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I Consideragdes Gerais

.1 Energia de superficie em materiais ceramicos

-

O excesso de energia de superficie € uma das caracteristicas mais
importantes de um material que se apresenta na forma de um pé finamente
dividido. Os pos utilizados para a fabricagdo de materiais ceramicos
apresentam éareas especificas que geralmente podem variar desde alguns
décimos até algumas centenas de metros quadrados por grama. O excesso de
energia livre surge da deficiéncia de coordenagdo quimica dos &tomos
superficiais.

O excesso de energia livre de superficie pode ser representado pela
equagao:

Gs = 27 A Equacédo i

onde Gs é o excesso de energia livre superficial de Gibbs, y a energia de
superficie por unidade de area de superficie € A a area.

A equagio € representada na forma de uma somatéria, pois estes pés,
que geralmente sdo materiais cristalinos, apresentam diferentes faces com
diferentes energias e areas, ou mesmo interfaces entre os gdos. Quando um
p6 ceramico é mantido a uma temperatura e pressdo constantes e composigéo
quimica fixa e homogénea, a diminuigdo da energia livre do sistema sera dada
unicamente pela variagdo da sua area, uma vez que a energia de superficie
deve ser constante para um material quimicamente homogéneo (Equagao ii).

dG; = ZV dA Equagéo ii
A diminuicdo da energia livre de superficie leva a fendmenos muito
conhecidos dos pds ceramicos como a coalescéncia de graos e a sinterizagdo.

No caso da sinterizagdo, existe a particularidade de que deve ocorrer a
formacdo de uma superficie entre dois cristais, ou contorno de grdo, em
detrimento da reducdo da superficie entre o cristal e a fase vapor, ou poro.
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Neste caso, a variagdo do excesso de energia livre de Gibbs pode ser descrita
como:

dG =7,dA, +y.dA Equagdo iii

onde o indice “P” representa a superficie dos poros e o indice “C” representa a
interface, ou contorno de grdo. Neste caso é feita a suposi¢do que yp é a
energia média de todas as faces do cristal no poro e y¢ , a energia média de

todas as faces no contorno de grao.

Geralmente é considerado que yp >> y¢, pois os atomos da superficie
dos poros apresentam uma coordenagdo muito mais deficiente que os atomos
no contorno de gréos. Mesmo que muitas vezes os atomos no contorno de
grédos nao apresentem uma coordenacgdo ideal, sua situagio energética deve
ser mais favoravel que a dos atomos da superficie dos poros. Além disso, a
variagao da area do poro € maior que a variagao da area do contormno de graos.
Estas caracteristicas somadas levam a uma diminuicdo da energia livre de
superficie, ou seja, segundo a Equagao iii, 0 segundo termo & positivo e muito
menor que o primeiro, y,dA, >>v.dA. , e 0 processo de sinterizagdo é

esponténeo dGs < 0. Assim, a formacéao de contornos de grao é considerada
sempre espontdnea, do ponto de vista energético, e depende
fundamentalmente da eliminag&o da area do poro.

Poucos autores tém se preocupado em considerar a energia do contorno
de gréo e a variagédo da sua area durante o processo de sinterizagcdo. Este fato
ocorre, pois se considerando por exemplo, um material metalico, que néo
apresenta ions com diferentes cargas elétricas no contorno de grdo e na
maioria dos casos ndo exigem uma direcionalidade da ligagdo quimica (ligagéo
covalente), a energia do contorno de grao deve ser muito menor que a energia
do poro. Ja no caso de um material com ligacdes com forte carater idnico,
ainda que nao apresentem direcionalidade nas ligagdes quimicas, apresentam
fons com cargas elétricas de diferentes sinais no contorno de gréo. Isto deve
acarretar um aumento significativo da energia do contormo de grao quando
comparado com a de materiais metalicos. No caso de materiais com ligagbes
quimicas predominantemente covalentes cujas apresentam dire¢des de ligagdo
especificas, e além disto, geraimente apresentam atomos diferentes, ou seja
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cations e anions, devem apresentar uma energia de contorno de grao ainda
maior quando comparada com materiais metalicos e predominantemente
ibnicos.

Por outro lado, a energia de superficie do poro deve ser menos
influenciada pelos fatores citados anteriormente e, de forma geral, apresentar
altos valores de energia. Um aspecto importante que deve ser levado em
consideragdo € que no caso dos trés materiais a adsor¢ao de impurezas ou
gases a superficie do poro podera levar a uma diminuigdo de sua energia e que
pode reduzir ainda mais a diferenca entre a energia da superficie do poro com
a do contorno de grdo.

A avaliagdo mais cuidadosa deste argumentos pode levar a hipétese de
que yp >> y¢ N30 seja valida para todos os casos. Isto acarretaria mudangas

importantes no comportamento da sinterizagédo de varios sistemas.

Na verdade, o fator de redug¢do de energia mais significativo é a
diminuigdo da area especifica devido a coalescéncia de particulas. A redugéo
da area neste caso &€ muito mais importante e pode-se esperar que, sempre
haja redugdo do nimero de particulas ou graos durante o aquecimento de um
material particulado na presenga ou ndoc de contornos de grdos. O motor
termodinamico neste caso é a diferenga de tamanho das particulas ou graos de
um material. Um material particulado apresenta sempre uma distribuicao de
tamanho de particulas, menos ou mais larga. Assim, nesses materiais, quando
aquecido a uma temperatura suficiente alta, deve ocorrer o movimento atémico
e um processo de coalescéncia. Este processo sera mais intenso quanto maior
a diferenga entre seus tamanhos e quanto menor for o tamanho médio dos
graos.

O processo de coalescéncia pode ser representado pelo modelo
chamado de Ostwald ripening [1]. A consideragéo é de que particulas grandes
apresentam uma menor solubilidade que particulas pequenas, quando estas
estdo em equilibrio com um liquido saturado do material das particulas. Desta
forma, as particulas pequenas devem ser solubilizadas ao mesmo tempo em
que as grandes devem crescer. No caso de pés, as particulas menores tém
uma fragdo muito maior de atomos na superficie que particulas maiores. O
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excesso de energia de superficie faz com que particulas pequenas
desaparegam simultaneamente ao crescimento das grandes. O fendémeno leva
a diminuigdo da superficie do material.

O processo de coalescéncia pode ser bem representado pela equagéo
seguinte:

a —ap= t Equagdo iv

onde a é o tamanho médio das particulas a um tempo t, a¢ o tamanho inicial
das particulas, ¥y a tensdo superficial, D o coeficiente de difusdo, ¢, € a
solubilidade no equilibrio, M a massa molar, p a densidade do material, R é a
constante dos gases e T a temperatura absoluta.

Desta forma, quando um conjunto de particulas € submetido a uma
determinada temperatura e por um determinado tempo, o tamanho meédio das
particulas deve aumentar. O aumenta do tamanho médio é principalmente
determinado por duas grandezas: a tensdo superficial e o coeficiente de

difusdo. As duas propriedades podem ser modificadas por aditivos de acordo
com a afinidade destes pela estrutura do material durante a preparagéo.
Quando um aditivo ou contaminagdo encontra-se preferencialmente em
solugdo sélida, este devera possivelmente afetar o coeficiente de difuséo.
Quando existem diferentes valéncias entre os ions, a formagao de defeitos é
esperada e um aumento do coeficiente de difusdo deve levar a um aumento do
tamanho final de particulas. Por outro lado, no caso de ocorrer segregagéo
preferencial nas superficies, uma diminuigdo da energia de superficie é
esperada e, por isso, uma diminuigdo do tamanho final das particulas durante a
cristalizagdo do material. Na verdade os dois caso devem ocorrer de forma
simultanea e o tamanho final de particulas sera determinado pelo equilibrio
entre eles.

.1.1 Condicdo de equilibrio termodinamico durante a formacdo do
contorno de graos.

Na secdo anterior foram apresentados os dois gradientes de potencial
quimico que agem quando existe transporte de massa durante o aquecimento
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de um material particulado: o primeiro devido a diferenga entre o tamanho das
particulas e a segunda devido a diferenga entre as energias da superficie e do
contorno de gréos. O primeiro nao podera ser satisfeito enquanto houver
interfaces presentes. Entdo o sistema de particulas devera somente alcangar
um equilibrio metaestavel para determinados tempos e temperaturas.
Contudo, o segundo pode encontrar uma condi¢do de equilibrio que deve ser
dada, a uma temperatura e composi¢ao quimica constante por:

dGg = v7pdAp +7cglAce =0 Equacdo v

O gradiente de potencial guimico entre a superficie do poro e a interface
do contorno de grao podera alcancar um equilibrio quando a razéo das suas
variagbes permanecerem constantes durante o crescimento das particulas.
Para exemplificar essa condigdo sera proposto um modelo. Por uma questao
de simplificagdo, sera considerado, em primeira aproximag¢do, um sistema
composto de duas esferas de mesmo raio em contato. A variagdo da area de
superficie do poro, ou superficie do grdo, com 0 meio gasoso, & dada pela
variagdo da area de duas calotas esféricas. Ja a variagao de area do contorno
de grao sera pela variagdo da area de um circulo. Neste ponto podemos fazer
as mesmas hipéteses do célculo do angulo de contato de equilibrio para uma
gota sobre uma superficie plana em equilibrio com seu vapor, ou seja, a
variagdo da area do contorno de gréo & dada por dA e a variagdo da projegéo
das areas das calotas esféricas pode ser representada por - 2 dA.cos® (Figura
1). O angulo 6 é igual & metade do angulo diedro.



Figura 1 — Representacdo de um modelo de duas esferas levando em conta o angulo de
contato.

Substituindo esses valores na Equagao v tem-se:

dGs = "2 YPdA CcOSs 9 + YCGdA = 0 Equagao vi

Obtém-se finalmente:

2Yp COSO =7¢g Equag&o vii

A equacédo obtida € a mesma que para a determinagao do angulo diedro
e tem uma conseqiiéncia muito importante quando aplicada a formagao de
contato entre duas esferas. A variagao da interface do contorno de grao esta
atrelada a variagdo da area do poro através do angulo diedro formado entre os
graos. A area do contorno de gréo e o angulo diedro entre os dois graos serao

menores quanto maior for a razdo yqq/2ye . Desta forma, materiais que

apresentarem alta energia de contorno de grao com relagéo a energia do poro



poderdo apresentar uma limitagdo na formagéo do contorno de graos e, em
conseqiiéncia, da densificagdo do material.

A aproximagdo anterior pode ser feita de uma maneira generalizada,
mesmo para graos de varias formas geométricas. A condigdo de equilibrio
termodindmico e a relagdo com o angulo de contato durante a formagéo do
contorno de grdos pode ser igualmente obtida utilizando as relagdes de
equilibrio das faces de um cristal de WuIff.

A relagdo de WUuIff diz que para um cristal que apresenta faces
cristalinas em equilibrio termodinamico a volume constante existe uma relagéo
entre a razdo da energia de superficie da face e a suas respectivas distancias
normais a face e o0 ao centro de massa do grao.

Y1 _Y2 _Y3 _ i Equacao viii

onde y4 representa a energia de superficie da face 1 e h¢ a distancia da face 1
ao centro de gravidade do cristal. Observando a Figura 1 e utilizando a
equacdo anterior podemos chegar a seguinte relagdo:

Yeeo _Yp Equagao ix
h r

como h é oigual ar.cosfe a superfiéie do contorno de grdo pertence a dois
graos, temos que:

Yee _ 5cos0 Equagéo x
Tp

que é a mesma relagao obtida na Equagéo vii.

A variagdo da razdo entre as energia de superficie e o angulo 0 é

mostrado na Figura 2.
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Figura 2 — Variagdo de Yﬁcom o angulo 6 (lembrando-se que © angulo

Tp
diedro é igual a 20).

Para valores de angulo diedro, ¥, menores que 120° (ou seja 0 < 60° )

teremos Yoo sempre maior que 1, ou seja a energia do contorno de grdo

Yp
maior que a energia dos poros. Medidas de angulos diedros em materiais
metalicos mostram valores de ¥ sempre superiores a 120 °. Contudo, em
materiais ceramicos é comum a observagao de valores inferiores a 120°, como
no caso do trabalho de Handwerker e colaboradores[2] para o MgO e Al;O;.
Os angulos diedros observados para o0 MgO em varios contornos de gréos
diferentes sdo apresentados na forma de uma distribuigdo de valores onde
todos os angulos medidos estdo compreendidos no intervalo de 90 a 120°.
Para a alumina sem aditivos observa-se uma ampla variagdo de angulos
diedros entre 70 e 180°, mas que se torna muito mais estreita com a adigdo de
MgO como aditivo. Os valores de angulo diedro se tornam mais proximos de
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120°, mas ainda com uma distribuicdo que vai de 100 a 140°. Neste caso,
aproximadamente metade dos angulos apresentam valores entre 100 e 120°.
Sabe-se que o0 MgO é um aditivo utilizado para a sinterizag&o da alumina que
controla o crescimento anormal de graos ac mesmo tempo em que melhora
sensivelmente a sua densificagdo. Sua utilizagdo parece estar diretamente
relacionada, ndo s6 a aspectos difusionais, mas também na modificagdo das
energias de superficie na alumina.

Estes resultados demonstram que, ainda havendo crescimento de grdos
em materiais policristalinos, levando a reducdo da &area, alguns materiais
podem apresentar uma relagdo entre as energias da superficie e do contorno
de grdo em que o sistema estabelega um equilibrio do angulo diedro e um
impedimento do aumento da area do contorno de grdos com respeito a
diminuicdo da area do poro, impedindo dessa forma a densificagdo. Este & um
aspecto interessante, pois considerando que a magnitude da energia do
contorno é proxima ou superior a energia dos poros deve haver uma barreira
energética a ser vencida para que haja densificagdo. Segregacio superficial,
seja no contorno de graos como na superficie dos poros, pode modificar as
relagbes de energia e desta forma as condigées de sinterizagdo com ou sem
densificacdo. Os modelos tradicionais de sinterizagdo consideram que a
limitacdo da densificagdao em um sistema esteja simplesmente relacionada aos
caminhos de difusdo. Indiscutivelmente a difusao é fundamental para o
processo de sinterizacdo, mas através da abordagem proposta, a barreira da
densificagéo parece ser muito mais ligada a termodinamica das superficies que
aos processos difusionais.

.2 Sinterizagcdo no estado soélido — uma analise critica da origem do
potencial quimico responsavel pela densificacdo de particulas.

A sinterizagdo no estado sélido € um processo difusional em que a
matéria é transportada entre diferentes regides de um solido particulado,
levando a uma diminuigdo da energia livre do sistema através da redugao das
suas diferentes interfaces, como apresentado na Equagdo iii. O “motor” da
sinterizagdo é entdo o processo pelo qual um sistema alcanga um minimo de
energia livre através da reducdo da diferentes interfaces presentes pela

9
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migra¢do de espécies quimicas. A utilizagdo do termo sinterizagdo, que é
associado a eliminagdo da porosidade, ou densificagdo deve ser utilizado com
maior critério. A sinterizagdo € um processo de eliminagdo de superficies que
ndo estd condicionado a eliminagdo dos poros ou densificagdo. Toda
densificacdo que ocorre pela eliminacdo de superficie de poros e formacac de
interface de contorno de graos € uma sinterizagdo. Contudo, é possivel que
ocorra eliminagdo de interfaces e superficies através de sinterizacdo, sem que
haja eliminagdo de porosidade. O tratamento destes casos é geralmente
associado ao caminho pelo qual a matéria é transportada durante a
sinterizagcdo (evaporagao-condensagdo e difusdo superficial) e nido as
condigdes energéticas das interfaces. E neste aspecto que este trabalho tem
por ambigdo demonstrar a importancia das energias das interfaces e
superficies no processo de eliminagdo (ou n&do) da porosidade durante a
sinterizacao.

Grande parte dos modelos de sinterizagio representa apenas parte das
diferentes etapas do processo, em que podemos distinguir: inicial, intermediario
e final. Os modelos que se referem a etapa inicial consideram que o tamanho
de grdos permanece constante e que todo o transporte de matéria leva a
formagéo de um pescogo entre as particulas. Quando a formagao de pescogo
& acompanhada da aproximagdo do centro de massa dos grdos os
mecanismos sdo ditos densificantes e eliminagdo de porosidade é considerada
(esferas secantes). Quando as esferas ndo se aproximam 0s mecanismos sdo
ditos nao-densificantes (esferas tangentes). O “motor” termodinamico nos
modelos do estagio inicial de sinterizagdo é considerado a diferenga de
curvatura entre a superficie do grao e a regido do pescogo como proposto
inicialmente pelos trabalhos de Kuczynski[3,4,5,6].

10
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Figura3— Modelo proposto por Kuczynski para a sinterizagdo de esferas metilicas ou
de vidro.
O gradiente termodindmico responsavel pela formacdo do pescogo é
considerado como a diferenga de potencial quimico entre a superficie do grao e
do pescogo e pode ser escrita como:

Ap=27Q (_1__1] Equagao xi
r p

onde y é a energia de superficie da interface sélido-gas, Q o volume molar, r o
raio do grdo e p o raio do pescogo. O sinal negativo aparece, e tem como
Unica justificativa, que superficies concavas tem potencial quimico negativo.
Esta afirmagéo ndo apresenta nenhuma justificativa termodinamica aceitavel.
Superficies concavas criadas em monocristais de alumina por litografia tornam-
se facetadas com o aquecimento prolongado e ndo sdo fechadas tornando-se
superficies planas [7]). A proposta se torna um pouco mais conflitante quando é
associada a formagéao de defeitos puntiformes devido a curvatura.

A diferenca de potencial quimico é associada ao gradiente de
concentragao de vacancias pela equagao:

Ap=RT ( Inc-Ing, ) Equagdo xii

onde R é a constante dos gases, T a temperatura absoluta, ¢ a concentragdo
(ou mais precisamente a solubilidade) em uma superficie curva e ¢ a
concentracdo (ou solubilidade) de uma superficie plana. Uma observagéo

11
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merece ser feita neste ponto: nenhuma consideragido sobre a interface
solido/sélido formada durante o processo € mencionada (ou seja ¥ = 180°).
Além disso, a hipdtese de que uma superficie convexa deve apresentar um
menor nimero de vacancias que uma concava parece insélita para materiais
cristalinos. O ndmero de defeitos deve estar associado & temperatura e, no
caso dos 6xidos, com a pressao parcial de oxigénio muito mais que ao raio de
curvatura. Materiais nanométricos, cujo raio de curvatura é muitissimo
pequeno, apresentam estequiometria equivalente aos materiais néo
nanométricos. O Unico desvio de composi¢do que pode ser considerado vem
justamente do fato que os atomos superficiais apresentam uma coordenagéo
inferior. O potencial termodinamico da sinterizagdo deve estar relacionado a
diferenga de energia entre as interfaces e ndo ao gradiente de defeitos
puntiformes. E sabido que o potencial quimico de uma superficie ou interface
pode ser escrita como[7,8]:

n=p,+2Q I'Y;_i Equac3o xiii
onde pp € o potencial quimico padrao do material, y; a energia da interface em
questdo e h; a normal da face ao cento de massa. Para um cristal, a
temperatura, volume e composigdo quimica constantes, a igualdade dos
potenciais quimicos das diferentes faces cristalina leva a relagdo de WAulff
(Equacdo viii). O contato de uma esfera de um material com uma placa do
proprio material e com 0 aquecimento para que haja difusdo leva a formacéo
de uma interface. A condigdo de equilibrio deve entdo ser dada por (levando
em conta que a interface pertence a dois solidos):

Te _Yc Equagdo xiv

r 2h

Como geralmente a energia da interface € menor que a energia da
superficie, a0 menos para vidros e metais, € de esperar que haja uma
aproximagdo do centro do grdo a placa e a formagdo de uma interface em
detrimento de superficies. Este tipo de formalizagdo do problema nio
necessita qualquer modificagdo do numero de defeitos para que haja migragédo
de matéria para a formagédo de uma interface entre dois sélidos. Ao mesmo

12



tempo partindo-se de materiais cristalinos com faces planas a hipétese do
gradiente de potencial quimico continua valido.

Comparando-se a Equagédo xiv e a Equagéo x chega-se a uma relagdo
entre o angulo diedro e a razéo entre o raio da particula e a distancia entre o
centro de massa e a normal ao contorno de grao. Para um determinado angulo
diedro de equilibrio haverd uma estabilizagdo entre a razdo de h/r e a
aproximagao entre particulas ou entre a particula e uma placa deve parar,
interrompendo a aproximagdo das mesmas. Esta conclusdo nao pode ser
obtida através da hipdtese de que a aproximagéo entre as partes tem como
motor termodindmico o gradiente de concentragdo de defeitos devido a
curvatura.

Esta abordagem termodindmica sera utilizada durante a apresentagéo
deste trabalho com a intengdo de um melhor entendimento dos fenémenos
relacionados a sinterizagdo, com ou sem densificagdo, e também da influéncia
das energias de superficie no crescimento das particulas.

13
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Il Influéncia das energias de superficie na estabilidade da area
de superficie especifica de poés ceramicos.

Os trabathos que levam ao entendimento da influéncia de aditivos na
estabilidade da area de superficie especifica durante a sintese do 6xido de
estanho e em condi¢des isotérmicas se iniciaram no trabalho de doutoramento
[9]. Verificou-se que a area de superficie especifica do SnO, é fungdo da
concentragdo total de aditivos, em uma condigdo isotérmica, para materiais
preparados pelo método Pechini [10]. Ao mesmo tempo, os espectros de
difragdo de raios X (DRX) apresentavam-se como cassiterita, exclusivamente.
A (nica modificagdo significativa observada nos espectros de DRX foi o
aumento da largura e diminui¢do da intensidade dos picos.

Os resultados sdo surpreendentes desde que concentragbes de até
15 % molar de ions Mn forma utilizadas [11,12,13]. Um modelo inicial foi
proposto supondo que a formacdo de defeitos superficiais era devido a
segregacio do Mn e que seria responsavel pela area de superficie especifica
final. Detalhes podem ser encontrados no Anexo A - referéncias 12 e 13.
Contudo, a hipétese considera que a formagdo de defeitos, e por
conseqiiéncia, a area de superficie especifica ficaria condicionada a valéncia
do atomo utilizado. Na verdade, a valéncia 3+ suposta para o Mn foi
considerada de forma incorreta e demonstrada mais tarde como sendo igual a
2+ [14].

A preparacdo de SnO; pelo método Pechini com varios ions metalicos
com raios e valéncias diferentes demonstram que a estabilizagdo da superficie
ocorre para todos os ions utilizados (Figura 4).
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Figura 4 — Variagdo da area de superficie especifica com a concentragdo molar de

diferentes ions para o SnO, preparado pelo método Pechini a 500 °C durante

15h.
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Foi verificado também que a segregacdo e modificagdo da area de
superficie especifica no SnOz; ndo é um fendmeno exclusivo dos cations. Poés
de 6xido de estanho preparados pelo método Pechini a 500 °C /15 h contendo
ions CI' ou F™ apresentaram fendmeno de estabilizacio da superficie de forma
semelhante aos materiais preparados com cations. Nenhuma mudanga
significativa foi verificada nos pardmetros de rede do SnO, com a adigédo dos
anions, ao mesmo tempo em que o pH da superficie tornou-se ligeiramente
mais acido que o SnO- (15 - Anexo E).

Trabalhos mais recentes demonstram que existe o fendmeno de
segregacdo de varios cations na superficie do SnO; e que ndo existe uma
relagéo direta com a valéncia do ion utilizado e sim com a quantidade total de
jons [16 - Anexo B]. fons Fe** ou Mg?* segregam na superficie do SnO;
modificando o ponto isoelétrico dos materiais e as areas de superficie
especifica variam com a concentragdo do ion utilizado e ndo dependem da
valéncia deste. Este fenbmeno levou a proposicdo de um fendmeno de
estabilizacdo das superficies baseado na energia de superficie da interface
solido-gas durante a cristalizagdo das particulas. Na verdade, o crescimento
das particulas depende da energia de superficie e do coeficiente de difusio
como apresentado na Equagdo iv. Considerando que todo aditivo segrega na
superficie e a segregac¢io é um fendbmeno que sempre leva a uma diminuigdo
da energia de superficie, 0 aumento do coeficiente de difusdo deve ser menos
afetado que a propria energia. O que se observa neste caso € uma forte
estabilizagdo da superficie com a introdugdo do aditivo e assim um aumento da
area de superficie especifica final. Esta consideragdo sera valida toda vez que
a segregacdao for prioritaria a dissolugao.

De forma geral, o fendmeno nao deve ser restrito ao 6xido de estanho.
Na verdade foi demonstrado que um comportamento semelhante pode ser
observado durante a sintese do ZnO contendo SnO, [17], CeO; contendo Mn
[18], do Ni contendo SnO; e do FezO; contendo SnO; [19]. Neste ultimo
trabalho, é proposto que o diagrama de fases de um sistema onde haja
segregac¢do dos ions deve ser construido levando em conta que a energia livre
do sistema é a soma da energia livre do “bulk” mais a energia livre da
superficie. No caso onde ocorre quase exclusivamente segregacgéo, a energia
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de superficie controla a formagao das fases e suas respectivas areas de
superficie especifica (Anexo C).

A confirmagéo da existéncia de fase unicamente referente a estrutura
cristalina do SnO; foi comprovada através de microscopia eletronica de
transmissdo. Materiais contendo 30% em mol de Ni** ou Fe*" apresentaram
particulas de tamanho médio de 3 nm e fase cassiterita (Figura 5 e Figura 6).
A andlise quimica realizada em particulas isoladas demonstra que existe um

excesso do aditivo na superficie como demonstrado anteriormente.

Tamanho Particula de SnO,+Fe 30 mol% por MET.

100

GEE Count
—— Gawss fit of Data8_Count

Frequencia

o(nm)

Figura 5 — Distribui¢do granulométrica medida através de MET de uma amostra contendo
30 % mol de Fe ( 300 particulas contadas ).
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Figura 6 — Microscopia eletronica de transmissio realizada em uma amostra de SnO,
contendo 2% em mol de Fe calcinada a 500 °C /15 h.

Os p6s de SnO; contendo Fe em concentragdes de 30 % em mol foram
submetidos a analises semiquantitativas no MET e usando detector EDX e os
resultados sdo mostrados a seguir. O procedimento de andlise foi realizado de
duas maneiras: em um aglomerado na tentativa de se determinar uma
composi¢cao média do material, e, como apresentado no esquema da Figura 7,
um unico grao em duas posi¢gbées: borda (A) e no centro do grdao (B). Os

resultados de concentragdo sdo apresentados na Tabela 1.
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Figura 7 — Esquema do procedimento para andlise quimica por EDX em amostras
observadas por TEM.

