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palavras-chave 
 

α-SiAlON, processamento coloidal, meio aquoso, oxigénio, prensagem 
isostática a quente, sinterização por spark plasma, tenacidade à fractura 

resumo 
 
 

Desenvolveu-se um novo método de processamento coloidal em meio 
aquoso para consolidar cerâmicos de α-Y-SiAlON, os quais foram 
sinterizados por prensagem isostática a quente (HIP) e por spark plasma 
sintering (SPS).  
 
Preparou-se com sucesso uma suspensão aquosa de pós precursores de Y-
SiAlON (Si3N4, Al2O3, Y2O3 e AlN), temporariamente estável, usando Dolapix 
PC21 como dispersante, permitindo a fabricação de pós granulados pela 
técnica de aspersão-congelamento-liofilização e a consolidação de corpos 
em verde por enchimento por barbotina. Avaliou-se o efeito do excesso de 
oxigénio introduzido pelo processamento aquoso no desenvolvimento 
microestrutural e nas propriedades mecânicas. 
 
Os corpos de Y-SiAlON consolidados por enchimento por barbotina e 
sinterizados por HIP a 1800ºC apresentaram microestruturas e propriedades 
mecânicas similares a corpos consolidados por prensagem a seco. Estes 
materiais exibiram densificação completa, dureza Vickers máxima de 2003 e 
tenacidade à fractura (método SEVNB) máxima de 5.20 MPam1/2. Foi ainda 
possível estabelecer uma relação estreita entre o aumento do conteúdo em 
oxigénio das amostras sinterizadas e a diminuição da tenacidade à fractura. 
 
Na tentativa de melhorar a tenacidade à fractura dos materiais, procedeu-se 
à incorporação nas suspensões de sementes de Ca-α-SiAlON de geometria 
alongada produzidas por síntese por combustão, adicionadas como agentes 
de reforço. A síntese por combustão realizada em larga escala (cargas até 1 
kg) não produziu efeitos negativos óbvios nos produtos da reacção. 
Investigara-se os efeitos da adição de 5 % em peso de sementes nas 
propriedades mecânicas e no desenvolvimento microestrutural de amostras 
densificadas por HIP. Em comparação com os materiais sem sementes, a 
tenacidade à fractura (método SEVNB) aumentou 13%, mas a dureza 
Vickers resultou 14,5% inferior.     
 
A sinterização por SPS permitiu obter densificação completa a temperaturas 
tão baixas como 1600ºC a partir dos pós granulados de Y-SiAlON sem a 
adição extra de Y2O3 para aumentar o teor de fase líquida. Os materiais 
sinterizados a 1700ºC e 1600ºC mostraram valores máximos de tenacidade à 
fractura de 4.36 e 4.20 MPam1/2 (método SEVNB), e de dureza Vickers de 
2089 e 2084, respectivamente. Esta técnica de sinterização permitiu ainda 
obter corpos sinterizados translúcidos com uma transmitância máxima de 
61% numa amostra de 2mm de espessura. Os corpos translúcidos 
apresentaram dureza Vickers de 2154 e tenacidade à fractura 3.74 MPam1/2 

(método SEVNB). 
 



 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

  

keywords 
 
 

α-SiAlON, colloidal processing, aqueous medium, oxygen, hot isostatic 
pressing (HIP), spark plasma sintering (SPS), fracture toughness. 

abstract 
 

A novel colloidal processing method in aqueous medium was developed to 
consolidate α-Y-SiAlON ceramics, for posterior densification by hot isostatic 
pressing (HIP) and spark plasma sintering (SPS). 
 
A temporarily stable aqueous slip of α-Y-SiAlON precursors powders (Si3N4, 
Al2O3, Y2O3 and AlN powders) using Dolapix PC21 as dispersant, was 
successfully prepared, enabling the fabrication of freeze granulated powders 
and the consolidation of the green bodies by slip casting. The role of the 
excess of oxygen introduced by the aqueous colloidal process on the 
microstructural development and mechanical properties of the sintered parts 
was investigated.  
 
The slip cast α-Y-SiAlONs HIPed at 1800ºC, are very similar with respect to 
microstructure and mechanical properties compared to the ones obtained by 
conventional dry pressing. Fully dense materials were achieved with a 
maximum Vickers Hardness of 2003 and a maximum fracture toughness 
measured by the SEVNB method of 5.20 MPam1/2. This study revealed a close
relationship between the increase of the oxygen content in the bulk samples 
and the decrease of the fracture toughness. 
 
In an attempt to improve the fracture toughness of the SiAlON materials, 
powders consisting of one-dimensional rod-like micro-crystals of Ca-α-SiAlON 
which were prepared by combustion synthesis were added to the slips 
compositions as reinforcing agents. The combustion synthesis performed in 
large scale (up to 1 kg batch) did not show any obvious negative effect on 
reaction products. The effect of seeding on the mechanical properties and 
microstructural development of HIP sintered α-Y-SiAlONs was investigated. It 
has been shown that HIP sintered specimens with 5 wt.% added seeds 
exhibited superior (13%) fracture toughness, as measured by the SEVNB 
method, but lower (14.5%) Vickers Hardness in comparison to un-reinforced 
samples.  
 
Fully dense α-Y-SiAlONs could be obtained by SPS at temperatures as low as 
1600ºC from the freeze granulated powders without any extra added liquid 
phase forming Y2O3. The SPS specimens sintered at 1700ºC and 1600ºC 
exhibited maximum fracture toughness values, as measured by SEVNB 
method, of 4.36 and 4.20 MPam1/2and Vickers Hardness values of 2089 and 
2084, respectively. Furthermore, translucent Y-α-SiAlON ceramics could be 
prepared by spark plasma sintering at 1700ºC and 1800ºC, presenting a 
maximum transmittance of 61% for a 2 mm thickness specimen. The 
translucent specimen indicates a maximum Vickers Hardness of 2154 and 
maximum fracture toughness, measured by SEVNB method, of 3.74 MPam1/2.  



 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

  

schlüsselwörter 
 
 

α-SiAlON, wässrige Aufbereitung, sauerstoff, heiß isostatisches Pressen (HIP), 
Spark Plasma Sintern, Bruchzähigkeit. 
 

abstract 
 

Eine neuartige wässrige Aufbereitung wurde entwickelt, um α-Y-SiAlON 
Keramiken mit einem nachgeschalteten heiß isostatischen Verpressen oder 
Spark Plasma Sintern zu verdichten. 
Ein kurzzeitig stabiler, wässriger Schlicker von α-Y-SiAlON, mit den 
Ausgangsstoffe (Si3N4, Al2O3, Y2O3 und AlN Pulver) und Dolapix PC21 als 
Dispergator, wurde erfolgreich hergestellt. Dies ermöglichte das Erzeugen von 
gefriergetrocknetem granuliertem Pulver. Die Grünkörper wurden anschließend 
über ein Schlickergussverfahren hergestellt. Der Einfluss, des durch den 
Prozess eingebrachten Sauerstoffs, auf die Mikrostrukturentwicklung und die 
mechanischen Eigenschaften wurden untersucht.  
Die, über diese neue Methode bei 1800°C gehipten, α-Y-SiAlON Proben zeigen 
eine ähnliche Mikrostruktur und auch vergleichbare mechanische 
Eigenschaften im Vergleich zu den über ein herkömmliches 
Trockenpulverpressverfahren hergestellten Proben. Diese komplett dichten 
Proben zeigen eine maximale Vickershärte von 2003 und eine über die 
SEVNB- Methode bestimmte Bruchzähigkeit von 5.20 MPam1/2. Weiterhin 
zeigten die Untersuchungen einen Zusammenhang zwischen einer Erhöhung 
des Sauerstoffgehalts im Probenkörper und einer Erniedrigung der 
Bruchzähigkeit.  
Um die Bruchzähigkeit von SiAlON Keramiken zu erhöhen, wurden den 
Schlickerguss- Zusammensetzungen eindimensionale nadelförmige Ca-α-
SiAlON Kristalle (Keime), hergestellt durch eine Verbrennungssynthese, als 
Verstärkungselemente beigegeben. Die Verbrennungssynthese wurde 
großtechnisch durchgeführt und es wurde kein deutlicher negativer Effekt auf 
die Reaktionsprodukte durch die Erhöhung der Probengröße erwartet. Den 
Effekt, den die Zugabe von Keimen auf die mechanischen Eigenschaften und 
die Mikrostrukturentwicklung von gehipten α-Y-SiAlON haben, wurde 
untersucht. Es wurde nachgewiesen, dass die Zugabe von 5 ma.% Keimen die 
Bruchzähigkeit (SEVNB) um 13% erhöht und die Vickershärte um 14.5% 
erniedrigt, im Vergleich zu Proben ohne Zugabe von Keimen.  
Die über das SPS Verfahren hergestellten α-Y-SiAlON Proben wurden aus 
dem gefrier getrockneten Pulvergranulat hergestellt. Vollständige Verdichtung 
konnte ohne Überschuss von Flüssigphase und bei Sintertemperaturen von 
gerade 1600°C erreicht werden. Diese SPS gesinterten Proben zeigen bei 
1700°C Sintertemperatur eine über die SEVNB- Methode bestimmte maximale 
Bruchzähigkeit von 4.36 MPam1/2 und eine Vickershärte von 2089, wobei 
Proben bei 1600°C Sintertemperatur Werte von 4.20 MPam1/2 und 2084 
aufweisen. Des Weiteren konnte bei Sintertemperaturen von 1700 und 1800°C 
transluzente Y-α-SiAlON mit einer maximalen Lichtdurchlässigkeit von 61% bei 
2mm Probendicke durch das SPS Verfahren hergestellt werden. Die 
transluzenten Proben haben eine maximale Vickershärte von 2154 und eine 
über die SEVNB- Methode bestimmte maximale Bruchzähigkeit von 3.74
MPam1/2. 
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Preface 
 

The main purpose of this work was to accomplish a successful alternative route for 

the consolidation of SiAlON precursor powder mixtures via colloidal processing 

using water as dispersion medium without compromise the materials performance. 

The major obstacles to overcome were:  

i) The size and shape limitations of conventional dry pressing technologies 

(uniaxial and/or isostatic pressing) for consolidating homogeneous -SiAlON 

precursor powder mixtures; 

ii) The poor dispersing ability of a multicomponent system (Si3N4, Y2O3, Al2O3 and 

AlN) in water and the reactivity of the components with the dispersing medium; 

iii) Make aqueous colloidal processing a viable processing route for high 

performance -SiAlON ceramics. 

Chapter 1 is the bibliographic review, covering the subjects included on this 

thesis: SiAlON ceramics, Combustion Synthesis, Densification of SiAlON 

ceramics; Colloidal processing of Si3N4, Si3N4-based and AlN powders.  

Another purpose of the work was to be able of producing α-SiAlON crystal seeds 

with an elongated morphology, to act as reinforcement agent, in large scales by 

Combustion Synthesis. The outcome of these studies is presented on Chapter 2. 

Chapter 3 presents the studies that lead to the development of a method that 

could combine the advances in the aqueous processing of Si3N4 based powders 

and AlN powders in order to obtain a workable and stable aqueous suspension of 

the SiAlON precursor powder.  

Finally the studies on densification of SiAlON ceramics by hot isostatic pressing 

and spark plasma sintering are presented and the final mechanical properties 

evaluated in Chapters 4 and 5 respectively. 
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1.1 SiAlON ceramics 

 

Silicon nitride based ceramics are widely known by their exceptional mechanical 

properties, making them one of the most reliable materials for engineering applications, 

namely, in the automotive and aerospace industries, such as cutting tools, wire drawing, 

dies and blast nozzles. 

Silicon nitride can occur in three different crystal structures: α, β and γ. The α and β-Si3N4 

polymorphs had been identified since the mid-1950s 1 and can be produced under normal 

nitrogen pressure. Later the γ-Si3N4 (Cubic Si3N4), which can only be obtained under high 

temperature (2200 K) and high pressure (15 GPa), was discovered.2 Figure 1.1 shows the 

crystal structures of α and β- Si3N4. 

 

 
Figure 1.1 – Crystal Structures of α and β silicon nitride.3 

 
Both α and β- Si3N4 polymorphs show hexagonal structures in which the silicon atom is at 

the centre of a tetrahedron, and each nitrogen atom is trigonal and approximately planar 

coordination by three silicon, so as to link three SiN4 tetrahedra.1 The unit cell consists of 

Si6N8 for β- Si3N4 and Si12N16 for α - Si3N4.
1 

SiAlON ceramics can be defined as a solid solution based on the Si3N4 structure in which 

Si and N are replaced in part by Al and O.4, 5 SiAlONs, occur in two structural 

modifications α- and β-SiAlON, derived from α- and β-Si3N4 respectively.  

β-SiAlON, the first group of SiAlON materials that has been developed, is formed by 

substituting up two-thirds of Si in the β-Si3N4 by Al provided that valency compensation is 

maintained by the replacement of an equivalent concentration of N by O.6 β-SiAlON, can 
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be defined by the generic formula Si6-xAlxOxN8-x, with 0<x<4.2. 4, 7-9 Thus x(Si-N) bonds are 

replaced by x(Al-O) bonds. Since the difference between the respective bond lengths is 

small (1.74 Angstroms for Si-N and 1.75 Angstroms for Al-O), the lattice strain is also 

small and the extent of the replacement is wide.6 

For the case of α-SiAlON, a part of Si is substituted by Al in the α-Si3N4 structure where 

the valency compensation is made partially by the incorporation of O on the N sites and 

the rest by filling the interstitial holes with stabilizing metal cations.4, 10, 11 In this 

substitution mechanism n(Si-N) bonds are replaced by n(Al-O) similar bonds but also 

m(Si-N) bonds are replaced by much longer (1.87 Angstroms) Al-N bonds, which restricts 

the range of the solid solution, m value, due to the consequent larger lattice strain.6 

Furthermore, the n value is also restricted because high values are expected to favour β-

SiAlON formation.6  

α-SiAlON can be described by the general formula Mm/zSi12-(m+n)Alm+nOnN16-n where z is the 

valency of the metal cation and M stands for the stabilizing cations Li, Ca, Mg, Y and the 

rare earth metals except La, Ce, Pr and Eu.4, 10, 11  Formation of α-SiAlON can also occur 

by combination of cations as Nd along with Ca or Li or even Y with Ce;4 furthermore, 

Mandal 6 proved that Ce, La and Sr cations could be accommodated into the α-SiAlON 

structure in the presence of Ca or Yb cations. 

α- and β-SiAlON phases are completely compatible and α / β composites are easily 

prepared by a single stage sintering of the appropriate mixture of nitrides and oxides.6 The 

five component M-Si-Al-O-N system is usually illustrated by the Jänecke prism6 for the 

RE-Si-Al-O-N systems on Figure 1.2, where RE stands for a rare earth metal ion. As can 

be seen in Figure 1.3, the area for single-phase α-SiAlON formation is restricted to the 

small grey area inside the α-SiAlON plane. Unless the composition falls inside the single-

phase α-SiAlON area, other phases, which are not on the α-SiAlON plane, will form 

together with α-SiAlON. Figure 1.3 is also a guide for the limits of m and n to define if 

single-phase α-SiAlON is pretended. However this area is also dependent of the 

stabilizing cation used as seen in Figure 1.4. Chen and Rosenflanz 12 concluded that the 

maximum oxygen solubility in α-SiAlON decreases as the ionic radius of the stabilizing 

rare-earth cations decreases and consequently the maximum solubility of β-SiAlON in 

equilibrium with α-SiAlON also decreases as the size of the rare-earth cation increases. 2, 

7, 9, 12, 13 
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Figure 1.2 - Jänecke prism for the RE-Si-Al-O-N system, where RE stands for a rare 
earth a metal ion.14 
 
 
 
 
 

 
Figure 1.3 - α-SiAlON plane from the Jänecke prism for the RE-Si-Al-O-N system.14 

 
 
 
 
 

 
Figure 1.4 – Portion of the α-SiAlON plane at 1950ºC for the RE-Si-Al-O-N system.9 
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It is well established that α-SiAlON presents good thermal and chemical stability and 

higher hardness than the β-SiAlON but lower fracture toughness.4, 5 Since the mechanical 

properties are strongly dependent on the microstructure it is easy to understand why the 

beta phase, which has elongated grain morphology, has higher toughness than the alpha 

phase that tends to form preferentially equiaxed grains. It is known that an elongated grain 

type structure associated with a weak interfacial strength can activate toughening 

mechanisms such as crack bridging, pull-out, debonding or crack deflection.15-17 The 

interfacial strength and crack path is controlled by the chemical composition, atomic 

structure, and bonding along the grain-boundary phase.17 

 

Since Chen and Rosenflanz 11 have shown the possibility of obtaining α-SiAlON ceramics 

with an elongated microstructure and improved fracture toughness, a great deal of 

attention has been paid towards the reinforcement of α-SiAlON with elongated grains. In 

this way the high hardness characteristic of the α-SiAlON could be combined with the high 

toughness characteristic of the β-Si3N4 and β-SiAlON. The reinforcement can be done: i) 

by seeding, in which an external agent is added (pre-prepared Si3N4 or SiAlON seeds18-25 

or other refractory compounds as SiC in the form of whiskers);26 ii) by in situ reinforcement 

of the structure by manipulation of the initial composition, sintering aids and sintering 

parameters;25, 27-30 or iii) by developing β/α-SiAlON composites with different β/α ratios that 

can lead to composites with designed mechanical properties.5, 31 

Table 1-1 reports some data on mechanical properties, Vickers Hardness and Fracture 

Toughness, for α or α/β-SiAlONs ceramics found in literature.  
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Table 1-1 – Mechanical properties (Vickers Hardness and Fracture Toughness) of 
literature-reported on α or α/β-SiAlONs ceramics. 
 

Mechanical Properties Sintering 
Conditions Remarks Hardness † 

(kgf/mm2) 
Fracture Toughness  

(MPa m1/2) 
Ref. 

HP at 1700ºC 
under 30 MPa 

Y-α-SiAlON with 30 
vol.% of β-Si3N4 whisker - 6.5 32 

HP  at 1800ºC 
under 32 MPa Y-α-SiAlON 2243 4.2 33 

Pressureless at 
1800ºC for 2 h 

Yb-α-SiAlON with 
5wt.% seedsCS  - 6.3 s 

3.9 us 
21 

HIP at 1800ºC Nd and Yb-α/β-SiAlON 1830 to 2030 5.7 to 6.4 31 

Gas Pressure at 
1825ºC for 3 h Y-α-SiAlON 1800 to 1976 3.9 to 6.3 30 

HP at 1900ºC for 
1h 

Ca-α-SiAlON with 4wt.% 
seedsLS 

1958 s 
2080 us 

~ 5.75 s 
~ 5.25 us 

 
19 

HP at 1900ºC for 
1h 

Y-α-SiAlON with 1wt.% 
seedsLS  2142 ~ 5 18 

HP at 1900ºC for 
1h under 30MPa 

Nd, Yb and Y-α-SiAlON 
and Y-α-SiAlON with 
1wt.% seedsLS  

- 6.9 - 7.1 s 
3.6 - 6.3 us 

34 

SPS 1830ºC Y, Nd, Sm, Dy and Yb -α-
SiAlON 2121 - 2202 4.3 - 4.7 35 

HP at 1700ºC (2 h) 
or 1800ºC (4 h) or 
1900ºC (4 h) 
under 32 MPa 

Y, Nd, Sm, Dy and Yb -α-
SiAlON 2039 - 2172 2.5 - 4.3 35 

SPS at 1700ºC 
under 50MPa Y/Yb -α-SiAlON 2039 5.1 36 

HP 1800ºC for 4 h 
under 32MPa Y/Yb –α/β-SiAlON 2141 - 1733 3 - 5 37 

HP 1950ºC for 2 h 
under 40MPa Lu/Y–α-SiAlON 1808 - 1965 2.45 – 4.86 27 

HP 1950ºC for 1 h 
under 30 MPa 

Y, Nd and Yb -α-SiAlON 
and with 5 wt.% 
seedsLS 

2151 – 2182us ~ 4.5s 
3.6 – 4.8us  

23 

SPS 1600ºC  Yb -α-SiAlON and with 
5wt.% seedsCS 

2048s 
2162us 

6.2s 
4.40us 

38 

HIP 1800ºC under 
10 MPa Nd, and Yb –α/β-SiAlON 1564 - 2030 5.5 – 6.1 5 

HP 1900ºC 1 h Y/Yb - α-SiAlON 2110 2.8 – 4.2 39 

HP 1800 1 h Lu- α-SiAlON 2304 4.8 40 

Pressureless at 
1850ºC Y- α-SiAlON 1795 6.2 41 
CSseeds produced by combustion synthesis, LSseeds produced by liquid sintering sseeded, usunseeded 
† Vickers Hardness, HV10 (kgf/mm2) is by convention present without units, though the trend nowadays is 
to present it in SI units namely GPa. In the present work the decision was the use the conventional HV10. 
A simple rule can be used to convert HV to GPa multiplying by 0.009807. In this Table the hardness 
values were converted to kgf/mm2 from GPa values reported in the original reference.   
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SiAlON ceramic with optical properties were reported more than 20 years ago.42 Mitomo 

et al.42 succeeded in obtaining dense β-SiAlON with translucent properties using hot 

pressing.  

In comparison with single crystal materials, translucent polycrystalline materials are easier 

to fabricate. They allow the production of larger and more complex parts that can be used, 

generally, at higher temperatures than glass.  

Structural inhomogeneities of the material, such as porosity, secondary phases and grain 

boundaries can drastically affect their optical properties43 by means of diffuse scattering. 

Another factor that promotes scattering losses and consequently lower light transmission 

is the birefringence that occurs in all non-cubic ceramics. In this way, optical properties 

are also influenced by the crystal structure of the ceramics.  

 

α-SiAlON ceramics are regarded as interesting materials for structural applications due to 

its high hardness and good thermal properties. However, since Karunatne et al.44 have 

reported the translucent properties of very thin α-SiAlON ceramics plates, the interests in 

α-SiAlON ceramics for optical applications have risen. The reported optical properties of 

these materials combined with the excellent mechanical properties could broaden its 

range of application such as tough window material.6, 45-48 An important feature of the α-

SiAlON is that the amount of intergranular phase is reduced by the transient liquid phase 

being absorbed into the matrix during sintering6. This results in a ceramic with reduced 

amounts of residual glassy phase,45 which is expected to improve the optical properties of 

the materials.43 Furthermore, the microstructure of the grains can also affect the optical 

properties.49 A fine homogeneous equiaxed microstructure is of advantage48 while a 

bimodal one with elongated grains has to be avoided.47 Obtaining α-SiAlON ceramics with 

relatively high optical transmission is possible, by carefully controlling the sintering 

conditions and using appropriate rare-earth oxides as sintering aids.43, 44  

 

The available literature refers to three main sintering processes that can be used for  

producing SiAlON with optical properties: hot pressing,42, 46, 48-52 hot isostatic pressing,6 

and more recently, spark plasma sintering (SPS) .43, 45, 47, 53 The SPS allows not only 

shorter sintering times, but also a careful control of the microstructure 43, 45, 53, 54 The rapid 

heating rates associated with SPS can avoid the formation of undesired transient 

crystalline phases and promote a rapid homogenization of the locally formed liquid via 

large capillary forces present between the sub-micrometer and/or nano-sized grains.43, 55 

For these reasons, the SPS technique appears to be more promising concerning the 
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optimization of the optical properties than hot pressing or hot isostatic pressing. The 

properties of translucent SiAlONs ceramics reported in literature are presented in Table 

1-2. 

 

Table 1-2 – Properties of literature-reported translucent SiAlONs ceramics. 
 

Phase Properties 
Sintering Conditions  

Maximum 
Transmittance  

(%) 
Hardness†  
(kgf/mm2) 

Fracture 
Toughness 
(MPa m1/2) 

Ref. 

Sintered at 1700-1800 ºC 
under 9.8-29 MPa β-SiAlON 40 

(0.65 mm thick) - - 42 

HP at 1750ºC for 4 h α-SiAlON - - - 44 

HP at 1800ºC for 1 h 
under 40MPa 

α-SiAlON 
α/β-SiAlON 

1.2 
34 

2154 
1984 

2.64 
4.97 

46 

HP at 1950ºC for 2 h 
under 40MPa in a 0.9 
MPa N2 atmosphere 

α-SiAlON 70 
(0.5 mm thick) 1965 2.55 50 

HP at 1900ºC for 1 h 
under 20MPa α-SiAlON 65.2 

(1.0 mm thick) 2039 5.1 48 

SPS at 1700ºC under  
50 MPa α-SiAlON 66 

(0.5 mm thick) - - 43, 47 

HP a 1800ºC for 1 h 
under 25MPa α-SiAlON 65 

(0.7mm thick) - - 51 

HP at 1800ºC for 1 h 
under 20MPa α-SiAlON 59 

(1 mm thick) 1924 4.24 49 

SPS at 1850ºCfor 5 min 
under 30 MPa α/β-SiAlON 66.4 

(0.5 mm thick) 2182 6.1 45, 53 

HP at 1900ºc for 1 hr 
under 32MPa in a 
0.4MPa N2 atmosphere 

α-SiAlON 72 
(1.0mm thick) 1937 4.0 56 

† Vickers Hardness, HV10 (kgf/mm2) is by convention present without units, though the trend nowadays 
is to present it in SI units namely GPa. In the present work the decision was the use the conventional 
HV10. A simple rule can be used to convert HV to GPa multiplying by 0.009807. In this Table the 
hardness values were converted to kgf/mm2 from GPa values reported in the original reference.   
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1.2 Combustion Synthesis: a method to produce SiAlON seeds  

 

Combustion synthesis (CS), or Self-propagating High-temperature Synthesis (SHS)57-59 

provides an attractive and practical alternative to the conventional methods of producing 

advanced materials, such as structural and functional ceramics, ceramic composites, 

catalysts, alloys, intermetallic compounds and nanomaterials.57, 59 This method offers the 

advantages of low cost, short reaction times, simplicity of the process and formation of 

high purity products.57, 59 It is a method widely known to produce oxide and non oxide 

based powders;57-60 actually more than 500 kinds of materials, including carbides, borides, 

silicides, nitrides, sulfides, hydrides, intermetallic and complex composites were reported 

to have been synthesized by this method.61 The basis of combustion synthesis is the 

ability of highly exothermic reactions to be self-sustained and therefore energetically 

efficient. The high combustion temperatures (1000 – 6500 K) associated to CS are related 

to the enthalpy change between the reactants and products. 

 

Typically in a CS reaction the mixed powders (pressed into pellets or loose) are ignited 

either locally at one point, known as propagation mode; or by heating the whole batch to 

the ignition temperature of the exothermic reaction, known as simultaneous combustion 

mode. 57 The products of CS reaction are normally highly porous typically 50% of the 

theoretical density. 

The rates of wave propagation, wave stability and maximum combustion temperature 

achieved are dependent on the generation of heat by the reaction and the loss of heat 

from the reaction front. Heat dissipation at the reaction front occurs through heat losses to 

the environment and heat transfer to the adjacent reactant mixture which is still below the 

ignition temperature. In this way any perturbation of these factors could change the 

reaction front velocity and stability. In real operating mode the most of CS occurs under 

non adiabatic conditions, therefore the real maximum combustion temperature is often 

lower than the maximum theoretical adiabatic combustion temperature usually use in the 

theoretical models to predict the CS behaviour. The decrease of heat generation and/or 

increasing of the heat losses can create instabilities and eventually lead to a slowing down 

or stopping the propagation of the combustion wave or even quenching out the reaction.57 

The simplicity of the process should not mislead to the assumption that is not a complex 

process to successfully control. There are a number of variables that must be taken into 

considerations that affect the efficiency of the CS: reactants particle size; stoichiometry of 
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the initial composition (includes the use of diluents or inerts reactants); thermal 

conductivity; ignition temperature; heat loss and consequently combustion temperature; 

heating and cooling rates; and physical state of the reactants (solid, liquid, gas).57 

 

One of the first references concerning the fabrication of SiAlON powders by CS is the 

work of Zeng and Miyamoto 62 where is reported the successful synthesis of β-SiAlON by 

CS of Si, Si3N4 and AlN powders in N2 atmosphere.  These authors 62 also reported on the 

crystal morphology as needle-like particles with hexagonal facets. Later Rodriguez and 

co-workers 63 were able to produce β-SiAlON fibres by CS of Si, Al, Al2O3 and β-Si3N4 

powders in the presence of NH4F.  

Chen and co-workers 64-76 have contributed with significant advances in the CS of α-

SiAlON studying and optimizing several parameters which can drastically affect the 

composition and morphology of the final CS products. During CS, once the combustion is 

triggered, the nitridation reactions of Al and Si will proceed very rapidly and produce a 

huge amount of energy, leading to a dramatic increase in temperature. The maximum 

temperature can easily reach 1800ºC or higher, within seconds with heating rates in the 

order of 250-300ºC/s. 71-73 Due to the high temperatures and fast heating rates Si (melting 

point - 1412ºC) and Al (melting point - 660ºC) particles will melt and agglomerate in a 

short time, inhibiting the infiltration of N2 and further nitridation. To overcome this problem 

α-Si3N4 or β-Si3N4, AlN or even α-SiAlON, powders with relatively high melting points, are 

added to the initial compositions acting as diluents. The kind and amount of diluents 

added can have a strong effect both on the phase assemblage and the grain morphology. 

The use of β-Si3N4 instead of α-Si3N4 leads to an increase of the β-SiAlON phase being 

formed, 65, 77 which is understandable since the Si3N4 acts not only as diluent but also as 

crystalline seeds providing nucleation sites.  

The most common stabilizing cations used are Y, 66, 68, 70-73 Yb67, 72, 73, 76, 77 and Ca.64, 76, 78 

Nonetheless codoped composition are also reported: Ca with Yb or Sr 74 or with Mg; 69 Y 

with Eu, Pr or Ce79; and Nd with Dy 75. The use of codoped compositions can be useful in 

tailoring the phase assemblage and crystal morphology 69, 75 and assist the incorporation 

of larger cations into the α-SiAlON lattice structure. 74, 79 

NH4F is a well known additive in the combustion synthesis of α-SiAlON. The 

decomposition of NH4F, during the process, will generate N2, NH3 and HF thus increasing 

the N2 supply into the reacting mixtures and consequently enhancing the nitridation 

reaction.64, 65, 77 Simultaneously, silicon can form fluorides, which are associated with the 

catalytic effect of NH4F on the nitridation of silicon. 64-66, 77 The catalytic effect is possible 
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due to the reaction between the fluoride species (SiFx) with the gaseous nitrogen 

providing an easier route for the nitridation of the silicon64-66, 77 thereby accelerating the 

formation of Si3N4.77 However, an excess of NH4F can lead to the increase of β-SiAlON 

phase formed in the as synthesized product.77 In addition, it can also lead to an excess 

production of α-Si3N4 which can not be consumed timely in the formation of α-SiAlON, 

causing then the overabundant α-Si3N4 to transform into β-Si3N4 or β-SiAlON.77 65, 71 

Furthermore the NH4F seems to have also an important role in the crystal growing 

process of SiAlONs. This evidence was first reported in the work of Rodriguez and co-

workers. 63 A comparable behaviour was also stated by Chen and co-workers, 65, 77 

however, these authors claim that the NH4F can act either as a promoter or inhibitor of α-

SiAlON crystal growing, depending on other experimental conditions.65  

The positive effect is due to the presence of higher amounts of gaseous nitrogen which 

decreases the agglomeration degree of the reacting mixing thus providing more space for 

crystal growth.65  

The negative effect can be explained by the following two ways65: 

i) The easier route for nitridation provided by NH4F accelerates the formation of α-Si3N4 

which would provide enough amount of this reagent to promote the growth of α-SiAlON 

crystals in all spatial directions making the final as synthesized product to develop in more 

equiaxed particles. 

ii) The adiabatic temperature of silicon combusted in N2 is much higher than that of 

aluminium combusted in the same condition (4300 K and 2900 K respectively). Even if the 

nitridation of Si is enhanced by the presence of NH4F leading to a faster heating rate, the 

maximum temperature achieved will be lower due to the decomposition of NH4F. 

