UNIVERSIDADE FEDERAL DE SANTA CATARINA
CENTRO TECNOLOGICO
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA QUIMICA

Jessica Tatianne Ortiz Florenciano

Hierarchical structured ceramic membranes obtained by centrifugal casting using an in

silico approach

Floriandpolis

2021



Jessica Tatianne Ortiz Florenciano

Hierarchical structured ceramic membranes obtained by centrifugal casting using an in

silico approach

Disserta¢do submetida ao Programa de Pos-Graduagéo
em Engenharia Quimica da Universidade Federal de
Santa Catarina para a obtenc¢do do titulo de Mestre em
Engenharia Quimica.
Orientador: Prof. Sergio Yesid Gomez Gonzalez, Dr.
Coorientador: Prof. Alan Ambrosi, Dr.

Prof. Dachamir Hotza, Dr.

Florianopolis

2021



Ficha de identificag@o da obra elaborada pelo autor,
através do Programa de Geracédo Automatica da Biblioteca Universitaria da UFSC.

Florenciano, Jessica Tatlanne Ortiz

Hierarchical structured ceramic membranes cbtained by
centrifugal casting using an in silicc appreoach / Jessica
Tatianne Ortiz Florenciano ; ocrientador, Sergic Yesid Gémes=
Gonzélez, coorientadeor, Alan Ambrosi, cocorientador,
Dachamir Hetza, 2021.

36 p.

Dissertagdc (mestrado) - Universidade Federal de Santa
Catarina, Centro Tecnolégico, Programa de Pds-Graduacio em
Engenharia Quimica, Floriandpelis, 2021,

Incluil referéncias.

1. Engenharia Quimica. 2. Centrifugal casting. 3. Métedeo
de elementos discretos. 4. Plansjamento robusto. I.
Gonzalez, Sergio Yesid Gdémez. II. Ambrosi, Alan. III.
Hotza, Dachamir IV. Universidade Federal de Santa
Catarina. Programa de P&s-Graduagdc em Engenharia Quimica. V.
Titulo.




Jessica Tatianne Ortiz Florenciano
Hierarchical structured ceramic membranes obtained by centrifugal casting using an in

silico approach

O presente trabalho em nivel de mestrado foi avaliado e aprovado por banca

examinadora composta pelos seguintes membros:

Prof. Agenor de Noni Junior, Dr.

Universidade Federal de Santa Catarina (UFSC)

Prof. Maksym Dosta, Dr.
Universidade Técnica de Hamburg (TUHH)

Certificamos que esta ¢ a versao original e final do trabalho de conclusdo que foi

julgado adequado para obtengao do titulo de mestre em Engenharia Quimica.

Documento assinado digitalmente

Debora de Oliveira

Data: 06/09/2021 11:27:04-0300
CPF:728.453.929-15

Verifique as assinaturas em https://v.ufsc.br

Documento assinado digitalmente

Sergio Yesid Gomez Gonzalez

Data: 06/09/2021 11:23:36-0300
CPF:011.911.889-06

Verifique as assinaturas em https://v.ufsc.br

Prof. Sergio Yesid Gomez Gonzalez, Dr.

Orientador

Florianopolis, 2021.



This work is dedicated to my dearest grandmother Juanita.



ACKNOWLEDGEMENTS

To my family for their endless affection and support through all the steps I have
taken.

To Professor Sergio, my advisor, for his guidance, encouragement and trust from the
very beginning of this work.

To Professors Alan and Dachamir, my co-advisors, for their support and for their
comments and suggestions to improve this work.

To Professor Maksym for providing me assistance to use MUSEN appropriately, for
having accepted to participate in the examination board and for his recommendations.

To Professor Agenor for borrowing me the equipment to perform the simulations, for
agreeing to be part of the examination board and for his suggestions.

To the Laboratory of Membrane Processes (LABSEM) for opening their doors to me
to develop this work. Special thanks to Renata for her aid to perform the experiments.

To Paulo, my brother in this journey, for his long-lasting friendship. To Andrea,
Ellaine, Anne, Corina and Arley, for their words of encouragement and support.

To the National Council for Scientific and Technological Development (CNPq) for
funding.



“What we know is a drop, what we don’t know is an ocean.”

(Isaac Newton)



RESUMO

O Centrifugal casting ¢ uma técnica de moldagem destinada a fabricagdo de estruturas
ceramicas tubulares, onde o tamanho e a densidade das particulas sao utilizados para produzir
materiais com gradiente funcional e membranas assimétricas. Contudo, algumas ideias bem
estabelecidas sobre os fendmenos de segregagao sao discutiveis e permanecem inconclusivas.
Por exemplo, as particulas menores ndo necessariamente concentram-se na regido interna e as
particulas maiores ndo se acumulam na externa. A partir deste ponto, varios parametros de
processamento foram estudados através do planejamento robusto de Taguchi, usando
simulacdo baseada no método de elementos discretos para gerar os dados. Pos de alumina e
niquel foram empregados como materiais modelo para avaliar o tempo de formacdo, a
espessura, a circularidade, e as mudangas na densidade relativa e na distribuigdo de tamanho
de particula ao longo da secao transversal do tubo a verde. O didmetro médio de particula e a
velocidade de rotacdo sdo os parametros mais influentes no tempo de formacao. A fragdo
volumétrica de sélidos na suspensdo precursora ¢ decisiva em relagdo as propriedades
estruturais do tubo, e a segregacdo de particulas ¢ desprezivel, exceto para diferengas de
tamanho acima de uma ordem de grandeza. A segregacdo devido a densidade também foi
observada, mas as diferencas de tamanho podem facilmente ofuscar seu efeito, conforme
confirmado por meio de trabalhos experimentais.

Palavras-chave: Centrifugal casting. Método de elementos discretos. Planejamento robusto.
Segregacdo por tamanho. Material com gradiente funcional.



RESUMO EXPANDIDO

Introduciao

Nas ultimas décadas, as membranas ceramicas ganharam relevancia nos processos de
separagdo por membrana devido as suas elevadas estabilidades quimica, térmica e mecanica.
Essas propriedades as tornam adequadas para um grande numero de aplicagdes.

O processamento de membranas cerdmicas geralmente envolve um grande ntimero de etapas.
Essas etapas sdo realizadas sob condi¢gdes que alteram a estrutura e as propriedades do
produto final. Compreender a influéncia de cada condig¢@o de processo sobre o resultado pode
levar a obtencdo da membrana mais adequada para uma aplicagdo especifica. No geral, as
membranas ceramicas sdo estruturas hierdrquicas assimétricas divididas em camadas. A
camada porosa de suporte ¢ comumente fabricada seguindo trés etapas: formagdo da
suspensdo, conformacao do tubo verde e sinterizagao.

Algumas técnicas de conformacdo incluem ao centrifugal casting. Os tubos verdes moldados
por esta técnica podem oferecer uma estrutura mais homogénea com uma superficie interna
mais arredondada e lisa em relagdo a extrusdo. Portanto, eles sao considerados de qualidade
superior para posterior sinterizacdo e, por fim, revestimento com as camadas restantes.

Além disso, o centrifugal casting permite a formagao de uma estrutura hierdrquica uma vez
que os tubos verdes podem ter uma gradiente de porosidade, portanto, uma distribuicdo de
tamanho de poro diferente ao longo da se¢do transversal. Dependendo das condig¢des de
fabricacdo, tanto o suporte quanto as camadas intermediarias podem ser fabricados ao mesmo
tempo, reduzindo o custo de processamento da membrana.

Apesar dos esforcos prévios, o conhecimento sobre o centrifugal casting é insuficiente para
prever as influéncias corretas dadas por um conjunto de condi¢des de processo aos fendmenos
de segregacdo por densidade ou tamanho de particula em relagdo a estrutura do tubo verde.
Neste trabalho, se investiga a influéncia dos parametros de processamento na avaliacdo da
segregacdo das particulas por tamanho e densidade, e sua relagdo com a densidade relativa do
tubo, usando uma abordagem de simulagdo baseada no método de elementos discretos
combinada com um planejamento robusto de experimentos.