Tabela 1 — Relagiio de concentragio de Fe e Sn em amostra de SnO, e contendo 30% em
mol de Fe analisado por EDX

Lo;l?élodo Elemento Contagem | % em massa | % atomica
Sn 12725 79,9 65,1
geral Fe 5271 20,1 34,9
B Sn 3831 85,6 73,6
Fe 1061 14,4 26,4
A Sn 493 81,4 67,3
Fe 185 18,6 32,7

A analise realizada na borda da amostra (A) demonstra que a
concentragdo de Fe é bastante superior aquela realizada no centro do grao (B),
j& que, considerando que a camada de Fe segregado na superficie dos graos
de SnO; seja da ordem de algumas camadas atomicas, o feixe de elétrons
deve interagir com nimero de ions Fe superior préximo a superficie. Estes
resultados demonstram a segregacdo dos ions na superficie dos griaos de
Sn0Os.
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Grande énfase tem sido dada a demonstrag¢ao da relagdo de segregagao
e/ou solubilizagdo no controle da microestrutura, e por conseqiiéncia, das
propriedades fisico-quimicas dos pds ceramicos fabricados pelo método
Pechini.

Dois trabalhos estdo sendo desenvolvidos neste sentido. O primeiro ja
com resultados parcialmente publicados [20 - Anexo D] demonstra que a
relagdo de segregagio/solubilizagio de aditivos durante a sintese da alumina é
fundamental para o controle da area de superficie especifica e que a transigdo
de fase gama-alfa da alumina é dada por um tamanho critico de particulas,
semelhante a transicdo de fase tetragonal-monoclinica da zircdnia. Ou seja,
como a transigdo de fase & controlada por um tamanho critico de particulas,
quando o aditivo se solubiliza na rede, aumentando a concentragdo de defeitos
cristalinos e o coeficiente de difusdo, haverd como apresentado pela Equagéo
iv, uma aceleragdo do crescimento das particulas quando comparado com o
material puro. Desta forma, a transicdo de fases ocorre em temperaturas
menores. No caso do aditivo segregar na superficie do pd, haverd uma
diminuigcdo da energia de superficie e o tamanho de particulas sera menor do
que aquele conseguido com o material puro. Neste caso, a transicdo de fase
deve ocorrer em temperaturas mais elevadas. O comportamento da area
especifica em fungdo da temperatura e da concentra¢do de aditivo, bem como
a influéncia da concentragdo de aditivo na temperatura de transicdo de fase
pode ser visto na Figura 8.
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na transi¢ado de fase da alumina preparada pelo método Pechini.
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Figura 8 — Influéncia da concentragdo de Mn na area de superficie especifica e
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As duas unicas fases encontradas em todos os materiais preparados
pelo método Pechini foram gama ou alfa alumina. Existe claramente um limite
de area de superficie especifica minimo a partir do qual existe unicamente alfa-
alumina e que corresponde a aproximadamente 10 mzlg um tamanho médio
critico de particulas de aproximadamente 0,15 um. Ou seja, todas as
particulas com tamanho superior a 0,15 um apresentam-se com fase alfa
alumina. Como o Mn** apresenta-se prioritariamente solivel na rede da
alumina, promovendo a difusdo e acelerando o crescimento do grdo, a
transicio ocorre a temperaturas inferiores a alumina pura. No caso do zr*'
parece haver uma segrega¢io, ja que a solubilidade deste ion na rede da
alumina, € reconhecidamente baixa [21]. Desta forma, deve ocorrer uma
estabilizagdo da superficie pela diminuigdo de sua energia e, por
consequéncia, um aumento da temperatura de transicdo de fase quando
comparada com o material puro.

O segundo trabalho refere-se a preparagdo de zircénia contendo
magnésia pelo método Pechini e sintetizado a 500 °C por 15 h. Neste caso é
conhecido que o limite de solubilidade do MgO é cerca de 10% em mol na ZrO,
[22). Como pode ser visto na Figura 10 a area de superficie especifica é
drasticamente reduzida para concentragées até em torno de 8,6 % molar.
Contudo, a partir dessa concentracdo de MgO observa-se que a area
especifica do material aumenta continuamente e que alcanga cerca de
130 m?/g para a concentragio de 60 % molar de MgO. E importante ressaltar
que, apesar da elevada concentracdo de MgO, superior a propria zirconia, a
fase formada é ainda da zircOnia como pode ser visto nos diagramas de
difrac8o de raios X da Figura 9. Este fendmeno & bastante semelhante aquele
observado para o SnO, com Mn, Fe ou Ni.
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Figura 9 — DRX de amostras de ZrO, contendo diferentes concentragées de MgO

preparadas pelo método Pechini e calcinadas a 500 °C /15 h.
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Figura 10 - Variagdo da area de superficie especifica com a concentragio de MgO
durante a sintese da zircénia pelo método Pechini.

O fendmeno de segregagao/solubilizagdo tém sido utilizado para
interpretar 0 comportamento da microestrutura dos pés, contudo a explicagdo
de quais s&o as condigdes exatas para que o fendmeno ocorra tém sido pouco
discutida. A energia livre do sistema & quem controla o fenébmeno. Como
proposto em trabalho anterior, existe um comprometimento entre a diminuigdo
da energia livre devido a solubilizagdo e a diminuicdo da energia livre do
sistema devido a segregag¢do [19]. Os fatores que fazem com que os ions
“prefiram” a rede cristalina ou a superficie do material base estio ligado as
caracteristicas dos ions aditivos. Aspectos como raio idnico, valéncia,
eletronegatividade e configuragdo eletrbnica devem ser os principais na
configuragdo da estabilidade do sistema. Por outro lado, as caracteristicas do
material base devem ser igualmente importantes para se estabelecer a menor
energia do sistema. No caso do SnO; é sabido que, a ligagdo quimica entre Sn
e O é intensa e que a diferenga de eletronegatividade entre os ions estabelece
um carater de ligagado 50% idnico e 50 % covalente. Isto quer dizer que a rede
do SnO; tem uma forte caracteristica de direcionalidade da ligagdo quimica
devido a concentragdo dos elétrons entre os ions Sn e O. Por outro lado, a
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superficie do SnQ, é deficiente em oxigénio apresentando uma estequiometria
que é aproximadamente Sn3O4 [23]. Isto faz com que a superficie do SnO;
tenha um carater mais iénico do que sua rede cristalina.

Levando em conta as valéncias, os raios iénicos, as eletronegatividades
e as distribuigdes eletrénicas do diferentes ions utilizados como aditivos nos
trabalhos de sintese de SnO, comparados aos proprios valores do Sn** (Tabela
2) que as diferengcas mais significativas estdo relacionadas a
eletronegatividade. Contudo, por exemplo, no caso do Mn?*, a diferenga de
raio idnico parece ser significativa para a segregacio.
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Tabela 2 — Area de superficie especifica determinada por adsorg3o de gases, Sgey, para o

SnO, preparado pelo método Pechini a 500 °C/15 h contendo 5 % de
diferentes aditivos comparada com propriedades dos céations utilizados.

raio
: 5 S
rrs, | cation | (A)1] Configuragao BET eletronegatividade
eletronica | (5% molar)
N¢ =6
0,96 Mg* | 0,72 p6 61,5 1,2
1,00 Ni?* | 0,69 ds 59,0 1,8
1,20 Mn®* | 0,83 ds 56,6 1,5
1,06 Cu®** | 0,73 do 55,2 1,9
1,07 Zn*t | 0,74 d10 52,9 16
0,94 Fe** | 0,65 ds 47,0 1,8
1,00 sn* | 0,69 d10 32,2 1,8
63
61 Ma O —
L Ni
59 cr —
- 57 Cu O mn
=]
% 55 S =
;,g_j 53 O
51
49 . =
e
47 O =]
45 g T T T
0 0,2 04 06 08
fator diferenca de ralo e eletronegatividade

Figura 11 — Compara¢do entre as areas de superficie especifica de pés de SnO,

preparados pelo método Pechini contendo 5% em mol contnedo diferentes
ions metalicos com o fator da soma do médulo das diferengas entre os
raios idnicos e eletronegatividade destes ions comparados ao do Sn.
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Devido a diferenga entre o grau de covaléncia da superficie do SnO,
com relag@o a sua rede cristalina, os ions que apresentam ligagdo mais ibnica
com o oxigénio, por semelhanga, se encontram em uma condi¢gdo energética
mais estavel na superficie do 6xido de estanho. Aparentemente, havendo
tambem diferengas de raio idnico ou configuragdo eletrénica, o fendmeno pode
se acentuar. Uma tentativa de verificar as contribuicbes da eletronegatividade
e do raio ibnico foi realizada e € apresentada na Figura 11 na forma da soma
do médulo das diferencas das duas grandezas quando comparadas as do Sn,
em fungdo da area de superficie especifica dos pds contendo 5% em mol do
respectivo aditivo. E possivel verificar que para os ions Fe, Zn, Mn e Mg
parece haver uma tendéncia de comportamento onde quanto maior o indice,
maior serd a area de superficie especifica. Deve-se remarcar que o Ni e o Cu
que nao tem comportamento semelhante apresentam distribuigbes eletrénicas
d8 e d9, respectivamente. Nas duas configuragbes existe uma falta de
simetria da distribuicdo dos elétrons na camada de valéncia, diferente de todos
os outros ions comparados, e que pode ser a razdo da maior falta de
solubilidade e segregacgao.

Este assunto, na verdade, devera nos proximos anos, ser abordado em
trabalhos que tém a intengdo de compreender os fenGmenos que governam a
segregacao na superficie dos éxidos.

A solubilidade efou segregagdoc dos ions na superficie do oxido de
estanho sdo determinantes ndo s para a microestrutura dos pds preparados
pelo método Pechini, mas também para o processo de sinterizagdo como sera
apresentado na proxima segao.
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Il Influéncia das energias de superficie na sinterizagao de pos

ceramicos.

O estudo da sinterizagdo do SnO, contendo Mn mostrou que a
segregacdo dos ions aditivos nas superficies e nos contornos de graos é
fundamental para a densificagao [24].

E necessario enfatizar que o SnO, apresenta uma particularidade muito
especial durante a sua sinterizagdo na qual o material apresenta forte
crescimento de graos e poros sem que haja eliminagdo do volume poroso, ou
seja, densificacdo. No caso da sinterizagdo do SnO. contendo Mn foi
demonstrado que, independente da concentragdo total de aditivo ou da
temperatura de tratamento térmico, a densificagdo se iniciava para uma
concentragdo critica de Mn na superficie do SnO,. Assim, pés contendo 6%
em mol de Mn comegavam a sinterizar a temperaturas cerca de 600 °C
menores que para amostras contendo 0,3 % molar, embora nos dois casos a
concentragdo de Mn na superficie do SnO; era a mesma e em trono de 5.10°
mol/m?.

Ao mesmo tempo, foi demonstrado que a solubilidade do Mn no SnO, é
dependente exclusivamente da area de contorno de grdo. Desta forma foram
preparadas ceramicas de SnO; densas, translicidas e sem cor [25]. Isto foi
possivel pois, desde que a solubilidade do Mn esta diretamente relacionado a
area de contorno de grdos, através de tratamentos térmicos a altas
temperaturas (1500 °C) foi possivel promover o crescimento dos graos do
SnO; diminuindo a solubilidade do Mn. O contato das amostras com um pé de
alumina, que serviu como reservatério de Mn através de sua solubilizagéo na
rede cristalina, eliminou praticamente todo o Mn das ceramicas de SnO,.

Os estudos da cinética de sinterizagdo deste sistema demonstraram
que, em primeiro lugar, 0s mecanismos convencionais de sinterizagdo nio
possibilitavam explicar de forma satisfatoria a densificagdo das ceramicas em
funcdo do tempo, e por outro lado, demonstravam também uma forte
dependéncia da cinética de crescimento dos grdos na cinética de
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densificacdo [9]. Materiais sinterizados isotermicamente que apresentassem
forte crescimento de gridos apresentavam concomitantemente forte
densificagao.

O comportamento durante a sinterizagdo do sistema SnO, contendo ions
Mn, ou seja, forte segregagéo do Mn no contorno de graos e nas superficies do
SnO;, concentracdo critica do Mn na superficie do SnO, para inicio da
densificagéo e forte dependéncia da cinética de densificagdo com a cinética de
crescimento de graos levou a se cogitar que o papel das superficies na
sinterizagdo do SnO; seria determinante para o processo.

Um modelo relacionando o crescimento de grdos e a densificagdo foi
proposto. Foi demonstrado que existe uma variagao linear entre o volume dos
poros e o inverso do tamanho de grdos [26 - Anexo F] e que a razao entre a
variagdo do volume dos poros e a variagdo da area dos grdos é constante e
fungédo do angulo diedro determinado entre a superficie dos poros e a interface
do contorno de graos. Ou seja, 0 modelo demonstra que para determinados
angulos diedros de equilibrio, ou seja, para determinadas razbes entre as
energias de superficie pode ocorrer ou nao densificagdo durante a sinterizagio.

O modelo propde que quando a energia do contorno de grao é muito
menor que a energia da superficie (angulo diedro elevado) a densificagio deve
ocorrer com pequeno crescimento de graos. Neste caso nado existe uma
limitagdo energética para a densificagcdo e os modelos tradicionais, baseados
na cinética de sinterizagdo, devem representar satisfatoriamente a cinética de
densificagdo. Contudo, em sistemas em que a energia do contorno de grdo é
equivalente ou maior a energia da superficie do poro, 0 modelo propde que
deve existir uma barreira energética para a densificagdo. Neste caso, durante
o crescimento de grdos, as superficies do poro e do contorno sé@o eliminadas
de forma simultdnea, onde ocorrera crescimento de grd3os e de poros
concomitantemente, e por isso pequena ou nenhuma densificagdo de forma
semelhante ao SnO, sem aditivos.

O modelo nado faz quaisquer hipéteses sobre o caminho pelo qual a
matéria difunde. Sua origem sdo as superficies e interfaces e o sumidouro,
durante a sinterizacdo, € o préprio interior do grdo. Os argumentos utilizados
sao basicamente energéticos.
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Outro fato a ser remarcado é que o modelo representa de forma
bastante adequada a sinterizagdo de varios sistemas cerdmicos como Al,O;
com diferentes aditivos e sinterizado em diferentes atmosferas, ferro metalico
entre outros.

Uma tentativa de simular a mudanga do angulo diedro durante o
crescimento dos graos através de hipotese geométricas simples foi
apresentado em trabalho recente [27 - Anexo G]. A mudang¢a do angulo diedro
foi ligada a cinética de crescimento de grdos através de uma relagdo linear
entre as distancias de Wullf dos grdos. Desta maneira ficou bastante evidente
que a sinterizagdo € um fendmeno relacionado ao crescimento cristalino e que
a densificacdo ou ndo de um material esta diretamente relacionado a razao
entre as energias de superficie e do contorno de grao, ou seja, a sua maior ou
menor estabilidade.

A relagdo das energias de superficie € dada nao somente pela
composicdo quimica das interfaces, mas também pela temperatura e
orientacgao cristalografica. De forma geral, a diferenga entre as energias parece
se tornar cada vez maior com o aumento da temperatura. Este fendmeno foi
verificado para a sinterizagdo do SnO, contendo 1% em mol de Mn em
diferentes temperaturas [9].

Com base nas condi¢gdes propostas anteriormente, ou seja, que um
material com grande area especifica tem grande energia livre acumulada, que
a superficie saturada com o aditivo é fundamental para a densificagcdo e que
deve haver uma temperatura na qual haja difusdo suficiente para o crescimento
das particulas e, desde que as condigbes energéticas sejam favoraveis,
ocorrera forte densificagdo e em um curto periodo. Esta proposta é verificada
na proxima segao.

lll.1 Sinterizag¢do rapida de materiais ceramicos

A saturagéo da superficie utilizando-se um aditivo permite a obtengéo de
um material com elevada area especifica e também em condigGes favoraveis
para a densificagdo. Assim, ao se preparar um material que apresenta elevada
area de superficie especifica e com uma boa compactagao inicial o material
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podera densificar rapidamente se colocado em uma temperatura suficiente
para que haja uma forte difusdo e ao mesmo tempo em que as condigdes de
superficie estejam adequadas para que haja eliminagao da superficie de poros
e formagao da interface do contorno. A proposta é entdo de que trés condigbes
sejam satisfeitas: elevada superficie especifica, alto coeficiente de difusdo e
condi¢gbes energéticas da superficie adequadas. Esta ultima condigdo néo é
levada em conta na maioria das situagdes em que se deseja densificar um
material.

Definida as condigbes ideais foi possivel a sinterizagao e densificagio de
SnO; contendo Fe como aditivo em tempos tdo curtos quanto 10 s [28 - Anexo
H].

O aquecimento rapido permite que toda a energia acumulada na
superficie do material seja utilizada para a densificagdo, ou seja, se o
aquecimento fosse realizado em taxas convencionais de 1 a 10 °C / min ,
grande parte da energia seria perdida durante o crescimento das particulas,
pois em temperaturas baixas as energias de superficie ndo sdo adequadas e o

angulo diedro inferior ao valor critico para densificagao total.

A rapida densificagdo foi obtida utilizando-se a energia acumulada na
elevada area de superficie especifica, uma composi¢cao quimica das interfaces
onde a concentragao critica para densificagdo & alcancada e uma temperatura
onde as condigbes energéticas e difusionais sdo adequadas. E importante
ressaltar que, no caso do Mg a densificagdo obtida é inferior aquela utilizando-
se Fe. Levando em conta fatores puramente difusionais este resultado nédo
poderia ser explicado, j& que o Mg* em solugdo sdlida no SnO, leva a
formagéo de uma vacéncia de oxigénio enquanto seria necessario dois Fe®*
para formar a mesma vacancia.

A densificagdo de SnO; sem aditivos por aquecimento rapido nao foi
possivel j4 que apesar do material de partida apresentar elevada area
especifica e forte difusdo, comprovada pela forte perda de é4rea, as condigbes
de energia de superficie ndo sdo adequadas, ocorrendo crescimento de griaos
e poros sem que haja densificagio.
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A associagao de estabilizagdo de superficie do po e sinterizagao rapida
foi realizada para outros sistemas com o mesmo sucesso. Os sistemas
estudados foram a CeO; contendo Mn [18] como aditivo e a zircOnia contendo
Mg.

O caso de maior relevante € sem duavida a da sinterizagdo da zirconia
contendo MgO - Figura 12.

110
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90
. 8o
2\?—
& 70 g 104
\Q ‘: el - Zr02:30 % mol MgO - 1250 oC
60 ;
sof o Zr02:30 % mol Mgo - 1350 oC
50 wf ——2r02:8,6 % mol MgO - 1350 oC
N SN et o
40 ] 100 200 300 400 500 600
tempo (s}
30 a i i * T
0 500 1000 1500 2000
tempo (s)

Figura 12 - Cinética de densificacdo para amostras de ZrO, — MgO sinterizadas por
aquecimento rapido em diferentes temperaturas.

Como apresentado na Figura 10, pés a base de ZrO, contendo
concentragdes superiores a 8,6 % em mol de MgO apresentam segregagio
dos ions Mg. Assim foi possivel preparar com saturagdo de solugio sélida na
temperatura de 500 °C, e assim o maximo de difus@o possivel, ja que a solugdo
solida de MgO na zircGnia leva a formagao de uma vacéancia de oxigénio. Por
outro lado, a saturag@o da superficie faz com que as condigOes energéticas da
superficie fossem modificadas e que favorecessem a densificagdo. Desta

forma, a densificagdo foi obtida a temperaturas tdo baixas quanto 1250°C,
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foi obtida a temperaturas tao baixas quanto 1250°C, quando comparadas com
as temperaturas convencionais de sinterizagdo da zircdnia. O mais
surpreendente é que foi possivel a densificagdo maxima em apenas 5 min de
sinterizacdo e que a variagdc nos préximos 60 min de sinterizagdo foi de
menos de 0,5 % de densificagao.

A comparacdo da cinética de sinterizagdo com zircdnia sem MgO é
apresentada na Figura 13.

Apesar da cinética de densificagdo ser bastante rapida no inicio e
praticamente equivalente a zirconia contendo 30 % em mol de MgO, esta
diminui drasticamente apés 30 s de sinterizagé@o e a evolugdo da densidade é
muito pequena nos préximos 250 minutos de queima. Isto pode significar que
o angulo diedro de equilibrio foi alcangado e este & insuficiente para que haja a
densificagéo completa da zirconia sem aditivo.
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Figura 13 — Cinética de densificagdo para amostras de ZrQ, sem aditivos e com 30 % em
mol de MgO sinterizadas por aquecimento rapido a 1250 °C.
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IV Conclusodes

As principais conclusdes sdo as seguintes:

. A microestrutura de um pd ceramico é fortemente condicionada por duas
propriedades principais: o coeficiente de difusdo e energia de superficie.
Estas duas propriedades sdo determinadas pela temperatura, atmosfera,
energia de ligag&o, planos cristalograficos estaveis e composigdo quimica
da rede cristalina e da superficie. O equilibrio solubilizagio/segregacgéo
de aditivos durante a fabricagdo desse pds é fundamental para
determinagdo das duas propriedades, e por conseqgiiéncia, da sua
microestrutura final.

) A segregacdo de ions na superficie de dxidos ceramicos durante a sua
cristalizagéo leva a uma diminuigdo da energia de superficie. Quando a
variacdo dos coeficientes de difusdo s@o inferiores as variagbes da
energia de superficie, esta ultima acaba por determinar a microestrutura
final do pd, ou seja, a diminuigdo da energia de superficie faz com que
haja uma aumento da area de superficie especifica final do p6.

. A relagdo entre a energia de superficie dos poros e do contorno de gréo
parece ser o fator determinante para que um sistema de particulas
ceramicas sinterize (com ou sem densificagdo). Quando a energia da
superficie dos poros € muito maior que energia da interface do contorno
de gréo, durante o crescimento cristalino, haverd a eliminagdo da
superficie menos estavel e a manutengdo da mais estavel. Desta
maneira ocorrera densificagdo. Por outro lado, quando as energias forem
equivalentes, as duas interfaces serdo eliminadas concomitantemente
durante o crescimento cristalino. E neste caso, serdo observados
crescimento de graos e crescimento de poros com pequena ou nenhuma
densificagio.

. A relagédo entre as energias do poro e do contorno de gréo é dada pelo
angulo diedro de equilibrio. Toda vez que o angulo diedro de equilibrio
for menor que um valor critico, o sistema ndo podera densificar
completamente. A segregagdo de ions interfere diretamente na relagao

das energias, e por consequiéncia, do angulo diedro. A modificagdo do
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angulo diedro pelos aditivos de sinterizagdo deve entdo ser considerada
tdo importante para a densificagdo de um material ceramico como a
modificagdo dos coeficientes de difusao.

Estabelecendo condi¢des favoraveis para a densificacdo de um sistema:
area de superficie especifica, coeficiente de difusdo e angulo diedro
elevados, pode-se sinterizar materiais como SnO; contendo Fe,0O3, CeO:
contendo MnO e ZrO, contendo MgO e em condi¢cdes de aquecimento
rapido em poucos segundos.
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ABSTRACT. - Tin dioxide powders doped with manganese (O <(Mn/Sn),__..
< 0.005 ) have been prepared through a chemical route derived from Pechini's method.
The final product is chemically and morphologically homogeneous, weakly agglomerated
with a specific surface area easily controlled via an appropriate calcination cycle. The
major interest of such powders is the possibility of preparing under conventional
sintering conditions ( in air, for 4 h, at 1300 *C ) a dense SnO, ceramic ( 98 % relative
density ) from a starting material containing less then 0.5 cationic % of dopant.

INTRODUCTION

Sintering of tin dioxide, SnO,, is mainly characterized by an absence
of densification. The proposed sintering mechanisms are surface diffusion at
low temperature [1] and evaporation-condensation at high temperature [2).
Nevertheless, dense SnO, ceramics have already been obtained by hot
isostatic pressing [3] or in the presence of one additive like MnO, [4], CuO
[1,4,5,6], Li,CO, [4], ZnO [4,6] or Nb,O, [7,8] in rather large
concentrations (1 to 10 mol%). Even if data concerning the solubility of
such additives in the tin dioxide lattice are not entirely reliable, they lead

ISSN 0992-4361/93/09/%4.00/© Gauthier-Villars
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to consider that a second phase must be present in most of the final sintered
ceramics. Such a case has been previously described for SnO, ceramics
containing 1 mol% CuO and fired for 1h at 1100°C [5]. Compared to the
pure material, tin dioxide ceramics containing additives present appreciable
differences in electrical and optical properties, e.g. the color goes from
white to brown or black. Therefore, its preparation in a dense and single
phase form with physical properties comparable to those of pure tin dioxide
is still an open challenge. By conventional sintering, it can obtained only
with the help of very low amount of appropriate additives homogeneously
distributed in a reactive powder. In this respect, manganese oxide is one the
most promising additive since 0.86 cationic percent is sufficient to prepare
highly dense ceramic [4].. The present paper describes the preparation and
characterization of homogeneous tin dioxide based powders containing less
‘than 0.5 cationic % of manganese.

POWDER PREPARATION

The poWder processing derives frorh Pechini's method [9]. This
process is often used to obtain mixed oxides {10,11,12]. The main steps are
the following:

- introduction of the cationic precursors (e.g. an inorganic salt ), in a
solution of ethylene glycol and citric acid .

- polyesterification of the solution ( 180 - 250 °C). |
- pyrolysis of the product at high temperature ( 500 - 900 *C).

Precursors

The raw materials were : ethylene glycol HOCH,CH,OH (Aldrich
99% spectrometric grade), citric acid HOC(CH,CO,H),CO,H (Merck 98 %
P.A)), tin chloride SnCl,,2H,0 (Merck proanalysis), manganese carbonate
MnCO, (Prolabo - P.A.), ammonia solution NH,,H,0 (Prolabo normapur

P.A.; 13.8 mol/L) and nitric acid HNO, ( Prolabo normapur P.A.; 15.2
mol/L).

Citrates, as cationic precursors, were preferred to chlorides, fluorides,
sulfates or nitrates since the correponding anions can influence the surface
reactivity and the powder morphology [13]. Tin citrate was prepared as
follows : 50 cm® of ammonia (2 mol/L) were poured into 100 cm’ of an

TOME 30 — 1993 — N° 9
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aqueous solution containing citric acid (0.25 mol/L) and tin chloride ( 0.5
mol/L. ); the pH reached 3. The precipitate of tin citrate was then filtered
and washed in abundance (3 L of water per 100g of solid). The
thermogravimetric analysis (TGA) (TGA 7 Perkin Elmer) of the solid
obtained after drying in. air, for 24 h, at 60 "C, showed a behaviour
compatible with the chemical formula proposed by Besso [14], i.e.,
Sn,(C,O,H,).H,0. Moreover, no characteristic peak of N-H bound was

detected by infra-red (IR) spectroscopy (FT-IR Spectrometer 1760-X Perkin
Elmer).

Manganese citrate was prepared from an aqueous solution of
manganese carbonate (0.5 mol/L) and citric acid (0.5 mol/L). The
precipitate of manganese citrate formed by heating the solution at 100° C for
5 min was filtered and dried in air for 24 h at 60 *C. The IR spectrum the
obtained pink solid was similar to data reported by Fujita [15] for
Mn(C;H,0,),H,0.

The liquid precursor of the tin dioxide powder containing manganese
oxide (0 < (Mn/Sn),, .. < 0.005 ) was obtained from a mixture of tin and
manganese citrates using the process described in Fig. 1.

Comparison between the IR spectra of a mixture of pure citric acid
and ethylene glycol (Fig. 2a), and of the liquid precursor (Fig. 2b) shows
that processing led to a strong decrease of the 1043 ¢cm™ band intensity and
the appearance of a band at 1630 cm™. These two wavenumbers correspond
respectively to C-OH vibrations in a primary alcohol and to C=0
vibrations in an ester [16]. Its suggests that a esterification reaction has
already began at this stage of the powder processing.

