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Abstract

Micron-size zirconium oxide (ZrO2) was used to improve the thermal stability and ablation properties of asbestos fiber/phenolic composites
and to reduce their final cost. ZrO2/asbestos/phenolic composites were prepared in an autoclave by the curing cycle process. The densities of the
composites were in the range of 1.64–1.82 g/cm3. The ablation properties of composites were determined by oxyacetylene torch environment and
burn-through time, erosion rates and back surface temperature in the first required 20 s. To understand the ablation mechanism, the morphology
and phase composition of the composites were studied by scanning electron microscopy, energy dispersive spectroscopy and X-ray diffraction.
Thermal stability of the produced materials was estimated by means of thermal gravimetric analysis, in air which consisted of dynamic scans at a
heating rate of 10 1C/min from 30 to 1000 1C with bulk samples of about 2372 mg. The thermal stability of the composites was enhanced by
adding ZrO2. The results showed that the linear and mass ablation rates of the composites after adding 14 wt% ZrO2 decreased by 58% and 92%,
respectively. The back surface temperature of a sample with 14% zirconia was 49% lower than that of pure composite. The SEM studies showed
that, modified composites displayed much lower porosity than that of non-modified composite and the destruction of asbestos fibers was very
low. On the other hand, it appeared that a thin melted layer of ZrO2 covered the surfaces of zirconia-containing composites.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Thermal protection systems (TPS) are vital to the integrity
of systems subjected to severe heating environments, such as
hypersonic entry/re-entry vehicles, rocket engine nozzles, and
heat shield and rocket combustion chambers. In particular, the
use of a TPS to protect the payload of a hypersonic or
planetary exploration vehicle from extremely high aerothermal
heating rates display severe challenges due to TPS mass
constraints. For very intense aerothermal heating environ-
ments, ablative TPS systems so far represent the only viable
and fail-safe option. Ablative systems operate by absorbing
heat through thermal decomposition and rejecting it via
pyrolysis gas injection back into the boundary layer gas and
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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re-radiation [1–3]. Ablative materials have been the subjects of
many experimental and numerical studies, particularly in the
1960s and 1970s [4,5].
Most ablative TPS materials are reinforced composites

where organic resins are used as matrices. When heated, the
resin pyrolysis generates gaseous products (mostly hydrocar-
bons) that permeate through a solid and diffuse toward the
external heated surface and proceed into the boundary layer,
where the heat transfer processes take place. The resin
pyrolysis also produces a carbonaceous residue, termed as
char. The process is typically endothermic and pyrolysis gases
are heated as they percolate toward the surface, thus trans-
ferring energy from the bulk of the composite into the
pyrolysis gas.
The entering of the pyrolysis gases into the boundary layer

alters its properties, generally resulting in reduction of con-
vective heating. However, the gases may undergo chemical
reactions with the boundary layer gases, thus influencing the
net heat transferred into the surface. Furthermore, chemical
ghts reserved.
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reactions can result in consumption of the surface material
leading to surface recession. Reactions can be endothermic
(vaporization or/and sublimation) or exothermic (oxidation)
and will have an important impact on net energy to the surface.
Clearly, in comparison to reusable TPS, the interaction of
ablative TPS materials with the surrounding gases is much
more complex as more numerous mechanisms are involved to
accommodate the intense heating [6–8]. Due to the very high
temperature attained on the surface of the TPS, several events
can occur [9,10]:
1.
 Re-radiation of thermal energy from the outer surface into
the atmosphere. At equilibrium temperature the entire
incoming energy is dissipated;
2.
 pyrolysis taking place in the outer layer;

3.
 outer layers are charred and the pyrolysis zone advances

toward inner layers;

4.
Fig. 1. A cure profile for fabrication of composite.
soft char is removal from the surface by aerodynamic shear
force (mechanical ablation).

The TPS, first developed in the early stages of space
exploration, is today still widely investigated and advanced
studies are driven by a strong request in terms of high heat flux
resistance and cost effectiveness.

However, with the development of new aerospace vehicles,
the comprehensive properties of the currently used ablatives
cannot meet all the commercial and military demands. There-
fore, ablative composites need to be infiltrated with refractory
materials such as metals and carbides/borides to modify the
ablative materials. Recently, different kinds of fillers, such as
boron nitride, aluminum nitride, silicon nitride, alumina,
silicon carbide, silica and diamond have been studied to
improve the thermal behavior of polymer composites
[11–14]. Lombardi et al. have investigated the role of layered
fillers and equiaxial filler on ablative properties of composites
based on PPO blend [15,16]. Some extensive research works
have been carried out on the effect of zirconium carbide on
microstructure and ablation properties of composites [17–22].
Erica et al. have improved ablation resistance of C/C compo-
sites using ZrB2 and B4C [23]. Various studies have been
carried out to improve the thermal stability and ablation
properties of asbestos/phenolic composite using nanosilicate
by Bahramian et al. [24–27].

