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Abstract
Continuous alumina �bers reinforced alumina matrix composites (Al2O3f/Al2O3 composites) were
produced by following the sol-gel process effectively, while the ablation behavior was analyzed and
compared by means of oxyacetylene torch �ame test. The results suggested that Al2O3f/Al2O3

composites showed excellent ablation resistance, but no obvious cracks, pits or holes after ablation. The
mass and thickness of the sample were barely changed after ablation. After ablation for 120s at 1800℃,
the surface morphology of composite material showed no signi�cant change. With the increase of
ablation temperature, there were visible signs of high-temperature and high-pressure gas erosion found
on the surface of composites. Then, the molten black material began to appear on the surface, and the
delamination phenomenon occurred �nally. After ablation at 2200℃, the surface of composites became
uneven, manifesting large-scale black molten particles, and the area affected by ablation was increasing
obvious.

Highlights
1. Al2O3f/Al2O3 composites were fabricated by sol-gel process.

2. Al2O3f/Al2O3 composites showed excellent ablation resistance.

3. The ablation behavior of Al2O3f/Al2O3 composites at 1800℃, 2000℃ and 2200℃ were studied and
compared.

1. Introduction
Due to the higher strength, higher toughness and better corrosion resistance, continuous �ber reinforced
ceramic matrix composites (CFRCMCs) have been favored by the researchers [1–3]. They have the
potential to be applied in aerospace, advanced weapons, ships, and nuclear energy [2–9].

For long-time use under high-temperature environment, the application of non-oxide ceramic matrix
composites is severely limited as the �bers and matrix are particularly prone to oxidation and failure [10–
12].

As an important branch of CFRCMCs, Oxide/Oxide composites (OCMCs) have attracted more attention
with the development of oxide �bers. Oxide ceramics demonstrate excellent corrosion resistance, which
makes it suitable for long-time use in high-temperature oxidation environment [12–15].

The Oxide �bers can be divided into the following categories: quartz �bers (SiO2), aluminosilicate (AS)
�bers and alumina �bers (Al2O3). Al2O3 �bers exhibit better creep resistance and high-temperature
resistance behavior [16–21].

The oxide matrix mainly includes silica matrix, mullite matrix and alumina matrix. Among them, alumina
matrix shows excellent corrosion resistance. Thus, Al2O3f /Al2O3 composites are expected to be applied
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as an alternative material in high-temperature environment [22, 23].

In our previous study, Al2O3f/Al2O3 composites were produced using sol-gel method [23]. The
microstructure of Al2O3 �bers and Al2O3 matrix were examined, while the mechanical properties of Al2O3f

/Al2O3 composites were characterized.

Before the practical application of Al2O3f /Al2O3 composites under the high-temperature environment, it is
necessary to investigate the evolution of microstructure during ablation. Oxyacetylene torch �ame
ablation method is the simplest and easiest way to achieve this goal with the minimum cost [24].
However, the studies on ablation morphology and microstructure of Al2O3f /Al2O3 composites have been
rarely reported.

In this study, the ablation behavior of Al2O3f/Al2O3 composites was revealed and discussed. Besides, the
surface variations of Al2O3f/Al2O3 composites were clari�ed and compared.

2. Experiments And Methods

2.1 Preparing of Al2O3f/Al2O3 composites
Preparing of Al 2 O 3f /Al 2 O 3 composites: Al2O3f/Al2O3 composites were prepared using sol-gel method
[23]. The sol–gel process is detailed as follows: (1) In�ltration, Al2O3 �ber preforms were impregnated
fully with Al2O3 sol (Snowchemical S&T Co., Ltd, China) for about 6 h. (2) Gelation, the fabrics were dried
at 200°C for 6 h until gelation. (3) Sintering, the dried Al2O3 preforms were sintered at 900°C for 1 h in air.
To produce the dense Al2O3f/Al2O3 composites, the sol–gel process was repeated for 12 cycles. The size
of the �nal sample is 30×30×3mm.

