]. Chen et al. [58]
estudiaron refractarios de MgO-CaO con la adicién de micro y nano polvos de ZrOz; sus
resultados mostraron que la densificacion fue promovida porla  adiciéon de nano-ZrO,
lo que condujo a la formacién de CaZrOs, mejorando asi la resistencia al choque térmico
y la resistencia a la corrosion de la escoria. Das [34] estudio el efecto de la micro y
nano-espinela sobre refractarios de MgO-C sinterizados a 1000°C. Los resultados
mostraron que la adicién de 1 % en peso de nano-espinela obtuvo propiedades superiores
en comparacién con la muestra que contenia 10 % en peso de micro espinela. El efecto de
la adicién de nanoparticulas de MgAlL:O4y Cr20s sobre las propiedades de los refractarios
de MgO-CaO fue estudiado por Salman Ghasemi-Kahrizsangi et al. [59, 60]. Las
nanoparticulas de Cr20s mejoraron la resistencia a la hidratacion debido a la formacién de
fases de alta resistencia a la hidrataciéon como CaCr20:+ y MgCr:0s. La adicion de
nanoparticulas de espinela condujo a la mejora apreciable de la resistencia al corte de los
refractarios, asi como al logro de una mayor densidad de matriz. Teniendo en cuenta lo
anterior, el presente trabajo de investigacion es un complemento al trabajo de
investigacién anterior [63], cuyo objetivo es investigar el efecto del contenido de
nano-AlOs (1-AlOs) sobre las propiedades termo mecdnicas y la evolucion
microestructural de un refractario de MgO libre de carbono sinterizado a 1300°C, 1500°C
y 1600°C.

2. Materiales y métodos
2.1 Materiales

En esta investigacion se utilizé6 magnesia (MgO) de grado industrial con 6xido de
nano alimina de alta pureza y alto grado (n-Al20s) en o fase polimérfica. La composicion
quimica del MgO, con un tamafio medio de particula <45 pm, se determin6 mediante un
espectrémetro de fluorescencia de rayos X (XRF) de Philips (modelo X Pert) y se especifica
en la Tabla 1. La Figura 1 muestra los patrones de difraccion de rayos X (XRD) de polvos
verdes de MgO donde los picos principales corresponden a MgO, mientras que los picos
débiles corresponden a Mg(OH)2 o fase brucita (PDF #84-2163). La formacién de Mg(OH):2
puede atribuirse a la reaccion del MgO activo con la humedad en el ambiente.

Tabla1. Composicién quimica (% en peso) de magnesia.

MgO CaO MnO Fe20s Si0: Otros LOI
90.73 0.871  0.020 0.064 0.630 0.230 7.455

Tabla 2. Caracteristicas del 6xido de nano aliimina de alto grado (a-alimina).

Purity (wt. %) Size (nm)  SSA (m?/g) Color
99.9 50 18 White
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Figura 1. Patrones de difraccién de rayos X (XRD) de MgO como materia prima (polvo verde).

2.2 Preparacion de la muestra

Como es bien sabido, una de las cuestiones mas criticas relacionadas con el uso de
nanoparticulas es su dispersion. Asi, para obtener una suspension dispersa de 1-ALOs, se
anadid a la acetona Zephrym PD3315, un copolimero acrilico utilizado como vehiculo
dispersante. La suspension (n-AlOs, Zephrym y acetona) se agitdé durante 1 h en un
Aquasonic TM 75T para obtener una suspension estable. La suspension se vertié en el polvo
de magnesia y se homogeneiz6 durante 10 minutos utilizando un mezclador mecanico. Las
mezclas refractarias se realizaron de acuerdo con las composiciones de lotes dadas en la
Tabla 3. Luego, las mezclas se prensaron en forma uniaxial por debajo de 100 MPa para dar
forma a muestras cilindricas (25.4 mm de didmetro y aproximadamente 25.4 mm de altura).

Tabla 3. Codigos de muestras y composiciones de lotes (% en peso) sinterizados a 1300°C,
1500°C y 1600 °C y muestras utilizadas en el analisis DSC.

Codigo de % en peso
Temperatura
muestra MgO Al0O3

A0 100 0
1000°C Al 99 1
(DSC) A3 97 3
A5 95 5
1300°C A0 100 0
(T ; d Al 99 1
e n :
a A5 95 5
1500°C AO1s5 100 0
(T ; d Alis 99 1
menal O :
a A5 95 5
L600°C AD16 100 0
(T ; d Alis 99 1
meal R :
a A5 95 5
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Las muestras verdes se secaron a 120°C durante 24 h. Después del proceso de secado,
las muestras se sinterizaron en un horno eléctrico Lindbergh/Blue M (modelo BF51524C) a
1300°C, 1500°C y 1600°C con una velocidad de calentamiento de 5°C/min y se remojaron
durante 4 h a la temperatura designada.

2.3. Métodos
2.3.1. Andlisis microestructural
La composicion de la fase se analiz6 utilizando un difractémetro de rayos X (XRD;
Bruker D8 Advance model) con radiacién Cu Ka (A = 1,5406 A) operada a 40 kV y 30 mA.
Los escaneos se realizaron en el rango de 20 de 10 a 90° con un paso de escaneo de 0.05° y
1.5 s por paso en modo continuo. La densidad aparente (BD) y la porosidad aparente (AP)

de las muestras sinterizadas se evaluaron mediante el principio de Arquimedes (ASTM-
C20).

