Optical Transmittance Changes of Solid Preforms with Temperature
II. Transparency of a-Al,0O; Ceramics after Sintering at 1250°C
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Fe2O3 content controls the microstructure (porosity, pore size, grain size) and correspondingly
an evolution of the light transmittance of gel monoliths based on boehmite. Porosity decreases with
Fe;O3 content and it is completely eliminated in samples containing 6 mass % Fe2Os. Resulting
polycrystalline material becomes thus transparent at temperatures as low as 1250°C.

The transparent ceramics is often an ultimate goal
in materials research and processing science. Trans-
parency of the polycrystalline alumina, as well as of
the other ceramics, is difficult to achieve due to light
scattering by pores, grain boundaries, impurities, and
other imperfections [1]. Standard procedures to pre-
pare the transparent polycrystalline a-alumina ceram-
ics rely on a doping of a-alumina powders, their iso-
static pressing, and a two-step firing schedule [2]. The
final heating takes place, however, at very high tem-
perature (1800°C).

In contrast, sol-gel, or colloidal routes may yield
the transparent ceramics at low temperatures, the pro-
cessing steps to control an evolution of the nano-size
particle assemblies into adequate microstructures of
the fired products, should, however, be quite deliber-
ate. Sol-gel boehmite-derived alumina monoliths are
usually transparent to about 1000°C [3—7]. At higher
temperatures, during concomitant sintering and trans-
formation of defect alumina phases to stable a-Al; O3,
the material becomes opaque [3].

Also in cases when the transparency is targeted
property of the material, its in situ monitoring is not
at all a common experimental procedure. The present
in situ optical methods take mostly use of the reflected
or reflectively scattered laser light [8—10]. Moreover,
the usual methods of thermal analysis (DTA, TG)
are wholly unrelated to the microstructure evolvement
during the heating process.

In a former paper of this series the optical trans-
mittance of thin hydroxyapatite pellets prepared by
the high-pressure isostatic pressing has been investi-
gated [11].

Presently, the solid preforms to be investigated
are the colloidally consolidated thin boehmite pla-
nar monoliths, seeded by Fe;O3. Since the unseeded
boehmite monoliths (thin gel fragments) had been
notoriously transmitting from a rather high initial
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(green) transparency into full opaqueness at temper-
atures close to 1200°C [12] theaim of this work was
to extend the in situ transmittance measurements to
boehmite gels seeded by Fe,O3. The sol seeding with
a-Fe,03 particles [13—15] or Fe(NO3)s [16—18] has
already been found an efficient way to lower the tem-
perature of the - to a-alumina conversion. Presently,
“seeds” have been introduced by means of the ferric
nitrate solution.

EXPERIMENTAL

The boehmite gel monoliths used in this work were
prepared from a commercial boehmite powder (Con-
dea, specific surface area ~ 250 m? g~!, particle size ~
10 nm) by the commonly used procedure [19]. A water-
boehmite suspension (=~ 10 mass %) and Fe(NO3)s -
9H, O (to yield a-Fe, O3 seeds) was peptized by mixing
it with HNO;3 (pH of suspension about 2.5) at 55°C.
FeoO3 seed contents are categorized in the following
as OF; 1F; 3F; 6F, corresponding to seed contents 0,
1, 3, and 6 mass % of Fe;O3 on a-Al2O3. The yel-
low nearly transparent boehmite sols were weighed in
small plastic dishes (diameter ~ 1.2 cm) in the quan-
tity of 0.30 g. The sols were gelled from =~ 10 min (6
mass % of Fep03) to 3 h (without seeding). The gels
were allowed to dry at room temperature for 2 days.
Afterwards, the dry gels monoliths were removed from
dishes. The obtained gel discs with thickness ~ 120 um
were used in the subsequent experiments.