Objetivos

O objetivo principal deste trabalho ¢ contribuir na area de pesquisa de centrifugal casting para
o processamento de membranas ceramicas, identificando parametros chave no processo e seu
efeito na estrutura do tubo verde. A fim de alcangar este objetivo principal, as seguintes etapas
foram definidas:

e Validar uma ferramenta adaptada de simulacdo baseada no método de elementos discretos
para representar sistemas de centrifugal casting utilizando informagao da literatura.

e Avaliar o efeito de parametros selecionados na manufatura de estruturas tubulares
utilizando planejamento robusto de experimentos.

o Aferir a segrega¢do das particulas ao longo da se¢do transversal do tubo a verde devido ao
tamanho e a densidade das particulas.

e Realizar experimentos de bancada para verificar os resultados obtidos através das
simulagdes.

Metodologia
O processo de centrifugal casting foi realizado in silico usando uma estrutura de simulacao
baseado no método de elementos discretos de codigo aberto chamado MUSEN. O sistema



inicial consistiu em uma suspensao aquosa de a-alumina, girada horizontalmente em um
molde cilindrico de ago inoxidavel 304, com a forca da gravidade atuando de forma vertical e
descendente sobre o sistema. Foram incorporados o modelo de contato de Hertz-Mindlin para
determinar as interagdes particula-particula e particula-parede, ¢ um modelo de for¢a externa
formulado adaptando equagdes da literatura para descrever as interagdes particula-fluido.
Antes de iniciar as simulagdes, as particulas foram geradas de forma aleatdéria e homogénea
em um volume de andlise cilindrico. O tempo de término da simulag¢ao foi calculado como
trés vezes o tempo de processamento dado por um modelo da literatura. Apds o término da
simulacdo, as informagdes sobre o comportamento do sistema transiente, incluindo posigoes,
velocidades e diametros das particulas foram extraidos para andlise posterior, que inclui a
determinagdo do tempo de processamento, espessura, ¢ a densidade relativa e a distribuicao de
tamanho de particula ao longo da secdo transversal do tubo verde.

Os resultados das simulagdes foram validados com resultados obtidos através de equacdes
apresentadas na literatura. Vérias suspensdes contendo particulas de tamanho unico foram
giradas na mesma velocidade de rotagdo para diferentes didmetros de particula e fracdes de
volume de solido. A densidade relativa final necessaria para resolver as equagdes da literatura
foi determinada a partir das simulagdes.

A partir deste ponto, os parametros de manufatura escolhidos para este estudo foram a
distribuicdo de tamanho de particula do pé de partida, a fragdo de volume de solidos na
suspensao inicial e a velocidade de rotacdo. Posteriormente, trés niveis foram escolhidos para
cada parametro, ¢ o método robusto desenvolvido por Taguchi foi selecionado para o
planejamento dos experimentos. Os estudos de caso foram definidos usando uma matriz
ortogonal L9 (3%). As respostas para o tempo de formagio, a espessura, a densidade relativa e
a distribuicao de tamanho de particula ao longo da se¢do transversal foram avaliadas por meio
da analise da resposta média. Além disso, analises adicionais da rela¢dao sinal-ruido usando
equacdes do tipo nominal-the-best foram realizadas para avaliar a variabilidade em torno do
valor médio de alguns parametros.

Adicionalmente, misturas de pos de alumina e niquel com diferentes tamanhos e densidades
médias de particulas foram utilizadas para compreender o arranjo das particulas durante a
centrifugacdo. Aqui, trés abordagens diferentes foram consideradas:

(1) uma suspensdo contendo dois pds de alumina com didmetros médios de particula que
diferem em uma ordem de grandeza;

(2) uma suspensdo contendo pos de alumina e niquel com o mesmo didmetro médio de
particula;

(3) uma suspensao contendo pos de alumina e niquel com diametros médios de particula que
diferem em uma ordem de grandeza.

Os valores de entrada necessarios para esses experimentos foram escolhidos de acordo com as
condi¢des de maior variabilidade da distribuicdo de tamanho de particula na se¢do transversal
do tubo verde definidas pelo planejamento de Taguchi.

Finalmente, foram utilizadas combinagdes de p6s de alumina com titania, ytrria estabilizada
com zirconia, e niquel para reproduzir experimentalmente as condi¢des das simulagdes 1, 2, e
3, respectivamente. Para comparar os resultados dos experimentos com as simulacdes, a
microestrutura € mapeamento de elementos das amostras dos tubos verdes foram analisados
por microscopia eletronica de varredura combinada com espectroscopia dispersiva de energia.

Resultados e discussao

A comparagdo entre os resultados dos estudos de caso in silico e os resultados das equagdes
da literatura sdo dados para o tempo de formacgado e a espessura do tubo verde. Os resultados
do tempo de formacgao apresentam valores inferiores aos esperados, mas este comportamento



pode ser explicado pelas simplificagcdes do modelo. Ja os valores de espessura obtidos nas
simulagdes se aproximam dos valores previstos pelas equacdes.

A analise da resposta média para o tempo de formagdo do tubo mostra que os parametros de
fabricacdo com maior efeito sobre essa varidvel sdo a velocidade de rotacdo e o didmetro
médio das particulas. A carga de soOlidos na suspensdao inicial tem uma influéncia
significativamente menor sobre o resultado.

A espessura média do tubo verde depende principalmente da carga do solido na suspensao, e
0s outros parametros parecem ter um efeito desprezivel sobre esta varidvel. Além disso, a
analise da variabilidade da espessura —ou circularidade— da superficie interna mostra que ¢
necessario o uso de pequenas particulas com distribui¢cdes de tamanho estreitas, e altas
velocidades de rotagdo para obter um tubo mais arredondado.

Ao longo da se¢do transversal do tubo, a densidade relativa aumenta das regides interna para
externa para todos os parametros, ¢ aumenta de forma geral com a velocidade de rotagdao. As
particulas localizadas perto da parede sdo conduzidas mais rapidamente por forcas mais fortes
no sentido da parede, e sdo pressionadas umas contra outras por camadas ¢ camadas de
solidos, originando uma estrutura mais compacta nas regioes externas. Observa-se também
que as regides de contorno (interna e externa) estdo sujeitas a variacdes devido a mudancas
nas variaveis de entrada, enquanto as outras regides apresentam variagdes menores.

Apenas a distribuicdo do tamanho de particula tem um efeito insignificante sobre a
variabilidade da densidade relativa, enquanto as outras variaveis afetam consideravelmente a
homogeneidade entre as regides. Uma suspensdo preparada com particulas pequenas e uma
carga elevada de so6lidos, submetida a uma alta velocidade de rotagcdo devera produzir a maior
homogeneidade em termos de densidade relativa.

A analise da distribuicdo do tamanho de particula para a suspensdo depois da centrifugacao
mostra que particulas menores sao predominantes na fase apds o processo. Por outro lado, a
secdo transversal do tubo verde n3o parece sofrer tanta variacdo quanto a suspensao.
Variacdes significativas sdo observadas na distribuicdo do tamanho das particulas através da
analise da relagdo sinal-ruido devido ao didmetro médio da particula do pé inicial e sua
distribuicao de tamanho, mas os valores brutos indicam que a distribuicao das particulas ¢
semelhante & distribui¢do da mistura de particulas original.

Os testes adicionais formulados para misturas de pds mostram que a segregagao por tamanho
das particulas ¢ desprezivel, exceto para diferengas de tamanho acima de uma ordem de
grandeza. A segregacdo devido a densidade também foi observada, mas as diferencas de
tamanho podem facilmente ofuscar seu efeito, conforme confirmado por meio de trabalhos
experimentais.

Consideracoes finais

O centrifugal casting ¢ uma técnica ideal para obter materiais com gradiente funcional de
forma simples e direta para diversas aplicacdes, como manufatura de membranas ceramicas.
As diferengas de densidade podem ser exploradas para obter perfis de composi¢ao, mas esses
perfis dependem também da diferenca de tamanho entre os pods. Portanto, ambos os
parametros devem ser ajustados conjuntamente para obter o resultado desejado.

Palavras-chave: Centrifugal casting. Método de elementos discretos. Planejamento robusto.
Segregacao por tamanho. Material com gradiente funcional.



