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Abstract

Correlation between microstructural evolution and macroscopic measurements has been investigated on pure alpha alumina
under non-isothermal conditions. The densification of different as-received and milled powders of alumina has been monitored
during sintering. Densification rate curves as a function of relative density are sensitive to microstructure, such as initial parameters
of microstructure (agglomeration, pore size, heterogeneities), and heating schedule (thermal pre-treatment, heating rate). Densifi-
cation rate curves can be correlated with microstructural evolution during overall sintering and are expected to be a good help to

choose raw materials.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Sintering is a complicated process that involves
microstructural evolution through the action of several
different mechanisms. Sintering kinetics in ceramics has
been widely studied in the literature and is known to be
in direct relationship with the microstructure. It is
therefore desirable to monitor microstructural evolution
during the entire course of densification.

Non-isothermal method is well suitable for such a
study, since it requires much less experimental work and
time than isothermal method. Moreover, it is well
known that constant heating rate experiments are used
to estimate the activation energy and the dominant dif-
fusion mechanism in the intermediate stage of
sintering.!=* Several authors reported that, in this stage,
sintering kinetics of submicron alumina is believed to be
controlled by grain boundary diffusion.*?>

Furthermore, sintering is traditionally viewed in terms
of three distinct stages (initial, intermediate and final)
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and most of the models have focused on a specific stage.
Hansen et al.® have then proposed a generalized model
with a single equation of shrinkage rate which quantifies
sintering as a continuous process from the beginning to
the end. If there exists only one dominant diffusion
mechanism in the sintering process, Su and Johnson’
have simplified the foregoing equation and converted it
to the instantaneous densification rate by:

1dp _ ,QyDoT(p)e @/*T
p dt B kg G" T

where p is relative density; 7 is time; € is the atomic
volume; y is the surface energy; D is the pre-exponen-
tial coefficient diffusion; kg is the Boltzmann constant;
['(p) is function only of microstructural features and
geometry parameters;® G is the mean grain size; Q is the
apparent activation energy; R is the gas constant; T is
the absolute temperature. For volume diffusion,
Dy=(Dy)y and n=3; for grain boundary diffusion,
Dy=(8Dy)o where § is grain boundary thickness and
n=4. In writing Eq. (1), it is assumed that I and G
values are functions only of density. It is therefore pos-
sible to separate terms related to the microstructural
and materials properties and terms related to heating
schedule in Eq. (1) as follows:
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Here p; is the instantancous densification rate; A
includes all constants; F(p) is equal to I'(p)/G(p)" and is
function only of density and 6(T) is function only of
temperature.

Thus, F(p) is considered to be dependent on micro-
structural geometry. Hansen et al.® have described F(p)
with sintering parameters I'(p), which relate the driving
force, mean diffusion distance, and other micro-
structural geometric features on the grain size. They
suggested that F(p) either increases or decreases slightly
with density. F(p) has also been formulated by Chen et
al.® but their expression is only valid for a re-packing
mechanism in porous materials when p <0.63.

In the final-stage of sintering, grain growth accom-
panies an increased pore separation, and thus an
increase in the diffusion path length, and the densifica-
tion rate should decrease with density. Several authors
have observed that this decrease is exponential with
density for “frozen” microstructures’ or for compacts
that sinter under low uniaxial stress.!® Other authors
have proposed that the drop in densification rate takes
place when the pores break away from the boundary, so
that they could only be eliminated by the slower diffu-
sion process.'!"!? Several studies!>~!> showed that the
number of pores per unit volume, has a major influence
on the densification kinetics. Therefore, increasing the
number of pores per unit volume would enhance densi-
fication rate at constant p and G, and narrowing the
pore size distribution would inhibit grain growth and
increase densification rate indirectly. In addition,
Mayo'6 showed that densification rate is inversely pro-
portional to the pore size for nanocrystalline zirconia.

Furthermore, many other initial parameters of green
sample have a great influence on densification rate, such
as green density,'%!1%!7 particle size distribution,'8-!°
heterogeneity like aggregates?®~2? or large porosity,?
and the fabrication history of powder.2* Micro-
structural evolution is not only predetermined by the
initial particle and pore size distributions, but heating
schedule can significantly affect final micro-
structure.>>=27 Hence, the effect of heating rate on den-
sification rate has been measured,’?%2° and

Table 1
Mean features of the alumina powders used in the present study

densification rate increases almost linearly with the
heating rate at a given temperature.