2.2 Tests and Characterization
Ablation tests: The ablation behavior of Al2O3f/Al2O3 composites was tested using an oxyacetylene torch
(GJB323A-96), and the oxyacetylene �ame was parallel to the axial orientation of samples. The ablation
resistance test conducted on the Al2O3f/Al2O3 composites is detailed as follows: 1) the ablation
performance of the composites was evaluated by oxyacetylene ablation system, with the �ow rate and
pressure of O2 set to 850L/h and 0.095MPa respectively, and the �ow rate and pressure of C2H2 set to
400L/ h and 0.4MPa respectively; 2) the surface temperature of the samples was adjusted by controlling
the distance between the �ame nozzle and the sample to be tested, with the distance set to the range of
25 ~ 50mm. The temperature should be 1800 ~ 2200℃, and the surface temperature of the sample
during ablation should be detected by two-color infrared thermometer; 3) the ablation time was set to
120s. The linear and mass ablation rates of the samples could be obtained according to the formulas
below:
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Rl represents the linear ablation rate, Δd indicates the thickness change of the samples at center region
before and after ablation, Rm denotes the mass ablation rate, Δm refers to the mass change of the
samples before and after ablation, and t means the ablation time.

Characterization

The microstructure and morphology were analyzed through a combination of �eld emission scanning
electron microscopy (SEM, JSM-5600LV) and energy dispersive spectroscopy (EDS).

The phase composition was investigated by XRD on a Bruker Advanced D8 diffractometer with Cu Kα
radiation (λ = 1.5418 Å).

3. Results

3.1 Ablation behavior of Al2O3f/Al2O3 composites
Figure 1 shows the macromorphology of Al2O3f/Al2O3 composites after ablation for 120s at 1800℃,
2000℃ and 2200℃. As shown in Fig. 1, after ablation for 120s at 1800℃, the surface morphology of
composite material exhibited no signi�cant change. With the increase of ablation temperature, there were
visible signs of high temperature and high pressure gas erosion spotted on the surface of composites,
and the molten black material began to appear on the surface. Then, delamination occurred.

After ablation at 2200 ℃, the surface of composites became uneven, large-scale black molten particles
appeared, and the area affected by ablation expanded obviously. The reasons for the black surface of the
composite material to be observed after ablation are explained as follows. A small amount of Fe2O3 in
the �ber got oxidized to Fe3O4 in the air environment, so that the color was black. Mixed with the molten
alumina matrix, the surface of the composite material was shown to be black after ablation.

All samples had no obvious cracks, pits or holes after ablation, and the original �at shape was
maintained. The composite had structural integrity and reliability to some extent, suggesting that the
ablation resistance of Al2O3f/Al2O3 composites was better.

3.2 XRD of Al2O3f/Al2O3 composites
Figure 2 shows the XRD curves of the composites before and after ablation. The surface of melting
particles after ablation at 2200℃ for 120s was taken as ablation products and compared against the
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samples without ablation. It can be seen from Fig. 2 that the composition and the composites remained
unchanged after ablation, and they were all α-Al2O3. The only difference is that the diffraction peak
intensity of the ablated product increases signi�cantly, which is attributed to the grain growth of the
matrix and �bers at high temperatures during ablation. The results suggested that the microstructure of
the composite was stable after high-temperature ablation. Since the �ber and matrix were both high
purity alumina, no other chemical reactions occurred, thus ensuring the integrity of the composites.

3.3 The linear and mass ablation rates of Al2O3f/Al2O3
composites
Table 1 shows the ablation performance of Al2O3f/Al2O3 composites after ablation at 1800℃, 2000℃
and 2200℃ for 120s, respectively. Since the mass and thickness of the sample were barely change after
ablation at 1800℃, it is discounted here. According to Table 1, the linear ablation rate and mass ablation
rate of the composite were extremely low after ablation at 2000℃ and 2200℃ for 120s, indicating that
the composites were less affected by ablation. The low linear ablation rate of Al2O3f/Al2O3 composites
was closely related to the high melting point of the material. The theoretical melting point of Al2O3 was
2054℃. The temperature of this ablation test was close to its melting point, as a result of which the
linear ablation rate of the material was low. The mass ablation rate of Al2O3f/Al2O3 composites was
mainly related to the viscosity of the material, and the material began to melt after a certain amount of
heat was accumulated in the ablation process. While the molten matrix and �ber would be continuously
washed by the gas �ow with high temperature and pressure, from the center of the sample to the edge of
the sample. Due to the high viscosity of alumina at high temperatures, it was di�cult to remove by the
gas �ow, but stayed on the surface of the composites. After cooling, the molten particles were formed, so
that the mass loss of the composite material was insigni�cant, and the mass ablation rate was also very
low. The lower linear ablation rate and mass ablation rate indicated that Al2O3f/Al2O3 composites had
strong ablation resistance.