2.3.2. Andlisis Morfoldgico

La microestructura de las muestras refractarias se estudi6 utilizando un microscopio
electrénico de barrido (SEM) FEI Nova NanoSEM 200 equipado con un detector de rayos X
dispersivos de electrones (EDX) (EDAX, modelo Apollo XP 2930).

2.3.3. Propiedades mecdnicas

La resistencia mecanica se determind mediante el método de resistencia a la trituracion
en frio (CCS). Ademas, la micro dureza se evalué mediante la técnica Vickers (HV).
Especimenes 25. En ambas evaluaciones se utilizaron 4 mm de didmetro y 25.4 mm de altura

y los valores reportados son el promedio de 15 mediciones para cada composicion disehada.

2.3.4.Andlisis térmico

Las composiciones refractarias (A0, Al, A3 y A5) se sometieron a analisis simultaneos
de calorimetria diferencial de barrido (DSC)/termogravimétrica (TGA) utilizando un
instrumento TGA-DSC modelo Q600 simultaneo para evaluar los eventos térmicos

relacionados con la adicion de n-Al:Os durante el proceso de sinterizacion hasta 1000 °C.

3. Resultados y discusion

La figura 2(a) muestra una imagen TEM correspondiente a los restos den-aizos en la
matriz de MgO de la muestra sinterizada A51. Las particulas casi esféricasconun  ta-
mafo promedio de 50 nm se pueden observar una encima de la otra. La Figura 2(b)
muestra los patrones de difraccion electrénica del area seleccionada (SAED) de 1-AlOs
en la muestra A5is. Este patrén coincide con el patrén estandar de a-alimina (a-Al0s)
(PDF#88-0826). Los datos SEM-EDX de la figura 2(c) confirman una dispersion
adecuada de n-ALOs en la matriz de MgO en la muestra verde A5is, es decir, antes del
proceso de sinterizacién.
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Figura 2. (a) imagen TEM de una nanoparticula de Al20s, (b) patrén de difraccion de electrones
de Al20Os, (c) imagen SEM de nanoparticulas de a-Al20s dispersas en matriz de MgO
en una muestra verde.

Las figuras 3(a) y (b) muestran los resultados de la densidad y la porosidad aparentes
de muestras sinterizadas a 1300°C, 1500°C y 1600°C (segun la relacién de muestras
mostrada en la Tabla 3). En la figura 3(a), se puede observar un aumento en la densidad
aparente en todas las composiciones refractarias a medida que aumenta la temperatura
de sinterizacién. Sin embargo, la densidad aparente disminuye a medida que aumenta el
contenido de 1n-Al:Os en todas las composiciones refractarias. Este ultimo efecto fue mas
evidente a una temperatura de sinterizacion de 1300°C. Este fenémeno puede atribuirse
a la formacion in situ de espinelas de MgAl:O4 ya que la menor expansion de la espinela
frente a la magnesia (MgO) conduce a la formaciéon de micro fisuras que afectan a la
densidad aparente, pero estas micro fisuras actiian como supresores de grietas mejorando
la resistencia mecanica de los cuerpos refractarios. El valor maximo de la densidad
aparente fue de 3.31 g/cm?, que correspondid a la muestra AO1 sinterizada a 1600°C. En
la figura 3(b), se puede observar una disminucién de la porosidad aparente a medida que
aumenta la temperatura de sinterizacion en todas las composiciones refractarias; sin
embargo, la porosidad aparente aumentdé a medida que aumentaba el contenido de
Nn-ALO:s.

Este fenomeno se explica por la observacion de que la formacién in situ de espinela
en la matriz de MgO (generalmente lograda a temperaturas entre 1000 y 1200°C) hace que
se formen micro fisuras y resulta en un aumento de la porosidad aparente. El valor
minimo de porosidad aparente fue del 3% para Alis muestras sinterizadas a 1600°C. Es
evidente que tanto la densidad aparente como la porosidad aparente dependen en gran
medida de la temperatura; A medida que aumenta la temperatura, se produce la difusion
de especies, lo que aumenta el tamafio de los granos y elimina la porosidad en la muestra
para dar como resultado muestras densas.

Las figuras 4 (a) a (c) muestran los resultados de XRD de muestras sinterizadas a
1300°C, 1500°C y 1600°C (segun las muestras que se muestran en la Tabla 3). Como
referencia, también se trazd magnesia pura. Para todas las composiciones refractarias
(incluida la composicion de referencia) a todas las temperaturas de sinterizacion,
podemos observar reflexiones de los planos (111), (200), (220), (311) y (222) que coinciden
con el patrén estandar para MgO (PDF # 0045-0946). El silicato tricalcico (CsS) y el silicato
dicélcico (C2S)no se producen desde que se utilizo magnesia de pureza de alto grado; estas
son fases de union que generalmente se pueden detectar.
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Figura 3. a) Variacion de la densidad aparente y b) variacion de la porosidad aparente de la
magnesia refractaria en funcion del contenido de nanoparticulas de Al2Os.
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Figura 4. Diagramas XRD de las muestras que contienen diferentes niveles de nano-Al20s a
diferentes temperaturas: (a) 1300, (b) 1500 y (c) 1600°C.

