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Sintering of a-Al,O; powder (particles = 1 um), boehmite gels (particles = 5 nm) and compositions of a-Al,O;, boehmite and
graphite has been studied by stepwise (SID) and individual (IID) isothermal dilatometry. Boehmite gel is a high temperature
binder and graphite is a pore forming material in the mentioned compositions. Boehmite derived alumina controls the sin-
tering process of compositions if it is present as a continuous phase. Kinetic parameters of sintering (exponent n and appar-
ent activation energy E) indicate different sintering mechanism of o-AlL,O; and Al,O; derived from boehmite gels. Porosity of
a-AL,O; ceramics can be managed by joint addition of boehmite gel and graphite.

INTRODUCTION

Porous ceramics have a wide range of applications
including filters, insulators, catalyst supports, separa-
tion membranes, etc. [1, 2]. Ceramic membranes are of
great interest in separation technology because of their
higher chemical, thermal and mechanical stability, com-
pared to organic membranes, tolerance to solvents, as
well as to pH, oxidation, and temperature extremes,
their durability and good defauling properties [3]. An
ideal ceramic membrane must be highly selective, per-
meable and durable [4, 6]. The membrane selectivity
primarily depends on the pore size distribution - the nar-
rower is the pores size distribution, the more selective is
the membrane.

Many properties of the final ceramics, such as den-
sity or porosity, strongly depend on a green body micro-
structure and on conditions under which the green body
is sintered. One of the most important parameters is the
temperature program during sintering, especially the
heating rate. During the sintering process, microstruc-
tural changes occur as a result of a complex interplay of
various material transport mechanisms. This necessita-
tes a deeper understanding of the process [6].

Diffusion is accepted as a control mechanism in
high temperature sintering of fine-grained materials.
The dominant path for diffusion is usually noted along
the grain boundary [7]. Grain-boundary diffusion and
interface reaction are two sequential processes in diffu-
sion processes. The slower mechanism will dominate
the sintering process. The smaller is the mean grain size,

the shorter is the transportation path and therefore the
faster is the occurred grain-boundary diffusion. There-
fore, interface reaction becomes important.

Dilatometry experiments are a well-known way to
study the densification kinetics during sintering [8, 9].
Apparent activation energy and the shrinkage rate can
be calculated from measured shrinkage dependencies
vs. time and temperature.

Ali and Sorenson [10] described an evaluation of
the kinetic parameters from the analysis of a stepwise
isothermal dilatometry (SID) data for low temperature
sintering of TZO ceramics.

Wang et al. [11] applied this technique to evaluate
kinetic parameters from SID data obtained during sinte-
ring and pore-forming process of macroporous o-AlO;
ceramics prepared by extrusion. Kinetic parameters,
i.e., the average exponent n (parameter related to the
process mechanism) and the apparent activation energy
E of the pore-forming process, were calculated to be
0.232 and 415.5 kJ/mol, respectively, in the temperature
range of 1200 - 1400°C.

Authors of SID method studied the sintering of
a-AlO; powder sized = 16 um. The aim of this work is
to verify the possibility of using this method for signif-
icantly finer particles of a-Al,O; (= 1um) and boehmite
derived alumina gels (= 5 nm). Commercial o-Al,O;
powder, PVA and boehmite gel (as binders) and graphite
(as pore forming material) were used to prepare porous
alumina ceramics potentially applicable for ceramics
membranes.
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THEORETICAL

Sintering of powder compacts or castings is as a
rule accompanied by shrinkage. Its time dependence
indicates the nature of individual processes and is
recorded as

AL, =f(t T 1) (M

dependency, where Al/l, is relative shrinkage, ¢ - tem-
perature, T - time and r - particle radius.

For the mentioned aim of this work, kinetics of
isothermal sintering is expressed according to Ali and
Sorensen's equation [10] derived for volume shrinkage

Vo—V, _ [k @~ TO,T)]n
Vo— Vf 1+ [kp(z— To,T)]n

()

where V is the initial volume of the green body, V, the
volume at time 7, ¥, the volume of a fully densed sam-
ple, 7 the sintering time, 7, the formal beginning of
isothermal sintering, &, the specific rate constant, n the
parameter related to a sintering mechanism.

The case when cylinder shaped samples are used
and isotropic sintering is assumed (d//, = const.; d,, and
[, - diameter and length, resp. of a cylinder in the time 7)
gives

3

Ih-1; lere— 741"
=73 3 = g 3)
L=1 1+ [kp(r— 70 1)]

V- Ve
Vo—V,

and the equation (3) for /, yields

3.3 3 3 kG- TO,T)]n
l.,= \/lo—(lo—lf)m (4)

where similarly /, is the initial length and /, the length of
a fully densed sample.