In this study, the correlation between densification
rate curves as a function of relative density and
observed microstructural evolution of pure alpha alu-
mina was investigated under non-isothermal conditions
from the beginning to the end of the sintering process.
The influence of green state and heating schedule on p;
of alumina is also discussed.

2. Experimental procedure
2.1. Materials, processing and sintering conditions

Three high purity undoped alpha alumina powders
(Baikowski Chimie, France), denoted A, B and C, with
a submicron size were used in this study. The main fea-
tures of the as-received powders are summarized in
Table 1. The powders were dispersed in deionized water
at pH 10 using a polyacrylic acid with an average
molecular weight of 2000 (Acros Organics, USA). The
amount of dispersant was optimized by viscosimetry to
ensure a good dispersion of the slurry. The resulting
slips with a solid loading of 60 wt.% were also ultra-
sonically dispersed. Some of the suspensions were attri-
tion milled in a laboratory batch mill (Netzsch,
Germany) with 1.25-mm zirconia balls. The attrition
milling was performed at 1500 rpm for 1 h. The slurries
were then deaired under vacuum to remove gas bubbles.
The particle size distributions of the final suspensions
were measured using an X-ray disc centrifuge (Model
Bi-XDC, Brookhaven, USA). The materials will be
denoted respectively, a-A, a-B and a-C for the as-
received powders, and m-A, m-B and m-C for the milled
powders. Another samples have been attrition milled
under different conditions, i.e. performed on C powder
at 830 rpm for 1 h with 2 mm zirconia balls. The
previous samples are denoted m-C2.

The slurries were poured into a silicon mould with 10-
mm height and 10-mm diameter cylindrical holes,
placed onto a gypsum mould. A 0.2 um cellulose filter,
between slurry and gypsum, was used to prevent con-
tamination and to limit the water absorption rate of
gypsum. After demoulding, the cast samples were dried

Powder Specific surface Mean particle Alpha content Chemical analysis (ppm)
area (m?/g) size (um) (%)
Na K Fe Ca Si Mg
A 6.2 0.48 100 11 22 4 2 24 1
B 10.0 0.25 100 7 18 5 2 16 2
C 15.5 0.18 100 40 21 4 30 132 9




D. Lance et al. | Journal of the European Ceramic Society 24 (2004) 2749-2761 2751

at room temperature and then air calcined at 600 °C for
1 h to remove organic dispersants.

Sintering was performed up to 1550 °C under non-
isothermal conditions in air with various heating rates,
and cooled to room temperature. Final densities were
measured in water by Archimedes method. The density
of theoretical fully dense alumina was the one of pure
alumina (3.987 g/cm?®) corrected for zirconia con-
tamination measured by X-ray fluorescence. Micro-
structures were observed by field emission scanning
electron microscopy (Model 6500F, JEOL, Japan) on
polished and thermally etched sections. Grain sizes of
sintered samples were determined by the intercept
method.

Three green samples from C powder with different
agglomeration states are illustrated on Figs. 1-3,
respectively for a-C, m-C and m-C2 samples.

TOPO  50kV  X25,000 Tum

WD 7.5mm

TOPO  5.0kV

Fig. 2. SEM micrograph of m-C green sample.

2.2. Dilatometric characterization

The shrinkage as a function of time and temperature
was followed by dilatometry (Setsys from SETARAM,
France). Thermal expansion of the measurement device
was calibrated by a reference run with a fully dense
specimen of alumina of the same dimensions as the
green specimens. The axial and radial measurements of
final shrinkage after cooling were compared to check
the isotropy of shrinkage strain. The shrinkage was
anisotropic, and radial shrinkage was considered
proportional to axial shrinkage. The time dependent
relative density was calculated from the following
expression:

(1 n (L — Lo)) (1 n (¢r — ¢o)>2
o) = . "
L ALOY (| L AL 2
< L )( T )
Here L; and L, are, respectively, the final and the
initial length of the specimen; ¢r and ¢, are, respectively,
the final and the initial mean diameter of the specimen;
AL(t) is the change in length of the specimen; pr is the

final relative density; and « is the anisotropic shrinkage
factor defined by:

_ (¢r — o) Lo
o= 9r — %) Lo
(Lt — Lo) ¢o

Relative density is thereby calculated with Eq. (3)
from final density and dilatometric measurements.