Para muestras Alis, Alis y Alis (1300°C, 1500°C y 1600°C, respectivamente) y A3,
A315 (1300°C y 1500°C, respectivamente), podemos observar reflexiones que corresponden
a la fase MgO (PDF# 0045-0946 ). Sin embargo, en estas condiciones especificas, no fue
posible detectar n-Al20s o cualquier nueva formacion de fase. Este fenémeno puede aso-
ciarse a dos hipotesis: la primera esta asociada a una restriccion del equipo en la que la
concentracion minima de compuesto detectada por el equipo XRD debe ser superior al 3%
en peso, ya que las concentraciones inferiores a este valor parecen dificiles de detectar; la
segunda hipotesis puede asociarse con la temperatura de reacciéon requerida para formar
un nuevo compuesto, que podria ser in situ MgAL2Os espinela junto con el porcentaje de
adicién de n-Al2o0s. En el caso de la muestra A31s sinterizada a 1600°C, podemos observar
reflexiones que corresponden a la fase MgO vy las reflexiones de los planos (111), (220),
(222), (400) y (440) que coinciden con el patrén estandar de MgAL:Os (PDF#0086-2258 ).
Como era de esperar, la cantidad de fase de espinela aumenté con temperaturas mas altas.

Para las muestras A5, A515 y A516, podemos observar fuertes reflexiones de los
planos (111), (200), (220), (311) y (222) que corresponden a la fase MgO (PDF#0045-0946 ).
Ademas, hay reflexiones débiles, pero facilmente detectables en (111), (220), (222), (400) y
(440) que coinciden con el patréon estandar de MgAL:Os (PDF # 0086-2258). Comparando
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las intensidades de los picos para MgO y MgALQOs, podemos ver que la fase mayor
corresponde a MgO, y el MgAL2Os esta presente como una segunda fase.

Las composiciones de fase del silicato estan determinadas por la relaciéon de CaO/SiO:z
ya que la relacion CaO/SiO2 era de 1,5 en este sistema refractario, por lo que las fases
esperadas eran silicato dicalcico (CazSiOs) y Merwinita (Ca3MgSi2Os) [2]. Sin embargo,
solo MgO y MgALOs fueron detectados por la evaluacion XRD. Estas dos fases fueron
corroboradas por el analisis SEM y EDX.

La figura 5 muestra las muestras superficiales (AO13, AO15 y AQ16) sinterizadas a (a)
1300°C, (b) 1500°C y (c) 1600°C de 100 % en peso de MgQO, que se utilizaron como
referencia. La figura 5 (a) muestra una microestructura correspondiente a una segunda
etapa de sinterizacion (generacion de puntos de contacto entre particulas adyacentes con
formacion de cuello) porque la temperatura utilizada no fue suficiente para obtener una
microestructura densa. En la muestra sinterizada a 1500°C (A01s), se detecto cal libre en la
matriz de MgO, como se indica en la figura 5(b). La figura 5 (c) mostré una
microestructura mas densa correspondiente a la muestra AQw, con porosidad cerrada,
mediante analisis puntual EDX, también se detectaron fases CaO (impureza de materia
prima) y MgO.

Figura 5. Micrografia SEM en modo de imagen electrénica retro dispersada correspondiente a una
microestructura tipica de magnesia, sinterizada a a)1300°C, b)1500°C y ¢) 1600°C.
Donde, M= Magnesia, Ca= CaO, P=Porosidad.

Por lo general, una microestructura tipica de magnesia sinterizada corresponde a
fases aisladas de silicato que se encuentran en los limites del grano de magnesia y fases
de calcio que se encuentran en los granos de magnesia, como se encontrd en las muestras
de referencia AO1s y AQu. Las figuras 6-8 muestran la evolucién microestructural de las
muestras de magnesia con la adicion creciente de 1-ALOs (1, 3 y 5 % en peso) sinterizados
a 1300°C [Figuras 6(a)—(c)], 1500°C [Figuras 7(a)—(c)] y 1600°C [Figuras 8(a)—(c)].

200 s E 1 F0 pm

Figura 6. Micrografia SEM de la evolucion microestructural de muestras de magnesia con adiciéon
creciente de 1-Al203 sinterizado a 1300°C. a)1% en peso, b) 3% en peso y c) 5% en peso.
M= Magnesia, C= micro fisuras, P= poros y MA= MgAl:Os espinela.
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Figura 7. Micrografia SEM de la evolucion microestructural de muestras de magnesia con adicion

creciente de 1-Al0s sinterizados a 1500°C. a)1% en peso, b) 3% en peso y c) 5% en peso.
M= Magnesia, C= micro fisuras, P= poros y MA= MgAl:Os espinela.
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Figura 8. Micrografia SEM de la evolucion microestructural de muestras de magnesia con adiciéon
creciente de 1-Al20s sinterizado a 1600°C. a)1% en peso, b) 3% en peso y c) 5% en peso.
M= Magnesia, P= poros y MA= MgAI:0O: espinela.

