
A

T
i
d
o
s
1
s
©

K

1

a
e
i
�
t
b
g
g
a
f

t
r
w
p
p

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 205–215

Sintering behaviour and microstructural evolution of ultrapure
�-alumina containing low amounts of SiO2

Nicolas Louet, Helen Reveron ∗, Gilbert Fantozzi
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bstract

he effect of small additions of silica (SiO2) on the densification and microstructural evolution of an ultrapure �-alumina (Al2O3) has been
nvestigated. The role of SiO2 on the sintering behaviour was elucidated through an extensive dilatometric study performed on pure alumina and on
oped samples with small amounts of colloidal silica (up to 2000 ppm). It has been found that the addition of SiO2 leads to a significant decrease
f the shrinkage rate at the intermediate state of sintering due to the reduction of point defects (predominantly oxygen vacancies). Doping with

mall amounts of SiO2 results in heterogeneous microstructures in which abnormal grain growth was observed above a critical temperature of near
600 ◦C. Below this temperature, silicon was detected at the grain-boundary triple junctions forming amorphous pockets and over 10 nm at each
ide of the grain boundaries. Above 1600 ◦C, a glassy phase of 2–3 nm in thickness was formed at the grain boundaries.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Alpha-alumina (�-Al2O3) is one of the more widely used
dvanced ceramic materials because of its unique mechanical,
lectrical and optical properties. Since the properties exhib-
ted by a ceramic are governed by its microstructure, refining
-alumina processing techniques to obtain superior microstruc-

ures is of great interest. Many macroscopic properties appear to
e controlled by not only the microstructure but the chemistry of
rain boundaries and interfaces. Grain boundaries in ceramics
enerally act as a sink for insoluble impurities or processing
dditives which often develop liquid phases during sintering
orming thin amorphous films after cooling.

In recent years, numerous studies have been focused on
he effect of small amount of additives, dopants or impu-
ities on the sintering behaviour of ultrapure alumina. Such

orks have allowed a better comprehension of the densification
rocess and microstructural evolution in commercial alumina
owders which typically contain several thousands parts per

∗ Corresponding author. Tel.: +33 4 72 43 62 39; fax: +33 4 72 43 85 28.
E-mail address: helen.reveron@insa-lyon.fr (H. Reveron).

i
i
E
c
t
t
i

955-2219/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2007.04.015
illion (ppm) of impurities such as magnesium, calcium and
ilicon1–6 or trace amounts (<1000 ppm) of zirconium or rare-
arth dopants such as yttrium, lanthanum and neodymium.7–10

he use of magnesia has been very effective in controlling
bnormal grain growth through a solid solution pinning mecha-
ism and thus, achieving theoretical densities in MgO-doped
lumina ceramics. Dopants forming liquid silicates (e.g. in
he alumina–calcia–silica system) have achieved considerable
mportance because they provide many eutectics which can gen-
rate wetting liquid phases at the temperatures of 1200–1400 ◦C,
llowing an excellent densification of alumina. However, the
ffect of each dopant oxide or impurity is still controversial
ecause the initial impurities content of the raw materials, the
rocessing methods or the sintering conditions vary between all
he works done. It has been shown that the addition of small
mounts of rare-earth dopants to fine-grained alumina (1–2 �m
n size) can have beneficial effects on ceramic properties enhanc-
ng by two or three orders of magnitude its creep resistance.
XAFS analysis on yttria- and zirconia-doped alumina has indi-

ated that dopants at the level of 100 ppm are mainly segregated
o the alumina grain boundaries occupying probably substitu-
ional Al sites. The mechanism by which the creep resistance
s enhanced by doping has been postulated to be a reduction

mailto:helen.reveron@insa-lyon.fr
dx.doi.org/10.1016/j.jeurceramsoc.2007.04.015
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f the grain-boundary diffusivity. In the case of yttria, segrega-
ion of Y to the alumina grain boundaries also modifies grain
rowth and intergranular fracture. Depending on the composi-
ion of Y (dilute, saturated, supersaturated and in equilibrium
ith YAG precipitates) the local environment around Y near the
rain boundary is modified. The effect of these near-boundary
ayers on grain-boundary properties remains to be established.