(€)

4)

3. Results
3.1. Influence of green state on densification rate curves

3.1.1. Influence of attrition milling

Table 2 reports the particle size distributions of all the
powders in suspension and the features of green samples
after slip casting. Attrition milling decreases greatly do
values, moderately dso values and slightly d,, values for
all powders. Most of the agglomerates have been bro-
ken up, and the particle size distributions become finer.
Mean pore sizes also decrease and attrition milling
enhances the green density of slip-cast bodies. The m-C
sample has the finer grain size and will be used as a
reference for the rest of the study.

The foregoing results are confirmed by the micro-
structures of a-C and m-C green samples, respectively
reported in Figs. 1 and 2. Thus, the microstructure of a-
C sample is heterogeneous with large agglomerates. The
one of m-C sample is homogeneous and agglomerate-
free with small pores; the observed particles are well
packed and their size is almost monomodal.
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Non-isothermal dilatometric analyses are commonly
reported as shrinkage rate or densification rate versus
temperature or relative density. Densification rate and
relative density seem to be more suitable for the

ENSM TOPO  5.0kV  X25,000 Tum WD 4.2mm

Fig. 3. SEM micrograph of m-C2 green sample.

description of microstructure than shrinkage rate and
temperature. Actually, shrinkage rate reports densifica-
tion in only one dimension, whereas p; reports densifi-
cation in three dimensions. Therefore, in the present
study, sintering kinetics will be plotted with p; as a
function of p, calculated from Eq. (3).

Fig. 4 shows this kind of curve for a-C and m-C
samples at the heating rate of 5 °C/min. The instanta-
neous densification rate increases from green state to the
intermediate stage of sintering, undergoes a maximum
and then decreases with increasing density. At the very
beginning of sintering, p; =f{p) plots increase linearly.
The linear increasing part of p; is much longer for m-C
sample, whereas for a-C sample, there is a break in the
increasing part of p; with a second slope of a lower
value. Actually, between green density and a relative
density of about 70%, p; increases according to only
one slope for m-C sample and according to two slopes
for a-C sample. Maximum p; occurs at a relative density
of about 70% for a-C sample and is shifted to 82%
density for m-C sample. Note that the value of
maximum p; is greater for m-C sample.

Table 2
Features of green samples after slip casting
Materials Particle size distribution (nm) Mean radius Pore size/grain Green
of pore size (nm) size ratio density (%)
dl() d50 d90
a-A 290 484 1568 69 0.28 454
a-B 160 247 530 36 0.29 55.6
a-C 127 176 330 29 0.33 48.7
m-A 153 261 430 34 0.26 62.3
m-B 130 199 350 25 0.25 62.1
m-C 89 129 214 18 0.28 58.0
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Fig. 4. Densification rate as a function of relative density for a-C and m-C samples heated at 5 °C/min up to 1550 °C.



D. Lance et al. | Journal of the European Ceramic Society 24 (2004) 2749-2761 2753

0,0003
- a-A
1 e
0,00025 - a-B
] ~E-a-C
—-—m-A
0,0002 - —--m-B
< ] —-a-m-C
@
- p
B 0,00015 P
a &
— -
s s
] F
0,0001 Wi
&
A
0,00005 & i
b
o A 4
0,4 0,5 0,6

0,7 0,8 0,9 1

Relative density

Fig. 5. Densification rate as a function of relative density for all samples heated at 5 °C/min up to 1550 °C.

Fig. S reports p; as a function of p for all samples
heated at 5 °C/min up to 1550 °C. For as-received sam-
ples, the increasing part of p; shows several segments.
For milled samples, there is only one slope of p; at the
beginning of sintering, except for m-B sample where a
small shoulder appears. Furthermore, densification is
not complete for as-received samples at the end of
heating, since such a heating schedule is not sufficient to
achieve almost full density, as it does for milled samples.

3.1.2. Influence of green density

It is interesting to point out that green densities cal-
culated with Eq. (3) at 1=0 and reported in Fig. 5 are in
good agreement with those geometrically measured and
reported in Table 2. Thus, all samples show different
green densities. Nevertheless, at the very beginning of
sintering, i.e. in the first 2% of densification, slopes of p;
for all samples are approximately parallel on Fig. 5.
Accordingly, the slope of pj, at the very beginning of
sintering, is independent of green density whatever the
agglomeration state of the alumina powders from the
present work.