ABSTRACT

Centrifugal casting is a shaping technique intended for ceramic tubular structures
manufacture, where the particle size and density are exploited to produce functionally graded
materials and asymmetrical membranes. However, some well-established insights about the
segregation phenomena are debatable and remain unclear. For instance, small particles do not
necessarily stay in the inner region, and the bigger particles do not accumulate in the outer.
Herein several manufacturing parameters were studied through Taguchi’s robust design, using
a discrete element method-based simulation to generate the data. Alumina and nickel powders
were used as model materials, assessing the green cast formation time, the cast thickness, the
roundness, and also the changes in relative density, and particle size distribution along the
cast’s cross-section. The mean particle diameter and the rotation speed are the most influential
parameters for the casting time. The volume fraction of solids on the precursor slurry is
decisive regarding the cast structural properties, and particle segregation is negligible,
excepting for size differences above one order of magnitude. Density segregation was also
observed, but the size differences can easily overshadow its effect, as confirmed through
experimental work.

Keywords: Centrifugal casting. Discrete element method. Robust design. Size segregation.
Functionally graded materials.
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1 INTRODUCTION

1.1 CONTEXTUALIZATION

Ceramic membranes have gained relevance in the last few decades in membrane
separation processes due to their high chemical, thermal and mechanical stabilities. Their
applications include water and wastewater treatment, food and beverage processing, chemical
and pharmaceutical processing, gas separation, and purification operations (DRIOLI;
GIORNO, 2016; GITIS; ROTHENBERG, 2016).

The manufacture of ceramic membranes usually involves a large number of stages.
These stages are carried out under conditions that ultimately alter the structure and the
properties of the final product. Understanding each manufacturing condition’s influence over
the outcome can lead to obtaining the most suitable membrane for a specific application
(GUAN et al., 2016).

In general, ceramic membranes are asymmetric hierarchical structures divided into a
dense or slightly porous selective layer that determines separation properties, a highly porous
support layer that provides mechanical strength to the structure, and an intermediate layer that
bonds the previous two together. The support layer is commonly manufactured following
three steps: formation of the slurry, shaping the green cast, and sintering (ISSAOUI;
LIMOUSY, 2019; LI, 2007).

Here, the shaping step can differ depending on the desired geometry. In tubular
support manufacturing, some shaping techniques include extrusion and centrifugal casting.
Extrusion is the most popular one. However, the green tubes shaped by centrifugal casting can
offer a more homogeneous structure with a rounder and smoother inner surface. Hence, green
tubes obtained by centrifugal casting are considered of higher quality for further sintering and
ultimately coating with the remaining layers (BERTOTTO et al.,, 2019; HARABI;
BOUZERARA; CONDOM, 2009).

Besides, this method allows the formation of a hierarchical structure since the green
tubes can have a graded porosity, hence a different pore size distribution, along the cross-
section (CARO, 2016). Depending on manufacturing conditions, both the support and the
intermediate layers could be manufactured at once, seemingly reducing membrane

manufacture cost (NUNES et al., 2020).
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Despite previous efforts, the knowledge about centrifugal casting is insufficient to
forecast the correct trends given by a set of manufacturing conditions regarding the particle
and density segregation phenomena concerning the green cast structure. In this work, we
investigate the influence of processing parameters assessing the particle and density
segregation and its relation with the cast relative density, using a DEM-based simulation

approach combined with robust design.

1.2 OBJECTIVES

1.2.1 General objective

The main objective of this work is to contribute to the research field of centrifugal
casting for ceramic membranes manufacture, identifying key parameters of the process and

their effect on the green cast’s structure.

1.2.2 Specific objectives

In order to reach the main goal, the following steps were defined:

e Validate an adapted DEM-based simulation tool using information from the
literature to represent systems during centrifugal casting.

e Evaluate the effect of selected parameters on the manufacture of tubular
structures by a robust design of experiments.

e Assess particle segregation along the cast’s cross-section due to particle size
and density.

e Perform bench experiments to verify the results from the simulations.
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2 LITERATURE REVIEW

2.1 CENTRIFUGAL CASTING

Centrifugal casting consists of the rotation of a ceramic slurry inside a cylindrical
mold around its axis. The generated centrifugal force field induces the separation of the
components based primarily on a density difference, i.e., the solids concentrate towards the
mold wall. The lower density phase remains close to the center of the tube. After this, the
separated liquid is drained, and the green tube is removed from the mold for further treatment

(BIESHEUVEL; NIJMEIJER; VERWEIJ, 1998).

2.2 MODELLING AND SIMULATION

2.2.1 Continuum approach

Some effort has been made to describe the centrifugal casting process theoretically.
For instance, Biesheuvel et al. (1998) developed equations for the unhindered and the
hindered settling of monosized particles with equal densities from a continuum approach.
They described the cast formation in a vertical cylindrical mold neglecting the diffusion of the
solid from the cast to the suspension phase and the effect of gravity force. They ultimately
derived an expression to predict the final cast thickness from an overall mass balance, used
mass transport equations to evaluate the cast thickness’ evolution over time for several
conditions, and compared their results with experimental results.

Moreover, Biesheuvel et al. (2001) developed a model to predict the particle size
distribution along the green cast’s cross-section after centrifugation. For a constant final
porosity and laminar flow, they estimated the average particle diameter in several layers of the
cast starting from a defined particle size distribution. They showed that the fraction of
particles of every size in each layer of the cast is barely equal only under a set of conditions,

except for the inner layer in which the smallest particles prevail.
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2.2.2 Discrete approach

An alternative approach has been proposed applying the Discrete Element Method
(DEM), which has been widely used to describe particulate systems. In DEM, the modeled
particles are assumed to be individual entities using a Lagrangian scheme for which a balance
of forces is established to obtain information such as position or velocity over time. The
system’s overall behavior is determined through particle-particle and particle-wall interactions
which are described using specific contact models (CUNDALL; STRACK, 1979). The
interaction between particle and fluid can be considered by coupling Computational Fluid
Dynamics (CFD) models into the calculations (KIECKHEFEN et al., 2020) or introducing the
forces acting over the particles directly into the forces’ balance.

The latter methodology has been used by Hong (1996, 1997a) to develop a tool to
simulate centrifugal casting coupling the DLVO theory on long-range particle interactions,
JKR adhesion model, and Hertz-Mindlin contact model to DEM equations. Hong (1997b)
performed in silico centrifugal casting tests through dynamic similarity to analyze particles’
rearrangement during the casting for several solids volume fractions in a rectangular box.
Limiting to the smallest particles on the suspension seems that the particles migrate slower
into the cast structure than other particles for all solid loadings, in agreement with Biesheuvel
et al. (2001), but the behavior of the particles of other sizes was not evaluated to infer that

significant segregation by size occurs.

2.3 EXPERIMENTAL STUDIES

Additionally, many experimental studies have been performed to assess the influence
of various parameters such as particle mean diameter and rotation speed over the tube’s
properties after sintering (BISSETT; ZAH; KRIEG, 2008; KIM et al., 2002; STEENKAMP et
al., 2001). However, only a handful focuses on the effects of the structure of the green cast.
Nijmeijer et al. (1998) studied the rotation speeds and the processing time’s influence over the
green cast’s thickness and total porosity. While increasing both inputs has the same effect on
the thickness, the influence over the total porosity remains unclear. Falamaki and Veysizadeh
(2008) investigated the influence of rotation speed, mold volume, pH, and binder content in

flat disc membrane manufacture. Even though the changes in rotation speed and pH seemed to
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alter the porosity and the pore diameter on the top surface, binder concentration had a much

higher effect over those outputs and they were estimated after sintering.
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3METHODOLOGY

3.1 SIMULATION AND DATA PROCESSING

The centrifugal casting process was performed in silico using an open-source DEM
simulation framework MUSEN (DOSTA; ANTONYUK; HEINRICH, 2013; DOSTA;
SKORYCH, 2020). The initial system (Figure 1) consists of an aqueous a-alumina slurry,
rotated horizontally around the y-axis in a stainless steel 304 cylindrical mold of 2.5 mm of
internal radius rpeq. The mold was centered at the system’s origin. The z-axis was considered

as the vertical axis, in which gravity force acts downwards over the system.

