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Abstract: Three ceramic fibrous materials of the Al,O3-SiO, system with different densities have
been treated using concentrated solar radiation. The experiment was performed using technolog-
ical capabilities of the Big Solar Furnace in the 2 modes: the first mode includes heating up to
1400-1600 °C, holding for 1.5-2 h; the second mode (the fusion mode) includes heating up to
1750-1900 °C until the sample destruction, which is accompanied by fusion. Upon completion of
the experiment, the phase composition, microstructure, and compressive strength of the materials
were studied. It was shown that the investigated materials retained their fibrous structure under
prolonged treatment in the first mode up to temperatures of 1600 °C. The phase composition of the
ceramic materials changes during the experiment, and with a decrease in the density, the modification
is more pronounced. Treatment of all three materials under study in the fusion mode resulted in
the formation of the eutectic component in the form of spherulites. The compressive strength of the
materials was found to be slightly reduced after exposure to concentrated solar radiation.

Keywords: highly porous ceramic materials; Al,O3-5i0O; system; concentrated solar radiation;
microstructure; phase composition

1. Introduction

The development of high-temperature heat-insulating materials based on oxide fibers
is the actual worldwide line of inquiry. The application of refractory oxide fibers as
precursors of heat-insulating materials are favored due to their exceptional oxidation resis-
tance at temperatures above 1200 °C, chemical inertness with respect to most substances,
and low density. Ceramic refractory materials based on the Al,03-5i0; system are widely
used as heat-insulating materials. According to [1], the structure of the material based on
the Al,O3-5i0, system contains solid non-fibrous inclusions, which have a negative effect
on the material properties during long-term operation at high temperatures, especially
under cyclic loading. Referring to [2], mullite fiber-reinforced Al;O3-5i0, aerogel com-
posite obtained using hybrid sol-gel process has excellent heat-insulating characteristics,
high-temperature stability, and high mechanical properties. Here, mullite fiber increases
the material strength, while the unique porous structure ensures good heat-insulation prop-
erties. The heat resistance of the Al,O3 aerogel-SiO, fiber composite [3,4] is ensured by the
formation of a crystal structure based on the y-Al,O3 and §-Al,O3 phases. According to [5],
Al>,03-510; ceramics can be produced by combination of silica-sol infiltration and Selective
Laser Sintering (SLS). The phase composition of this material is represented by mullite,
quartz, corundum, and cristobalite. With an increase in the amount of silica sol, the amount
of cristobalite in the structure of the material increases, which avoids excessive shrinkage
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during the sintering process. As is shown in [6], with an increase in the content of silica sol
and the sintering temperature up to 1300 °C, the compressive strength of SiO, / Al,03-5i0,
fiber mat composite increases from 0.3 to 0.9 MPa, and the density increases from 0.25 to
0.45 g/cm3. The structure of the composite material sintered at 1300-1400 °C contains
mullite and cristobalite.

It should be noted that the behavior of such materials under conditions of high-speed
“sudden” heating remains insufficiently studied. One of the effective methods of high-
speed heating is the exposure to concentrated solar radiation, implemented in the design of
the Big Solar Furnace [7]. The Big Solar Furnace allows testing porous ceramic materials
and heating up to ~2000 °C [8-10].

Of special interest is the study of changes in the phase composition of highly porous
fibrous ceramic materials during long-term high-temperature treatment. Materials of dif-
ferent density based on the same fiber type can be used at different operating temperatures.
It was shown that materials with a relatively high density had lower values of the thermal
conductivity at temperatures above 1200 °C, while materials with a lower density had low
values of thermal conductivity at temperatures below 900 °C [11].

In addition, the effect of concentrated solar radiation on the surface of a ceramic
material is of interest. A promising method of processing is the surface treatment of
Al,O3-based ceramics with laser radiation, which makes it possible to form a modified
layer with a phase composition that differs from that of the underlying layers [12].

This work deals with the investigation of AlyO3-5iO, ceramic fibrous materials with
different densities after heat treatment through concentrated solar radiation. The presented
study may give a clearer insight into the behavior of ceramic fibrous materials based on
the Al,O3-5i0, system under conditions of high-speed “sudden” heating realized at the
Big Solar Furnace. The data obtained during the experiment at the Big Solar Furnace
may be used, for example, to evaluate the applicability of the materials under study as
components of thermal protection systems for flight vehicles. In addition, the experiments
using the Big Solar Furnace may allow elaborating the methods of testing ceramic materials,
as well as the methods for preparation of new materials and chemical compounds with
unique properties.