Moreover, the favoured nitridation of Si contributes to the heat released during the initial 

stage of the combustion reaction thus less Si will be available to release heat in the after-

burn period. As a consequence, temperature decreases faster after achieving the 

maximum temperature shortening the time period for crystal growth. 

More recently Liu and co-works77 studied the effect of NH4F associated to the addition of 

seed crystals in the grain growth of α-SiAlON crystals. The addition of α-SiAlON seed 

crystals to the initial mixture is a technique used to provide initial nuclei sites and simplify 

the nucleation control.71, 77 

With the accelerated nitridation of Si, the heat release rate and the formation rate of α-

Si3N4 are also increased, meaning that for an equal time period more heat energy is 

released and more α-Si3N4 is produced. Consequently, the dissolution of α-Si3N4 particles 

is enhanced, forming a high instantaneous supersaturation degree. In this way, the 
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difference in the chemical potential between the liquid phase and crystal seeds is 

enhanced and thereby a high driving force is created. The higher driving force accelerates 

the mass transportation and reprecipitation on the surface of the crystalline grains 

promoting a rapid anisotropic grain growth.77 

 

Using the CS method it is possible to synthesize elongated crystal seeds as those used 

as reinforcing agents in the present work. 

Seeding has been proved to be a reliable method to control the microstructure of Si3N4 

based ceramics.80, 81 The seed crystals provide preferential sites for heterogeneous 

crystallization of the final phase, allowing the control of the grain size and grain aspect 

ratio, which are essential for the improvement of fracture toughness.80 In the majority of 

the cases, single α-SiAlON seed crystals are prepared by liquid phase sintering.18, 19, 80, 81 

This is not a trouble-free process since the parent α-Si3N4 structure is not 

thermodynamically stable under the typical conditions for liquid growth process.80, 81 

Nevertheless, it is possible to produce seeds by this route stabilizing the α-Si3N4 solid 

solution, α-SiAlON, with a metal ion as presented above in the general formula. 

Furthermore, under appropriate conditions (liquid composition, heat-treatment schedule, 

nitrogen pressure, amount of liquid and adequate initial powders), it is also possible to 

vary the size and morphology of the seeds crystals.80, 81  

 

In comparison to the elongated particles grown in a liquid phase, the α-SiAlON crystal 

seeds obtained by CS present the following advantages:  

i) High conversation degrees and easy deagglomeration of elongated particles due to 

the low density of the block after combustion and the residual glassy phase remaining 

among them;  

ii) The morphology of the seeds is easier to control and the process is simpler, faster and 

less expensive.  

For these reasons, crystal seeds produced by CS would be more attractive for industrial 

applications. However, scarce data are available concerning the stability of the CS crystal 

seeds at elevated temperatures 21, 71, its behaviour under high pressures such as in the 

HIP or SPS 38, 82, and its effectiveness on developing reinforced microstructures.  

 

 



 

 

 

20 

1.3 Colloidal processing of SiAlON precursor powder 

 

To produce α-SiAlON ceramics a precursor powders mixture, with Si3N4 as the major 

component, containing with AlN and aluminium, calcium, yttrium and other rare earth 

oxides is needed. Choosing a colloidal method to process this complex precursor mixture 

requires special processing approaches especially when aqueous-based shaping 

techniques are adopted to consolidate the ceramic parts. In addition to the high probability 

of heterocoagulation because of the different nature of the powders’ surface, the main 

problems are associated to the dispersion of Si3N4 and AlN powders in water.  

If, on one hand, AlN powders experience fast hydrolysis when in contact with water;83-87 

on the other hand, Si3N4 powders are known for their poor dispersing ability in aqueous 

media due to the presence of silanol and amine surface groups of different polarities.88  

For the stated reasons, reaction SiAlON ceramics are conventionally consolidated from 

non-aqueous suspensions of precursor powder mixtures or by non-colloidal processing 

routes such as uniaxial pressing, eventually followed by isostatic pressing. The drawbacks 

of dry pressing technologies are their poor capability to consolidate complex shapes and 

the typical lower degree of homogeneity of the as pressed green bodies, owing to 

pressure gradients. In recent years, significant advances have been made in this field, 

enabling to prepare high concentrated Si3N4 based suspensions 88-96 and stable AlN 

aqueous suspensions. 97-99 

In the following sections a brief description of the theoretical concepts behind the colloidal 

processing and the rheology of suspensions; as well as the state of the art concerning 

dispersion of Si3N4, Si3N4 based powders mixtures and AlN powders in water is presented. 

 

1.3.1 Colloidal processing 

 
The conformation of green bodies is an intermediary step in the process of fabrication of 

ceramic components which allows the conversion of loose powders in defined and 

relatively resistant to handling parts. Any unintentional defects or heterogeneities in any 

stage of the fabrication route would persist and/or be exacerbated during the densification 

process.100 

The term colloid is usually used to describe particles that have at least one dimension in 

the size range of 10-3 to 1 µm. A distinguishing characteristic of all colloidal systems is that 
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the contact area between the particles and the dispersion medium is large. For this reason 

interparticle or surface forces strongly influence the suspension behaviour. 100 

Due to the small size of the particles the gravitational forces are despicable 101 and the 

particles interactions are governed by van der Waals, electrostatic, steric, electrosteric 

and depletion forces. The control and manipulation of the interactions between the 

particles in the dispersion medium allows the improvement of packing homogeneity in the 

consolidated green bodies, being this the main advantage of colloidal processing when 

compared with the conventional conformation method by dry pressing. Furthermore, the 

achievement of a well dispersed suspension contributes to the decrease of structural 

defects and improves both the sinterability of the powder compacts and the resulting 

properties of the material. 101 Another advantage of the colloidal processing is the ability to 

consolidate complex shapes, most of the times so difficult or even impossible to achieve 

dry pressing. 

Nowadays, there are several techniques involving colloidal processing, through fluid 

removal including pressure filtration, slip casting, osmotic consolidation, tape casting and 

robocasting; or by particle flow which includes sedimentation, centrifugation and 

electrophoretic deposition; and gelation which includes injection moulding; gel casting and 

direct coagulation casting. 100 Moreover, dry pressing can also beneficiate from a number 

of advantages of colloidal processing, namely, concerning the degree of homogeneity 

achieved in the suspensions when the granulation step is done by freeze drying. 102 In 

fact, this technique presupposes an initial dispersing step followed by subsequent 

spraying of the suspension into liquid nitrogen. The suspension droplets are quickly frozen 

collected, and then freeze dried to obtain the granules. This granulation procedure avoids 

the occurrence of segregation of processing aids, resulting in granules that behave pretty 

well on dry pressing.  

 

1.3.2 Stabilization of colloidal suspensions 

1.3.2.1 Interparticle forces 

 
The colloidal stability is ruled by the total interparticle potential energy, VT, which can be 

expressed as 

 

VT = VvdW + Velect + Vsteric + Vstru 1-1 
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where VvdW  is the attractive potential energy due to van der Waals interactions; Velect is the 

repulsive potential energy resulting from electrostatic interactions between like-charged 

particle surfaces; Vsteric is the repulsive potential energy resulting from steric interactions 

between particle surfaces coated with adsorbed polymeric species; and Vstru the potential 

energy resulting from the presence of non adsorbed species in solution that may either 

increase or decrease suspension stability. 100   

The forces resulting from van der Waals interactions are always attractive between like 

particles. Furthermore the attractive potential due to the van der Waals interactions is 

distance dependent and its strength depends on the dielectric properties of the interacting 

particles and the surrounding medium. In order to achieve the desire degree of 

suspension stability, the attractive van der Waals forces must be overcome. 100 This 

feature relays on the repulsive interactions between particles such as electrostatic, steric 

and depletion forces. 

The two first terms of equation 1-1 constitute the well known Derjauin-Landau-Verwey-

Overbeek (DLVO) theory. This theory takes into consideration only the attractive forces of 

van der Waals and the repulsive electrostatic forces, nonetheless, it is used to predict the 

stability of colloidal particles suspended in a polar medium and is a foundation stone of 

modern colloid science.100 

 

1.3.2.2 Electrostatic forces 

 
Dispersing a powder in an aqueous solution normally results in a charge being developed 

on the powder surface. On the other hand, in a non aqueous media, surface charge 

formation is not to be considered an important issue due to the general non dissociative 

nature of the solvent and its low ionic solvency. However, if the solvent is for example a 

lower alcohol with a relatively high dielectric constant, the formation of charge at the 

surface is likely to occur. 103 Nonetheless, if the generated like-charges at the surface are 

of sufficient magnitude, the stability of suspension can be controlled by the repulsive 

potential of the electrostatic forces. The Velect exhibits an exponential distance 

dependence whose strength depends on the interacting particles and on the dielectric 

properties of the medium.100 

Let us look to the specific case of immersing a ceramic powder in an aqueous medium. 

The powder can acquire a charge at the surface through the dissociation of surface 

groups or adsorption ions into the surface. However the suspension of the particles must 
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be electroneutral so the charged surface must be balanced by an equal countercharge in 

the solution. This counter charge is created by attracting the counterions and repulsing the 

ions with the same charge. In this way, an ion cloud outside the charged surface is 

created. This structure is usually described in terms of the double layer model known as 

the Stern-Grahame-Gouy-Chapman (SGGC) model.103 According to this model, the 

double layer includes two regions: the Stern layer close to the surface and strongly 

bounded to the surface at a more or less constant distance from it; and the diffuse layer 

external to the Stern layer and where is assumed that the ions move freely and its 

distribution depends on the electrostatic interactions and on thermal energy (Figure 1.5).  

 

 
Figure 1.5– Illustration of the double layer model and the variation of the potential with the 
distance. 
 

In the case of a metal oxide (MeO) dispersed in water it acquires MeOH groups at the 

surface of the particles which can undergo acid-base reactions giving rise to charged 

surfaces, the sign charge being dependent on the surface chemistry features and on pH 

of the medium as illustrated in equations 1-2 and 1-3. 

 

MeOH + H+  MeOH2
+  

MeOH + OH-  MeO- + H2O 

1-2 

1-3 

For low pH values the surface becomes positively charged by the adsorption of H+ ions 

and for high pH the surface becomes negatively charged by the adsorption of OH- ions. 
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Nonetheless, there is a pH value for which the adsorption of H+
 is balanced by the 

adsorption of the OH- ions, and for that reason the particle surface becomes neutral. The 

pH value at which this situation occurs is designated by the point of zero charge (PZC).  

At this point the concentration of MeOH2
+ must be equal to the concentration of MeO-. 

Considering the equilibrium constants established by equations 1-4 and 1-5,  

 

 
  




HMeOH

MeOHKa 2  1-4 

  
  




OHMeOH

OHMeOKb 2
 1-5 

 

for the PZC the concentration of H+ ions can be written as: 

 

  2
1









Ka
KbKwH PZT  1-6 

 

Where, Kw is the dissociation constant for water. Since, by definition, the pH is equal to - 

log [H+], the pH corresponding to the PZC can be written as  

 

 pKwpKbpKaPZC 
2
1

 1-7 

 

This is why pH is a such a fundamental parameter in the control of the electrostatic forces 

and consequently in the stabilization of the colloidal suspensions. 

The electrostatic potential at, or very near to, the beginning of the diffuse layer, can be 

measure by electrophoresis and it is designated by Zeta Potential (ZP).100 The 

electrophoresis consists in the application of an electrical field to surface charged particles 

dispersed in a liquid. When the surface charged particles are submitted to an electrical 

field they move towards the electrode with the opposite charge at a velocity proportional to 

the applied electrical field. The isoelectric point (IEP) of the surface is by definition the 

point at each the electrophoretic mobility is zero.103 In the absence of specific adsorption 

of ions in the Stern layer, the IEP coincides with the PZC. 103  
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The adsorption of macromolecules, non ionic polymers, into the Stern layer will dislocate 

the beginning of the diffuse layer and, in this way, changes the ZP. Furthermore, the 

adsorption of macromolecules with ionisable functional groups will not only dislocate the 

beginning of the diffuse layer but will also change the electrical surface charge, having a 

more complex effect on ZP. 

The determination of ZP is of great importance for understanding the electrostatic 

phenomena occurring at the solid/liquid interface, namely, the stabilization of colloidal 

systems by repulsive electrostatic forces.  Nonetheless, the stabilization based exclusively 

on repulsive electrostatic interactions is, in the most of the cases, not sufficient to 

overcome the attractive van der Waals forces. 

 

1.3.2.3 Steric Forces 

 
Steric forces provide an alternative stabilization mechanism for the colloidal suspensions 

and can be effectively used in both aqueous and organic systems. The mechanism 

involves the adsorption (physical or chemical) of polymeric molecules at the particle 

surface, which will induce steric repulsion. To be an effective mechanism, the adsorbed 

layer should be sufficiently thick to produce an enough repulsive force to overcome van 

der Waals forces and also be strongly anchored to the particle surface to avoid 

desorption.   

Two main properties of the polymeric chains should be taken into account. On one hand, 

the affinity of the molecules to the particles surface and on the other hand, the affinity to 

the dispersing medium. If the affinity towards the particle surface is too high a very 

compact adsorbed layer is likely to form leading to an insufficient layer thickness. But if 

the affinity towards the medium is also too high, this would lead to high solvency and 

consequently to a weak adsorption onto the particle surface. In order to overcome these 

phenomena the use of homogeneous polymeric chains, homopolymers, is being replaced 

by the use of polymeric chains with different polymers combination, copolymers. In this 

way it is possible to design a polymer chain that has a segment almost insolvable in the 

dispersant medium, which acts as anchor being strongly adsorbed at the particle surface; 

and another segment with the appropriate solvency and length to allow the formation of a 

suitably thick layer. This mechanism is schematically represented on Figure 1.6a. 
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1.3.2.4 Electrosteric forces 

 
The adsorption of macromolecules with ionisable functional groups (polyelectrolytes), as 

referred in section 1.3.2.2, can combine the electrostatic and steric stabilization 

mechanisms. Polyelectrolytes contain at least one type of ionisable group such as 

carboxylic or sulfonic acid groups for example, with molecular architectures that range 

from homopolymers to copolymers with one or more ionisable groups.100 

The adsorption is strongly favoured when the polyelectrolyte specie and the particle 

surface have an opposite charge. The electrostatic interactions between the functional 

groups and the particle surface are frequently the driving force for the adsorption. 

At small adsorbed amounts the polyelectrolyte species can promote flocculation via 

surface charge neutralization or bridging mechanism if they are long enough to 

simultaneously adsorb into more than one particle. For higher adsorbed amounts, particle 

stability increases due to the long-range repulsive forces resulting from electrosteric 

interactions. 

This combined stabilization mechanism is widely used and, generally, leads to a 

significant improvement in the stabilization of the particles in the suspension, allowing the 

increase of solids concentration while maintaining the viscosity or even decreasing it. 

Figure 1.6b represents a schematic representation of the electrosteric stabilization 

mechanism. 

 

1.3.2.5 Depletion forces 

 

In some cases when polymeric species possess high affinity towards the dispersing 

medium they will not be adsorbed at the surface of particles and will be kept soluble in the 

dispersing medium. This species, depletants, can promote flocculation or stabilization by 

depletion. Depletion denotes the existence of a negative depletants concentration gradient 

near the colloidal particles.100 For low concentrations of depletants, the approximation of 

particles can lead to the expulsion of the polymeric species from the area between them, 

promoting flocculation. For sufficiently high concentrations the approximation of the 

particles can promote the compression of the polymeric molecules originating a repulsive 

force, which will compel the particles to go back, leading to the stabilization of the particles 

by depletion. A schematic representation of this mechanism is presented on Figure 1.6c. 
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a) 

b) 

c) 

 

Figure 1.6 – Illustration of the stabilization mechanisms a) by steric stabilization, b) by 
electrosteric stabilization and c) by depletion. 
 

1.3.3 Rheology of colloidal suspensions 

 
The rheological behaviour of a colloidal dispersion is one of its most relevant technological 

features. Rheological properties depend on how the dispersions respond to an applied 

stress or strain. 100, 104 

A material can be characterized by two types of rheological behaviour. If the deformation 

is fully recovered after the removal of the applied stress, the material is described as a 

solid with an elastic behaviour. If it flows under a very small stress, it can be described as 

a viscous liquid. Nonetheless, there are a variety of materials including the colloidal 

suspensions that present both elastic and viscous responses being, therefore, designated 

as viscous-elastic materials.101, 104 
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For viscous flow behaviour, which is of interest for the present work, the shear stress () 

can be related to the shear rate ( ) by: 

  =  η   1-8 

 

where η is the apparent viscosity. Various types of flow can be observed under steady 

shear. The simplest flow response where the viscosity is independent of the shear rate is 

designated as Newtonian behaviour. Nonetheless, the majority of the systems does not 

present this behaviour and are denominated as non-Newtonian. In the case of Newtonian 

behaviour, η is the viscosity in equation 1-8, which is known as the Newton law.   

When the viscosity decreases with the increase of shear rate, this behaviour is known as 

shear-thinning (or pseudoplastic) behaviour. If, instead, the viscosity increases with 

increasing shear rate, this behaviour is designated as shear-thickening (or dilatant). 

A shear-thinning system can produce a response to the shear rate accompanied by a 

yield stress whose magnitude depends on the strength of particle network. If the flow 

curve is linear above the yield stress the system is referred to as Bingham plastic. These 

various types of flow behaviour are illustrated in Figure 1.7. 

 

 
 

Figure 1.7 – Characteristic flow behaviour of ceramic suspensions: a) shear stress () as 
a function of the shear rate ( ) and b) the viscosity as a function of the shear rate. 
 

The rheological behaviour of a concentrated suspension can also be time dependent. A 

thixotropic system presents an apparent viscosity that decreases with time under shear 

but recovers its original viscosity when the flow ceases. The opposite behaviour is 

designated by rheopexy. 
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The rheological behaviour of a system is not an intrinsic characteristic of the material but a 

characteristic that is dependent, among other factors, of the shape, size and particle size 

distribution; of the particles concentration; and of the interactions between particles, as 

referred in section 1.3.2.1.  

In fact, particle agglomeration or the increase of the particles concentration promote an 

additional barrier to flow, which consequently drives to a increase in viscosity and a 

possible change in the flow behaviour for higher shear rates. The increase in 

concentration leads to a decrease of the distance between suspended particles resulting 

in the intensification of the interaction between particles and between particles and the 

dispersing medium. For this reason, it is easily understood that a Newtonian fluid with 

suspended particles presents always a higher viscosity than the pure fluid. In this way, the 

increase of concentration of suspended particles in a deflocculated suspension is 

accompanied by a change in flow behaviour from Newtonian to non-Newtonian. 

To study these phenomena, the hard sphere model was proposed as a first approach 

because of its simplicity. Although hard sphere systems are not in fact commonly found in 

practice, they represent an important idealization and starting point for studying the effect 

of the interparticle potentials on the rheological behaviour.104  

In a hard sphere system, for low solids concentration (), the relation between the 

suspension viscosity (ηs) and the viscosity of the dispersing medium (η0) is given by 

Einstein equation (equation 1-9): 

 



 ws
r  1

0

 1-9 

 

where ηr is the relative viscosity,  is the colloid volume fraction and w the Einstein 

coefficient. For spherical particles w is equal to 2.5, while for other shapes, specially 

elongated ones, this coefficient presents higher values.  

At higher solids concentrations ( > 0.05), hydrodynamic and Brownian many-body 

interactions affect the rheological behaviour.100 In this regime the Krieger-Dougherty 

model can be used to describe this dependence (equation 1-10): 
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where w is equal to 2.5 for monodisperse spheres, and max is the maximum achievable 

solids loading. As  tends to max, the relative viscosity increases dramatically.100 

Most of the ceramics suspensions can be classified as soft systems. In this kind of 

systems the repulsive interactions occur at some distance away from the particle surface 

since in water medium the particles can adsorb water molecules or other species from the 

solution.  

Stable soft sphere systems have been shown flow behaviour similar to that described 

above for the hard sphere systems. Hard sphere systems scaling has been fruitfully 

applied in systems with relatively thin layers (for low δ/rs ratios where rs is the particle 

radius), provided that the thickness of the adsorbed layer (δ) has been accounted for an 

effective volume fraction, eff. The effective volume fraction can be described by equation 

1-11 for spherical particles: 
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To take into consideration irregularly shaped particles equation 1-11 can be modified into 

equation 1-12: 

3
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s
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eff r

A  1-12 

 

where ρ is the powder density in g/m3 and AS is the specific surface area of the powder in 

m2/g. 

 

The rheological behaviour of concentrated suspensions is affected by the particle size 

distribution and particle shape. Furthermore, the packing ability of the particles is also 

strongly dependent on the shape size, particle size and particle shape distribution. The 

increase of viscosity as a consequence of a decrease of particle size it is a well known 

fact in the colloidal chemistry. 

For high particle sizes the effect of the adsorbed layer (δ) in the total volume, associated 

to the particle volume, and in the effective volume fraction solids (eff) can be despicable. 

However, when the thickness of the layer is comparable, in dimension, to the particle size 
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(δ ≈ rs) its influence can not be dissociated from the composition and chemical properties 

of the particle surface.  

Additionally, the particle size distribution also acts as major factor in the packing ability. If 

the particle size distribution is such that smaller particles can occupy the voids between 

larger particles, the packing improves and the viscosity decreases. In fact, this occurrence 

will release water from the voids that will contribute to decrease the viscosity even for a 

higher solids volume fraction. 

These effects are more significant for high solids contents when the particles are closer to 

each other and the liquid necessary for the displacement is not abundant. Although this 

might turn the bimodal systems attractive for the colloidal processing, one should bear in 

mind the inhibitor effect that larger particles may have in the sintering and densification 

behaviour of ceramics. For this reason, the most common, in particular in the field of 

advanced ceramics, is the use of a submicrometric particle size range. 

 

Both the effects of concentration and particle size are of special concern since they 

influence directly the flow behaviour of concentrated suspension, the control of which is 

one of the most important aims in colloidal processing of ceramics. 

 

1.3.4 Dispersion of Si3N4 and Si3N4 based powder mixtures in water 

 

Subjecting a non-oxide powder, as silicon nitride, to an aqueous environment commonly 

results in a complex response which may difficult the process control.105 Several studies 

have shown that the surface properties of the silicon nitride powders can drastically vary 

depending on synthesis process, powder treatments (thermal, chemical, mechanical) and 

wet processing conditions.88, 90-93, 95, 105-113 

Of major importance is the amount and distribution of the oxygen, by formation of a silica 

rich layer, at the powder surface which is mainly controlled by oxidation and hydrolysis 

reactions of the thermodynamically unstable Si3N4 in the presence of air or water. 106, 109, 

113, 114 Furthermore, when exposed to high temperatures and oxygen, the formation of the 

SiO2-rich layer can be further promoted and accelerated. The oxidation of the Si3N4 

surface in the presence of oxygen occurs according to equation 1-13: 88, 93, 109 

 
Si3N4  +  3 O2    3 SiO2  +  2 N2 1-13 
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Hydrolysis occurs in the presence of moisture or liquid water, leading to the formation of a 

surface layer with an intermediate composition between silica and silicon oxynitride 105, 109, 

115. The overall reaction can be described by equation 1-14: 105, 109, 116 

 

Si3N4   +  6 H2O    3 SiO2  +  4 NH3 1-14 

 

A similar reaction can be written for the formation of silicon oxynitride as the oxidation 

product.105 Additionally, it has been shown that the oxidized surface layer dissolves in the 

same way as silica according to reaction 1-15: 105 

 

SiO2  +  2 H2O    Si(OH)4 1-15 

   

These reactions lead ultimately to a change in the ratio between acidic silanol (≡ Si-OH) 

and basic amine (≡Si-NH) surface groups, which is of key importance for enhancing the 

dispersion ability of the Si3N4 powders. 

Due to the prevalent covalent character of the chemical bonding in Si3N4, silicon nitride 

powders possess poor sinterability, meaning that for attaining high densification degree 

the use of oxides, such as yttria, alumina, magnesia, as sintering aids is essential.88 

Therefore, the rheological studies aiming at obtaining well dispersed and concentrated 

suspension for colloidal processing silicon nitride based ceramics need to evaluate the 

effects of such oxides on the rheological behaviour. The mixtures of Si3N4 + sintering aids 

will be hereafter referred as Si3N4-based powder mixtures or as Si3N4-based suspensions 

according to the specific situation. 

Along the successive processing steps including mixing, calcination, milling, consolidation, 

and so on, it is impossible to avoid some oxidation of silicon nitride. On the other hand, it 

is of paramount importance to keep the oxygen content under control. This explains why 

the issues related to the oxidation mechanisms of Si3N4 and to the effects of experimental 

conditions under which oxidation occurs have been the subject of intensive research work.  

Castanho e co-workers 107, 113, 114 have concluded that the surface oxidation process is 

more related to the processing route than to the designed composition, meaning that the 

oxides additives have almost no influence in the oxidation degree. Furthermore, the 

milling step in aqueous medium increased significantly the surface oxidation of the Si3N4 

powders contrarily to milling in alcohol. 
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Another research group, Galassi and co-workers,109, 110 also showed the effects of 

processing routes and sintering additives on the surface chemistry of the Si3N4 powders. 

They have concluded that ball milling in aqueous medium was the most relevant method 

to modify the surface chemistry in comparison with attrition milling and ultrasonication. 

This seems to be in contradiction with others works88 and also with the results of the work 

presented here. However, the time of contact between the powder-medium and the 

energetics of the milling process (ball milling, attrition milling, planetary milling) should be 

taken into consideration. Furthermore Galassi and co-workers 110 found that the attrition 

milling of the Si3N4 powders together with the oxides additives (Y2O3 and La2O3) provided 

a large and stable coating of the powders against further oxidation. 

Processes for coating the Si3N4 powders with the sintering additives have also be 

described in the literature.117, 118 Although this method could bring a enhancement of the 

dispersing ability of the powders, it is fairly too complex and can not be taken into practice 

widely. 93  

The use of polyelectrolytes and inorganic compounds for colloidal stabilization of the Si3N4 

particles, by electrostatic or electrosteric stabilization, are some of the methods widely 

used to achieve well dispersed and high concentrated aqueous Si3N4-based 

suspensions.88, 89, 92, 95, 115, 119-123  

Table 1-3 presents a summary of the compounds reported in the literature and the 

respective solids concentrations used. These approaches can be employed alone or 

coupled to other procedures such as pre-oxidation or chemical pre-treatment of the 

powders’ surface, as well as milling / deagglomeration.88, 92, 93, 107-110, 112  

Another widely known method to improve the dispersion of Si3N4 powders in water is 

manipulating the ratio silanol/amine groups through calcination.88, 92-94 This method 

consists in a heat treatment of the powders in air atmosphere for different exposure times 

from 1 to 6 h at temperatures ranging from 600ºC to 900ºC.88, 92-94 The aim of this 

procedure is to generate a silica layer at the powders surface.  

The procedure proposed by Oliveira and co-workers 88, 92 was chosen in the present work 

to prepare aqueous Si3N4-based powder suspensions for colloidal processing. 
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Table 1-3 – Summary of the compounds, found in the literature, used to stabilize Si3N4 
and Si3N4- based aqueous suspensions. 
 

Compound  Concentration 
(wt.%) 

Solids 
Content Remarks Ref. 

TMAH 1 70 wt.%  114 

TMAH to adjust pH 
(9.7 – 12.3) 35 vol.% attrition milling  30 min 121 

NaOH 1 70 wt.%  114 

Dolapix PC33 1 33.2 wt.% 3 h mixing 114 

Dolapix PC33 5.0 / 1 / 1.5 65 wt.% Si3N4 + Y2O3 + Al2O3 
Attrition milling 30 min 

89 

Dolapix PC33 0.5 30 vol.% Si3N4 + Y2O3 + Al2O3 
As received 

88 

Dolapix PC33 0.5 45 vol.% Si3N4 + Y2O3 + Al2O3 
calcinated 

88, 92 

Dolapix PC33 0.5 60 vol.% Si3N4 + Y2O3 + Al2O3 
Calcinated + ball milling 96 h 

92 

Dolapix PC33 0.5 60 vol.% 
Si3N4 + Y2O3 + Al2O3 
Calcinated + planetary milling 
12 h 

92 

Polyacrylic acid 0.6 40 vol.%  122, 123 

Dolapix CE64 0.15 43 vol.% Si3N4 + Y2O3 + Al2O3 
Calcinated 

94 

Al(OH)3 + DAC 0.3 + 0.05 57.4 vol.% Si3N4 + Y2O3 + Al2O3 
124 

Na2SiO3 1.0~1.2 24 vol.% Ball milling 8 h 120 

Dolapix A88 (0.90) +  
Dolapix PC33 (0.10) 1 50 wt.% 

Si3N4 + Y2O3 + Al2O3 
Attrition milling 
(plus defoamer and binder) 

119 

PEI 1 45 vol.% Ball milling 24 h 115 

Dolapix A88 0.64 5 wt./vol. %  91 

Dispex A40 0.3 20 vol.%  95 

PMAA 1.3 20 vol.%  95 

TMAH – Tetramethylammoniumhydroxide 
DAC – Citric acid diammonium salt 
PEI - Polyethyleneimine 
PMAA – commercial poly(methacrilicacid) comb copolymer 
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1.3.5 Dispersion of AlN in water 

 
The processing of AlN powders in aqueous medium is limited by their well-known 

reactivity when in contact with liquid or vapour water. 85, 99, 125, 126 During this reaction, 

designated by hydrolysis, occurs the formation of an undesirable layer of amorphous 

aluminium hydroxides (AlOOH) at the powders surface, converted afterwards into bayerite 

(Al(OH)3), and accompanied by the release of ammonia according to the following 

reactions: 85, 127, 128 

 

AlN (g)  +  2H2O (l)     AlOOH amorph  +  NH3 (l) 1-16 

AlOOH amorph  +   H2O  (l)     Al(OH)3 1-17 

NH3   +   H2O    NH4
+

    +   OH- 1-18 

 

The OH- ions resulting from the reaction promote the increase of the suspension pH. The 

increasing rate of the suspension pH is dependent on the temperature and of the initial pH 

value. For pH below 3, a certain incubation time for the hydrolysis to start is needed, 

however for pH above 7 the hydrolysis is expected to accelerate.85, 126, 128, 129 The 

continuous increase of the pH during the hydrolysis promotes the particles flocculation 

and, complementary, the gellification of Al(OH)3 leads to a rigid network. All these events 

contribute to enhance the viscosity of the suspensions and might even lead to their 

consolidation through the well known Hydrolysis Assisted Solidification process. 127, 130, 131  

 

These are the mains reasons why AlN-based ceramics are industrially processed from 

organic-based suspensions. Nonetheless, more than ever, the use of organic solvents 

rises important economical, environmental and health/safety issues which have being 

promoting the efforts of a number of research work towards developing alternative 

aqueous processing routes.84, 85, 87, 97-99, 126, 128, 132-135  

These concerns have been soon reflected in the market offers and some temporarily 

water resistant AlN powders are commercially available.83, 86, 87, 136 However, most of them 

are coated with hydrophobic substances (fatty acids) making difficult or even impossible 

the preparation of stable high concentrated suspensions. To overcome this problem, the 

use of surfactants with a hydrophilic head and a hydrophobic tail is required to reduce the 

surface tension and achieve a good wetting of the particles. But this approach also leads 

to extensive foaming in suspensions with an additional need of anti-foaming agents, 
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making the process more complex and harder to control. As a consequence of the poor 

dispersing ability of the as-treated powder, the solids loading in the suspension has to be 

decreased.98, 99   

Alternatively to hydrophobic fatty acids coatings, the chemical adsorption of anionic/acidic 

species onto the surface of AlN particles has been pointed out as a successful route. 