The interest in ZrO2 as a refractory material is due to its
thermo-physical properties such as low thermal expansion, low
thermal conductivity, simple process ability, and low cost [28].
To the best of our knowledge, few works have been conducted
on the thermal stability, microstructure and ablation properties
of composites containing ZrO2 additive. Chen et al. have
investigated the effect of ZrO2 powders on the pyrolysis of
polycabosilanes coating under laser ablation [29]. Recently,
Srikanth et al. have studied the mechanical, thermal and
ablative properties of zirconia, carbon nanotube modified
carbon/phenolic composites [30]. Effect of ZrO2 on ablation
properties of carbon fiber and ceramic fiber composites was
studied in our previous paper [31]. In the present work, effect
of ZrO2 on the thermal stability, microstructure and ablation
properties of a mineral fiber (asbestos) reinforced composite is
investigated.

2. Experimental

2.1. Material preparation

Resole-type phenolic resin (IL800/2, Resitan Company) was
used as matrix precursor of composites. The resin had a solid
content of around 81% and a carbon yield of about 63% at
1000 1C in nitrogen atmosphere and density 1.1 g/cm3. The
viscosity of liquid resin at 20 1C was 600–800 mPa.s. Plain
weave asbestos (chrysotile-type) fiber cloth (grade AAA;
1100 g/m2) was used as reinforcement for phenolic compo-
sites. The fiber density was 2.1 g/cm3. ZrO2 powder (Hetian
Ceramic Company) with an average particle size of about 7 μm
and purity 495% was used as refractory filler.

2.2. Asbestos/ZrO2/phenolic prepregs preparation

The fabrication of composite, arranged in 3 layers of plain
weave asbestos fiber cloth, included the manual impregnation
(hand lay-up method) with phenolic resin, previously mixed
with ZrO2 in the proportion of 0%, 7%, 10.5%, 14%, 17.5%
and 21% based on resin weight. Each layer was put upon the
previous layer in the same orientation and impregnated to
complete the sequence of 3 layers. The impregnated fabrics
were left in the prepregging rack at ambient temperature for
24 h to evaporate the solvent inside for better impregnation of
the resin into fabrics.

2.3. Asbestos/ZrO2/phenolic composites fabrication

Asbestos/ZrO2/phenolic composites were fabricated in an
autoclave by a conventional vacuum bagging method. Fig. 1
represents a cure profile of temperature, time and pressure to
fabricate the composite in this work. After curing, the
composites were post-cured for 2 h at 180 1C. The
as-produced composites were designated as CZW-y, in which
y indicated the mass content (wt%) of ZrO2 in asbestos/
phenolic composites. The apparent density (overall mass-to-



Table 1
Density and porosity of the samples.

Samples Content of ZrO2 (wt%) Sample density (g/cm3) Porosity (%)

CZW-0 0 1.64 4.6
CZW-7 7 1.68 4.7
CZW-10.5 10.5 1.75 4.5
CZW-14 14 1.77 4.3
CZW-17.5 17.5 1.80 5.1
CZW-21 21 1.82 4.9
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volume ratio) and porosity of the samples are listed in Table 1.
The obtained composite was 40� 40 cm in size. The thickness
was 4 mm. All the composites were cut into a large number of
required size specimens for the experimental purpose.

2.4. Mechanical tests

To study the mechanical properties of the composites,
3-points bending test was performed on an electronic universal
testing machine (H&P 50, Germany). The load velocity was
1 mm/min. The effective size of the samples was 11.5 mm�
20 mm� 4 mm. The number of specimens used in the bending
test was 6.

2.5. Thermal stability tests

Thermogravimetric analysis (TGA) was carried out in an air
atmosphere, using rectangular test specimens with each
estimated weight of 2372 mg, heating up 1000 1C, under a
constant flow of dry air with heating rate of 10 1C/min. The
oxidation behavior of the composite, as well as of its
individual components, was evaluated by the weight loss
method in a Lin Feif PT-100 thermogravimetric analyzer.

2.6. Ablation experiment

The appropriate testing of ablative materials required the use
of hyperthermal environments with very high heat fluxes. This
device was able to produce both the high temperature flame
(up to 3000 1C) and the high heat flux. It is noteworthy to
mention that the measurements were carried out with an
oxyacetylene torch performed in an oxidative environment,
i.e., under the conditions in which the degradation processes of
the samples were maximized by their interactions with oxygen.