Fig. 1 - Flow chart of the liquid precursor preparation.

47.7 wt % Citric Acid
+

20.6 wt % Tin Citrate
+

39.7 wt % Ethylene Glycol

| Mixing at 70 "C}
HNO - '
3
[ Complete dissolution |
Ma ——— 70°C

[ Liquid precursor |

EUR. J. SOLID STATE INORG. CHEM.



cocCccCccecccceccCceccCccceccCcccccccccccccccccccccccac

~
~

918 . D. GOUVEA et al.

Fig. 2 - IR spcctra of (a) a mixture of pure citric acid and ethylene glycol
and (b) the liquid precursor .
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Thermal decomposition of the liquid precursor

The decomposition of the liquid precursor was followed by
thermogravimetric analysis (atmosphere : air ; heating rate : 1 *C/min).
The relative weight loss in synthetic air as a function of temperature is
reported on Fig. 3b.  Gases emitted during heat treatment were analyzed
using the IR spectrophotometer coupled with the thermogravimetric
analyser. The carrier gas was a mixture of O, and N, with 10* < Po, < 0.41
atm. Taking into account the derivative curve (Fig. 3a), the decomposition
of the precursor can be separeted into four main steps (zone I to IV). The
IR spectra were recorded during a rapid heating (200 *C/min) of the product
upto a temperature T (n>1)corresponding to the end of one of
the steps ( T,=30 "C; T,= 95 °C; T,= 160 °C; T,=370 "C; T,= 430 "C).
The sample was maintained at T, for 20 min between two fast heating
ramps. The wavenumbers of IR absorption bands observed during the
heating ramps are reported in TABLE I for each temperature range. The
nature of the species vaporized was determined from literature data. Below
370 *C, the observed departures of water, carbon dioxide and chemical
species containing anhydrides were virtually independent of Po,. Therefore,

TOME 30 — 1993 — N° 9
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the gases produced during the first three steps probably resulted from
polyesterification and molecular cracking. Although the decomposition of
such precursors is very complex [17], the obtained results below 370 *C
( TABLE) suggest the predominance of the following events: -

(i) between 30 and 95 “C (zone I ), water departure due to polyesterification
reaction [18];

(i1) between 95 and 160 "C ( zone II ), departure of CO, and H,O
corresponding to simultaneous reactions of polyesterification and
decarboxilation of tin citrate [19], which suggest that tin species were bound
to the polymeric chain;

(iii) between 160 and 370 "C (zone III), departure of H,0, CO, and
anhydride species [18,20] associated to molecular cracking [21].

For T > 370 °C, formation of H,O and CO, was strongly affected by the
oxygen amount in the atmophere which is characteristic of a combustion
reaction. Lastly, no carbon dioxide and water remained after a thermal
treatment at 500 “C for 1h in Po, = 0.21 atm, and the IR spectra of the
correspondent calcined product was similar to that of a pure SnO, powder.
Therefore, 500 ‘C could be considered as a minimum temperature for
calcination.

Fig. 3 - Thermogravimetric analysis of liquid percursor: (a) derivated curve
and (b) relative weight loss ( synthetic air ).
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TABLE I - Nature of gaseous species emitted during the heating in air of the
liquid precursor from 30 *C up to 430 °C.

ZONE TEMPERATURE IR BANDS (cm™) VAPORIZED
RANGE SPECIES
I 30-95°C 3756, 3652,1595 H,0 [18]
I 95-160°C 3756,3652,1595, H,0,CO, [18] .
2439,669
I 160-370°C 3756,3652,1595, H,0, CO,and
unidentified anhydride
2439,669,1800 [18.20]
V- 370-430'C 3756,3652,1595, H,0, CO, [18]
- ' _ 1 2439,669

Powder calcination

With respect to the results concerning the thermal decomposition of
liquid precursor, the heat treatement used for the powder preparation was
divided in two steps (Fig.4). Species vaporized during the first three stages
of the decomposition (TABLE I) were eliminated by a thermal treatment at
400°C for 4h in air. Calcination took place during the second step at a
temperature, T, and for a duration, t., chosen among the following values :
500, 600, 700 and 900°C for T, and 1, 4, 8, 15h for t...

Fig. 4 - Temperature cycle used for the conversion in air of liquid precursor
into powder ( Tr = room temperature ).
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POWDER CHARACTERIZATION

Chemical analysis .

The synthesized powders crystallised in a rutile type structure. The
manganese¢ content was determined by atomic absorption spéctroscopy
(Instrumentation Laboratory Inc.). Since tin dioxide is hardly soluble either
in acid or alcaline solutions, it was necessary to prepare an intermediate
compound, Mg,SnO,, which was more easily soluble in such solutions
[22]. Therefore, appropriate quantities of MgO (Prolabo R.P. Normapur
P.A.) and SnO, based powders were mixed in an agate mortar and heated in
air at 1400°C for 4h. The resulting product was dissolved in a HCI
solution (4 moVL) . The Mn/Sn atomic ratio can be calculated by
combining the amount of dissolved powder and the result of the Mn
analysis. Mn reference solutions were prepared by dissolving known
quantities of manganese (Prolabo electrolytique 99.9%) in a HCI solution
(4 mol/L) . The Mn/Sn atomic ratio determined for different powders
calcined at 500°C are reported in TABLE II. Its value in the liquid
precursor was determined from the quantites of tin and manganese citrates
added in the starting solution.

The agreement between the Mn/Sn atomic ratio in the starting
solution and in the final powder indicates that no significant departure of
manganese had occured during the powder processing.

TABLE II - Influence of the processing on (Mn/Sn)

atomic °

~

(Mn/Sn),._,. 0.0050 | 0.0040 | 0.0030 | 0.0020

liquid precursor

(Mnlsn)uln-lc
final powder 0.0052 0.0039 0.0029 0.0019
(+0.0001)

EUR. 1. SOLID STATE INORG. CHEM.,
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Powder morphology

Different characterizations have been carried out on one of each type
of calcined powders, namely BET measurements (Micromeritics Flow Sorb
II 2300) and X-ray diffraction (XRD, Inel CPS 120, K, radiation for
copper; A = 1.5406 A). From BET and XRD data it is possible to evaluate
the corresponding average grain and crystallite sizes denoted respectively
Dger and Dy, (TABLE III). Dy, was calculated from equation (1)
(spherical grains approximation ) :

Dger = 6 /7 (d. Sgip) (D)

where d is the theoretical density of pure SnO, (6.95 g/cm®) and S, is
expressed in m?*/g. D,;, was obtained by measuring at half-height the
angular broadening, bg, of the 110 reflection observed for a Bragg
angle 6, = 13.29°. The instrumental contribution superimposed on the true
crystallite size broadening was determined from the angular breadth, b, of
the 200 reflection observed for a coarse NiO powder (6, = 21.65"). D,
was calculated from the following equation [23]:

Dy = 0.9. 4 / [bg - (by.tg6/tg6,)?%]" cos B (2)

Fig. 5-Ln (Dggr) versus 1 / T, for "pure” and doped (Mn/Sn = 0.005) SnQ,
calcined for 15 h.
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TABLE III - Inﬂucnéc of calcination conditions on the specific surface area
and particle sizes of some SnO, based powders (t.=15h).

(Mn/Sn),,__,. Te Ssﬁ Dyggr Dywo
x10? O (m’/g) (pm) (nm)
(£3%) (#0.002) | (+0.002)
500
600
700 15.4 0.056 !
8.2 0.105 0.047
900
0.52 -

Data reported on TABLE III indicate a continuous grain growth with
calcination temperature. The duration of calcination has a weak influence on
Seer Dger and Dygp. Moreover, the presence of manganese does not change
significantly either the specific surface area, S, or the average crystallite
size, Dyp,. In the case of samples calcined during 15h, the quasi-linear
behaviour of In(Dy;) versus 1/T, (Fig. 5) suggests that grain growth is a
thermally activated phenomenon independent on the Mn content. For
samples calcined from 500 up to 900°C during 15h, D, is on the whole
significantly smaller than Dy, . Such a behaviour could be due to the
presence of agglomerates (Fig. 6).

EUR. 1. SOLID STATE INORG. CHEM.
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Figure 6 - SEM micrograph of a SnO, based powder calcined at 700 *C for
15h. .

In order to evaluate the strength of the agglomerates, mercury
porosimetry measurements (Micromeritics Auto Pore II 9215) have been
performed on green pellets uniaxially pressed at P = 24 or 294 MPa. A
bimodal pore size distribution remains in the powders calcined for 15 h at
500 °C and pressed at 24 MPa (Fig.7) which is characteristic of the
existence of intra or interagglomerate porosities. The largest pores
(interagglomerate porosity) disappear after pressing the powder at 294 MPa
and the remaining average pore size between particles is of the order of the
grain size (Fig.7). Such a behaviour is now characteristic of a
non-agglomerated powder. Equivalent measurements performed on samples
calcined at 600, 700 or 900 °C for 15h (Fig.8) lead to the same behaviour
with an average pore size increasing with T, which is in accordance with
the observed grain growth (TABLE.III). The presence of manganese does
not affect significantly these results. Therefore, we can conclude that our -
SnO, based powders are mainly constituted - of weak agglomerates.
Nevertheless, in the case of powders calcined at 700 or 900°C and pressed
at 294 MPa, a small fraction of interagglomerate porosity still remains as
indicated by the tail of the cumulative volume curve noticeable at large pore
sizes (Fig.8). Some agglomerates have probably not been broken during the
pressure application and behave like hard agglomerates.

TOME 30 — 1993 — N° 9
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Fig. 7 - Pore size distribution of undoped SnO, powder calcined at 500 *C
for 15 h and compacted at P = 24 or 294 MPa.
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Fig. 8 - Pore size distribution of undoped SnO, powder calcined at various
Tc, for 15 h, and pressed at 294 MPa.
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The relative density of sintered SnO, powders ( 1300 "C, 4h, air)
containing 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 cationic percent of manganese and
calcined at 500 *C for 15 h are presented in Fig. 9. A sharp increase in the
relative density occurs when the manganese content goes from 0.001 up to
0.003. Beyond this value, the sample relative density is greater than 91 %
and reaches 98 % when the ceramic contains 0.5 cationic % of manganese.
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Fig. 9 - Influence of Mn concentration on the relative density of
SnO, based ceramics sintered at 1300 "C in air for 4h ( heating
ramp = 50 *C/min ; P = 98 MPa).
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The homogeneous microstructures and high densities observed for low
manganese concentrations are indicative of the homogeneity of the starting
powders. Sintering of those powders will be described in details elsewhere.

CONCLUSION

A Pechini's derived method enables to prepare SnO, powders with a low and
well controlled manganese content. The product is highly homogeneous
and its specific surface area can be monitored with an appropriate
calcination cycle. These weakly agglomerated powders present a high
performance during sintering.
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ABSTRACT: SnO, based powders containing increasing quantities of manganese
(0=Mn/(Mn+Sn)<0.15 cationic ratio) were prepared by a chemical route derived from
Pechini's patent. The resulting powders, after a calcination at 500°C, crystallize in the SnO,
rutile structure. X-Ray diffraction spectra do not show the presence of any manganese-rich
phase, which is indicative of a good homogeneity. Nevertheless, the presence of increasing
quantities of manganese leads to a significant decrease in the powder average particle size.
Finally, the effect of further heat treatments in the 500 - 1400 °C temperature range on the
powder characteristics is also presented.

INTRODUCTION

Tin dioxide has found a wide range of technological applications especially
like gas sensors, catalysts, optoelectronic or photovoltaic devices [1,2,3 ,4.5].
Most of these applications involve porous materials, dense ceramics or films
[6.,7,8]. The preparation of these polycrystalline materials has been
extensively studied and several methods have been proposed to synthesize
pure and doped tin dioxide [9,10,11,12,13]. Amongst the preparation
methods, precipitation of hydrated tin dioxide from Sn* solutions by addition -
of ammonia (NH,.H,0) [9,13,14,15,16 ], and hydrolysis of a tin (IV) alkoxide
[12,17 ] are often used. With powders obtained from these chemical routes, it
is difficult to control the grain size and the residual strains in the crystal lattice
since these parameters are strongly dependent on the aging time of the solution

ISSN 0992-4361/96/04/$4.00/© Gauthier-Villars
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[ 10]. Besides, counter ions, such as CI, SO,”, NO,, can act on the surface
properties [ 18 ).

Thirty years ago, Pechini had proposed a route to limit the addition of
inorganic counter anions and avoid a slow crystallization of particles [19 ]
before calcination. The process can be summarized as follows :

1. introduction of the cationic precursor, e.g. organic salts, in a mixture
of ethylene glycol and citric acid,

2. polyesterification of the solution in the 180-250°C temperature range,

3. pyrolysis of the polyester at a higher temperature, typically between
400-500°C.

This method is known to be especially adapted to the synthesis of
homogeneously mixed oxides [20 ,21 ,22 ]. Its transposition to the preparation
of tin dioxide powders containing different amount of additives is possible.

Amongst all the possible additives some of them are necessary to facilitate
the difficult densification of tin dioxide. MnO, is especially effective in the
absence of a liquid phase [23 ]. In order to identify the phenomena associated
to the fast shrinkage observed when the Mn/Sn atomic ratio is higher than
0.3% [24], we have used Pechini's derived method to prepare tin dioxide
powders containing different concentrations of manganese. The aim of the
present paper is to identify the morphological changes induced by the presence
of manganese ions in the tin dioxide powder. In order to detect significant
modifications, we chose to study also mixtures containing amounts of

.manganese larger than necessary. Therefore, the described results concern
manganese cationic percentages between 0 and 15%.

INFLUENCE OF MANGANESE CONTENT ON THE CALCINED - -

POWDER CHARACTERISTICS

The flow chart for powder preparation is given in Fig. 1. Nitric acid addition
is done in the stoechiometric quantity necessary to oxidize tin (II) into tin
(IV). Therefore, its amount is independant on the quantity of solid manganese
citrate which is added later in the process [24]. The average manganese
cationic ratio, X,, = Mn/(Mn+Sn), was similar in the powder to its value in the
initial liquid mixture, which is indicative of no significant loss of manganese
during the pyrolysis of the liquid precursor. The method used for the
manganese analysis was previously described [24]. Further treatments were
performed on the different starting powders for 1h in air at 600°CsT <900°C
(heating ramp : 200°C/min). Pressed disks of the starting powders were also
prepared (compaction pressure, P=98MPa). They were heated for 1h in air
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(heating ramp : 200°C/min) at 500°C<T,<1400°C before mercury porosimetry
measurements.

47.7wt% citric acid + 20.6wt% tin citrate + 31.7wt% ethylene glycol
U
mixing
HNO, — U
complete dissolution
manganese citrate - U
liquid precursor
U
pyrolysis at 400°C, 4h and calcination at 500°C, 15h (ramp : 1°C/min)
’ U

powder (denoted ‘starting powder’)

Fig. 1 - Flow chart for powder preparation.

X-ray diffraction characterization

X-ray diffraction analysis (XRD) has been carried out on all calcined
powders using an INEL CPS 120 apparatus working with copper K, radiation
(A=1.5406 A). Diffraction peaks characteristic of a manganese oxide, such as
B-MnO,, Mn,0,, or Mn,0,, are never present, even for the greatest manganese
content (X, = 0.150). Bragg distances calculated for (110), (101) and (220)
planes are independent of X and similar to those of SnO, (cassiterite), i.e.
d,,,=0.335 nm, d, =0.264 nm and d,,,=0.167 nm (TABLE I). The main
effect of manganese is to broaden the diffraction peaks of SnO,. The peak
profile has been analyzed only for the three most intensive diffraction peaks.

For the highest manganese contents, the broadening was too important for the
other peaks to allow a reliable analysis.

The average crystallite size, D, Was obtained by measuring the angular
broadening, b, , at half-height of the (1 10), (220) and (101) diffraction peaks
observed at Bragg's angles, 0, equal to 13.29°, 27.38° and 16.96°,
respectively.  The instrumental contribution superimposed on the true
crystallite size broadening was determined from the angular breadth at half-
height, b, , of the (100) diffraction peak of a coarse ZnO powder

(6,=15.87 °). Dy, was calculated from equation (i) [25] and the results are
reported in TABLE 1.

EUR. J. SOLID STATE INORG. CHEM.
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0.9n
Dy = = (i)
, 120,
b, —-|[b, —= cos 0,
g g0,
xM dlll‘ll DX‘D d(l'" '.
+ 0.003 (110) + Q,O(B
(nm) (nm) .. (nm) .| -
0.000 0.338 13.3 0.266
0.003 0.336 12.6 0.264
0.010 0.336 10.9 0.265 . ,
0.020 0.338 9.5 0.266 9.0 0.168 9.1
0.030 0.336 7.5 0.264 1.2 0.168 7.3
0.040 0.335 7.1 0.265 6.7 0.168 6.5
0.050 0.335 ‘6.8 0.264 . 6.6 0.168 6.1
0.060 0.335 6.7 0.264 6.3 0.168 6.1
0.100 0.335 5.9 0.264 56 | ecemeeee | -
0.150 0.335 5.1 0.264 48 | e | eeeeeee

TABLE I - Bragg distances, d,,,, and corresponding average crystallite sizes, D, , of

calcined powders containing different quantities of manganese.

Along the [110] crystallographic direction, the differences between the
D, values are barely dependent on the set of diffraction lines. Therefore, the
effect of stresses in the powders can be neglected, at least along this direction,
and peak broadening is mainly due to size effect. Finally, since D, (110) and
D,,, (101) are fairly similar, there is no really marked morphological
anisotropy and we can consider the powders as made of isotropic grains. TEM
observation of the powder shows that all the grains are crystallized with an
isotropic shape, roughly spherical (Fig. 2). In the following we shall assume a

ccreeccecCcgocceccereccceccccccac

-~
~

spherical shape.

Fig. 2 - TEM image of a powder corresponding to X, =0.01
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Specific surface area and average grain size
Experimentul -

The specific surface area .S, of the calcined powders was determined from
N, adsorption-desorption experiments using the BET approach. The
measurements were performed with a Micromeritics Flow Sorb 11 2300
apparatus. The precision of the data was estimated as £3.0%. In the absence of
any noticeable anisotropy in grain shape, an average grain size, noted D
was calculated considering a spherical grain approximation (i.e. D, =
6/p.S,). where S, and D, are expressed in m’/g and pm, respectively. The
bulk density was estimated considering a mixture of SnO, and Mn,O,.Three is
the most probable valence for Mn in our experimental conditions as discussed
elsewhere [24]. Since X-ray diffraction analysis showed that the crystalline
parameters of our powders did not change with the Mn content, the molar
volume was always considered as equal to its value for SnO, (21.67 cm >/mol).
Mercury porosimetry measurements (Micromeritics Auto Pore 11 9215) were
performed on pressed pellets heated for 1h at T, The pore diameter was
determined using Washburn's equation with a mercury surface tension equal to
485.10°N/m and a contact angle of 140° [26]. A specific surface area, S, .,
was determined considering cylindrical pores and an average grain size, D, .,
=6/p.S was estimated.

PORO *

Results

The influence of the manganese amount on the specific surface area of
powders calcined at 500 °C is shown in Fig. 3. A continuous increase of S,
with X,,_is observed. It should be noted in the results reported in Fig. 4 that
whatever value X, takes, D, and D, are always more than twice D,,,
Nevertheless, the variations with X,,, are similar. In the following, the average
grain size will be taken as equal to D, which appears in agreement with the
scanning electron microscopy observations (e.g. D, = 25 nm and D, =23
nm for X, = 0.005). If agglomerates are not broken during the pressing stage,
S oo Must be lower than S, of a powder. Consequently, D, ., must be a little
larger than D, as observed in Fig. 4a.

PORO
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“Fig. 3 - S, versus X, for SnO, based powders obtained from Pechini's derived method

after calcination at 500 °C for 15h.
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Fig. 4 -Influence of X, on the average grain size calculated from'(a) BET (D) and
mercury porosimetry (D, ), and (b) by XRD (D,, ) measurements.

PORO: XRD

EVOLUTION OF THE CALCINED POWDER MORPHOLOGY
DURING HEAT TREATMENT

The present section is devoted to the effect of heat weatment (temperature
and time), in air, on the characteristics of the powder obtained after calcination
at 500°C for 15h. In order to detect any possible densification effect, the heat
treatments were performed on either unpressed or pressed samples.

At T<900 °C, the specific surface area of the powder is weakly dependent
on the heat treatment time for durations greater than lh (Fig. 5). The sharp
drop of the specific surface area observed during the first hour indicates that
coarsening at low temperature is a fast phenomenon which occurs at the very
beginning of the heat treatment. Taking in account the errors due to each

measurements method, the values obtained for S, (determined for pressed

TOME 33 — 1996 — N° 4
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pellets calcined at T,) and S, (detemined for dispersed powders calcined at
T ) are in rather in good agreement, at least for T <900°C (TABLE II).

L 50
. --&--700°C X, =0.040 S,
— | 40 =~ - ®--700°C X, =0.020 S,
L . “-®--900°C X, =0005 S,
9 . ..-A\
JoeNy B R T A
|\/ Y ..~__-
1g) '\ A -
20 1
S(m | %
104 ®-------n oL @ ®
' OdF——
' 0 2 4 6 8 10 12 14 16
time (h)

Fi

: Fig. 5 - Influence of holding time at T, = 900 °C or T, = 700 °C on the specific surface area
(Sger or S, ) of SnO, powders containing different manganese concentrations ( @
T =900°C, X,,=0.005, S,; @ T=700°C, X,,=0.020, S, ..; A T=700°C, X, =0.040, S

PORO)'

| Influence of temperature on the powder characteristics of pure SnO,
(X,,=0.000)

When tin dioxide powders are prepared by a chemical route, the state of
division and the specific surface area of the powder were reported to be highly
dependent on the calcination temperature [10]. Our SnO, powders prepared by
Pechini’s derived method well follow this general trend as shown by the
results presented in TABLE II. BET method was used for the determination of
the specific surface area of divided powders while mercury porosimetry
measurements were performed on disks.

A pure SnO, calcined powder pressed and sintered for 1 h did not show any
densification for T, < 1000°C. The relative shrinkage at higher temperatures

was still very low ( -AL/L<0.02 , for T,=1400°C). For samples heated at
T<900°C, the linear behavior of Ln D versus I/T (Fig. 6) suggests that
coarsening is a thermally activated phenomenon.

EUR. J. SOLID STATE INORG. CHEM.
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T, (°C) Sper (M'/g) D,m(nm)
500 29.9 28.9
600 20.9 41.3
700 15.4 56.1
900 8.3 104
500 32.0 26.9
600 23.0 37.6
700 17.0 48.7
800 13.4 64.6
900 10.5 82.2
1000 8.2 105
1200 2.8 311
1300 1.3 670
1400 1390

0.6

cccccccceccCccccccccccccocccccccccococ

TABLE II - Influence of T, or T, on the specific surface area ( S, or S,,.)) and on the
average grain size (D, or D, ) determined for pure SnO, prepared by Pechini’s method

1 .
(t=15handt, = 1h)

PORO!

T(°C)
1400 1200 1000 900 800 700 600 500
8.0 + } } % 4 -4 + t }
7.0 + :
R Ea= 154 kJ / mol O Porosimetry
E 6.0 + ® BET
a
= 5.0 +
— | g e
. Ea= 16 kJ / mol
1 D\G\a\g
30 4+——— e b e e e
0.5 0.7 0.9 1.1 1.3 1.5
1000/T (K)

‘Fig. 6 - Ln D versus /T for pure SnO, powders prepared by Pechini’s method and heated
fort,=15h(Dy)ort,=1h(D

PORC )

"The first set of data presented in TABLE III of ref. (24] do not correspond to a
calcination temperature of 500°C. The actual temperature was 400°C.

— .=
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The corresponding low activation energy (E =16 kJ / mol) is of the saume order
of magnitude than for surface area reduction limited by a surface diffusion
mechanism [27|. The activation energy calculated for coarsening at higher
temperatures (T >1200 °C) is E, = 150 kJ / mol. Such a high value could
correspond to sintering controlled by evaporation-condensation [28]. These
two mechanisms are in agreement with the absence of significant
densification.

Influence of temperature on the characteristics. of tin dioxide powders
containing manganese ( X, > 0.000 )

-Mercury porosimetry measurements were performed on compacted samples
containing different amounts of Mn and -heated for t, = 1 h at different
temperatures. The corresponding S, ., and D, values are reported in
TABLE liI for temperatures where no noticeable densification was observed.
For all the X,, values, the average grain size increases with T,. When plotting
Ln D vs I/T for different X, (Fig. 7), it appears that the thermal activation
energy is weakly dependent on X, . Its value decreases from E =16 kJ/mol for
pure SnO, to E =10 kJ/mol for X,, =0.06. Such values are still in agreement
with a grain growth controlled by a surface diffusion mechanism. The
presence of manganese should not modify significantly the nature of the
mechanism involved.

An increase in the manganese concentration, X, , can be correlated with an
increase in the specific surface area, S, of the powder determined after heat
treatment at a given temperature (TABLE III). It is similar to what was
reported for powders calcined at 500 °C. It was observed that the temperature
for starting noticeable densification decreased as X, is increased. The
corresponding data will be presented and discussed in another paper.

The SnO, based powders containing manganese show a very high ability for
sintering. Chemical analysis in the core of large ceramic grains indicates that
the solubility of Mn in the SnO, network is less than 40ppm. As discussed in
reference [29], the influence of Mn on the powder morphology is mainly due
to the segregation of manganese cations and oxygen vacancies at the surface.
“Correlation between surface composition, grain growth and sintering kinetics
will be discussed in another paper.

EUR. 1. SOLID STATE INORG. CHEM.
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500 30.5 . 283

600 ' 24.6 35.2

0.005 700 20.4 425
800 154 56.1

900 12.3 70.1

500 32.0 211

700 225 38.5

0.010 800 17.6 494
900 13.9 62.5

300 38.1 22.9

- 700 27.8 313

0.020 750 26.4 33.0
775 ] 4.9 35.0

500 41.9 210

0.040 700 32.1 274
750 29.0 304

500 ' 45.1 19.7

0.060 600 31.7 236
700 33.0 26.9

TABLE III - Influence of T, on S, ., and D, of SnO, based ceramics containing different
manganese amounts (t,=1h ).

T(°C)
<o 200 800 700 600 500
pure SnG,
B - Ea =16 kJ / mol
o
—~ 4.0 +
E
= i XMn
0 0.020
- 0 0.060
2.0 L } A } A } _ } 3 } . )
0.8 0.9 1.0 1.1 1.2 1.3 1.4

1000/T (K)

Fig. 7 - LnD versus 1/T for powders containing different manganese concentrations.
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CONCLUSIONS

SnO, based powders, prepared by Pechini's derived method and containing
~ increasing quantities - of manganese (0<X,, <0.15) are chemically and
morphologically homogeneous. Parasite or secondary phases are never
detected by X-ray diffraction analysis, even for the largest amount of
manganese (X,, = (.150) and the crystallographic parameters for these SnO,
based powders are unaffected by the Mn content. This chemical method
enables to monitor the specific surface area of the product by using
appropriate heat treatment cycles and manganese amounts.