Figure 1 — Schematic representation of the system.

For particle-particle and particle-wall interactions, the Hertz-Mindlin contact model
(HERTZ, 1882; TSUJI; TANAKA; ISHIDA, 1992) has been incorporated. The required
properties for pure solid materials are listed in Table 1. Meanwhile, for pairs of materials, the

restitution coefficient is 0.6, and the sliding and rolling friction coefficients are 0.1 and 0.01,

respectively.

Table 1 — Physical and mechanical properties for pure materials.
Property a-alumina Stainless steel 304
Density (kg'm™) 3950 7901
Young’s modulus (GPa) 370 193
Poisson ratio (-) 0.22 0.29

Fonte: CARDARELLI (2018).
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An external force model was incorporated, adapting equations from Biesheuvel et al.
(1998) to describe particle-fluid interactions. For each particle, it was assumed that the
movement of a single spherical particle through a fluid phase under the influence of a
centrifugal force field is given by a combination of friction, Fy (Eq. 1), centrifugal force and
buoyancy, Fe+y, (Eq. 2a,b,c). Here, rp, m,,, V,, and v, are radius, mass, volume, and velocity of
particle; p, p and vj are viscosity, density, and velocity of the fluid phase; ¢, and ¢, , indicate
the position at the center of the particle; and o is the mold’s rotation speed (or angular
velocity) around the y-axis. Bold characters represent vectors. For all calculations, water at
room temperature was considered as the fluid phase. The respective density and viscosity of

the fluid were equal to 997.1 kg-m'3 and 8.905x10™ Pas (BELL et al., 2014).

Fr=6npur, (Vl-Vp) (1)
Fepx = (mp -V, pl) Cpx o’ (2a)
Feipy=0 (2b)

Forn,, = (my - Vp py) ¢ 07 (2¢)

Before starting the simulations, the particles were randomly and homogeneously
generated into a cylindrical analysis volume, situated inside the mold, whose radius equals the
mold’s internal radius. The length of analysis volume is ten times the largest particle diameter
defined for the test, and its lids were defined as periodic boundaries over the y axis. The
number of generated particles changes depending on the different initial conditions. It
depends on the particle size distribution and the volume fraction of solids in the suspension.

Furthermore, it has been assumed that the liquid phase follows the mold’s motion
from the starting point, and the particles are dragged by the motion of the liquid and gain its
velocity. Thus, to generate consistent initial conditions, the particles’ initial velocity is defined

depending on their position (Eq. 3a,b,c).

Vpx = Cpz © (3a)
Vpy =0 (3b)
Vpz == Cpx O® (3¢)
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The simulation time step was adopted based on the Rayleigh time for each
configuration. In order to obtain appropriate information about system behavior the
simulation results were saved every 1x107 s. The end time was calculated as three times the
casting time given by the model for unhindered settling by Biesheuvel et al. (1998). After the
simulation ends, the complete information about transient system behavior including
positions, velocities and diameters of particles were extracted for further analysis.

The particle coordinates for all time steps saved were transformed from Cartesian
(x,y,z) to cylindrical (p,p,y) coordinates for simplification to begin estimating the cast
formation time and the final cast thickness. The system was divided into quadrants of the
plane p-9, as seen in Figure 2, and the cast thickness d;; was calculated in each quadrant i for
all time points saved j (Eq. 4). Then, the mean cast thickness 6; was calculated for a specific

time point j (Eq. 5).

Figure 2 - Frontal view (plane p-¢) of the division of the system in quadrants for cast thickness estimation in an
instant time point j.

dij = I'mold - (Pmin‘i‘i - rmin,i,j) (4)

- 20
4

5 - 6

J

Here, pminij and rminij are the radial position and the particle’s radius with the
minimum distance to the mold’s center. A cut-off was implemented to avoid overestimating
values due to irregularities during particle settling, excluding 0.5% of closest particles inside

the quadrant.
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The mean cast thickness values obtained for all time points saved were used to
estimate transient behavior. The cast formation time was defined as the time point for which
the relative deviation of the mean thicknesses E,; (Eq. 6) between consecutive time points fell
under 0.1%. Consequently, the final cast thickness 8, or the green cast’s thickness, was
defined as the value corresponding to the cast formation time, and all subsequent parameters

have been estimated for this instant.
0.1 - O
E..= —2x100 (6)

Afterward, the green cast’s cross-section was divided into five annular cylindrical
regions of thickness equal to 20% of the final cast thickness to perform the relative density
estimations, as shown in Figure 3. There were added cuts into the inner (1) and the outer (5)
regions of a thickness equal to the radius of the mean-sized particle of the test, rp, mean, to avoid
underestimations due to boundary effects. Then, the relative density in region k is calculated
as the ratio of the volume of solids inside the region k to the total volume of the region k.
Here, the volume of solids is the sum of all whole particles’ volumes and particle caps which
are located on the boundaries of the region k. The total volume of the region k is the annular

cylinder’s volume that sets the region’s boundaries.

— Cut in 1 Ty mean
Cutin 5

Figure 3 - Frontal view (plane p-¢) of the division of the system in regions for relative density estimation.

Lastly, the particle size distribution (PSD) over the cross-section was evaluated using

the same division of regions as the relative density estimations but disregarding the cuts in the
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inner and outer regions. The suspension phase region (0) was added to evaluate the
distribution of the particles that remained in suspension after casting. For this purpose, the
particles were classified according to their positions into six classes. For each class a mean
particle diameter d, was calculated number-based taking into account only the particles
located in the specific region.

To better understand segregation effects occurring in the process the deviation of the
mean diameters d, from the mean diameter of the original powder dy mean Was calculated. The
results were normalized to obtain dp,k* dividing by the difference between the maximum d;, max
and the mean d,, mean particle diameters of the original powder (Eq. 7), leaving the values in a
range of [-1; 1]. The normalization allowed the efficient analysis of segregation effects since
negative values indicate the smaller particles of the system predominate, and positive values
indicate that bigger particles prevail. Values equal to zero show that the proportion is

balanced within the region.

* dp,k - dp,mean
k= G~ G @
p,max p,mean

3.2 VALIDATION

The results from the simulations and data processing were compared with results
obtained from the equations derived by Biesheuvel et al. (1998). This was done for the
unhindered and the hindered settling of monosized particles for complete mold filling and
from an equation derived through an overall mass balance. The cast formation time and the
final cast thickness were determined for the same input parameters and variables as the
simulations.

Several suspensions containing monosized particles were rotated at 500 rad-s” for
different particle diameters and volume fractions of solid, as detailed in Table 2. As for the
final relative density required to solve the equations from the literature, they were extracted

from the simulations. All in silico case studies were performed in duplicate.
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Table 2 - Case studies proposed for comparison with equations from the literature.

Case study Particle diameter (mm) Volume fraction of solid (-)
Al 0.050 0.15
A2 0.050 0.25
A3 0.100 0.15
A4 0.100 0.25

3.3 EVALUATION OF MANUFACTURING PARAMETERS THROUGH ROBUST
DESIGN

The manufacturing parameters chosen for this study were the particle size
distribution (PSD) of the starting powder, the volume fraction of solids in the initial
suspension, and the rotation speed. The PSD of initial powder’s was defined as a normal
distribution with mean p —or particle mean diameter dpmean— and standard deviation . The
PSD was defined in the discretized form and represented with five size classes. The interval
of the distribution was set as [p — 0.02 mm; p + 0.02 mm)], i.e., there were considered five
sizes with a difference of 0.01 mm among them for all means studied. The fraction o/p
defines the proportion of each particle size into the powder, and the proportions for the

fractions considered in this work are shown in Table 3.

Table 3 - Number fraction of particles of each diameter for a given PSD.