Phosphoric and silicic acids showed to be effective in the surface protection for long time 

periods of some days or even weeks. 85, 128 In fact, the protection of the AlN surface 

through the formation of superficial aluminophosphates in the presence of phosphoric acid 

(H3PO4) is patented since 1990. 137, 138 Furthermore, Krnel and co-workers126 showed that 

monoprotic acids (HCl, HF and HNO3) completed dissociated, which form water soluble 

aluminium salts, have no preventing effect on the hydrolysis reactions. However, in the 

presence of polyprotics acids such as H2SO4 and H2CO3, which also form water soluble 

aluminium salts, the hydrolysis reaction could be hindered but not fully prevented. 

Wildhack and co-workers 134 showed that a hydrolysis-resistant AlN powders could be 

prepared by using citric or polyacrylic acid as surface modifying agents without negatively 

affecting the wetting behaviour of the powders.  

 

Recently, an effective method to protect AlN particles surface against hydrolysis has been 

proposed by Olhero and co-workers,99 which consists of a thermo-chemical treatment of 

the AlN powders at 60ºC in an aqueous solution of aluminium dihydrogenphosphate. The 

treated powders presented high stability in aqueous media for several days, and highly 

concentrated AlN aqueous suspensions could be successfully prepared. This was the 

preferred method for the processing of AlN powders in water used in the present work. 
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1.4 Densification of SiAlON ceramics 

 

Densification of pure Si3N4 is extremely difficult due to the covalent nature of the Si – N 

bonds. This problem is overcome by the addition of sintering additives that allow the 

densification process to occur in the presence of a liquid phase. Densification of SiAlONs 

occurs by reaction liquid phase sintering or transient liquid sintering.7 Moreover the 

SiAlONs ceramics are easier to fabricate due to the lower viscosity of the M-Si-Al-O-N 

liquid phase.6 -SiAlON, in particular, presents the further advantage of reduced 

intergranular phase as a result of the absorption of the transient liquid phase into the -

SiAlON matrix. 6  

Several sintering methods have being used for densification of SiAlON ceramics: hot 

pressing (HP), hot isostatic pressing (HIP), gas pressure sintering (GPS), pressureless 

sintering and, more recently, spark plasma sintering (SPS). 

A brief description of the fundamentals of sintering theory process is presented in the 

following section.  

 

1.4.1 Fundamentals of sintering 

 
Sintering is a process technique used to produce density controlled materials and 

components from metal or/and ceramics powders by applying thermal energy.139  

Sintering provides the interparticle bonding that generates the attractive forces needed to 

hold together the otherwise loose powders. Sintering is the result of atomic motion 

stimulated by a high temperature. Several variables influence the sintering process such 

as shaping technique, initial density, initial composition, particle size, particle size 

distribution, degree of powder agglomeration, sintering atmosphere, pressure, 

temperature, time and heating and cooling schedule.139, 140 

In general, sintering aims to produce sintered bodies with reproducible and, if possible, 

designed microstructure through control of sintering variables, such as those referred 

above. Microstructural control means the control of grain size, sintered density, and size 

and distribution of the other phases including pores.139 

Basically, sintering processes can be divided into two main categories: i) Solid State 

Sintering and ii) Liquid Phase Sintering.139 Solid state sintering occurs when the powder 

compact is densified wholly in a solid state at the sintering temperature; on the other hand 
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liquid phase sintering occurs when a liquid phase is present in the powder compact during 

sintering. Additionally, others types of sintering such as transient liquid phase sintering 

and viscous flow sintering can be active.139 

The transient liquid phase sintering is a combination of liquid phase sintering and solid 

state sintering. During this process a liquid phase forms in the compact at an early stage 

of sintering, but the liquid disappears as the sintering proceeds and the densification is 

completed in the solid state.  

The viscous flow sintering occurs when the volume fraction of liquid is sufficiently high, so 

that the full densification of the compact can be achieved by a viscous flow of a grain-

liquid mixture not involving any grain shape change during densification. 

When compared with the solid state sintering, liquid phase sintering allows easy control of 

microstructure and reduction of process cost, however, it can degrade some important 

properties such as mechanical behaviour of the sintered bodies,139 particularly  at high 

temperatures. 

On a microstructural scale, sintering corresponds to the growth of cohesive necks at the 

points of contact between particles. Particles sinter together by atomic motions that act to 

eliminate the high surface energy associated to an unsintered powder compact. Therefore 

the driving force of sintering is the reduction of the total interfacial energy. The total 

interfacial energy of the powder compact is expressed as A, where  is the specific 

surface area (interface) energy and A the total surface (interface) area of the compact. 

The reduction of the total energy can be expressed as:139 

 

 (A) =   A +   A 1-19 

 

here the change in interfacial energy () is due to densification and the change in 

interfacial area is due to grain coarsening. In conclusion, the reduction in total interfacial 

energy occurs via densification and grain growth, the basic phenomena occurring during 

sintering. This is illustrated in Figure 1.8. 

The surface energy per unit of volume is inversely proportional to the particle diameter. 

Thus, in general, smaller particles have more energy and sinter faster than larger ones. 

However, not all of the surface energy is necessarily available as a driving force for 

sintering.140  
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Figure 1.8 – Basic phenomena occurring during sintering 139. 
 

1.4.1.1 Solid State Sintering 
 

In this type of sintering, the composition of the powders and sintering temperature do not 

allow the presence of a liquid phase and densification occurs from the modification of the 

shape and size of the particles by solid state diffusion. The driving force of this process is 

the reduction of the surface energy by replacement of solid/vapour interfaces by 

solid/solid interfaces. 

Solid state sintering is usually divided into three overlapping stages: i) initial, ii) 

intermediary and iii) final. The initial stage is characterised by the formation of necks 

between the particles and its contribution to compact shrinkage is limited to a maximum of 

2-3%. In the intermediary stage a densification up to 93% of the relative density can occur 

before pores isolation. The final stage involves densification from the isolated pore state to 

the final densification.139 

1.4.1.2 Liquid Phase Sintering 
 
In two-phase (or more) systems involving mixed powders, liquid formation is possible due 

to the difference in the melting range of the components or the formation of a low melting 

phase (including a glassy phase).140 The sintering of a powder compact in the presence of 

a liquid phase increases the density of the compact and, at the same time, grains grow as 

in the case of solid sintering. For the liquid phase sintering, unlike solid state sintering, the 

microstructure change is fast because of enhanced mass transport through the liquid. 

Densification 

Densification 
& 

Coarsening 

Coarsening 
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Actually the liquid may provide a path for rapid transport and therefore faster sintering if 

certain criteria are met.140 Wetting is the first criterion: the liquid must form a film 

surrounding the solid phase. For that a low contact angle is mandatory. Secondly, the 

liquid must have solubility towards the solid. As a liquid phase forms during heating, liquid 

flows into fine capillaries due to the capillary pressure between the fine and coarse 

channel between solid particles. The solid particles can be redistributed by this liquid flow. 

In the liquid phase sintering models, this phenomenon is referred to as “particle 

rearrangement”.141 Finally, the diffusive transport for the solid particles dissolved in the 

liquid should be high enough to guarantee rapid sintering. Furthermore, the formation of a 

liquid film provides the advantage of a surface tension force acting to aid densification and 

pore elimination.140  

The classical model and theory for the liquid phase sintering divides it into three stages: i) 

particle rearrangement by liquid flow; ii) solution-reprecipitation and iii) final pore removal. 
139, 142 

 

Particle rearrangement by liquid flow 
In the initial stage of the liquid phase sintering (particle rearrangement by liquid flow) 

melting, wetting, spreading and liquid redistribution may occur consecutively and 

simultaneously. Due to the unbalanced capillary forces around the solid particles, as 

dictated by the particle contact and liquid meniscus geometry, which results in shearing 

and rotational movements of particles, both solid and liquid are subjected to 

rearrangement. The rearrangement of particles advances in the direction of porosity 

reduction with a simultaneous reduction of the surface free energy of the system. As 

density increases particles undergo an increasing resistance to further rearrangement due 

to the impingement by neighbouring particles until a close packed structure is formed. 

The driving force for this process arises from the unbalance in the capillary pressure as a 

result of: i) particle size distribution; ii) irregular particle shape; iii) different local densities 

in the powder compact and iv) anisotropic material properties. 142 

 

Solution-reprecipitation 
When further rearrangement is negligible, additional densification can be achieved by 

dissolution of the solid at the grain contacts which results in a volume shrinkage by a 

centre to centre approach of the particles. The high concentration of solute at compressed 

particle contacts transfers to the uncompressed part of the grain structure (surface of the 

neck) by diffusion through the liquid and reprecipitation occurs. Thus, the contact area 
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between particles increases and the grain shape is accommodated. This process can be 

designated by contact flattening. 139 Simultaneously, the pore shrinks continuously and the 

compact is densified. The dissolution rate of the solid decreases as the contact area 

increases due to the simultaneous reduction of the effective stress at the contact area. 

Consequently, the volume shrinkage (densification) rate decreases as the density of the 

compact increases. Towards the final of the solution-reprecipitation stage the 

interconnected pore structures pinch off to form isolated closed pores.142 

 

Final pore removal 
The final stage of liquid phase sintering starts immediately after pore closure. During this 

stage several phenomena may occur including growth and coalescence of grains and 

pores, diffusion of liquid into the solid, phase transformations and the reaction of products 

between the solid, liquid or gas. The mechanisms by which the pores can be eliminated 

are the coalescence and the pore filling. The latter is based on the concept that the 

removal of the pores is due to the grain growth which promotes the migration of the liquid 

phase towards the pores surface. This effect promotes the wettability of pores surface 

inducing the grain growth towards the centre of the pores. 

 

Reactive Liquid Phase Sintering 
For many ceramics, chemical reactions occur during sintering. Mixtures of powders of 

different phases, coated particles or a material that undergoes a phase transformation 

during heat treatment are some of the possible examples.142 It has been recognized that 

the chemical driving force for the various reactions can be much larger than that from 

interfacial energies in some liquid phase sintering multi systems. The chemical reactions 

that may occur provide a decrease in the free energy between 100 and 1000 Jmol-1, while 

during sintering of particles of about 10 µm in diameter the free energy reduction is only 

between 1 and 10 Jmol-1 due to the reduction of the interfacial energy. 142 

Despite this difference in the driving force between the two processes, it must be pointed 

out that only a decrease in the interfacial energy results in the necessary driving force for 

densification.142  

 

Transient Liquid Phase Sintering 
In this specific case of liquid phase sintering the transient liquid phase may be removed by 

evaporation or stay in the compact by forming a solid solution or crystalline phases. This 
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technique can be an alternative route for fabrication of fully dense ceramics when direct 

solid state sintering is not viable.  

1.4.1.3 Grain growth 
 

The control of grain growth is of major importance in the sintering step of ceramics 

processing. Firstly the size and morphology of the grains play, in general, a vital role in the 

final properties of the materials and secondly the accomplishment of high density implies 

that the coarsening process must be suppressed during sintering. The grain growth 

occurs as a response to the excess of energy associated with interfaces or boundaries 

between neighbouring grains.143 

Grain growth in polycrystals is best explained in terms of a chemically pure single-phase 

system. Despite that, the kinetics of movement varies since the grain boundary energy 

varies with the grain boundary orientation and the grain boundary mobility may not be 

constant. Consequently, grain growth phenomena can not be rigorously accessed even 

for the simplest systems. Several theories have been proposed, however, the Classical 

Theory, assuming constant grain boundary energy proved to be useful for a fundamental 

understanding of the process.139 This theory explains, in a simple way, the complex 

process of grain growth. It is assumed that the driving force is determined only by the 

radius curve of the grain boundary and that the average grain growth rate is proportional 

to the average of the grain boundary movement. This last assumption is justified only 

when the grain shape and the grain size distribution are invariable during the grain growth. 

For real microstructures free of abnormal grain growth this condition seems to be 

satisfied.139 As annealing time increases, the grain size distribution reaches a stationary 

state and the average grain size increases as a function of the square root of annealing 

time. 

The specific grain shape determines the direction of boundary migration relative to its 

centre and therefore whether shrinkage or growth occurs. According to Bennison143, the 

grains with more than six sides tend to grow and those with less than six sides skink; 

however a more recent research work on two-dimensional microstructures revealed that 

the grains became unstable and disappear when the average number of edges is ~4.5.139 

To point out that in a two-dimensional cross section of a bulk polycrystal many triangular 

grains are observed and these disappear continuously. Such observations suggest that 

the cross-sectional microstructure cannot be considered in terms of a simple two-

dimensional array microstructure.139 Several research works have been made on the grain 

growth, nonetheless, the experimental kinetics rarely meets the theoretical ones.139 The 
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discrepancy between theory and experimental data can be attributed to impurity drag of 

grain boundaries and a threshold driving force for grain movements. This last factor is yet 

to be further clarified. It is assumed that the movement of faceted boundaries needs a 

critical driving force. On the other hand, the presence of a minimum driving force for the 

grain boundary movements in systems with a secondary phase is evident and the 

boundary drag of such particles is referred to as the Zener effect.139 The drag force results 

from a reduction in total grain boundary energy which is achieved by the boundary 

occupation of the second-phase particles. In conclusion, when secondary phase particles 

are present at the grain boundaries the grain growth is hindered. During the grain growth 

process the secondary phase particles may also grow and the limiting grain size increases 

as these particles grow. However, this dependency is difficult to prove experimentally due 

to the fact that the random distribution of the secondary phase particles may not be kept 

during grain growth.139 

The growth of grains in a liquid matrix is usually explained by the LSW (Lifshitz-Slyozov-

Wagner) theory. When particles of different sizes are dispersed in a liquid, material 

transport occurs from small to large grains. Due to the capillary pressure applied on a 

particle, the activity of the atoms in the particle and consequently its solubility in the 

matrix, increases as the particle size decreases. Therefore, the atoms dissolved in the 

matrix from small particles are transported to large particles, resulting in growth of large 

grains, thereby promoting the dissolution of the small grains and further growth of the 

large ones. This phenomenon in which the average grain size increases via growth of the 

large grains and dissolution of small grains in a matrix either solid or liquid is referred to as 

Ostwald ripening.139  

The application of the LSW theory considers: i) an infinitely dispersed system where the 

solid volume fraction is theoretically zero and; ii) the dissolution and precipitation of atoms 

occurs with an equal probability regardless of the size and the crystallographic plane of 

the grain, meaning that the mobility of an interface is constant and independent of the 

driving force and crystallographic orientation of the solid surface. Nonetheless, this 

assumption is acceptable only for rounded grains with a rough interface. Under these 

conditions, the LSW theory predicts a constant size distribution of grains, independently of 

the initial grain size distribution and a simple kinetic equation in a stationary state: with the 

cube, for diffusion control, or the square, for interface reaction control, of the average 

grain size being proportional to the holding time139. The grain growth can be controlled by 

atom diffusion (diffusion control) or by atom dissolution and reprecipitation at grain 

interface (interface reaction control) as refereed above. 
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The most critical assumption of the presented theory is that of constant interface (grain-

matrix) mobility under all conditions. The application of the LSW theory to real systems 

must be done with care and with validation of the basic assumptions involved.139  

Several examples of abnormal grain growth in a liquid matrix are documented, however 

one should point out that all of them involve faceted grains. This suggest that faceting of 

grain interfaces is a necessary condition for abnormal grain growth.139 The phenomenon 

of abnormal grain growth is under attention and a number of theoretical explanations and 

experiments have been raised. In general they are based in the previous theories and 

experiments of crystal growth from a melt. According to previous studies, a faceted crystal 

grows either with the assistance of surface defects, such as screw dislocations and twin 

boundaries; or by two dimensional nucleation and growth without surface defects.139 

For crystals with a rough interface, growth is controlled by diffusion and the growth rate is 

linearly proportional to the driving force, meaning that the interface mobility is constant. 

Oppositely crystals with a faceted interface grow by interface reaction control if the 

diffusion of atoms in the matrix is sufficiently fast; the growth rate is not a linear function of 

the driving force and the interface mobility, which is a function of the driving force, also 

varies with the crystallographic plane of the interface.139 Under a high driving force, the 

growth rate of faceted grains is controlled by diffusion and for that reason the growth 

behaviour of faceted grains in a liquid matrix is expected to be affected by the volume 

fraction of the liquid. It was suggested that for a given system with faceted grains where 

abnormal grain growth occurs in the presence of a low liquid volume fraction, less 

abnormal grain or apparently normal grain growth behaviour was observed for a high 

liquid volume fraction.139 

In the case of -SiAlON, however, it was found that sintering with excess of liquid phase 

promoted the abnormal grain growth leading to the formation of a microstructure with a 

bimodal distribution of particle sizes with the presence of elongated grains.2, 4, 27, 30, 37 

Furthermore, the type of additive used (oxides) also showed to influence the anisotropic 

grain growth of the crystals.4, 28, 29, 144 

 

1.4.1.4 Pressure assisted methods 
 

The application of an external pressure to a powder compact results in a direct increase of 

the driving force for densification and an increase in the densification rates. However the 

grain growth is not related to the applied pressure. Moreover, the use of an external 

pressure is more effective in systems where the grain growth rate relative to densification 
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rate is high. The pressure assisted methods can lead to the use of lower sintering times 

and temperatures which in turn hinder further grain growth.139 Such methods include HP, 

HIP, GPS, and SPS. In the specific case of HIP sintering, full densification can not be 

achieved by using it alone. In fact, HIP is, in general, applied as a second stage of 

sintering after pressureless or gas pressure sintering. 

The driving force for densification under an external pressure is determined by the 

pressure itself and also by the contact area relative to the cross-sectional area of the 

particles.139 

 

1.4.2 Densification behaviour of α-SiAlON 

 
Hot pressing of Si3N4 is a wide spread technique for fabrication of dense SiAlON ceramics. 

The typical batch consists in a powder mixture of Si3N4, AlN, Al2O3 and a metal oxide 

(such as MgO, CaO, Y2O3 among others). The process begins with the intrinsic SiO2, 

present at the silicon nitride surface, reacting with the oxide additives to form an eutectic 

melt. 145 This liquid facilitates the densification and the subsequent phase transformations 

through a solution-reprecipitation mechanism.145  

Since the theory of transient liquid sintering was brought to light, intensive research was 

done on the reaction sintering of SiAlON in the M2Oz – Si3N4 – AlN – SiO2 – Al2O3 

system.146 

Some of the initial works were carried out in the MgO - Si3N4 – AlN – SiO2 – Al2O3 system. 
7, 146-149 It was established that a transient phase, which formed during HP of α-Si3N4 with 

MgO, reacted with α-Si3N4 above 1400ºC to form β-Si3N4 and a vitreous phase. 7, 146, 147 

This reaction was found to expedite the sintering kinetics and the reaction pathway 

dependent on the amount of MgO added. The replacement of MgO by Y2O3 resulted in a 

diphasic microstructure material consisting of β-SiAlON and an yttrium aluminium oxide 

garnet (Y3Al5O12) designated by YAG with improved mechanical properties. 7, 146 

 

The intensive research on this field has led to the identification of fast particle 

rearrangement,150 solution-reprecipitation,147-149, 151 Cobble creep150 or grain boundary 

sliding152, 153 as densification mechanisms in the SiAlON systems.  

Later on, Hwang and Chen154 established that hot pressing of α and (α + β) Y-SiAlON 

takes place in three stages. Further, they found out that the wetting properties of the Y2O3 

- Al2O3 - SiO2 eutectic melt controlled the behaviour of powder compacts.146 The first stage 

corresponded to the formation of the ternary oxide eutectic and YAG. The shrinkage at 
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this stage was due to the redistribution of liquid in the powder compact and slight 

improvement in the packing densities efficiency. The second stage was identified with the 

wetting of AlN particles and formation of β60-SiAlON. The preferential wetting of AlN by the 

ternary oxide melt caused localization of the liquid, leading to a delaying effect on the 

second shrinkage step. The third stage occurred with the dissolution of Si3N4 and 

formation of the final phase. Massive particle rearrangement was found to be the 

dominant densification mechanism. 146 This also caused aluminium enrichment in the 

liquid, leading to formation of β60-SiAlON as a transient phase. Consequently the physical 

and chemical characteristics of the liquid, especially its wetting behaviour, and the kinetic 

pathway of the intermediate reactions were thought as important factors in reaction 

densification of multi-component systems.146  

The first evidence that a general understanding concerning the reaction sequence during 

SiAlON densification may, after all, be based on simple physical chemical considerations 

governing surface activities of nitrides with reactive liquids was given by Hwang and 

Chen.154 These authors reported that in Y-SiAlON system, Y2O3 - Al2O3 - SiO2 eutectic 

melt preferentially wets AlN, leading to the formation of β60-SiAlON as a transient phase, 

which delays densification in the early stages due to liquid trapping. A more systematic 

study, in order to improve the very limited knowledge of the wetting characteristics of 

various ternary oxide eutectic melts on nitrides was presented by Menon and Chen145 

These studies provided a broad overview of the wetting behaviour of the ternary oxides 

and reaction paths in the M-Si-Al-O-N system (with M= Li, Ca, Mg, Nd, Sm, Gd, Dy, Er 

and Yb). It was concluded that in general more basic oxides wet Si3N4 whereas more acid 

oxides wet AlN.145 

 

The reactions identified during the reaction densification of α-SiAlON are:7 

i) The eutectic formation (at temperature T1); 

ii) Wetting of a nitride powder and intermediate phase precipitation (at temperature T2); 

iii) Secondary wetting of the other nitride powder (at temperature T3); 

iv) Dissolution of the intermediate phase (at temperature T4), and 

v) Precipitation of the final phase, α-SiAlON (at temperature T5).  

 

Figure 1.9 a) and b) represents the schematic expected shrinkage curves when the 

eutectics melt preferentially wets Si3N4 and AlN, respectively.  

In this representation the beginning of various shrinkage steps are identified with some of 

the above identified reactions and respective initial temperatures. 
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Figure 1.9 – Schematic shrinkage curves when the eutectic melt wets a) Si3N4 or b) AlN 
first.146 
 

In general, wetting of AlN leads to small or no immediate shrinkage in the powder 

compact because of the low AlN content of the typical SiAlON compact, 154 as indicated by 

Figure 1.9 b). These shrinkage curves are guidelines and some variations are feasible. 

For instance, it is known that the initial precipitation of the intermediate phase usually 

starts with partial wetting of the first nitride, meaning that T2 could be significantly lower 

than the temperature when complete wetting is achieved. Furthermore, the dissolution of 

the intermediate phase may or may not be higher than T5. As a matter of fact, T4 may 

even be lower than T3, as in case of lithium and calcium, where wetting and dissolution of 

the second nitride (AlN) occurs after the intermediate phase is dissolved and partial 

formation of α-SiAlON is already achieved.146  

From the work of Menon and Chen,146 the mechanism for the densification behaviour of 

M-Si-Al-O-N systems could be drawn. As stated earlier it was also established that 

densification occurs in three stages. The first stage is associated with the formation of the 

SiO2-Al2O3-Me2O3 ternary eutectic (at temperature T1). The second stage is associated 

with the preferential wetting of majority nitride powder, Si3N4. This occurs at T2 when 

Si3N4 is wetted first. If AlN is wetted first, then no shrinkage step is observed at T2 and the 

densification is delayed until T3, when wetting of Si3N4 finally occurs. The third stage 

involves the dissolution of the intermediate phase if T4 is low; otherwise a distinct third 

stage is not seen while a gradual densification continues following the second stage. In 

the extreme case of very high T4, this may result in poor densification as in case of 

magnesium, where cordierite precipitates as an intermediate phase. The formation 

temperature of the final α-SiAlON phase (T5) is not crucial in most cases, unless a sudden 

secondary precipitation of α-SiAlON at this later stage (T5’) drains the liquid and retards 

densification. Such material must be densified at temperatures below T5’.To achieve full 

a) b) 
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densification at relatively low temperatures, a low wetting temperature for the second 

nitride (T3) and low dissolution temperature of the intermediate phase (T4) are required. 

The dominant process for densification in SiAlON ceramics was shown to be massive 

particle rearrangement although some dissolution facilitates full densification by providing 

the necessary liquid. More generally, the amount of liquid is controlled by the phase 

diagram, dissolution of intermediate phase, distribution of liquid and secondary 

precipitation of α-SiAlON. The effect of viscosity of liquid as opposite to the most of 

expectations is relatively insignificant. The different characteristic temperatures that vary 

widely among the SiAlON systems obscure its effect in most cases. For example although 

in heavier RE-SiAlON in isothermal hot pressing the densification time increased slightly 

in the order of dysprosium, erbium, and ytterbium, most probably due to the influence of 

viscosity, the densification kinetics in constant heating rate do not reflect the same trend, 

because of non-monotonic variation of characteristic temperatures.146 

 

A more recent sintering technique for densification of SiAlON is Spark Plasma Sintering 

(SPS). This method enables the full densification of ceramics in shorter times, making 

possible to consolidate Si3N4-based ceramics within minutes. The process is similar to hot 

pressing, where the powder precursor is loaded in a die, from an electrically conducting 

material, usually graphite, and a uniaxial pressure is applied during sintering. 54, 155-157 

However, instead of using an external heat source, a pulsed direct current is applied, 

which passes through the pressure die as well as through the sample in applicable cases. 

The die serves as a heating source as well as pressure die.54, 155-157 

The contribution for a fast densification can be due to:  

i) a rapid heat transfer;  

ii) the application of a mechanical pressure exceeding that used in normal hot pressing 

methods;  

iii) the use of fast heating and cooling rates; and   

iv) the use of a pulsed direct current, implying that the samples are also exposed to an 

electric field.54 

More recently, the work of Nygren and co-works 36, 55, 157-160 showed that tailored -SiAlON 

microstructures can be achieved by SPS. The formation of undesired crystalline phases 

can be avoided and the locally formed liquid is rapidly homogenized via the large capillary 

forces present between the submicrometre and/or nanosized grains due to the use of fast 

heating rates55 up to 600ºC/min.54, 155-157 Furthermore, high heating rate also affects the 

grain growth mechanism: i) the coarsening of particles is minimized during the heating up, 
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suppressing the grain growth for low temperatures and thus retaining the high surface 

interfacial energy between the liquid and the particles, the main driving force for grain 

growth;158 and a momentary extra chemical driving force for enhancing the dissolution of 

small grains is created by bringing a low temperature liquid phase that is grossly out of the 

thermodynamic equilibrium up to high temperature. This mechanism, by which interlocking 

elongated microstructures are obtained within minutes by SPS is designated by a dynamic 

ripening mechanism, an isotropic Ostwald ripening process.55, 158, 160 It was also reported 

that a temperature threshold for grain growth is also present in the SPS process. 55, 155, 158 
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2.1 Introduction  
 
The combustion synthesis is a well known method for fabrication of elongated SiAlON 

crystal seeds. Previous studies 64-71, 73, 77, 161, 162 demonstrated the aptitude of this method, 

not only to easily produce SiAlON seeds but also to tailor the phase assemblage (alpha or 

beta) and the microstructure of the crystals. Nonetheless, most of the referred works, if 

not all, used a small combustion chamber and small initial sample weight (~ 30 g). In the 

present case was used a pilot-scale combustion synthesis chamber and samples with an 

initial weight of 100 g or 1000 g. The main aim was to test the reproducibility of the 

combustion synthesis process under these conditions.  

Two stabilizing cations were chosen: Ca and Y; mainly due to the significant amount of 

information found in literature about these two systems, which allowed a better 

comparison of the results in the new conditions. 

According to the general chemical formula of Mm/zSi12-(m+n)Alm+nOnN16-n for α-SiAlON, the 

compositions Y0.4Si9.6Al2.4O1.2N14.8 (m = n = 1.2) and Ca0.8Si8.8Al3.2O1.6N14.4 (m = n = 1.6) 

were investigated.  

 
 

2.2 Materials and reagents 
 
The starting compositions were fulfilled by using CaCO3 (A.R., Beijing Chemical Co., 

China), Si (99.0 %, Fushun Al Factory, China), Y2O3 (99.9 %, General Research Institute 

for Nonferrous Metals, China), α-Si3N4 (1.7 wt.% O, Junyu Co., China), Al (A.R., Beijing 

Chemical Co., China), AlN (1.9 wt.% O, self-fabricated by combustion synthesis), SiO2 

(A.R., Beijing Chemical Co., China), Fe2O3 (A.R., Beijing Chemical Co., China), and NH4F 

(A.R., Beijing Chemical Co., China). The surface oxygen of nitride powders was taken into 

account when calculating the compositions. All samples were prepared for a total of 100 

g. Sample Ca4 was also prepared in a large (L) amount, for a total weight of 1000 g, being 

designated by Ca4L. The starting compositions for all the samples are listed in detail in 

Table 2-1 and Table 2-2 for Y-α-SiAlON and Ca-α-SiAlON compositions respectively. 
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Table 2-1– Starting composition for Y-α-SiAlON seeds. 
Composition (wt.%)  Molar ratio 

 Si3N4 Si AlN Al SiO2 Y2O3 α-SiAlON NH4F  Si/Si3N4 Al/AlN 

Y1 34.99 37.20 3.43 11.96 2.53 9.89 - -  5.4 5.4 
Y2 34.29 36.46 3.36 11.72 2.48 9.69 - 2.00  5.4 5.4 
Y3 27.79 43.77 - 14.82 3.29 10.34 - -  8.0 - 
Y4 27.24 42.89 - 14.52 3.22 10.13 - 2.00  8.0 - 
Y5 23.93 47.11 - 15.08 3.26 10.52 - -  10.0 - 
Y6 23.45 46.16 - 14.78 3.29 10.31 - 2.00  10.0 - 
Y7 20.96 49.51 - 15.27 3.61 10.65 - -  12.0 - 
Y8 20.54 48.52 - 14.96 3.54 10.44 - 2.00  12.0 - 
Y9 - 55.71 - 13.81 3.84 9.63 15.00 2.00  - - 

 
 
Table 2-2– Starting compositions for Ca-α-SiAlON seeds. 

Composition (wt.%)  Molar ratio 

 Si3N4 Si AlN Al SiO2 CaCO3 NH4F Fe2O3  Si/Si3N4 Al/AlN 

Ca1 28.99 30.82 4.24 14.80 4.88 16.27 - -  5.4 5.4 
Ca2 27.52 32.50 6.82 13.21 3.62 16.34 - -  6.0 3.0 
Ca3 26.97 31.85 6.68 12.95 3.54 16.01 2.00 -  6.0 3.0 
Ca4 27.24 32.17 6.75 13.08 3.58 16.17 - 1.00  6.0 3.0 
 

2.3 Methods 
 
Raw materials were mixed by ball milling using agate balls in a plastic jar for 24 h with 

absolute ethanol as dispersing medium. The homogenized slurry was dried in an oven at 

70ºC for 8 h and sieved subsequently. Then, the reactant powder mixture was contained 

in a semi-cylindrical porous graphite crucible and placed in a special reaction chamber for 

combustion synthesis. In order to fulfil the ignition successfully, a small amount of ignition 

powder (Ti+C) was added at the top surface of the sample. A schematic illustration of the 

combustion synthesis device is shown in Figure 2.1. 

The reaction chamber was evacuated and then inflated with high-purity N2 at a pressure 

value of 2.0 MPa. By passing an electric current through a tungsten coil closely above the 

ignition powder, the combustion reaction was triggered. Then, with the propagation of 

combustion wave the reactants transformed into products. The combustion reaction took 

place very quickly, and the whole synthesis process lasted for only several minutes. 

After the combustion synthesis was completed and the reaction chamber cooled down, 
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the products could be collected. Under a high reaction temperature comparable to 

sintering temperatures used to densify α-SiAlON ceramics, the combustion product was 

no longer a free flowing powder but a slightly-sintered porous block material. Of course, 

this porous block product was much less dense than sintered ceramics and could be 

pulverized through by hand grinding. At the outer (top and bottom) surface of the sample, 

because of very serious loss of heat energy, the reactant powders could not completely 

react and remained as a partially-reacted thin layer (about 1 mm thick) around the inner 

block product. This layer had a very loose structure (almost keeping the initial state as a 

powder mixture) and could be removed easily using a brush. As an intermediate product, 

this partially-reacted layer is useful to investigate the reaction processes involved in the 

combustion synthesis, which will be referred to later.  