The aim of this work is to reveal the effect of only sil-
ca on the sintering behaviour and microstructural evolution
n alumina ceramics. We have studied the densification of
n ultrapure �-alumina powder doped with small amounts of
ilica (500–2000 ppm), processed using colloidal approaches,
lip-cast into alumina moulds and sintered under different atmo-
pheres. The dopant segregation to the alumina grain boundaries
as also characterized and correlated to the abnormal grain
rowth observed above a critical temperature of 1600 ◦C.

. Experimental procedures

.1. Raw materials

The ultrapure �-alumina AKP-50 (Sumitomo Chemical
ompany, Osaka, Japan) having an average particle size of
.3 �m and an aqueous colloidal suspension containing only
mall silica particles of 22 nm (Ludox TMA, DuPont Co., Chem-
cal and Pigments, Wilmington, DE) were used as starting

aterials.
We used the AKP-50 �-alumina because we were interested

n studying the effect of only silica into its sintering behaviour
nd Sumitomo guarantee a purity of 99.99%. The chemical com-
osition and characteristics of the as-received AKP-50 alumina
owder are given in Table 1.

The silica was introduced using a colloidal suspension of very
ne and monodisperse SiO2 nanoparticles (22 nm) in order to
nhance the dispersion of this material into the alumina matrix
ithout modification of the pH of aqueous alumina suspensions.

he use of such colloidal suspensions as doping source has
een previously reported on alumina11 and zirconia,12 giving
xcellent results.

able 1
hemical composition and characteristics of the AKP-50 alumina powder

omposition Characteristic

AKP-50 (values
measured in this study)

AKP-50 (values provided
from Sumitomo)

i (ppm) 50 ± 10 <25
a (ppm) 30 ± 10 –
a (ppm) – <10
g (ppm) <15 <10
u (ppm) – <10
e (ppm) – <10

2O (%) – 0.1
article size (�m) 0.35–0.4 0.1–0.3
pecific surface
area (m2/g)

14 9–15
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ig. 1. Schematic diagram of the fabrication of green compacts of silica-doped
lumina by the slip-casting technique.

.2. Sample preparation and sintering

In this work, pure alumina and three different SiO2–alumina-
oped compositions were prepared (compositions by weight):

A-0s: AKP-50 without doping.
A-500s: AKP-50 + 500 ppm of SiO2 (or 233 ppm of Si).
A-1000s: AKP-50 + 1000 ppm of SiO2 (or 466 ppm of Si).
A-2000s: AKP-50 + 2000 ppm of SiO2 (or 932 ppm of Si).

Green bodies were prepared by slip casting according to the
rocedure shown in Fig. 1. Porous alumina moulds were used
n order to avoid any contamination. After drying, samples were
intered in a dilatometer (Setaram TMA 92 16/18) at different
emperatures (1500–1700 ◦C for 2 h) and atmospheres (vacuum,
tatic air and flowing air) using the same heating and cooling rate
300 ◦C/h).

.3. Characterization

The pore volume was measured by mercury porosimetry
Micromeritics Autopore III 9420) and the bulk densities of sin-
ered samples using Archimedes’s method with deionised water
s the immersion medium. Elemental analysis of powders and
amples was performed by inductively coupled plasma-atomic
mission spectrometry (ICP-AES) at the CNRS Central Service
f Analysis, Vernaison-France. For microstructural examina-
ion, sintered samples were ground, polished to 1 �m finish
nd thermally etched to reveal the grain boundaries (at a tem-
erature 50 ◦C lower than the sintering temperature, 20 min,
500 ◦C/min). A scanning electron microscope (SEM Philips
L 30) was used to study polished surfaces which were

oated with Au prior to observation. High-resolution transmis-

ion electron microscopy (HRTEM) and chemical analysis by
nergy-dispersive X-ray spectroscopy using nanoprobes (EDX)
ere performed on a Jeol 2010F instrument. Samples for
RTEM were prepared as follows: slices of 100 �m width were
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ig. 2. (a) pH of aqueous slurries of AKP-50 alumina doping with 500, 1000 an
s. pH.6

ut out of sintered samples using a diamond wire saw, then
round with a dimple-grinder to a thickness ranging between 30
nd 10 �m and finally ion milled with argon ions at 4.5 keV. The
hase analysis of powder and sintered samples was performed
y X-ray diffractometry (Bruker HTXRD D8 Advance).