PSD Size class 1 Size class 2 Size class 3 Size class 4 Size class 5
o/p () dp,min (%) (%) dpmean (Y0) (%) dp,max (%)
0.2 0.26 16.55 66.38 16.55 0.26

0.3 3.77 23.99 44.48 23.99 3.77

0.4 8.56 24.27 34.34 24.27 8.56

Afterward, three levels were chosen for each parameter, and the robust design
method developed by Taguchi (TAGUCHI; CHOWDHURY; WU, 2005) was selected for the
design of experiments. The case studies for an Lo (3*) orthogonal array are shown in Table 4.
All case studies were performed in silico in triplicate, and the responses for cast formation
time, cast thickness, relative density, and PSD over the cross-section were evaluated by
analyzing the average response. For those variables determined in more than one region,

additional analyses of the Signal-to-Noise ratio (SNR) using nominal-the-best equations
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(TAGUCHI; CHOWDHURY; WU, 2005) were performed to evaluate the variability around

the mean value.

Table 4 - Detail of experiments for an L, (3*) orthogonal array.

Case study Mean diameter PSD K‘glcl:g)llel of solig Rotation speed
(mm) o/p () “) (rad/s)
Bl 0.050 0.2 0.15 150
B2 0.050 03 0.20 300
B3 0.050 0.4 0.25 450
B4 0.075 0.2 0.20 450
B5 0.075 0.3 0.25 150
B6 0.075 0.4 0.15 300
B7 0.100 0.2 0.25 300
B8 0.100 0.3 0.15 450
B9 0.100 0.4 0.20 150

3.4 ASSESSMENT OF PARTICLE SEGREGATION ALONG THE CAST’S CROSS-
SECTION

To fully comprehend the particle rearrangement after centrifugation, additional in
silico tests were carried out using mixtures of powders with different mean particle sizes and
densities. Here, three different approaches were performed:

e a suspension containing two a-alumina powders with mean particle diameters
that differ in one order of magnitude;

e a suspension containing o-alumina and nickel powders with the same mean
particle diameter;

e a suspension containing a-alumina and nickel powders with mean particle
diameters that differ in one order of magnitude.

Nickel’s density, Young’s modulus and Poisson ratio are 8900 kg'm™, 207 GPa and
0.31, respectively (CARDARELLI, 2018), whereas other properties remain unchanged. The
input values required for these experiments were chosen in agreement with the SNR analysis
for the particle size distribution over the cross-section’s variability. All the case studies were

performed in triplicate.
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3.5 EXPERIMENTAL

A few bench experiments were performed in order to corroborate the findings from
the in silico ones. For this purpose, alumina (CT3000SG, Almatis), yttria stabilized zirconia
(YSZ) (Zirconium(IV) oxide-yttria stabilized with 8 mol.% Y,0;, Sigma Aldrich), titania
(Aeroxide TiO, P25, Evonik), and nickel (Epson Atmix Corporation) powders were chosen to
be used as raw materials for the experiments based on the setup proposed in section 3.4. Their
purities are above 99 % and their main properties are given in Table 5. These powders were
mixed with distilled water to prepare the slurries. No dispersing agent, binder or other

additives were added.

Table 5 - Powder’s main properties.

Material Median diameter (um) Density (kg-m'3 )
Alumina 0.500 3950
YSZ 0.700 6045
Titania 0.025 4240
Nickel 6.000 8900

The slurries were prepared by mixing 25 vol.% solids and 75 vol.% distilled water.
The solids’ mixtures used in this work are detailed in Table 6. The slurries were stirred using
a mechanic stirrer for 30 min at room temperature. Then they were poured into stainless steel
304 molds, with 1 cm of internal diameter and 15 cm of length, previously coated with
vaseline, and hermetically closed for shaping using the centrifugal casting technique. The
filled molds were horizontally rotated at 450 rad-s” for 10 min, except the ones containing
titania which were rotated for 40 min, using the equipment shown in Figure 4. After rotation,
the remaining suspension was drained and the green casts were dried inside the molds in a
drying chamber at room temperature (approximately 25°C) and relative humidity of 70 % for
3 days.

The microstructure (inner, outer, and fractured cross-section surfaces) and element
mapping (inner and outer surfaces) of the green tubes’ samples were analyzed by scanning
electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS) in a JEOL
JSM 6390LV scanning electron microscope after coating with gold.



Table 6 — Powder mixtures for slurries preparation (dry basis).
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Powder mixtures

Volume fraction (-)

Mass fraction (-)

Powder 1 Powder 2 Powder 1 Powder 2 Powder 1 Powder 2

Alumina - 1 - 1 —

Alumina YSZ 0.9 0.1 0.855 0.145

Alumina Titania 0.9 0.1 0.893 0.107

Alumina Nickel 0.9 0.1 0.800 0.200
Lids Rotor

N

il

AN

»

Figure 4 — Schematic representation of the experimental equipment.
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4 RESULTS AND DISCUSSION

4.1 VALIDATION

The simulation results for the case studies defined in Table 2 are provided in Table 7.
The relative density values observed in Table 7 are typical for centrifugal casting samples
before sintering (BIESHEUVEL; NIJMEIJER; VERWEL, 1998; FALAMAKI;
VEYSIZADEH, 2008; NIJMEIJER et al., 1998). The mean overall relative density value
estimated from the simulations was 0.506, and its standard deviation was 0.027. As afore-

mentioned, the mean was taken to solve the literature’s equations.

Table 7 - Results from simulations performed for validation.

Case study Nunfber of (.Jast formation Cast thickness Relafive
particles time (s) (mm) density (-)
Al 22500 0.014 £ 0.000 0.400 + 0.000 0.510 + 0.000
A2 37500 0.013 £0.000 0.670 + 0.004 0.538 £ 0.003
A3 5625 0.010 £ 0.001 0.439 £ 0.009 0.469 + 0.009
A4 9375 0.009 £ 0.000 0.718 £ 0.004 0.508 = 0.002

The comparison among the cast formation time results from the in silico case studies
and the results from the literature’s equations can be observed in Figure 5, and the comparison
for the cast thickness is shown in Figure 6. The cast formation time results indicate that the
time values decrease when the particle diameter increases, while the volume fraction of solids
on the initial suspension barely affects the results. These tendencies are in agreement with
Biesheuvel et al.’s observations (1998).

In general, the time values obtained for the unhindered settling model are lower than
the time values obtained for the hindered model, which is reasonable because the former
disregards the interaction among the particles and its effect on the settling velocity. According
to this, the simulations’ results were expected to be higher than the unhindered settling times,
but this was observed only for the larger particles. One of the reasons is that we assumed that
the fluid and the particles have the same velocity as the mold from the beginning of the
simulation, even though it will take a small fraction of time for the system to depart from
repose and reach this condition. This means that the casting time could be underestimated.

Despite this, the results are all of the same order of magnitude.
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Figure 5 - Cast formation time results of models from the literature and simulations.
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Figure 6 — Cast thickness results of models from the literature and simulations.
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Meanwhile, the green cast thickness (Figure 6) increases with the volume fraction of
solids in the initial suspension. However it does not influenced by the particle diameter, that
also in agreement with Biesheuvel et al. (1998). The unhindered and the hindered models are
equal and correspond to 99% of the ideal result given by the equation derived from an overall
mass balance. The values obtained through the simulations are close to the values predicted

by the equations.

4.2 EVALUATION OF MANUFACTURING PARAMETERS THROUGH ROBUST
DESIGN

The simulation results for the case studies defined in Table 4 are summarized in
Table 8. The analyses of average response for the cast formation time and the mean cast
thickness can be observed in Figure 7 and Figure 8, respectively. The analysis of variability
among the quadrants of the latter is shown in Figure 9. Herein, in all figures, a solid line
represents the mean value X, and dotted lines representing the limits of the confidence interval

at the 95% confidence level for every set of samples.
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Figure 7 — Average response analysis of the cast formation time.