The phase composition was identified by X-ray diffraction instrument, Rigaku, or Rigaku 

Geigerflex D/Mac, C Series, using Cu Kα radiation. The microstructure of the as-

synthesized porous block products and the powders after pulverization and dispersion 

was examined by scanning electron microscopy (Hitachi S450, or JEOL, JSM-6460LV or 

Hitachi S4100). 

 

The crystal seeds chosen to be used as reinforcement agent in the subsequent work were 

milled, sieved (125 µm) leached out in an acid solution to remove residual Si and 

eventually residual glassy phase. Inside a Teflon container, 50 g of CS seeds was treated 

into 250 mL of a solution of HF (40%, Merck), HNO3 (65%, Merck) in distilled water in a 

ratio of 1:1:3, respectively. After 24 h stirring, the mixture was vacuum filtered and the 

retained powder was washed with distilled water and dried at 80ºC. The dried powder was 

washed again with distilled water under ultrasonic agitation and then vacuum filtered and 

dried at 80ºC. This last procedure was repeated at least three times to ensure the 

complete removal of acid remains. The density of the crystal seed powder was 

experimentally determined in a Helium Pycnometer (Multipycnometer QuantaChrome).  

The Silicon content of the seeds was monitored by XRD analysis in a X-ray diffraction 

instrument (Rigaku Geigerflex D/Mac, C Series) using Cu K radiation. The microstructure 

of the seeds after rinse was characterized by scanning electron microscopy (SEM Hitachi 

S-4100). 
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Figure 2.1- Schematic illustration of the combustion synthesis device. 76 
 

2.4 Results and discussion 
 

2.4.1 Y stabilized SiAlON seeds 

 
Figure 2.2 shows typical XRD patterns of the combustion synthesis products (in particular 

for Y3, Y5, Y8 and Y9 samples). Near complete single phase α-SiAlON was obtained for 

all the reaction products except for residual amount of Si, traces of AlN and β-SiAlON as 

indicated in Table 2-3.  

The combustion synthesis process is characterized by high reaction temperature and fast 

heating and cooling rates. Temperatures above 1800 ºC were achieved in a few seconds. 

At such temperatures the Al and Si in the raw powders melt and agglomerate, hindering 

the N2 infiltration and further nitridation. Because of these reasons, diluents (raw powders 

of Si3N4, AlN or even SiAlON with high melting points) were added to the initial powders 

mixtures. 



Fabrication of crystal seeds by combustion synthesis  

 

 

57 

Table 2-3 – Composition, of the combustion synthesis products for the minority phases. 
Phase Composition (minor phases) Sample 
β-SiAlON AlN Si 

Y1 - - trace 
Y2 - - - 
Y3 - - trace 
Y4 trace - - 
Y5 - trace medium 
Y6 - - - 
Y7 - trace medium 
Y8 trace trace - 
Y9 - - trace 

 

Control of the diluents ratio in the starting composition is of paramount importance for the 

composition and morphology of the reaction products.77 In the present case study, where 

the void volume of the reaction chamber and the amount of powder to reacted are high, 

the heat losses are also expected to be high. Therefore, a special attention should be 

given to the effect of amount of diluents on the starting composition. 
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Figure 2.2– XRD patterns of the combustion synthesis products, for samples Y3, Y5, Y8 
and Y9. 
 
For the Y1 composition, the molar ratios Si/Si3N4 and Al/AlN were chosen in agreement 

with previously reported works, 64, 65, 68, 77 where the (Al+Si) percentage in the initial 

powder mixtures was around 50 wt.% or lower. The compositions used in the referred 
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works proved to be beneficial for the anisotropic growth and fabrication of seed crystals 

with moderate to large aspect ratios. 

However, the similar composition used in this work did not show to be adequate in the 

new processing conditions: larger reaction chamber and larger amount of initial powder 

mixture, as depicted from Figure 2.3 [Y1(a) and Y1(b)]. The catalytic effect of NH4F on the 

nitridation of Si 64, 77, and its beneficial effect on the development of elongated grains77 is 

well documented. Though, in the present conditions the addition of 2 wt.% of NH4F to 

composition Y1 (becoming composition Y2) brought no significant improvement to the 

aspect ratio of the crystals as illustrate also in Figure 2.3 [Y2(a) and Y2(b)]. In view of 

these results, the manipulation of the diluents ratios in the initial compositions was 

established as a crucial factor to influence the grain growth.  

 
 

 
Figure 2.3- SEM micrographs of the combustion synthesis products with a Si/Si3N4 and 
Al/AlN molar ratio of 5.4: Y1 (no NH4F addition) and Y2 (with NH4F addition). 
 
The following compositions (Y3 to Y8) aimed at evaluating the effects of i) a drastic 

decrease of the amount of diluents (AlN and Si3N4) in the compositions and ii) the addition 

of NH4F. For Y3 to Y8 compositions, AlN was completely eliminated from the initial 

powder mixture (Al/AlN  ∞) and the Si/Si3N4 molar ratio consecutively increased. As 
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expected some enhancement on the anisotropic crystal growth could be established in the 

sequence Y3/Y4  Y5/Y6  Y7/Y8 as shown by Figure 2.4. Although Figure 2.4 reveals 

moderate to good elongate microstructures, it should be pointed out that less develop 

microstructures as the ones showed in Figure 2.3 were also confirmed for samples Y3 to 

Y8. The differences in the microstructure, which vary from no crystal growth to well 

developed grains with high aspect ratio, within the same sample were found to be a 

significant problem. This reveals a non uniform heat distribution in the whole batch during 

the combustion synthesis. Furthermore, even if the phase transformation to Y-SiAlON was 

almost complete, the grain growth was not. This could indicate that the phase 

transformation and grain growth do not occur in the same temperature range. This could 

also indicate that the required temperature for phase transformation is lower than the one 

required for the noteworthy grain growth. Likewise for SPS, a technique characterized 

also by high heating rates, it is recognized that there is a temperature threshold below 

which no noteworthy grain growth takes place 55, 155, 158, a similar phenomenon is expected 

to take place in combustion synthesis. 

 

The catalytic effect of NH4F and the severe reduction of diluents amount were not enough 

to overcome the higher heat losses inside the reactor chamber. Another composition was 

prepared, Y9, attempting to combine the catalytic effect of the NH4F and the beneficial 

effect of adding Y-α-SiAlON to the initial composition. Since the Y-α-SiAlON, previously 

produced by combustion synthesis could also act as diluent, the Si3N4 was eliminated 

from the initial composition.  

 

Figure 2.5 shows the different kinds of morphologies obtain for the combustion synthesis 

products Y9. Section Y9(a) from sample Y9 (Figure 2.5) shows moderate elongated grain 

growth whereas section Y9(b) reveals higher aspect ratio with a need-like microstructure. 

These differences in morphology were observed among several samples from the same 

batch for all compositions in a lower or greater extent. For the case of Y9, addition of the 

Y-α-SiAlON had the expected results, improving the anisotropic grain growth of the 

crystals71, 73, however it did not eliminate the inhomogeneities within the sample 

microstructure.   

Although the anisotropic grain growth was somehow satisfactory, the substitution in the 

batch of the Si3N4 by Y-α-SiAlON implies two cycles of combustion synthesis to fabricate 

the final crystals seed powder and, in addition, the milling and sieving of the intermediary 

Y-α-SiAlON powder for the second new combustion synthesis cycle. 
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For the reasons stated above another (smaller) stabilizing cation was chosen and tested 

in the fabrication of the crystal seeds by combustion synthesis. 

 

 
 
Figure 2.4- SEM micrographs of the combustion synthesis products with a Si/Si3N4 molar 
ratio of: i) 8 - Y3 (no NH4F addition) and Y4 (with NH4F addition); ii) 10 – Y5 (no NH4F 
addition and Y6 (with NH4F addition); and iii) 12 – Y7 (no NH4F addition) and Y8 (with 
NH4F addition). 
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 Figure 2.5 - SEM micrographs showing evidence of different morphologies of the 
combustion synthesis products Y9.  
 

2.4.2 Ca stabilized SiAlON seeds 

 
Calcium is a well known stabilizer cation for the α-SiAlON system.64, 76, 78 Furthermore, the 

partially substitution of Mg by Ca in the Mg-SiAlON system prove to facilitated the 

anisotropic grain gownth.69  

Figure 2.6 shows the XRD pattern of combustion synthesized products. It is apparent that, 

α-SiAlON is the predominant phase, associated with a small amount of AlN and residual 

Si. No obvious effect of Fe2O3 addition is noticed. It is also found that, the increase of 

sample size from 100 g to 1000 g in the case of Ca4 composition has brought no 

remarkable negative change on the phase composition of reaction products, revealing 

good repeatability of combustion synthesis in fabricating α-SiAlON powders stabilized with 

the Ca cation. 

 

Since the combustion synthesis takes place very quickly, it is difficult to exactly determine 

the complex reactions involved in this process. However, the partially-reacted outer layer 

can provide some useful information about the reaction process of combustion synthesis.  

Figure 2.7 shows the XRD patterns of intermediate products collected from the top and 

bottom surface of Ca2.  

It can be found that, compared with the fully-reacted product shown in Figure 2.6, in the 

partially-reacted intermediate products the relative content of Si is much higher, and at the 

same time, more α-Si3N4 is also found. 
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Figure 2.6– XRD patterns of the combustion synthesised powders Ca1, Ca2, Ca3 and 
Ca4, from a batch weight of 100 g, and of the Ca4L prepared from a batch weight of 1000 
g (see Table 2.2). 
 

 

 
 
Figure 2.7- XRD patterns of intermediate reaction products of Ca2, sample from top (a) 
and bottom (b) of the porous block.76 
 
 
According to these XRD results and general knowledge about the formation process of α-

SiAlON, it is possible to draw an outline of the reaction path in combustion synthesis of Ca 

α-SiAlON: 

b) a) 
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2Al + N2 = 2AlN 2-1 

3Si + 2N2 = α-Si3N4 2-2 

CaCO3 = CaO + CO2 2-3 

CaO + SiO2 + Al2O3 → Ca-Si-Al-O liquid phase 2-4 

Ca-Si-Al-O liquid phase + α-Si3N4 + AlN → Ca-Si-Al-O-N liquid phase 2-5 

Ca-Si-Al-O-N liquid phase→ Ca α-SiAlON 2-6 

 

This proposal is just an ideal simplification including the major reactions, but the real 

combustion reaction process is much more complex. Since combustion reaction is a 

drastic process occurring in a short time period, the above-mentioned reactions will not 

take place in a very strict order and sometimes they may partially overlap with each other.  

 

During the formation of α-SiAlON, the co-existing liquid phase plays an important role. 

According to Menon et al. 145, the eutectic ternary oxide liquid phase will preferentially wet 

α-Si3N4 particles in Ca α-SiAlON system. These different wetting behaviours can probably 

explain why AlN phase usually co-exists with Ca α-SiAlON but is not so often found in 

other systems.76  

 

Figure 2.8 shows SEM micrographs of the combustion synthesized products. In all these 

samples, one-dimensional rod-like micro-crystals are observed, generally with a diameter 

of 1~2 µm. Most crystals have a length higher than 5 µm, and some large ones are longer 

than 10 µm. Another remarkable feature being noticed is the radiant flower-like 

morphology made up of a group of rod-like micro-crystals. This interesting morphology is 

expected to be formed during simultaneous fast growth of many rod-like crystals. With a 

fast heating rate and short reaction period, the reaction kinetics in combustion synthesis 

resembles somehow that in SPS process 55, 158, where a non-equilibrium state is created. 

Under the non-equilibrium conditions, the chemical composition of the co-existing liquid 

phase deflects remarkably from that of as-formed α-SiAlON crystalline phase. In this case, 

a strong driving force for mass transportation and crystal growth is created, and the α-

SiAlON grains can undergo a rapid anisotropic growth by a dynamic ripening mechanism 

and develop into rod-like crystals. When a large amount of rod-like crystals grow 

simultaneously from a common central liquid towards various directions, the flower-like 

crystal clusters are produced. 
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Figure 2.8– SEM micrographs of the combustion synthesized powders 
 

From Figure 2.8, it can be also seen that, in the sample Ca4 with 1 wt.% Fe2O3 added, the 

rod-like crystals develop more fully with clear prismatic outlines and higher aspect ratios, 

showing that the addition of Fe2O3 enhances the crystallization and anisotropic growth of 

α-SiAlON. This positive effect may be attributed to possible modification of formation 

temperature and viscosity of the co-existing liquid caused by additive Fe2O3.  

One of the main aims of this work was to develop a feasible method to produce SiAlON 

crystal seeds to be used as reinforcement agent. The Ca4 composition was chosen to test 

the repeatability of the results in large scale fabrication and to produce sufficient raw 

material for the subsequent steps of the present work. A sample with Ca4 composition, 

but with an obviously larger size of 1000 g was additionally prepared, which is referred to 

as Ca4L. The experimental results reveal that, the increase in sample size brings no clear 

disadvantage for the reaction product. That is to say, compared with Ca4, similar phase 
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composition (Figure 2.6) and rod-like micro-crystals were obtained, as verified by 

comparing Figure 2.8 and Figure 2.9. These results show good repeatability of 

combustion synthesis and its great potential for large-scale industrial fabrication of α-

SiAlON powders. 

 

 
Figure 2.9– SEM micrographs of the combustion synthesized Ca4L sample: on the left 
the bulk samples; on the right micro-crystals after ultrasonic dispersion, SEM image with 
inverted colour.76  
 

For using α-SiAlON crystal seeds as reinforcement, the rod-like micro-crystals need to be 

dispersed homogenously. For this, the combustion product of Ca4L was pulverized by 

grinding and ball-milling, and then ultrasonically dispersed for 10 min in absolute ethanol. 

The typical morphology of as-dispersed powder is shown in Figure 2.9, and in order to 

reveal crystal edges clearly, the SEM image with inverted colour is used here. It can be 

seen that the rod-like α-SiAlON micro-crystals have been well dispersed. However, 

grinding, ball-milling, and ultrasonic dispersion processes also broke in some extent the 

rod-like crystals, decreasing their aspect ratios. Several rod-like crystals with abrupt 

crossing sections are visible, strongly indicating that they have undergone a fracture 

process.  

Furthermore, as shown in Figure 2.6, all final combustion synthesized products present 

unreacted Silicon (Si). To significantly reduce the presence of unreacted Si and residual 

glassy phase the seed powders were subject to an acid treatment after ball-milled and 

sieved (125 µm) as described before.   

The XRD patterns of the combustion synthesized sample Ca4L before and after leaching 

in acid is shown in Figure 2.10. The treatment was effective in reducing the Si content 

without affecting the crystallinity of the main phase.  

In face of these results this procedure was adopted to pre-treat the seed powders, which 
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were incorporated in the precursor powder mixtures to be densified by both HIP and SPS. 

The density of seed powder was found to be 2.90 g/cm3. This is a low value when 

compared with the one expected for densified SiAlON ceramics (~ 3.2 g/cm3).  
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Figure 2.10 - XRD patterns of the combustion synthesized sample Ca4L before and after 
leaching in an acid solution. 
 

Figure 2.11 shows the Ca4L crystal seeds after milling and leaching in acid, confirming 

also the previous observations in which fracture of the crystals occurs. How to increase 

the pulverization ability of combustion products and reduce the damage in the rod-like 

crystals during dispersion and leaching steps is still a problem at present calling for a 

better solution. 

 

Figure 2.11 – SEM micrographs of the α-Ca-SiAlON seeds after being disaggregated and 
acid leaching. 
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2.5 Conclusions 
 
In the previous research works, using a small initial sample and a small combustion 

synthesis chamber, both Y-α-SiAlON and Ca-α-SiAlON systems showed aptitude for 

develop elongated grain morphology with high aspect ratios. 

Although similar compositions were used on this study, only Ca-α-SiAlON system showed 

good results in terms of elongated crystal morphology. It can be settled that the main 

difference in the reaction conditions in the actual study is the increase of heat losses, due 

to the higher void volume of the reaction chamber, decreasing the maximum achievable 

reaction temperature, which are mitigated when using larger batches. The almost 

inexistent influence of these experimental variables on the formation of elongated Ca-α-

SiAlON crystals in comparison to that observed for the Y-α-SiAlON systems indicates that 

the threshold temperature below which the grain growth will not occur is higher for the Y-

α-SiAlON than for the Ca-α-SiAlON system.  

For the Ca-α-SiAlON system, batch increasing to 1000 g did not negatively affect the 

phase composition and morphology of the reaction product, nor the good repeatability of 

combustion synthesis. In addition, reaction mechanism could be proposed for combustion 

synthesis based on the phase compositions of outer partially-reacted products of Ca α-

SiAlON. This work shows the potential of combustion synthesis for large-scale industrial 

fabrication of α-SiAlON powders. 
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3.1 Introduction  
 
The objectives of this work were: (i) developing a methodology for fabricating -SiAlON 

precursor powders or to consolidate green bodies by colloidal shaping techniques from 

aqueous suspensions; (ii) obtaining -SiAlON ceramics with enhanced mechanical 

properties. Achieving these targets implies overcoming the well known difficulties of 

dispersing Si3N4 based powders and AlN powders in water arising from the specific 

surface chemistries, including hydrolysis reactions.  

A full characterization of the raw powders was performed and the influence of different 

processing conditions: ball milling, planetary milling, attrition milling and calcination on the 

surface and overall composition of the powders and on its dispersing ability was studied. 

The effects of these processing steps were evaluated through particle size distribution, 

oxygen content by XPS (X-ray photo-electron spectroscopy) and chemical analysis, and 

by zeta potential and rheological measurements. 

 

The preparation of granulated powders by freeze granulation is firstly reported. The used 

of freeze granulation has already shown to enhance the homogeneity of granulated 

powders and of green bodies consolidated from these powders by dry pressing. The as 

granulated powders could then be successfully used to densify -SiAlON ceramics using 

the SPS technique.  

 

Finally, a novel method for the preparation of aqueous suspensions of SiAlON precursor 

powders for slip casting is proposed. The reactivity and the long term instability of SiAlON 

precursor powder in water was evaluated by monitoring the rheological behaviour and pH 

evolution of the suspension with time. Moreover, aqueous processing could be a good 

method for the fabrication of SiAlON ceramics for biomedical applications, since their 

viability as biomaterial was recently established. 163 

 

Meanwhile, preliminary sintering studies were performed to determine the suitability of the 

precursor powder composition for densification by HIP and SPS. 
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3.2 Preliminary sintering studies  

 

The starting composition was Y0.4Si9.6Al2.4O1.2N14.8 based on the general formula of α-

SiAlON, Mm/zSi12-(m+n)Alm+nOnN16-n, with m = n =1.2.  

Previous dynamic dilatometry experiments15, 164 were performed during sintering, in a hot 

isostatic press - ASEA QIH 6, with the purpose of establish the densification behaviour of 

the initial aimed composition Y0.4Si9.6Al2.4O1.2N14.8 (Y1212). The powders were prepared by 

planetary milling in isopropanol and subsequently dried and sieved. The final powder 

mixture was consolidated into a rectangular plate by uniaxial pressing in a steel die at a 

pressure of 14 MPa followed by cold isostatic pressing at 400 MPa. A parallelepiped (~20 

mm x 7 mm x 7mm) was cut from the plate to place in the dilatometer apparatus. The 

green density of the sample was around 60% of the theoretical density.  

The temperature and pressure schedules used are presented in Figure 3.1 a.  

 

Figure 3.1 b shows that Y1212 composition presented a low linear shrinkage (~7%) during 

dilatometry, meaning that Y1212 composition has a poor degree of densification. The final 

density determined by the Archimedes Method was around 76% of the theoretical density 

for the Y1212 composition. In view of this result an excess of 2 wt% of Y2O3 was 

introduced in the composition (Y1212-Y2), since the incorporation of more Y2O3 promotes 

the formation of liquid phase during sintering and consequently enables higher degree of 

densification to be attained. The sample was prepared according to the same procedure 

described above and its green density was also of around 60% of the theoretical density. 

As shown by Figure 3.1 b the linear shrinkage of Y1212-2Y was higher that for Y1212 

composition, as expected. The final density of the Y1212-Y2 composition after the 

dilatometry experiment was around 91% of the theoretical density.  

 

These results point out to the possibility of achieving near full density in the case of the 

composition with excess of yttria. To confirm the results one samples was cut of from 

each initial plate, respectively for Y1212 and Y1212-2Y and  submitted to a HIP sintering 

cycle: 45 min at 1800ºC followed by 30 min at 1800ºC under a pressure of 10MPa in N2 

atmosphere. The final densities measured were around 76% and 99% of the theoretical 

density respectively for the Y1212 and Y1212-Y2 compositions. This confirms the 

assumption of the dilatometry results and the Y1212-2Y composition was selected for the 

densification studies of SiAlON by HIP. 
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Figure 3.1 – a) Temperature and Pressure schedule for the dynamic dilatometry 
experiments; b) Linear shrinkage for the initial aimed composition Y0.4Si9.6Al2.4O1.2N14.8 
(Y1212) and the same composition with a 2 wt.% excess of Y2O3 (Y1212-Y2). 
 

Contrarily to HIP, SPS technique allowed the full densification of the Y0.4Si9.6Al2.4O1.2N14.8 

composition without further addition of Y2O3. For this reason the study of densification of 

SiAlONs by SPS, presented on chapter 5, was based on the Y0.4Si9.6Al2.4O1.2N14.8 (Y1212) 

composition.  
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3.3 Fabrication of granulated SiAlON precursor powder by freeze 
granulation 

3.3.1 Material and Reagents 

 

The Y-α-SiAlON composition used was Y0.4Si9.6Al2.4O1.2N14.8, from the general α-SiAlON 

formula, Mm/zSi12-(m+n)Alm+nOnN16-n,  for n = m = 1.2.  

This composition was fulfilled with Si3N4 (Grade M11, H. C. Starck, Germany, 1.3 wt.% O, 

3.2 g/cm3), Y2O3 (Grade C-Fine, H. C. Starck, Germany, 5.01 g/cm3), Al2O3 (Grade 

A16SG, Alcoa Chemicals, USA, 3.98 g/cm3) and AlN (Grade C, H. C. Starck, Germany, 

1.4 wt.% O, 3.26 g/cm3).  

The as received AlN powder was thermo-chemically treated with aluminium di-

hydrogenphosphate (Bindal A, TKI, Hrastnik) at 60ºC (AlN-TC), using a method described 

by Olhero et al.99  

Elongated α-Ca-SiAlON seeds (Ca0.8Si8.8Al3.2O1.6N14.4, 2.90 g/m3) produced by combustion 

synthesis, as described in the previous chapter, were used as reinforcing agents. A 

synthetic polyelectrolyte, Dolapix-PC21 (Zschimmer and Schwarz, Germany) was used as 

dispersant. 

 

3.3.2 Methods 

3.3.2.1 Powders’ pre-treatments  

 

The pre-treatments given to the powder mixture to enhance its dispersion ability in water 

were as follows. The powders (75.67 g Si3N4 / 0.86 g Al2O3 / 7.57 g Y2O3) were firstly ball 

milled in isopropanol in a polyethylene jar with silicon nitride balls (balls to powder ratio 

equals to 3:1) for 24 h (processing path designated by BM), using a ratio of 100 g 

powders to 85 mL of isopropanol. The milled mixture was then dried at 60ºC, passed 

through a 100 m sieve and then calcined at 600ºC for 4 h (processing path designated 

by C). To evaluate the effects of pre-treatments on each powder component, the same 

procedure was carried out for each individual powder. 

Particle size measurements were performed in Cilas 1064L, laser particle size analyser, 

France. XPS (X-ray photo-electron spectroscopy) spectra were obtained from the surface 

of the Si3N4 powders as received and after pre-treatments. XPS analysis was performed 
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at the Materials Centre of the University of Porto (CEMUP) using an ESACALAB 200A, 

VG Scientific, UK equipment with PISCES software for data acquisition. An achromatic Al 

(Ka) X-ray source operating at 15 kV (300W) was used and the spectrometer calibrated 

with reference to C1s (285 eV) peak. It was operated in CAE mode with pass energy of 20 

eV. Spectra analysis was performed using peak fitting with a Gaussian-Lorentzian peak 

shape and Shirley type background subtraction. The total oxygen (wt.% O) and nitrogen 

(wt.% N) contents, after each step of the process, were measured in the TC500 

Nitrogen/Oxygen Determinator, Leco Corporation, USA. The results are expressed with a 

standard error resulting from 5 measurements. Statistical analysis was performed using 

the SPSS 16.0 software. Comparative studies were performed using one-way ANOVA 

followed by a post hoc test (Fisher projected least-significant difference) with a statistical 

confidence coefficient of 0.95; therefore, p values < 0.05 were considered significant.141  

The influence that the powders’ pre-treatments and the presence of dispersant have on 

the surface charge characteristics of the powders was assessed by using a Doppler 

electrophoretic light scattering analyser, DELSA 440SX, Coulter, UK. Stock-suspensions 

with 1 wt.% solids were prepared in deionised water and allowed to equilibrate for 24 h. 

For the electrophoretic measurements each stock-suspension was first ultrasonicated for 

5 minutes to destroy the agglomerates. Then 0.5 mL of the stock-suspension was added 

to 200 mL of a KCl (0.001 M) solution to assure a constant ionic strength. Each working 

suspension was divided in two equal parts for increasing and decreasing pH runs. The pH 

values were adjusted by addition of HCl (0.1 M) or NaOH (0.1 M) solutions.  

 

3.3.2.2 Preparation of suspensions and granules 

 

Preliminary experiments attempting to select a suitable concentration range of the 

dispersant (0.25-0.75 wt.%) were carried out by preparing aqueous suspensions of the 

pre-treated powders’ mixture (Si3N4/Al2O3/Y2O3) just by mechanical stirring. Because of 

that, the solids loading was limited to 40 vol.% and the preparation of suspensions under 

these conditions was only possible for dispersant concentrations ≥ 0.25 wt.%. Based on 

the rheological results, 0.50 wt.% of Dolapix-PC21 was selected to proceed with the 

preparation of more concentrated suspensions. 

An aqueous suspension containing 45 vol.% of the pre-treated powder mixture 

(Si3N4/Al2O3/Y2O3) could be prepared in presence of Dolapix-PC21 by planetary milling 

(PM) in an alumina jar with silicon nitride balls (balls to powder weight ratio of 3:1). 
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Simultaneously, a suspension containing 45 vol.% of the AlN-TC powder was also 

prepared by ball milling for 16 h in a polyethylene container with silicon nitride balls (balls 

to powder weight ratio of 3:1). After deagglomeration, both suspensions were mixed in 

proper amounts (84.10 g Si3N4-based powder mixture / 15.90 g AlN) in order to obtain the 

desired precursor SiAlON composition and the final mixture kept under rotation for 30 min 

to homogenise. Finally, α-Ca-SiAlON seed particles were added in different amounts, 

namely 0.0 wt.%, 2.5 wt.% and 5 wt.% (based on the powder mixture weight content). The 

viscosity of slurries was measured using a rotational Rheometer, Bohlin C-VOR 

Instruments, Worcestershire, UK. The measuring configuration adopted was a cone and 

plate (4º, 40 mm, and a gap of 150 µm) and flow measurements were conducted between 

0.1 and 600 s-1.  

The concentrated (45 vol.%) suspensions were diluted to 30 vol.% with distilled water 

prior being used to prepare granules to avoid the clogging of the spraying nozzle. Freeze 

granulation was carried out in a freeze granulator (PowerPro freeze granulator LS-2, 

Sweden), where the suspension is forced to pass through a 0.5 mm nozzle under the 

action of a compressed air flow, being divided into small droplets that are automatically 

iced in liquid nitrogen. The frozen granules were then dried in a freeze drying system 

(LYPH LOCK 4.5, Labconco, USA) for 48 h.   

 

3.3.3 Results and Discussion 

 

3.3.3.1 Effects of the pre-treatments on particle size distributions and 
oxygen contents 

 

Particle size distributions of the individual component powders Al2O3, Y2O3, and Si3N4, and 

of their mixture, before and after different treatments are presented in Figure 3.2 (a-d), 

respectively. Figure 3.2 (a) shows the particle size distributions of the Al2O3 powder as 

received and after BM and calcination procedures (BMC). BM produced almost no effect 

on the particle size, since only a little increase in the smaller particle size population was 

observed. On the other hand, calcination of BM powder (BMC) has led to particles’ 

reagglomeration as indicated by the appearance of a new population of particles near 10 

µm. The little influence of BM on particle size is not surprising considering that the 

commercial production of this alumina powder ends up with the sequence of calcination 

and ball milling steps. Contrarily to Al2O3, BM of Y2O3 powder produced a significant 
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particle size decrease, while further calcination at 600ºC did not cause noticeable 

changes in particle size distribution (PSD) as can be observed in Figure 3.2 (b). This can 

be easily understood considering that Y2O3 powders are usually obtained from yttrium 

hydroxide through calcination at a relatively higher temperatures. This also explains the 

relatively large average agglomerate size of the starting Y2O3 powder and the 

effectiveness of the low energetic BM in destroying the agglomerates of particles. 

 

The influence of ball milling and calcination procedures on the Si3N4 powder is given in 

Figure 3.2 (c). Ball milling promoted a decrease in the particle size shifting the PSD curve 

to the finer region (left side). On the other hand, calcination promoted particles 

reagglomeration and a shift of PSD curve to the right, re-establishing or even overcoming 

the PSD of the as received Si3N4 powder. The effects of BM and calcination steps on PSD 

curves for the Si3N4-based powders’ mixture (Si3N4/Al2O3/Y2O3) are presented in Figure 

3.2 (d). BM in isopropanol for 24 h (BM) resulted in a PSD that is similar to that of pure 

silicon nitride powders after the same treatment [Figure 3.2 (c)]. Calcination at 600ºC for 4 

h (BMC) promoted particles’ reagglomeration, increasing the coarser population at the 

expenses of the finer one. These agglomerates have been destroyed upon the first 4 h of 

planetary milling (PM) that practically re-established the PSD curve obtained after ball 

milling the starting powder mixture in isopropanol for 24 h. Increasing planetary milling 

time to 8 and 12 h did not cause further noticeable changes in PSD curves. These results 

are in agreement with the findings of Oliveira et al.92 who concluded that 4 h of planetary 

milling was sufficient to achieve well dispersed Si3N4-based suspensions.  

 

It is well established that the excess of oxygen in α-SiAlON systems can lead to significant 

decreases on mechanical properties, especially at higher temperatures, due to the higher 

amount of glassy phase formed.11 Furthermore, excess of oxygen can promote the 

appearance of undesired β-SiAlON phases.165 Therefore, the accurate knowledge of the 

oxygen content in the composition prior to sintering is of a paramount importance. As 

discussed in section 1.3.4, it is well known that the Si3N4 powder particles exhibit a silica 

rich surface layer that derives from its thermodynamic instability in contact with oxygen 

and water from the environment atmosphere.109, 113, 114 These phenomena are described 

by equations 1-13, 1-14 and 1-15. 
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Figure 3.2-Particle size distributions of: a) Al2O3, b)Y2O3 and c) Si3N4 powders as 
received, after ball milling in isopropanol for 24 h (BM) and after calcination for 4 h at 
600ºC (BMC); d) Si3N4-based powders’ mixture after ball milling in isopropanol for 24 h 
(BM), with further calcination at 600ºC for 4 h (BMC), BMC after planetary milling (PM) for 
4, 8 and 12 h with 45 vol.% aqueous slip (BMC 4PM, BMC 8PM, BMC 12PM, 
respectively). 
 