The sintering kinetics of pure AKP-50 alumina was inves-
igated here using (a) nonisothermal and (b) isothermal
xperiments under static air at (a) 300, 600, 900 and 1200 ◦C/h
p to 1300 ◦C and (b) 1070, 1090, 1110 and 1130 ◦C–6 h at
00 ◦C/h. The nonisothermal and isothermal techniques for anal-
sis of the sintering allow for the determination of sintering
arameters such as the sintering coefficient, activation energy
nd the n value. The n value can be related to the sinter-
ng mechanism (viscous flow, bulk diffusion or grain-boundary
iffusion).13

. Results and discussion

The use of an aqueous colloidal suspension as the source of
iO2 allowed the preparation of different doped-alumina sus-
ensions without modification of the natural basic pH obtained
n the pure alumina slurry after the ball milling step (Fig. 2).
he zeta potential versus pH data for the AKP-50 alumina and
ilica particles shows that for pH values above 9.5, alumina and
ilica surfaces are both charged negatively.14 At the end of the
all milling step, highly stable and homogeneous doped slur-
ies were obtained thanks to the resulting electrostatic repulsion
orces. The hetero-coagulation approach developed to doping
eramics using colloidal suspensions12 was not employed here
ecause the attraction of the small quantities of silica by alumina
ould cause a heterogeneous repartition of the additive into the

atrix.
The properties of green bodies obtained by slip casting are

ummarized in Table 2. Excepting the sample A-2000s, an excel-
ent match between theoretical and measured Si contents was

1
d
m
g

able 2
roperties of slip-casted pure alumina and doped samples after drying (green bodies)

ample Theoretical Si composition (ppm) Measured Si comp

-0s 0 50 ± 10
-500s 233 245 ± 15
-1000s 466 480 ± 5
-2000s 932 810 ± 10

a Some measures were performed on different samples elaborated by slip casting u
b Monomodal pore size distribution.
ppm of silica and (b) zeta potential of the AKP-50 alumina and silica particles

bserved. For all compositions, the low measurement uncer-
ainty can be related to a good and homogeneous dispersion of
he colloidal silica into the alumina matrix taking into account
hat for each composition, some measurements were performed
n different slip-cast samples obtained from the same slurry. The
esults show that green density is slightly increased by increasing
he silica content.

Fig. 3 illustrates the effect of silica content on the densifi-
ation of pure and doped-alumina sintered at 1500–1650 ◦C for
h and under static air. The introduction of silica slows down

he densification process and leads to a significant reduction in
ensity. This effect increases with the silica content and seems to
tart from the beginning of the sintering (first and/or intermediate
tages) as already reported in the literature.15–19 Nevertheless,
nly the density values of samples sintered above 1500 ◦C are
isplayed in Fig. 3 because the Archimedes’s method cannot
e used in materials sintered at lower temperatures. The dilato-
etric study revealed that the negative effect of silica on the

ensification is clearly observed from the end of the first sinter-
ng stage and during the intermediate stage (T > 1200 ◦C). We
lso observed that porosity started to decrease from 1200 to
300 ◦C, corroborating the dilatometric results.

In the case of sintering pure AKP-50 alumina, using the non-
sothermal method,20,21 we calculated n values of 1.19 ± 0.03
etween 1100 and 1200 ◦C (indicating a volume or bulk dif-
usion mass transport) and of 2.36 ± 0.12 between 1200 and
270 ◦C (indicating a grain-boundary diffusion mechanism).
pplying the isothermal method,21 the n value of 1.56 ± 0.07

orroborated the bulk diffusion mechanism at T < 1200 ◦C.
Studying in detail the sintering behaviour of pure AKP-

0 alumina we found that at 300 ◦C/h and between 1110 and

200 ◦C (initial stage), sintering is controlled by a volumetric
iffusion mechanism while between 1200 and 1270 ◦C (inter-
ediate stage), sintering is controlled mainly by the diffusion in

rain boundaries.22 It seems to mean that the negative effect of

osition (ppm)a Pore sizeb (�m) Density ± 0.02 (g/cm3)

0.0435 2.34
0.0374 2.38
0.0381 2.36
0.0509 2.37

sing the same slurry.
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ig. 3. Effect of silica content on the sintering behaviour of silica-doped alumi
h and (b) density of sintered samples.

ilica starts when the sintering of alumina is controlled by the
iffusion on grain boundaries mechanism.23–25

The evolution of the shrinkage rate versus the sintering tem-
erature for SiO2-doped samples is shown in Fig. 4. During the
nd of the first stage and at the intermediate stage of sintering
stage 2), an increase of silica content leads to an important
ecrease of the shrinkage rate (sintering anomaly which we
alled “B”). At higher temperatures (final stage of sintering
r stage 3), a second sintering anomaly appears as a peak
P”, which is more and more pronounced as the silica content
ncreases.