At a given heat treatment temperature, lower than 900°C, an increase of the
manganese concentration leads to a decrease of the average grain size. of the
powder. In these powders, grain growth is a fast phenomenon which occurs
mainly at the beginning of heat treatment. The thermal activation energies
calculated for grain growth of pure SnO, are about 16 and 150kJ/mol at
T<900°C and T>1200°C, respectively. These values and the absence of
densification during heat treatment of pure SnO, agree with a mass transfer
controlled by surface diffusion at low temperatures and by evaporation-
condensation at T>900°C. The presence of manganese does not affect
significantly the grain growth activation energy at temperatures lower than
900°C, suggesting that the nature of the mechanism which controls the mass
transfer at low temperatures is more related to the surface nature than to its
cationic composition.
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Abstract

Surface properties of ceramic powders frequently play an important role in producing high-quality, high-performance, and
reliable ceramic products. These properties are related to the surface bond types and interactions with the surroundings. Oxide
surfaces generally contain adsorbed hydroxyl groups and modifications in the chemical composition of the surface may be
studied by infrared spectroscopy. In this work, we prepared SnQ, containing Fe or Mg ions by organic chemical route derived
from Pechini’s method. The prepared powders were characterized by infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
dynamic electrophoretic mobility and surface area determination. Results demonstrated that the studied additives segregate onto
the oxide surface and modify the hydroxy! IR bands of the adsorbed hydroxyl groups. These surface modifications change some
macroscopic properties of the powder such as the isoelectric point (IEP) in aqueous suspensions and the final specific surface
area. The increase of the surface area with additive concentration is supposedly due to the reduction of surface energy of the
powders when additives segregate on the powder surface.
© 2002 Elsevier Science B.V. All rights reserved.

PACS: 78.30; 82.70.K; 68.35.B

Keywords: SnO,; Pechini; Segregation; Surface; Additives; Dopants

1. Introduction

The macroscopic properties of ceramic powders,
such as catalytic and sensor activities and isoelectric
point of suspensions, are highly and sometimes even
exclusively dependent on the surface properties of the
powder. These properties depend fundamentally on
the surface chemical groups, especially on the bond
types and their relationship with the surroundings. In
oxides, the interaction of the —-OH surface groups with

* Corresponding author. Tel.: +55-11-3091-5240;
fax: +55-11-3091-5421.
E-mail address: dgouvea@usp.br (D. Gouvéa).

the surrounding water molecules in aqueous suspen-
sions, depending on their acidity or basicity, follow the
reactions [1,2]:

_SOH(smface) +H,0 & _SO(—surface) + H3O+ ( N )

al

1)
—SOH(Surface) + H,0 & _SOHzaurface)—i'OH_ (K:z)

(2)

When electron density in hydroxyl oxygen atoms is
low, the ionization process will follow Eq. (1) and the
surface may be classified as a Bronsted acid stronger
than water (pK3, < pKy). Nevertheless, if the electron

0169-4332/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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density in hydroxyl oxygen atoms is high, the surface
has high basicity, and the system will follow Eq. (2)
and the surface may be classified as a Bronsted base
stronger than water (pK3, < pKy). The equilibrium
constants proposed for oxides are macroscopic, as in
polyeletrolytes, and differ from the intrinsic ones [3].
The crystal structure of the surface makes its reaction
sites dependent on each other. Hence, a loss of protons
on the surface decreases the net charge and will
decrease the dissociation constants.

The acidity of the surface hydroxyl groups is
usually a function of the crystalline plane in which
they are bonded, i.e. in Egs. (1) and (2); the dissocia-
tion constants will strongly depend on the S type.
Therefore, hydroxyl groups with different ionization
constants are naturally present in the surface of cera-
mic powders [(4]. Moreover, the observed macro phy-
sical-chemical behavior is the result of the influence
of each different group and their interaction with each
other.

One of the most useful tools employed in the study
of these hydroxyl groups and their acidity has been
infrared spectroscopy (FT-IR) [5] that allows identi-
fication of most of the different hydroxyl groups in the
surface, especially utilizing a diffuse reflectance tech-
nique (DRIFT) [6,7]. In addition, one may modify the
acidity of the surface groups absorbing molecules onto
the surface [5,8]. These molecules change the electron
density on the surface and, consequently, the ioniza-
tion constants. Such modifications are clearly detect-
able by means of FT-IR spectroscopy and shifts in the
vibration peaks to lower wavenumber values will be
observed if the molecule makes the surface more acid,
and vice versa [8]. The surface electron density may
also be modified introducing additive ions into the
crystalline phase. As an attached molecule, the addi-
tive ion changes the electron distribution around it,
and, therefore, the higher its concentration, the greater
its effect on the physical-chemical surface properties.

When additive ions are introduced into a powder,
they may follow different paths: (a) diffuse into the
bulk of the particle, forming of a new crystallographic
structure or a solid solution, (b) migrate to the sur-
face (surface additives) or (c) nucleate a second phase.
The highest effect in the acidity/ basicity of the powder
would, therefore, be observed when the additive
migrates to the surface. It is known, however, that an
ion segregates onto the surface only if the consequent

surface energy decrease is higher than the energy
decrease if the additive stays in the crystalline bulk
[4). Chemically, one may say that an additive would
migrate to the surface if its oxidation number and or its
bond character are quite different from the crystalline
bulk ones, but not different enough to rapidly nucleate a
second phase.

A notable advantage in introducing surface additive
ions to powders such as SnO, is that this procedure
may minimize costs in the production of specific
sensors and catalystics, since the active chemical
elements, which are usually the most expensive ones,
are restricted to a monolayer over the base material.
This same thought could be applied to the ceramic
suspensions field if the addition of surface additive
ions could change isoelectric points and other suspen-
sion properties in a controlled way.

Tin dioxide is an important base material for a great
variety of gas sensors. Studies have shown that the
additive ion Mn segregate on the surface of SnO,
particles, changing the morphologic properties of the
powder [9]. Moreover, studies also showed that Sb, Nb
and In segregate, to some extent, to the surface of
SnO,, but these additives have high solubility in the
crystalline bulk, and the segregation could be observed
only at low doping concentrations [10]. The intention
of this paper is to study the segregation of Fe or Mg
additive ions on the surface of SnO, powders prepared
by Pechini’s method [11] and their relation with the
morphology of the powder. This method is usually
applied to obtain homogeneous and reactive oxide
powders and, moreover, allows an energetically stable
distribution of the additives, since they are introduced
in a liquid phase. Also examined in this work is the
influence of the ions in the acidity of the hydroxyl
surface groups by measurements of electrokinetics
sonic amplitude (ESA) [12,13] of the particles and
the correlation of the results with the FI-IR spectro-
SCopy measurements.

2. Experimental procedure

The SnO, powder preparation was based on Pechi-
ni’s method [9]. The process can be described as
follows: (a) addition of a cationic precursor, Snp-
(CeO7H,)-H,O (tin citrate prepared from SnCl,:
2H,0—Synth [14]), into a ethylene glycol (Synth),
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20.6 wt.%, and acid citric, 47.7 wt.%, solution, in
this stage, HNO; is added to the system to promote
the solubilization of the citrate; (b) polysterification
of the solution at a temperature between 180 and
200 °C; and (c) thermal decomposition [11,15,16]. In
the thermal decomposition, the liquid precursor was
first treated at 450 °C for 4 h and, after a desaglo-
meration of the obtained powder; it was treated
for 15h at 500 °C. The additives Fe(NO3)3-9H,0
(Reagen) and MgO (Synth) were added directly in
the liquid precursor before the thermal treatment.
The MgO was dissolved in acid medium of organic
solution. The concentrations were 2, 5 and 10 moi%
for both additives.

The powder microstructure was studied by specific
surface area measurements (Sget) N2 adsorption/des-
orption (Micromeritics Gemini III 2375 Surface Area
Analyser) and by X-ray diffraction (XRD) (X-ray
Diffractometer, X Bruker AXS Model D8 Advance),
where the phase composition could be observed.
Infrared spectroscopy of the powders with a reflec-
tance apparatus (Magna 560 Nicolet) was also carried
out. For the FT-IR measurements, the powders were
dried for 6 h at 70 °C.

For the ESA measurements (ESA-8000, Matec
Applied Sciences), aqueous suspensions of the pow-
ders were prepared (1 vol.%) and, thereafter, they
were ball milled for 16 h. The milling was carried
out to break agglomerates that result from the calcina-
tions of the powder. IR studies showed that this milling
time does not change the chemical groups on the
surfaces; that is, the appearance of new surface planes
due to particle breakage is not observed.

The suspension titration was carried out with HNO5
solution—2 N (Synth) and KOH solution—2 N (Synth)
to determine the isoelectric point (IEP) of each doped
powder.

3. Results and discussion

Table 1 shows the effect of the additives in the
specific surface area of SnO,.

It is observed that surface area of SnO, increases
with additive concentration for both additives. This
effect may be studied and related with the factors that
interfere with particle size during thermal treatment.
The particle size evolution during crystallization, at

Table 1
Surface area of SnO, based powders, calcined at 500 °C for 15 h,
with different amounts of Fe or Mg

Additive Sper (M*/g)
concentration (%)
Fe Mg
0 32.1 32.1
2 38.3 425
5 48.9 615
10 61.1 737

constant temperature, generally follows the equation
(4]:

3DcoyM
4pRT

where ¢q is the equilibrium solubility, a the particle
radius, D the diffusion coefficient, y the surface energy
and p is the material density. T'is the temperature and n
is a kinetic factor. The particle radius is directly related
to the thermal treatment time. This time dependence is
related to diffusion kinetic factors and, consequently,
the radius converges to an equilibrium value with
increasing time, and the converging rate will depend
on the factor n. In the study of the influence of any
variable of the Eq. (3) in the particle size, therefore, the
time of treatment has to be large enough for the system
to reach the particle size equilibrium. The time for the
heat treatment of 15 h was considered adequate [9].

The variables that may be modified by an additive
are the diffusion coefficient and the surface energy.
Hence, if an additive increases the diffusion of the
system, the particle’s growth would be favorable, and
vice-versa. On the other hand, the surface energy
could also be controlled and, if the surface energy
were decreased while the bulk energy is constant, the
particle size would decrease in order to raise the ratio
between surface area energy and bulk volume energy.

It is now important to note that, in a system of two or
more components, the distribution of constituents will
occur in a way that minimizes total free energy [4].
The surface energy reduction may be supposed to
arrive when segregation is verified.

In the case of SnO,, the addition of Fe should not
provoke decreased diffusion. It has been reported that
the additive cations are located on Sn substitutional
sites at low temperatures. However, at temperatures

a" —ay =kt, wherek =

©)
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above about 400 °C, the additive migrates from
ordered substitutional sites within the lattice to more
disordered regions, most likely the surface regions of
the nanocrystals [17]. Therefore, this migration would
promote a surface energy decrease and, consequently,
a more stable specific surface area at the same tem-
perature and time of heat treatment. Similar behavior
would be expected for the Mg doped SnO, based
powders.

The experimental verification of such segregation
hypothesis is carried out by XRD, the reflectance
infrared spectra (DRIFT), and dynamic electrophore-
tic mobility measurements. The XRD spectra of the
powders—with and without the additives—are shown
in Figs. 1 and 2.

Fig. 1 shows that the only phase present is the
tetragonal SnO, phase for the iron doped oxide even
at high concentration of the additive (10 mol%), and
iron oxide second phase is not observed. This behavior
is also observed for the Mg doped powdersin Fig. 2, i.e.
no second phase is observed, even at 10 mol% of
additive, In addition, no significant shifts in the SnO,
doped XRD peaks are observed, indicating there must
be little solubility of the additives in the crystalline
bulk. These results confirm that the ions must be
segregating to the surface of the powder, and just an
enlargement of the peaks after the additive addition is
notable, indicating a decrease in the crystallite size [10].

The segregation of the additive to the surface
suggests that it could be changing the electron’s

(110)
(101)
{211)

(200}

Intensity

i 1 'l 1 1

20 3 40 50 60 70 80
26

Fig. 1. XRD of (a) SnO; and (b) SnO, 10% Fe prepared by the
Pechini’s method, only SnO, phase is detected.

(110)
(101)

(211)

Intensity

20 30 40 50 60 70 80
20

Fig. 2. XRD of SnO; and SnO, 10% Mg prepared by Pechini’s
method, only SnO; phase is detected.

distribution of surface chemical groups. The surface
modification is evidenced with DRIFT spectra (Figs. 3
and 4).

A decrease can be observed in the intensity of the
vibration band at 3480 cm ™', and a slight increase of
the band at 3700 cm™' with increasing additive con-
centration. These bands are attributed to hydroxyl
groups on the oxide surface [18,19], and indicate that
iron or magnesium ions change the surface structure of
the powder surface. The DRIFT spectra of MgO or
Fe,0; are shown in Fig. 5. A high intensity peak at
3700 cm™" can be observed for both powders, but

Absorbance

(a) SnO,
(b) Sn0O, 5% Fe
{c) 8nO, 10% Fe

3750 3700 3650 3600 3550 3500 3450 3400
Wavenumber (cm™)

Fig. 3. DRIFT spectra of (a) SnO; pure, (b) SnO, 5% Fe and (c)
Sn0; 10% Fe.
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Absorbance

(@) SnO,
(b) SnO, 2% Mg
(c) Sn0O, 5% Mg

3750 3700 3650 3600 3550 3500 3450 3400
Wavenumber (cm’’)

Fig. 4. DRIFT spectra of (a) SnO; pure, (b) SnO, 2% Mg and (c)
Sn0; 5% Mg.

especially high for the MgO, and the 3480 cm™ ' band
is not observed. These spectra agree with the surface
evolution observed in Figs. 3 and 4 and indicates that
the surface chemical composition change and an
increase of surface concentration with additive oxide
may be assumed.

The surface composition modification is also obs-
erved in macro properties of the powders, as is seen in
Figs. 6 and 7. The electrokinetic mobility measure-
ments of the tin oxide based powders during the titra-
tion of the aqueous suspensions indicate the changes
in the isoelectric point with the increase of additive
concentration. The isoelectric point of the SnO; has

Absorbance

3750 3700 3650 3600 3550 3500 3450 3400
Wavenumber (cm™)

Fig. 5. DRIFT spectra of Fe,O; and MgO prepared by Pechini’s
method and calcined at 500 °C for 15 h.
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Fig. 6. Electrokinetic mobility vs. pH for SnO, based powders
with different Fe amounts.

shifted to basic pH values. This behavior is seen for
both additives and the isoelectric values are compiled
in Table 2.

Magnesium oxide is known to have a strong basic
surface with a pH on the isoelectric point reported
around to 12.5 [20]. The basic character of the hydro-
xyl group related to the 3700 cm™' band (pK, ~ 15)
[5,8] is probably the mainly responsible for this
behavior. The presence of Mg on the surface of
SnO, increases the intensity of the basic 3700 cm™!
band as observed in the FT-IR spectra and, therefore,
one may expect a increase in the basicity of the sur-
face. Fe,O4 also has a basic surface, but not as strong

2,0
—4—8n0,
15F —s—2 mol % Mg
—~ 10} —x—5 mol % Mg
0 . -—o— 10 mol % Mg
- 05}k
> o .\-}..'l xx
o~ 0.0 A oy x Pog, o
E ' a ‘ X WOOOCO00 %
@ a
g -0,5F AA [Sa—— L . X"><)ooo<’< :
= -10F \% .'l...‘.n
AAMAAAMAAAMAAA £
-1.5F AAAA a
_2‘0 1 1 1 1 1
2 4 6 8 10 12 14
pH

Fig. 7. Electrokinetic mobility vs. pH for SnO, based powders
with different Mg amounts.
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Table 2
Isoelectric points of SnO, based powders containing different
amounts of Fe and Mg obtained from Figs. 5 and 6

Additive
concentration (%)

Isoelectric point (IEP)

Fe Mg
0 3.8 3.8
2 4.6 57
5 52 9.4
10 6.6 10.5

as MgO, with isoelectric point equal to 8.3 [21]. The
SnO, based powders containing Fe would become
more basic while the surface is covered and would
also probably be related to the 3700 cm™' band.

It is important to note that surface behavior is a
function not only of a specific hydroxyl group, but a
sum of the influence of all hydroxyl types and their
relative amounts. The two hydroxyl bands at 3700 and
3480 cn™! present on the spectrum of SnO, powder
without additives also seem to determine the powder
suspension behavior. The band at 3700 cm ™" is related
to a basic hydroxyl site, and the 3480 cm™' may be
related to a more acid hydroxyl. These hydroxyls react
differently with water molecules in aqueous suspen-
sion and the electrophoretic mobility behavior will be
a balance between the both —~OH acidities. When Mg
or Fe is introduced to the system, the relative amount
of these groups is changed, and the balance will be
dislocated to more basic values.

It is interesting to note that in Figs. 6 and 7 most of
the curves show two inflections when titrated to basic
pH. This may be related to the two different hydroxyl
groups, i.e. hydroxyl groups with different pX, values,
as shown in the FT-IR spectra (Figs. 3 and 4). This
hypothesis is reinforced when at high Fe or Mg
concentrations the inflection phenomenon is seen less.
At high additive concentration it can be noted that the
peak at 3480 cm ™' is almost negligible, and just one
kind of hydroxyl group would be acting in the system.

4, Conclusions

Tin oxide based powders were prepared using
Pechini’s method and characterized by FI-IR, X-ray
diffraction, dynamic electrokinetic mobility and sur-
face area determination. Results showed that the

studied additives segregate onto the tin oxide powder
and change the chemical composition of the surface,
identified by modifications in the hydroxyl FT-IR
bands of the adsorbed hydroxyl groups. These surface
modifications change some macroscopic properties
of the powder, such as the isoelectric point (IEP) in
aqueous suspensions and the final specific surface
area. The [EP of the SnO, based powders change
for more basic pH, indicating that chemical composi-
tion of the surface changes, and increases the con-
centration of the additive. The increase of the surface
area with additive concentration is supposedly due to
the reduction of the surface energy of the powder when
additives segregate on the powder surface.
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Abstract

The microstructure and the structure of NiO-SnO, and Fe,0;-Sn0, were studied by X-ray diffraction (XRD) and adsorption
analysis (BET). The segregation of Ni or Fe on the surface of SnO, was observed even in specimens with 30 mol% addition. The
segregation caused a decrease in the surface energy of the powders and, therefore, an increase in the surface area as expected by
the Ostwald ripening model. After the saturation of the tin oxide surface, there is no increase in the surface area, but a decrease
due to second phase nucleation. Adding more Ni to the system, similar segregation of Sn on the surface of NiO as well as the
effect on the surface area were observed. In Fe,03-SnQ,, an iron phase other than hematite was detected at high concentrations
of Fe (Fe,03-20% Sn0,), suggesting the formation of magnetite or a ferrite spinel. Gibbs energy diagrams that could be used to

(ccccceccccccccccccccccccccccccocc

predict stable phases of certain compositions were drawn for both systems based on the observed data.

© 2003 Elsevier Science B.V. All rights reserved.
PACS: 81.20.E; 68.35.B; 61.10.N; 68.35.M

Keywords: Tin oxide; Microstructure; Additives; Surface

1. Introduction

Many studies have shown that several additives
(cations: Fe, Cu, Co, Cr, Al, Mn, Mg; and anions: P,
S) lead to an increase of the surface area of SnO,-based
powders [1,2]. Since the studied additives were che-
mically different, it was firstly suggested that the active
elements that stabilize the SnO, surface, and promote a
decrease in grain size, are not the additives themselves,

* Corresponding author. Tel.: +55-11-3001-5240;
fax: +55-11-3091-5421.
E-mail address: ricardo@cecm.usp.br (R.H.R. Castro).

but some induced defects related to either tin or oxygen,
influencing diffusion parameters [3-6].

Actuaily, the influence of additives in the micro-
structure of ceramic powders is usually related to such
diffusion parameters during thermal treatments [7].
However, the diffusion may be regarded as just the
path by which the system reaches the most stable
energetic state and some additives should also be
acting on driving forces for the microstructure modi-
fications. The use of the Ostwald ripening model
for studying the influence of additives on the micro-
structure of oxides has already been proposed [8]. The
model describes the particle size evolution during

0169-4332/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.
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crystallization at a constant temperature. The influence
of additives on the surface energy, an intrinsic variable
of Ostwald equation [7], is proposed to explain the
morphologic data. The surface energy decrease is rela-
ted to the segregation of the additives onto the surface
powder.

Usually, for many multicomponent systems, the
surface will be enriched by the constituent that has
the lowest surface free energy in order to minimize the
positive surface energy [9]. This enrichment should,
therefore, change the energy balances related to the
morphology of the powder, e.g. grain sizes and dihedral
angles, since interface energies are modified.

Reports have shown that several additives that
influence particle growth are prone to segregate onto
the surface of SnO,-based powders, and a significant
modification of the surface properties related to sur-
face composition was noted [3,4,8,10]. The aim of this
paper is to study the morphology of the Fe;03—SnO,
and NiO-SnQO, systems prepared by the Pechini’s
method [4,11] and to observe the relationship between
the segregation of the components and the observed
morphology. The effect of NiO or Fe,O5 as additives
on SnO, as well as SnO, as additive in both NiO and
Fe,05; were carefully studied by X-ray diffraction
(XRD) and specific surface area measurements.

2. Experimental procedure

Tin oxide-based powders, containing Fe and Ni ions
as additives, were synthesized by the polymeric pre-
cursor method [12], derived from the Pechini’s method
[11], without and with 0.5, 1, 2, 3, 4, 5, 10 and 30
mol% additive concentrations. Iron and nickel oxide-
based powders without and with 20 mol% Sn were
also prepared by the same method.

The synthesis process for the SnO,-based powders
can be described as follows: (a) addition of a cationic
precursor, Sny(CgO;H4)-H,O (tin citrate prepared
from SnCl,-2H,O—Synth {13]), into a solution of
20.6 wt.% ethylene glycol (Synth) and 47.7 wt.%
citric acid; (b) polysterification of the solution at a
temperature between 110 and 120 °C; and (c) thermal
decomposition [11,12,14]. In the thermal decomposi-
tion, the liquid precursor was first treated at 450 °C
for 4 h and, after grinding in an agate mortar; treated
for 15h at 500 °C. Fifteen hours was considered

adequate time for the system to reach the particle size
equilibrium. Fe(NO3)3-9H,O (Reagen—99.9%) and
Ni(NO;3),-6H,0 (Merk—99.9%) were added directly
into the liquid precursor.

For the nickel and iron-based powders with O and
20 mol% of Sn, the -cationic precursors were
Fe(NO3);-9H,0 and Ni(NO3),-6H,0 and the process
followed the procedure detailed above. The additive
was tin citrate,

The powders were analyzed by X-ray diffraction
with a model D8 Advance Bruker—AXS diffracto-
meter, with Cu Ko radiation (A = 1.5406 A). The
specific surface area, Sggt, of the calcined powders
was determined from N, adsorption—desorption
experiments using the BET method. The measure-
ments were performed with Micromeritics Gemini 111
2375 equipment.

3. Results and discussions

Specific surface area measurements of SnO,-based
powders show that both iron and nickel additives
drastically influence the morphology of the powders.
Table 1 summarizes Sggr data and is an evidence that
the addition of 30 mol% of either Ni or Fe increases
the surface area by a factor of ~3, and that the
increasing effect is independent on cation type. Con-
sidering diffusion parameters, the experimental sur-
face area data would only be expected if the diffusion
of the system decreases for increasing additives con-
centration. However, one may note that the valences of
both additive ions are lower than that of tin (44).

Table |
Specific surface area (Sger) of SnOs-based powders with different
additive concentration (Ni or Fe)

Additive concentration (mol%) SBET (m2/g)

Ni Fe
0 29.2 29.2
0.5 33.6 354
1 38.8 36.8
2 433 38.1
3 51.1 422
4 55.8 443
5 59.0 46.9
10 61.2 62.1
30 90.0 935
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Hence, even if the ions disperse into the lattice,
oxygen vacancies would be expected to be produced
in order to maintain charge neutrality, and hence the
diffusion would increase as well as the particle size.

As proposed [8], the final particle size should be
mainly dependent on the ratio between surface area
energy and bulk volume 1. A modification of any of
these energies by changes in the system composition
would generate microstructure changes. Except for the
nucleation of a second phase, the introduction of an
additive into the system should change the energy
balances and morphology of the powder, since the
additive would be positioned inside the lattice or at the
interface. XRD measurements of SnO, with Fe or Ni
presented only the SnO; tetragonal phase, even with
30 mol% of both additives (Figs. | and 2). Moreover,
two important points to note are the absence of second
phases nucleated by the additives for all concentra-
tions, and no displacements of the SnO, reflections,
indicating that there must be small or no solubility
of the additives in the crystalline bulk. These results
suggest that the ions must be segregated onto the
surface of the powder even at high concentrations
(<30%), and just an enlargement of the diffraction
peaks (after addition) is noticeable because the crys-
tallite size decreases.

Since multicomponent systems surfaces are usually
enriched by the component with the lowest surface
energy (9], the observed segregation indicates that
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Fig. 1. XRD patterns of tin oxide powders containing Ni: (a)
0 mol%, (b) 0.5 mol%, (c) 2 mol%, (d) 10 mol% and (e) 30 mol%.
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Fig. 2. XRD patterns of tin oxide powders containing Fe: (a)
0 mol%, (b) 0.5 mol%, (c) 2 mol%, (d) 10 mol% and (e) 30 mol%.

both Ni and Fe oxides have lower surface energies
than Sn0O,. The segregation decreases the surface
energy of the powder while the bulk energy is main-
tained constant. Hence, there is a driving force for
the particle size decrease, in order to raise the ratio
between surface area and bulk volume.

Despite even at 30 mol% total segregation of the
additives is still observed, since the surface has a finite
area and just a mono-atomic covering layer may be
expected [9,10], at a certain critic concentration the
additive will totally cover the surface. Beyond this
critical concentration, the additives cannot further
segregate and additional quantities will disperse inside
the lattice or nucleate a second phase, depending on
the total energy increment associated with each path.

Since the segregation is related to the surface energy
decrease, the saturation of the surface by the additive
indicates a point beyond which the surface energy
cannot be further lowered. If the bulk energy is kept
constant, this means that the particle size would be
constant with further increase in concentration of the
segregated component. This is expected when, after
surface saturation, there is nucleation of a second
phase. However, if the additive component disperses
inside the lattice after saturation, the bulk energy
would be changed and, therefore, also the particle
size, which depends on the ratio.

To further evaluate the behavior of the NiO-SnO,
and Fe,03;-Sn0, systems, we analyzed the morphol-
ogy of nickel and iron oxides with 0 and 20 mol% of
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Table 2
Specific surface area (Spgr) of NiO and Fe;O;-based powders as a
function of Sn concentration

Sn concentration (mol%) SBET (mzlg)

Ni Fe
0 17.1 11.5
20 434 47.8

Sn (that would correspond to SnO, systems with
extremely high concentrations of Ni or Fe). Pure
nickel and iron oxides presented low surface areas
(17.1 and 11.5m%g, respectively), but the areas
increased with the addition of the component Sn to
the system (Table 2). Influenced by Ostwald model,
this could be explained considering the segregation of
the Sn cations onto the powder surface. Actually, the
XRD measurements of NiO-20% Sn presented SnO,
tetragonal phase as well as NiO (Fig. 3) but, a pre-
liminary analysis shows no displacements of the NiO
or SnO, peaks. However, a broadening of NiO peaks
with the addition of the cations is observed. This
indicates a decrease of the crystallite size, possibly
related to the minimization of the interface energy by
the segregation of the cations.