As refereed before, in section 1.3.4, improving the dispersing ability of Si3N4 powders in 

water requires a change in the ratio between the specific surface groups, the acidic silanol 

(≡Si-OH) and basic amine (≡Si-NH) towards a predominance of the silanol groups.88, 105, 

115, 166 This means a silica surface enrichment of the particles. In the present work, 

calcination of the Si3N4 powder alone or of the Si3N4-based powders’ mixtures at 600ºC 

was purposely used to improve their dispersing ability in water, since the surface layer can 

be further enriched in oxygen if the Si3N4 powder particles are exposed to higher 

temperatures and oxidizing atmosphere. 88, 93, 109  

 

In order to evaluate the effects of ball milling in isopropanol, calcination at 600ºC for 4 h 

and planetary milling in water on the surface oxidation of the precursor powders, the 

oxygen contents in the powders were monitored by two different techniques. XPS 

evaluates the composition in terms of the atomic ratios within a thin layer on the powders’ 

surface, while Nitrogen/Oxygen Determinator measures the total amount of oxygen of the 

bulk powders, in weight percent.  
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Table 3-1 presents the atomic ratios between nitrogen and silicon (N/Si) and oxygen and 

silicon (O/Si) in order to evaluate the replacement of nitrogen by oxygen at the Si3N4 

surface. It can be seen that ball milling followed by calcination led to an increase of the 

O/Si ratio with concomitant decreases of N/Si and N/O ratios, as expected. Furthermore, 

the N/O ratio decreased to less than one half of the initial value showing that an effective 

change in the ratio between the silanol and amine surface groups occurred upon the 

above treatment procedures.  

 

Table 3-1- XPS results for the Si3N4 powders as received and after ball milling for 24 h in 
isopropanol followed by calcination at 600ºC for 4 h.  
 

At% 
Si3N4 Powder 

N/Si Δ N/Si O/Si Δ O/Si N/O 
as received 0.96  0.25  3.82 

BMC 0.80 -0.16 0.45 0.20 1.79 
 

The evolution of the total oxygen contents of the Si3N4 powder and of the Si3N4-based 

powders’ mixture after each processing step is shown in Table 3-2. It can bee seen that 

ball milling for 24 h in isopropanol (BM) brought the main increment in total oxygen 

content of Si3N4 powder, while a relatively small increment occurred upon the subsequent 

calcination step. The statistical analysis proved that there is no significant difference 

between the total oxygen content of the Si3N4 powder ball milled in isopropanol before 

(BM) and after calcination (BMC). In the case of the Si3N4-based powders’ mixture, both 

ball milling for 24 h in isopropanol and the subsequent calcinations step contributed 

equally to increase the total oxygen content, but the main increment (+0.74 wt.% O) has 

occurred upon the first 4 h of planetary milling in aqueous media. Planetary milling is a 

high energetic process capable of destroying hard agglomerates and reducing particle 

sizes. As a result, particles surface area and the contact with aqueous medium increase, 

enhancing the hydrolysis reactions and thus, the oxygen content. But the effectiveness of 

PM seems to be restricted to the first milling period. This might be due to the limitations of 

PM in continuing further decreasing particle sizes and exposing new surface areas to the 

liquid media, and/or to a trend of the system to approach an equilibrium condition. As a 

mater of fact, prolonging further the PM period up to 16 h did not cause noticeable 

changes in total oxygen content.  
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Key factors for the successful fabrication of homogeneous granules for dry pressing 

technologies are: (i) the achievement of a high degree of homogeneity in the starting 

colloidal dispersions; (ii) preserving in the granulated powders the high degree of 

homogeneity achieved in the starting suspensions. It is know that spray drying promotes 

the migration of soluble processing aids (binders, plasticizers, etc.) to the surface of the 

granules, therefore deviating from the ideal homogeneity condition. As a consequence, 

higher consolidation pressures are required to mitigate these segregation problems and, 

even so, the green bodies consolidated from spray dried granules suffer from less 

homogeneity. 167 To accomplish the first key factor, well dispersed slurry has to be 

achieved. Such a target requires a good understanding of the particles’ interactions and 

an efficient destruction of particles’ agglomerates. Whereas the magnitude of the 

attractive Van der Waals forces is largely determined by the nature of the particles and the 

solvent, the repulsive forces, either electrostatic or steric in nature can be modified in a 

great extent by manipulating the surface chemistry of the powders, including the specific 

adsorption of suitable species and by changing the pH. The surface treatments given to 

the powders in the present work should be regarded as an approach towards these 

objectives.  

 

Table 3-2 -Oxygen and nitrogen content of: (1) Si3N4 powder as received; after ball milling 
for 24 h in isopropanol (BM); and after BM+calcination at 600ºC for 4 h (BMC). (2) Si3N4-
based powders’ mixture theoretically calculated from the initial weight powders; after ball 
milling for 24 h in isopropanol (BM); after BM+calcination at 600ºC for 4 h (BMC); after 
further planetary milling an aqueous slurry containing 45 vol.% of the BMC mixture for 4 h, 
8 h and 12 h (BMC 4PM, BMC 8PM and BMC 12PM, respectively).  
 

Powder wt.% O wt.% N N/O ΔO* ΔN* 

as received 1.47 ± 0.065 39.3 ± 0.40 26.73 - - 

BM 1.67 ± 0.053 38.8 ± 0.58 23.23 0.20 -0.5 Si3N4 

BMC 1.73 ± 0.132 39.0 ± 0.50 22.54 0.06 0.2 

Theoretical 3.52 35.5 10.08   

BM 3.68 ± 0.112 36.0 ± 0.24 9.78 0.11 0.5 

BMC  3.89 ± 0.071 36.1 ± 0.22 9.28 0.21 0.1 

BMC 4PM 4.63 ± 0.078 35.6 ± 0.33 7.69 0.74 -0.5 

BMC  8PM 4.68 ± 0.143 35.5 ± 0.45 7.59 0.05 -0.1 

Si3N4 
based 

mixture 

BMC 12PM 4.61 ± 0.144 35.5 ± 0.75 7.70 0.07 0.0 

* Always relative to the contents achieved in the previous surface treatment.  
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3.3.3.2 Effects of the pre-treatments on the dispersion ability of the powders 
 

Figure 3.3 presents zeta potential curves versus pH for the Si3N4 powder as received, ball 

milled (BM), and after BM+calcination (BMC) and in presence of different amounts of 

dispersant. The as received Si3N4 powder exhibits an isoelectric point (pHiep) at about pH 

4, which is within the widespread range (pH 3-9) of pHiep values reported in the literature 

for commercially available silicon nitrides powders, being a direct consequence of the 

oxidation degree and hydrolysis of each powder surface.115, 116 BM in 

isopropanol+calcination at 600ºC caused a shift of the pHiep to around pH3.2, which 

could be attributed to the increase of silanol groups at the surface of the BMC powder. 

The dispersion of the BMC powder in the presence of 0.5 wt.% Dolapix PC21 moved the 

pHiep towards more acidic pH values, while the absolute zeta potential values apparently 

decreased in the basic pH region. Further increasing dispersant concentrations did not 

change the pHiep but caused a significant downwards shift of the electrophoresis curve for 

higher absolute zeta potential values. Based on these results, 0.75 wt.% Dolapix PC21 

was selected to study the effect of the dispersant addition on the electrophoretic 

behaviour of the oxide components. The results for alumina and yttria powders are 

presented in Figure 3.4 and Figure 3.5, respectively.  

 

The values of pHiep for bare alumina and yttria particles, reported in literature88, 168, 169are 

pH 8-9 (alumina) and pH 10-12 (yttria). The results show that ball milling in isopropanol 

followed by calcination did not have a significant impact in the pHiep for alumina and yttria. 

The values of pHiep for both alumina and yttria ball milled and calcinated are situated in the 

lower limits of the ranges reported for the bare powders.  

Adding 0.75 wt.% Dolapix PC 21 caused significant shifts in the values of pHiep toward the 

acidic region. This result is in good agreement with the previous findings reported 

elsewhere.88 

 

These results suggest that strong repulsive interaction forces between the particles of all 

components (Si3N4, Al2O3, Y2O3) dispersed in the Si3N4-based powders’ mixtures will 

predominate in the presence of 0.75 wt.% Dolapix PC 21, at the inherent pH of the 

suspensions, keeping the particles away from each other and consequently promoting 

defflocculation. Dolapix PC 21 revealed to be a strong surface charge modifier enhancing 

the negative zeta potential for all the powder components and giving satisfactory high 

absolute zeta potential values to enable the preparation of highly concentrated 



 

 

 

82 

suspensions. It is also expected to contribute with a steric component for the stabilization 

of the suspensions, which can not be accessed by electrophoretic measurements, but will 

certainly be reflected in the macroscopic flow behaviour of the suspensions.   
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Figure 3.3- Zeta potential versus pH for the Si3N4 powder: as received; ball milled in 
isopropanol for 24 h (BM); after BM+calcination at 600ºC for 4 h (BMC); BMC in the 
presence of different amounts of Dolapix PC21 0.50 wt.%, 0.75 wt.%, and 1.00 wt.%, 
BMC-PC21-0.50, BMC-PC21-0.75 and BMC-PC21-1.00, respectively. 
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Figure 3.4 - Zeta potential versus pH for the Al2O3 powder: ball milled in isopropanol for 
24 h (BM); after BM+calcination at 600ºC for 4 h (BMC); BMC in the presence of 0.75 
wt.% dispersant (BMC PC21-0.75).  
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Figure 3.5 - Zeta potential versus pH for the Y2O3 powder: as received; ball milled in 
isopropanol for 24 h (BM); after MB+calcination at 600ºC for 4 h (BMC); BMC in the 
presence of 0.75 wt.% dispersant (BMC-PC21-0.75). 
 

Figure 3.6 presents the flow curves of aqueous suspensions containing 40 vol.% of the 

Si3N4-based powders’ mixture dispersed with different added amounts (0.25 wt.%, 0.50 

wt.% and 0.75 wt.% based on the dry mass of solids) of Dolapix PC 21. For all the 

suspensions, the rheological behaviour is shear thinning up to about 400 s-1, where a 

shear thickening trend starts to be observed. Concerning the effect of the added amount 

of dispersant on viscosity versus shear rate, the relative position of the curves is reversed 

at a shear rate of  65 s-1. For lower shear rates (<65 s-1), viscosity increases as the 

added amount of dispersant increases. This means that under low shear rates and/or near 

rest conditions, the interaction between the particles dispersed with the lower added 

amounts of dispersant is dominated by weak attractive forces that confer to the system a 

certain structure. This suggests that some structural attractive forces arise from the 

interactions of the adsorbed polyelectrolyte chains, the intensity of which seems to 

increase with increasing the adlayer thickness/surface coverage, probably leading to the 

formation of a secondary minimum in the total interaction potential curve. 100 Within the 

shear rates range of about 65-400 s-1, the adsorbed polyelectrolyte chains may align 

along the flow direction and viscosity decreases. But the decrease in viscosity is more 

noticeable for the intermediate amount of dispersant. This is probably due to the 

enhancement of the electrostatic component of the stabilization as suggested by Figure 

3.3. However, with the electrostatic forces extending up to longer distances in comparison 

to steric ones, they will tend to increase the apparent size of dispersed particles  and so, 
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the effective solids volume fraction as predicted by equations 1-11 and 1-12. Under these 

conditions, the viscosity is expected to decrease if collisions are mediated by shorter 

range steric forces. Based on these results, 0.5 wt.% of Dolapix PC21 was selected to 

proceed with the preparation of the high concentrated suspensions of the target precursor 

SiAlON composition.  

These results clearly indicate that the steric component of the stabilization, not accessible 

by zeta potential measurements, plays an important role in the macroscopic flow 

behaviour of the suspensions.  

The increase of viscosity for high shear rates (>400 s-1) is attributed to the higher 

frequency of interparticle collisions and the formation of shear induced agglomerates that 

offer higher resistance to flow. 
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Figure 3.6 - Flow curves of suspensions containing 40 vol.% of the Si3N4-based powders’ 
mixture in presence of different amounts of Dolapix PC 21 (0.25 wt.%, 0.50 wt.%, and 
0.75 wt.% based on the dry mass of solids).  
 

3.3.3.3 Characterization of suspensions for freeze granulation 
 

The concentrated suspensions of the precursor SiAlON composition prepared as 

described in the section 3.3.2.2, involved mixing two aqueous suspensions, one 

containing 45 vol.% of the pre-treated Si3N4-based powders’ mixture (Si3N4/Al2O3/Y2O3), 

the other containing 45 vol.% of the AlN-TC powder after being separately 
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deagglomerated. Different amounts (0.0 wt.%, 2.5 wt.% and 5 wt.% (based on the powder’ 

mixture) of α-Ca-SiAlON seed particles were added and homogenisation was performed 

by ball milling for further 30 min.  

As also mentioned in the section 3.3.2.2, the concentrated (45 vol.%) suspensions were 

diluted to 30 vol.% with distilled water to avoid the clogging of the spraying nozzle during 

freeze granulation.  

Figure 3.7 compares the flow curves of the two starting suspensions containing 45 vol.% 

solids loading (Si3N4-based powders’ mixture, or AlN-TC powder) with those of their 

mixture, before and after being diluted to 30 vol.% solids. The effects of seed α-Ca-

SiAlON particles (2.5 wt.% and 5 wt.%) on the flow behaviour of the diluted suspensions is 

also presented. It can be seen that the concentrated (45 vol.%) precursor SiAlON 

suspension exhibits higher viscosity values in comparison to the two starting suspensions 

with the same solids loading (Si3N4-based powders’ mixture, and AlN-TC powder), at least 

up to about 500 s-1. Above this shear rate the flow behaviour of the AlN-TC suspension 

changes from shear thinning to slightly shear thickening. The observed differences in 

viscosity might be due to the different inherent pH values of each suspension (pH 10.4 for 

Si3N4-based, and pH 7.8 for AlN-TC suspensions), and/or an improved packing ability of 

the particles in the precursor SiAlON suspension.  
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Figure 3.7 - Flow curves of the two starting suspensions containing 45 vol.% solids 
loading (Si3N4-based powders’ mixture, or AlN-TC powder) and of their mixture, before 
and after being diluted to 30 vol.% solids. The flow curves of diluted suspensions with 
added 2.5 and 5 wt.% of SiAlON seeds are also presented. 
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All the flow curves of concentrated suspensions exhibit a clear and smooth shear thinning 

behaviour up to about 60 s-1, which is then more or less disturbed by a shear thickening 

effect in the range of about 60-100 s-1, followed again by a general shear thinning trend.  

This disturbance in the flow behaviour suggests that some incompletely destroyed 

particles’ agglomerates still remain. This effect is still manifested in dilute suspensions, 

even in absence of elongated seed particles, becoming more pronounced with increasing 

added amounts of seeds. This can easily be understood considering that elongated 

particles tend to offer a higher resistance to flow in comparison to equiaxed ones. 170, 171 

The possibility of having incomplete disaggregated seed particles can not be discarded, 

as suggested by the morphology of the CS seed particles 

 

The morphological features of granules obtained by freeze granulation from the precursor 

SiAlON suspension containing 30 vol.% solids are shown in Figure 3.8. The high 

homogeneity of the suspension was determinant for the good reproducibility of granules’ 

characteristics that can be summarized as follows: (i) predominance of the round shape 

and smooth surfaces; (ii) wide granule size distribution; (iii) granules size typically below 

500 m.  

 

 

Figure 3.8 - Granulated powders prepared by freeze granulation from an aqueous 
suspension containing 30 vol.% of the precursor SiAlON powders’ mixture without seeds 
added. 
 

1 mm 
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3.3.4 Conclusions 

 

The results presented and discussed show that significant breakthroughs have been 

made on dispersing precursor SiAlON powders in aqueous media. The well dispersed 

suspensions could be successfully used to obtain homogeneous spherical granules 

suitable for dry pressing technologies. The proposed approach offers great advantages in 

terms of environment, health, security, productions costs, and uniformity of packing under 

the consolidating applied pressure, a key issue for an increased reliability of the 

consolidated parts. The flow behaviour of the suspensions is strongly affected by the 

surface pre-treatments applied, especially in the cases of nitride particles, an efficient 

deagglomeration of the particles, and the addition of a suitable amount of dispersant that 

acts through a mixed electro-steric stabilization mechanism.   
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3.4 Aqueous suspension of SiAlON precursor powder for slip casting 

 

3.4.1 Materials and reagents 

 

The chosen SiAlON composition for this study was Y0.4Si9.6Al2.4O1.2N14.8 with the addition 

of 2 wt.% Y2O3 excess to allow in a future stage complete densification of the sintered 

bodies. To fulfil the desired SiAlON composition Si3N4, SN-E10 UBE Industries, Japan 

(1.27 wt.% O, 3.18 g/cm3) Y2O3, Grade C (Fine), H. C. Starck, Germany (5.01 g/cm3); 

Al2O3, Grade A16SG, Alcoa Chemicals, USA (3.98 g/cm3) and AlN, Grade C, H. C. Starck, 

Germany (1.4 wt.% O, 3.26 g/cm3) were used as raw materials. The amount of oxygen in 

silicon and aluminium nitride, given by the supplier, was taken into account for the 

calculation of the initial powder mixture composition. 

Aluminium di-hydrogenphosphate (Al(H2PO4)3), Bindal A, TKI, Hrastnik,, was used as 

protective agent of the AlN powder surface according to a procedure described 

elsewhere99. The synthetic polyelectrolyte Dolapix-PC21, Zschimmer & Schwarz, 

Germany, was used as dispersant agent in the amount of 0.5 wt.% relative to the solids 

content to disperse all aqueous suspensions used in the present section. 

 

3.4.2 Methods 

3.4.2.1 Powders pre-treatments and characterization techniques 

 

The AlN powder was thermochemically treated to avoid hydrolysis in water according to 

the process described by Olhero et al., 99 being hereafter designated as AlN-TC.  

The Si3N4 based powder mixture was attrition milled for 4 h in a Teflon jar with silicon 

nitride balls in isopropanol at 1000 rpm (processing path designated by AM). Each batch 

consisted of 130.21 g of powder mixture (114.35 g of Si3N4 + 14.47 g of Y2O3 + 1.37 g of 

Al2O3), 850 g of silicon nitride balls and 150 mL of isopropanol, corresponding to a solids 

loading of 20.6 vol.%. After deagglomeration, the slurry was dried at 40ºC in a rotary 

evaporator, and the powder was sieved through a 180 µm sieve and calcined at 600ºC for 

4 h (processing path designated by C). The same pre-treatment was applied to the Si3N4 

powder alone.  
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The powders characterization concerning: particle size measurements, surface 

composition as determined by XPS, total oxygen (wt.% O) and nitrogen (wt.% N) 

contents, and surface charge characterization were performed as described previously in 

section 3.3.2.1.  

 

3.4.2.2 Dispersion of pre-treated powders in water  

 

Suspensions of the as received Si3N4-based powder mixture after AM and AMC pre-

treatments were prepared in order to access the influence of each pre-treatment on the 

dispersion ability of powders in water and on the rheological properties of the slips. The 

maximum achievable solids loading for the as received and AM powders was 30 vol.%. 

However, a significant increase in solids loading to 45 vol.% was possible for the AMC 

powder.  

 

Two aqueous slips, one containing 45 vol.% of the Si3N4-based powder mixture after AM 

and calcination (AMC), and another containing 50 vol.% of AlN-TC powder were 

separately prepared by ball milling (processing path designated by BM) for 16 h in a 

polyethylene jar with silicon nitride balls. These two slips were then mixed in the required 

proportion (84.45 g Si3N4-based powder mixture/15.55 g AlN) to prepare the suspension 

of the desired SiAlON precursor composition. This final suspension with a concentration of 

45.7 vol.% solids was allowed to homogenize by ball milling in a polyethylene jar with 

silicon nitride balls for 30 minutes (hereafter designated by method 1, see also chapter 4).  

For comparison, the same SiAlON composition was also prepared by one of the 

conventional methods usually described in literature.165, 172-174 Briefly, 96,31g Si3N4 + 

12,18g Y2O3 + 1.15g Al2O3 and 20.18g AlN were AM for 4 h in a Teflon jar with 850g 

silicon nitride balls in 150 ml of isopropanol at 1000 rpm. The slurry was then dried at 

40ºC in a rotary evaporator and sieved (180 µm) to obtain a powder for chemical analysis 

(hereafter designated by method 2, see also chapter 4).    

The rheological properties of the suspensions were determined using a rotational 

Rheometer, Bohlin C-VOR Instruments, Worcestershire, UK. The measuring configuration 

adopted was a cone and plate (4º, 40 mm, and a gap of 150 µm), and flow measurements 

were conducted between 0.1 and 1000 s−1. 
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Viscosity measurements were no longer reliable after a 10 h of ageing of the complete 

aqueous precursor SiAlON suspension. Therefore the stability of the precursor SiAlON 

suspension along the time, counted immediately after the addition of AlN-TC slip into the 

Si3N4-based slip, was studied by pH and rheological measurements along a period of 10 

h. The pH variations were monitored using a CiberScan pH 2100 meter, Eutech 

Instrument, with a data acquisition Software. During the controlling period, samples were 

taken at different time intervals for rheological measurements. The viscosity values at a 

chosen shear rate of 189 s−1 were used to plot the viscosity versus time for each sample 

tested. 

 

3.4.2.3 Preparation and characterization of green bodies  

 
Slip cast samples were prepared immediately after homogenizing it for 30 minutes by 

pouring the suspension into cylindrical plastic rings (20 mm in diameter) placed on a 

plaster plate to obtain green bodies with about 4.5 mm thickness. A set of green samples 

was allowed to dry at room temperature for 24 h and then placed in an oven at 80oC for 

further 24 h (drying schedule 1). Another set was place inside a chamber at 60ºC with an 

initial relative humidity of 90%. Humidity was programmed to decrease 10% per day until 

reaching 60% (the approximate atmospheric moisture content). After that, the samples 

were transferred to an oven at 80oC for 24 h (drying schedule 2). For controlling purposes, 

two sets of AlN-TC green bodies were also prepared by aqueous slip casting and each 

one dried under the same conditions described above for the SiAlON samples.  

The density of green bodies was determined from the weight and dimensions of the 

samples. The XRD data to analyze the influence of drying schedule on crystalline phases 

detected in the green bodies was gathered along a time period of about 5 h per sample 

using a XRD diffractometer Siemens D-500, Germany, within the 15-50 2 range, a step 

of 0.02 2 and a step time of 10 s at each point. 

 

3.4.2.4 Sintering and characterization of SiAlON samples  

 
All SiAlON samples were densified by HIPing at 1800ºC in an ASEA QIH 6 HIP furnace at 

the Karlsruhe University, Germany, but under an applied pressure of 1.7 MPa, which is 

much lower than the conventional pressure values used in HIPing equipments.  
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The density of sintered bodies was measured by the Archimedes method using distilled 

water as immersion medium. The linear shrinkage upon sintering was determined from 

diametral variations of the samples. As for the green bodies, the influence of the 

processing conditions on crystalline phase composition of sintered samples was analyzed 

in the same XRD diffractometer Siemens D-500, Germany, within the 15-50 2 range, a 

step of 0.02 2 and a step time of 10 s at each point, thus taking about 5 h to gather the 

XRD data for each sample. 

 

3.4.3 Results and Discussion 

 

3.4.3.1 Particle size distributions 

 

Data about particle size distributions (d10, d50 and d84) are presented in Table 3-3 for: (i) 

the as received AlN powder (AlN) and the thermochemically treated one (AlN-TC), before 

and after ball milling for different time periods of a 50 vol.% suspension and (ii) the as 

received Si3N4 powder (Si3N4), the attrition milled one (Si3N4-AM), and the attrition milled 

one after calcination at 600ºC (Si3N4-AMC). The surface pre-treatments caused an 

apparent increase in the particle size, with a diminishing fraction of small particles. These 

observed trends can easily be understood considering that: (i) the protective layer 

increases the effective radius of the particles and (ii) the pre-treatment processes or the 

subsequent drying step, can promote some agglomeration.101 The observed increase in 

particle size is accompanied by a decrease in the specific surface area, which was then 

partially recovered after ball milling, which promotes a small decrease of particle size, 

probably as a consequence of the destruction of some agglomerates. An increase of the 

milling time from 4 to 16 h did not show any further significant change in the particle size 

distribution. 

 
As expected, the results reported in Table 3-3 show that attrition milling efficiently reduced 

the size of particles/agglomerates and concomitantly increased the specific surface area 

of the powders. The subsequent calcination step of the attrition milled powders promoted 

a noticeable size increase due to particles’ reagglomeration, specially expressed by the 

higher values of d50 and d84. Accordingly, the specific surface area decreased upon 

calcination. 
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Table 3-3 - Particle size and Specific Surface Area of the AlN powder as received (AlN), 
after thermochemically treated (AlN-TC), AlN-TC powder after ball milling a 50 vol.% 
suspension for 4, 8 and 16 h (AlN-TC-4BM, AlN-TC-8BM, and AlN-TC-16BM, 
respectively); and of the Si3N4 powder as received (Si3N4), attrition milling for 4 h in 
isopropanol (Si3N4-AM), and AM after calcination at 600ºC for 4 h (Si3N4-AMC). 
 

Particle Size m 
Powder Sp. S. area (m2/g) 

d10 d50 d84 

AlN 5.45 0.13 0.75 2.02 

AlN-TC 3.73 0.24 0.91 2.13 

AlN-TC-4BM 3.60 0.22 0.85 2.14 

AlN-TC-8BM 3.75 0.19 0.82 2.06 

AlN-TC-16BM 4.15 0.21 0.84 2.16 

Si3N4  10.38 0.12 0.61 1.50 

Si3N4-AM  18.05 0.07 0.26 0.83 

Si3N4-AMC  16.00 0.11 0.46 2.17 
 

Figure 3.9 presents the particle size distribution curves for the Si3N4-based powder 

mixture after attrition milling, the subsequent calcination, and the final ball milling of a 45 

vol.% aqueous suspension. The effects of the milling procedure and calcination step are 

relatively similar to those observed for the Si3N4 powder alone: Attrition milling led to a 

significant decrease of particle size, while calcination promotes some reagglomeration 

with an increase of the d10 and d50 values by a factor of about 1.5 and almost doubled d84 

values. The subsequent ball milling step of a 45 vol.% aqueous suspension was efficient 

in destroying the agglomerates formed upon calcination, practically re-establishing the 

particle size distribution measured after attrition milling.   

 
In comparison to other milling/deagglomerating methods such as ball milling or planetary 

milling, attrition milling shows a higher efficiency. This means that shorter milling periods 

can be used to achieve the same degree of deagglomeration or fineness of the powder. 

Knowing the efficiency of the different milling/deagglomerating methods is of paramount 

importance since too small particles tend also to increase the viscosity of concentrated 

suspensions making them more difficult to process. As discussed below, the oxygen 

content of Si3N4-based powders also increases with decreasing particle size. Therefore, a 

good balance between the benefits of reducing the particle size and the penalties in terms 

of handling and processing the suspensions has to be found. 
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Figure 3.9- Particle size distribution curves for the Si3N4-based powders mixture after 
attrition milling for 4 h in isopropanol (AM), calcination for 4 h at 600ºC of the AM mixture 
(AMC), and ball milling a 45 vol.% aqueous suspension of AMC mixture for 16 h (AMC-
16BM). 
 
These results point out the advantages of using an efficient deagglomeration process for 

preparing Si3N4-based powder mixture as an essential step for obtaining well dispersed 

aqueous suspensions of the SiAlON precursor powder mixture by a low energy 

deagglomeration process such as ball milling.  

 

3.4.3.2 Oxygen content 

 

As explained in sections 1.3.4 and 3.3.3.1, the manipulation and control of the oxygen 

content of the precursor powders is of a paramount importance for the dispersion ability of 

the powders. 

The oxygen content of the powders (AlN, Si3N4, and Si3N4-based powder mixtures) was 

analyzed by XPS and by a nitrogen/oxygen Determinator. The first technique determines 

the atomic ratios at a thin surface layer of the powders; the latter one determines the total 

oxygen content of the bulk powders.  

 

The results of XPS analysis for the as received Si3N4 powder, after attrition milling, and 

after calcination are summarized in Table 3-4. The data are expressed as the atomic 

ratios of nitrogen/silicon, oxygen/silicon, and their consequences on the nitrogen/oxygen 
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ratio. It can be seen that attrition milling was the step that mostly incremented the O/Si 

ratio. This apparently unexpected result can be attributed to the fact that attrition milling is 

conducted in an open air vessel at high speed rates. Furthermore, its effectiveness in 

decreasing particle size and consequently increasing the total surface area exposed to the 

liquid medium will enhance the surface oxidation process. These results point out the 

need of using hermetic attrition mills to avoid undesirable surface oxidation. As a matter of 

fact, Oliveira et al. 88 found that ball milling in isopropanol in a closed container did not 

significantly affect the powder surface composition. Calcination of the attrition milled 

powder led to a further small increase of the O/Si ratio and slight decreases of N/Si and 

N/O ratios. The relatively small influence of the calcination step on the O/Si ratio suggests 

that oxidation promoted by attrition milling has led to a near equilibrium state which would 

tend to hinder the propagation of further surface oxidation. These results are in good 

agreement with the expected behaviour and with earlier observations reported by other 

authors.175, 176  

 

Table 3-4- XPS results for the Si3N4 powder as received, after attrition milling for 4 in 
isopropanol (AM), and the same after calcination at 600ºC for 4 h (AMC). 
 

At.% 
Si3N4 Powder 

N/Si Δ N/Si O/Si Δ O/Si N/O 

As received  0.89  0.41  2.18 

AM  0.80 -0.09 0.63 0.22 1.28 

AMC  0.77 -0.03 0.67 0.04 1.15 
 

The total oxygen and nitrogen contents of the Si3N4 powder alone and of the Si3N4-based 

powder mixtures, before and after different surface treatments are reported in Table 3-5. 

For comparison, the theoretical values calculated from the initial weight of powders are 

presented for the Si3N4-based powder mixtures. It can be seen that the oxygen content of 

the Si3N4-based powder mixtures increased by 1.36 wt.% during attrition milling. The 

calcination step contributes only with a small amount of 0.12 wt.%, as expected for the 

reasons stated above for the Si3N4 powder alone. In fact, the statistical analysis performed 

did not show significant differences between the powder mixture before and after 

calcination. 
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Table 3-5- Total oxygen and nitrogen contents of: (i) Si3N4 powder as received, after 
attrition milling for 4 in isopropanol (AM), and the same after calcination at 600ºC for 4 h 
(AMC) ; (ii) AlN powder as received, after thermochemical treatment (AlN-TC) and after 
thermochemical treatment and ball milling of a 50-vol% suspension for 4, 8 and 16 h (AlN-
TC-4BM, AlN-TC-8BM, and AlN-TC-16BM  respectively); (iii) Si3N4-based powders 
mixture subjected to the same surface treatments as the Si3N4 powder alone, and after 
ball milling for 16 h an aqueous slip containing 45 vol.% solids (AMC-16BM); (iv) the final 
SiAlON composition prepared by attrition milling of all components (method 2) and by the 
new aqueous method (method 1). 

Powder Wt.% O Wt.% N N/O ΔO* ΔN* 

As received 1.35 ± 0.120 41.7 ± 0.39 30.89 - - 

AM  2.64 ± 0.061 39.3 ± 0.41 14.89 1.29 -2.4 Si3N4 

AMC  3.08 ± 0.142 38.5 ± 0.94 12.50 0.44 -0.8 

As received 1.50 ± 0.059 33.4 ± 0.67 22.27 - - 

AlN-TC 3.04 ± 0.136 33.4 ± 0.21 10.99 1.54 0 

AlN-TC-4BM 3.45 ± 0.090 33.3 ± 0.34 9.65 0.41 -0.1 

AlN-TC-8BM 3.55 ± 0.082 33.2 ± 0.35 9.35 0.10 -0.1 

AlN 

AlN-TC-16BM 3.55 ± 0.063 32.8 ± 0.51 9.24 0.00 -0.4 

Theoretical 3.97 34.6 8.72 - - 

AM 5.33 ± 0.135 32.8 ± 0.31 6.15 1.36 -1.8 

AMC 5.45 ± 0.184 32.5 ± 0.74 5.96 0.12 -0.3 

Si3N4 
Based 
Mixture 

AMC-16BM 5.58 ± 0.196 34.1 ± 0.63 6.11 0.13 1.6 

Method 2 † 5.33 ± 0.151 33.9 ± 0.59 6.36 - - SiAlON 
precursor 
powder Method 1 ‡ 5.37 ± 0.154 33.4 ± 0.52 6.22 - - 

* Always relative to the contents achieved in the previous surface treatment.  
†AM of all powders in isopropanol 
‡Final aqueous slip after homogenization of Si3N4 based powders AMC-16BM suspension with 
the AlN-TC-16BM suspension 

 

It is worthy noting that the Si3N4 powder alone and the Si3N4-based powder mixtures show 

similar overall increases of the total oxygen content upon attrition milling. However, the 

contribution of the calcination step is different in both cases. The extent of oxidation is 

higher in the case of pure Si3N4 powder. These results can be justified by the presence of 

the oxides in the Si3N4-based powder mixtures, being in good agreement with the findings 

of Galassi et al..110 These authors reported that the degree of oxidation/hydrolysis of the 

nitride sites in the absence of sintering aids was three times higher than in the presence of 



 

 

 

96 

the oxides (in that case Y2O3 and La2O3). A fast and strong anchorage of the oxides to 

more reactive sites of silicon nitride creating a protective shielding of the surface was 

pointed out as the main cause for reducing the kinetics of both oxidation and hydrolysis.110 

Ball milling of an aqueous slip of the Si3N4-based powder mixtures containing 45 vol.% 

solids promoted only a further small increase of the oxygen content, reinforcing the idea 

that the powder surface is tending to an apparent equilibrium state concerning the 

oxidation and/or hydrolysis reactions. This means that attrition milling performed during 

the preparation of precursor powder mixtures is the main responsible step for the 

oxidation of the powder surface.  