The ablation test was performed using an oxyacetylene
flame torch and the characteristic values were calculated based
on ASTM E285-80. Plate test specimens were of 80 mm�
80 mm in size and 40 mm in thickness. K-tape thermocouple
was firmly attached with epoxy resin at the center of back faces
of a specimen to record temperature changes as a function of
time during the test. The external body of the thermocouples
was protected using two alumina tubes. The distance and the
angle between the specimen surface and the torch tip were
20 mm and 901, respectively. The flame temperature in the
present ablation testing system was estimated to be approxi-
mately 3000 1C and the heat flux was about 80 kW/m2.
The ablation test was steadily conducted until the specimen
was burnt through. Both the linear and mass ablation rates
were calculated by dividing the specimen thickness or the
weight change before and after the test into a burn-through
time for each specimen. The average value was taken from the
result after repeating the five specimens.

2.7. Characterization

The widest and most effective way of evaluating the erosion
rate of an ablative material subjected to a hyperthermal
environment is based on an analysis of the post-test specimen
surfaces by optical and scanning electron microscopy (SEM).
This analysis was performed both on the pristine and on the
burnt samples, allowing the study of the initial morphology of
the composites and of the effects of the high-temperature
exposure. This analysis was accomplished by SEM combined
with energy dispersive spectroscopy (EDS) in a VEGA2/
TESCAN. To reduce electron charging, the samples were
sputter coated with gold. The phases of composites were
analyzed by X-ray diffractometer (XRD) with Cu-Kα radia-
tion. Data were digitally recorded in a continuous scan mode in
the angle (2θ) range of 5–851 with a scanning rate of 1 1/s.

3. Results and discussion

3.1. Morphological characterization

The morphology of the produced materials was investigated
by means of a SEM analysis. Fig. 2a and b refers to the
fractured surface of the CZW-0. These SEM images show the
typical bundles of long chrysotile fibers. Fig. 2c and d shows
some representative pictures of the CZW-14. By increasing the
magnification, it is possible to clearly identify the ZrO2 particles
(a rectangular structure) and chrysotile fibers embedded in the
phenolic matrix.

3.2. Thermal stability

Fig. 3 compares the TGA curves of neat resin and
as-received composites. This figure shows that the thermal
decomposition of the modified composites (CZW-0) shifts
toward higher temperature range compared with that of pure
composite, and confirms the enhancement of thermal stability
of the composites. Evidently, it shows that major weight losses
are observed within the range of ∼380–800 1C for all the
specimens.

3.3. Mechanical and ablation properties

The mechanical properties of as-received composites are
listed in Table 2. It can be seen that the strength and modulus
of bending of the as-received composites increase by increase
in ZrO2 content (≤14.4 wt%), but they decrease when the
content of ZrO2 is ≥17.5 wt% for CZW-17.5.
The ablation properties of composites are shown in Table 2.

A similar tendency in drop in ablation rates is found in samples



Fig. 2. SEM images of the fractured surfaces of composites: (a) and (b) CZW-0, and (c) and (d) CZW-14.

Fig. 3. The TGA thermogram of weight loss for CZW-0, CZW-7, CZW-14
and CZW-21.

Table 2
Mechanical and ablation properties of ZrO2-filled asbestos composites and pure
asbestos composites.

Samples Bending
strength (MPa)

Modulus of
bending (GPa)

Linear ablation
rate (mm/s)

Mass ablation
rate (g/s)

CZW-0 59.51 5.3 0.146 0.538
CZW-7 73.90 5.8 0.084 0.368
CZW-10.5 75.01 6.3 0.080 0.351
CZW-14 75.59 6.9 0.076 0.340
CZW-17.5 71.27 6.1 0.081 0.346
CZW-21 58.72 5.3 0.079 0.384
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with increased ZrO2 content. At the beginning, the linear
and mass ablation rates of the unmodified composite are
0.538 mm/s and 0.146 g/s, respectively. Then, they decrease
rapidly when the ZrO2 content is below 10.5 wt%, followed by
a slow drop when the ZrO2 content is less than 17.5 wt%, and
finally remains more or less constant at higher ZrO2 content.
The linear and mass ablation rates of CZW-14% are
0.340 mm/s and 0.076 g/s, respectively. The linear and mass
ablation rates of unmodified composites are dropped by about
58% and 92%, respectively by addition of 14% zirconia.
Compared with montmorillonite/phenolic/asbestos ablative
nanocomposites (highly filled polymer-layered silicate nano-
composites as a new class of ablative materials) which had
displayed a linear ablation rate of 0.155 [32], the zirconia/
phenolic/asbestos in our findings showed highly improved
ablation resistance.
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Fig. 4 shows the temperature distribution at the back surface
of modified composites in comparison with pure composite,
which was measured experimentally in the first 20 s of the
oxyacetylene flame test. At the end of the test, the back surface
temperature of a 4 mm thickness CZW-7, CZW-10.5, CZW-14,
CZW-17.5, CZW-21 and CZW-0 was recorded in the order given
as 115.78, 111.53, 103.12, 102.05, 104.81 and 153.23. It showed
Fig. 4. Temperature distribution of back surface of the as-received composites.