The length changes of the samples are observed
under dynamic or isothermal conditions of temperature
treatment. Mathematical description of the process
kinetics is more favorable for isothermal methods then
for dynamic ones, but it needs much more experimental
data. SID method developed by Meng and Sorensen
[12] may be considered as a combined dynamic-isother-
mal method. It enables to obtain classical process
description out of the single experiment. This procedure
is based on measuring isothermal dilatometry data of
shrinkage z vs. experiment time 7 at some temperatures

Table 1. Sample composition in wt.%.

(steps) in interesting temperature range (figure 1). Inter-
pretation of values calculated from /, = f{7) dependen-
cies for individual isothermal steps is based on the use
of equation (4).

EXPERIMENTAL

To prepare the samples o-Al,O; powder (ALUMA-
LUX-39 SG, d;, = 1.09 um), boehmite (CONDEA
SB-1, d = 5 nm) and polyvinylalcohol - PVA (MW
49.000) as binder, graphite as pore forming material, as
well as water were used.

Boehmite was peptized to a sol by standard method
[13] and then thickened to a paste containing 26 wt.% of
AlOOH for to be a binder.

Plastic paste was prepared from homogeneous mix-
ture of raw materials (table 1) and a quantity of water.
Then cylinders (length 1 - 2 cm, diameter 0.5 cm) were
extruded from this paste and dried in open air. Samples
Nos. 1 to 3 were calcined at temperature 1000°C for 1
hour and sample No. 4 (pure boehmite) was calcined at
temperature 550°C.

The sintering kinetics was observed by dilatometer
Netzsch 402E in series of isothermal measurements
(using for all of them only one cylinder, SID method)
running approx. 100 minutes at each temperature: 1100,
1150, 1200, 1250 and 1300°C. The constant tempera-
ture increase between isothermal holdings was
10°C/min. In addition to this, sample No. 4 (boehmite)
was measured also at each isothermal holding using
each time new sample. This procedure was later called
as individual isothermal dilatometry (IID). Because the
temperature range for sintering the sample No. 4 was
lower, temperatures from the range of 950 to 1150°C
were selected for its analysis. Shrinkage, temperature
and time data were recorded at measurements. The
phase composition was determined by powder X-ray
analysis (Stoe) and the microstructure of sintered sam-
ples was observed by SEM (Tesla BS 300).

RESULTS

Typical dependencies (figures 1, 2) were obtained
from measured dilatometry data: shrinkage (um), tem-
perature (°C) and time (s). They describe the length
shrinkage as a function of time and temperature.

Beginning and end data of isothermal holdings
were read from recorded temperature dependencies
(temperature increase of 10°C/min, holding of approx.
100 min) and average temperatures for each isothermal

sample 0-AlLO, AIOOH PVA graphite  holding were calculated using these data (table 2).
The length /; in time 7 was calculated using measu-

1 99.9 - 0.1 - . . .

red shrinkage z according to equation
2 93.8 6.1 0.1
3 80.0 5.1 0.1 15.8 L=1l+z ®)
4 ) 100 3 ) where z was the measured shrinkage.
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Table 2. Kinetic parameters (average temperature of isothermal
stages ¢, formal beginning of isothermal sintering 7,,, rate con-
stant k;, exponent n) for samples Nos. 1 to 3 and temperature
range from 1100 to 1300°C and for the sample No. 4 and tem-
perature range from 950 to 1150°C according to equation (4).

Table 5. Bulk density after sintering (BD), increase of bulk
density (A BD) during sintering and total porosity (Po) of sam-
ple No. 4 analyzed by IID method. Bulk density before sinte-
ring BD* = 1.66 g/cm’

t(°C) 950 1000 1050 1100 1150
BDr (g/ecm’) 1.69 1.85 2.09 2.44 2.77
A BD (%) 1.8 11,5 259 46.9 66.8
Po (%) 57.7 53.7 47.6 38.7 30.6