The on-line measurements of the optical transmit-
tance were conducted in a computer-controlled verti-
cal tube furnace with Pt-winding operating at tem-
peratures up to 1350°C, with built-in optical mea-
suring system [11, 20, 21]. The Si-photodiode was
used to evaluate the intensity of the transmitted light,
recorded in 5 s intervals. A very soft light source of the
light-emmitting diode (A & 570 nm) has been found
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Fig. 1. Optical transmittance of boehmite gels vs. Fe2O3 seed content (OF — 0.0 mass %; 1F — 1.0 mass %; 3F - 3.0 mass %, and
6F — 6.0 mass % FezO3) and temperature; heating rate 10°C min~!, thickness of samples & 100 pm.

suitable for performing experiments. At measurement
the sample was supported on a Pt circular plate (1
mm thick) with an orifice (3 mm in diameter) to pass
the light. The Pt/Rh thermocouple (S type), located
in a close vicinity of the sample, was calibrated against
melting point of K3SO4. The respective salt powder
was in this case deposited in a thin layer on the saphire
slide support, similarly as described in [22]. The heat-
ing rates adopted were 10°C min~?.

Thermal analyses (DTA, TG) of gels were carried
out in air at a heating rate of 10°C min~! using a
V1.9D TA instrument. The surface area and the pore
size distribution in the nanometer scale were measured
by N adsorption and desorption isotherms (BET) us-
ing a Sorptomatic 1900. The microstructure of sin-
tered samples was observed by SEM (Tesla BS 300).

RESULTS AND DISCUSSION

The colour of samples changes with iron content
from the colourless character of the OF sample (with-
out iron) to the dark orange colour of the sample 6F.

The light transmittance of samples, as seen from
Fig. 1, strongly depends on both, the temperature as
well as the Fe; O3 seed content. For all samples there is
a gradual increase of the room temperature transmit-
tance with Fe; O3 content, as evident from start-points
of the respective curves in Fig. 1. This suggests a pos-
itive effect of the Fe(NO3); additions on the colloidal

266

self-assembling of the boehmite nano-particles during
drying of the as cast gels. From this respect Fe(NO3);
is expected to have a positive co-peptizing effect on
boehmite particles.

A strong decrease in the optical transmittance of
samples at 75°C is caused by the exchange of capil-
lary condensed water in the pores of sample monoliths
with the air, in accord with DTA and TG recordings
in Fig. 2. When the exchange is complete, the trans-
mittances of samples OF and 3F return to their initial
values. The transmittance of 1F sample returns even
to a higher value. The sample 6F behaves differently
and a sudden decrease of its initial transmittance re-
mains unexplained.

By comparison of curves in Fig. 1, it can be seen
that the iron-free sample (OF) exhibits a low and
steady-state transmittance until temperatures close to
1200°C. Afterwards, the transmittance decreases to
zero in a narrow temperature interval, similarly as ob-
served in [12]. On account of the transparency changes
one would expect an inferior particle packing of this
sample in comparison to iron-containing samples. The
set sample matrix is expected, in a sense, to prohibit
the particle rearrangement in a heating course, hav-
ing an effect of the unchanged sample’s transmittance
with temperature.

In contrast, samples doped by Fe;Os show three
local maxima in the transmittance. At the first max-
imum, at temperatures about 200°C, the peak height
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Fig. 2. DTA and TG of boehmite gels (samples 1F and 6F), crystallization of a-Al;O3 is shown for all samples in an insertion in

figure.

increases with Fe;O3 content. This maximum has no
corresponding thermal effects on DTA curves. The
second maximum (at ~ 500°C) indicates the end of
boehmite decomposition. The maximum rate of this
decomposition is seen also well in endothermal effects
on DTA curves at 436°C and on the corresponding
parts of TG records. The third maximum is very shal-
low for the sample 1F, becoming more pronounced for
the sample 3F. The sample 6F behaves differently also
at these temperatures. The respective transmittance
maximum is much more resolved and significantly
shifted to higher temperatures. This (third) maximum
neither has the corresponding effects on DTA curves.
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The reason is a very small heat evolvement in under-
lying processes.