La figura 6(a) muestra la microestructura correspondiente a la muestra con un 1% en
peso de adiciéon de 1n-Al20Os, donde se observaron poros casi esferoidales, pequefios y
homogéneos, asi como una fase gris claro correspondiente a la magnesia. A medida que
aumenta la adicién de n-Al:Os, se generan micro fisuras, como se muestra en las Figuras
6 (b) y (c). Es bien sabido que la formacién de espinela de MgAl:Os se acompana de una
expansion de volumen del 5-7%, lo que contribuye a la generacién de microgrietas.
Ademas, la gran diferencia en el coeficiente de expansion térmica entre MgO (13.6 x 10
°C-1desde 25°C a 1000°C) y MgAL:Os espinela (8.4 x 106 °C-! desde 25°C a 1000°C) genera
tensiones de tracciéon de aro muy grandes alrededor de las particulas de espinela, que
producen micro fisuras extensas. Estas redes de micro fisuras desarrolladas alrededor de
particulas de espinela también pueden ser barreras para la propagacion posterior de
grietas en servicio o permitir el alivio de la tensidon durante el calentamiento. Por lo tanto,
la propagaciéon de grietas es un proceso de consumo de energia mucho mayor que la
iniciacion de grietas en la matriz de magnesia-espinela. En la Figura 6(c), la formacion de
la fase MgAl:Os de la espinela fue corroborada por el andlisis EDX. Aqui, se puede
observar que la formacién inicial de espinela ocurrio alrededor de la periferia de las
particulas de aliimina y procedié hacia el centro de particulas.

En las figuras 7(a) y (b), se puede observar la fase de MgO con limites de grano bien
definidos (particulas de color gris oscuro). Ademas, se puede observar una reduccién de
la porosidad en comparacién con las muestras refractarias sinterizadas a 1300°C; Esto
significa que las temperaturas de sinterizacion mas altas aumentan la velocidad de
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difusién, lo que redujo la porosidad y cre6 un proceso de densificacion efectivo. En la
figura 7(c), se observa claramente la fase de espinela MgAL:Os (particulas de color gris
claro).

Enlas figuras 8 (a) y (b), la formacién de espinela se observa cerca del limite del grano
y los puntos triples, ya que estos lugares especificos pueden actuar como fuentes de
nucleos. A mayor aumento, se puede ver una espinela periférica fuertemente unida y un
nucleo hueco, como se indica en la Figura 8 (c). Se afirma que esta caracteristica
microestructural proporciona una mejor tenacidad a la fractura [64].

El mecanismo de densificacién de la matriz se promovidé evidentemente a la
temperatura de 1500°C y 1600°C. El uso del polvo de n-Al:0s jugd un papel importante
en el control preciso de la formacidn de espinela in situ y en la generacion efectiva del
desarrollo de redes de micro fisuras alrededor de las particulas de espinela. El analisis
microestructural muestra una fuerte correlacion con las propiedades fisicas estudiadas
previamente.

La Figura 9 muestra los resultados de la resistencia de trituraciéon en frio para
diferentes contenidos dey-Al20s. Se encontré que, a 1300° C, el CCS se mantuvo casi sin
cambios con el aumento de 1-AlOs. Sin embargo, después de la sinterizacién a 1500°C,
hubo una mejora significativa en la resistencia mecanica; el valor maximo registrado fue
de 156 MPa y correspondié al 5% en peso 1n-Al:Os de adicién (Abis). Esta resistencia
reportada representa una mejora de alrededor del 245%, considerando que la resistencia
registrada para AO1s a 1500°C (muestra de referencia) fue de 64 MPa. A 1600 °C, cuando
el contenido de n-AlOs aumenté de 1 a 5% en peso, la CCS disminuy6. Este
comportamiento puede atribuirse a la formacién de MgAL:Os, que resultd en la formaciéon
de redes de micro fisuras alrededor de esta fase, debido a la gran diferencia en los
coeficientes de expansion térmica entre MgO y MgALQOs. Estas micro fisuras son
beneficiosas (hasta cierto limite) para las propiedades mecanicas, ayudando a disipar la
energia almacenada en la carga de compresion, como se muestra en las muestras probadas
a 1500°C. Sin embargo, cuando la temperatura de sinterizaciéon aumentd a 1600°C, el
tamafio y el nimero de micro fisuras también aumentaron, lo que tuvo un efecto
perjudicial al reducir la resistencia general y la rigidez de las muestras refractarias.
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Figure 9. Resistencia a la trituracion en frio a diferentes contenidos de nanoparticulas de Al20Os.

Por otro lado, la dureza ayuda a caracterizar la resistencia a la deformacion,
densificacion y fractura [65]. La dureza de la ceramica depende de su composicién
quimica y de las siguientes caracteristicas de microestructura: porosidad, tamafo de
grano y fases limite de grano. La Figura 10 muestra la relacion entre la micro dureza y el
contenido de n-AI203 a 1300°C, 1500°C y 1600°C, respectivamente. El andlisis de los
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resultados muestra claramente que un aumento en la temperatura de sinterizacion
condujo a un aumento de la dureza. Estos resultados estan bien correlacionados con la
microestructura de la muestra; principalmente debido a la densificacion, ya que la matriz
mas densa es la muestra mas dura. A 1300°C, se puede observar una reduccion en la micro
dureza cuando se agregd n-AlQOs. Este fenémeno puede estar relacionado con la
porosidad originada durante la formacion de la espinela. A 1500°C, los especimenes
alcanzaron valores de HV casi tres veces mayores que los especimenes sinterizados a 1300
°C.

Segun esta observacién, cuanto mayor es la temperatura de sinterizacion, mayores
son los valores de dureza alcanzados. Sin embargo, a 1500°C, se puede observar una
reduccién en la dureza HV cuando se agregd n-Al:Os. Esta tendencia es similar a la
registrada en los ejemplares sinterizados a 1300°C. Este fenémeno también se atribuye a
la formacién de espinelas. El valor maximo de dureza fue de 430 HV correspondiente a la
muestra A0 16 sinterizada a 1600°C; a esta temperatura de sinterizacion, se observé una
fuerte disminucién de la dureza HV después de que se afiadiera n-Al20s seguido de un
cambio insignificante en la dureza HV a medida que aumentaba el n-AlO:s.
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Figura 10. Variacion de la micro dureza con adiciones de nanoparticulas de a-alimina.