 

For the AlN powder, the pre-treatment with aluminium di-hydrogenphosphate practically 

doubled the oxygen content that passed from 1.50 wt.% O (as received AlN) to 3.04 wt.% 

O (AlN-TC). The oxygen content was further increased during ball milling of a 50 vol.% 

aqueous suspension of the AlN-TC along the first 8 h, reaching a plateau that was kept 

stable along the next 8 h.  

Concerning the SiAlON precursor powder mixtures, it can be seen that the pre-treatments 

involving calcination of the Si3N4-based powder mixtures and aqueous ball milling of both 

nitride-based suspensions and their further homogenization by ball milling for 30 mins did 

not significantly increase the oxygen content in comparison to the attrition milled powder. 

This is partially in good agreement with fact that attrition milling in isopropanol is the step 

that mostly contributes for the increase in oxygen content.165, 175, 176 This means that 

attrition milling of the SiAlON precursor powder mixture also enhances the oxygen content 

of AlN powder, mitigating the difference towards the AlN-TC powder. From these results it 

can be concluded that attrition milling of AlN in isopropanol for 4 h increments its oxygen 

similarly as the thermo-chemical pretreatment to avoid hydrolysis.  

The control and accurate knowledge of the oxygen content in the composition is of a 

paramount importance for final properties of the sintered bodies. It is well established that 

the excess of oxygen in the composition of α-SiAlON systems can lead to significant 

decreases of the mechanical properties, especially at higher temperatures, due to the 

more abundant glass phase formed.11 Furthermore, higher oxygen contents favour the 

formation of non-desired β-SiAlON phase. 165  
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3.4.3.3 Zeta potential 

 

In order to promote dispersion in water, the surface chemistry of silicon nitride powders, 

can be modified. One route is to change the ratio between the acidic silanol (≡Si-OH) and 

basic amine (≡Si-NH).88, 105, 115, 166 Based on equation 1-13 this ratio can be manipulated 

through a pre-oxidizing pretreatment, which will increase the SiO2 at the powder surfaces 

increasing the acidic silanol groups. Another alternative or complementary route is the 

addition of a dispersant that can simultaneously enhance the electrostatic interactions 

and/or introduce a steric component in the stabilization process.  

Figure 3.10 shows that the as received Si3N4 powder exhibits an acidic surface (pHiep  3) 

and absolute zeta potential values smaller than 20 mV up to pH 10. These features are 

consistent with the presence of two kinds of functional species at the powder surface: 

silanol and amine groups. The silica-enrichment of the surface layer that occurred upon 

attrition milling and calcination resulted in a shift of the pHiep towards that of the silica 

(pH  2)177 and of the whole electrophoresis curve to more negative zeta potential values.  
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Figure 3.10 - Zeta potential for the Si3N4 powder as received, after attrition milling for 4 h 
in isopropanol and calcination (AMC) in absence, and in the presence of 0.5 wt.% Dolapix 
PC21 (AMC-PC21-0.5). 
 

The addition of dispersant to the attrition milled and calcined powders led to a further 

small left-down shift of the whole electrophoresis curve, attesting the anionic nature of 

Dolapix PC21. This small effect on the surface properties of the Si3N4 powder can be 
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understood considering the expected low driving force for adsorption of anionic species 

onto a negatively charged surface. For the same reasons, the shifts expected in the case 

of sintering additives (Al2O3 and Y2O3) are much more pronounced.88 In any case, zeta 

potential measurements give information only concerning the electrostatic stabilization 

mechanism. Dolapix PC 21 is also expected to promote steric hindrance between the 

particles, the macroscopic effects of which can be accessed by rheological 

measurements. 

 

3.4.3.4 Rheological characterization of the aqueous slips 

 
Figure 3.11 presents the flow behaviour of the 30 vol.% slips of the Si3N4-based powder 

mixtures before and after attrition milling and a subsequent calcinations in the presence of 

0.5 wt.% of Dolapix PC 21 and prepared just by stirring, without further mixing or 

deagglomeration procedure. This concentration corresponded to the maximum achievable 

for powder mixtures without any surface treatment, which was in fact difficult to disperse.  
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Figure 3.11 - Flow behaviour of aqueous suspensions containing 30 vol.% of Si3N4-based 
powders mixture attrition milled for 4 h in isopropanol (AM), and AM+calcination at 600ºC 
for 4 h (AMC). 
 

The viscosity curve corresponding to the untreated powders is not smooth, appears below 

the curves of other suspensions within the lower shear rate range, and exhibits a shear-

thickening behaviour for shear rates ≥ 300 s-1. These features are typical of non-

deagglomerated powder suspensions. The viscosity of the suspension prepared with the 
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attrition milled powder mixture increased significantly, exhibiting a smooth shear-thinning 

behaviour along the whole shear rate range tested. This behaviour is typical of 

suspensions prepared from fine and well deagglomerated powders. The viscosity curve 

corresponding to the calcined powder mixture also reflects an overall shear-thinning 

behaviour, but is less smooth and is located below the one of only attrition milled powder. 

These features reflect the decrease of specific surface area and partial reagglomeration of 

the particles upon calcination as seen in Table 3-3 and Figure 3.9. As discussed above, 

calcination also changes the surface properties of the Si3N4 powder conferring a more 

negative charge of the particles. These results are in agreement with those reported by 

Galassi et al. 109 who concluded that attrition milling apparently enhances the viscosity of 

the suspensions. They admitted that an accelerated dissolution process of the powder 

surface layer, with the consequent variations in the electrolyte concentration, could also 

account for the observed results.  

Figure 3.12 presents the flow behaviour of concentrated aqueous suspensions of: (i) 

calcined Si3N4-based powder mixtures before and after ball milling, both containing 45 

vol.% solids, (ii) thermochemically treated AlN with 50 vol.% solids, (iii) a SiAlON 

precursor powder with 45.7 vol% solids, obtained by simple mixing of the pre-treated 

Si3N4 and AlN suspension in the required proportion.  
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Figure 3.12 - Flow behaviour of concentrated aqueous suspensions of: (i) AMC Si3N4-
based powders mixture before and after 16 h of ball milling (AMC-16BM), both containing 
45 vol.% solids; (ii) AlN-TC containing 50 vol.% solids; (iii) the precursor SiAlON powders 
containing 45.7 vol% solids, obtained by mixing the (AMC-16BM 45 vol.%) and (AlN-TC 
50 vol.%) slips in the required proportion. 
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It can be seen that all slips exhibit predominantly shear thinning behaviours along the 

whole shear rate range, with small disturbances appearing in the curves of AlN-TC 

containing suspensions. These disturbances might be due to the presence of some 

remaining agglomerates, considering that ball milling is less effective in destroying hard 

agglomerates in comparison to attrition milling. The significant decrease of viscosity of the 

(AMC-16BM 45 vol.%) slurry in comparison to the non-deagglomerated one (AMC-45 

vol.%) means that ball milling is effective in destroying the soft agglomerates formed upon 

calcination. The viscosity of the SiAlON precursor suspension further decreased, at least 

in the shear rate range up to 500 s-1, in comparison to the one of (AMC-16BM 45 vol.%), 

thus beneficiating from the lowest viscosity of the (AlN-TC 50 vol.%) slurry. 

From the results presented above it may concluded that attrition milling is beneficial in 

destroying the agglomerates of particles, while the calcination step allows the enrichment 

in silanol groups of the surface of silicon nitride particles, enhancing its dispersion ability in 

water and the achievement of high solids loading. Using the same dispersant in both 

(AMC-16BM 45 vol.%) and (AlN-TC 50 vol.%) slurries facilitates their mixing and avoids 

heterocoagulation phenomena derived from possible incompatibilities between different 

dispersants.  

The green bodies consolidated by slip casting from the SiAlON precursor suspension 

presented an average relative green density of about 60%. This relatively high packing 

density reflects the good dispersion and deagglomeration degrees achieved by the pre-

treatment procedures (AMC, followed by ball milling) used in the present work. They 

enable to achieve a high degree of homogeneity of green bodies consolidated by aqueous 

slip casting, which is essential for good densification behaviour upon sintering. 

 

3.4.3.5 Stability of aqueous SiAlON precursor powder suspensions 

 

Both starting suspensions, the 45 vol.% of Si3N4-based (Si3N4/Al2O3/Y2O3) and the 50 

vol.% of thermo-chemically treated AlN powder against hydrolysis (AlN-TC) did not show 

significant rheological changes even after ageing for several weeks. However, this long 

term stability was strongly affected upon mixing them to obtain the suspension of the 

SiAlON precursor powders (Si3N4, Y2O3, Al2O3 and AlN-TC). The resulting suspension 

with 45.7 vol.% solids loading enabled the consolidating green samples by slip casting but 

within a much shorter time window of a few hours. Such dramatic influence on ageing 
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behaviours can only be attributed to different susceptibilities of AlN towards hydrolysis in 

the two different situations. This can be understood considering that the aqueous 

dispersion of the (Si3N4-Al2O3-Y2O3) system requires a slightly basic pH environment due 

to the increasing solubility of Y2O3 at pH values < 8. Under such pH conditions, 

unprotected AlN powders hydrolyze too fast. 132 It was already shown that physisorption of 

acidic phosphate species conferred long term stability to the AlN suspensions, provided 

that enough concentration was present to coat the surface sites newly exposed due to 

deagglomeration by ball milling. 132 Some follow up works 98, 99 demonstrated that a 

thermo-chemical surface treatment improved the protection efficiency of AlN against 

hydrolysis in comparison to the physisorption method. This was the reason why the 

thermo-chemically surface treated AlN powder was adopted in the present work. Even 

though, the long term stability of the suspension of SiAlON precursor powders (Si3N4, 

Y2O3, Al2O3 and AlN-TC) was significantly disturbed in comparison to the single AlN-TC or 

AlN-TC-based suspensions. 98, 99  

One should expect that deagglomeration by ball milling will expose newly formed surface 

sites to the aqueous media. In the suspension of AlN alone, these newly formed surface 

sites can be coated by physisorption with the excess concentration of protecting species, 

therefore keeping the long term stability. However, when the Si3N4-Al2O3-Y2O3 suspension 

and the AlN-TC suspension, are mixed together to obtain the precursor SiAlON 

suspension, the excess concentration of protecting species in the AlN-TC suspension [a 

significantly smaller volume (~12.5 mL) in comparison to that of the Si3N4-Al2O3-Y2O3 

suspension (50 mL)] become too diluted and insufficient to grant a good degree of 

protection against hydrolysis. Therefore, hydrolysis will start at the newly formed and 

insufficiently protected surface sites giving rise to a pH increase, which, in turn, 

accelerates the hydrolysis process of the remaining AlN, according to equations 1-16, 

1-17and 1-18. 132 

These reactions predict the consumption of some water, the release of ammonia and the 

concomitant increase in pH of the suspension, as well as the formation of aluminium 

hydroxides. All these events contribute to enhance the viscosity of the suspension and 

might even lead to their consolidation by the well known Hydrolysis Assisted Solidification 

process. 127, 130, 131  

On the other hand, the occurrence of hydrolysis of AlN will lead to an increase of oxygen 

content of the powder. Therefore, the susceptibility of AlN-TC to hydrolysis was assessed 

by monitoring the evolution of oxygen content along ball milling for different times of an 

aqueous suspension containing 50 vol.% solids and the results compared with the oxygen 



 

 

 

102 

contents of the as received and the thermo-chemically treated powders. The data reported 

in Table 3-5 (section 3.4.3.2 ) show that the oxygen content practically doubled with the 

pre-treatment with aluminium di-hydrogenphosphate, passing from 1.50 wt.% for the as 

received AlN, a somewhat higher value than that given by the supplier, to 3.04 wt.% for 

the AlN-TC. A further increase to 3.45% occurred along the first 4 h of ball milling, but 

along the subsequent 4 h of ball milling there was only a very small increment to 3.55% 

with no further evolution up to a total of 16 h of ball milling. These results suggest that an 

equilibrium situation has been reached, explaining the long term stability of the aqueous 

AlN-TC suspensions.  

The ageing behaviour of the Si3N4-based (Si3N4-Al2O3-Y2O3) and of the precursor SiAlON 

suspension was also studied by monitoring the pH changes along 10 h counted after 

homogenizing the suspension for 30 min. Figure 3.13 shows the pH evolution of these two 

aqueous suspensions with ageing time and compares with the results already recorded 

for an AlN-TC suspension containing 50 vol.% solids.99 It can be seen that the pH values 

of the Si3N4-based and AlN-TC suspensions are practically unchanged over the entire 

measurement time period. But a completely different behaviour is observed for the 

precursor SiAlON suspension: an apparent abrupt decrease of its alkaline character to 

near neutral pH occurred along the first hour followed by a steep pH increase to values > 

pH 10. After about 3 h, the pH curve presents a slower but progressive increasing rate of 

approximate 0.21 pH units per hour, reaching a maximum value of about pH 12 just after 

10 h of ageing. This suggests that AlN-TC powder becomes no longer stable after mixing 

the two starting suspensions.  

The initial decrease of pH of the complete precursor SiAlON suspension could be 

explained by the release to the solution of physically adsorbed acid phosphate species at 

the surface of AlN-TC powder. This hypothesis is supported by the higher pH of the Si3N4-

based suspension (pH ~8.9) in comparison to that of AlN-TC suspension (pH ~7.8) and by 

the weight ratio of ≈ 4.77 between Si3N4 and AlN-TC powders in the precursor SiAlON 

suspension.  

Upon deagglomeration of the AlN-TC suspension by ball milling for 16 h one would expect 

that new surfaces will be exposed to the liquid media, which are prone to attract some 

phosphate species remaining in the solution. Besides leading to the observed pH 

decrease just after mixing both suspensions, desorption of these acidic phosphoric 

species from the newly formed surfaces favours hydrolysis. It is know that hydrolysis of 

AlN is slow under acidic conditions, accelerating under alkaline environments. 126 Although 

the degree of protection exerted by these physisorbed species is lower in comparison to 
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that conferred by chemisorbed ones at 60ºC, it is enough for conferring long term stability 

to the AlN-TC suspension during deagglomeration at room temperature at its natural pH. 
99  However, the diluting effect of these species upon mixing the two starting suspensions 

and the more accentuated alkaline conditions prevailing in the resulting precursor SiAlON 

suspension both account for a decrease of the protecting efficiency. This explains the 

differences in ageing behaviour observed before and after mixing both starting 

suspensions.  

 
Figure 3.13 – Evolution of pH with ageing time for the aqueous suspension containing i) 
45 vol.% of the Si3N4-based powders’ mixture deagglomerated by ball milling for 16 h; ii) 
50 vol.% of AlN –TC deagglomerated by ball milling for 16 h and iii) 47.5 vol.% of the 
SiAlON powder upon mixing.  
 
The interpretation above based on pH measurements is also supported by the evolution of 

viscosity versus shear rate curves taken after different ageing times (up to 12 h) for the 

aqueous 45 vol.% Si3N4-based suspension previously deagglomerated by ball milling for 

16 h (Figure 3.14) and for precursor SiAlON suspension homogenized for 30 min (Figure 

3.15). The Si3N4-based suspension presents a shear thinning behaviour throughout the 

whole shear rate range and a slight and continuous increase in the viscosity along the 

whole testing period. These small changes in viscosity might be attributed to the slow 

hydrolysis of the surface of Si3N4 particles or to the gradual dissolution of Y2O3 26, 89 and 

the concomitant compression of the electrical double layers formed around the dispersed 

particles, decreasing their mutual repulsive interaction forces.45 However, a completely 

different evolution of viscosity is clearly observed for the precursor SiAlON suspension. A 

reasonable stability is still apparent after 2 h of ageing. But a noticeable increase in 

viscosity occurred within the time interval of 2-5 h followed by a slight decrease from 5 h 

to 7-8 h and then a new fast increase for longer ageing periods. The most significant 

6

7

8

9

10

11

12

13

14

0 2 4 6 8 10
Time (h)

pH

SiAlON precursor slip

Si3N4-based slip 

AlN-TC slip 



 

 

 

104 

changes in viscosity are observed within the low shear rate range, suggesting that they 

are caused by the development of some structuring forces that enhance the viscosity 

under near rest flow conditions. Although the overall shear thinning characteristics 

observed in Figure 3.14 are also present in Figure 3.15, the flow curves in the last case 

are less smooth for long ageing times, probably as a result of non-uniform breaking of the 

gradually built structure in the suspension. The formation of an aluminium hydroxide gel 

cement due to hydrolysis of AlN has been pointed out as one of the consolidation 

mechanisms involved in the HAS process. 127, 130, 131 

 

Figure 3.16 shows the relationship between the pH and viscosity evolution of the 

precursor SiAlON suspension as a function of ageing time. These results confirm that 

viscosity reached a maximum after ageing for 5 h, which is closely related to the pH 

variations caused by hydrolysis of AlN. The consequent gradual formation of aluminium 

hydroxides having higher isoelectric points than the nitride components, therefore more 

prone to specifically adsorb the anionic dispersant species might create temporary 

conditions favouring fluidity. This would explain the decrease of viscosity observed in the 

time interval from 5-8 h. 
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Figure 3.14 - Evolution of viscosity versus shear rate curves with ageing time for the 
aqueous 45 vol.% Si3N4-based suspension deagglomerated by ball milling for 16 h.  
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Figure 3.15 – Evolution of viscosity versus shear rate curves with ageing time for the 
precursor SiAlON suspension immediately after mixing the 50 vol.% AlN-TC and the 45 
vol.% Si3N4-based slips ball milled for 16 h. 
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Figure 3.16 – Evolution of viscosity with the ageing time, measured at the shear rate of 
189 s-1, and pH for the precursor SiAlON suspension immediately after mixing the 50 
vol.% AlN-TC and the 45 vol.% Si3N4-based slips deagglomerated by ball milling for 16 h.  
 

This hypothesis is also supported by the zeta potential variation versus pH shown in 

Figure 3.17 for the fully hydrolyzed AlN powder (5 wt.% of the untreated AlN in water for 

72 h) in the absence and in the presence of dispersant. In the absence of dispersant, the 

result of hydrolysis exhibits the typical electrophoretic behaviour of aluminium hydroxides, 
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with an isoelectric point (pHiep) at around 8.3. In the presence of dispersant, the whole 

electrophoretic curve shifted towards the acid region exhibiting a pHiep of about 6.6, thus 

confirming the anionic character of the dispersant. However, with the further extent of AlN 

hydrolysis, the cementing effect hydroxide gel will become prevalent driving the viscosity 

to increase again as in the HAS consolidation process. 127, 130, 131 

Considering the high susceptibility of AlN-TC to hydrolysis after mixing the two starting 

suspensions, one should expect that the drying schedule of slip cast bodies will affect the 

extent of hydrolysis and, therefore, the sintering behaviour, the final composition, and the 

properties of resulting SiAlON ceramics. This is confirmed by the XRD patterns of 

precursor SiAlON green bodies (Figure 3.18) and of the sintered specimens (Figure 3.19), 

as well as by their final physical properties reported in Table 3-6. 
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Figure 3.17 - Zeta potential for the AlN powder completely hydrolyzed after 72 h in water, 
in absence, and in the presence of 0.5 wt.% Dolapix PC21 (PC21-0.5). 
 

 

Figure 3.18 shows that the phase composition of the silicon nitride powder was not 

affected by the different drying conditions. Contrarily, the intensity of XRD peaks of AlN 

became significantly weaker when drying was conducted in the controlled temperature 

(60ºC) and relative humidity chamber (drying schedule 2) due to its transformation into 

aluminium hydroxides, 127, 130, 131 probably amorphous bohemite according to equation 

1-16. 

This means that 41 g of AlN (1 mol) will be transformed into 60 g upon hydrolysis to 

AlOOH. The weight increase due to hydrolysis of AlN is certainly behind the higher green 

density measured for the samples dried according to drying schedule 2 ( Table 3-6) due to 
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the prevailing higher moisture contents, longer drying times, and the accelerating effect of 

temperature on hydrolysis kinetics. 127, 130, 131 This could also be noticed by an intense 

ammonia smell coming from the drying chamber during the first days. The difference in 

weight loss upon sintering between the samples dried under different conditions is also 

consistent with the weight gain upon hydrolysis that will be lost due to the thermal 

decomposition of aluminium hydroxides.  
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Figure 3.18 - XRD patterns of the slip cast α-SiAlON precursor green bodies: i) dried 
under room conditions (Room) and ii) dried in chamber under controlled temperature 
(60ºC) and humidity (90%, and a decreasing rate of 10% per day until reaching 60%) 
(Chamber). 
 

 

Table 3-6 - Physical properties of the slip cast SiAlON bodies dried under room conditions 
(Room), and in a controlled temperature (60ºC) and humidity [90% of relative humidity 
(RH), with a decreasing rate of 10% RH per day until reaching 60% RH)] chamber 
(Chamber). 
 

 
Green 

Density  
(g/cm3) 

Weight 
loss  

(wt.%) 

Linear 
Shrinkage  
(Δ Diam %) 

Sintered 
Density  
(g/cm3) 

†  Sintered 
Density  
(%TD) 

Room  1.89 1.47 14.14 3.28 99.26 

Chamber 2.05 5.18 12.38 3.25 98.32 
† TD – theoretical density relative to the targeted α-SiAlON composition (3.31 g/cm3). 
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These results prove that the destruction of the protecting layer around the AlN-TC powder 

particles under prolonged contact with the Si3N4-based suspension leads to an enrichment 

in alumina of the precursor SiAlON composition. As a consequence, the crystalline 

phases developed upon HIPing, were dependent on the drying schedule used, i.e., the 

extent of hydrolysis. Accordingly, pure Y-α-SiAlON was identified as the main phase 

throught intense XRD peaks (Figure 3.19) together with very low intensity XRD peaks of 

the intergranular yttria alumina garnet (YAG) phase when drying schedule 1 was used. On 

the other hand, β-SiAlON became the major crystalline phase when drying schedule 2 

was adopted while Y-α-SiAlON appears as minor phase, with no intergranular crystalline 

phase being detected, probably due to its amorphous nature. In fact, controlling the AlN 

amount in the SiAlON precursor powders is a way to control the α/β ratio in final sintered 

materials. It is well known that decreasing amounts of AlN in the initial mixture lead to 

increasing contents of β phase. It is worthy mentioning that no detectable changes could 

be found (results not shown) between the XRD patterns of green AlN samples prepared 

by slip casting from the 50 vol.% AlN-TC suspension and dried under the same two drying 

scheduled used for precursor SiAlON samples, being in good agreement with the results 

reported elsewhere for aqueous slip cast bodies of AlN-TC powder. 97, 99 
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Figure 3.19 - XRD patterns of HIP sintered SiAlON bodies submitted to different drying 
processes: i) dried under room conditions (Room) and ii) dried in chamber under 
controlled temperature (60ºC) and humidity (90%, and a decreasing rate of 10% per day 
until reaching 60%) (Chamber). 
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The SEM micrographs, obtained using back-scattered electron mode, of HIPed SiAlON 

bodies submitted to different drying schedules are presented in Figure 3.20. It can be 

seen that the intergranular phase is brighter (probably due to its crystalline nature) in 

Figure 3.20 (a) and Y-α-SiAlON crystals also exhibit a lighter grey tinge resulting in an 

overall less accentuated contrast between the different phases in Figure 3.20 (a) in 

comparison to Figure 3.20 (b) showing an abundant fraction of darker β-SiAlON grains 

mixed with Y-α-SiAlON crystals.  

Figure 3.20 (a) shows some large equiaxed grains, typical of α-SiAlON phase, but 

elongated grains predominate. This is interesting because this kind of microstructure may 

combine the typical high hardness of α-SiAlON with a high toughness value, typical of α-

SiAlON phase. These SEM observations agree well with the XRD results shown in Figure 

3.19.  

 

 
 
Figure 3.20 - SEM micrographs, using back-scattered electron mode, of HIPed SiAlON 
bodies submitted to different drying processes: (a) Room - drying schedule 1; (b) 
Chamber - drying schedule 2.  
 

3.4.4 Conclusions 

 

The results presented and discussed along this part of the work enable the following 

conclusion to be drawn: 

 

Attrition milling conducted in an open air vessel at high speed rates increases the oxygen 

content of bulk powders while promoting extensive deagglomeration and particle size 

reduction of the powders;  

 

(b) Chamber (a) Room 
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Calcination of attrition milled Si3N4 powder or Si3N4-based powder mixtures promotes the 

formation of soft agglomerates that can be easily destroyed by a low energy ball milling 

process, while slightly further enhances the surface and bulk oxygen contents of the 

powders and an improvement of their dispersion ability in water. However, the oxygen 

contents of the SiAlON precursor powders prepared from the as pre-treated Si3N4-based 

powder mixtures and the thermochemically treated AlN (AlN-TC) is comparable to that 

obtained by attrition milling the entire SiAlON precursor composition in isopropanol, the 

conventional method used to prepare powders for uniaxial and/or isostatic technologies; 

 

Highly concentrated and temporarily stable aqueous precursor Y-α-SiAlON suspensions 

could be prepared from long term stability suspensions of Si3N4-based powders’ mixture 

(Si3N4/Y2O3/Al2O3) and of a thermo-chemically treated AlN powder (AlN-TC) against 

hydrolysis. However, once mixed the AlN-TC powder suspension, it becomes instable due 

to the formation of aluminium hydroxide gel leading to solidification. This makes aqueous 

colloidal processing of Y-α-SiAlON ceramics viable only within a limited time range; 

 

The fast ageing process undergone by the precursor Y-α-SiAlON suspension is due to 

hydrolysis occurring at the newly exposed unprotected areas resulting from breaking 

agglomerates/particles upon ball milling. The acid phosphate species efficiently protecting 

the newly exposed areas in the starting AlN-TC suspension become too diluted after 

mixing the two starting suspensions and are prone to desorb under the more accentuated 

alkaline conditions, which, in turn accelerate hydrolysis. The extent of hydrolysis of AlN is 

also strongly dependent on the drying conditions (time, temperature, relative humidity).  

 

Single phase Y-α-SiAlON ceramics could be obtained by aqueous slip casting, drying at 

room temperature for 24 h followed by further 24 h in an oven at 80ºC and HIPing at 

1800ºC. Drying in moisture rich atmosphere favoured hydrolysis of AlN and the 

appearance of β-SiAlON as the main phase after sintering.  

 

Nonetheless it is possible to prepare concentrated aqueous slips of SiAlON precursor 

powder following the surface pre-treatment procedures adopted, which are very suited to 

consolidate homogeneous and relatively dense green bodies by slip casting.  

 

 

 



 

 

 

 

 

 

 

 

4 Densification of SiAlON ceramics 
by Hot Isostatic Pressing 
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4.1 Introduction 

 
As previously discussed (see section 3.2) for the densification of SiAlON ceramics by HIP, 

the composition Y0.4Si9.6Al2.4O1.2N14.8 with further addition of 2 wt.% of Y2O3 (Y1212-2Y) 

was used. 

HIP was performed in a two-step sintering cycle. In the first step the samples were 

sintered at a low pressure (1.7MPa) to allow densification, in the second step a higher 

pressure (10 or 50 MPa) was applied to enable closing eventual residual porosity. 

The green bodies for densification were consolidated by aqueous slip casting; however, 

for comparison purposes, a reference sample was prepared by conventional attrition 

milling in isopropanol followed by dry pressing for consolidation. 

 

4.2 Methods 

 
As described before in section 3.4.2.2, two methods were used to prepare the SiAlON 

precursor powder.  

Shortly, i) in method 1 the attrition milled and calcinated Si3N4 based powder mixture was 

dispersed in water and ball milled for 16 h; in parallel, an aqueous slip of AlN-TC was also 

prepared by ball milling for 16 h. In the following, the two suspensions were mixed in the 

proper amount and left to homogenise for 30 min by ball milling; ii) in method 2, the 

Si3N4/Y2O3/Al2O3/AlN mixture was attrition milled in isopropanol for 4 h in a teflon jar with 

silicon nitride balls. The slurry was then dried at 40ºC in a rotary evaporator and sieved. 

The as obtained powder was dry compacted and also densified by HIPing in order to 

compare the effect of the aqueous processing on the final properties of the Y-SiAlON 

ceramics.   

Two sets of suspension were prepared by method 1, one without seeds and the other with 

5 wt% of crystal seeds added. The crystal seeds used as reinforcement agent, α-Ca-

SiAlON (Ca0.8Si8.8Al3.2O1.6N14.4), were produced by combustion synthesis as described in 

chapter 2. The suspensions were poured into plastic rings (20 mm in diameter) and 

rectangular metal moulds (45 x 25 mm2) placed on a plate of plaster of Paris. They were 

allowed to dry at room temperature for the first 24 h and then placed in an oven at 80oC 

for complete drying. 
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Using method 2, the final powder mixture was consolidated into cylindrical (10 mm in 

diameter) and rectangular plates (65 x 45 mm2) by uniaxial pressing in steel dies at a 

pressure of 14 MPa and subsequently cold isostatic pressed at 400 MPa.  

 

The green bodies were sintered at 1800ºC in BN crucibles in a hot isostatic press 

equipped with a graphite resistance heater (ASEA QIH 6). The heating rate was 10ºC/min 

from 1200ºC to 1800ºC; a nitrogen pressure of 1.7 MPa was applied to avoid 

decomposition. After reaching 1800ºC different sintering parameters were used as 

described in Table 4-1. After the sintering cycle, the HIP furnace was switched off to allow 

rapid cooling with a typical cooling rate of 100ºC/min in the initial cooling stage. 

 

Table 4-1- Processing methods, composition and sintering parameters of the Y-SiAlONs 
HIPed samples 
 

Sample Powders 
Processing‡ Seeds addition Sintering Parameters 

HIP1 Method 2 0 wt% 

HIP2 Method 1 0 wt% 

45 min at 1.7 MPa  
30 min at 10 MPa 

HIP3 Method 1 0 wt% 15 min at 1.7 MPa 

HIP4 Method 1 0 wt% 45 min at 1.7 MPa 

HIP5 Method 1 0 wt% 75 min at 1.7 MPa 

HIP6 Method 1 0 wt% 
45 min at 1.7 MPa  
20 min to from 1.7 to 50 MPa 
30 min at 50 MPa 

HIP7 Method 1 5 wt% 45 min at 1.7 MPa  
30 min at 10 MPa 

HIP8 Method 1 5 wt% 75 min at 1.7 MPa 

‡ Method 2 - AM of all powders in isopropanol;  
   Method 1-Final aqueous slip after homogenization of Si3N4 based powders AMC-16BM 
suspension with the AlN-TC-16BM suspension  

 

The density of the sintered samples was measured by Archimedes method in distilled 

water. XRD analysis was performed on cylindrical polished samples with a diffractometer 

using Si as internal standard (Siemens D-500).  