Table 8 - Results from robust design of experiments.
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Case study Statistics
Variable * _ "

B1 B2 B3 B4 B5 B6 B7 BS B9 - T+
Number of particles 30221 38399 46032 16576 20264 11920 11130 6593 8691 - ] ]
Cast formation time (s) 0.130  0.045 0026 0.019 0.072 0039 0024 0014 0049 0.033 0.046 0.060
Mean cast thickness (mm) 0419 0526 0649 0539 0708 0422 0704 0438 0591 0511 0555 0.599
SNR for thickness variability (dB) ~ 31.904 40.465 33.812 36.026 28.241 29.459 32431 30.977 24.889 30.014 32.023 34.031
Relative density in 1 (-) 0218 0394 0482 0388 0327 0254 0382 0346 0240 0302 0337 0371
Relative density in 2 (-) 0.556  0.599 0.603 0593 0581 0544 0585 0506 0516 0551 0565 0.579
Relative density in 3 (-) 0.591 0.596 0599 0593 0584 0601 058 0595 0.588 0591 0593 0.595
Relative density in 4 (-) 0.587 0.592 0597 0593 0581 0597 0587 0598 0.593 0589 0592 0.594
Relative density in 5 (-) 0611 0.606 0604 0609 0597 0660 059 0856 0617 0608 0.640 0.671
(S(?g){fo”elatwedenSItyV"‘“ablhty 9731 15.714 20.843 15.411 13.225 10340 15422 9789 10234 11.929 13.412 14.895
dpo” (-) 0339 -0.652 -0.611 -0.042 -0280 0.194 -0.033 -0.046 -0.171 -0.363 -0220 -0.077
dp1” () -0.056  -0.093 -0.083 0.009 -0.035 0.026 0015 0095 0.010 -0.036 -0.012 0.011
dyo’ () 0.024 -0.003 0.011 0.002 -0.007 -0.005 -0.002 0.012 0.004 -0.006 -0.001 0.003
dys () 0.013 0034 0034 -0.001 0021 0024 0001 -0.005 0.015 0.009 0015 0021
dps’ () 0.020 0.035 0036 0017 0016 0006 0011 0.003 0017 0013 0018 0.023
dps (-) 0012 -0.010 -0.017 -0.022 -0.013 -0.035 -0.017 -0.020 -0.042 -0.025 -0.018 -0.012
SNR for dy variability (dB) 20862 25.615 26.162 36.486 32.986 32.986 37.597 26.909 31.306 29207 30.965 31.722

*Limits of the interval of confidence at the 95% confidence level.
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Figure 8 — Average response analysis of the mean cast thickness.
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Figure 9 - Signal-to-Noise ratio analysis of the cast thickness variability.

According to the average response analysis for the cast formation time observed in
Figure 7, the manufacturing parameters with a higher effect over this output variable are the
rotation speed, and the particle mean diameter. For both of them, the casting time decreases
when the input variable goes up due to their direct and inverse effect on particle settling
velocity. Meanwhile, the solid loading on the initial suspension shows the same effect but has

a significantly lesser influence over the outcome.
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Based on the literature (BIESHEUVEL; NIIMEIJER; VERWEIL], 1998;
FALAMAKI; VEYSIZADEH, 2008; HONG, 1997b), the effect of manufacturing parameters
over the mean cast thickness depends mainly on the solid loading. The analysis of the means
confirms this effect, where the thickness increases rapidly with the solid volume fraction, and
other parameters seem to have a negligible effect over this variable.

Additionally, the variability of the thickness —or roundness— of the inner surface can
be evaluated by taking the cast thickness values obtained per quadrant, defined in Figure 2,
previously used to get the mean value. The SNR analysis performed to those values (Figure 9)
shows that the particles’ mean diameter, their size distribution and the system’s rotation speed
significantly influence the green cast roundness.

High SNR values indicate lower variations and low SNR values indicate higher
variations among data. Keeping this in mind, we can expect that the lowest particle size and
an intermediate rotation speed would lead to the highest SNR for all experiments, and the
lowest SNR would be found with a combination of high particle size with wide distribution
and low rotation speed. These setups correspond to case studies B2 and B9 (Table 4),
respectively, and their SNR values, listed in Table 8, agree with the expected behavior.
Therefore, it can be inferred that it is necessary to use small particles with narrow size
distributions and high rotation velocities to minimize the thickness variability, thus obtaining
a higher roundness, to obtain an improved finish for further sintering,.

The relative density’s behavior across the green cast’s cross-section is analyzed
through Figure 10 and Table 8. At first glance, it can be noticed that the relative density
increases from inner (1) to outer (5) regions for all parameters. The inner region (1), which
represents 20% of the green cast’s thickness, has the lowest relative density values while the
other regions exhibit similar but increasing values. This has been reported previously by
Chang et al. (1991), who observed a looser structure on the region closest to the center of
rotation and a more compact body near the wall.

The system’s rotation is responsible for the generation of a centrifugal force field,
which strongly affects the net force that leads to particles’ motion. Since the centrifugal force
depends on the radial position, the particles are subject to a force gradient that goes from zero
at the center of the tube to a maximum value near the mold. Hence, at the beginning of the
process, there is established a velocity profile with the same characteristics. The particles
located near the wall are driven faster by stronger forces to the wall and are pressed against

each other by layers and layers of solid, originating a more compact structure in the outer
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regions. However, this effect does not occur with the particles that arrive last to the cast,
forming the inner region, because they are subject to weaker forces. This phenomenon can
also explain the overall increase in relative density observed in Figure 10 when the rotation

speed increases.
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Figure 10 - Analyses of average response for the relative density over the green cast’s cross-section from the
inner (1) to outer (5) regions.

In addition, Figure 10 shows that the boundary regions (1 and 5) are prone to
variations due to changes in the input variables whereas the internal regions (2, 3, and 4)
exhibit lower variations, being negligible for the last two. According to the values and the
statistics provided in Table 8, the inner region (1) is more susceptible to variations in solid’s
volume fraction and rotation speed. Here, the increase in both input parameters leads to a
significant increase in the relative density. On the other hand, the outer region (5) suffers
significant changes for all process parameters. In this case, the increase in the solid’s volume
fraction leads to a decrease in the relative density while the tendency for the rotation speed
remains the same as region (1). Suspensions with bigger particles seem to produce a denser
outer layer and the effect of the size distribution is not clear from this first assessment.

The relative density’s variability over the cross-section can be analyzed in Figure 11.
Only the particle size distribution has a negligible effect over the variability, while the other
variables considerably affect the relative density’s homogeneity over the regions, as expected

from Figure 10.
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Figure 11 - SNR analysis of the relative density variability.

The suspension prepared with the smallest particles combined with the highest solid
loading and the highest rotation speed should lead to the highest homogeneity. Contrariwise, a
combination of bigger particles, low solid loading and low rotation velocity would result in a
more heterogeneous green cast.

The analysis of PSD for the suspension phase (0) and the green cast’s cross-section
(1- 5) can be seen in Figure 12. Here, dp,k* is the previously defined normalized distance to
mean diameter (Eq. 7). For all input parameters, the estimated values for the suspension
region (0) vary in a wide range below zero. Since positive values indicate a higher proportion
of bigger particles within a region and negative values a higher proportion of smaller ones, it
can be reasoned that smaller particles are predominant in suspension after casting.

This behavior has been reported previously after the modeling, simulation and
further experimental validation of similar systems (BIESHEUVEL et al., 2001; HONG,
1997b). It was observed that the PSD of particles in the suspension changes starting from the
beginning of the rotation. The solid loading in the suspension decreases with casting time and
so does the mean diameter of particles remained in suspension. Combining these results with
information from Table 8, we can infer that this phenomenon is accentuated when the mean
diameter is the lowest without statistically significant fluctuations due to other input

parameters.
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Figure 12 - Analyses of the normalized distance’s average response from the starting powder’s mean diameter
for the suspension (0) and the green cast’s cross-section from the inner (1) to outer (5) regions.

Another important aspect is that the PSD of the green cast along the cross-sections
(1-5) does not seem to suffer as much variation as the suspension phase. Among the regions,
the inner one (1) shows higher variation than the others. The mean diameter within this region
is significantly affected by the mean particle size of the original powder. Here, the region’s
mean diameter seems to be lower than the original powder’s mean when the lowest mean
particle size is considered, indicating that the smallest particles prevail in the inner region.
Contrariwise the behavior is the opposite for the highest mean diameter of the original
powder.