2. Materials and Methods

A total of 3 ceramic composite materials of the Al;O3-5i0, system with different densi-
ties (the material 1000 kg/m?, the material II—500 kg/m?, the material III—300 kg/m?)
were selected for this study. These materials contain discontinuous fibers with a composi-
tion of 80% Al,Os + 20% SiO; as a basis. The materials I, Il were obtained using molding
with a binder followed by firing. Quartz (5i0;) microfibers and boron were used as a binder
for the materials I, II. A solution of aluminum nitrate and a colloidal solution of silicon
dioxide were used as a binder for the material III. The fibrous blocks were formed on
a vacuum unit using the following procedure: a solid-phase binder was added to the
fibrous pulp (the materials I, II); a dry fibrous block was impregnated with a liquid-phase
binder (the material III). Then, the materials were dried and subjected to high-temperature
heat treatment. To conduct the experiment, samples of these 3 materials were made in the
form of blocks with dimensions of 100 x 100 x 40 mm. The properties of the materials
under study are shown in Table 1. The microstructure of the materials under study is
depicted in Figure 1.

High-temperature treatment of ceramic materials was carried out using a unique
facility—the Big Solar Furnace located in the Republic of Uzbekistan (Parkent city), which
was put into operation in 1987 [13-15] (Figure 2). The samples of 3 materials were installed
in a fixture and exposed to 1-sided heating by means of concentrated solar radiation with
a flux density of 730-925 W/m? (Figure 3). The temperature from the front side of the
samples was monitored using a KTX (Heitronics Infrarot Messtechnik GmbH, Wiesbaden,
Germany) optical pyrometer with a wavelength of 7.5-8 pum. In addition, the tempera-
ture inside the samples was measured with thermocouples located in the upper, middle,
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and lower parts of the samples. The temperature difference between the upper and the
lower parts of the samples reached 290 °C. The experiment was carried out in the 2 modes:
the first mode includes heating up to 1400-1600 °C, holding for 1.5-2 h; the second mode
(the fusion mode) includes heating up to 1750-1900 °C until the sample destruction, which
is accompanied by fusion.

Table 1. The properties of three ceramic composite materials under study before the experiment.
Material 1 Material 11 Material III
Density, kg/m3 1000 500 300
Porosity, % vol. 50 80 93
Chemical composition 73%Al;03-27%Si0; 73%Al;03-27%Si0; 75%Al,03-25%Si0;
. Mullite (3Al,03-2510,), Mullite (3Al,03-2510,), Mullite (3A1,03-2510,),
Phase composition 5-AlyOs 5-AlyOs 5-AlyOs
Thermal conductivit 20 °C-0.27 20°C-0.11 20 °C-0.07
coefficient, W/ (m*Kgl 1000 °C-0.32 1000 °C-0.25 1000 °C-0.22
. 1600 °C-0.51 1600 °C-0.48 1600 °C-0.37

S -
*
16kV  X1,000 10pm 0890 2259 BEC

(b)

20KV X1,0004° 10pm 0530 4160 BEC

Figure 1. The microstructure of fibrous ceramic materials: (a) The material I; (b) The material II;
(c) The material III.

Figure 2. The solar concentrator and the technological tower of the Big Solar Furnace.

Figure 3. The sample of the material II after exposure to concentrated solar radiation.
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After high-temperature treatment, the changes in the structure and properties of the
samples of the materials I, II, IIl were investigated. X-ray diffraction analysis was performed
using a DRON-3M diffractometer (Cu K« radiation). In case of the first mode, the specimens
for analysis were cut both from the “hot” side (solar side) and from the “cold” side of the
samples. The microstructure and elemental composition were studied using a Zeiss EVO
MAI10 (Oxford Instruments, Abingdon, UK) scanning electron microscope equipped with
an energy-dispersive spectrometer. The compressive strength of the materials under study
was determined using an Instron 5582 tensile tester (Instron, Buckinghamshire, UK).

The work was carried out using the equipment of the Core facility center “Climatic
Testing” of the NRC “Kurchatov Institute”-VIAM.

3. Results and Discussion
3.1. Phase Composition

The diffraction pattern taken from the surface of the initial materials (i.e., before ex-
posure to concentrated solar radiation) is represented by high-intensity reflections from
mullite (3A1,03-25i0,; PDF #79-1455) and low-intensity reflections from delta-aluminum
oxide (86-Al,Os3; PDF #79-1455) (Figure 4). The binder is X-ray amorphous, as evidenced
by the presence of a small “halo” at 20°. As may be seen from Figure 4, the phase compo-
sition of the initial materials (using the material II as an example) is similar to that of the
basic fiber.