Las figuras 11(a) a (d) muestran los termo gramas DSC-TGA de muestras refractarias
A0, Al, A3y A5, respectivamente. Se identifican varios eventos térmicos en el andlisis de
hasta 1000 °C, que involucraron la evaporacion demno, descomposicion de brucita y
formacion de espinelas.

En todos los termo gramas, un evento térmico identificado como pico A se presenta
a aproximadamente 100°C, que esté relacionado con la evaporacion de H20. La pérdida
de peso intensa (~ 17% en peso ocurrio en todas las muestras probadas entre 300 y 425°C
(una etiqueta de evento térmico como pico B), que se asocia con la deshidratacion del
MgQO; es decir, la descomposicion brucita. MgO aparentemente absorbié algo de humedad
ambiental debido a su naturaleza higroscépica. Un pequeno pico exotérmico a 550°C [66]
que no aparece en el termo grama de referencia (A0) se asigna a la nucleacién y formacién
de espinela por la reacciéon entre aliimina y magnesia (pico C). Segun la literatura, algunos
autores afirmaron una formacion de espinela a una temperatura inferior (alrededor de
550°C) que la presentada en esta investigacion [62, 67-70]
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Figura 11. Resultados DSC-TG de las muestras: (a) MgO, (b) 1% en peso de Al2Os, c) 3% en peso de
ALQOs, y d) 5% en peso de Al2Os.

4. Conclusiones

La densificacion de la matriz de magnesia se promovié evidentemente a
temperaturas de 1500°C y 1600°C. El uso de polvo de 1n-ALOs desempefié un papel
importante para controlar con precision la formacién de espinela in situ y para desarrollar
eficazmente redes de micro fisuras alrededor de las particulas de espinela.

El valor maximo de CAC registrado fue de 156 MPa, lo que correspondi6 a la adiciéon
del 5% en peso 1-Al:Os a 1500°C. La mejora fue casi 2,5 veces superior a la resistencia
registrada para A0is a 1500 °C (muestra de referencia) que fue de 64 MPa. La formacion
de MgAlLO: dio lugar a la formacion de redes de micro fisuras alrededor de esta fase
debido a la gran diferencia en el coeficiente de expansion térmica entre MgO y MgALOx.
Estas micro fisuras son beneficiosas (hasta cierto limite) para las propiedades mecanicas,
ayudando a disipar la energia almacenada en cargas de compresion, como se muestra en
las muestras probadas a 1500°C. Sin embargo, cuando la temperatura de sinterizacion
aumentd a 1600°C, el tamano y el nimero de micro fisuras también aumentaron, lo que
tuvo un efecto perjudicial, reduciendo la resistencia general y la rigidez de las muestras
refractarias.
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Se demostré claramente que el aumento de la temperatura de sinterizacion condujo
al aumento de la dureza, porque las temperaturas de sinterizacion mas altas favorecieron
la creacién de enlaces mas fuertes entre los granos de MgO.

Se encontré un pequefio pico exotérmico a 550°C, y se correlaciono con la nucleacién
y formacion de una espinela, gracias a la reaccion entre n-Al20s y magnesia.
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7. Conclusiones
A continuacion, se presentan las conclusiones relacionadas con las dos lineas descritas en el

presente trabajo:

1. Linea de sintesis de materiales ceramicos.

2. Linea de sinterizacion de materiales compuestos de matriz ceramica.

Conclusiones de linea de sintesis de materiales ceramicos.

En este caso, lo que se buscaba era el empleo de la energia solar concentrada para la sintesis
de dos materiales ceramicos de uso relativamente comun, como son la zirconia y la espinela
de aluminato de magnesio. En ambos casos se puede concluir que se logro6 la formacion de
los compuestos ZrO> y MgAl>O4 empleando energia solar. Asi, se puede concluir que cuando
se encuentra adecuadamente concentrada la energia solar permite suministrar la energia
térmica suficiente para lograr la sintesis de materiales ceramicos, pudiendo contribuir de
modo decisivo a reducir las emisiones de gases de efecto invernadero.

A continuacion, se exponen las conclusiones derivadas de los articulos de esta linea:

+ Obtencion de ZrO> por descomposicion térmica de arena de silicato de zirconio (Solar
dissociation of zirconium silicate sand.: A clean alternative to obtain zirconium dioxide):

- Se obtiene por primera vez ZrO; por descomposicion térmica del silicato de zirconio
empleando energia solar, empleando un proceso que combina la pirometalurgia y la
hidrometalurgia.

- La descomposicion del ZrSiO4 empleando energia solar se logra en todas las rutas

estudiadas: 100 % ZrSiOas, 90 % en peso de ZrSiO4 + 10 % en peso de Na,COs, y
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ZrS104 + 10, 25 0 50 % en peso de CaO, aunque solamente en la primera se logra
710, en una forma facilmente separable por via hidrometaltrgica.

La mejor ruta para la obtencion del ZrO» puro es el tratamiento en reactor presurizado
en medio acuoso con NaOH durante 6 horas a 200 °C sobre muestras obtenidas por
aplicacion directa de la energia solar sobre 100% de arena de silicato de zirconio.