To clarify the effect of silica on the densification behaviour,
he localization of silicon atoms into the alumina lattice was
tudied. Below temperatures corresponding to the final stage
f sintering (T < Tstage 3), silicon was detected at grain-boundary
riple junctions forming amorphous pockets as shown in Fig. 5a.
RTEM provided evidence of the amorphous nature of these
ockets which appear disorganized in contrast with neigh-
ouring well-crystallized grains (Fig. 5b) and EDX analysis
onfirmed the presence of silicon (1–2 at.%) and aluminium
Fig. 5c). As in the case of silica-doped 3Y-TZP ceramics mate-

ials quenched after sintering which exhibit silica-rich glassy
hases both at grain boundaries and multiple junctions,26 pock-
ts could be formed from some silica particles which cannot
iffuse into the alumina lattice, remaining consequently outside

ig. 4. Shrinkage rate vs. temperature for silica-doped aluminas (sintering under
tatic air).

n
e
(
p
t
e
g

p
t
p
s
e
m
o
p
f
t
p
F

) dilatometric study performed at a heating rate of 300 ◦C/h under static air for

he grains. The aluminium (Al3+) can arrive to these pockets
rough a diffusion mechanism that will be much more important
t high sintering temperatures.27 Pockets located at the triple
unctions are subjected to strong hydrostatic forces; therefore
hey are not able to crystallize due to thermodynamic equilibrium
easons.28

Fig. 6 shows a HRTEM micrograph and its correspond-
ng EDX analysis performed on the sample A-2000s sintered
t 1500 ◦C. For all the silica-doped samples sintered below
500 ◦C, no glassy and/or secondary phases were detected at
ny grain boundary (gb). EDX line scans showed a system-
tic dopant enrichment at the vicinity of the grain boundaries
nd not inside the grains (grain silicon content < limit of EDX
etection) as shown in Fig. 6. The silicon was detected over
t least 10 nm to each side of the grain boundary in A-2000s
intered sample. Segregation of cations (Ca, Ti, Mn and Si) at
he vicinity of the alumina grain boundaries has been observed
efore.29–39 Authors who have reported such a segregation phe-
omenon always insisted on the approximate values which can
e extracted from EDX quantitative analysis performed on small
istances. However, from a qualitative point of view, this phe-
omenon has been already shown. In our study, the dopant
nrichment detected over a probe’s movement distance >10 nm
A-2000s), does not appear attributable to spatial resolution
roblems. The difference in silicon content between grains and
he crystalline zones neighbouring the grain boundaries may be
xplained in terms of the formation of a solid solution at the
rain boundary as shown firstly by Harmer et al.1,40–44

We observed that the sintering anomaly “B” becomes more
ronounced by increasing the quantity of dopant (Fig. 4). In
he literature, the proposed interpretations to explain such a
henomenon remain very controversial: multimodal porosity
izes,45–47 alumina phase transformations,48,49 the Kirkendall’s
ffect,50 the crystallization of new compounds,27,51 the for-
ation of intergranular liquid phases27,52 or the modification

f point defect concentrations53–56 have been proposed. In the
resent study only the latest hypothesis seems to be responsible

or the sintering anomaly “B” because (a) pore size distribu-
ion was always monomodal during sintering (no multimodal
orosity effect was observed by Hg porosimetry as shown in
ig. 7), (b) only the �-alumina phase was presented in the alu-
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Fig. 5. Amorphous pockets at the grain-boundary triple junctions formed in silica-doped sample (A-2000s) sintered 2 h at 1500 ◦C under static air (below the sintering
anomaly “P”): (a) TEM micrograph, (b) HRTEM micrograph and (c) EDX analysis.