This observation contradicts the hypothesis that
components with the lowest surface tensions are expec-
ted to segregate to the surface [9]. The experimental
data show that for both Sn0,-30% Ni and NiO-20% Sn
systems, the lower concentration component segregates
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Fig. 3. XRD patterns of nickel oxide powders containing Sn and

SnO, powder: (a) SnO,, (b) NiO-20% SnO, and (c) NiO.

to the interface and, moreover, the surface energy and
the particle size decrease in both cases. The segregation
is not directly related to the surface energy of pure
oxides but to the total energy entailed to the system
after the segregation. Considering each crystal a closed
system, and applying simple energetic arguments, it is
clear that, if the segregation of the additive component
is observed, the total energy of the crystal, specially of
its surface, must be lower than that of the pure one;
otherwise, the component would have nucleated a
second phase or dispersed inside the lattice.

A free energy diagram as a function of the compo-
sition for the bi-component system may be con-
structed based on the presented data. The Gibbs
free energy is here a composition of bulk and surface
energies contributions:

G = G(b) + G(s) 1)

As Ni is introduced to SnO,, the surface energy of
the single phase is decreased due to segregation of the
cation, and the bulk energy is kept constant. Therefore,
total free energy is expected to decrease in Fig. 4 and
the phase is stable. When the segregated element
saturates the surface of the base material, the compo-
nent is expected to nucleate a second phase or to
disperse into the lattice. The X-ray diffraction pattern
of Sn0,—40% NiQ in Fig. 5 shows the SnO, tetragonal
phase as well as small amplitude peaks of NiO as a
second phase. Therefore, no further decrease in the
surface energy may be expected and an adobe single

G=G(bHG(s)

NiO
_A

N\
Sn0; /
%

.

100 80 60 40 20 0 % SnO:
0 20 40 60 80 100 % NiO
’ S$n0, ‘ $n0; + NiO "NiO

Single Phase Single Phase

Fig. 4. Gibbs energy diagram for NiO-SnO,.
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Fig. 5. XRD patterns of tin oxide powder containing 40 mol%
NiO.

Sn0O, phase would become unstable (SnO, Gibbs
energy increases). At least up to NiO-20% Sn, the
bi-component system is composed by two phases. At
certain point between NiO-20% SnO, and NiO-0%
SnO,, no SnO, second phase would be observed, but
just small particles of NiO with Sn on the surface.
Therefore, a Gibbs energy curve for NiO may be
constructed in Fig. 4. This is the energy diagram for
the system at 500 °C. A phase diagram could be con-
structed joining energy curves for other temperatures
but this is not in the scope of this work. A schematic
representation of the morphology of the system is
presented for cleamness in Fig. 6. Note the decrease
in grain size with increasing coverage of the SnO, (NiO)
surface by Ni (Sn). Surface saturation is followed by
the nucleation of second phases.

A similar diagram can be constructed for the bi-
component system Fe,03-SnO,. However, for such
system the diagram should be more complicated.
In Fig. 7, very small quantities of hematite (Fe,O3)
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0 20 40 60 80 100 % NiO

Fig. 6. Schematic representation of the powder morphology
evolution with the composition of the NiO-SnO, system.
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Fig. 7. XRD patterns of iron oxide powders containing Sn: (a)
0 mol% and (b) 20 mol%.

are identified in the X-ray diffraction pattern of
Fe,03-20% SnO,, but SnO; tetragonal phase and some
foreign peaks (20 = 30.30 and 35.68°) are clearly
observed. These foreign peaks could be attributed to
(22 0)and (3 I 1) magnetite planes, respectively; how-
ever, the angles would be slightly displaced to higher
values indicating a decrease in the lattice parameters.
The peaks could also be related to ferrite spinels as
Fe, 95519 0504 115]; however, this should be discussed
in more details.

Despite the non-evidence of the nature of the foreign
diffraction peaks, an energy diagram may be drawn. Up
to the saturation of the surface of SnO, by Fe cations,

IOX
g _ ! Hematite
Magnetite
=4
8 Z
il
o
Sn0;
\ P
/
100 80 60 40 20 0 % Sn0:
0 20 40 60 80 100 % Fe203
) Sn0; j SnQ; + Magnetite ) L T
Single Phase Magnetite

Hematite

Fig. 8. Gibbs energy diagram of Fe,03;-SnO,.
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the energy curve should be similar to that of NiO-
SnO,. With increasing iron content, ‘“‘magnetite” is
nucleated up to a certain point. With further increase,
hematite is expected to occur as shown in Fig. 8. Due
to the formation of the unexpected phase, there are
insufficient data to construct a schematic representa-
tion of the morphology of the system, as constructed
for NiO-SnO,.

4, Conclusions

Microstructure and structure of NiO-SnO, and
Fe,03-Sn0;, systems were studied and the segregation
of the lower concentration component to the surface of
the powder matrix was observed in both cases. The
segregation caused a decrease of the surface energy of
the powders and hence an increase of the surface area.
After surface saturation by the component, there is
no further increase of the surface area, but instead a
decrease due to second phase nucleation. For Fe,O3—
20% Sn0,, an iron phase other than hematite was
detected and supposed to be either magnetite or a ferrite
spinel. Gibbs energy diagrams that could be used to
predict phases at certain composition were proposed for
both systems based on the observed data.
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Efeito do ion Mn como aditivo na transicdo de fase Y —a da alumina
(Study of the influence of the Mn ion on the Y= alumina phase transition)
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Resumo

A origem da transformag¢fio de fase da alumina tem sido alvo de intensos estudos devido a interesses tecnologicos
associados as fases cristalinas envolvidas. Entretanto, ha davidas quanto sua origem, principalmente quando se trata da
influéncia de aditivos na temperatura da transi¢do. Este trabalho tem como objetivo um maior esclarecimento dos
mecanismos pelos quais ocorre a transi¢do, partindo do estudo do efeito do ion Mn como aditivo. O ion Mn provoca
diminui¢do notivel da temperatura de transi¢doy — o. , sendo esta observada a 1012 °C para 10% mol de Mn, enquanto
que a 1100 °C para alumina pura preparada pelo método Pechini. A presenga de um tamanho critico comum tanto para
a transformagdo em Al,0, como Al,O,-10%Mn, juntamente com resultados de DRX apontando a solubilizagéio do Mn
na rede da alumina antes da transi¢io, refor¢am a natureza da transformagfo numa associagio de fatores energéticos e
cinéticos. Um tamanho critico ¢ fundamental para transformag#o, tendo sua origem na razio de energia de superficie e
de rede, mas seu alcance ¢ controlado por fatores cinéticos, que sdo modificados pela inclusio de aditivos.
Palavras-chave: alumina, transigfo, aditivo, energia, manganés.

Abstract

Despite the large number of studies concerning alumina phase transitions, many contradictions about their origins and
the influence of additives still remain. In the present work, alumina doped with Mn is used as a reference system to study
the mechanisms by which phase transformations occur. The introduction of Mn ions decreases the temperature of the
Y — o transition, which is observed around 1012 °C with 10 mol% of Mn while at 1100 °C for alumina synthesized by
the Pechini's route. The presence of a critical particle size similar for both doped and undoped material and the formation
of solid solution Mn with alumina indicate that the transition is dependent on energetic factors as well as on kinetic
Sfactors. A critical particle size controlled by the ratio between surface energy and bulk energy is required for
transformation to occur, but grain growth, which highly depends on the additives, determines when the system will
reach such critical value.

Keywords: alumina, phase transition, additive, manganese.
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INTRODUCAO

A sintese de oxidos metalicos freqiientemente fornece
materiais com estruturas diferentes das fases
termodinamicamente estaveis. Este caso se aplica ao 6xido de
aluminio (AL,O,) que, de modo semelhante & zirconia (ZrO,)
tetragonal € a itria (Y, 0,) monoclinica, surge usualmente como
aluminas de transigéo, tais como gama, teta e eta-alumina,
durante o processo de sintese [ 1, 2]. O surgimento destas fases
metaestaveis € por vezes aceito como um fator depreciador da
energia total do sistema a partir de um decréscimo na energia
de superficie. Assim, fases metaestaveis, ou de transigéo, cujas
energias de superficie sdo usualmente menores que as das fases
estdveis, seriam priorizadas pela utilizagfo de sinteses gerando
produtos com elevadas dreas especificas. No entanto, algumas
duvidas quanto as evolugdes destes sistemas para as fases
termodinamicamente estdveis surgem particularmente na
discussdo da morfologia durante a transi¢do e da influéncia de

aditivos no fendémeno.

O efeito da energia superficial nestas transformagdes foi
alvo de amplos tratados na literatura [1, 3, 4]. Particularmente
para estudos sobre 6xido de zirc6nio, um tamanho critico de
particula foi introduzido, a partir do qual a estrutura se
transforma. Isto ¢, sendo a energia livre de superficie da
estrutura tetragonal menor que da estrutura monoclinica, se
um monocristal coalescido € sujeito a um processo de
subdivisdo, resultard uma competi¢fio entre a mudanga na
energia livre da rede cristalina e a energia de superficie
associada a transformagfio. Em algum ponto, ao passo que a
razdo de atomos de superficie e da rede se aproxima de um
valor critico, a forma tetragonal sera estavel mesmo numa
temperatura T<<T_, onde T significa a temperatura de
transi¢fio de um cristal infinito. Pode-se quantificar a discussfo
equacionando a variagdo de energia livre de um monocristal
igualando a zero no valor critico de particula. Para um cristal
esférico de raior:
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AG, = (413} AG,, +4mr 2 AG,, =0 (A)

onde AG_ e AG,  se referem as mudangas na energia livre
por unidade de volume e por unidade de area, respectivamente,
associadas a transigéo; r, denota o valor do raio critico da
particula necessario para transicéo.

Assim como para a zirconia, diferengas marcantes nas
estruturas das fases da alumina geram energias superficiais
distintas, sugerindo a aplicabilidade do modelo também a este
sistema. Simulagdes em dindmica molecular das superficies
dos polimorfos y-Al,0, ¢ a-AL,O, apontam as energias de
superficie de alfa significativamente maiores que aquelas para
gama, independentemente do plano de exposi¢o [5].
Considerando, no entanto, os resultados para exposigéo
preferencial das superficies de menor energia [o-ALO, (0001);
¥-ALO, (001)] e aplicando a discussdo acima apresentada,
gama deve tornar-se energeticamente estavel quando a area
superficial exceder ~125 m%/g. Baseado nestes célculos
preliminares, o modelo do tamanho critico foi aplicado a
transi¢io da fase gama para a fase estavel alfa [1, 6].
Apresentando medidas reais das energias de superficie das
fases envolvidas nas transi¢des, demonstrou-se uma area
superficial critica (tamanho de particula critico) para a presenga
da estrutura gama de ~100 m*g, abaixo da qual ocorre a
transi¢do para estrutura alfa [1].

Ademais a elegancia do modelo acima apresentado e
satisfatoriamente demonstrado, observagdes experimentais,
particularmente quanto 4 microestrutura das particulas durante
a transigdo, colocam dividas quanto ao modo como ocorre
efetivamente a transformagdo. A aparente dependéncia da
nucleagdo de o-ALO, no tamanho do cristal de y-Al,0, pode
levar a aplicagfio de um modelo de nucleagfio martensitica &
transformagio ou até um modelo de nucleag8o por difusdo [7,
8], resumindo o escopo da energia & afirmagdo de que a
transi¢dio é termodinamicamente favoravel devido a alta
estabilidade da rede cristalina na fase transformada.

Transformag¢des martensiticas geralmente encontram
efeitos de tamanho de grdo e de cristal devido & natureza
cooperativa dos movimentos atdmicos envolvidos [8]. Como
atomos da superficie, do contorno de grio e contidos nos
defeitos nfo sfo tdo tensionados como os atomos da rede
cristalina, estes resistem a um processo cooperativo. Pequenos
cristais contém um nimero de atomos de superficie por unidade
de volume maior que cristais maiores e, deste modo, séo menos
propensos a transformagdes martensiticas. Cristais menores
também contém menor potencial de nucleag¢do de defeitos, o
que aumenta a probabilidade de catalisar um processo de
nucleagio (nucleagio heterogénea). A teoria de transformacfo
martensitica, entretanto, é aplicada apenas ao mecanismo de
nucleagdio. O crescimento de a-Al,O, apds a transformagéo
deve proceder-se por crescimento por difusdo, levando a
microestrutura vermicular caracteristica de alfa [9].

Sugere-se, no entanto, improvavel a presenga de dois
mecanismos de transformagéo envolvendo o mesmo fenémeno.
Deste modo, a observagio de um tamanho critico de particulas
pode ainda ser relacionada a processos de difuséio governando

a transformagdo desde o inicio [7]. Sendo a nucleagdo por
difusdio mais favoravel em superficies € contornos, a-AlLO,
seria esperado nuclear na superficie de cristais de y-A1,0, ou
em pescogos entre cristais. Assim, um tamanho critico de cristal
pode ser necessario para a nuclea¢do por difusfo, pois os
cristais y-AlL,O, devem coalescer suficientemente para produzir
sitios potenciais de nucleagéo de @-Al,O,. Esta explicagio vem
satisfazer a observa¢io marcante do tamanho de particula
médio consideravelmente maior da fase nucleada j4 nos
primeiros momentos da transformagfo se comparada com a
fase inicial.

Apesar da coeréncia individual de cada modelo proposto
para a transformagdo, sendo, numa analise preliminar, todos
satisfatérios, quando tratando da influéncia de aditivos no
fenémeno, a literatura trata os efeitos dos aditivos como simples
controladores de mecanismos de transporte de massa. A
maneira pela qual estes aditivos agem exatamente, entretanto,
¢ incerta e dispar, sendo dadas explicagdes isoladas para cada
ion aditivo estudado, apesar do niimero de esforgos no sentido
de sistematizar o quadro [10, 11, 12].

Foi proposto que alguns aditivos que diminuem a
temperatura da reagéo de transformagédo (Zn, Ti+Cu, Ti+Mn,
Cu, V, e Li) devem formar uma fase liquida a temperaturas
menores que a temperatura normal de transformagdo [12].
Desde que o processo deveria ocorrer por nucleagfo de
crescimento, este deve ser acelerado pela fase liquida que
permite um aumento no transporte de massa via mecanismo
de solugdo-precipitagio. Alguns estudos endossam a hipdtese
de fase liquida no efeito do ion Cu?* como aditivo de controle
de temperatura, 0 qual pode estar relacionado com uma fase
liquida numa temperatura eutética em Cu,0-CuO-ALQ,
derivada da presenga inicial de CuALO, [13]. No entanto, estes
mesmos estudos mostram que o efeito do ion Mn?* néo esta
relacionado com a formagd@o de fase liquida, mas com a
formagéo de grios de Mn,O, e MnALO, que funcionariam
como sitios de nucleagfo heterogéneos. Ainda outros estudos
com outros diferentes aditivos foram realizados, dos quais
Fe¥* e Ti* identificaram-se como marcantes aceleradores [14,
15], mas o mecanismo de atua¢io n#o ¢é esclarecido.

Centrando o estudo no ion Mn, a literatura reporta a
temperatura de inicio de cristalizagdo da o-alumina sendo
decrescida & 900 °C com a adi¢do de 7% em mol de éxido de
manganés [16]. Este trabalho aponta por analises de difragéo
de raios X que ndo ha formacfo de fase secundéria do
manganés durante a calcinagio da alumina dopada com Mn e
tampouco solubilizagdo do ion na rede do 6xido matriz, o que
se opde a resultados previamente estabelecidos [13] e
desacredita uma teoria de nucleagdo heterogénea por fases
secundarias assim como formagdo de fase liquida. O trabalho
propde, em contraponto, que haja segregag¢do do aditivo para
a superficie do grao, semelhante ao que acontece para pos de
Sn0O, dopados com Mn, Fee Mg [17, [8], sendo este fendmeno
ligado ao carater covalente tanto das ligagdes Sn-O quanto
das Al-O [19]. No caso do Sn0O,, a segregagio dos aditivos foi
reportada como intimamente ligada a4 diminuig¢&o na tensfo
superficial dos cristais, observando um aumento na area de
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superficie do material com um aumento da concentrag¢io de
aditivo [18]. Para a alumina, o excesso superficial do aditivo
estaria ligado a um controle da energia do sistema ¢, portanto,
da temperatura de transi¢3o.

Estes tltimos dados abrem discusséo da real influéncia dos
aditivos na transi¢io de fase y—o da alumina. O presente
trabalho tem como objetivo o estudo da influéncia do ion Mn
na transi¢#o, considerando a possibilidade de modificagdo de
energias superficiais e fatores cinéticos relacionados. Os jons
Mn sédo adicionados a alumina sintetizada por um processo de
precursores poliméricos, € o efeito na temperatura de transigéo,
bem como érea especifica (tamanho critico) e difragdo de raios
X, sdo correlacionados de modo a fundamentar a a¢io global
do aditivo.

MATERIAIS E METODOS

Para produgdo da alumina foi utilizado método baseado
na patente de Pechini [16], que propde uma via de preparagdo
quimica de 6xidos que limita a adi¢do de contra ions
inorgénicos e permite a cristalizagfo lenta das particulas. O
precursor polimérico foi preparado pela adi¢do de AI(NO,),
anidro P.A. (Synth - >98%) a uma solugfio de 4cido citrico
anidro P.A. (Synth —>99,5%) e etileno glicol PA. (Synth) na
propor¢do 23,32%, 44,21% e 29,47 % em massa,
respectivamente. Seguiu-se um processo de polimerizagdo a
120 °C, decomposi¢do quimica a 450 °C por 4 horas,
desaglomeragiio e calcinagfo a 500 °C por 15 horas.

Aluminas contendo 3, 5 e 10% em mol de Mn foram
preparadas pela inclusio do aditivo na forma de carbonato de
manganés (II) P.A. (Alfa Aesar — 99,9%) na etapa anterior a
decomposi¢io quimica, levando a incorporagfo do aditivo na
fase liquida e, logo, 4 boa homogeneidade de distribui¢do do
aditivo,

Para determinagfo da temperatura de transigdo do po6 puro
¢ contendo Mn foi realizada analise térmica diferencial (DTA)
A taxa de 10 °C por minuto em atmosfera de ar sintético partindo
da temperatura ambiente até 1300 °C. Foi utilizado para os
ensaios o equipamento de Analise Térmica Simultdnea STA-
409E - Netzsch.

Determinada a temperatura de transi¢fio para cada po,
amostras de alumina pura e contendo 10% em mol de Mn
calcinadas a 500 °C/15 h foram aquecidas em um forno tubular
partindo da temperatura ambiente até as temperaturas de
interesse a 10 °C/min, sem patamar, de acordo com os
resultados de DTA, de modo a obter as estruturas durante a
transi¢do. Assim, para alumina pura, foram calcinados pos a
1055, 1080, 1100, 1120, 1158, 1200 e 1230 °C. Para alumina
10% em mol Mn, amostras foram calcinadas a 975,995, 1015,
1055, 1085, 1100 e 1120 °C.

Cada amostra calcinada teve entfio sua area especifica
determinada pelo método BET (Micromeritics Gemini 111 2375
Surface Area Analyser), ap6s tratamento a 180 °C em vacuo
por 12 horas.

Analises de difra¢do de raios X (DRX) foram realizadas
em amostras de alumina pura calcinadas segundo o

procedimento descrito & 1080 °C e alumina 10 % Mn a 975 °C,
num difratdmetro de raios X Bruker-AXS D8 Advance,
utilizando tubo de Cu com passo de 0,05°/5 s no intervalo de
20 de 20 a 80° e contendo padrio interno de Si.

RESULTADOS E DISCUSSAQ

Dados experimentais confirmam a a¢fo do fon Mn como
redutor da temperatura da transformagéo de y-Al,O, para o~
ALO,. O efeito do aditivo é progressivo com a concentragio,
como apontado na Fig. 1, na qual o aumento do teor do fon
provoca deslocamento do pico exotérmico caracteristico da
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Figura 1: Andlise térmica diferencial de alumina com diversas
concentragdes de Mn, evidenciando pico exotérmico da transigio de
fase y—>o-ALO,.

[Figure 1: Thermal analysis (DTA) of alumina and alumina with
different concentrations of Mn.]
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Figura 2: Valores dos picos exotérmicos do DTA da transigéo de fase da
alumina, mostrando a influéncia do aumento da concentragéio de Mn,
[Figure 2: DTA exothermic peak values showing the influence of
Mn on the transition temperature. ]
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transi¢do para temperaturas mais baixas, alcangando 1058 °C
com 10 % em mol do aditivo. A Fig. 2 compila os valores dos
picos exotérmicos em fun¢do da concentragio de Mn na
alumina. Nota-se que o comportamento da Fig. 2 ¢é
praticamente linear, estando o coeficiente angular ligeiramente
diminuido em médulo quando a concentragdo atinge 10% em
mol, apontando um possivel ponto de estabilizagdo em
concentragdes mais elevadas. Esta estabilizagdo pode e deve
estar relacionada a distribui¢8o e saturagdo do aditivo na
matriz, assim como observado para o SnQ, [18].

O mecanismo de atuagdo do aditivo na redugdo da
temperatura de transi¢io pode ser analisado avaliando,
primeiramente, as hipoteses apresentadas na literatura sobre
os reguladores do fendmeno. Supondo a hipétese de segregacgio
do aditivo na superficie da y-alumina [16], o valor da energia
livre por volume da rede nfo seria alterado, pois as ligagdes
ndo sio rompidas ou distorcidas, mantendo-se a simetria da
rede. Assim, a energia livre de rede do material puro e contendo
o aditivo seria a mesma. A energia de superficie, por sua vez,
seria minimizada pelo excesso do aditivo na regido e alteraria
o tamanho critico da transi¢do, desde que este ¢é
fundamentalmente dependente da relagdo entre as energias de
superficie e de rede [1, 3]). Observando os dados de area
especifica na Fig. 3, nota-se uma variagfo abrupta da drea no
inicio da transi¢do (comparando com as anélises de DTA na
Fig. ) para alumina pura e¢ contendo 10% em mol de Mn.
Ademais, estudando os valores da transig&o, a area critica para
inicio (70 °C antes do valor maximo do pico) da transformagdo
para alumina pura gira em torno de 47,1 m?/g, ao passo que a
area critica do material contendo o aditivo para estagio
equivalente da transigdo ¢ 45,3 m¥/g. Aplicando o modelo de
tamanho critico com particulas esféricas, fixando o valor da
energia de rede como constante, o resultado implica em valores
também semelhantes das energias de superficie de cada
material (o,, ~1,02 opum). Isto ¢, a hipdtese de variagdo de
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Figura 3: Area especifica em fungfio da temperatura de calcinagdo
para alumina pura ¢ contendo 10% em mol de Mn.

[Figure 3: Specific surface area of pure alumina and alumina with
10 mol% Mn as a function of the calcination temperature. ]
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energia superficial para este sistema ¢ falsa, a menos que
acompanhada por variagdo proporcional de energia na rede,
com uma constante de proporcionalidade dependendo de
fatores exclusivamente geométricos. Esta situago concorda
com uma solubilizagdo do aditivo na rede, ao invés da
segregacdo na superficie, ocupando posi¢es de adtomos de
aluminio e gerando, se necessario, vacéncias de oxigénio para
manter neutralidade de carga do sistema ou, no caso extremo,
a formagio de um novo espinélio.

Esta possibilidade foi estudada por difragiio de raios X,
analisando o deslocamento de picos na curva de DRX, tendo
como padrdo Si. O p6 analisado foi “congelado” na situagfio
imediatamente anterior & transi¢fio, determinada pela curva
de DTA. Assim, a alumina pura calcinada a 1080 °C ¢ a
alumina-10% Mn a 975 °C foram estudadas. A andlise de
DRX de ambos os pds apresentam como fase principal uma
alumina de fransi¢fo adicionada, no caso da alumina pura, de
uma pequena por¢do de a-alumina ja transformada (Fig. 4).

A estrutura da y-Al,0, ainda € foco de alguma discussio;
no entanto, é comumente aceita como um espinélio defeituoso.
Tais defeitos tém de ocorrer, pois a estequiometria da ALO,
ndo comporta uma estrutura espinélio. Se todas as posigdes
catidnicas da estrutura espinélio fossem completadas com
atomos de aluminio, haveria um excesso de aluminio. Assim,
algumas posi¢des devem permanecer vazias. Sitios catidnicos
de dois tipos aparecem no espinélio: tetraédricos e octaédricos.
A questdio que permanece ¢ onde as vacéncias prevalecem.
Estudos experimentais sdo contraditérios quanto ao assunto
[5, 20], no entanto, simulagdes considerando a presenga de
vacincias apenas em sitios tetraédricos suportam esta
possibilidade [21]. Assim, a estrutura pode ser derivada do
espinélio normal AB,O,, no qual cations B trivalentes ocupam
metade dos sitios octaédricos e cations A divalentes ocupam
1/8 das posi¢des tetraédricas. Se a formula Al O, é expressa
como Al, O, e é assumido que dois ions Al ocupam sitios

(a) ALO,
(b) ALO, - 10% Mn
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Figura 4; Curva de difragfio de raios X para alumina pura calcinada
a 1080 °C e alumina-10% Mn calcinada a 975 °C.

[Figure 4: XRD of pure alumina calcined at 1080 °C and alumina
with 10 mol% Mn calcined at 975 °C.]
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octaédricos e 0,67 ocupam sitios tetraédricos, o restante 0,33
de vacincias catiénicas deve estar preferencialmente
localizados em sitios tetraédricos [22].

O difratograma na Fig. 4 aponta a presenga de reflexdes
caracteristicas dos planos do espinélio y-Al, O, tanto para
alumina pura como para alumina contendo manganés [23].
Uma observagdo mais detalhada das curvas de DRX revela
uma influéncia consideravel do aditivo Mn na estrutura do
espinélio, sendo notada solubilizag@o do ion na rede, o que
poderia interferir em fatores cinéticos para a transformagéo
de fase da alumina como veremos. A Fig. 5 ressalta um
deslocamento do pico de reflexdio do plano (220) com a
inclusdo do aditivo. Através de refinamentos Rietveld de DRX
e simulagdes computacionais [23] propds-se a associagdo das
zonas de reflexdo com sub-redes de aluminios tetraédricos,
octaédricos e sub-redes de oxigénio presentes no espinélio.
Desta maneira, o plano (220) ¢ relacionado exclusivamente a
sub-rede de Al tetraédricos, o que caracteriza uma substitui¢io
acentuada do Mn nestes sitios. Os ions Al destes sitios sfo
preferencialmente divalentes, podendo ter algum grau de
desordem e troca com cations trivalentes de posigdes
octaédricas [24]. Para possuir raio idnico semelhante ao A%,
Mn deve aparecer também como cation divalente, sendo esta
substitui¢io neutra, ndo devendo surgir vacincias de oxigénio
relacionadas.