It can be well presumed that the transmittance
increase means the microstructure refining, whereas
a decrease its deterioration. So at temperatures corre-
sponding to the ascending curve portions to the third
maximum the microstructures are either changed very
little (sample 1F, similarly to the sample OF), or more
profoundly (sample 3F). In a case of the sample 6F this
positive ascend of the transmittance is, with respect
to 3F sample, prolonged even to higher temperatures.
The microstructure refinement, in this sense, would
not include therefore processes like grain coarsening,
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Table 1. Surface Area (s), Pore Specific Volume (vp), Pore Ra-
dius (rp), and Calculated Bulk Density (p) of Samples
Heated up to 900°C (without Soaking)

Sample s vp ™ P
m? g1 cm?® g1 nm gcm™3
OF 170.0 0.375 3.7 1.60
1F 159.4 0.330 3.2 1.72
3F 155.7 0.303 3.5 1.81
6F 130.1 0.255 2.6 1.96

or pore growth, increasing the light scattering. They
would mean, preferentially, the particle rearrangement
resulting in their closer contacts. This hypothesis is
supported by experiments discussed later.

From the third maximum, the light transmittances
fall to zero values, with the exception of the 6F sam-
ple. The samples 0F—3F were fully opaque after their
cooling to room temperature. They remained opaque
also at their heating to 1600°C.

The 6F sample behaved otherwise. It was inter-
esting to notice that after an initial decrease of the
transmittance, similar to the previous cases, the light
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intensity was not decreased to zero. The turn-point
appeared at a temperature of 1160°C, followed by an
increase in the transmittance. From this portion of
the curve one can literary see rates and temperature
ranges of the microstructure deterioration and the fur-
ther refining process, as pointed out previously. The
transition between negative and positive microstruc-
ture evolvement processes actually takes place, in this
case, at a temperature of ~1000°C, as also seen in [23].
This sample remained well transparent on its cooling
to room temperature and also at its subsequent heat-
ing to 1600°C.

Since the gel monoliths were losing their trans-
parency at temperatures above 900°C, two sets of
new samples were prepared with thermal treatment
similar to that one at the optical transmittance mea-
surements. The gel monoliths of the first set were all
heated at a rate of 10°C min~! to 900°C, with fol-
lowed cooling to room temperature. The gel mono-
liths of the second set were individually heated to tem-
peratures (t¥) at which, according to the former OT
experiments, the corresponding transmittances were
decreased to their half values (Fig. 1). Both sets of
samples were examined for properties listed in Table
1. In DTA analyses it was found out that the selected
t* temperatures were very close to exothermal effects

Table 2. Surface Area (s), Pore Specific Volume (vp), Pore Radius (rp), and Calculated Bulk Density (p) of Samples at Temperature
t* (without Soaking). Temperatures t* are near to DTA Peak of a-Al;O3 Crystallization (tmax)

Sample i bimax s vp 2 p
°C °C m? g~! cm?3 g—1 nm gcm™3
OF 1190 1180 20.0 0.120 28.3 2.73
1F 1160 1149 15.8 0.083 23.5 3.04
3F 1100 1091 16.4 0.066 17.5 3.16
6F 1000 1001 31.1 0.191 6.5 2.27

Fig. 3. SEM micrographs (bar = 2.5 um) of fracture surface of samples 1F (a), 3F (b), 6F (c) heated to 1250°C (heating rate 10°C

min~!, F means w(Fe203)/% in Al,03).
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Fig. 4. SEM micrographs (bar = 2.5 um) of samples heated for 1 h at 1350°C (heating rate 10°C min—!): 1F (a, b), 3F (c, d),
6F (e, f), natural surfaces (a), (c), (e), fracture surfaces (b), (d), (f) (F means w(Fe203)/% in Ala03).

of the a-Al, 03 crystallization (an insertion in Fig. 2).
This is an independent proof that a decrease of the
transmittance is related to a-alumina crystallization.