Fig. 6. Grain boundary in silica-doped sample (A-2000s) sintered 2 h at 1500 ◦C under static air (below the sintering anomaly “P”): (a) HRTEM micrograph and (b)
EDX line-scan.
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ig. 7. Pore size distribution in silica-doped sample (A-2000s) sintered at dif-
erent temperatures.

ina AKP-50, (c) Kirkendall’s pores never were observed in
intered doped-aluminas as will be discussed later and finally
d) the HRTEM investigations performed on 1500 ◦C sintered

amples did not show the presence of intergranular amorphous
hases at ambient temperature. The preferential dissolution of
ilicon at the grain boundaries of alumina (Fig. 6) may effec-
ively modify the concentration of the point defects in these

t
r
s
p

Fig. 8. Shrinkage rate vs. temperature for silica-doped
Fig. 9. Al2O3–SiO2 binary phase diagram.

nterfaces.53,54 Introducing silicon atoms into alumina lattice
3SiO2 = 3SiOA1o + V′′

A1 + 6Ox
o or 2SiO2 = 2SiA1o + O′′

i +
Ox

o) results in an increase of aluminium vacancies (V′′
A1) or

nterstitial oxygen (O′′
i ) and in a subsequently decrease of inter-

titial aluminium atoms (Aliooo) and/or oxygen vacancies (VO
o).

ecause point defects are known to favour diffusion processes,

he slow down on sintering rate of silica-doped samples can be
elated to a falling in Aliooo and/or VO

oo concentration. Some
intering experiments performed under different atmospheres
rovided evidence. It is well known that atmosphere plays two

aluminas sintered under different atmospheres.
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Fig. 10. Aluminosilicate glassy films at the grain boundary in silica-doped sample (A-2000s) sintered 2 h at 1650 ◦C under static air (above the sintering anomaly
“P”): (a) bright and dark field TEM micrographs, (b) HRTEM micrograph and (c) EDX line-scan.

Fig. 11. SEM micrographs of pure and doped-alumina samples sintering at 1550 ◦C (below “P”) for 2 h and under static air: (a) A-0s, (b) A-500s, (c) A-1000s and
(d) A-2000s.
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rincipal roles during sintering: along the whole of this process
t modifies the point defect concentrations57 and at the last stage
f sintering it can be trapped inside the closed porosity.58,59 Low
xygen partial pressures (e.g. sintering under vacuum) will be

nfavourable to silicon incorporation into �-alumina, since it
romotes point defects such as oxygen vacancies (VO

oo) and
luminium interstitials (Aliooo),33,60 whereas sintering under
xidizing atmospheres (e.g. sintering under flowing air) will lead

i
t
s
b

Fig. 12. SEM micrographs of pure and doped-alumina samples sinteri
eramic Society 28 (2008) 205–215

o the opposite behaviour. Fig. 8 shows the effect of three dif-
erent atmospheres (vacuum, static air and flowing air) on the
intering shrinkage rate of pure and silica-doped samples. It is
nteresting to note that the atmosphere effect is always the same,

ndependent of the sample composition. Taking as a reference
he less oxidizing atmosphere (vacuum), we observe that the
low down in densification rate becomes much more important
y enhancing the oxygen content (static and flowing air, respec-

ng at 1600 and 1650 ◦C (above “P”) for 2 h and under static air.
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ively). Moreover, the sintering anomaly “B” was not observed in
oped-samples sintered under vacuum. Oxidizing atmospheres
as qualitatively the same effect as an increase in silica con-
ent because the incorporation of silicon into alumina lattice
eads to oxygen vacancies and/or aluminium interstitials point
efects. Some thermoluminescence experiments performed on
oped samples showed us that oxygen vacancies was predomi-
antly removed after doping or under oxidizing conditions (these
esults will be published soon). The silicon segregation at the
rain boundaries (forming solid solution) would slow down the
iffusion mechanisms due to a predominant decrease of oxygen
oint defects from 1200 ◦C. As pointed out previously, the alu-
ina densification is controlled by a mechanism of diffusion at

he grain boundaries above 1200 ◦C. The detrimental effect of
ilica on the alumina densification during the stage 2 of sintering
1200–1400 ◦C) can be explained by this fact.