. 1000
£ (a) = o mullite (3A10s-2Si02; PDF #79-1455)
- e delta-aluminum oxide (0-Al>Os; PDF #79-1455)
o
600— r o
400—
200—
0 I I T I T
20.0 30.0 43.?heta 50.0 60.0
I 1000 5
£ (b) o mullite (3AL0s-25i02; PDF #79-1455)
500 o delta-aluminum oxide (0-AL2Os; PDF #79-1455)
[m]
600 — . =
400 —
200 —
.
0 T T T | T
20.0 30.0 48'%‘16'(8 50.0 60.0 70.0

Figure 4. The diffraction pattern of the material II before exposure to concentrated solar radiation
(a) as compared with that of the basic fiber [80% Al,O3 + 20% SiO5] (b).
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Treatment of the materials with a highly concentrated energy source leads to a change
in the phase composition. Reflections from a new phase component, corundum (x-Al,Os;
PDF#46-1212), appear on the diffraction pattern of the treated material I. The diffraction
pattern of the specimen cut from the “hot” side shows an increase in the reflections from
x-Al,O3 and 8-Al,O3 in comparison with the specimen taken from the “cold” side. We
can say that the amount of the x-Al,O3 phase on the “hot” side of the sample is greater
than on the “cold” side, since the intensity of the reflection at 35.14° (the reflection from the
(104) plane of x-Al,O3) significantly increases (Figure 5). At the same time, we can note the
formation of more distinct reflections in the region of 67-68°, which correspond to 6-Al,O3
and o-Al,O3 phases. This can be associated both with the transition of the metastable
8-Al, O3 to the stable x-Al,O3 and with the formation of these phases from mullite during
the exposure to concentrated solar radiation.

|
K-
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o mullite (3AL0Os-2Si0»; PDF #79-1455)
e delta-aluminum oxide (6-A120s; PDF #79-1455)
¢ corundum (a-ALOs; PDF#46-1212)

4o'£ theta 50.0 60.0 70.0

Figure 5. The diffraction pattern of the material I after heating to 1600 °C with concentrated solar
radiation: the specimen from the “hot” side of the sample treated in the first mode (a); the specimen
from the “cold” side of the sample treated in the first mode (b).

In addition to reflections related to corundum, reflections from cristobalite (5iO5;
PDF #76-941) appear in the diffraction pattern of the treated material II (Figure 6). The
precision data obtained for the powder specimen II indicate the presence of the low-
temperature modification of cristobalite. A quantitative assessment by the external standard
method gives the following content of phase components: mullite—89%, 5-Al,O3—5%,
a-Al,O3—5%, cristobalite—1%.

The diffraction pattern for the treated material III contains reflections from two new
phase components—corundum and cristobalite (Figure 7).
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Figure 6. The diffraction pattern of the specimens of the material II after exposure to concentrated
solar radiation: the specimen from the sample treated in the fusion mode (a); the specimen from the
“cold” side of the sample treated in the first mode (b).
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Figure 7. The diffraction pattern of the specimens of the material III after exposure to concentrated
solar radiation: the specimen from the “cold” side of the sample treated in the first mode (a);
the specimen from the “hot” side of the sample treated in the first mode (b).
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As in the case of the material I, an increased amount of x-Al,Oj is observed on the
surface of the “hot” side samples for the materials II, III.

For all three materials under study, the diffraction pattern of the samples treated
in the fusion mode differs from that for the samples treated in the first mode (Figure 6).
A reflection of rather high intensity appears near 47°, while some low-intensity reflections
disappear. These changes can be associated with the formation of the eutectic component
observed in the form of spherulites. One of the possible mechanisms for the formation of
the eutectic component during the crystallization of the melt may include changing the
initial composition of the Al,O3-5iO; system to the stoichiometric ratio.

3.2. Microstructure

An investigation of the structure for initial and heat-treated samples was performed
by scanning electron microscopy. The structure of the material I is formed by a skeleton of
fibers of different diameters. The skeleton fibers have a regular cylindrical shape, with the
diameter reaching several tens of micrometers. The inter-fiber space is filled with discrete
fibers with a diameter of 1-10 um. The elemental composition of large and small fibers
does not differ. There are also large spherical buildups. The diameter of the skeleton
fibers for the material II is 10-12 pum, the inter-fiber space is filled with discrete fibers with
a diameter of 1-5 um. A skeleton of fibers with a diameter of 1-4 um forms the structure of
the material III.