Significant variations can be observed in the PSD through the SNR analysis (Figure
13) due to the particle mean diameter of the starting powder and its size distribution.
Expecting size segregation when using small particles with a wide size distribution, green
cast’s normalized values oscillate within a range of [-0.1; 0.1], indicating that the distribution
of particles is similar to the distribution of the original particle mixture.

For the system under study, the rotation speed —or angular velocity— is constant for
all instants and radial positions, but particles will acquire different settling velocities
depending on their diameter and distance from the center of rotation. For instance,
considering a pair of particles, the smaller particle will gain a higher velocity than the bigger
one only if they are at the same distance from the center. Due to the dependence on radial

position, a particle located close to the center of the mold will gain an overall low velocity
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while a particle in the vicinity of the wall with the same size will travel much faster towards
it. As a consequence, particles located closer to the wall at the beginning of rotation will
deposit on the mold faster as a whole, leaving no time for size segregation to occur, as it was
observed across the green cast’s cross-section, while the ones near the axis of the rotation will
travel slower. Here, smaller particles can develop lower settling velocities than bigger

particles, thus abandoning the suspension phase last.

26 ' : : : ' : ‘ ' ' : ‘
0.05 0075 01 02 03 04 015 020 025 150 300 450
Mean diameter PSD o/ Volume fraction Rotation speed
(mm) (-) of solid (-) (rad/s)

Figure 13 - SNR analysis of particle size distribution’s variability along the cast’s cross-section.

4.3 ASSESSMENT OF PARTICLE SEGREGATION ALONG THE CAST’S CROSS-
SECTION

According to the results from SNR analysis for the particle size distribution over the
cross-section (Figure 13), the starting powder’s mean particle size and distribution influence
the segregation by size significantly. The highest segregation is expected for the values that
minimize the SNR, which are the smallest mean diameter, intermediate distribution, lowest
solid loading and highest rotation speed. As a consequence, for further testing, there were
chosen the mean particle diameter of 0.05 mm, a distribution of 0.3, a volume fraction of
0.15, and a rotation speed of 450 rad-s™". Since this combination of input parameters is not
found in Table 4, it was added to the previously proposed in silico case studies, and the

mixtures’ characteristics for them are detailed in Table 9.



Table 9 - Overview of the case studies to analyze mixtures of powders.

Powder 1 Powder 2

Case Mean Volume Mean Volume

study Material diameter  fraction” Material diameter  fraction”
(mm) ) (mm) Q)

Cl Alumina 0.05 0.9 Alumina 0.05 0.1

C2 Alumina 0.05 0.9 Nickel 0.05 0.1

C3 Alumina  0.05 0.9 Alumina  0.50" 0.1

C4 Alumina  0.05 0.9 Nickel 0.50" 0.1

"Dry basis ~ Mold radius modified to 12.5 mm
The volume fraction between powders was based on the literature

(ZYGMUNTOWICZ et al., 2015). The results from these case studies are summarized in
Table 10 and Figure 14, and links to simulation videos are given in Appendix A. The PSD of
the suspension phase (0) and over the green cast’s cross-section (1-5) had been evaluated by
finding the mean particle diameter in every region. For case studies C2 and C4, performed

with mixture of alumina and nickel, the volume fraction of nickel over the regions are also

detailed.
Table 10 - Results from mixtures of powders.
. Case study
Variable
C1 C2 C3 C4

Number of particles 28798 28798 4855494 4855494
Cast formation time (s) 0.021 0.023 0.026 0.024
Mean cast thickness (mm) 0.397 0.395 1.639 1.641
Relative density in 1 (=) 0.314 0.321 0.562 0.545
Relative density in 2 (-) 0.595 0.595 0.635 0.627
Relative density in 3 (-) 0.602 0.603 0.644 0.640
Relative density in 4 (-) 0.600 0.602 0.645 0.654
Relative density in 5 (=) 0.620 0.621 0.624 0.638

Due to the increased mold radius, the number of particles is much higher for case
studies C3 and C4 (Table 10). The radius was increased for these studies because a group of
particles was introduced into the suspension with a close diameter to the original mold

(2.50 mm). This change led to an increase in cast thickness while casting time remained

relatively similar, as predicted by Biesheuvel et al. (1998).
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Figure 14 - Mean diameter (bars) and particle fraction of nickel (x-marks) per region for the suspension phase
(0) and the cast’s cross-section (1-5).

The determination of the relative density along the cast’s regions shows a lower
value for the inner (1) region again. The remaining four regions, which constitute 80% of the
total thickness, exhibit similar values. As seen in the previous setups, they increase from the
inner to the outer region for case studies C1 and C2. Here, there is no size variation between
powders. However, the relative density seems to increase up to the center and decrease near
the outer region for case studies C3 and C4 —where there is a significant size difference
between powders. This behavior indicates a change in the cast’s structure due to particle size

variation.
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The gradient of the mean particle diameter among regions for all the experiments can
be seen in Figure 14. The results for case studies C1 and C2 follow similar trends. The mean
diameters calculated for all regions among the cast are very close to the mean diameter of the
starting powder, except for the suspension phase. Thus we can confirm that segregation by
size is negligible when the size range is small, even using the configuration that should have
led to the maximum segregation. Besides, when a fraction of a material with a different
density is introduced into the suspension (case study C2), the formation of a graded structure
can be observed, which is desired for several applications (SALEH et al., 2020). The fraction
of denser particles increases gradually from the inner to the outer regions, as expected
according to the basic principles of centrifugal casting.

Nevertheless, if two powders with a difference in the size of one order of magnitude
are taken, the profile changes. Despite what was predicted by the literature (CARO, 2016; DE
LA ROCHA et al., 2021), small particles do not necessarily stay at the inner region when
bigger particles accumulate in the outer region even when they are of the same material. Case
studies C3 and C4, with 90 vol.% of small particles and 10 vol.% of big ones, exhibit nearly
the same particle size distribution results, very similar to the size distribution observed for C1
and C2. However, the volume fraction of nickel profile in C4 shows an increase on nickel
content from region 1 (inner) to 4, but a decrease in region 5 (outer). Even though the inner
layers follow the expected outcome, the drop in region 5 shows a bigger amount of smaller
lighter alumina particles than expected in the outer layer. From these results, we can infer that
small particles can move through the structure after entering the cast region, leaving the
bigger particles behind when there is a considerable size difference among them, forming a
segregated structure, hence a hierarchical one. The smaller particles’ percolation also occurs
for smaller particles with lower density than the bigger particles (case study C4)—this
particle’s percolation can also increase casting time.

Similar trends have been reported for powder mixtures used for centrifugal casting,
where the bigger particles were also the denser ones (CHANG et al., 1991; SIVAKUMAR et
al., 2003; ZYGMUNTOWICZ et al., 2015, 2018). For instance, an alumina-nickel aqueous
suspension was rotated inside a mold by Zygmuntowicz et al. (2015, 2018) to assess the
nickel profile along the cross-section considering a higher proportion of smaller and lighter
particles as C4. After removing the remaining suspension, drying, and sintering, they
observed three distinct regions:

e an inner region formed mainly by the smaller alumina particles;
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¢ an intermediate region with increasing nickel content up to a maximum value;
e an outer region with decreasing nickel content.

The formation of the latter region can only be explained by smaller particles crossing
the voids originated by particle packing, thus traveling up to the mold’s surroundings since
they do not find a barrier to stop them.

Finally, the almost-pure alumina layer formation can be explained by the alumina
excess and by the remaining suspension withdrawal after centrifugation. When the liquid is
poured out of the mold, a suspension layer coats the green tube’s inner region due to the no-
slip condition developed against it. After that, the inner surface remains wet, and the cast’s
pores are filled with suspension, and any trace of it leaves its solid content behind when the
water is evaporated. The lighter fluid phase stays on the central region and its solid fraction is

constituted mainly by smaller and lighter alumina particles, as previously mentioned.

4.4 EXPERIMENTAL

The experiments hereafter discussed are detailed in Table 11. Their main goal is to
explore the effect of particle segregation by size and density using bench experiments that
correspond to the setup shown in Table 9. For these experiments, powders containing particles
with even smaller sizes than previously used in this work were chosen to favor segregation,
but their size distribution was the one provided by the manufacturers. The same rotation speed
as the in silico case studies was used for the rotation, and the solid loading was increased in
order to obtain thicker casts since this variable’s effect is negligible according to the SNR

analysis (Figure 13).