Apesar da auséncia de reflexdes particulares dos sitios da
sub-rede de Al octaédrico, reflexdes com participagio
pronunciada destes sitios também apontam deslocamentos,
como por exemplo os planos (440) e (222). O plano (222)
(Fig. 6) foi correlacionado a a¢dio conjunta dos sitios
octaédricos e sub-rede de oxigénio [23]. Observando o
deslocamento para dngulos menores, bem como diminuigfo
da intensidade do pico, acredita-se que haja substitui¢do do
Mn nos sitios octaédricos e ainda uma diminuigfo na ordenagéo
da sub-rede, tornando a estrutura mais semelhante 4 alumina
de transi¢do n-alumina do que y-alumina propriamente dita.
Estes dois isomorfos apresentam pequenas diferengas quanto
as temperaturas das transi¢des. Assim, foi proposto que mesmo
Y-ALQ, possuindo uma sub-rede de oxigénio mais ordenada
que 1-AlQ,, os sitios tetraédricos pouco ocupados de
coordenagdo 48 na estrutura 7, tanto em distribuicdo e
ocupagio, mais aproximados dos sitios tetraédricos de a-Al,O,
que os sitios tetraédricos mais ocupados de coordenagéo 8 da
¥-AlLO,, fazem com que a temperatura de transigéo de 1 seja
mais baixa [23]. Esta hipotese ¢ uma possivel explicagdo para
o sistema, mas pouco provavel quando observado o tamanho
de particula critico semelhante para os dois isomorfos neste
trabalho.

A semelhanga dos raios de Al*" ¢ Mn* indica que a
substitui¢fo dos sitios octaédricos deva ocorrer com este grau
de oxidagdo do manganés. Assim, vacincias de oxigénio devem
se formar para manter a neutralidade do sistema. Estas
vacdncias seriam, portanto, responsaveis pelo aumento da
difusfio no sistema e conseqiiente aumento do crescimento de
grdo, como observado nas analises de area superficial, onde o
p6 contendo o aditivo tem tamanho de particula maior numa
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Figura 5: Curva de difragdo de raios X para alumina pura calcinada
a 1080 °C e alumina-10% Mn calcinada a 975 °C centrada no pico
de reflexdo do plano (220).

[Figure 5: XRD of pure alumina calcined at 1080 °C and alumina
with 10 mol% Mn calcined at 975 °C; (220) diffraction plane.]
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Figura 6: Curva de difragéio de raios X para alumina pura calcinada
a 1080 °C e alumina-10% Mn calcinada a 975 °C centrada no pico
de reflexdo do plano (222).

[Figure 6: XRD of pure alumina calcined at 1080 °C and alumina
with 10 mol% Mn calcined at 975 °C; (222) diffraction plane.]

temperatura de calcinagdo menor.

A coincidéncia dos valores criticos de transi¢do observada
para as estruturas contendo ou nfo o aditivo desacredita a
origem destes na nucleagdo heterogénea ou transformagéo
martensitica, como proposto. Os fatos vém reforgar a origem
da transformagfio numa associagdo de fatores energéticos e
cinéticos. O tamanho critico é fundamental para transformaggo,
tendo sua origem na razdo de energia de superficie e de rede
do material, mas o alcance da configurago critica pelo sistema
¢ controlado por fatores cinéticos, que sdo modificados pela
inclusdo de aditivos tais como o ion Mn.

O efeito do Mn € progressivo com a concentragdo, desde
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que a substitui¢io na rede e desordenagio da sub-rede
do oxigénio é gradual. Uma saturagdo da rede pelo aditivo
causaria a diminui¢#o do efeito deste como agente redutor
da temperatura de transi¢do, desde que a cinética ndo
seria mais alterada, ji que a quantidade de defeitos é
estavel.

Ap6s o alcance do tamanho critico, as particulas deven
sofrer transformagdo martensitica, ocorrendo reorientagio das
ligagBes, de maneira a minimizar a energia da rede a qual tem
seu volume progressivamente aumentado [23, 25]. Tratando-
se de reagfio exotérmica, desde que a minimizagdo da energia
darede cristalina sobressai ao aumento da energia de superficie,
a energia liberada é responsavel por um aumento local da
difusdo dos atomos, os quais conduzem a um crescimento de
grio acelerado, fazendo com que os picos de alfa-alumina no
difratograama de raios X surjam inicialmente ja definidos e
finos [3].

CONCLUSAO

A temperatura de transi¢do y—o da alumina foi controlada
pela adi¢fio de Mn. Com 10% em mol de Mn a temperatura foi
diminuida para 1012 °C. Um tamanho critico de particula para
a transi¢fo foi observado, sendo seu valor semelhante tanto
para alumina pura quanto para alumina contendo 10% Mn.
Esta observagio associada a solubilizagdo do aditivo na rede
da alumina de transig#o, demonstrada por analises de difragdo
de raios X, indica a dependéncia da transigdo tanto com fatores
termodindmicos como cinéticos. Isto é, um tamanho critico de
particula para transigdo, dependente da raz&o entre a energia
de superficie ¢ da rede, é fundamental para ocorréncia do
processo, mas o alcance deste tamanho de particula pelo
sistema é dependente da cinética de crescimento de particula,
que por sua vez é dependente da agdo de aditivos. No caso do
Mn, o aditivo aumenta a difusio no sistema quando
solubilizado, diminuindo a temperatura de transig#o, ja que as
particulas crescem mais rapidamente.
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Abstract
Surface modification of ceramic powders is an important method to change and control
the the properties of the material. Grain size, surface charge density and consequently
the powder|surroundings interfacial properties can be modified by the use of additives.
The surface properties of SnO,-based powders doped with F, prepared via an organic
chemical route derived from Pechini’s method, was studied using infrared spectroscopy
(FT-IR), surface area determination, X-ray diffraction (XRD) and dynamic
electrophoretic mobility. The results showed that there is an F saturation concentration
and above 5 molar %, the surface characteristics of the powder became constant.
Addition of F to SnO, during powder preparation results in a powder with an acid
surface (isoelectric point = 3.31) and small grain size. This work shows arguments that

support the additives surface segregation.

Keywords: SnO,, Pechini, Segregation, Dopants. Fluorine.



1. Introduction

Tin dioxide has been widely used in the ceramics and glass industry as base for
pigments or as an opacifier [1]. However, because of its optical transparency and
electrical conductivity (increased by doping), among other properties, make it suitable
for many varied applications such as in gas sensors, in solar cells or as anodes for
sewage or water treatment [2]. Indium doped tin oxide (ITO) films are widely used
because of their high electrical conductivity and optical transparency. Based on the
relative commercial success of that material, SnO, doping has become subject of many
investigations. Several elements are being studied as potential additives, and we have
studied the effect of added Fe and Mg on the properties of SnO, based powders [3]. The
macroscopic properties of an oxide powder, such as catalytic activity, depend strongly
on the acid/base characteristics of the oxide|surroundings interface. We have shown that
the nature and content of the dopant control the characteristics of the powder such as
grain size and surface charge density and therefore, the oxide|surroundings interface.
Literature already presents some studies on the use of fluorine as dopant for tin oxide
[1,4-6]. However, most of the studies describe the effect of processing conditions and
parameter on the characteristics of the resulting material and, therefore, there is still a
lack of basic studies to explain and rationalize the achieved results. To have a better
understanding of the effect of fluorine doping on the properties of tin oxide based
powders, this paper discusses the resulting surface characteristics of fluorine doped tin
oxide powders prepared via Pechini’s method in terms of the mechanism of dopant
incorporation into the powder. The powders were characterized using X-ray diffraction
(XRD), dynamic electrophoretic mobility, infrared spectroscopy (FT-IR) and surface

area determination.



2. Experimental Procedure

SnQO, powders were prepared using a modified Pechini method, as described
elsewhere [3]: (a) the cathionic precursor was prepared by mixing 20.6 wt.% tin citrate,
Sny=(CsO7H4).H2O, (prepared from SnCly) with 47.7 wt.% citric acid and 31.7 wt.%
ethylene glycol. Enough HNO; was added to the mixture to assist the complete
dissolution of the citrate; (b) polyesterification of the mixture at a temperature between
180 and 200 °C; and (c) thermal decomposition in two stages; pre-heating at 450 °C for
4 hours; after desaglomeration, the solid was heated at 500 °C for 15 hours. Dopant was
added in the form of HF before the calcination step. Powders were prepared containing
1, 5 and 10 molar % F (nominal concentration).

The specific surface area of the powders was measured using a Spgr —
Micrometrics Gemini III 2375 Surface Area Analyser and the electrokinetic mobility
was determined by electrokinetics sonic amplitude, ESA, measurements. For these
measurements, aqueous suspensions of the powders (1 vol.%) were prepared. To
prepare de suspension the powder and the corresponding amount of water were mixed
and ball milled for 16 hours. Milling was necessary to break the agglomerated material
resulting from the calcination. Titration of the suspensions to determine the isoelectric
point (IEP) was carried out using 2 M HNO; and 2 M KOH. Physical and chemical
characteristics of the powders were determined by XRD (X-ray Diffractometer, X
Bruker AXS Model D8 Advance) and FT-IR spectroscopy (Magna 560 Nicolet).
Thermogravimetric studies (Shimadzu TGA-50; air atm, 50 mL/min; 10 °C/min) were
performed in two different conditions: (a) under dry atmosphere; and (b) under high

water vapour content atmosphere.



3. Results and Discussion

Figure 1 shows the XRD patterns for the SnO, powders with different F content.
It shows that addition of the dopant did not result in the development of new crystal
orientations or changes in preferential orientations. Hence, independently of the
presence or absence of the dopant the material is constituted of one single phase,
tetragonal SnQ,. Figure 2 shows a blow-up of the XRD pattern for the peak
corresponding to the (110) orientation for the non-doped SnO- and doped with 10 molar
% F. 1t is clearly seen that the presence of the dopant did not alter significantly the
position of the XRD peak but decreased slightly its intensity. The same behavior was
already observed for Fe and Mg doping [3]. This observation is strong evidence that the
addition of a dopant in the processing of SnO; powders does not favor the formation of
a solid solution and therefore, the only reasonable explanation is that F segregates to the
surface. Solid solution formation is the most common explanation for additive action.
Additive species enter the grain structure causing the development of defects, which are
responsible for electric conductivity improvement. Given that we did not observe the
formation of a solid solution, increase in conductivity and transparency of SnO, films
and ceramics by the incorporation of dopants cannot be rationalized using that model. A
possible explanation for the effect of the additive on the observed conductivity changes
is the lowering of the potential barrier between grains by the presence of the segregated
dopant in the grain boundaries. Additionally, the observed peak enlargement is an
indication that the presence of the dopant decreased the crystallite size. Particle size,
calculated using the Scherrer formula [7], decreased from 15 to 10 nm with increasing
additive content.

As expected from the XRD analysis, the effect of additive content on the surface
area of the powder is to increase the area with increasing dopant content (Figure 3).

With the addition of 10 molar % F there was an increase of 46 % in the surface area. It



shows that the surface area of the SnO, powder increased sigmoidally with the content
of added F. After an initial linear increase of the surface area with the additive
concentration, it tended to attain a constant value for F content > 5 molar %. From this
observation it can be inferred that there is an F saturation concentration and therefore,
above an F concentration of 5 molar %, certain characteristics of the material would
remain constant.

If fluorine segregates to the surface, surface charge density would be strongly
negative or at least, more negative than the undoped material. Dynamic electrophoretic
mobility measurements show exactly this behavior (Fig. 4). A shift in the IEP
(isoelectric point) to more acid values is observed whilst the oxide is doped with F.
Because the surface density charge is becoming more negative, more acid is needed to
neutralize the surface. Moreover, the effect is little affected by doubling the additive
content, supporting the suggestion that there is an additive saturation concentration
between 5 and 10 molar % of fluorine. Processing SnO, under dopant saturation
conditions yields a powder showing determined interfacial characteristic, i.e., minimum
IEP and maximum surface area. Table 1 shows IEP values for SnO, doped with an
anion (F, from fig. 4) and with cations (Fe and Mg, from previous results [3]). It shows
that the IEP for SnO,-based powders shifts to more positive values with the dopant in
the following sequence: Mg > Fe > F. The observed acidity of SnO,-based powders
containing Fe or Mg as dopant was already discussed elsewhere [3]. The main
conclusion that can be drawn from Table 1 is that depending on the dopant, one can
choose the surface charge of the tin oxide powder just by choosing the correct dopant
and its content. The use of one of the studied additives allows the preparation of doped
tin oxide with surface charges that can vary from acid values up to basic ones. Hence,
by changing the surface charge, the affinity of tin oxide in different media can be

controlled.



Reflectance infrared spectra (DRIFT) for the undoped SnO, powder and for the
oxide containing different doping concentrations are shown in Figure 5. The sample
containing no dopant shows a spectrum having two bands: 3700 and 3480 cm’. These
bands refer to —-OH surface groups [8]. Presence of F in low concentration (1 molar %
F) diminished the intensity of the bands and, for higher F content, they were totally
suppressed. However, it is important to highlight that the noise vs. signal relation
becomes worse to the doped powders, It happens because the grains become too small.
Then, one cannot assure if these bands were really suppressed. The bands between 2000
and 1000 cm™, related to adsorbed water, shows the same behavior. A more detailed IR
study about the tin oxide system was already done [ref dos alemdes], showing that the
SnO, surface is very sensible, and depending on the way the powder is prepared and
stored, these bands can vary. Therefore, fluorine addition can really be changing the
surface hydroxil groups.

In order to obtain more information about water adsorption, thermoanalysis were
performed. Results showed some differences in water adsorption for the samples kept
under dry atmosphere (fig.6). As can be seen, fluorine is modifing the adsorption
mechanism because there are two more types of water adsordeb in the doped powder
(37 and 48 °C). It probably happens due to hydrogen bonds between water and fluorine.
Moreover, when treated under a high water vapour content atmosphere, 10% F powders
present less relative water adsorption. Undoped powder showed around 16,5% of water
content, while 10% F powder showed around 15,3%, but its surface area is 46% greater.

Although the infrared results are not totally reliable, the other techniques were
able to assure that fluorine addition occurs onto the powder surface. Moreover, it
clearly causes changes in the surface properties of the powder and influence the grain

size.



4. Conclusion

Fluorine doped tin oxide were prepared via Pechini's method. FT-IR, XRD,
surface area determination and dynamic eletrocphoretic mobility were used to
characterize the powders.

The presented results show modifications on the grain surface when fluorine
ions are added, yealdind to changings in the isoelectric point to more acid values plus a
surface area increase. Furthermore, XRD shows no solid solution formation, the only
phase being tetragonal SnQO,, confirming that the additive is only segregating onto the
grain surface. The surface energy is probably reducing due to the fluorine presence,
which explains the increase in the surface area.

The surface segregation of additives was already showed in previous studies, but
na anion. Moreover, the use of halogens as tin oxide additive is very interesting, since
they do not absorve visible light. So, these kind of material has a good potencial to be
either applied as transparent and concucting films, or simply as an additive to improve

the tin oxide ceramic's qualities without changing its colour.
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Table 1. Isoelectric point of SnO,-based powders with
different dopant elements and contents. (*) Data from ref. [3].

Additive isoelectric point
concentration Fe (*) Mg (*) F
0% 3.85 3.85 3.85
5% 5.75 9.73 3.26
10% 6.73 10.87 3.31




Caption to the Figures

Figure 3: Effect of the additive concentration on the surface area of the oxide powder.

Figure 4: Electrokinetic mobility vs. pH for undoped and fluorine doped (5 and 10%
mol) SnO, powders.
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Abstract

Sintering has been recognized as a complex evolution of microstructure during thermal treatments. The densification in such
process is usually attributed to diffusion parameters, i.e. certain mass transport mechanisms would promote densification and
others would not. In this work, a new model demonstrating that the interface energies are determinant factors in the densification
is drawn. Considering that the mass transport mechanisin of grain growth is the same as that of pore elimination, and supposing
some reasonable hypothesis about the geometric evolution during sintering, densification is related to the dihedral angle of the
system. Since the dihedral angle is directly proportional to interface energies, the ratio between grain surface and grain boundary
energies determines densification. Good agreement of the numerical predictions with the experimental data was obtained.

© 2003 Elsevier Science B.V. All rights reserved.
PACS: 81.20.E; 68.35.M; 68.35; 61.72.M

Keywords: Sintering; Model; Iuterface; Energy; Dihedral angle

1. Introduction

Sintering is the common term for the process by
which a slight (non-densification) or large (densifica-
tion) reduction in pore volume occurs when heating a
powder compact to temperatures close to melting. The
process has been recognized as a very complicated
evolution of microstructure through the action of
several different transport mechanisms [1]. Therefore,
though the phenomenon has been studied for several
years, many of the qualitative and mathematical mod-
els attempting to describe the several stages of sinter-
ing [2-4] are restrict to specific systems, and there is a
lack of any unified theory to explain sintering.

* Corresponding author. Tel.: +55-11-3091-5240;
fax: +55-11-3091-542].
E-mail address: ricardo@cecm.usp.br (R.H.R. Castro).

The most general concept of sintering is the inter-
face elimination process, i.e. the particles sinter
together by atomic motions that act to eliminate the
high surface energy associated with an unsintered
powder [5]. Therefore, during the process, the total
free energy of the system would decrease. Such
variation of the total free energy can be described
by dG = Y g;dA;, where dG is the total free energy
variation, ¢; and dA; are the interface energy and
interface area variation, respectively, of the interfaces
named j (j = GB for grain boundary or P for pore) [6].

In initial sintering stage models, ogg dAgg is
usually considered negligible in relation to gp dAp
and, hence, dG =~ opdAp. Therefore, the curvature
difference between the grain and the neck would
provide the driving force for necking and sintering
process would be a phenomenon limited only by
kinetic factors. Based on this approach, it is widely

0169-4332/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
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accepted the fact that the source and sink of matter, as
well as the mass transport mechanisms are the deter-
minant parameters in predicting densification [6].
Consequently, densification would fail to occur when
surface diffusion and/or evaporation—condensation are
the main mass transport mechanisms, because grain
growth, and a consequent driving force reduction,
would take place [6].

This approach is satisfactorily applicable to describe
sintering of most metal powder systems as a result of
the non-directional bonds, and consequent low grain
boundary energies. However, due to the high-energy
and directional bonds, and the surface energy aniso-
tropy of ceramic materials, one may expect high-
energy grain boundaries in such systems, and, hence,
oge dAgp could not be negligible in relation to pore
energy, e.g. grain boundary energy in Al;04 has been
established to be almost half the surface energy of the
most stable surface of alumina [7,8].

Despite such fundamental differences, the low-
energy grain boundary approach has been extensively
used to describe ceramic sintering. Therefore, some
experimental data showing simultaneous pore and
grain growth with no significant densification, espe-
cially in specific atmospheres for several ceramic
materials (such as ZnO [9], ZrO, [10], TiO, [11]
and Fe,05 [12]) are always explained, based on the
approach, considering surface diffusion and evapora-
tion—condensation as the main mass transport mechan-
isms in all cases. Similar phenomenon was observed in
SnO; studies; however, it is independent of the atmo-
sphere type [13].

Nevertheless, prior to diffusion mechanisms, some
data suggest that the low-energy grain boundary
approach may hide thermodynamic barriers for den-
sification related to ogp dAgg. In the specific case of
SnO,, for instance, a very low concentration of man-
ganese oxide (0.3 mol%) is sufficient to reach a high
degree of densification (>97% of the theoretical den-
sity). Moreover, the densification begins to occur
when a critical concentration of manganese is reached
in the grain interface [14]. As the spontaneous segre-
gation of additives on surface is directly related to an
surface energy reduction, and segregated additives
should not markedly alter diffusion mechanisms
[6,15,16], one may conclude that deusification or
not during solid state sintering is determined by the
relationship between grain boundary energy and

surface (pore) energy. Therefore, especially for cera-
mic systems, grain boundaries energies could not be
neglected in considering dG for densification. This
work proposes fo construct a model based on the above
premise, integrating the contribution of interface
energy of grain boundary to the solid state sintering
by considering the same mass transport that promotes
grain growth contributing to the densification.

2. Relationship between grain growth and
pore elimination—the model

Grain growth and densification are generally con-
sidered antagonistic phenomena because the particle
size increase would lead to a decrease in the grain
curvature and, thence, a reduction in driving force for
densification. However, some reports have already
presented ideas that do not agree with this traditional
picture. Kellett and co-worker suggested that the
grain growth enhances densification by changing
the equilibrium dihedral angle {17,18]. Moreover,
it is reported that a minimum energy is attained when
the dihedral angle reaches a state of equilibrium.
Actually, one observes that grain growth and densi-
fication may arrive simultaneously during sintering
[2-4]. In this section, a mathematical relationship
between grain growth and pore volume elimination is
drawn, considering that the mass transport mechan-
ism of grain growth is the same as that of pore
elimination.

Consider an interface layer of thickness 6 in the
grains of 1 g of a powder material. For large grains
(diameter > J), the interface volume may be written
as follows:

Vi=S6 n

where § is the specific surface area. Assuming sym-

metrical grains, Eq. (1) can be rewritten as
64
Vi= poD (2)

where D is the average grain size and pr is the
theoretical density of the material. The derivative of

Eq. (2) is given by

66dD
vV = ——— 3)
pr D?



e Ccecccccccccccccccccccg

196 D. Gouvéa, R H.R. Castro/Applied Surface Science 217 (2003) 194-201

Since apparent density of a porous ceramic, p, can be
expressed by

1
P=o—T17 3
Ve +(1/p1)
where Vp is the pore volume of a powder compacted

containing 1 g of material, the variation of the pore
volume, dVp, with respect to density is

dp
dvp = —— (5)
P P

4)

Considering the interface and bulk densities equals
and unaltered during the whole process, the solid
skeleton volume should also be constant, and the
following condition is necessary:

Vi + Vi = constant 6)

where V,, is the total grain bulk volume for 1 g of
material. Hence, the V}, increasing during grain growth
can be related to the interface volume change by

dVi = —dW €]

At this point, one may argue that the matter flux at
the interface layer originates from the mass transport
from the interface towards the grain bulk. This same
matter flux would be responsible for both grain growth
and pore elimination (when occurring). Therefore, we
may state, as a hypothesis, the simple relationship
between the volumes derivatives:

dVp = —K dV, ®)
where X is a proportionality factor and, hence,
dVp = KdV; &))]

Combining Egs. (3), (5) and (9), we obtain a relation-
ship between grain growth and density:
dD_ pr dp
D? " 6K6 p?

Integrating the expression above, using the initial
grain size, Dy, and the initial density, py, as the low
integration limit, we obtain
1 1 _pr /1 1)
D Dy 6K§ p py

Rewriting, a simpler general expression for the
grain size variation as a function of density appears
1 I

B=A;+B (12)

where A = p1/6K6 and B = —A(1/p,) + (1/Do).

(10)

(11)
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Fig. 1. Plot representation of the Eq. (12) for different K values.

Simulations of Eq. (12) using different X values are
shown in Fig. 1. Without lost of generality, pr was set
as 6.95 g/cm’® (SnO, theoretical density), p, = 3.95 g/
em®, Dy = 0.11 pm and & = 0.335 nm [19]. The fig-
ure demonstrates that K is closely related to the
microstructure of the power: when K — 0, there
would be grain growth without densification, and
when K — oo, densification without grain growth
would occur. Simultaneously grain growth and densi-
fication is predicted for all others values of the K factor
(between 0 and co). Note that K appears as a densi-
fication factor, i.e. K value determines the capability of
a system to densify during the grain growth.

Besides, an interesting consequence of the approach
is the appearance of a critical value of K, below which
the system does not reach theoretical density, even for
infinite grain growth. Therefore, the non-densification
behavior would not be related to inefficient mass
transport mechanisms, but to an insufficient driving
force to pore elimination.

2.1. Verification of the model by experimental
results

Due to the large amount of information available
about grain size and apparent density during iso-
thermal sintering of different ceramic and metallic
powders, the validity of the proposed model could
be easily studied. The model was successfully
applied in almost all systems and the considered
hypothesis in Eq. (7) was satisfactory. Here, we
present just a selection of some data that emphasize
the importance of the interfaces during sintering and
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Fig. 2. (1D — 1/Dy) vs. (11p ~ 1/ pg) plot of SnO; sintering data at
1150 °C in air.

data of materials with extremely high or low densi-
fication.

Fig. 2 compiles grain size and density data of SnO,
sintered at 1150 °C in air for different times. Samples
were fast firing sintered and experimental procedures
were described previously [14]. (1/D — 1/Dg) versus
(1/p — 1/pg) plot follows Eq. (11), and SnO, sintering
is marked by grain growth and the absence of densi-
fication. As expected, K is close to zero
(K 228.0x 107% and was calculated considering
¢ = 0.335 nm [20], Dy = 0.11 pm and pp = 6.95 g/
cm’, tin oxide theoretical density. K determines when
densification will occur, i.e. for this particular system,
K is close to zero, and densification is not observed
even for long time sintering. However, sintering for
60 min (as presented in Fig. 2) is unnecessary, since
the first few points of the curve are sufficient to predict
K and doubtless preview non-densification.

Several authors have extensively studied alumina
sintering. Thompson and Hammer [20] reported the
influence of sintering atmosphere in grain size and
density of alumina at 1850 °C. The report showed that,
during alumina sintering, the presence of moisture in
the H, sintering atmosphere drastically changes the
relation between grain size and density. Fig. 3 shows
data for alumina sintered in both moisture H, and dry
H, atmospheres. 1/D versus 1/p was plotted instead of
(1/D — 1/Dyg) versus (1/p — 1/p,) for didactic reasons.
The plots accord with Eq. (11) and indicate that water
increases the potential for densification of the system,
since K for moisture H, atmosphere is greater than that

0.12

[ ) H1+H20
010 " H,

0.00 S - L
0.250 0.255 0.260 0.265 0.270

(1ip)) 1/p (cm’/g)

Fig. 3. /D vs. l/p for alumina sintered in H, atmospheres at
1850 °C with and without moisture—data from [21].

for dry H,. Therefore, full densification is exclusively
expected in alumina sintered in moisture H,. One
knows that the sintering atmosphere fundamentally
influences surface energies of the materials. As will be
seen in the next section, such influence in the surface
energies must be directly related to the observed
distinct K values.

Density and grain size data for alumina powders
containing MgO sintered at 1700 °C for different
times show similar linearity (Fig. 4) [21]. The bene-
ficial role of MgO for Al,O, densification and abnor-
mal grain growth control is well known. Despite the
mechanisms by which MgQO acts are not clear, grain

= ALO,-MgO sintered at 1700°C

[
-

1/D - 1/D, (pm™)
~N

&

0.0 0.1 02 -0.3 0.4

4 A i i

-0.5 -0.56

1lp- Vg, (cm’lg) (1ip,~1ip)

Fig. 4. (1/D — YDg) vs. (1/p — Vpg) for MgO-doped alumina
sintered at 1700 °C for different times—data from (22].
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0.90

s ALO10 mol% ZrO,

0.75
0.60

0.45 -

1/D (um™)

0.30

0.15F

0.24 0.25 0.26 027 0.28

0.00

1/p (cm'/g)

Fig. 5. 1/D vs. 1/p for alumina and alumina-ZrOQ,—data from
{26).

boundary energy is certainly involved [6] and segre-
gation of the additive to interface is observed [22-24].
Again, interface properties seem to play an important
role in the densification of the powder.