SEM images of the treated materials are shown in Figure 8 by the example of the
material II. Some differences are observed in the structure of the “hot” and the “cold”
sides (the first mode of the treatment). The surface layer of the sample from the “hot”
side contains a large number of non-fibrous inclusions surrounded by voids. The most
probable reasons for the formation of such voids can be the processes of recrystallization
and shrinkage of fibers, selective evaporation of individual structural components, as well
as the loss of fibers under the influence of energy flow. The thickness of such a layer does
not exceed 300 microns. The structure of the sample from the “cold” side has no visible
differences from the structure of the initial material; non-fibrous inclusions are practically
absent. The morphology of the fiber surface for the “hot” side sample is not fundamentally
different from that for the “cold” side sample. In case of the material I, characterized by
high density, the difference between the “cold” and the “hot” sides is more pronounced.

Figure 8. SEM images of the material II after exposure to concentrated solar radiation: (a) the first mode,
the “cold” side; (b) the first mode, the “hot” side; (c) the fusion mode; (d) the fusion mode, spherulite.
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The microstructure of the samples treated in the second mode (the fusion mode)
significantly differs from that of the samples treated in the first mode. Recrystallization of
fibers is observed with the formation of non-fibrous particles, sintered into a dense ceramic
material, and consisting of cubic crystals with a size of about 10-50 microns. There are also
spherulites of 1-2 mm in size, formed by needle-like crystals (see Figure 8d).

3.3. Elemental Composition

The elemental composition of fibers and areas of their connection was studied by
the SEM-EDS. For the investigated fibers, regardless of their size, the atomic fraction of
aluminum is the highest; oxygen and silicon are also present. Fiber fusion areas contain
predominantly silicon and oxygen, as well as aluminum (Figure 9).
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Figure 9. Micrographs indicating the areas and points of EDS as well as the corresponding spectra:
(a) skeleton fibers, the material II; (b) skeleton fibers, the material I; (c) the area of fiber fusion (the
fusion mode), the material I.

3.4. Compressive Strength

The average value of the compressive strength for the initial material I is 11 MPa.
In general, treatment of the material with concentrated solar radiation does not lead to
a decrease in strength. The fracture pattern and the shape of the of load-elongation curve
have no fundamental differences. At the same time, the strength of specimens cut from
different parts of the treated material I is somewhat different (Figure 10). The average
values of the compressive strength of the specimens cut from the “cold” and “hot” sides
are 9.6 and 10.7 MPa, respectively. This may also indicate changes in the structure of the
material. The average value of the compressive strength for the initial material II is about
1.5 MPa. After exposure to concentrated solar radiation, the strength decreases to 0.6 MPa.
The compressive strength for the initial material III is at the level of 0.4-0.6 MPa. With
prolonged heating by solar radiation, as in the previous case, degradation of properties is
noticeable. In some cases, delamination was observed on the “cold” side of the material
III specimens.
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Figure 10. The load-elongation curves for compression testing for the materials I, II.

4. Conclusions

The phase composition, microstructure, elemental composition, and mechanical prop-
erties of three heat-insulating ceramic fibrous materials of the Al;03-5i0; system, charac-
terized by different densities, have been studied after prolonged exposure to concentrated
solar radiation. It has been shown in the study that the investigated materials retain
their fibrous structure under prolonged treatment in the first mode up to temperatures of
1600 °C. The phase composition of the processed ceramic materials changes, and with
a decrease in the density of the material, the changes are more pronounced. The treatment
of the material with a density of 1000 kg/m3 (the material I) leads to the formation of
a new phase component—corundum (x-Al,O3). It is more likely that this can be associated
with the transition of the initial metastable phase 5-Al,Oj3 to the stable x-Al,O3 than with
the formation of phases from the initial mullite. An increased amount of x-Al,O3 is ob-
served on the surface of the “hot” side sample. The mechanical properties of the material I
are slightly reduced as a result of exposure to concentrated solar radiation. The average
values of the compressive strength of the specimens cut from the “cold” and “hot” sides
are 9.6 and 10.7 MPa, respectively. The treatment of the material with a density of 500 kg/m?
(the material II) leads to the formation of another phase component (in addition to
corundum)—cristobalite (5iOy). It probably forms from an amorphous binder. A change in
the structure of the material II leads to a decrease in strength from 1.5 to 0.6 MPa. The mate-
rial with a density of 300 kg/ m3 (the material III) also contains corundum and cristobalite
after prolonged heating. In some cases, delamination of the material I1I is observed.

The treatment of all three materials in the fusion mode results in the formation of the
eutectic component in the form of spherulites.

It is stated that the material I, with a density of 1000 kg/m?3, is the most resistant to
high-speed heating by concentrated solar radiation. The greatest structural changes are
observed for the materials with a lower density (the materials II, III). The effective operating
temperature of such materials should not exceed 1600 °C.
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