The oxygen (wt.% O) and nitrogen (wt.% N) contents of sintered Y-SiAlON were also 

determined with an Nitrogen/Oxygen Determinator (TC500, Leco Corporation, USA). The 
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results are expressed as mean  standard error of the mean of 5 measurements. 

Statistical analysis was performed using the SPSS 16.0 software. Comparative studies of 

means were performed using one-way ANOVA followed by a post hoc test (Fisher 

projected least-significant difference) with a statistical confidence coefficient of 0.95, 

therefore, p values (significance level) < 0.05 were considered significant. 141 

 

For the measurement of fracture toughness sintered and ground bodies were cut into bars 

(2 x 2.5 x 25 mm3). Fracture toughness was determine by the Single Edge V-Notch Beam 

(SEVNB) method, KIC,SEVNB, using a 3 point bending test. The KIC,SEVNB was calculated 

according to equation 4-1:178 
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where Y is the geometric factor, calculated by equation 4-2: 178 

 
5432 6896.45986.14063.188954.110247.59472.1  Y . 

 
4-2 

 
 

σ is the fracture strength (MPa), F is the fracture load (MN), B the width of the specimen, 

W the depth, a the average depth of the V notch, α the relative depth of the V notch (α = 

a/W), and S1 and S2 are the span between rollers (S1 > S2). 

The choice of the SEVNB in detriment of the usual and widely spread Vickers Indentation 

Fracture (IF) method had to do with the recent review work of Quinn and Bradt 179 and the 

work of Munz and Fett. 180 The first concluded that IF method is not a reliable fracture 

toughness test for ceramics or for other brittle materials.179 On other hand, Munz and Fett 

refer that fracture toughness data determined by IF methods could be either too high or in 

agreement with data obtained by other methods. This could be confirmed in the present 

work, even if not showed, the fracture toughness was also determined by IF for all 

specimens HIP and SPS (chapter 5) and it was concluded that the values measured for IF 

were always higher than those determined by the SEVNB method.   

Nonetheless, the reliability of the SEVNB method, where a notch is produced by a saw 

cut, can only be ensured if the notch is narrow enough.180 During this work the dimension 

of all notches were carefully controlled by using an optical microscope. The target was to 

obtain a notch with around 10 µm of diameter as shown in Figure 4.1. The target 

deepness of the notches was in the range 0.7 – 0.9 mm.  
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Cylindrical sintered samples were polished (to 1 µm) and used for the measurement of 

Vickers Hardness (HV10) with a hardness tester (Akashi, AVK-C1; Japan) using a Vickers 

indenter for a load of 10 kg applied for 10 s. The results of fracture toughness and Vickers 

hardness are expressed as mean  standard error of the mean of 10 measurements. 

Statistical analysis was performed using the SPSS 16.0 software as described above. 

Microstructures of the sintered Y-SiAlON were characterized by scanning electron 

microscopy (SEM) using back-scattered electron mode (Leica Stereoscan 440). Prior to 

SEM observation, samples were polished (to 1 µm) and sputtered with an Au/Pd layer. 
 

 
Figure 4.1 – The V notch on a SPS sintered sample: on the left the notch’s radius and on 
the right the full length of the notch with around 0.9 mm deep.   
 

4.3 Results and Discussion 
 

4.3.1 Phase Composition 

 
Table 4-2 presents the oxygen and nitrogen contents of the powders compositions 

prepared according to the methods 1 and 2 as well as the oxygen, nitrogen and carbon 

contents of the seeds used as reinforcement agents. 

 

Table 4-2 – Oxygen and nitrogen content of the SiAlON precursor powder produced by 
methods 1 and 2; and oxygen, nitrogen and carbon content of the crystal seeds. 

 O wt.% N wt.% C wt.% 

SiAlON precursor - Method 1 5.37 ± 0.154* 33.4 ± 0.52* - 

SiAlON precursor - Method 2 5.33 ± 0.151* 33.9 ± 0.59* - 

α Ca-SiAlON seeds 4.66 ± 0.198 31.7 ± 0.26 2.171 ± 0.003 
* referred before on section 3.4.3.2. Table 3-5. 
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It can be seen that when all components (Si3N4/Y2O3/Al2O3/AlN) are attrition milled in 

isopropanol, the final composition ends up with an oxygen content (wt.% O) of 5.33 ± 

0.151. This oxygen content is only slightly lower in comparison to that of 5.37 ± 0.154 

wt.% O measured for the SiAlON precursor prepared from the two aqueous suspensions, 

one containing 45 vol.% of the Si3N4/Y2O3/Al2O3 mixture that was subjected to attrition 

milling for 4 h in isopropanol followed by calcination for 4 h at 600ºC; the other containing 

50 vol.% of AlN that was thermo-chemically treated (AlN-TC) with aluminium di-

hydrogenphosphate to protect the powders against hydrolysis. As refereed in section 

3.4.3.2 , the oxygen content of the as received AlN powder has been doubled upon 

thermo-chemical treatment. It was assumed that attrition milling conducted in an open air 

vessel at high speed rates is mainly responsible for the increment in the oxygen content of 

the powders. Only the sample HIP1 was consolidated by uniaxial and isostatic pressing of 

the SiAlON precursor powder prepared by the method 2. All others samples were 

consolidated by slip casting from the SiAlON precursor suspension prepared according to 

the method 1. Therefore it was concluded that attrition milling of AlN in isopropanol for 4 h 

gives a similar oxygen pick-up as compared to the thermo-chemical treatment of the AlN 

powder to avoid hydrolysis (section 3.4.3.2 ). 

However, the chemical bonds between the AlN surface and the oxygen are expected to 

be significantly different for the two processes. The more loosely bound silanol groups will 

condense and be released as water molecules at lower temperatures in comparison to the 

oxygen from the protecting phosphate layer. This would explain why the HIP1 indicates 

the lowest value for the oxygen content in the bulk sample after sintering (Table 4-3) in 

comparison to all other samples that have similar initial oxygen contents. 

 
Table 4-3 -Oxygen and nitrogen content of Y-SiAlON after sintering determined by 
chemical analysis. 
 

 Bulk sample   
Sample wt.% O wt.% N N/O (wt./wt.) 

HIP1 4.03 ± 0.16 34.3 ± 0.19 8.51 
HIP2 5.07 ± 0.09 34.1 ± 0.21 6.79 
HIP3 5.10 ± 0.04 33.7 ± 0.21 6.61 
HIP4 4.46 ± 0.06 34.1 ± 0.06 7.65 
HIP5 5.12 ± 0.09 34.0 ± 0.11 6.64 
HIP6 5.30 ± 0.17 33.6 ± 0.19 6.34 
HIP7 4.40 ± 0.10 33.9 ± 0.18 7.70 

HIP8 4.19 ± 0.09 36.6 ± 0.12 8.26 
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The XRD patterns shown in Figure 4.2 confirms this finding. Sample HIP2 prepared by 

aqueous slip casting and containing AlN-TC indicates the formation of a crystalline 

Y3Al5O12 phase, while sample HIP1 indicates only α-SiAlON as crystalline phase. 

Based on thermodynamic calculations, Olhero et al. 181 proposed that the excess of 

oxygen from the protecting phosphate layer of AlN could react with CaF2 and YF3 as 

sintering aids at elevated temperatures (>1300ºC) being released as Al2O gas species182. 

These thermodynamic studies 181, 182 were simulated from equilibrium calculations in the 

temperature range from 1200ºC to 1800ºC but at a constant total pressure of 0.1 MPa. 

Although in the present case the excess Al2O3 coming from the protecting phosphate layer 

might react with AlN according to equation 4-3, this thermal decomposition of AlN is 

considered to be negligible.181 

 

Al2O3(s) + 4AlN(s) → 3Al2O(g) + N2(g) 4-3 

 

Therefore, it seems reasonable to suppose that the excess of oxygen originating in the 

phosphate layer would partially or totally react with Al2O3 and Y2O3, forming yttrium 

aluminium oxides that are kept in the final bulk composition of the sintered samples. The 

phosphor content before and after sintering was not determined in the present work, but 

Olhero et al 181 showed that phosphor could not be detected in samples heat treated at 

temperatures higher than 1400ºC, being released during sintering in form of gaseous PN.  

The XRD patterns of the samples sintered at 1800ºC under 10 MPa, 1.7 MPa and 50 MPa 

are presented in Figure 4.2, Figure 4.3 and Figure 4.4 respectively. The results show that 

the sample processed by the conventional dry pressing route and sintered at 10 MPa, 

HIP1, contains only α–SiAlON, similarly to the slip cast samples sintered under 1.7 MPa, 

(HIP3, HIP4 and HIP5). For the slip casted samples sintered under higher pressures, 10 

and 50 MPa (HIP2 and HIP6), the major phase is also α–SiAlON, but Y3Al5O12 (YAG) 

could also be detected as secondary phase. These results are in agreement with the 

micrographs shown in Figure 4.7. The BSE images of samples HIP2 and HIP6 reveal a 

larger volume fraction of a bright phase which is most probably the yttrium rich YAG 

phase. The appearance of this secondary crystalline phase seems to be linked to the 

applied pressure and the total oxygen content (Table 4-3). Only samples with an oxygen 

content > 5 wt.% and process pressures > 1.7 MPa indicate the crystalline YAG phase. 

From the present experiments it is not clear if YAG phase forms during isothermal 

sintering or during cooling under pressure, but it seems that an increasing HIP pressure 

favours YAG crystallization.  
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Figure 4.2 - XRD patterns of the samples sintered at 1800ºC under 10 MPa 
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Figure 4.3 - XRD patterns of the samples sintered at 1800ºC under 1.7 MPa  
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Figure 4.4 - XRD patterns of the samples sintered at 1800ºC under 50 MPa. 
 

 

 

Further evidences about the preferred location of oxygen in the sintered bodies could be 

obtained from XRD patterns. Based on the XRD patterns, the lattice constants, a and c, 

were calculated from the α–SiAlON peak positions of the reflexes (201), (102), (210), 

(211), (202) and (301) using the Jade 8, XRD Pattern Processing software, Materials Data 

Inc, USA. The m and n values of the general formula of α–SiAlON were calculated using 

the equations 4-4 and 4-5:175, 183  

 

 

a[Å] = 7.752 + 0.036 m + 0.02 n 4-4 

c[Å] = 5.620 + 0.031 m + 0.04 n 4-5 

 

 
 
The corresponding compositions of the different sintered α-SiAlONs based on these 

calculations are presented in Table 4-4. 
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Table 4-4 - Cell parameters calculated from the XRD patterns. 
 

Sample a [Å] c [Å] m n Formula 
HIP1 7.8168 5.6968 1.29 0.92 Y0.43Si9.79Al2.21O0.92N15.08 

HIP2 7.8111 5.6955 1.04 1.08 Y0.35Si9.88Al2.12O1.08N14.92 

HIP3 7.8109 5.6889 1.19 0.80 Y0.40Si10.01Al1.99O0.80N15.20 

HIP4 7.8119 5.6920 1.16 0.90 Y0.39Si9.94Al2.06O0.90N15.10 

HIP5 7.8133 5.6988 1.07 1.14 Y0.36Si9.79Al2.21O1.14N14.86 

HIP6 7.8098 5.6909 1.09 0.93 Y0.36Si9.98Al2.02O0.93N15.07 

HIP7 7.8127 5.6961 1.10 1.05 Y0.35Si9.85Al2.15O1.05N14.95 

HIP8 7.8179 5.7053 1.13 1.26 Y0.38Si9.61Al2.39O1.26N14.74 

 

The values deviated from the initially intended values of m = n =1.2. The m values are 

lower for all slip cast samples in comparison to those of dry pressed sample (HIP1); all n 

values were lower than 1.2, excepted for the seeded sample sintered at 1.7 MPa. Since n 

represents the amount of oxygen in the SiAlON structure this suggests that oxygen has a 

higher chemical affinity to the secondary phases, even if there is enough oxygen to fulfil 

the desired composition.  

The differences in oxygen content of the α-SiAlON phase (determined by the XRD) are not 

enough to justify the difference in total oxygen content of the bulk samples (determined by 

chemical analysis). Based on these results we conclude that the α-SiAlON is almost 

similar for all samples. Consequently the main difference must be attributed to the 

chemical composition of the grain boundary phase and the secondary crystalline phase 

found in some of the slip cast samples. This is in agreement with the hypothesis stated 

above which considered that the excess of oxygen in form of phosphates would react with 

the liquid phase to form aluminium-yttrium oxide phases. Overall it can be concluded that 

aqueous processing mostly affects the secondary and grain boundary phase and not the 

α-SiAlON. 

The statistical analysis of the oxygen contents measured for the HIP2, HIP3 and HIP5 

samples confirmed that they are in fact not different compared to the lowest value 

detected for sample HIP1. Sample HIP6 reveals the highest oxygen content among the 

samples processed by slip casting (HIP2 to HIP6). The apparent dependence between 

oxygen content, the formation of crystalline YAG and the applied pressure during sintering 
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suggest that reaction 4-3 might occur in some extent at lower pressure values, while the 

released of Al2O gas species is hindered at high pressures.  

 

The introduction of seeds, with a different composition and stabilizing cation, did not have 

a strong effect on the composition of the main α-SiAlON phase (Table 4-4). Furthermore 

this factor can open the way for a new type of seeding, since until now only seeding with 

exactly the same composition was used. If a different composition of seeds could be used 

without affecting the main phase composition, any composition could theoretically be 

reinforced with CS seeds.  

The XRD patterns of the sintered samples containing 5 wt.% of seeds are presented on 

Figure 4.5. The samples present α-SiAlON as the main phase with minor secondary 

crystalline phase, an aluminium yttrium garnet (Y3Al5O12) - YAG, which is almost 

imperceptible but in a close analysis is possible to detect. The introduction of seeds into 

the composition, which sintered at 10 MPa, drive to a small deviation of the aluminium 

yttrium garnet peak for higher angles, which also correspond to YAG but with different cell 

parameters, and a decrease in its intensity (from sample HIP2 to HIP7 ). 
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Figure 4.5 - XRD patterns of the samples with seeds addition sintered at 1800ºC under 
10 MPa, 1.7 MPa (HIP7 and HIP8 respectively). 
 

 



Densification of SiAlON ceramics by Hot Isostatic Sintering 

123 

 

 

However the addition of only 5 wt.% of seeds can not justify alone the decrease in oxygen 

content after sintering when compared with the unseeded samples prepared by the same 

method (method 1) since the initial oxygen content in the SiAlON precursor powder would 

be 5.34 wt.% O (theoretically calculated using the values of Table 4-2). Therefore, a new 

phenomenon related with the incorporation of seeds should have occurred.  

Furthermore a physical deformation of the seeded samples sintered at 10 MPa was 

observed as illustrated in Figure 4.6. Due to these two occurrences the carbon content of 

the seeds powder was determined. A contamination of the seeds of with around 2%wt of 

C was confirmed (Table 4-2). 

 
The presence of carbon, even in amounts as low as 1 wt.% can lead to the carbothermal 

reduction of SiO2 present at the powder surface according to the following the reaction 

4-6:184 

 

SiO2 (s,l) + 3C (s)   SiC (s) + 2CO (g) 4-6 
 

Another reaction that can occur in this system is: 

 

3SiO2 (s,l) + 6C (s) + 2N2 (g)  Si3N4 (s) + 6CO (g) 4-7 

  

However, reaction 4-7 is reported to be slow, and at high temperatures (T>1500ºC) the 

synthesis of SiC is favoured.185  

Decreasing oxygen contents in sintered AlN ceramics with increasing carbon contents in 

the bodies prior to sintering, prepared from the same pre-treated AlN powder used in the 

present work, were reported by Olhero et al..186 In this specific case the carbon content 

derived from the incomplete binder burnout in a nitrogen atmosphere. The residual carbon 

at the AlN powder surface partially removed the excess oxygen from the grain boundaries 

according to the equation 4-8:186 

 

Al2O3 (s) + 3C (s)+ N2 (g)  2AlN (s) + 3CO (g) 4-8 

 

The occurrence of reactions 4-6 and 4-8 justify the decreasing oxygen contents measured 

for the sintered samples with added seeds. 

 

Figure 4.6 shows the aspect of sample seeded composition sintered 1800ºC under 10 

MPa. Although almost full density seems to have been achieved in the outer parts of this 
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sample, the hole space developed inside the sample suggests that a strong internal 

pressure arose as a consequence of a reaction involving gas formation. According to both 

reactions 4-6 and 4-7, gaseous carbon monoxide is formed. This can explain the 

behaviour of the samples with added seeds. Blowing of the samples due to the formation 

of gaseous carbon monoxide means that the internal pressure developed could be higher 

than the pressure applied by the furnace. The occurrence of this phenomenon 

preferentially under higher applied pressures suggests that the diffusion of CO is favoured 

under low external applied pressures, being hindered at higher pressures. Figure 4.6(b) 

shows that the internal surface of the hole exhibits the expected microstructural features 

typical for SiAlON with the presence of some abnormal large grains due to seeding. 

 

 
 
Figure 4.6 - Y-SiAlON HIP sintered at 1800oC under 10 MPa with 5 wt.% seeds: (a) bulk 
sample and (b) SEM micrograph of the microstructure inside the deformation 
 

4.3.2 Microstructure and mechanical properties 

 

The microstructures of the HIP sintered unseeded samples are presented in Figure 4.7. 

They present microstructures with elongated grains, as expected, since sintering was 

performed with extra added liquid phase forming Y2O3 to promote the development of a 

bimodal microstructure with elongated grains that act as reinforcement.  

 

The micrographs presented in Figure 4.7 show that unseeded samples densified under 

1.7 MPa (HIP3 to HIP5) underwent a coarsening of the microstructure with increasing 

soaking time. However, the aspect ratio of the grains in the HIP4 sample is higher than in 

the HIP5 one. This maybe attributed to a different transient liquid phase as indicated by 

the overall lower oxygen content. An impact on grain growth from rare earth absorption 

a b 
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effects, as has been observed for silicon nitride 29 cannot be expected for this sample 

series, but the different N/O ratios of the grain boundary phase may alter material 

transport by diffusion.187 Furthermore, samples HIP3 to HIP5 reveal a significantly lower 

volume fraction of grain boundary phase compared to samples densified under higher 

pressure (HIP1, HIP2 and HIP6). This effect maybe explained by a pressure-dependent 

change of the phase composition, but XRD analysis of low and high pressure densified 

samples does not reveal a systematic compositional variation of the α-SiAlON (Table 4-4).  

 

  

Figure 4.7- SEM micrographs, using back-scattered electron mode, of Y-SiAlON sintered 
at 1800oC. 
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Figure 4.8 shows the SEM micrographs using back-scattered electron mode of HIP 

sintered seeded samples. They also present elongated grains. However, a main 

microstructural difference lies in the larger and thicker grains. This suggests that the 

crystalline seeds have acted as nuclei. When a limited amount of seeds is introduced, 

preferential and restricted nuclei for crystal growth are created, stimulating preferentially 

the heterogeneous growth of fewer grains which can develop more freely and expand in 

size. This is in fact the benefit of seeding, a route to independently control the nucleation 

regardless the composition, heating schedule and therefore phase stability.25 The results 

show that seeding effectively modified the microstructure. In the particular case of sample 

HIP8, there was a more extensive occurrence of large but almost equiaxed grains (Figure 

4.7) even if the presence of elongated grains was also verified. Figure 4.7 also reveals the 

presence of a core in the larger grains, a common phenomenon seen in seeding 

techniques, where the grain growth has its origin in the artificially created preferential sites 

for heterogeneous crystallization.18-20  

 

 
 
Figure 4.8 - SEM micrographs, using back-scattered electron mode of HIP sintered 
SiAlON at 1800oC with 5 wt.% seeds addition  
 

HIP8 HIP8 

HIP7 
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The measured properties of the sintered Y-SiAlON samples are summarized in Table 4-5 

Nearly full density was achieved for all samples except for sample HIP7 for the reasons 

explained above, not allowing the preparation of specimens for mechanical 

characterization. The Vickers hardness HV10 ranges from 1927 to 2009 for the unseeded 

samples, and scales with the reduction in residual porosity. The lowest hardness values 

were measured for HIP3 and HIP5, both having relative densities below 99%. The 

hardness of seeded sample HIP8 decreased by about 14.5% when compared with 

unseeded sample HIP5 sintered in the same conditions. This in agreement with the 

findings of Shuba and Chen19 who reported that grain coarsening has an adverse effect 

on hardness, suggesting relative weak grain boundaries. Contrarily, the fracture 

toughness increased by about 13%. The improved fracture toughness of the seeded 

sample HIP8 can be attributed to the formation of larger grains and to the lower oxygen 

content. Considering that the m and n values did not change significantly for the SiAlON 

phase (Table 4-4), the main variations in oxygen content should have occurred in the 

intergranular glassy phase, changing its wetting and bonding capabilities to the SiAlON 

grains. In fact the fracture toughness seems to be correlated with the oxygen content of 

the samples, increasing with decreasing oxygen contents.  

 

Table 4-5 -Mechanical properties of the sintered Y-SiAlON samples. 
 

Properties   
Sample 

%TD HV 10 KIC,SEVNB MPam1/2 
HIP1 99.76 ± 0.13 2009 ± 32 5.32 ± 0.16 

HIP2 99.42 ± 0.28 2003 ± 32 4.90 ± 0.42 

HIP3 98.74 ± 0.40 1945 ± 52 4.54 ± 0.38 

HIP4 99.15 ± 0.28 1989 ± 42 5.20 ± 0.10 

HIP5 98.81 ± 0.48 1927 ± 58 4.55 ± 0.11 

HIP6 99.21 ± 0.17 1960 ± 33 4.41 ± 0.30 

HIP8 99.67 ± 0.47 1647 ± 67 5.15 ± 0.11 

 

The fracture toughness depends on the volume fraction and size of elongated grains 

(reinforcing grains) as well as on the interface between the grains 25, 188 which is controlled 

by the chemical composition of the grain boundaries and its bonds between glassy phase 

and/or secondary phases. It is well known from silicon nitride ceramics that the strength of 

the chemical bonds can drastically influence the mechanism by which the fracture 
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propagates through the microstructure and consequently affects fracture toughness.189 

For that reason fracture toughness was plotted versus the oxygen content. Figure 4.9 

shows that fracture toughness tends to decrease with increasing oxygen content. Based 

on the statistical analyses performed for the fracture toughness data it was verified that 

the values for HIP1, HIP4 and HIP8 cannot be considered significantly different. However, 

when compared with this group, the fracture toughness of all the other samples are 

significantly lower. In general slip cast samples exhibit lower fracture toughness, (except 

for HIP4 and HIP8). The data clearly show that large elongated grains do not necessarily 

result in high fracture toughness. The composition of intergranular grain boundary films 

seems to have a higher impact in activating the reinforcement mechanisms.190 
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Figure 4.9 - Fracture toughness (KIC,SEVNB) of the sintered Y-SiAlON as a function of 
oxygen content (wt.% O). 
 

Figure 4.10 illustrates typical crack paths emerging from Vickers indentations on polished 

(to 1 µm) surfaces of sintered samples.  
 

 
Figure 4.10 – SEM micrographs of crack paths in the sintered Y-SiAlON (HIP8 on the left, 
and HIP2 on the right) 
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Is worthy noting that almost no transgranular crack paths were detected in all the sintered 

samples. Furthermore, the more frequent crack mechanisms found were crack deflection 

and crack bridging as illustrated by Figure 4.10. 

 

4.4 Conclusions 
 
The novel route for consolidating SiAlON precursor powders through aqueous slip casting 

tends to decrease fracture toughness of the sintered bodies, while Vickers Hardness 

seems to be unaffected. The decrease in the fracture toughness seems to be better 

correlated with the oxygen content and therefore with the chemistry of the grain boundary 

of the sample rather than with the processing method. It was proved that the excess of 

oxygen did not interfere with the phase equilibrium of the main phase since complete α-

SiAlON formation has been obtained in all cases. The higher oxygen contents of slip 

casted samples derived from a protecting phosphate layer on the surface of AlN, results 

apparently in a higher amount of alumina. Therefore, decreasing the amount of Al2O3 

added to the SiAlON precursor emerges an interesting approach to enhance the fracture 

toughness of wet consolidated SiAlON ceramics. The slip cast samples develop an in situ 

reinforced microstructure during sintering similar to the conventionally processed 

SiAlONs. This means that aqueous processing of SiAlON powders holds a promise to 

fabricate strong α-SiAlON ceramics.    

Furthermore seeding had a beneficial effect on the fracture toughness of the HIP sintered 

bodies, which is attributed to two main causes: (i) the carbon content of the seeds leads to 

a reduction of oxygen content in the bulk samples, mostly by changing the composition of 

intergranular glassy phase and its wetting and bonding capabilities to the SiAlON grains; 

(ii) the development of larger grains in the microstructures of seeded samples. 

Nevertheless, the same factors led to a reduction of Vickers Hardness for the seeded 

samples. A good correlation exists between the decrease of oxygen content and the 

increase in fracture toughness. The contamination of the powder seeds with carbon 

presented the downside of high instability of the samples upon sintering under the higher 

applied pressure due to the formation of carbon monoxide and its hindered release under 

these conditions.  
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5.1 Introduction 
 
As previously discussed (see section 3.2) for the densification of SiAlON ceramics by 

SPS, the composition Y0.4Si9.6Al2.4O1.2N14.8 without further addition of 2 wt.% of Y2O3 

(Y1212) was used. 

Planetary milling in organic medium is one of the most common milling procedures for 

homogenization of SiAlON precursor powders. In this first part of this study, the raw 

materials (Si3N4, AlN, Y2O3 and Al2O3), were just mixed by planetary milling in isopropanol.  

In the second part, the SiAlON precursor powders with (2.5 and 5 wt.%) and without 

incorporation of Ca-α-SiAlON seeds were prepared by freeze granulation (see section 

3.3). 

 

5.2 SPS of planetary milled SiAlON precursor powder  
 

5.2.1 Methods 

 
Two sets of powders were prepared, one with Si3N4 from H.C. Starck Company (HCS), 

and other with Si3N4 from UBE Industries (UBE), in order to compare the influence of the 

Si3N4 raw powders in the optical properties of the SPS sintered bodies. The proper 

amounts of powders were mixed (either 75.66 g Si3N4-UBE / 7.57 g Y2O3 / 0.91 g Al2O3 / 

15.86 g AlN or 75.67 g Si3N4-HCS / 7.57 g Y2O3 / 0.86 g Al2O3 / 15.90 g AlN) in a silicon 

nitride jar with silicon nitride balls (balls to powder weight ratio of 3:1) using isopropanol as 

media and planetary ball milled for 5 h. The slurry was then dried at 40ºC and sieved (180 

µm).  

Powder batches of 12 grams were placed inside a graphite die with 40 mm of diameter. 

The powders were sintered in SPS (FCT Systeme, Roedental Germany). The sintering 

temperatures used were 1700ºC and 1800ºC, with a heating rate of 150ºC/min and a 

holding time of 7 min. A pressure of 31 MPa was applied during holding time.  

After sintering, the bodies had a thickness of approximately 5 mm, which included the 

graphite foil used at bottom and top of the sample to avoid direct contact of the powders 

with the die. To remove the graphite layer and prepare the samples and further testing the 

SPS sintered bodies were ground to a final thickness of 2.5 mm.  
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The density of the SPS sintered bodies was measured by Archimedes method in distilled 

water and the XRD analysis was performed in the polished surface of the sintered bodies 

(Siemens D-500 diffractometer). 

The microstructures were characterized by scanning electron microscopy (SEM) using 

back-scattered electron mode (Leica Stereoscan 440 or Hitachi S-4100). Prior to SEM 

observation, samples were polished (to 1 µm) and sputtered with an Au/Pd layer. 

For the mechanical test the sintered and ground bodies were then cut into bars (2 x 2.5 x 

25 mm3). Fracture toughness was determined by the Single Edge V-Notch Beam method, 

KIC,SEVNB, using a 3 point bending test, according to equations 4-1 and 4-2178 (see section 

4.1).  

Vickers Hardness (HV10) was measured on an Akashi hardness tester (AVK-C1) 

equipped with a Vickers indenter at a load of 10 kg applied for 10 s.  

The optical transmittance of polished samples (to 1 µm) was measured in a 

spectrophotometer (Cary 500, Varian, USA, 175 nm – 3300nm). 

The SPS sintered bodies that presented optical properties (translucence) were submitted 

to a further heat treatment in a hot isostatic press equipped with a graphite resistance 

heater (ASEA QIH 6) at 1800ºC for 1 h under 100 MPa.  

 

5.2.2 Results and Discussion 

 

5.2.2.1 Characterization and properties 
 

The specifications of each Si3N4 powders tested, as given by the suppliers are stated on 

Table 5-1.  

 

Table 5-1 – Specifications of the Si3N4 powders, as given by the suppliers in wt%. 
 

Item SN-E10 (UBE) Grade M11 (H.C. Starck) 
N > 38.0  38.75 
O 1.26  1.3 
C < 0.2  0.1 
Cl < 0.01 - 
Fe < 0.01 0.001 
Ca < 0.005  < 0.01 
Al < 0.005  0.04 
α ≥95 92.6 
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Briefly the Si3N4 from UBE presents a higher percentage of the alpha phase and minor 

amounts of Al and Ca contaminants. However, the higher limit for Fe content is superior in 

the UBE Si3N4 powder in comparison to the Si3N4 powder from HCS. As it will be seen 

throughout the results and discussion, it was not possible to produce sintered bodies with 

optical properties from the composition based on the Si3N4 powder from HCS. 

 

Figure 5.1 shows the XRD patterns of the SPS sintered SiAlONs for the composition 

based on the Si3N4 UBE powder at 1700ºC, and 1800ºC (UBE-1700, and UBE-1800, 

respectively) and for the composition based on the Si3N4 HCS powder at 1700ºC (HCS-

1700). The major phase detected is α- SiAlON, as expected, but a secondary phase of 

yttrium aluminium oxide, Y3Al5O12 (YAG) was also detected for all the samples. The 

intensity of the XRD peaks is slightly lower in the case of HCS-1700.  

 
Figure 5.1 – XRD patterns of the SPS sintered SiAlON at 1700ºC and 1800ºC. 

 

The XRD patterns illustrated in Figure 5.1 can not reveal, at the Figure scale, the 

presence of α-Si3N4. Nonetheless, a more detailed study on the original data allowed the 

detection of trace amounts of α-Si3N4 in the samples, with more significance for the UBE-

1800 one (not shown). Furthermore in the case of sample HCS-1700, the presence of 

vestigial amounts of a β-SiAlON compound should also be not discharged, mainly due to 

the evidence of a not well defined transition between the YAG pick and the α–SiAlON 
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peak phase at around 2 ≈ 34 deg, which may indicate the presence of a low intensity 

peak from the β-SiAlON phase between the two (not shown). The presence of vestigial 

peaks around 2 ≈ 23.5 and ≈27 deg, which characterize the β-SiAlON phase, can also 

support such assumption (not shown).  

 

Based on the XRD patterns, the lattice constants, a and c, were calculated from the α–

SiAlON peak positions of the reflections (201), (102), (210), (211), (202) and (301) using 

the Jade 8, XRD Pattern Processing software, Materials Data Inc, USA. The m and n 

values of the general formula of α–SiAlON were calculated using the equations 4-4 and 

4-5 175, 183 as described previously in section 4.3.1.. The results of the calculations and the 

corresponding compositions of the SPS sintered specimens are summarized in Table 5-2.  

 

Table 5-2 – Cell parameters calculated from the XRD patterns. 
 