Table 11 — Detail of experiments using powder mixtures.

Powder 1 Powder 2 .
Experiments Vol Vol Equivalent
Material olume Material olume case study
fraction (-) fraction (-)
DI Alumina 1 - = Cl
D2 Alumina 0.9 YSZ 0.1 C2
D3 Alumina 0.9 Titania 0.1 C3

D4 Alumina 0.9 Nickel 0.1 C4
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After shaping and drying, green tubes’ samples were extracted and the SEM images
of their inner and outer surfaces are shown in Table 12. The highest magnification achieved
was 5000x and allows the observation of details in a micrometric scale, i.e., particles could be
observed in the captured images, except for nanometric titania particles. At this scale,
experiments D1 and D2, which correspond to mixtures of powders with similar mean sizes,
do not show much difference between inner and outer surfaces’ images.

Since the precursor powders are not monosized, the characteristics of the cross-
section were also evaluated for experiment D1 performed with pure alumina (Figure 15). The
lower magnification (100x) suggests a variation on the structure along the cross-section, but
the magnified images captured on the vicinities of the inner and outer regions do not indicate
significant difference regarding particle sizes.

Meanwhile, when using particles with similar sizes but different densities, the
formation of a functionally graded structure was expected according to the equivalent in silico
case studies. The EDS analyses’ images for all experiments are shown in Table 13, and the
results for experiment D2 using an alumina-YSZ mixture show very similar zirconium
proportion against aluminum on the inner, outer and cross-section surfaces. However, these
results cannot be interpreted as homogeneity along the cross-section since zirconium and gold
peaks were overlapped leading to an inconclusive observation.

When particles with size differences of one order of magnitude are considered, as in
experiments D3 and D4, it is expected to observe segregation according to the in silico case
studies. Looking only at the SEM images in Table 12, not much difference can be observed
contrasting the inner and the outer surfaces for experiment D3, where the smaller particles
should have percolated through the cast, and segregation due to density differences should be
negligible. Nevertheless, the highest magnification employed was not high enough to
distinguish nanometric titania particles. The EDS images (Table 13) show a nearly
homogeneous distribution of titanium along the cross-section; however, the mass fraction of
titanium determination indicates that its content decreases from inner to outer regions.

Finally, the SEM images for experiment D4 show a difference between the inner and
the outer surfaces. In this case, bigger particles appear on the latter surface. Experiment D4’s
EDS analysis results show that the nickel content in the inner surface is nearly zero, it grows
up to a maximum value, and decreases near the outer region. These results agree with the
trends reported by Zygmuntowicz et al. (2015, 2018) and with the case study C4 with

particles of different sizes and densities.
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Table 12 - SEM images.

Inner surface Outer surface

Experiment
5000x 5000x

Dl

.

el i oy ‘
SEM HV: 15.0 kV WD: 14.83 mm VEGAJ TESCAN SEM HV: 15.0 kV WD: 13 .68 mm VEGA3 TESCAN

SEM MAG: 5.00 kx Det: SE 10 pm SEM MAG: 5.00 kx Det: SE 10 ym

View fiel 5.4 pm  Date(m/dly): 06/02/21 Performance in nanospace View field: 55.4 ym  Date{m/diy). 06/02/21 Performance in nanospace

D2

-

SEM HV: 156.0 kV WD: 16.73 mm VEGA3J TESCAN SEM HV: 150 kV WD: 15.26 mm VEGA3 TESCAN

SEM MAG: 5.00 kx Det: SE 10 uym SEM MAG: 4.99 kx Det: SE 10 pym
View field: 5.4 ym  Date(m/d/y): 08/02/21 Performance in nanospace View field: 55.4 ym  Date{m/diy): 08/02/21 Performance in nanospace
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Table 12 - SEM images (cont.).

Inner surface Outer surface

Experiment
5000x 5000x

D3

g o
o ¥ -
WD: 15.32 mm VEGAJ TESCAN SEM HV: 15.0 kV WD: 14.86 mm VEGA3 TESCAN
: 5.00 kx [ 10 pm SEM MAG: 500 kx Det: SE 10 pm
View field: 55.4 ym  Date(m/d/y): 06/02/21 Performance in nanospace View field: 55.4 ym  Date{m/diy). 08/02/21 Performance in nanospace

D4

SEM HV: 15.0 kv WD: 15.51 mm VEGA3 TESCAN SEM HV: 15.0 kV WD: 14.52 mm VEGA3 TESCAN,
SEM MAG: 5.00 kx Det: SE 10 ym SEM MAG: 5.02 kx Det: SE 10 pm
View field: 55.3 ym  Date(m/dly): 06/02/21 Performance in nanospace View field: 55.2 ym  Date(m/diy): 06/02/21 Performance in nanospace




Inner cross-section surface (5000x)

2k | d
SEM HV: 15.0 kV
SEM MAG: 5.00 kx

Cross-section (100x)

X v
SEM HV: 15.0 kV WD: 15.40 mm |
i 8Ea D

SEM MAG: 100 x Det: SE 500 pm
View field: 2.77 mm  Date(m/dly): 06/02/21 Performance in nanospace

T3

WD: 15.40 mm VEGA3 TESCAN
SEM HV: 15.0 kV WD: 15.45 mm | | VEGA3 TESCAN|

Det: SE 10 pm
SEM MAG: 5.00 kx Det: SE 10 ym

View field: 55.4 ym  Date(m/d/y): 06/02/21 Performance in nanospace

View field: 55.4 um Date(m/d/y): 06/02/21

Figure 15 — SEM images of alumina (experiment D1) green tubes.

Outer cross-section surface (5000x)

Performance in nanospace
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Table 13 — EDS analyses results.

Experiment Inner surface Outer surface Cross-section

Dl

Al: 1

D2

Al: 0.751 Zr: 0.249 Al: 0.769 Zr: 0.231 Al: 0.789 Zr: 0.211

Numerical values below images indicate mass fractions (-).
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Table 13 - EDS analyses results (cont.).

Experiment Inner surface Outer surface Cross-section

D3

Al: 0.834 Ti: 0.166 Al: 0.913 Ti: 0.087 Al: 0.859 Ti: 0.141

Al: 1.000 Ni: 0.000 Al: 0915 Ni: 0.085 Al: 0.852 Ni: 0.148

D4

Numerical values below images indicate mass fractions (-).
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5 FINAL REMARKS

After the comparison with results obtained from models of the literature, it can be
concluded that the simulations performed using a DEM-based simulation can successfully
reproduce in silico the centrifugal casting process with outstanding accuracy.

The cast thickness depends mainly on the solid loading, while the other tested
parameters have a negligible effect on that variable. Small-sized particles with narrow
distributions and high rotation velocities promote higher roundness. The solid load and
rotation speed increase the cast relative density.

The particles located near the wall at the beginning of rotation are driven faster by
stronger forces to the wall and are pressed against each other by layers and layers of solid,
originating a more compact structure in the outer regions, resulting in a less dense inner layer
and particle negligible segregation, except for significant size differences (one order of
difference in this work).

Centrifugal casting is an ideal technique to obtain straightforwardly functionally
graded materials for several applications such as ceramic membrane manufacture. The density
differences can be exploited to obtain composition profiles, but depend more on the size
difference among powders than on the density difference, therefore, both parameters must be

fine-tuned to obtain the desired outcome.
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APPENDIX A - VIDEOS

Table A.1 presents YouTube links to videos showing particle settling during

centrifugal casting for the case studies detailed in Table 9.

Table A.1 — YouTube links to case studies videos.

Case study

View

Link

Cl
C2
C2
C3
C4
C4

Size distribution
Size distribution
Materials distribution
Size distribution
Size distribution
Materials distribution

https://youtu.be/2GpRnBOXOgo
https://youtu.be/2ksHseNIWkw
https://youtu.be/mKmpVvKJ2y4
https://youtu.be/DZUIQsTWR8k
https://youtu.be/GX2dhqzaZSM
https://youtu.be/9-DSTHIXF X0
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