t (°C) Tor (5) 10%; (s) n
1 1101.2 6067.0 0.44 0.410
1151.3 10787.3 2.75 0.407
1208.3 16909.3 10.90 0.374
1251.2 23215.5 39.95 0.332
1302.8 29072.3 158.26 0.328
2 1099.4 6265.5 0.07 0.263
1149.9 11570.5 0.79 0.288
1203.6 17463.3 9.24 0.328
1253.2 23517.8 37.55 0.329
1301.4 29641.8 164.09 0.326
3 1095.6 6154.8 0.16 0.408
1151.4 10957.5 0.50 0.356
1199.2 18158.3 1.09 0.298
1251.7 233715 5.45 0.294
1296.2 29147.9 20.99 0.279
4(SID) 9497 4921.6 0.01 0.208
999.5 10384.7 0.46 0.246
1049.8 16049.9 21.9 0.396
1095.3 228222 305.7 0.559
1149.6 - - -
4 (1ID) 949.3 4857.9 0.05 0.230
998.9 5399.2 0.03 0.223
1049.5 6021.7 12.04 0.273
1096.6 5614.5 352.5 0.509
1149.3 6196.8 3396 0.800

Table 3. Activation energy of sintering £ of studied samples.

sample method t (°C) E (kJ/mol)
1 SID 1100-1300 541.1
2 SID 1100-1300 604.4
3 SID 1100-1300 596.7
4 SID 950-1150 950.1
4 1ID 950-1150 856.1

Table 4. Bulk density before (BD¢) and after sintering (BDr, at
1300° C - samples Nos. 1, 2, 3; 1150 °C - sample No. 4),
increase of bulk density (A BD) during sintering and total
porosity (Po) of samples Nos. 1 to 4 analyzed by SID method.

sample 1 2 3 4
BD¢ (g/em?®) 2.47 2.29 1.93 1.66
BDs (g/cm?) 2.79 3.11 2.37 2.27
A BD (%) 13.0 35.8 22.8 373
Po (%) 30.3 22.2 40.6 43.1

Final theoretical length /, of cylinder was calculated
using bulk density p, of cylinder on the end of a meas-
urement and of its length /, in this time

e}
- | = (6)
(5]

s

where p, = 3.995 g/cm® was the density of a-AlLO,.

Ali and Sorensen's [10] method for SID data eva-
luation, which avoided the determination of formal
beginning 7, ; of isothermal sintering by introducing der-
ivation, was considered by authors of this article as com-
plicated. In addition, several attempts to use it did not
provide expected linear dependencies. The reasons of
this discrepancy were not analyzed, but it was thought
that one possibility could be the different curve shapes
caused by the big difference in particle sizes of used raw
materials (5 nm and = 1 um compared with =16 mm of
cited authors). Therefore experimental data were evalu-
ated by classical method (at criterion of minimal sum of
squared deviations) using equation (4). Three parameters
kr, n and 7, were determined for each isothermal stage.
The value of 7,, is in a sense of equation (4) such value
of time 7, in which for a given temperature ¢ the value of
/. reaches the beginning length of cylinder /, (figure 3).
Calculated values of parameters &, n and 7, are given in
table 2.

Correlation coefficients (0.9972 to 0.9999 for 600
experimental data) as well as the backward calculations
show very good agreement of calculated values with ex-
perimental data. There is one isothermal step (1200°C) in
the figure 4 of dilatometry dependence for sample No. 2
shown in figure 1. Backward calculation matches the
experimental course of shrinkage excellently as it is evi-
dent from this picture.

Figures 5 and 6 show the dependencies of In £, vs.
1000/7 for all of the samples according to the Arrhenius
equation. Acquired values of apparent activation energy
are given in table 3. Activation energy E ranges for the
studied samples Nos. 1 to 3 approximately from 541 to
596 kJ/mol. Value of E increases by addition of boehmi-
te paste and decreases by adding graphite. Activation
energy E for boehmite sample is 856 kJ/mol (IID) and
950 kJ/mol (SID), respectively.

Dependencies of kinetic parameter n vs. temperature
for samples Nos. 1 to 4 and SID method is shown in fi-
gure 7. The same dependencies for sample No. 4 and for
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both methods (SID and IID) are shown in figure 8. Sam-
ple No. 4 underwent topotactic phase transformations
(y-0-6-a-ALO; [13]) during dilatometry measurement.
Sintering was reduced by formation of the new o phase
and practically stopped after transition phases disap-
peared. Phase transformations are illustrated in figure 9
at 1100°C and for IID method. Arrows in figure 2 mark
disappearance of transition phases.

Sample microstructures after sintering by SID and
IID dilatometry methods are shown in figure 10. Macro-
scopic properties as bulk density and porosity of materi-
als are given in tables 4 and 5. Addition of boehmite to
a-Al O, powder (sample No. 2) increased the bulk densi-
ty - densification, and decreased the porosity. Joint addi-
tion of boehmite and graphite (sample No. 3) influenced
these properties conversely. Sample No. 4 (boehmite)
sintered markedly intensively by SID method as it did by
IID one (table 5, figure 2).