3.1.3. Influence of heterogencities

The previous m-C samples have been compared to m-
C2 samples that have been attrition milled under differ-
ent conditions. The microstructure of m-C2 sample in
Fig. 3 is not as homogeneous as the one of m-C sample
in Fig. 2. Actually, the attrition milling for m-C2 sample
has not been efficient to break up most of the agglom-
erates, and therefore an heterogeneous powder packing

can be observed in Fig. 3. Furthermore, three m-C2
green samples, denoted m-C2a, m-C2b and m-C2c, with
approximately the same green density of about 57%,
have been sintered at 5 °C/min. Fig. 6 shows the evolu-
tion of p; for the foregoing samples. In the first part of
sintering, the evolution of p; is approximately equiva-
lent for the three samples, with small fluctuations of p;
for m-C2b and m-C2¢ samples. However, at the end of
sintering for density above 90%, the evolution of p; is
completely different. The decrease of p; is regular for m-
C2a sample, follows a shoulder for m-C2b sample and
undergoes a plateau of densification between 93 and
98% of relative density for m-C2c sample. The final
sintered microstructures for m-C2a, m-C2b and m-C2c
are respectively illustrated on Figs. 7-9. The micro-
structure of m-C2a sample is fine and rather homo-
geneous. The one of m-C2b shows the beginning of
abnormal growth for a few grains. The one of m-C2c¢ is
heterogeneous and shows great abnormal grain growth
(AGG). Furthermore, for the last sample, heating was
performed at higher temperature up to 1600 °C. In fact,
dilatometric analysis shows that densification only
occurs up to about 1550 °C, whereas there is no
shrinkage beyond 1550 °C and AGG is dramatically
enhanced between 1550 and 1600 °C. Although m-C2a,
m-C2b and m-C2c¢ samples have approximately the
same green density, their powder packing are hetero-
geneous, which leads to different sintering behaviors.
Heterogeneity in milled green sample, such as an het-
erogeneous powder packing arising from an inefficient
attrition milling, has a slight influence on the beginning
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Fig. 6. Densification rate as a function of relative density for m-C2a, m-C2b and m-C2c samples heated at 5 °C/min, up to 1500 °C for m-C2a and
m-C2b samples and up to 1600 °C for m-C2c sample.
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Fig. 7. SEM micrograph of m-C2a sample sintered up to 1550 °C at Fig. 9. SEM micrograph of m-C2c¢ sample sintered up to 1600 °C at
5 °C/min. Final density is 99.0%. 5 °C/min. Final density is 99.2%.

of densification resulting in fluctuations in p;. Never-
theless, it has a great effect on densification in the final
stage of sintering and on final microstructure.

3.2. Influence of heating schedule on densification rate
curves

3.2.1. Influence of pre-heating treatment

The m-B green sample shows a small shoulder in the
very beginning of densification. It was heated up to
900 °C during 68 h in air. Fig. 10 reports densification
behavior up to 1550 °C at 5 °C/min of m-B sample with
and without pre-heating treatment. The shoulder in the
very beginning of densification has disappeared with
pre-heating. Densification behavior is approximately the
Fig. 8. SEM micrograph of m-C2b sample sintered up to 1550 °C at same for both samples after the foregoing event. The
5 °C/min. Final density is 99.2%. two curves intersect at the relative density of about 97%

X5,000 1um WD 6.1mm
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Fig. 10. Densification rate as a function of relative density for m-B sample heated at 5 °C/min up to 1550 °C with and without pre-heating

treatment.
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Fig. 11. SEM micrograph of m-B sample sintered up to 1550 °C
at 5 °C/min without pre-treatment (a) and pre-heated up to 900 °C
during 68 h in air (b).

with a more important slowing down of p; for pre-
heated sample. Final microstructures of both samples
are shown in Fig. 11(a) and (b). The microstructure of
pre-heated sample is more homogeneous and slightly
coarser. Thus, the grain size distribution of sample
without pre-heating is large, whereas pre-heating indu-
ces a narrower grain size distribution.