The microstructure changes above 900°C are most
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decisive ones since they lead either to the final sam-
ples’ transparency, or full opacity. The surface area,
pore volume, and pore size of all samples (Table 1)
do not differ significantly at 900°C. The samples are
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transparent, since the nanometer-size pores do not
scatter the light. At ¢* temperatures (Table 2), the sig-
nificant decrease in the surface area and the pore vol-
ume is contrasting an increase in size of pores. These
changes are caused by sintering and the concomitant
crystallization of a-Al,O3. They are significantly in-
fluenced by the content of Fe;O3. Annealing of OF, 1F,
and 3F samples at 1350°C (1 h) leads to a coalescence
of pores to the micron size (Fig. 4), whereas the pores
of the 6F sample are completely eliminated at these
temperatures.

The microstructure of sintered samples was ob-
served by SEM, after the transmittance measurements
(reaching =~ 1250°C and cooling down the samples
from this temperature) and after a separate heat treat-
ment at 1350°C for 1 h. The former samples show dif-
fering microstructures on fracture surfaces (Fig. 3),
but the same on free surfaces. Samples OF and 1F be-
haved identically, therefore only SEM micrograph of
the sample 1F is presented. The size of the microstruc-
ture elements in Fig. 3 decreases in the sequence 1F —
3F — 6F (5—0.5 pm). Pores are too small for obser-
vation at the magnification used. More revealing are
the SEM pictures after 1 h heating at 1350°C (Fig. 4).
Sample 1F contains a homogeneous porous structure
(Fig. 4a, b) known as the vermicular structure [15],
while sample 3F (Fig. 4¢, d) contains 1 or 2 pores usu-
ally in the middle of the crystals. Sample 6F (Fig. 4e,
f) is pore-free with a size of crystals in the range of
2—7 pm.

It is well known that the crystallization of a-Al, O3
in boehmite-derived gels needs homogeneous nucle-
ation [15, 19]. This nucleation is quite difficult and is
limited by the number of nucleation sites. The latter
are the colloidal particles with the highest (12) coordi-
nation [19] as demonstrated by cold isostatic pressing
of gels (1.5 GPa) [24]. Crystallization of a-Al;03 is
spread radially from the nucleus until the crystalliza-
tion zones collide with zones of neighbouring nuclei.
Such processes result in a porous vermicular [15, 19,
25] microstructure of the material (Fig. 3a).

The described mechanism of a-alumina crystalliza-
tion is more and more suppressed by an increasing
content of FeoO3. Sample 3F contains only one or two
pores per grain (Fig. 4¢, d) while sample 6F is com-
pletely without visible (SEM) pores (Fig. 4e, f) as a
consequence of the heterogeneous nucleation effect of
Fe203.

Because the transparency strongly depends on
porosity, the crucial requirement for transparency was
the removal of pores at sufficient content of Fey;O3
(sample 6F). At lower contents of Fe; O3, pores do not
vanish, but oppositely, they grow to the micron size
causing the scattering of light.

CONCLUSION

Processes taking place during heating of boehmite
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gel monoliths such as drying, phase transformation, or
pore growth are reflected by the on-line measurement
of the light transmittance. It was shown here that all
these processes are controlled by Fe; O3 content.

The temperature of a-Al;O3 crystallization, the
porosity and the pore size of sintered bodies decrease
with Fe;O3 content, producing the transparency of re-
spective ceramics at 6 mass % of Fe;O3 content, and
a temperature of 1250°C. Further increase of trans-
parency is associated with the increase in size of the
grains of pore-free bodies.

It was further ascertained that optical transmit-
tance measurements are indicative also of microstruc-
ture transforms, connected with very minute thermal
effects, not identified by DTA. Moreover, the optical
transmittance is suggested to be a convenient mea-
sure for the efficiency of the colloidal particle packing
at wet forming procedures.
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