DISCUSSION

SID and IID curves in figures 1 and 2 provide a gen-
eral view on sintering of studied materials and are base
for kinetic analysis of processes.

The addition of boehmite to the pure a-AlLO, pow-
der did not allow increasing the porosity of sintered
body, but only by joint addition with a pore forming mat-
ter as the used graphite was. Mixture of o-Al,O, and
graphite could not be technically processed, because an
organic binder (as the used PVA) burned out earlier than
graphite did and in this way it damaged the integrity of
material. In this case boehmite acted as high temperature
binder after PVA burned.

Boehmite was studied not particularly from the
material's point of view, but because of interpretation of
kinetic results. Comparison of SID and IID methods (fig-
ure 2) revealed the importance of Al,O, phase transfor-
mations on sintering. A sample running through five
isothermal 100 minutes long treatments (SID) has more
time for phase transformations compared with only one
100 minutes long treatment using IID method. As
0-ALO, appeared in both methods at 1050°C, two
responsible curves were identical. The SID sintering at
1100°C slowed, because the crystallization was over
after 40 minutes, while the use of IID method (figure 9)
yielded to the same state only after = 100 minutes. The
biggest difference between these methods was at 1150°C,
when the sample practically didn't sinter at SID method,
while in contrast at IID method it sintered in the greatest
range. This result was a consequence of much faster sin-
tering of transition AL,O, phases in the studied tempera-
ture ranges than the sintering of thermodynamically stab-
le a-ALO; phase.

Microstructure of samples No. 1 and 2 (figures 10 q,
b) was very similar. Denser microstructure of sample No.
2 (figure 10 b) containing boehmite correlated with its
larger bulk density (3.11 g/cm’, table 4) compared with
sample No. 1 (2.79 g/cm?). As the grains of a-AlLO, acted

in the sample as seeds of boehmite, the process became
more or less 0-ALO, grain growth. This growth took
place at expense of transition Al,O, phases derived from
boehmite. Adequate pores remained after graphite had
burnt (figure 10 ¢). Graphite particle size enables thus to
control the pores size. Microstructure of boechmite deri-
ved material (figures 10 d, e) was characterized by
known vermicular microstructure [14], formed by mono-
crystal colonies [13,15] of the size 5-10 um, which were
more evident in a case of IID method (figure 10 ¢). On
the other hand individual particles of colonies (0.5-1.0
pm) are larger (figure 10 d) and more evident at SID
method then at IID one (figure 10 e).

Experimental points of rate constant match the li-
nearity of Arrhenius equation (In &, vs. 1000/T) very well
(figure 5). Apparent activation energy is the lowest for
pure a-Al,O; (sample No. 1, 541.1 kJ/mol, table 3). This
value is close to the published one (440 =+ 40 kJ/mol [16])
for the grain boundary diffusion in pure  «a-AlLO,.
Increase of apparent activation energy after addition of
boehmite (604.4 kJ/mol, sample No. 2) and after joint
addition of boehmite and graphite (596.7 kJ/mol, sample
No. 3) corresponds to high values of pure boehmite
(950.0 and 856.1 kJ/mol for SID and IID methods,
respectively).

Temperature dependencies of parameter n (figures 7,
8) indicate different sintering mechanisms of o-AlLO,
powder and boehmite. Boehmite forms continuous phase
in the system o-Al,O, - AIOOH (sample No. 2), therefore
the temperature dependence of parameter n has the same
tendency as in the pure boehmite (figure 7). Graphite
after burning obviously disintegrate boehmite phase,
consequently the mechanism of sintering is similar to
that of pure a-AlL,O, sample.

Decrease of parameter » with temperature for sam-
ples No. 1 and No. 3 corresponds to that reported by
Wang et al. [11] who stated that until 1200°C a surface
diffusion was the dominant sintering mechanism and
above this temperature was a grain boundary one. Con-
tinuous decrease of parameter n with temperature indi-
cates that mechanism of sintering continuously changes
with increasing temperature. The sintering mechanism of
boehmite derived Al,O, is different. This could be caused
by significantly smaller particles (= 5 nm) and by phase
transformations of Al,O,. Sharp change of parameter n
(from 0.275 to 0.509) in the temperature range 1050 -
1100°C (figure 8) at IID method correlates with alumina
phase transformations in that temperature region. Transi-
tion alumina phases, which are the only present phases at
1050°C, completely transform to thermodynamically sta-
ble a-ALO; phase at 1100°C. Temperature dependence of
parameter n is the same at the SID method, it is only
shifted about 50°C lower due to mentioned reasons.