Pre-heating treatment has only an effect on the initial
shoulder of densification and seems to homogenize final
microstructure. This in a good agreement with the work
of Sato and Carry®® that showed the disappearance of
the shoulder of densification with thermal pre-treat-
ment, resulting in coarser and homogeneous final
microstructure.

3.2.2. Influence of heating rate

The effect of heating rate was investigated on m-C
sample. Fig. 12 reports p; versus p with heating rates of
2, 5 and 10 °C/min up to 1550 °C. p; increases linearly
with p for the 3 heating rates in the first part of densifi-
cation. Maximum densification rates occur at the same
relative density of about 80%. If relative density is dif-
ferentiated with respect to temperature, i.e. dp/pdT ver-
sus p as shown in Fig. 13, all plots fit a common curve.
At a constant value of p, there is only one value of dp/
pd T, whatever the value of constant heating rate. Max-
imum dp/pd T also occurs at 80% and is independent of
heating rate. The microstructure of m-C sample heated
at 5 °C/min up to 80% is observed on Fig. 14 and is
similar to those obtained at 2 and 10 °C/min up to the
same density. Note that microstructure is composed of
porous areas and dense areas, where some grains have
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Fig. 12. Densification rate as a function of relative density for m-C samples with heating rates of 2, 5 and 10 °C/min up to 1550 °C.
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Fig. 13. dp/pdT as a function of relative density for m-C samples with heating rates of 2, 5 and 10 °C/min up to 1550 °C.

already sintered and are bordered by linear grain
boundaries.

3.2.3. Influence of variation of heating rate

In the case of attrition milled samples, p; increases
linearly with relative density up to about 75%. It is
possible to extend the linear part of the curves by alter-
ing the heating schedule. Thus, seeing that the increase
of p; is not linear anymore, heating rate is slightly
increased for a few minutes and then decreased to its
initial value. Note that the present work tries to con-
tinue the linearity of p; and not to keep p; constant, like
in rate controlled sintering.?>3! Fig. 15 plots p; versus
density for m-C2 sample at various constant heating
rates (CHR) from 2 to 10 °C/min up to 1550 °C and
also the corresponding modified heating rates (MHR).

Fig. 14. SEM micrograph of m-C sample heated at 5 °C/min up to
80%.
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Fig. 15. Densification rate as a function of relative density for m-C2 sample at various constant heating rates from 2 to 10 °C/min up to 1550 °C and

also the corresponding modified heating rates.

The increase of heating rate is the same (+40%), what-
ever the value of the heating rate. The linear part of p;
has been well extended for MHR samples. Furthermore,
a plateau of densification occurs at the end of densifi-
cation of MHR samples when p > 90%, whereas there
is no plateau for CHR samples. Fig. 16 show the final
microstructures of MHR samples, which respectively
come from initial CHR of 2, 5 and 10 °C/min. The onset
of abnormal grain growth is observed in the MHR
sample from initial 2 °C/min, whereas AGG is very sig-
nificant in the MHR sample from initial 5 °C/min. In
the case of the MHR sample from initial 10 °C/min, a
grain size gradient is present [see Fig. 16(c)]. In fact, a
high heating rate (higher than 10 °C/min when mod-
ified) in a thick sample (10 mm) induces a thermal gra-
dient that produces a grain size gradient. Hence, a new
experiment has been performed with a thin sample of 2-
mm thickness. Fig. 17 shows the resulting micro-
structure, which is fine with no size gradient and no
AGG. The evolution of p; for thick and thin samples is
reported in Fig. 18 at MHR from initial 10 °C/min. The
evolution of densification is similar for both samples in
the beginning of sintering and different at the end. Thus,
a plateau of densification occurs between 91 and 96%
for thick sample, whereas there is no plateau for thin
sample. Therefore, altering heating rate during sinter-
ing, in order to extend linearity of p;, has a great influ-
ence on the evolution of densification, especially in the
last stage of sintering.