Table 1
The ablation performance of Al2O3f/Al2O3 composites after

ablation
Properties Al2O3/Al2O3 composites

Ablation time/s 120

Ablation temperature/℃ 1800 2000 2200

Linear ablation rate/mm/s — 0.00167 0.00321

weight ablation rate/g/s — 0.00097 0.00156

3.4 Morphology of Al2O3f/Al2O3 composites
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Figure 3 shows the original surface and cross-section morphology of the composites. It could be seen
from Fig. 3 that the surface of the composites was a layer of alumina, and that its surface was roughly
�at, with undulations and cracks observed. The cracks were mainly caused by the thermal stress
generated in the sintering process of the matrix. It could be seen from the cross-section of the composite
that the interior of the composites was relatively compact, the �ber and the matrix were bonded well, and
there were no obvious pores or defects. The continuity and integrity of the composites suggested better
mechanical properties and stronger ablation resistance.

Figure 4 shows the microstructure and EDS analysis of the composites after ablation at 2200℃ for 120s.
According to EDS analysis, there were only two elements Al and O in A, B and C. Based on the proportion
of these elements, it could be inferred that the phase composition of the composite surface remained
unchanged after ablation, which means it remained Al2O3. It could be seen from Fig. 4 that the ablated
surface of the composite could be roughly divided into three areas. Firstly, at point A, the edge of the
samples was a continuous layer of Al2O3 matrix, which was less affected by the ablation. This is mainly
because the matrix became more compact and compact after heat treatment, and the surface was
smoother. Secondly, at point B, most of the matrix in the composites was washed away by the air �ow at
high temperatures, thus leading to a lot of defects Al2O3 �bers. Besides, the structure and braiding of the
�bers were also affected, belonging to the ablation transition region. Lastly, at point C, the ablation center
of the sample had the highest temperature in the ablation process, and the �bers melted at high
temperatures, thus forming many small segments of structure. Mixed with the fused alumina matrix, they
were deposited at the edge of the ablation center, cooled and solidi�ed. The mixture of �ber and matrix
was formed after the treatment.

Figure 5 shows the cross-section micro morphology of Al2O3f/Al2O3 composites after ablation at 2200℃
for 120s. It can be seen from Fig. 5 that the cross-section morphology of the composites was mainly
divided into two areas: 1) zone I, the reaction area in the ablation process. The average thickness of the
whole reaction area was about 250µm. In this area, there were plenty of pores in the composites, and the
whole appearance was starkly different than in zone II. There was no clear �ber braiding pattern
observed, and the structure of the composites suffered damage. According to the locally enlarged view of
point A, this area was mainly comprised of fused �ber and alumina matrix, and the continuous
toughened �ber in this area was fused at high temperatures and mixed with the molten alumina matrix;
2) zone II, the unaffected area in the ablation process, in which the composite was basically unaffected
by ablation and remained stable. The original structure and morphology of the composites were
observed.

4. Conclusions
Al2O3f/Al2O3 composites were produced by sol-gel effectively. The ablation behavior of Al2O3f/Al2O3

composites was tested. The results were summarized as follows:



Page 7/12

(1) Al2O3f/Al2O3 composites had excellent ablation resistance. All samples showed no obvious cracks,
pits or holes after ablation, and the original �at shape was maintained.

(2) After ablation for 120s at 1800℃, the surface morphology showed no signi�cant change. The mass
and thickness of the sample were barely changed after ablation.

(3) After ablation at 2200℃, the surface of composites became uneven, large-scale black molten
particles appeared, and the area affected by ablation expanded signi�cantly.
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Figures

Figure 1

The macromorphology of Al2O3f/Al2O3 composites after ablation for 120s at 1800℃, 2000℃ and
2200℃



Page 10/12

Figure 2

The XRD curves of the composites before and after ablation
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Figure 3

The original surface and cross-section morphology of the composites

Figure 4

The microstructure and EDS analysis of the composites after ablation at 2200℃ for 120s
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Figure 5

The cross-section micro morphology of Al2O3f/Al2O3 composites after ablation at 2200℃ for 120s