Characterization of boehmite gels sintering indicates
that from viewpoint of high activation energy and also
from temperature changes of kinetic parameter n, such
nanometer system has some new features not described
in literature. The next paper will concern these problems.
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Figure 1. Normalized SID dependencies of shrinkage vs. tem-
perature and sintering time of samples Nos. 1 to 4 (temperature
increase 10°C/min). Isothermal dependencies (holding time 100
minutes) of samples Nos. 1 to 3 at temperatures 1100 - 1300°C
(full lines) and of sample No. 4 (bochmite) at temperatures 950
- 1150° C (dotted lines).
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Figure 2. Comparison of SID and IID dependencies (holding
time 100 min and temperature increase of 10°C/min) of sample
No. 4 (boehmite).
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Figure 3. Values of parameter 7,, on time axis obtained from
SID data (function /, = f'(7)) for sample No. 2.
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Figure 4. Comparison of experimental dependence and calcula-

ted function /. = f(7) for one isothermal measurement (1200°C,
holding time 100 min) of sample No. 2 by SID method.
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Figure 5. Plots of In &, vs. 1000/T of samples Nos. 1 - 4 at SID
method.
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Figure 6. Plots of In &, vs. 1000/T of sample No. 4 at SID and
1ID methods.

Ceramics — Silikaty 47 (1) 13-19 (2003)

17



Z. Holkovd, L. Pach, V. Kovar, S. Svetik

0.6
4

0.5

<
1
T 0.4 -
3
0.3
2A/A .
0.2

950 1000 1050 1100 1150 1200 1250 1300
— {(°C)

Figure 7. Plots of parameter n vs. temperature of all the samples
at SID method.
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Figure 8. Plots of parameter n vs. temperature Sample No. 4
at SID and IID methods.
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Figure 9. Phase composition of sample No. 4 (boehmite, SID
method) vs. time at 1100°C.
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Figure 10. SEM micrograph of the sample microstructure after
sintering by SID method a) (maximal temperature 1300 °C), No.
1, b) No. 2, ¢). No. 3.
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- S N =

Figure 10. SEM micrograph of the sample microstructure after
sintering by SID method d) No. 4 (maximal temperature
1150°C); sintered by I1ID method (1150 °C), e) No. 4.

CONCLUSION

SID method originally used for kinetic analysis of
pressed 0-AL, O, powder sintering (particle size ds,=16.14
um) gives good results also for significantly finer pow-
ders (1 um and 5 nm). Evaluation of experimental data
by used classical approach, however, is more favorable
than that one proposed by SID method authors.

Mechanism of «-Al,O, sintering continuously
changes with increasing temperature (from 1100 to
1300°C) from surface to grain boundary diffusion.

Mechanism of sintering of boehmite derived alumi-
na gels sharply changes after the transformation of tran-
sition alumina phases to a-Al,O;.

Porosity of o-Al,O; ceramics can be effectively
controlled by joint addition of boehmite paste and pore
forming matter (e.g. graphite).
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DILATOMETRICKE SLEDOVANIE KINETIKY
SPEKANIA AlL,O, POREZNEJ KERAMIKY
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Fakulta chemickej a potravinarskej technologie STU,
Katedra keramiky, skla a cementu,
Radlinského 9, 812 37 Bratislava, Slovenska republika

Stupiiovitou izotermickou a individualnou izotermickou
dilatometriou sa sledovalo spekanie extrudatov a-AlLO; (zrna
d = 1 pm), gélov AIOOH (castice = 5 nm) a kompozicii o-
AlL,O,-AlIOOH a o-Al,O;-AIOOH-grafit. Bohmit v kompozi-
ciach je vysokoteplotnym spojivom a grafit poérotvornou latkou.
AlLO, vzniknuté z bohmitu riadi spekanie sledovanych systé-
mov ak vytvara v systéme spojiti fazu (0-AlL,O,-AIOOH a
AIOOH). Kinetické parametre (exponent-n a zdanliva akti-
vacné energia E) poukazuju na rozdielny mechanizmus speka-
nia o-Al,O; a Al,O; vzniknutého z bohmitového gélu. Spoloc-
nym pridavkom boéhmitu a grafitu je mozné riadit’ porozitu
0-AlO; keramiky pre tcely keramickych membran.
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