4. Discussion
4.1. Increasing part of densification rate

The striking feature of the data is that the slope of
pi=f(p), at the very beginning of sintering, is constant
and independent of green density, whatever the
agglomeration state of the alumina powders of this
study. There is a distinction between the present work
and the study of Rahaman et al.!” where they showed
that green density has a significant effect on the densifi-
cation rate for p values below 80%. However, they
studied powder compacts with different green densities,
but with the same grain size. Green density alone is not
always a reliable indication of pore size. For example, in
very agglomerated powders, agglomerates themselves
can be very densely packed, leading to high green den-
sities, while still leaving behind large inter-agglomerates
pores. Thus, the pore size/particle size ratio is not con-
stant in the study of Rahaman et al.!” Nevertheless, this
ratio is almost constant in the present work, while green
densities are different (see Table 2). At the very begin-
ning of sintering, densification behavior is the same,
whatever the kind of alumina powders, their agglom-
eration and their packing state. Therefore, the slope of
densification rate is approximately the same at the very
beginning of sintering.

Furthermore, the length of the first slope of densifi-
cation is different according to the kind of sample. In
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the case of agglomerate-free sample, such as m-C sam-
ple, densification rate increases linearly for 14% of
densification. In the case of agglomerated sample, such
as a-C sample, densification rate increases linearly for
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Fig. 16. (a). SEM micrograph of m-C2 sample sintered up to 1550 °C
with modified heating rate from initial 2 °C/min. Final density is
98.7%. (b). SEM micrograph of m-C2 sample sintered up to 1550 °C
with modified heating rate from initial 5 °C/min. Final density is
98.9%. (¢). SEM micrograph of 10 mm thick m-C2 sample sintered up
to 1550 °C with modified heating rate from initial 10 °C/min. Final
density is 98.6%.

only 3% of densification. For both samples, the initial
pore size/particle size ratio is approximately the same;
their densification behavior at the beginning of densifi-
cation is also the same. Thus, both samples have the
same areas of equivalent sinterability. These areas of
equivalent sinterability are dispersed in a homogeneous
way for milled samples and in a heterogeneous way for
as-received samples. In the case of a-C sample, the den-
sification of these areas is hindered by agglomerates.
It is actually well known that sintering rate decreases
with increasing agglomerates content.?! Furthermore,
agglomerates slow down densification and leads to a
smaller first slope of densification rate and a second
slope of a lower value in the beginning of sintering.
Thus, the length of the first slope of densification rate
depends on the homogeneity of the green sample. This
length for agglomerate-free sample is larger than the
one of agglomerated sample. So, the linear behavior of
densification rate at the beginning of densification may
be used to characterize agglomeration state and packing
homogeneity. In the case of m-B sample, a small initial
shoulder of densification rate can be attributed to a
weak resultant amount of agglomerates. Furthermore,
this shoulder disappears after pre-heating treatment. It
can be explained by the homogenization of initial
microstructure, resulting in a linearly increasing p; with
relative density.

In addition, the present study showed that tempera-
ture derivative of density is independent of heating rate.
It has been earlier observed?® that plots of dp/dT as a
function of p fit a common curve for heating rates from
0.5 to 15 °C/min. The theory of master sintering curve’
may be used to explain that result. Thus, the authors
plotted the following expression for alumina compacts:

1n“;lTe—Q/Rsz} = flp) (5)

50kV X10000 Tum  WD7.6mm

Fig. 17. SEM micrograph of 2 mm thick m-C2 sample sintered up
to 1550 °C with modified heating rate from initial 10 °C/min. Final
density is 98.9%.
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Fig. 18. Densification rate as a function of relative density for thick (10 mm) and thin (2 mm) m-C2 samples sintered up to 1550 °C with modified

heating rate from initial 10 °C/min.

They showed that there is a unique curve at any
heating rate from 8 to 45 °C/min for p <96%. Follow-
ing the results of Su et al.,” it is therefore possible to
write the foregoing expression by integrating with
respect to temperature as follows:

"1 1
| 2 m0RTg b J L o—Q/RTYT
n”o ad dt} n{ . aTe d (6)

Here, a is the heating rate. The plot of the right hand
side of Eq. (6) as a function of p is then independent of
heating rate. It is also the same result if the right hand
side of Eq. (6) is replaced by the expression (1/T)(1/
a)(exp(—Q/RT)). In addition, Eq. (2) can be converted
to:

(7

Assuming that grain size is the same at a constant
value of p, AF(p) function is also the same at a constant
value of p. Therefore, plots of dp/edT as a function of p
are independent of heating rate.