Sample a [Å] c [Å] m n Formula 
HCS-1700 7.8086 5.6857 1.16 0.75 Y0.39Si10.10Al1.90O0.75N15.25 

UBE-1700 7.8115 5.6937 1.10 0.99 Y0.37Si9.91Al2.09O0.99N15.01 

UBE-1800 7.8131 5.6923 1.22 0.87 Y0.41Si9.92Al2.08O0.87N15.13 
 

For the SPS sintered samples the m is close to the theoretical one of 1.2 while the  n 

values are in all cases inferior to 1.2. For the higher sintering temperature (1800ºC) an 

increase in the cell dimensions was noticed, tolerating the incorporation of more Y3+ 

cations into the structure as evidence by the compound formula. Furthermore, for the 

sample HCS-1700 the oxygen in the α-SiAlON structure showed the lowest values, 

indicating that more oxygen could have migrate for the grain boundaries, which can 

crystallize in the form of YAG, staing as a glassy phase, or as β-SiAlON in the specific 

case of HCS-1700 sample, in agreement with the above discussion of the XRD results. 

Samples produced with the Si3N4 powder from UBE are translucent as can be seen in 

Figure 5.2a.  
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Figure 5.2 – Photographs of the SPS samples sintered at 1700ºC with a thickness of 
around 2 mm and 40 mm of diameter; a) using silicon nitride from UBE and b) using 
silicon nitride from HCS. 
 
However, the HCS-1700 sample presents itself disproved of any translucent characteristic 

as demonstrated in Figure 5.2b. Since the preparation method and the sintering 

parameters were the same, and taking into consideration that at least three samples of 

each composition were SPS sintered, and in the case of HCS-1700 none of them showed 

any translucence, is fair to assume that the Si3N4 powder from HCS is not suitable for 

obtaining sintered bodies with translucent properties under the conditions used. This has 

to be, undoubtedly, related with the initial composition and, specifically with the degree of 

contamination and impurities present in the raw HCS powder, since no obvious 

differences were found in terms of crystalline phases developed, as discussed above, or 

microstructural features as will be seen in the following discussion. 

 

The microstructure of the SPS sintered samples produced with the silicon nitride from 

UBE are shown in Figure 5.4. Specimen UBE-1700 (Figure 5.4 (a) and (c)) exhibited a 

uniformly distributed and fine equiaxed microstructure, which is favourable to the 

enhancement of the optical properties by increasing the light transmission capability, 

which is known to increase with the decrease of grain size.45, 50 Specimen UBE-1800 

(Figure 5.4 (b) and (d)) exhibited a very similar structure but with larger grains as can be 

seen in Figure 5.4 (d). Considering that the soaking time at the different sintering 

temperatures was the same for all samples (7 min), the observed microstructural 

differences can only be attributed to the difference in sintering temperatures. As a matter 

of fact, the sample SPS sintered at 1700ºC (UBE-1700) underwent a significant  grain 

growth after HIP at 1800ºC but the UBE-1800 sample did not (see Figure 5.7). It is 

a) b) 
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generally accepted that grain growth is a thermally activated process. This suggests that 

for the lower SPS temperature the grain growth process was delayed when compared 

with the samples SPS at 1800ºC. The post HIPing process allowed the development of 

both microstructures more evenly  

 

 
Figure 5.3 - SEM micrographs of SPS sintered HCS- 1700 SiAlONs. Back-scattered 
electron images of a polished surface (Left) and of a fracture surface (Right). 
 

 
 
Figure 5.4 - SEM micrographs of the SPS sintered samples produced with silicon nitride 
from UBE: a) and b) images of polished surfaces using back-scattered electron mode for 
imaging; c) and d) images of fracture surfaces. 

a) c) 

d) b) 
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The light transmittances against wavelength curves for the SPS sintered samples are 

shown in Figure 5.5.  

 
Figure 5.5 – Transmission spectra for the SPS sintered samples produced with silicon 
nitride from UBE: a) in the range of 280 to 760 nm including the visible region, and b) for 
the infrared region in the range of 900 to 2500 nm.  
 

UBE-1700 sample (2.09 mm final thickness) presents a transmittance in the visible region 

that gradually increases with the increase of the wavelength reaching a maximum of 40% 

for the wavelength of 760 nm. For the infrared region the transmittance curve shows a 

short steep increase at the beginning, however for wavelength higher than 1000 nm the 

increase is rather subtle until around 2400 nm where the maximum of 61% was recorded. 
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After that, the transmittance values tend to decrease with increasing wavelength. A similar 

trend was observed for UBE-1800 sample (1.77 mm final thickness) with the difference 

that the transmittance is somewhat lower along the whole wavelength range investigated. 

A maximum transmittance of 35% and 58% for the visible and infrared regions, 

respectively, were recorded. As demonstrated before, the increase of the sintering 

temperature to 1800ºC promoted an increase of the grain size. This factor is known to 

reduce the light transmittance of polycrystalline materials,45, 50 which is in agreement with 

the obtained results. The larger grain sizes of the UBE-1800 sample, attributed to its 

higher sintering temperature, could justify the decrease in the light transmittance. Others 

factors known to decrease the optical transparency of polycrystalline ceramics are: i) 

density due to the light scattering by micropores;45, 53 ii) existence of higher amounts of 

glassy phase;43, 50 and iii) presence of secondary phases50 or even β-SiAlON.45, 50 In the 

present work, both samples (UBE-1700 and UBE-1800) exhibited high and similar density 

values and no obvious differences in the crystalline phases were identified by XRD 

(Figure 5.1).  

It could be extrapolated, by comparing the Figure 5.4 (a) with Figure 5.4 (b), that UBE-

1800 presents a slightly higher amount of yttrium-rich phase (white phase in the BSE 

image). Although both UBE-1700 and UBE-1800 samples present a bright secondary 

phase, the UBE-1700 sample shows a more homogeneous distribution and the individual 

particles are smaller suggesting that for UBE-1800 sample the yttrium-rich phase could 

also be present as a glassy phase. This last factor associated with the higher average 

grain size can therefore justify the decrease in the light transmittance observed.  

 

The properties of the SPS sintered SiAlONs are summarized on Table 5-3. 

 All the samples achieved almost full density. Vickers hardness and fracture toughness do 

not evidence a significant difference, as expected. The HCS-1700 sample, showed the 

highest fracture toughness, which can be attributed to: i) the presence, even if in small 

amount, of some elongated grains of β-SiAlON supporting the hypothesis admitted above 

concerning the possible presence of residual β-SiAlON in sample HCS-1700 as strongly 

suggested by the XRD results; ii) the weakness of the interface between the grains25, 188 

as a consequence of the chemical composition of the grain boundaries, correlated with 

the oxygen content, which is supposed to be higher in the grain boundaries and 

secondary phase of the HCS-1700 sample, based on the calculated empirical formula for 

the α-SiAlON (Table 5.2) as already discussed.  
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Table 5-3 – Properties of the SPS sintered bodies. 
 

Sample %TD HV 10 KIC,SEVNB(MPam1/2) 

HCS-1700 99.35 ± 0.15 2195 ± 72 3.97 ± 0.36 

UBE-1700 99.76 ± 0.04 2154 ± 60 3.74 ± 0.54 

UBE-1800 99.86 ± 0.12 2102 ± 63 3.68 ± 0.49 

 

5.2.2.2 Effect of HIPing on the translucent samples 
 

XRD patterns of the samples (UBE-1700 and UBE-1800) post-HIP-treated (UBE-1700 

HIPed and UBE-1800 HIPed respectively) are shown in Figure 5.6. As expected the main 

identified phase was the α-SiAlON. Y3Al5O12 (YAG) was identified as a secondary phase 

in UBE-1800-HIPed, while in the UBE-1700-HIPed a small amount of β-SiAlON was also 

detected as secondary phase but the YAG phase could not be identified. Table 5-4 

presents the calculated lattice constants, a and c, determined from the XRD patterns (see 

section 4.3.1).  
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Figure 5.6 - XRD patterns of the SPS sintered SiAlONs after HIPing at 1800ºC for 1 h 
under 100 MPa. 
 

 



 

 

 

142 

 

Table 5-4 – Cell parameters calculated from the XRD patterns for the pos HIPed samples. 
 

Sample a [Å] c [Å] m n Formula 
UBE-1700 -HIP 7.8158 5.6960 1.26 0.93 Y0.42Si9.81Al2.19O0.93N15.07 

UBE-1800- HIP 7.8184 5.7061 1.14 1.28 Y0.38Si9.59Al2.41O1.28N14.72 

 

The heat treatment applied on the SPS sintered samples promoted in both cases the 

increase of the cell dimensions. In the case of UBE-1700-HIPed, heat treatment promoted 

the incorporation of more Y3+ cations into the α-SiAlON. The appearance of detected β-

SiAlON in the XRD (Figure 5.6) is consistent with higher yttrium content in the alpha 

phase. 

On the other hand, for UBE-1800-HIPed a significant amount of oxygen, but not of Y3+ 

cation was incorporated into the structure, which is supported by the formation of YAG 

that takes out yttrium from the structure as indicated by the XRD results (Figure 5.6). 

These results also suggest that a migration of oxygen from the grain boundaries and/or 

glassy phase towards the α-SiAlON phase occurred.  

 

Figure 5.7 exhibits the microstructure of post-hip-treatment samples, which present 

uniformly distributed equiaxed grains. UBE-1700- HIPed sample, (Figure 5.7 (a) and (c)), 

underwent a coarsening process as can be noticed by comparing with the microstructure 

prior to heat treatment Figure 5.4 (a) and (c), respectively).  

 

An increase in the yttrium-rich phase, most probably a glass phase, since no additional 

crystalline phase was detected by XRD after the heat treatment, is also noticeable. In 

UBE-1800- HIPed, no obvious grain growth has occurred. However the yttrium-rich phase 

content increased as shown in Figure 5.7 (b) (in BSE mode) where a larger area of light 

phase is visible by comparison with Figure 5.4 (b), in accordance to the XRD results. 

These two phenomena, the increase of grain size, for UBE-1700- HIPed, and the increase 

of secondary phase content (glass and/or crystalline), for both samples, justify the lack of 

translucence of the samples after the heat treatment. These observations confirm that the 

grain size and the presence of secondary phases are the main factors affecting the optical 

properties of SiAlON ceramics.  
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Figure 5.7 - SEM micrographs of the SPS sintered samples produced with silicon nitride 
from UBE after HIPing at 1800ºC for 1 h and under 100 MPa: a) and b) images of 
polished surfaces using back-scattered electron mode; c) and d) images of fracture 
surfaces. 
 

The XRD results and the SEM micrographs suggest that for the 1700 sample, the heat 

treatment at 1800ºC promoted grain growth and hindered the crystallization of the glassy 

phase. However for the 1800 sample, the grain growth seems to have been stabilized 

before applying HIP treatment and did not suffer any noticeable modification, except that it 

appears to have enhanced the crystallization of the glassy phase. This process is usually 

associated to a volume change and consequently to hydrostatic stresses,191 thus 

explaining the enhanced crystallization of the secondary Y3Al5O12 (YAG) phase detected 

on 1800-HIPed sample. 

 

b) 

a) c) 

d) 

1700 HIPed 1700 HIPed 

1800 HIPed 1800 HIPed 
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5.2.3 Conclusions 

 

SPS sintering proved to be an effective and fast method for obtaining translucent SiAlON 

ceramics at temperatures as low as 1700ºC. The translucent Y-α-SiAlON ceramics 

achieved a maximum transmittance of 61%, in the infrared region at a wavelength around 

2400 nm, a Vickers Hardness of 2154 ± 60 and a fracture toughness of 3.74 ± 0.19 

MPam1/2. Increasing the SPS sintering temperature to 1800ºC led to a decreased 

transmittance of Y-α-SiAlON ceramics as a result of the higher amounts of secondary 

phases formed and an overall microstructural grain coarsening effect. These effects were 

still exacerbated by a post-HIP-treatment at 1800ºC for 1 h under 100 MPa. From the 

present results, it was noticed that the optical properties are affected by the grain size and 

the presence of secondary phases as proved by the microstructural and chemical 

changes occurring during the heat treatment, which might lead to the complete lost of 

translucent properties.  
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5.3 SPS of granulated SiAlON precursor powder 

 

5.3.1 Methods  

 
Granulated precursor powders were obtained as described on chapter 3.3. Three distinct 

compositions were prepared: (i) Y1212 composition; (ii) Y1212-2.5Ca, Y1212 composition 

plus 2.5 wt.% (based on the powder mixture weight) of seeds; and (iii) Y1212-5Ca, Y1212 

composition plus 5 wt.% (based on the powder mixture weight) of seeds.  

As described previously, powder batches of 12 grams were placed inside a graphite die 

with 40 mm of diameter and the powders were sintered in a SPS (FCT Systeme, 

Roedental Germany). Different sintering temperatures: 1500, 1600 and 1700ºC and 

different heating rates 75, 150 and 300ºC/min were used in this work. In all cases a 

holding time of 7 min and a pressure during holding of 31 MPa was applied. The sintering 

parameters are detailed on Table 5-5.  

 

Table 5-5 – Detailed compositions, sintering parameters and properties of Y-SiAlON 
ceramics sintered by SPS. 
 

Sample Composition Sintering Parameters 

A0 Y1212 

A2.5 Y1212-2.5Ca 

A5 Y1212-5Ca 

1700oC, 75oC/min  

B0 Y1212 

B2.5 Y1212-2.5Ca 

B5 Y1212-5Ca 

1700oC, 150oC/min  

C0 Y1212 

C2.5 Y1212-2.5Ca 

C5 Y1212-5Ca 

1700oC, 300oC/min  

D0 Y1212 

D5 Y1212-5Ca 
1600oC, 150oC/min 

E0 Y1212 

E5 Y1212-5Ca 
1500oC, 150oC/min  
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As already mentioned, the sintered bodies where ground to a final thickness around 2.5 

mm to remove the graphite layer. The ground bodies were cut into bars (2 x 2.5 x 25 mm3) 

for determination of Fracture Toughness by the Single Edge V-Notch Beam method, 

KIC,SEVNB, as described  before in section 4.1 using a 3 point bending test178 and equations 

4-4 and 4-5. Vickers Hardness (HV10) was also measured on an Akashi hardness tester 

(AVK-C1) equipped with a Vickers indenter at a load of 10 kg applied for 10 s.  

 

The results for Fracture Toughness and Vickers hardness are expressed as mean  

standard error of the mean of 5 and 10 determinations, respectively. Statistical analysis 

was performed using the SPSS 16.0 software. Comparative studies of means were 

performed using one-way ANOVA followed by a post hoc test (Fisher projected least-

significant difference) with a statistical confidence coefficient of 0.95, therefore, p 

(significance level) values < 0.05 were considered significant.141  

 

5.3.2 Results and discussion 

 

5.3.2.1 Phase Composition 

 

The XRD patterns of the SPS sintered at 1700ºC are shown in Figure 5.8, Figure 5.9 and 

Figure 5.10. A close look allows concluding that in some cases the consumption of -

Si3N4 was not complete, since -Si3N4 is still detected in the sintered samples, especially 

for those with lower seeds contents. The conversion of -Si3N4 was almost complete for 

all the samples with added 5 wt.% seeds sintered at 1700ºC. These results suggest that 

its transformation into -SiAlON, is enhanced by the presence of seeds, as expected. The 

seeds are preferential sites for the nucleation and growth of α-SiAlON. So, it is acceptable 

that in the presence of α-SiAlON seeds the α-SiAlON phase could develop faster.  

Furthermore, the presence of β-Si3N4 was also detected, the amount of which seems to 

correlate with the percentage of added seeds. 
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Figure 5.8 – XRD patterns of the sintered Y-SiAlON at 1700ºC for a heating rate of 
75ºC/min without seeds addition (A0) with 2.5 wt.% seeds (A2.5) and 5 wt.% seeds (A5).  
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Figure 5.9 - XRD patterns of the sintered Y-SiAlON at 1700ºC for a heating rate of 
150ºC/min without seeds addition (B0) with 2.5-wt% seeds (B2.5) and 5-wt% seeds (B5).  
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Figure 5.10 - XRD patterns of the sintered Y-SiAlON at 1700ºC for a heating rate of 
300ºC/min without seeds addition (C0) with 2.5-wt% seeds (C2.5) and 5-wt% seeds (C5).  
 

In an attempt to better understand the effects of the amount of seeds and of the heating 

rate in the final phase composition, the areas below the (101) and (210) peaks for β-Si3N4 

and (102) and (210) peaks for the -SiAlON (’), were calculated to estimate the 

percentage of β-Si3N4 [β/(α + β)], as described elsewhere.175, 192 These data are plotted in 

Figure 5.11 as a function of the added amount of seeds. It was established that the 

amount of β-Si3N4 increases with the increasing amounts of seeds and the heating rate. 

Chen and Rosenflanz 9 showed that using α-Si3N4 as starting powder leads to a faster 

transformation to - or β-SiAlON than when using β-Si3N4 powders. One of the reasons is 

that α-Si3N4 is unstable with respect to β-Si3N4, thus a larger driving force for phase 

transformation should be present when starting from α-Si3N4 as raw material.9 

Furthermore it was also concluded that the formation of a SiAlON that is structurally 

similar to the major powder component in the starting mixture is favoured.9 These findings 

are in agreement with the results obtained in the present study. The starting silicon nitride 

powder used had a β-Si3N4 content (relative to α + β) of 7.4 wt.% as given by the supplier. 

The assumption is that in direct competition with the main α phase, the kinetics will favour 

the transformation of α-Si3N4 into α-SiAlON. Furthermore, when more structural similar 

nucleation sites are available, as in the case of added α-SiAlON seeds, the kinetics of 

transformation would be faster. This reasoning justifies why in the presence of seeds the 

transformation of α-Si3N4 into α-SiAlON is enhanced and the amount of unreacted β-Si3N4 
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in the final composition increases. When the heating rate is increased, a shorter time is 

allowed for the less kinetically favourable transformation of β-Si3N4 into α-SiAlON to occur. 

Chen and Rosenflanz13 showed that temperature plays also an important role in the phase 

transformations. The conversion of β-Si3N4 into α-SiAlON was not completed upon hot 

pressing at 1475 ºC followed by annealing at 1700ºC for 45 min, conditions under which 

phase equilibrium is reached. 13  

0

4

8

12

16

0 2.5 5
wt.%seeds

%
 

 S
i 3N

4

 - 75ºC/min
□ - 150ºC/min
○ - 300ºC/min

 
Figure 5.11– Percentage of β-Si3N4 [(β/(α+β)X100] calculated from the area of some 
selected XRD picks of both phases as a function of the amount of added seeds.  
 

XRD analysis also detected the presence of another secondary crystalline phase 

designated as YAG (Y3Al5O12), the amount of which apparently increased with increasing 

of the seeds content. However, the reasons for the enhanced formation of this secondary 

phase in the presence of seeds can not be straightforwardly devised. 

 

The XRD patterns of the samples SPS sintered at 1600 and 1500ºC are shown in Figure 

5.12 and Figure 5.13 respectively. The main conclusions are: (i) the presence of -Si3N4 

became more accentuated with decreasing sintering temperatures, meaning that a less 

extended conversion has occurred; (ii) as in the samples sintered at 1700ºC, the addition 

of seeds promoted the increase of β-Si3N4 phase content; and (iii) the intensity of the β-

Si3N4 peaks increased with decreasing sintering temperatures. This finding is in 

agreement with the results reported by Chen and Rosenflanz.13 
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Figure 5.12 - XRD patterns of the sintered Y-SiAlON at 1600ºC for a heating rate of 
150ºC/min without seeds addition (D0) and 5-wt% seeds (D5). 
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Figure 5.13 - XRD patterns of the sintered Y-SiAlON at 1500ºC for a heating rate of 
150ºC/min without seeds addition (E0) and 5-wt% seeds (E5). 
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5.3.2.2 Mechanical properties and microstructure  

 

Table 5-6 shows the percentage of theoretical density (%TD) and the mechanical 

properties (Vickers hardness and Fracture toughness) achieved for each composition 

used in this study and their dependence on the sintering cycle. The TD was estimated 

from the densities of the starting powders, as given by the suppliers, and the density of 

the seeds, measured as referred above (section 2.3 ). It should be mentioned that this 

method is just an approach, since precursor powders react upon sintering and are partially 

or completely transformed into other phases (mostly α-SiAlON, and Yttria-Alumina-Garnet 

(YAG) and glass phase as secondary phases). An accurate calculation of the theoretical 

density of a given system would imply the determination of the volume fraction and the 

theoretical density of each phase present (which is not an easy task in the case of solid 

solutions like SiAlONs).  

 

Table 5-6  – Properties of Y-SiAlON ceramics sintered by SPS. 
 

Sample %TD HV 10 KIC,SEVNB 
(MPam1/2) 

A0 99.61 ± 0.03 2089 ± 54 3.71 ± 0.15 

A2.5 99.91 ± 0.04 2043 ± 95 3.65 ± 0.16 

A5 100.15 ± 0.03 2036 ± 56 4.36 ± 0.32 

B0 99.60 ± 0.07 2061 ± 37  3.87 ± 0.50 

B2.5 99.91 ± 0.08 2048 ± 52 3.67 ± 0.11 

B5 100.22 ± 0.03 2035 ± 50 4.04 ± 0.30 

C0 99.63 ± 0.03 2054 ± 30 3.69 ± 0.22 

C2.5 99.91 ± 0.06 2061 ± 62 4.19 ± 0.40 

C5 100.27 ± 0.07 2024 ± 68 4.31 ± 0.25 

D0 99.19 ± 0.61 2084 ± 94 4.20 ± 0.37 

D5 92.33 ± 5.52 1849 ± 60 3.71 ± 0.22 

E0 95.98 ± 2.29 1806 ± 94 - 

E5 80.87 ± 3.10 - - 
 

Accordingly, the estimated values of TD for the compositions Y1212, Y1212-2.5Ca and 

Y1212-5Ca were 3.30, 3.29 and 3.28 g/cm3. All samples sintered at 1700ºC achieved a 

density higher than 99.5% TD. However, at 1600ºC only the sample without seeds 

addition (D0) presented a density > 99% TD. The introduction of seeds tends to hinder the 
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densification process. This is particularly evident at the lower sintering temperatures. The 

difference in TD between the unseeded and 5 wt.% seeded samples is about 7% at 

1600ºC (D0 and D5) increasing to about 15% at 1500ºC (E0 and E5).  

 

For the samples containing 5 wt.% seeds and sintered at 1700ºC, the estimated relative 

density is higher than 100% (Table 5-6). This is certainly the consequence of the 

approach used to estimate the theoretical density and of the lower density measured for 

the seeds (2.90 g/cm3 ) in comparison to the other powders. It is worth noting that all the 

samples sintered at 1700ºC exhibited a density of about 3.29 g/cm3, regardless of the 

amount of added seeds.  

Figure 5.14 exhibits representative microstructures of the samples sintered at 1700ºC for 

different heating rates and amounts of added seeds. In addition to the main - SiAlON 

phase, all microstructures reveal the presence of β-Si3N4 (darker phase) and of an Yttrium 

rich phase (white phase) that could be either a glassy or crystalline (YAG) phase, as 

identified in the XRD patterns. The microstructures shown in Figure 5.14 also indicate an 

increasing trend of the fraction of β-Si3N4 crystals (darker phase) with increasing heating 

rates and with the added amounts of seeds, thus corroborating the data from XRD 

patterns. Some needle like grains of β-Si3N4 are also visible in all the sintered samples 

with more evidence for the samples A2.5, A5 and C2.5. 

The presence of Yttrium rich phase (white phase) can be observed in more or less extent 

for all the samples. However, a non-uniform distribution of the Yttrium rich phase could be 

detected in the majority of the samples. Two different features could be found: the 

agglomeration of yttrium rich phase within relative small areas as in samples A5, B0 and 

C2.5; or the formation of clusters of Yttrium rich phase where abnormal grain growth 

occurred. 
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Figure 5.15 shows that abnormal grain growth has occurred in some small clusters wide 

spread throughout the samples. This phenomenon has occurred both in the absence and 

in the presence of seeds. Moreover, all clusters found seem to be submerging in the 

Yttrium rich phase that has been most probably a transient liquid phase formed upon 

sintering. They are much larger and concentrated in restricted locations in comparison to 

the elongated grains found homogeneously distributed throughout the samples. The 

abnormal growth is anisotropic with elongated shapes clearly seen in Figure 5.15 (a) and 

(b). The very high aspect ratio needle-like grains observed in Figure 5.15 (b) and (c) are 

probably -SiAlON crystals grown in the presence of an abundant localised liquid phase. 

Figure 5.15 (c) also shows the cross sections of thick and elongated large - SiAlON 

crystals.  

These observations suggest that the high heating rates used in the SPS process favour 

the formation of a liquid phase that is grossly out of the thermodynamic equilibrium, 

creating suitable conditions for an enhanced dissolution of small grains and for a fast 

growth rate of other grains, similarly to what happens during the combustion synthesis of 

elongated - SiAlON crystalline particles.67 The occurrence of reactions far from the 

thermodynamic equilibrium, responsible for the observed abnormal grain growth can not 

be regarded as a normal Ostwald ripening process, justifying the proposed designation of 

“dynamic” Ostwald ripening by other authors 55, 158, 160 under similar experimental 

conditions. 

The reasons for the localised formation of liquid phase are not well understood 

considering the careful experimental procedure adopted involving wet milling and 

homogenization and the use of freeze granulation that preserves the degree of 

homogeneity achieved on the starting suspensions. However, due to the considerable 

size of the sintered samples (around 40 mm diameter and 5 mm thickness) and the high 

heating rates associated to SPS, a temperature gradient is expected to form within the 

sample. This non-uniformity in temperature will be enhanced at higher heating rates, 

which can possibly explain why the localized liquid phase is more readily observed in the 

samples sintered at higher heating rates.  
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Figure 5.15 – SEM micrographs of the Y-SiAlON ceramics SPS sintered at 1700ºC taken 
using back-scattered electron mode evidencing abnormal grain growth in small clusters 
found in all the samples.  
 
Vickers Hardness, for the fully or near fully densified (> 99% TD) samples, is always 

higher than 2000, presenting a slight decreasing trend with increasing amounts of added 

seeds. The statistical analysis of the samples sintered at 1700ºC revealed that only the 

samples with 5 wt.% of seeds, regardless of the heating rate (A5, B5 and C5), were 

significantly inferior (p<0.05) in comparison to the sample without seeds sintered at the 

lower heating rate (A0). According to the above discussion the introduction of seeds and 

faster heating rates has led to an increase of the amount of β-Si3N4 in the final sintered 

bodies, consequently the hardness is expected to somewhat decrease. 

(b) 

(c) 
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Fracture Toughness was found to slightly increase with increasing added seeds, 

irrespective of the heating rate used, as confirmed by the statistical analysis. The slight 

increase of the fracture toughness with the seeds addition can be explained by the 

increase of β-Si3N4 present (Figure 5.11) and by a more developed interlocked grains 

microstructure. Furthermore, the increase of secondary phase revealed by the XRD 

results (see Figure 5.8, Figure 5.9 and Figure 5.10) and by the SEM microstructures 

(Figure 5.14) can contribute to a weakening effect of the interfacial chemical bound 

between the grains and thus to improve the fracture toughness. 

 

5.3.3 Conclusions 

 

It has been shown in the present work that full dense -SiAlON ceramics reinforced with 

elongated -SiAlON seed crystals prepared by combustion synthesis could be obtained 

within a few minutes by SPS sintering at 1700ºC. The presence of seeds acting as 

preferential sites for the nucleation and growth of α-SiAlON enhanced the transformation 

of -Si3N4 into -SiAlON, and tended to sluggish the phase transformation of -Si3N4. The 

seeds also tended to hinder densification at lower temperatures. Increasing heating rates 

and decreasing sintering temperatures mitigated the effects of added seeds on phase 

transformations, while exacerbated the hindered densification effect.  

The fully or near fully densified (> 99% TD) samples exhibited Vickers Hardness values 

typical of α-SiAlON (>2000) with only a slight decreasing trend with increasing amounts of 

added seeds, and faster heating rates. The Fracture Toughness of α-SiAlON ceramics 

was improved with increasing added seeds, irrespective of the heating rate used. 
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A novel route for consolidating SiAlON precursor powders through aqueous colloidal 

processing was proposed and discussed. The more environmental friendly, healthy and 

safety aqueous processing present here will contribute for the gradual elimination of the 

organic solvents in the colloidal processing of SiAlON precursor powders.  

Long term stability aqueous suspensions of Si3N4-based powders mixture (Si3N4 + Al2O3 + 

Y2O3) and of a thermo-chemically treated AlN powder against hydrolysis could be easily 

prepared. In the last case, the newly exposed surface areas upon deagglomeration were 

efficiently protected against hydrolysis by physisoption of the excess phosphate species in 

the solution. However, the high concentrated aqueous precursor Y-α-SiAlON suspensions 

prepared from long term stability suspensions of Si3N4-based powders’ mixture and of a 

thermo-chemically treated AlN powder against hydrolysis presented stability only within a 

limited time frame. The reason being that the proportion of AlN suspension in the overall 

aqueous precursor Y-α-SiAlON suspension is relatively small; the excess phosphate 

species in the solution become too diluted and insufficient to grant stability against 

hydrolysis reactions. Therefore, hydrolysis starts at the newly exposed surface areas 

formed upon deagglomeration, being enhanced by the higher pH value of the resulting Y-

α-SiAlON suspension.  

 

Nonetheless, dense Y-α-SiAlON ceramics were obtained after HIP green bodies obtained 

by slip casting, or after SPS dry compacts made of freeze granulated powders prepared 

from aqueous colloidal suspensions. Full densification of SiAlON bodies, by HIP could 

only be achieved with the addition of extra liquid phase; whereas SPS allowed the full 

densification without any further sintering aid. Besides this main difference, SPS is a less 

time consuming process enabling the densification in less than one hour. However, SPS 

presents a high limitation concerning shape geometry being restricted to simple shapes 

while HIP allows complex and large dimension bodies to be densified. In all cases, HIPed 

samples presented higher fracture toughness and well defined elongated microstructure. 

SPS proved to be a suitable sintering process for the fabrication of dense SiAlON 

ceramics with optical properties. 

 

The measured mechanical properties, Vickers Hardness and Fracture Toughness, for 

both HIP and SPS densified bodies are within the range of other SiAlON ceramics 

reported in literature (Table 1-1) attesting that the novel consolidation method is not 

detrimental for the performance of the materials.  
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Moreover, it is believed that an adequate design of the microstructure, through the 

manipulation of the initial composition and the adjustment of the sintering cycle or/and 

sintering techniques, are key factors to further improve the mechanical behaviour of the 

materials.  

 

In general, the addition of seeds to the SiAlON ceramics, lead to a small increase of the 

fracture toughness. However, it was showed that this increase was not statistically 

significant. The excepted improvement of fracture toughness due to the incorporation of 

seeds was higher, provided that the interfacial properties of the SiAlON grains/glassy 

matrix could be suitably controlled. Unfortunately, the excess of carbon in the seeds was 

not preferentially segregated in the grain boundaries, but instead, gave rise to some 

macro defects during HIPing. Therefore, the manipulation of composition and of sintering 

conditions might be a more successful approach to improve the mechanical properties of 

SiAlON ceramics. Nevertheless, combustion synthesis was established as a feasible 

method to produce elongated crystal seeds even in large-scale industrial fabrication, 

although the deagglomeration of the crystals without damaging its structure and/or 

decreasing its aspect ratio still remains as a shortcoming of this technique.  

 

It is worthy mention that the main apparent drawback of aqueous of processing of α-

SiAlON ceramics, namely the short term stability of the precursor suspensions could 

easily be solved, provided that suitable deagglomeration equipment with temperature 

control was available. This would enabled the  deagglomeration and thermochemical 

treatment steps of AlN to be performed simultaneously avoiding the exposure of 

unprotected newly formed surface patches that stimulate reaction hydrolysis to occur 

upon mixing the two starting suspensions. 

 

The correlation found between fracture toughness and oxygen content in the sintered 

samples is of paramount interest for future research works pointing out to the possibility of 

manipulating the chemistry of the grain boundaries as a way to enhance the fracture 

toughness. A better identification of the predominant reinforcing mechanisms is also 

required.  

 

Finally, aqueous processing opens a wide range of new possibilities, including the 

consolidation of porous materials by different casting techniques for advanced 

applications such as high temperature filters, biomaterials, among others. 
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