The second sintering anomaly “P”, which is more and more
ronounced as the silica content increases, appears during the
nal stage of sintering (stage 3 in Fig. 4: 550–1650 ◦C). The
eak “P” is located at a temperature of Tanomaly P ∼ 1580 ◦C
hich is very close to the lower eutectic temperature in the

ystem Al2O3–SiO2 (Fig. 9). Microstructural characterization
f doped-alumina sintered at 1650 ◦C revealed considerable dif-
erences (Fig. 10). An amorphous phase clearly appears at some
rain boundaries as observed by TEM. The thickness of these
ntergranular amorphous films was 2–3 nm in A-2000s samples.
he line-scan EDX analysis showed a silicon enrichment of

hese films compared to the bulk and the presence of aluminium.
evertheless, the silicon enrichment is much less spread to each

ide of the grain boundary (only 2 nm) than in samples sin-
ered at 1500 ◦C (stage 2), in which silicon segregation reached
t least 10 nm. In samples sintered at temperatures above the
nomaly “P”, silicon is only presented into this 2–3 nm alumi-
osilicate glassy phase. Similar results have been reported in
he literature for pure silicon amorphous films (2 nm) or alu-

inosilicate films (3.7 nm) at the grain boundaries. However,
he reports on aluminosilicate glassy phases in alumina exclu-
ively doped with silica are rare.40 The anomaly “P” shown in
ig. 4 can be related to the formation of an intergranular liquid
hase which enhances densification in doped-samples (increase
n shrinkage rates).16,59,61–63 This liquid phase is transformed
nto a glassy phase when samples are cooled down, as observed
n Fig. 10. The existence of a link between the silicon solid
olution formed at the grain boundaries (1200–1400 ◦C) and
he glassy phase observed at these interfaces after sintering at
emperatures close to the lower Al2O3–SiO2 eutectic, allows us
o propose a transitional liquid phase formation.1 As the sili-
on is introduced preferentially at the grain boundaries (solid
olution), only some regions saturated in silica can reach the
iO2-rich eutectic composition (Fig. 9). This can explain why
e do not observe the glassy phase at all doped-silica alumina
rain boundaries.

The microstructures of alumina and doped-aluminas sintered

t a temperature below the anomaly “P” and under static air are
hown in Fig. 11. The grain size seems to become smaller with
he increase in silica. A similar effect of silica over the grain size
f �-alumina has been already observed.15,18,44 This behaviour

R

eramic Society 28 (2008) 205–215 213

ould be attributed to the slow down of grain migration rate
ue to the formation of solid solutions at the grain boundaries.
hatever the composition of the sample, no abnormal grain

rowth was observed after sintering at 1550 ◦C for 2 h.
Above the sintering anomaly “P”, strong microstructural

hanges were observed. SEM investigations in pure and silica-
oped samples confirm the well-known correlation between
iquid phases at the grain boundaries and heterogeneous

icrostructures. As shown in Fig. 11, abnormal grain growth
ccurred at the temperatures above 1600 ◦C in only silica-doped
luminas. This abnormal grain growth is enhanced by doping:
he microstructure of the sample doped with 2000 ppm of silica
A-2000s) and sintered at 1650 ◦C consisted of only plate-like
arge grains. During the grain growing process grains can block
hemselves, curbing the abnormal growth process. Some length-
ned grains seem to penetrate other grains as shown by an arrow
n the micrograph of the sample A-1000s sintered at 1650 ◦C
Fig. 12). It is interesting to note that in doped samples, the pores
re mainly located at intragranular positions (white arrow on
he micrograph of the sample A-2000s sintered at 1650 ◦C). At
igh temperatures, the formation of an intergranular liquid phase
romotes abnormal grain growth and intragranular porosity (the
ate of pore migration being lower than the rate of boundaries
igration).

. Conclusions

The addition of small quantities of colloidal silica to a
ommercial �-alumina powder has a significant effect on its
ensification and microstructure evolution.

Silica has a detrimental effect on the alumina densification
ehaviour particularly during the intermediate stage of sintering
from 1200 to 1400 ◦C). We showed that in this temperature
ange, the silicon forms a localized solid solution at the alumina
rain boundaries most probably resulting in a decrease of the
xygen vacancies concentration. Such defect decrease affects
he diffusion processes during sintering producing a strong slow
own of the shrinkage rate.

At higher temperatures, silica allowed the formation of an
ntergranular liquid phase which leads to abnormal grain growth
n the final stage of sintering (1550–1650 ◦C). An increase of sin-
ering shrinkage rates was observed (anomaly called by us “P”)
ollows the formation of the liquid phase. Nevertheless, densi-
cation to the theoretical density was then prevented because
ome pores remain trapped within or between the abnormally
rown large grains.
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