Zhao and Harmer proposed a model for simulta-
neous densification and grain growth considering
pore size distribution during microstructure develop-
ments [25]. Grain sizes and densities of sintered
alumina and alumina 10 vol.% ZrO, with large pores
generated by incorporating latex spheres into the
powders before firing were studied. The results are
plotted according to Eq. (12) in Fig. 5 and the
expected linear behavior is observed. The non-densi-
fication behavior, attributed to the high-coordinated
pores by ZhaO and Harmer, were predicted, demon-
strating the applicability of the model to powder
mixtures.

Although ceramic sintering was the main objective
of the model], experimental data prove that it is also
functional for metal systems. For instance, Aigeltinger
and Drolete [26] studied the evolution of the grain size
and the density during the sintering of metallic Fe at
870 °C. Fig. 6 represents 1/D versus 1/p plot for the
metal sintering. Good agreement with the proposed
model is observed.

For all systems, the model proposes K as a densi-
fication factor, which determines when or not densi-
fication occurs. However, the nature of the factor
is not clear. K was introduced as a proportionality
element to entail pore and bulk volumes variations
during sintering. However, the experimental data

0.18

® Fe sintered at 870°C
015

012

0.09

1D (pm™)

0.06 |

0.03f

0.00

0.14 0.15 0.16 0.17
1/p (cm’lg)

Fig. 6. 1/D vs. 1ip representation of Fe samples sintered at
870 °C—data from [26].

above suggest it would seem likely that it is related
to interface properties.

2.2. K factor—geometric approach

A simple geometric approach of sintering may be
constructed considering spherical grains organized in
an ideal simple cubic arrangement to study K factor
origin. The grain volume in such model would be
given by

Vg = Vs — 6Vgs

= LR3[4 — 6(1 — cos )*(2 + cos 0)) (13)
where Vi is the grain volume, V5 the volume of a
sphere and Vgg is the volume of the sphere section due
to neck formation during sintering. Note that, before

sintering occurs, Vgg is zero, and Vg = Vs. R is the
radius of the grain and 0 is the angle shown in Fig. 7.

i

Fig. 7. Neck formation during sintering: R = grain radius;
H = distance between grain center and grain boundary; and
0 = angle between K and H.



D. Gouvéa, RH.R. Castro/Applied Surface Science 217 (2003) 194-201 196

‘We considered that the pores are not enclosed inside
the grains and that pore volume can be calculated by
the simple geometric formula:

Vo = Ve — Vg = 8H> — Vg = 8(Rcos 8)° — Vg
(14)

which refers to the holes created when grains are
arranged in the proposed simple cubic system. Viupe
is the volume of an imaginary cube joining the centers
of the grains and H is the distance between the grain
center and the grain boundary (Fig. 7).

For | g of material, one may calculate the number of
pores, based on the proposed arrangement, by the ratio
between the volume of 1 g of material and the pore
volume established in Eq. (14). Therefore,

% 1
N=-F% - (15)
Ve Vepr
where N is the number of pores and Vi, is the
volume of 1 g of material. Using Eq. (4) and con-
sidering the total pore volume of 1 g of material equal
to NVp, we may write an expression for p(8):

4 — [6m(1 — cos 0)*(2 + cos 0)]
24 cos* 9

Since cos 8 is H/R (Fig. 7), Eq. (16) gives us a
relationship between the grain size, the neck dimen-
sion (H) and the density of the material. To simulate
sintering, a generic kinetic relation (R" — R} = k1),
with n = 3 [6], may be used to calculate grain size
evolution as a function of time, during an isothermal
sintering. While grain size changes, neck formation
also occurs, and is computed by the distance between
the center of the grain and the grain boundary (H). As a
preliminary approach, we may suppose H linearly
varying with R, and, therefore,

LA (16)
Pr

%g == cte amn
with 0 < @w < 1. We have, then,

H — Hy = w(R — Ry) (18)
and,

H = (R —Ro) +Ro (19)

Despite the simplicity of such geometric model,
Fig. 8 shows that it fits the experimental results for

: ®  SnO, sintered at 1150°C
qL? - Numerical Approach with » = 0.974

YD -1ID, (pm™)

L
0.08 -0
(Vip-tp,)

0.00 0.03 -0.06
1lp- 1lp, (cm’/g)

Fig. 8. Calculated densities calculated by the geometric model.
The model fits Sn0, experimental data when w = 0.974.

SnQ, sintering. Grain size evolution was computed
numerically up to 3000 min of sintering, establishing
the parameters Ry =0.11 pm, pp= 6.95glcm®,
n =3 and k = 10. Different k values were tested in
the simulations, but it appears unimportant in the
densification path of the system. The factor interferes
exclusively in the kinetic of the microstructure evolu-
tion. Calculated densities fit experimental results
when the proportionality constant o is stated as
0.974. Since @ is directly related to w, this value
represents an evolution of the angle from zero, when
there is not neck, up to 13°.

Surprisingly, the model fits all other experimental
results adequately adjusting w. Therefore, w is parti-
cular for each system and, moreover, since it deter-
mines the angular coefficient of (1/D — 1/Dy) versus
(1/p — 1/pg) plot, it “predicts” densification, just like
K does. Therefore, a close relationship between these
factors is found. When K — 0, 8 does not significantly
vary during sintering, and a small final angle is
reached (little densification is observed). However,
if K — oo, # increases up to the total densification.

However, it is of great importance to note that 8 is
nothing but half the dihedral angle. Therefore, the
model reinforces the statements of Kellett and co-
worker [17,18] that suggested a relationship between
densification and dihedral angle. The dihedral angle is
determined by the equilibrium between surface energy
and grain boundary energy, according to equation [6]:

2ypcos 0 = ygp (20)
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4
0 Sn0O,-10 mol% Mn
4  5n0,-10 mol% Fe A
3
E
<
9%
=

O A L L 1 L
0.144 0.16 0.18 0.20 0.22 0.24 0.26
(1ip,) 1/p (cm®/g)

Fig. 9. 1/D vs. 1l/p for SnO, doped with 1 mol% of Fe or Mn,
sintered at 1175 °C {14].

where yp is the energy of the grain surface (pore) and
Ygg is the energy of the grain boundary. A relationship
between K and interfaces energies emerges. Eq. (20)
may be rewritten as

YGB
cosf =" 21
2y

When cos # approaches one (K — (), surface (pore)
energy is half the grain boundary energy, and little
densification will occur. When cos 8 approaches zero,
the surface energy should be drastically greater than
the grain boundary energy to maintain the established
relationship. In such case, densification would be
favorable. Note that the angle, and thence X, is a
consequence of the energy balance between grain
boundary and pore surface. The manipulation of the
interfaces energies will govern densification during
sintering. Thus, as suggested in the last section, addi-
tives may change interface energies and, therefore,
benefit or not densification.

Fig. 9 shows the influence of additives in SnO,
sintering. When comparing with Fig. 1, it becomes
clear that both Fe and Mn promote densification. Both
additives are known to act on SnQ, interfaces [14,15].
The additives modify the pore and grain boundary
energies and promote a favorable ratio (X) for densi-
fication. Finally, the situations demonstrate that
the effect of grain boundary energy in driving force
for densification is an important and non-negligible
parameter.

3. Conclusions

A densification factor, K, was introduced hypothe-
sizing a linear relationship between the variation of the
bulk volume and the pore volume. The approach
successfully fitted sintering experimental data and
the factor is directly related to the system densification
or not. A geometric model of the sintering clarified the
K attributes. The model related the factor to the
dihedral angle, establishing that the higher the final
dihedral angle, the higher the densification of the
system. Since the dihedral angle is defined as the ratio
between the pore energy and the grain boundary
energy, such ratio would, therefore, determine the
capability of densification of a system. Additives
are a good solution to control the interfaces energies
and, therefore, to promote densification of the system.
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Influéncia das Energias das Superficies e Interfaces na Densificacao

Durante a Sinterizagdo — Um Modelo Geométrico

Douglas Gouvéa

| Resumo

Devido a grande importancia dada aos processos difusionais na
sinterizagdo, ou seja, a fatores cinéticos, pouco tem evoluido o conhecimento
da sinterizagdo no estado sélido do ponto de vista da energia do sistema de
particulas. Alguns pesquisadores tém se esforcado em compreender a
importancia das energias da superficie dos poros e da interface do contorno de
gréo no processo de densificagdo e sua relagdo com os processos difusionais
e a termodinamica da sinterizagdo. Contudo, pouco avango tem sido obtido
nesse sentido. O presente trabatho foi desenvolvido sobre um modelo simples
de empacotamento de esferas sobre o qual foram realizados célculos para se
avaliar as variagdes de densidade, area especifica dos poros e dos contornos
de grado durante trés situacOes: densificagdo sem crescimento de graos,
crescimento de gréos sem densificagéo e crescimento de graos e densificagéo.
Os resultados sugerem existir uma relagéo entre a evolugdo da microestrutura
para a densificagdo ou ndo de um sistema de particulas em fungédo da razéo

entre as energias do contorno de grao e da superficie dos poros.
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[} Introdugao

Estudos sobre a sinterizagdo no estado solido vém sendo realizados nas
Gltimas sete décadas na tentativa de se elaborar um modelo que, levando em
consideragdo varidveis como: temperatura, composigdo quimica, distribuigéo
de tamanho de gréos, distribuicdo de tamanho de poros e atmosfera, possa
prever o comportamento da densificagdo em fungdo do tempo de sinterizagéo
[1]. Contudo, atualmente ndo existe um modelo unico que permita prever o
comportamento de um sistema em suas diferentes etapas de eliminagéo de
porosidade (inicial, intermediéria e final), bem como a auséncia de densificagao

observada em alguns sistemas de forma satisfatoria.

O motor termodinamico para a sinterizagdo de particulas, com ou sem
densificagédo, é a eliminagdo do excesso de energia livre das superficies e
interfaces. A energia da superficie (poros) é considerada muito elevada em
comparagdo a energia das interfaces (contornos de grdos) e desta forma,
quando um sistema de particulas & submetido a um tratamento térmico onde
os atomos apresentam certa mobilidade, deve ocorrer a eliminagéo dos poros e
formagdo de contornos de grdo, ou seja, densificagdo. Essa consideragdo e
bastante aceitavel quando o material a ser sinterizado € um metal. A auséncia
de direcao de ligagao e de cargas elétricas das ligagbes desse tipo de material
faz com que o a&tomo da superficie apresente um estado energético bastante
desfavoravel, pois por um lado a sua coordenagdo de equilibrio ndo esta

satisfeita, por outro, o atomo no contorno de grdo apresentard em uma
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situagdo energética bastante mais favoravel, ja que sua coordenagdo pode
estar muito préxima daquela de equilibrio. Ao mesmo tempo, n&o é necessario
que exista uma direcdo preferencial de ligagdo para o atomo presente no
contorno de grdo. O mesmo ndo pode ser considerado para materiais
ceramicos ibnicos e covalentes. A presenca de cargas nos materiais idnicos e
de uma direcdo preferencial de ligagdo em materiais covalentes pode fazer
com que a energia do contorno de gréo se torne bastante elevada. A adsorgéo
de gases e a segregacgao de ions aditivos ou contaminantes na superficie dos
poros podem reduzir a sua energia [2] fazendo com que a diferenga entre a
energia do contorno de grios e a dos poros se torne pequena. Levando em
conta que estes fatores podem ocorrer simultaneamente, o motor da
densificagdo pode ser prejudicado e a densificagdo pode nédo ocorrer em
condigbes habituais de sinterizagdo, sendo necessarios recursos mais
energéticos para a densificagdo do sistema como altas temperaturas, uso de
pressdo superior & atmosférica, controle de atmosfera entre outros. A
importancia da energia do contorno de grdo nos modelos de sinterizagéo é
pequena e existem poucos modelos que levam a sua contribuigdo em

consideragao.

A eliminacido das superficies e formagao das interfaces esta ligada tanto
a fatores termodinamicos como a cinéticos e muito pouca atengido tem sido
dada a estes Ultimos, devido principalmente, a dificuldade de se avaliar essas
grandezas durante o processo de sinterizagdo. Outro fendmeno importante
que deve ser considerado € que o crescimento dos grdos (coalescéncia)

também estd diretamente relacionado a modificagdo de superficies e



interfaces.

Este trabalho tem como objetivo calcular as variagbes de grandezas
geométricas como tamanho de graos, distdncia entre graos, area do contorno
de gréos, area do poro e volume de poro durante a sinterizagdo de um sistema
ideal de particulas nas diferentes condigbes, a saber: densificagdo sem
crescimento de grdos, coalescéncia sem densificagdo e coalescéncia com
densificagdo. E proposto um modelo geométrico de empacotamento de gréos
em um sistema culbico simples e os resultados séo discutidos com relagéo a

termodinamica das superficies e interfaces.

]| Modelo geométrico

lll -1. Defini¢cdes

Para simplificagdo do problema consideraremos um empacotamento
cubico simples de graos esféricos e de raios idénticos. A célula primitiva bem
como algumas variareis a serem utilizadas no modelo geométrico como: o raio
do grdo (R), a metade da menor distancia entre dois gréos (ou da distancia do
centro do grdo ao contorno de grdo (H), o angulo entre R e H (68) sédo

mostrados na Figura 1.

Figura 1

Outra grandeza apresentada que sera utilizada posteriomente na

discussao € o angulo diedro, Y.

Com as variaveis definidas € possivel o céalculo de algumas grandezas

para a célula unitaria como a érea do contorno de gréo (Acg), a area do
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poro (Ap), 0 volume do grao (V) e o volume do poro (Vp) lembrando-se que

existe um poro e um gréo por célula unitaria:

Age = X2 = n(Rz —H2)= 3,,Rz(1 _ cos2 9) Equagao 1
Ap = A crera — B A 0ta= 27R2 [2 -6 (1 —COoS 9)] Equagéo 2
Equacéo 3

3
Ve = Vactera —evm,,,,,f%[4-6(1—cose)2 (2+cose)]

Equacao 4
Vp =V o — Va=8 (H)’ -V =8 (Rcos8)’ -V quaga
Todas as grandezas podem ser calculadas conhecendo-se as variaveis

R e H (lembrando-se que cos 6 =H/R).

A partir do calculo das grandezas para a célula unitaria, ou seja, para um
gréo, é possivel fazer o mesmo para um grama de gréos considerando-se que
o numero de grio por grama do material, N, pode ser obtido através da raz&o
do volume de um gréo pelo volume por grama do material (Vgama OU inverso da

densidade tedrica = 1/p;) segundo a relagéo:

Equacdo 5
N=vgrama _ 1 quaga

Vg - Vepy

A area do contorno de gréo (A ), @ area dos poros (Ap), e 0 volume

dos poros (V:) para um grama de amostra sdo obtidos muitiplicando-se o

nimero de grdos, N (Equacédo 5), pelas relagdes das equagbes 1, 2 e 4,



c ¢ CCC¢

C ¢

C

C

cccceccccdce

C CC

¢ € CC

respectivamente.

A densidade do material (p) pode ser calculada conhecendo-se \7: pela

relagao:

1
p= 1

Ve +— | Equagao 6
Pt
Através da Equagdo 6 & possivel também verificar a mudanca da

densidade conhecendo-se a variagdo de R e H.

Uma vez estabelecidas as relagdes geométricas que possibilitam o
calculo de A¢g , K, e p através do conhecimento de R e H é possivel realizar

a simulagdo de algumas condigbes especificas da mudanga de H em fungdo da

mudanga do raio R. Trés casos serdo simulados:

1) O primeiro considerando o numero de grdos, N, constante. E preciso
lembrar que o principio de conservagéo de massa deve ser respeitado em

todos os casos. No primeiro caso o volume do gréao € constante;

2) O segundo caso em que a variagdo de H é igual a variacéo de R, ou seja,
dH/dR = 1. Esta condigdo pode ser analisada simplesmente como a razéo

H/R é constante durante o crescimento dos gréos €;

3) O terceiro é aquele no qual H cresce proporcionalmente ao tamanho das
particulas, mas de forma linear, ou seja, dH/dR = A, onde A & uma

constante cujo valor esta compreendido entre0e 1 (0 <A <1).
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As trés condicdes propostas tém o objetivo de simular os casos
observados durante a sinterizagdo de particulas, ou seja: densificagdo sem
crescimento de particulas, coalescéncia de grdos sem densificagdo e

densificagdo com crescimento de gréos.

il -2. Estudo: volume e nuimero de graos constante

O primeiro estudo foi realizado considerando que o nimero de gréos €
constante e tem por conseqiéncia que o volume de um grdo é constante. A

variagdo da razdo H/R permite que sejam determinadas as variagdo de

Acs . Ap € p(para um material com densidade igual a 1 g cm™ e raio inicial

igual a 1 um) e que estéo representados na Figura 2.

Figura 2

Verifica-se que corre a diminuigdo da A, ,0 aumento simultdneo de

A , bem como da densificagéo do material, como previsto pelos os modelos

de densificagdo sem crescimento de gréos. O modelo geométrico adotado
permite que o célculo seja realizado para angulos pouco superiores a 45°, pois
a partir destes valores existe interacdo entre mais de dois gréos para a
formagéo do mesmo contorno de gréo e o modelo matemético néo € mais

valido.

A consideracido de que o numero de grdos € constante tem uma
conseqiiéncia ligada & conservagéo de massa do sistema. A aproximagéo do
centro das esferas com a diminuicdo de H e o volume dos graos constante leva

ao aumento de R devido a conservagdo de massa do sistema. Desta forma,
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mantendo o volume do grao constante & possivel calcular a variagdo de R em

funcdo de H (Figura 3).

Figura 3

O raio da parte esférica pode crescer até cerca de 20% para uma
diminuigdo da mesma propor¢do de H. Vale evidenciar que ocorre uma
variagdo inicial bastante rapida para H enquanto R permanece praticamente
constante como previsto para modelos de sinterizagdo baseados em formagao
de pescogo entre as particulas. Contudo, para estados adiantados de
densificagdo, R deve crescer numa proporgdo maior que H e a aproximagéo
feita nos modelos de estagio inicial de sinterizagdo deve ser valida somente
para o inicio da formagéo de pescogo (H/R < 0,95). A diferenca entre a energia
da superficie e da interface deve ser elevada nessa condi¢do, ja que deve

existir a minimizag&o da energia livre do sistema segundo a Equacéo 7.
Equacéo 7
dG = y,dA; +7YcdAce quaga

Como a variagéo da area do contorno de gréo € positiva, para que o
sistema seja termodinamicamente favordvel é preciso que a energia da
superficie (ou poro) seja maior que a do contorno de grdo. Este é a

consideracgéo energética proposta nos modelos tradicionais.

ill -3. Estudo: aumento do numero de grdaos com dH/dR = 1.

A segunda simulagdo foi realizada considerando-se que a taxa dH/dR
permanece constante e igual a 1 enquanto o numero de gréos diminui, ou seja,

no caso em que ocorre coalescéncia de particulas. A aproximagéo do
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centro dos grdos ocorre na mesma proporgdo que o raio das particulas
aumenta. Esta consideragcdo leva em conta que o mesmo fendbmeno que
produz 0 aumento do tamanhc de particulas leva também ao aumento da
distancia do centro das mesmas e numa propor¢do constante e igual. A
consideragéo que a variagdo de H com R é igual a 1 (dH/dR = 1) significa que a
razdo H/R deve ser constante. Desta forma, 2 medida que os gréos crescem,
a distancia entre o centro dos grios cresce em uma mesma proporgao,
levando a uma condic&o de crescimento de grdos com crescimento simultaneo

dos poros. Pode-se entdo esperar que a simulagdo do modelo nestas
condicboes leve a diminuigdo proporcional de A—P e Agg sem que haja
aproximagéo do centro das particulas (densidade constante). O crescimento

de grdos em funcéo do tempo pode ser simulado através de uma equagao

tipica do tipo “Ostwald ripening” para crescimento de particulas[3]:

R" —RY = Bt Equacgéo 8

onde B é uma constante que depende da temperatura, do coeficiente de
difusdo e da tensdo superficial e t € o tempo. n é determinado pelo tipo de
mecanismo envolvido no crescimento de gréos, que para Ostwald ripening é

igual a 3.

O resultado da simulagdo para Acg ,A_P e pconsiderando: Rg = 1,

n=3,B=10, pr=1e H/R = 0,985 ( que corresponde a 6 = 10) é apresentado

na Figura 4.

Figura 4
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A simulagdo mostra que a densidade permanece constante quando a

variacdo da distancia entre os gréos, dH, cresce na mesma proporgéo que dR.
Entretanto, ocorre uma diminuigdo de Ags e Ap em fungdo do tempo. Uma

visdo mais detalhada € dada na Figura 5.

Figura 5

Tanto Ag; como Ap diminuem com o crescimento de particulas. Esta

diminuicéo simultdnea das areas esta de acordo com o principio termodinamico
da sinterizagdo apresentado pela Equagéo 7. Esta situagdo deve ser mais
favoravel energeticamente que aquela apresentada anteriormente, ja que a

diminuigdo da energia livre sera maior.

Apesar de Ace e Ap serem de ordens de grandeza diferentes, as suas

variagdes s&o iguais. Na verdade na condigdo de crescimento de gréos com

coalescéncia para a razéo dH/dR=1, a variagio de Acg com A, é linear como

ser visto na Figura 6.

Figura 6

A relagdo de Agg € Hé linear passando pela origem, ou seja, para
que Ag Sejaigual a zero, ;\_pdeve ser zero. A relagdo observada entre Acg

e 7\: é semelhante aquela observada na sinterizagdo do SnO. sem aditivos

[4]. A sinterizagdo desse sistema & conhecida por apresentar crescimento de

graos e poros sem densifica¢go [5].

Realizando a simulagido para um outro valor constante da razdo H/R

10
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(H/R = 0,866 ou 6 = 30) sdo obtidos resultados numéricos diferentes, mas

comportamentos idénticos, ou seja, densidade constante e variagdo linear

entre Agg © A_P como pode ser visto na Figura 7.

Figura 7

Outra relagéo interessante pode ser verificada entre a variagdo da area
total, Ay, que éigual a A; = Agg + Ap , € 0 inverso do raio dos grios. Pode

ser facilmente demonstrado que, para um determinado numero de graos
esféricos e para um grama de material, a area total por grama de material &

dada pela relagao [1]:

3 Equagio 9
AT =
pR

onde A & a area especifica em m’g”, p é a densidade em g.cm™ e R & dado

em um. Foi verificado para a simulagdo numérica que a relagdo representada
pela Equagdo 9 permanece vélida durante o crescimento dos gréos na

presenga de contornos nas duas simulagdes, como pode ser visto na Figura 8.

Figura 8

A variagdo de A;s e Ap com 1/R também pode ser verificada e nestas

condigdes é linear como pode ser visto na Figura 9 (para H/R = 0,984).

Figura 9

Em resumo pode-se dizer que para a simulagdo do sistema com

11
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dH/dR = 1 (H/R = constante e menor que 1) conclui-se que:
1. Durante o crescimento dos graos a densidade permanece constante.

2. Apesar do volume total de poros permanecer constante, o tamanho dos
poros cresce. Ou seja, corre crescimento de gréos e poros

simultaneamente sem que haja densificagdo.

3. Existe uma relagdo linear em A, e A.s durante a coalescéncia das

particulas semelhante a sistemas reais.
4. A relagdo geométrica entre a area total dos gros e o raio das particulas

(Z\—T=-3—R) continua valida durante o crescimento das particulas sem
p

densificagao.
5. Existe uma relagdo linear entre Ap e 1/R e tambémentre Agg € 1/R.

8. A diminuigdo de energia livre neste caso deve ser superior aquela com
densificagdo sem crescimento de grdos, ja que a superficie e a interface

sao eliminadas simultaneamente.

Il -4. Estudo: aumento do namero de graos com dH/dR constante e
variando entre 0 e 1.

A terceira simulagdo considera que a distdncia entre os grdos
representado por H cresce durante o crescimento de gréaos, mas com uma taxa
menor que R. Isto significa que durante o crescimento dos gréos deve ocorrer

a aproximacéo dos centros dos grdos e, por conseqiéncia, a densificagéo.

12
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Nesta condi¢do a densificagdo fica condicionada ao crescimento de graos pela
taxa dH/dR, ou seja, quanto menor for dH/dR maior serd a aproximagdo do

centro dos gréos durante o aumento de R.

A integracdo da equacgdo dH/dR = A (com A constante e 0<A<1) resulta

em:
Equagéo 10
['aH=A ["dr
Ho Ro
H-H, =A(R-R,) Equagao 11
Como Hy é igual a Ry entao:

Desta maneira, H cresce de forma linear com o crescimento de R.

Conhecendo como R varia com o tempo é entdo possivel o calculo de H e

também de A, e Agg € p em fungdo do tempo.

O crescimento de particulas foi simulado pela Equagéo 8, com Rp = 1,
n=3, B=10, pr = 1 para valores diferentes valores de dH/dR: 0,985; 0,940;

0,866; 0,766 e 0,707.

A variagdo da densidade para diferentes valores de dH/dR é

apresentada na Figura 10.

Figura 10

13
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A simulagdo mostra que quanto menor dH/dR maior a densidade final
obtida. A variagdo da densidade em fungio do tempo apresenta grande
semelhanga com curvas experimentais de cinética de densificagdo em
condigbes isotérmicas, que é caracterizada por uma forte densificacdo nos
momentos iniciais de sinterizacdo, tendendo a uma densidade de equilibrio,
mesmo que seja menor que a densidade tedrica. A simulagdo da sinterizagio
com densificacéo e crescimento de gréos foi obtida sem a diviséo do processo
em diferentes etapas e de forma satisfatéria. As areas do contorno de gréaos e

dos poros foram calculadas e s&o apresentados a seguir.

A variagdo de Ag com o tempo para diferentes valores de dH/dR sé&o

apresentados na Figura 11.

Figura 11

A.; apresenta um forte crescimento nos momentos iniciais e

corresponde a etapa onde hd uma densificagdo intensa, para em seguida
diminuir com o tempo. E interessante observar que nestas condigbes ocorre a
diminuigdo da &rea total do contorno de grdos a partir de um determinado
instante e que a area de contorno formada é maior quanto menor dH/dR. Este
comportamento foi observado durante a sinterizagdo de alumina por Shaw e
Brook [6]. A diminuicdo da area durante o processo de densificagdo €
esperado, ja que o sistema deve ser conduzido a uma diminuigdo da energia
livre total do sistema (Equagdo 7). A diminuicdo simultdnea da area de
contorno leva a uma menor area final de contorno de grdos e a uma menor

energia total do sistema.

14



A variagdo de Ap em fungdo do tempo para diferentes valores de

dH/dR é mostrada na Figura 12.

Figura 12

A simulagdo de A, em fungdo do tempo de sinterizagdo mostra um

decréscimo mais acentuado da area de poro para dH/dR menores, ou seja,
onde a densificacdo € mais efetiva. A diminuicdo da area de poros era
esperada, levando em conta o argumento da diminuigéo da energia livre, como
no caso anterior. Desta forma, a coalescéncia de grdos deve ocorrer sempre,
ja que na sinterizagdo com ou sem densificagdo, o crescimento de particulas

leva a uma minimizagdo da energia livre do sistema.