Se obtiene tras el tratamiento hidrometalirgico ZrO, insoluble y silicato soluble de
sodio que, tras filtrado, permite lograr una zirconia monoclinica de pureza superior al

95%.

Se puede concluir que se obtiene ZrO; con una pureza superior al 95% por descomposicion

térmica empleando energia solar concentrada y posterior tratamiento hidrometaltrgico con

sosa partiendo unicamente de arena de silicato de zirconio sin aditivos.

+ Obtencion de MgAl>O4 a partir de residuos de la industria del aluminio empleando energia

solar concentrada (Solar Assisted Production of MgAl,O4 from Bayer Process Electrofilter

Fines as Source of Al,O3):

Se logra por primera vez la sintesis de MgAl,O4 a partir de finos de electrofiltro
generados en la industria del aluminio empleando energia solar concentrada.

Se obtiene una fase cristalina de MgAl;O4 independientemente de los finos de
electrofiltro del proceso Bayer empleados.

Se logra la sintesis de la espinela en tiempos muy cortos (<5 minutos) de aplicacién

del haz de energia solar concentrada.
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- Las reducciones en emisiones de dioxido de carbono podrian exceder las 12000
toneladas al afio para plantas de un tamafio de 25000 toneladas de MgAl>O4

producidas al afio.

Conclusiones de linea de sinterizacién de materiales compuestos de matriz ceramica.

Se propuso el estudio de sinterizacion en horno convencional de cerdmicas refractarias
agregando diferentes 6xidos metéalicos como segunda fase, para mejorar propiedades fisicas,

quimicas, mecanicas, morfolégicas y microestructurales de los composites ceramicos.

- La incorporacion de nanoparticulas de 6xidos metalicos ZrO», TiO2, SiO,, Al,O3,
Fe>03 y Fe:Al,O4 en diferentes contenidos a un ceramico de matriz MgO produce
una mejora en la densificacion del material compuesto obtenido. Igualmente, se
produce una mejora de las propiedades mecénicas, que, en el caso de la resistencia a
la compresion en frio, para el composite MgO-5% en peso de ZrO» permite
practicamente triplicar la del MgO sinterizado en las mismas condiciones (prensado
uniaxial + prensado isostatico (ambos en frio y 100 MPa) y sinterizacion a 1650 °C
durante 4 horas).

- Precisamente en los composites MgO-ZrO, el de un 5% en peso de segunda fase
prensado en uniaxial y en isostatico (ambos en frio y 100 MPa) para obtener el
compacto en verde y sinterizado a 1650 °C durante 4 horas permite obtener los
menores valores de porosidad (14.485%), los mayores valores de densidad (3.0599
g/cm?) y un valor de resistencia a la compresion en frio un 80.87% mayor que la del
MgO sin aditivos.

- Enel caso de los composites de MgO-TiO> se pueden obtener estos nanocomposites

por diferentes rutas, ya sea partiendo del MgO directamente o empleando Mg(OH)>

199



como precursor del MgO. La adicion de las nanoparticulas de TiO2 sobre el Mg(OH),
y la posterior calcinacion a 960 °C durante 2 horas, permite que, tras la obtencion del
compacto en verde (prensado uniaxial a 150 MPa) y sinterizacion (1600 °C durante 4
horas), se obtenga un material compuesto con una mayor densidad para todas las
composiciones estudiadas (1, 3 y 5% en peso), que se cuantifica en el rango 2.5-3%
con relacion a la adicion de las nanoparticulas de TiO> sobre el MgO directamente.
Por otra parte, la mejora en la ruta novedosa en términos de resistencia a la
compresion en frio se sitia en el rango 16-23%. Los mejores resultados se obtienen
en la muestra con un 5% en peso de nanoparticulas de TiO> donde la resistencia la
compresion en frio llega a 236 MPa.

En el caso de los composites MgO- 1n-Al203 se logra una mejora de casi 2.5 veces de
la resistencia a la compresion en frio en la muestra con un 5% de nanoparticulas con
relacion a la muestra de referencia cuando la sinterizacion se lleva a cabo a 1500 °C
sin nanoparticulas. Un incremento de la temperatura de sinterizacion (1600 °C) no se
tradujo en una mejora en términos de la resistencia a la compresion en frio.

La incorporacion de nanoparticulas de Fe;Os y SiOz contribuy¢ a la formacion de
magnesio ferrita y silicatos de calcio y magnesio que alteraron la sinterizacion de la
muestra, en muestras compactadas uniaxialmente en frio a 100 MPa y sinterizadas
durante 4 horas a 1600 °C. En el caso de las nanoparticulas de SiO> resulto ser
negativo para la muestra sinterizada debido a la formacion de porosidad abierta. Por
el contrario, en el caso de emplear un 5% en peso de nanoparticulas de Fe>Os, se logrd
una mejora en la densidad y una baja porosidad (1.8%).

La incorporacion de nanoparticulas de hercinita (Fe2Al2O4) en refractarios de

magnesia condujo a una mejora de la dureza del composite, especialmente con un
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20% en peso de esta segunda fase. Asimismo, se aprecidé una mejora en la

densificacion del composite.