4.2. Maximum densification rate

In an earlier study, Lange?® studied the sintering of
alumina powder compacts at constant heating rates of
2.5 to 20 °C/min up to 1550 °C. He reported that max-
imum shrinkage rates occurred at the same relative
density of 77%, whatever the heating rate. This is in
good agreement with the present work, where maximum
densification rates occur at the same relative density of
about 80%. Here, the resulting microstructure for m-C

samples at 80% show porous and dense areas (see
Fig. 14). When grain boundaries become linear and
leads to produce dense areas, p; is slowing down and is
moving away from the linear increasing part of densifi-
cation. When most of the grain boundaries in dense
areas are linear, p; is maximum. At this maximum,
microstructures are the same and independent of heat-
ing rate. In addition, the last section showed that plots
of dp/pdT as a function of p are independent of heating
rate. This is also true when heating schedule is altered
and whatever the value of the relative density. There-
fore, the relative density corresponding to maximum p;
is not altered, whatever heating schedule.

4.3. Decreasing part of densification rate

Recently, Lim et al.®? studied the microstructural
evolution during sintering of near-monosized agglom-
erate-free submicron alumina powder compacts. They
observed that grain growth is significant when p is
approximately above 80%. Fig. 19 reports the relative
grain size-density trajectories for the samples of the
present work. In the case of m-C sample, grain growth
is significant when p > 93%. In the last part of densifi-
cation after maximum pj;, coarsening mechanism is pro-
moted. Grain size increases significantly and leads to the
decreasing part of densification.

In the present study, a plateau of densification in the
last stage of sintering was only observed for hetero-
geneous m-C2 samples (see Figs. 6 and 15). Further-
more, all samples that undergo this plateau show final
microstructure with abnormal grain growth. The main
difference between initial powders, that could explain
the presence of AGG, is the content of impurities. Thus,
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Fig. 19. Grain size-density trajectories for the samples of the present work up to 1550 °C.

SEI 50kV  X25,000 Tum WD 4.6mm

Fig. 20. SEM micrograph of m-C2 sample with modified heating rate
from initial 5 °C/min sintered up to 96%.

the silicium impurity content of 132 ppm in C powder is
much higher than the one of A and B powders, respec-
tively of 24 and 16 ppm. It is well known that AGG is
promoted by the silicium impurity,33—33 that affects
boundary mobility in alumina. In an earlier work, Xue
and Brook3® studied the final stage of sintering of
undoped BaTiO;. They observed the existence of an
increase in densification rate at the point of onset of
AGG. They interpreted it as the result of a favorable
pore surface curvature for a pore to be eliminated when
it is intersected by an abnormal grain. For example in
the present work, a plateau occurs between 93 and 96%
of relative density for m-C2 sample sintered with a
modified heating rate from initial 5 °C/min. Fig. 20
illustrates the microstructure of that sample at the end
of the plateau of densification when p=96%. There is
no AGG apparent on the SEM micrograph. This is in
discrepancy with the work of Xue and Brook.*® In

addition, the obtained microstructure has no wide par-
ticle size distribution and no pores separated from grain
boundaries, features which have been recognized as
predisposing toward AGG.37-3® Nevertheless, abnormal
grain growth doesn’t occur during the plateau of densi-
fication, but this plateau indicates the promotion of
AGG at the end of sintering.

5. Summary

Densification rate curves as a function of relative
density have been investigated on pure alpha alumina
under non-isothermal conditions. These curves are sen-
sitive to initial microstructure and heating schedule.
They can be correlated with microstructural evolution
during overall sintering. The following conclusions were
obtained:

e The densification rate, at the very beginning of
sintering, is independent of green density and
agglomeration state, if initial pore size/particle
size ratio is the same.

e In the first part of densification, densification rate
increases linearly with one slope if green sample
is agglomerate-free, whereas there are two slopes
if green sample is agglomerated. The length of
the first slope of densification rate depends on the
homogeneity of green sample.

e The plots of dp/pdT as a function of p are
independent of heating rate.

e In the final stage of sintering, a plateau of den-
sification is observed for heterogeneous green
samples and for materials submitted to thermal
gradient. Abnormal grain growth is in direct
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relationship with this plateau, but doesn’t occur
during it. The powder packing state of green
sample seems to be a main parameter to control
abnormal grain growth in the final stage of
sintering.

Densification rate curve as a function of relative
density is expected to be a good help for choosing raw
materials and optimizing heating schedule to monitor
microstructural evolution.
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