A relagéo linear entre a area total (area do contorno + area dos poros)
em fungdo do inverso do raio do grdo se mantém como observado para a
simulagdo de coalescéncia de gréos (Figura 13). Vérios autores consideram
que o modelo representado pela Equagdo 9 s6 é valido para esferas. Em
fungdo dos resultados obtidos da simulagdo é possivel considerar que a area

dos poros varia linearmente com o inverso do tamanho dos graos.

Figura 13

As conclusdes parciais alcangadas na simulagdo com dH/dR constante e

variando entre 0 e 1sao:

1. As simulagbes apresentam uma continuidade e ndo & necessario dividir o

fendmeno em diferentes etapas.

15
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2. As curvas de densidade em fungdo do tempo sdo semelhantes aquelas

obtidas experimentalmente.

3. O aumento da area de contorno de graos ocorre nos momentos iniciais de
sinterizag@o. O crescimento dos gréos faz com que haja uma diminuigdo
da area do contorno de grdos ao mesmo tempo em que ocorre a
diminuicdo da area dos poros. Este tipo de comportamento esta mais

adequado ao principio de diminui¢ao de energia livre do sistema.

4. A relagdo do inverso do tamanho de grdos e da area total pode ser

considerada linear durante todo o processo.

lll -5. Considerag¢des termodinamicas

A variagao de H/R com o tempo foi calculada para diferentes razdes de
dH/dR como no caso anterior e é apresentada na Figura 14. Em fungéo da
razdo escolhida entre dH/dR a razdo H/R tende a um valor constante diferente,
assim como o angulo 6, ja que cos 6 = H/R. Como 6 =%¥/2 onde ¥ é o angulo
diedro (Figura 1) e este esta diretamente relacionado ao equilibrio das energias

da interface e da superficie segundo a Equagao 13 [3,7]:

Figura 14

cos(y/2)= ;ﬂ Equagéo 13

P

16



a igualdade pode ser escrita:

cos(w/2)=;—$::=cosez—g— Equacéo 14

Existe uma relagéo direta entre a razdo H/R e a razdo entre as energias.
H/R torna-se praticamente constante em fungdo do tempo segundo as
simulagdes realizadas (Figura 14) o que significa que o &ngulo diedro tende a
um angulo de equilibrio. Este resultado vai ao encontro das consideragbes
mais recentes sobre sinterizagdo [8,9,10], que assumem que existe uma
evolugdo da microestrutura sempre na diregdo de se obter um &angulo de

equilibrio onde o sistema apresenta uma menor energia.

Os papeis da energia do poro e do contorno de grdo na densificacéo
podem ser discutidos e parecem estar em acordo com os resultados

apresentados por Castro e Gouvéa [11]. No caso de dH/dR = 1, onde a raz&o

H/R é constante, leva a implicacdo de que Yce/ Yp € constante. Mesmo que

haja variagdo dos valores das energias, a sua razdo permanece constante
durante o processo de sinterizagdo e, neste caso, existe uma auséncia da
eliminagdo dos poros. Como a razdo entre as energias & constante, durante o
processo de sinterizagdo as duas superficies sdo eliminadas simultaneamente

na mesma taxa e ndo ocorre aproximag¢ao relativa do centro das particulas.

No caso de dH/dR constante e com valor entre 0 e 1, a variagédo de H e

R ocorrem em taxas diferentes, mas tendem a um uma razao de equilibrio que

corresponde a uma razéo Yca/ Yp de equilibrio, ou seja, a um angulo

17
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diedro de equilibrio, como proposto por vérios trabalhos recentes [7,8]. A
densificacéo ocorre, ja que neste caso a energia do contorno de gréo é inferior
a do poro apresentando assim maior estabilidade e serAd num primeiro
momento formada e em um segundo momento, eliminada durante o

crescimento dos graos.

A utilizagdo dos conceitos de modificagdo das energias de poro e de
contorno de grdos foram utilizadas com sucesso durante a sinterizagdo do
SnO, contendo 5 % em mol de Fe,O3; onde foi possivel a densificagdo das
amostras em 10 segundos de isoterma quando as amostras forma sinterizadas

por “fast firing” [12].

v Conclusdes

As simulagOes apresentadas demonstram que a relacdo entre H/R pode
ser determinante para a sinterizacdo de um compacto de particulas. Quando
H/R é constante durante o crescimento de grdos, ou seja dH/dR= 1, foi
calculada uma auséncia de densificag@o, mas eliminagéo de area do contorno
de griao e de poros de forma simultdnea, como observado durante a
sinterizacdo do SnO, sem aditivos . Ja quando dH/dR é constante, com
valores entre 0 e 1, é observada a aproximagao do centro das esferas e assim
eliminagdo de poros. As curvas de densidade em fun¢do do tempo parecem
simular de forma satisfatéria 0 comportamento da sinterizagdo de materiais
ceramicos. Uma forte densificagdo inicial € observada nos primeiros
momentos da sinterizagdo onde ocorre um aumento da area de contorno de

grdo. Contudo, com o crescimento das esferas, é observada uma eliminagéo
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da superficie do contorno de grdo. Os dois casos parecem melhor satisfazer
as condigbes da minimizagdo da energia livre do sistema quando comparada
com a situagdo em que ha densificagdo sem crescimento de gréos.

A relagdo evidente entre a H/R e a razéo das energias Yco/ Ve

demonstra que a relagéo entre as energias da superficie e do contorno de gréo

pode ser determinante para a densificagdo ou ndo de um sistema de particulas.
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Figura 1 — Célula primitiva e algumas variaveis geométricas (R = raio da
particula, H = distancia do centro da particula ao contorno de grao, 6 = angulo

entre R e H e ¥ = angulo diedro).
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graos (volume do grao constante).
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do tempo para a relacdo de H/R = 0,984.
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H/R = 0,984.
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densidade permanece constante e Agg € Ap diminuem (a) e a

variagao linear entre Agg © A—P (b).
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Superfast densification of ceramies

Gilberto J. Pereira, Ricardo H.R. Castro, Douglas Gouvéa'

Universidade de Sdo Paulo, Avenida Prof. Mello Moraes, 2463 - 8o Paulo - SP - 05508-900 - Brazil

Department of Metallurgical and Materials Engineering, Escola Politécnica,

Abstract

Superfast sintering and the requirements that make it possible are clarified based on the
study of the influence of additives on the SnO, sintering, a traditional non-densification system.
High-density SnO, pellets containing Fe or Mg as additives are obtained by fast firing. For SnO,
10-mol% Fe pellets, only 10 seconds of isothermal sintering at 1200°C is enough to reach 95% of
the theoretical density, and for SnO, 7-mol% Mg pellets, 30 seconds is sufficient to achieve almost
the theoretical density. X-ray measurements as well as surface related measurements (isoelectric
point) and literature data strongly suggest the phenomenon is closely related to the segregation of
the additives on the interfaces of the powders modifying energies balances responsible for
densification prior to diffusion mechanisms. The study opens new perspectives in the traditional
sintering theory and clarifies some of the theoretical lacks, allowing one to obtain high density

materials in a few seconds, markedly reducing costs.
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Introduection

The influence of additives in the microstructure of ceramic powders is usually related to
diffusion parameters during thermal treatments [1]. Sintering additives are generally expected to
follow such relation and should control the mass transport mechanisms promoting or not
densification in a system [2,3,4]. Nevertheless, recent works have shown that, at least for low
temperatures treatments (500 °C), the additives could control not only the mass transport
mechanisms, but also driving forces for the microstructure modifications [5]. Such behavior of the
SnO, additives was demonstrated by applying the Ostwald ripening model [1] for studying the
microstructure evolution of powders containing Mg or Fe [5]. The additives were observed to
segregate on the surface of SnO,, changing the surface chemical groups. As the spontaneous
segregation of additives on surface is directly related to a surface energy reduction, and segregated
additives should not markedly alter diffusion mechanisms [1,5], the enrichment of the interfaces by
the additives changed the energy balances related to the morphology of the powder, affecting
surface areas, grain sizes and dihedral angles. Such behavior is expected to occur for all ions that
are prone to segregate onto the surface, such as Mn, Sb, Nb and 1n in SnO, based powders {6,7].

The possibility of regulating the microstructure of the ceramic powders by controlling
interface energies at low temperatures drives us to expect that segregated ions should also play an
important role in high temperature phenomena, such as sintering, by changing driving forees in
addition to diffusion parameters. Despite some works have reported that the temperature
dependence of solids surface energies may be disregarded and low temperature calculations of
surface energies would be similar to those at high temperatures [8], the fact that annealing at
different temperatures produces different surface reconstructions for many materials suggests that
the temperature dependence must be considered [9]. Actually, with increasing temperature, the
entropy of all the system, including grains and interfaces, is increased because of, for instance, the

increasing number of vacant lattice sites [10]. Therefore, the energy of an interface at high



temperatures should be a little bit lower than at low temperatures. Thence, according to the
traditional sintering theory, surface additives would doubtless reduce the sintering rate and the final
density because of the decreasing surface energies [2,5].

Nevertheless, a conflict appears when dealing with some SnQ, surface additives that clearly
segregate on the surface of the powder and promote densification and sintering acceleration [11]. A
satisfactory explanation for the relation between segregation and densification, which is also
observed in surface additives for other oxides [1,12,13,14], was proposed based on considering the
grain-boundary energies [15]. In addition to the surface energy (solid-gas interface), the relevance
of grain-boundary energies (solid-solid interface) in processing ceramic powders was drawn
considering their high-energy and directional bonds and the surface energy anisotropy [1,15,16,17].
It was then concluded that the ratio between grain-boundary and surface energies, and not only the
surface one, is the determinant factor controlling the sintering behavior. Therefore, as the effect of
the additives in each interface is certainly different, depending on the additive type, incorporation
method and concentration, and the segregation of additives should occur in a way that a distribution
of the ions over all interfaces is spontaneously observed, additives should control the energy
balances between the interfaces. Such balances determine the dihedral angles and, thereafter,
densification behavior [18,19].

Some literature data reinforce such hypothesis suggesting that thermodynamic barriers for
densification may exist in some systems and, prior to diffusion mechanisms; additives may act
breaking such barriers and allowing densification [12,20]. Therefore in some cases, insufficient
mass flow would not be the cause for non-densification, but an unfavorable energy configuration. In
the specific case of SnQ,, for instance, a very low concentration of manganese oxide (0.3 mol %) is
sufficient to reach a high degree of densification (= 97 % of the theoretical density). Moreover, the
densification begins to occur when a critical concentration of manganese is achieved in the grain

interface, indicating an interfacial control of the densification [11].
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The intention of this paper is to use the observed segregation of Fe or Mg additive ions on the
interfaces of SnO, powders prepared by Pechini’s Method [21] to control the sintering and
densification of such powders. Considering that diffusion is high enough to promote sufficient mass
transport, rapid sintering (fast firing), which is known to provide equivalent densities at smaller
grain sizes in a less energy-consuming process, is used to demonstrate the great influence of the
additives in controlling driving forces for densification [22]. The experiments open new
perspectives in the use of sintering additives as interface energies controllers and not as diffusion

promoters as usually reported, clarifying mechanisms by which fast sintering occurs.



Methods

The SnO; powders containing 2, 5 and 10-mol% of Fe and 2, 5, 7-mol% of Mg were prepared
using the citrate technique as described in the literature [5]. This method is usually applied to obtain
homogeneous and reactive oxide powders and, moreover, allows an energetically stable distribution
of the additives, since they are introduced in a liquid phase [21,23,24]. The powders were then
uniaxially pressed into pellets at ~392 MPa (4 T/cm?) without any binders. Small quantities of water
were used to help pressing pellets with 6 mm of diameter and 2 mm of length,

A tubular furnace was used for the fast sintering of the pellets. Samples were introduced into
the pre-heated furnace tube and maintained at 500°C for 1 minute to eliminate all water contents.
Pellets were then introduced at the 1200°C isothermal region after which the sintering time was
started to be counted. By the end of the sintering period, samples were taken off of the furnace tube
and rapidly quenched.

Densities of the pellets before and after sintering were calculated by measuring the diameter,
¢, and length, H, of each pellet and using the values to evaluate the density, p, by:

p=t_ 1
7['¢2'H ()

where, m is the mass of the pellet. Ap was estimated to be < + 1.0 %. The calculated densities were
then compared with theoretical one to evaluated real densification. Since additives with densities

lower than SnO, decreases the final density when introduced to the system, the theoretical density

was estimated by the equation [25]:

(1- X agaiine M. sno, t (xaddm%)}\/{addmve @)
p= \
|4

m

where My, and M., represent the molar masses of SnO, and the additive oxide respectively, n

is the number of moles of the additive ion per mol of the respective oxide and V,, is the molar

volume, which was considered equal to that of pure SnO, (21.67 cm’/g) for all calculations.
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Fractured surfaces of the pellets were characterized by scanning electron microscopy (SEM)
using a Leica Cambridge, Stereoscan 440, with an acceleration tension of 10 kV, after a Pt/Au
surface metallization. No chemical or thermal attack was carried out in the samples. The structure
of the powders was studied by X-ray diffraction (XRD), using a X-ray Diffractometer - X Bruker
AXS Model D8 Advance, operating with Cu-K,, radiation, with 0.02° 2 0 step and 5 s of counting
time per step. The isoeletric point of the powders was determined by measuring the zeta potential
(MATEC ESA-8000) of an aqueous suspension of each powder (1-vol%) during titration with KOH
and HNO;.



Results and Discussion

The segregation of the Fe or Mg ions on the surface of SnO, was clearly reported to
decrease the surface energy of such powder [5,8,11]. Moreover, as discussed above, at high
temperatures the interface energies of such doped materials must be still lower. By the traditional
sintering point of view, this should cause a reduction in the driving forces for sintering and
densification [1,2]. However, this is not what we observe in the fast sintering of such doped
materials. In figs. 1 and 2, relative densities as a function of sintering times for both Fe and Mg
doped SnO, pellets are shown for isothermal sintering at 1200°C. It is observed that both additives
promote high densification and, moreover, higher densities with smaller sintering times are obtained
with the higher additives concentrations. It is interesting to note that, for the SnO; 10-mol% Fe,
only 10 seconds of isothermal sintering is enough to reach 95% of the theoretical density, and for
the SnO, 7-mol% Mg pellets, 30 seconds is sufficient to achieve almost the theoretical density. If
heating is prolonged, little or none increase iﬂ densification is observed, especially for Fe doped
powders. This is a fascinating result since pellets of SnO; without additives do not achieve high
densification even if sintered by fast firing for many hours. In such cases both grain and pore
growth are observed [25,26].

It is difficult to draw a diffusion explanation for such extremely fast densification of the
material. This lack of diffusion explanation is still reinforced by the fact that, in fast firing sintering,
the increase in densification rate is reported to be much greater than the corresponding increase in
the diffusion coefficient of the slower diffusing species [27]. The superior densification in fast
firing is usually attributed to the rapid passage of a specimen through the low temperature region
where grain coarsening dominates and to sample temperature gradients in mass transport [4,22.28].
However, as observed in the traditional sintering [15], the fast densification may be a matter of
interfaces energies balances. This does not mean that diffusion parameters are unimportant but,

prior to them, a thermodynamically favorable situation must be attained. This emerges from the fact



that, despite sintering is usually considered thermodynamically favorable, as commented in a past
section, grain-boundary energies play an important role in densification and may be an important
key in obtaining high-density materials [1,15,16,17].

We propose that, at least for SnO,, at 1200°C the atomic mobility is high enough to promote
all mass transports that are prone to occur. Therefore, if the system does not achieve high density,
an energetic barrier preventing densification is present and must be solved. In other words, grain
boundary energy (solid-solid interface) at 1200°C, densification will not occur, no matter the time
of sintering or the mass transport mechanisms [15], since both interfaces will grow together and
pore elimination will not occur. On the other hand, if the surface energy is higher than the grain
boundary one, densification will occur, since mass flux would enlarge the more stable solid-solid
interface in detriment to the less stable solid-gas interface, promoting grain growth and pore
elimination. Moreover, the greater the driving forces for densification, i.e. the energy difference
between the interfaces, the greater the final density. The evolution speed of the process is also a
function of the diffusion parameters; nevertheless, if diffusion is large enough and densification is
energetically favorable, densification rapidly occurs.

With an adequate energy balance, a system evolutes until the dihedral angle equilibrates
both interface energies components. After that, grain growth without densification should be
observed, since the ratio between interfaces areas must be maintained. This behavior may be
observed in fig. 3, which reinforces this hypothesis showing the microstructure of SnO, 10-mol%
Fe fast sintered for different times observed from fractured surfaces by SEM. The relative
uniformity of the particles sintered for 10 seconds proves them to be grains and not agglomerates.
Grain growth and densification are observed simultaneously in the initial sintering stage. As

clearly seen.



The observed non-densification behavior in pure SnO; may be attributed to the similarity
between solid-gas interface and solid-solid interface energies. The high energy of the SnO, grain
boundaries results from the bond character (strongly covalent) and coordination of the atoms.
Thereafter, one may believe that modifying the interfaces of the material could markedly change the
sintering behavior. This can be achieved by introducing additives. As additives segregate on the
interfaces, the electron density around them is changed, promoting an interface chemical
modification and a total energy decrease. If the additive acts in a way that the grain-boundary
energy is lowered in relation to the solid-gas interface, densification occurs [15]. Disregarding for a
while the way the additives act when markedly lowering the grain-boundary energy, the
concentration of the additives on the surface is certainly a determinant parameter. As the additive
concentration increases, the difference between solid-solid and solid-gas interfaces energies
increases and higher final densities are achieved.

Note that the phenomenon is similar to that observed at low temperatures: the additives
segregate and, the greater the additive surface concentration, the smaller the grain size attained [5].
At high temperatures, however, there is rapid grain growth. Since the sintering behavior depends on
the surface additive concentration, as the enlargement of the grain size decreases the surface area,
the surface additive concentration increases and densification driving forces are changed during the
process. Therefore, even when we are dealing with small quantities of additives, at certain grain size
(time of sintering), the surface would be critically covered by the additive and, thereafter, would
rapidly get dense. If the concentration is too small, even with large sintering times, the critical
covering of the surface may take many hours to be reached and, therefore, high density is virtually
never obtained.

When sintering SnQ; 2-mol% Fe at 1200°C, high densification is not achieved until 30
seconds of treatment. Note that until 30 seconds the system evolutes to a final density lower than

that of 5-mol% Fe. This is coherent with the fact that the interface is semi-covered by the additive



and, hence, interfaces energies configuration is adequate to a lower density, i.e., the additives are
located only in certain number of sites on the interfaces, increasing only partially the driving forces
of densification. However at such high temperature of sintering (1200°C) considerable grain growth
is observed and, after 30 seconds of sintering, the system gets dense. That is to say, as the surface
area decreases, at certain critical particle size, the additive concentration will be sufficient to cover
all interfaces. Thereafter, high densification is expected, since diffusion is not a limiting parameter.

When comparing the sintering behavior of SnO, containing 5 and 10-mol% of Fe, one may
note great similarity, indicating that further increases in concentration will not affect the sintering
time since a critical interface covering has already been achieved. Once the surface is covered,
densification is energetically favorable and the process occurs rapidly since sufficient diffusion
exists. 5-mol% Fe seems to be higher than the critical value of surface completely covering, already
producing the optimal condition for high densification. Therefore, further increases in additive
concentration do not change energy balances and should not further increase densification.

The hypothesis of the critical surface covering after an initial grain growth for the samples
containing 2-mol% of Fe is supported by the zeta potential measurements of powders containing the
same quantity of the additive, but with different particles sizes. As the zeta potential is highly
dependent on the surface chemical composition [29,30], it is expected to be quite sensitive to the
segregation of the additives on the surface, as observed in recent works [5]. As expeeted, samples
containing 2-mol% of Fe and with small particles sizes (23 nm), that are expected to be semi-
covered by the additive, have the surface charges similar to that of pure SnO,, showing isoelectric
point (IEP) equal 4.6. However, as the mean particles size increases, the additive concentration per
surface unit area increases, and the net charge behavior is more similar to that of iron oxide. This is

demonstrated for SnQ, 2-mol% Fe with mean particle size of 46 nm, which shows IEP equal 4.8

and for SnO; 2-mol% Fe with mean particle size of 81 nm and IEP equal 6.4,
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The same behavior was preliminarily proposed in the SnO, based powders containing Mg as
additive. Similar densification is observed for the powders containing 5 and 7-mol% of Mg, while
Sn0; 2-mol% Mg only achieves relative high densities after about 5 minutes of sintering. This must
be an adequate time for the system to reach total surface covering. Nevertheless, the results clearly
demonstrate that Mg cannot promote a final density as high as Fe can for these sintering times.
High-densities similar to those of Fe doped powders are only obtained when sintering Mg doped
SnQ, for a few hours. When particularly considering the valence of the additive ions, diffusion
explanations for such fast sintering behavior can be definitely disregarded. Mg is expected to be 2+
while Fe was observed to be 3+ when incorporated in the SnO, structure [31,32,33,34], therefore, if
the atoms were substituting Sn** ions, more oxygen vacancies would be generated when
substituting Sn by Mg than when substituting Sn by Fe. Hence, increasing diffusion would be more
pronounced in the systems containing Mg. If diffusion were the preponderant factor influencing the
final density of the materials, these last systems would have higher final densities, but this is not
what we observe.

Prior to diffusion reasons, this could be explained based on the behavior of the ions on the
interfaces of SnQO,, which depends on the bond character, as well as on ionic radii, electron
distribution and ion valence of the ions. Such ion properties will determine how interface chemistry
(and energy) will be changed and also the ion surface concentration excess, since governing the
solubility of the atom inside the lattice. Actually, due to the obvious chemical differences, both
additives are expected to act differently in the interfaces energies. However, particular attention is
paid here to the concentration excess, since a critical concentration of additives in the interfaces is
expected to be related to the maximum density achievement. The possibility of solid solution
formation was studied here by X-ray measurements, and showed to be the most relevant cause of

the less efficient activity of Mg as a fast sintering additive.



Fig. 4 shows the XRD patterns for SnO, 2, 5 and 10-mol% Fe and table 1 shows the
calculated lattice parameter a for each sample. For pure SnO, pellets, sintering for 30 seconds and 5
minutes do not change the lattice parameter a, indicating that strain or environments effects during
sintering may be neglected. When comparing the lattice parameter of the pure material with SnO, 2-
mol% Fe, one note little difference, indicating that solubility of the additive is not occurring and all
additive must be segregated on the interfaces despite the surface area reduction due to grain growth.
With 5 and 10-mol% of Fe, the samples show none solid solution with 30 seconds of treatment,
however, when sintering for 5 minutes, the surfaces of both powders reach the critical additive
concentration and diffusion of the aid inside the lattice is observed. Such diffusion is obviously
more pronounced for SnO, containin_g 10-mol% of Fe since surface critical covering is achieved
earlier. The observation is easily related to the observed densification behavior and, as the interfaces
reach the critical covering by the additives, the system achieves high densities promptly.

The relation between the sintering behavior and location of the additive is however more
complicated when dealing with the Mg doped powders. Fig. 5 shows that, for SnO; 2-mol% Mg
sintered at 1200°C for 30 seconds, significant reflection shifts towards higher angles are already
observed, but no second phase patterns appears. This suggests that even at low time sintering the
additive is already diffused in the lattice and significantly enlarge the lattice parameter a (table 1).
Since at low temperatures such lattice disturbing is not observed, a reasonable explanation is that at
1200°C the solubility of Mg inside SnO, increases and Mg interface concentration excess decreases.
Surprisingly, with increasing sintering time (increasing crystal size), the lattice parameter decreases.
This proves the SnO, crystals to be growing without Mg ions inside and the net additive bulk
concentration to be decreasing. Since the growth starts by joining the grains through grain
boundaries, this suggests that the Mg ions are preferentially located at the solid-gas interface of
SnQ, and not at the grain-boundary, This would decrease the driving force for densification, which

is expected only when solid-solid interface energy is lower than solid-gas interface one [15].



Fe** and Sn** have similar electronegativity while Mg”* has electronegativity about 35%
lower [1], suggesting a more pronounced ionic behavior of its oxygen bonds. This ionic behavior
would be responsible for the drastic modifications caused by its segregation on the macroscopic
properties of the powder, as reported [5], since electron density on the surface would be strongly
modified. However, if Mg is preferentially located on the surface, since it is the ratio between the
energies that determines the sintering behavior, densification is less pronounced than in the system
containing Fe. In such last system, despite the moderately influence of the additive in both grain
boundary and surface, an adequate energy ratio is achieved.

Based on the XRD results, one could argue that the densification of the powders only
significantly increases after the diffusion of the additive inside de lattice, and this would modify
diffusion parameters that would be dire(.:tly responsible for the densification. However, the valence
of the ions, as discussed above, contradicts such hypothesis.

Since attributed to additives that are acting on the interfaces, any additive that is prone to
segregate on the edges of any material must change its sintering behavior, promoting, or not,
densification, depending on the influence of it in each interface energies. Controlling the sintering
atmosphere, however, may also change such interface energies. Some interesting results in
densification with controlled atmosphere have been reported, but the explanation of the behavior is
always attributed to diffusion factors [35,36,37]. The energy balance control point of view opens
new perspectives in the study of such results, helping, yet, to clarify the mechanisms that rule fast

densification and the influence of additives in traditional sintering.



Conclusions

Dense SnO, pellets were obtained by fast firing using Fe or Mg as additives. For SnO, 10-
mol% Fe, only 10 seconds of isothermal sintering is enough to reach 95% of the theoretical density,
and for the SnO, 7-mol% Mg pellets, 30 seconds is sufficient to achieve almost the theoretical
density. Surface related properties and XRD measurements strongly suggest that the additives must
be acting on the interfaces of the powders, promoting an adequate energy balance that favors
densification. Densification is only observed after a critical interfaces covering by the additives.
Diffusion parameters are not believed to be influencing the densification observing the segregation

of the additives on the surface and the valence of the cations.
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Fig. 1 —Kinetic of densification curve for fast fired SnO, containing Fe and sintered at 1200 °C.
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Fig. 2 - Kinetic of densification for fast fired SnO; containing Mg and sintered at 1200 °C.
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Fig. 3 — Microstructure evolution of SnO; containing 10-mol% of Fe sintered for different times at

1200 °C.
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Fig. 4 — XRD peak for SnO, containing different concentration of Fe showing the influence of the

additive in the lattice parameter during isothermal sintering at 1200 °C.
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Fig. 5 — XRD peak for SnO, containing different concentration of Mg showing the influence of the

additive in the lattice parameter during isothermal sintering at 1200 °C.
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Table 1 — Calculated lattice parameter “a” for SnO, containing Fe or Mg isothermally sintered at

1200°C for different times.

(

(

¢ € C(

[
\
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Pellets Composition 30 seconds S minutes
Pure 8n0O, 47392 4.7392
2-mol% Fe 47392 4.7392
5-mol% Fe 47392 4.7364
10-mol% Fe 4.7391 4.7321
e _;-mol% Mg 4._7461 o “_4.7426 _
7-mol% Mg 47430 47391
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