Se propuso estudiar el empleo de novedosas tecnologias de sinterizacion (utilizando
sinterizacion por spark plasma sintering y laser de CO;) para procesamiento de polvos en la
obtencion de cuerpos densos de un ceramico comun, como es la AlO3, con una segunda fase
de molibdeno anadida para mejorar las propiedades mecanicas derivadas de una inhibicion

en el crecimiento del tamafo de grano del constituyente matriz.

Sinterizacion de composites de alimina y molibdeno empleando laser de CO; (Selective laser

sintering of alumina-molybdenum nanocomposites):

- Se obtuvieron por primera vez compuestos de alimina y molibdeno empleando la
tecnologia de sinterizacion de laser de CO: para obtener cuerpos densos, variando el
contenido en molibdeno (1, 2.5, 5, 10 y 20 % en peso).

- Incrementar el contenido en molibdeno conducia a menor porosidad en el composite,
aunque los mejores resultados se obtuvieron con un 10% en peso de molibdeno.
Igualmente, es para este material para el que se observan los menores tamafios de
grano de Al2O3 motivados por el efecto pinning que produce este metal.

- Contenidos superiores al 10% en peso de molibdeno conducen a la formacion
significativa de 6xido de molibdeno (VI) que aparece en la muestra, aunque también

se pierde por volatilizacion.

Sintesis por ruta coloidal y sinterizacién de composites de alimina y molibdeno por Spark
Plasma Sintering (4/umina/molybdenum nanocomposites obtained by colloidal synthesis and

spark plasma sintering):
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Se obtuvieron por primera vez nanocomposites de alimina y molibdeno densos
mediante la ruta coloidal, empleando cloruro de molibdeno como precursor del
molibdeno, y sinterizacion por spark plasma sintering en tiempos muy cortos (3
minutos a la temperatura de sinterizacion de 1400 °C).

La dureza y la tenacidad se incrementan al menos un 25% con relacion a la muestra
de alimina sin nanoparticulas. En este sentido, el composite con un 1% en peso de
molibdeno presenta una dureza un 28% superior, mientras que la tenacidad es un 50%
mayor para el composite con un 5% en peso de molibdeno. Por el contrario, la
resistencia a la flexion en tres puntos es al menos un 18% inferior al emplear
molibdeno.

Las nanoparticulas de molibdeno inhiben el crecimiento del tamafio de grano de la
alimina. Asi, el grano de Al,O3; en el composite es <1.6 um, mientras que en la
alimina monolitica > 70% de los granos de alimina tiene un tamafio de grano >2 um.
El empleo del SPS y la ruta coloidal permiten un control efectivo del crecimiento del

tamafio de grano que se traduce a una mejora de alguna de las propiedades mecanicas.
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8. Conclusions

We are going to present the conclusions related to the two lines described in this research:

1. Line of synthesis of ceramic materials.

2. Line of sintering of ceramic matrix composites.

Conclusions of the line of synthesis of ceramic materials.

In this case, we proposed the utilization of concentrated solar energy to synthesize two
ceramic materials of common use, the zirconia and the magnesium aluminate spinel. In both
cases, it is possible to conclude that the formation of the compounds ZrO> and MgAl,O4 was
achieved with the competition of solar energy. Therefore, it is possible to conclude that when
solar energy is adequately concentrated allows sufficient thermal energy to attain the
synthesis of ceramic materials, contributing decisively to reduce the emissions of greenhouse
gases.

Now, we present the conclusions deduced from the articles presented in this line:

+ Obtaining of ZrO, by thermal decomposition of the zirconium silicate sand (Solar
dissociation of zirconium silicate sand.: A clean alternative to obtain zirconium dioxide):

- We obtain for the first time ZrO» by thermal decomposition of the zirconium silicate
sand using solar energy, employing a process that combines the pyrometallurgy and
the hydrometallurgy.

- The decomposition of the ZrSiO4 using solar energy is achieved in all the studied
routes: 100 wt. % ZrSiO4, 90 wt. % ZrSiO4 + 10 wt. % NaxCOs, and ZrSiO4 + 10, 25
or 50 wt. % CaO, although only the first route provided ZrO> in a form that allows

separating it in an easy manner using the hydrometallurgical route.
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The best route for obtaining pure ZrO; is the treatment in a pressurized reactor using
an aqueous medium with NaOH for 6 hours at 200 °C on samples obtained by direct
application of the solar energy over 100% zirconium silicate sand samples.

We obtain after the hydrometallurgical treatment: insoluble ZrO, and soluble sodium
silicate that, after filtering allows obtaining a monoclinic zirconia with a purity above

the 95%.

It is possible to conclude that ZrO; is obtained with a purity above 95% by thermal

decomposition using concentrated solar energy and posterior hydrometallurgical treatment

with caustic soda starting from only zirconium silicate sand (without additives).

+ Obtaining of MgAl>O4 using residues of the aluminium industry using concentrated solar

energy (Solar Assisted Production of MgAl,O4 from Bayer Process Electrofilter Fines as

Source of A1LO3):

It is achieved for the first time the synthesis of MgAlO4 using electrofilter fines
generated in the aluminium industry using concentrated solar energy.

A crystalline MgAl>Oq is obtained independently on the electrofilter fines generated
in the Bayer process that was used in the process.

The synthesis of the spinel is achieved in very short times (<5 minutes) of application
of the beam of concentrated solar energy.

The reductions in the emissions of carbon dioxide might exceed 12000 tons per year

for factories with a size of 25000 tons of MgA1>,O4 produced per year.
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Conclusions of the line of sintering of ceramic matrix composites.

We proposed the study of the sintering in a conventional furnace of refractory ceramics
adding different metallic oxides as the second phase to improve the physical, chemical,

mechanical, morphological, and microstructural properties of the ceramic composites.

- The incorporation of nanoparticles of metallic oxides ZrO», TiO2, Si0,, Al,O3, FexOs,
and Fe;Al,O4 in different contents to a ceramic of MgO matrix produces an
improvement in the densification of the obtained composite. Moreover, an
improvement in the mechanical properties is produced which, in the case of the cold
crushing strength, for the composite MgO-5 wt. % of ZrO, allows practically to
triplicate that of the MgO sintered in the same conditions (uniaxial pressing + isostatic
pressing (both in cold and 100 MPa) and sintering at 1650 °C for 4 hours).

- Itis precisely in the composites of MgO-ZrO,, that with 5 wt. % of the second phase
and uniaxially and isostatically pressed (both in cold and 100 MPa) to obtain the green
compact and sintered at 1650 °C for 4 hours allows obtaining the lowest values of
porosity (14.485%), the greatest values of density (3.0599 g/cm?) and a value of cold
crushing strength an 80.87% bigger than that of the MgO without additives.

- In the case of the MgO-TiO2 composites, it is possible to obtain them by different
routes, either starting directly from the MgO or using Mg(OH), as the precursor of
the MgO. The addition of TiO2 nanoparticles to the Mg(OH), and, the subsequent
calcination at 960 °C for 2 hours, allows that, after the obtaining of the green compact
(uniaxial pressing at 150 MPa) and sintering (1600 °C for 4 hours), obtaining a
composite with a greater density for all the studied compositions (1, 3 and 5 wt. %),

which is quantified in the range 2.5-3% with relation to the addition of TiO2
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nanoparticles directly to the MgO. On the other hand, the improvement achieved in
the novel route in terms of cold crushing strength is in the range of 16-23%. The best
results are obtained in the sample with 5 wt. % of TiO2 nanoparticles, where the cold
crushing strength reaches 236 MPa.

- In the case of the MgO- n-Al,O3 composites, an improvement of almost 2.5 times
was achieved in the cold crushing strength in the sample with 5% of nanoparticles in
relation to the reference sample when the sintering was conducted at 1500 °C without
nanoparticles. An increase in the sintering temperature (1600 °C) was not translated
into an improvement in terms of cold crushing strength.

- The incorporation of Fe;O3; and SiO; nanoparticles contributed to the formation of
magnesium ferrite and silicates of calcium and magnesium that altered the sintering
of the samples, in those uniaxially cold pressed at 100 MPa and sintered for 4 hours
at 1600 °C. In the case of SiO; nanoparticles, its presence was negative for the sample
due to the formation of open porosity. On the contrary, in the case of using a 5 wt. %
of Fe;O3 nanoparticles, an improvement of the density was achieved, and a low
porosity was attained (1.8%).

- The incorporation of hercynite nanoparticles (Fe2Al2O4) into refractories of magnesia
led to an improvement in the hardness of the composite, specifically with a 20 wt. %
of molybdenum. Additionally, an increase in the relative density of the composite

was achieved.

We proposed to study the utilization of novel technologies of sintering (spark plasma
sintering and CO; laser) to process powders in the obtaining of dense bodies of a common

ceramic, as it is the AbOs3, with a second phase of molybdenum added to improve the
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mechanical properties resulted from the inhibition of the grain growth of the matrix

constituent.

Sintering of alumina and molybdenum composites using CO» laser (Selective laser sintering

of alumina-molybdenum nanocomposites):

We obtained for the first-time composites of alumina and molybdenum using the
sintering technology with CO> laser to obtain dense bodies, varying the molybdenum
content (1, 2.5, 5, 10, and 20 wt. % Mo).

Increasing the molybdenum content led to less porosity in the composite, although
the best results were obtained with a 10 wt. % of molybdenum. Additionally, for this
material, the smallest grain sizes of Al2Os are observed, which are produced by the
pinning effect produced by this metal.

Molybdenum contents above 10 wt. % lead to the formation of significant quantities
of molybdenum (VI) oxide that appears in the sample, although it is also lost by

volatilization.

Synthesis of alumina-molybdenum composites by colloidal processing route and sintering of

the composites by Spark Plasma Sintering (4lumina/molybdenum nanocomposites obtained

by colloidal synthesis and spark plasma sintering):

We obtained for the first time dense nanocomposites of alumina and molybdenum by
the colloidal processing route, using molybdenum chloride as the precursor of the
molybdenum, and sintering using spark plasma sintering in very short times (3

minutes at a sintering temperature of 1400 °C).
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The hardness and toughness increase by at least 25% concerning the alumina without
nanoparticles. This way, the composite with a 1 wt. % of molybdenum has a hardness
of 28% greater, while the toughness is 50% greater for the composite with a 5 wt. %
of molybdenum. On the contrary, the flexural strength in the three-point bending test
is at least 18% lower than in the case of using molybdenum.

The nanoparticles of molybdenum inhibit the grain growth of the alumina. Therefore,
the grain of Al20O3 in the composite is <1.6 um, while in the monolithic alumina, more
than 70% of the alumina grains have a size >2 pm.

The utilization of the SPS and the colloidal processing route allows effective control

of the grain size growth that is translated into improving the mechanical properties.
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