Fig. 5. Digital images of the burnt front surface (a) CZW-0, (b) CZW-7, (c) CZW-
the references to color in this figure legend, the reader is referred to the web versi
that for instant the back surface temperature of CZW-14% was
49% lower than that of the pure composite.

3.4. Structure and surface morphology of char layers

Mass and energy transfer between the material surface and
the environment is very complex in the ablation involving a
series of chemical and physical reactions. The ablative
performance is closely related to the structure, thermal con-
ductivity, and strength of the charred layer and the diffusion
rate of pyrolysis gas [24–27,33–35]. Therefore, the difference
in ablative properties of different composites is likely caused
by the diversity of the char layers formed in the ablation.
Fig. 5 shows the burnt surface of the CZW-0 (Fig. 5a),

CZW-7 (Fig. 5b), CZW-14 (Fig. 5c) and back surface of
CZW-14 (Fig. 5d) after ablation. The surface color of all the
samples which had ZrO2 changed into pale yellow. In the
absence of ZrO2 and under exposure to the torch, asbestos
fibers melted easily into low viscosity, unbounded spheres
which rapidly flowed away from the zone touched by the flame
plume. A high erosion rate was experienced by the material.
Even in a hyperthermal environment characterized by small
shear forces, these spheres were easily removed, and left the
charred surfaces unprotected. Fig. 5b and c shows the effect of
ZrO2 on ablation of as-received composites. Under exposure to
14 and (d) the burnt back surface CZW-14 after ablation. (For interpretation of
on of this article.)
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the flame, ZrO2 melted and produced very high viscosity
which slowly flowed away from the zone touched by the
flame plume.

On the other hand, the color of the ablated surface changed
from black to pale yellow, and yellow, loose ablation layer
formed on the surface (especially in samples with ZrO2

contents of ≥10.5 wt%). The higher ZrO2 contents were able
to effectively freeze the high-viscosity melted ZrO2 droplets
under the zone touched by the flame (Fig. 5b). This condition
Fig. 6. Ablated surface morphologies of composites (a and
improved the protection of the charred substrate and the
preservation of the surface considerably, leading to a signifi-
cantly lower erosion rate. Fig. 5d shows the back face of
CZW-14 after ablation, as shown by a thin layer of char
produced.
SEM study completely confirmed the results of the tradi-

tional optical analysis. Increasing the ZrO2 contents, the
erosion rate decreased and the charred substrate increased its
capability to freeze the melt droplets under the zone touched
b) CZW-0, (c and d) CZW-7 and (e and f) CZW-14.



Fig. 8. Morphologies of the tree-coral-like ZrO2 layer.
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by the torch, improving the ablation resistance of the
as-received composites.

The study of microstructural changes of ablated CZW-0
(Fig. 6a and b) shows the destruction of chrysotile fibers,
creation of high porosity, and the residual combustion products
which are melted and solidified into spherical shape. These
figures show that not only phenolic matrix was sublimated or
decomposed completely, but also some asbestos fibers were
sublimated as well. This occurred because of the destruction of
chrysotile fibers and formation of strips of forsterite and the
SiO2 particles with lower boiling temperature than the flame
temperature [14].

The surface morphologies of the modified composites with
ZrO2 after ablation test (Fig. 6c–f) were completely different
from that of composite without ZrO2 (CZW-0). They have
much lower porosity than that formed on the surface of CZW-0
and the destruction of fibers is very low (especially in samples
with ZrO2 quantities ≥10.5 wt%). On the other hand, it seems
that a thin molten layer covers their surface. This is because
ZrO2, unlike SiO2, has a high melting point (2800 1C). By
melting, ZrO2 as a highly viscous melt is left on the surface of
the composite for it can absorb heat which would be otherwise
transferred to the interior of the material. The molten ZrO2 has
high viscosity and strong adhesion to the composite and it
partially seals the pores and avoids phenolic matrix and asbestos
fibers from more ablation. This is the basic reason for the
ablation property improvement of modified composites by ZrO2

in oxyacetylene torch test.
Char layer which was created in the entire area was exposed

to the oxyacetylene flame and then excoriated from the
composite surface and made into powder. Phase analysis was
carried out by XRD on the composite. Fig. 7 shows the XRD
patterns of ZrO2 modified asbestos fiber composites (CZW-14)
before and after ablation. Fig. 8 reveals that the CZW-14 is a
composite of monoclinic ZrO2 and asbestos before ablation.
Fig. 7 shows that the char layer of ablated samples consists of
mixture of forsterite (Mg2SiO4), monoclinic-ZrO2, cubic-ZrO2,
zirconium carbide (ZrC) and silicon carbide (SiC). This
Fig. 7. XRD patterns of CZW-14 before and after ablation.
indicates that asbestos fibers (chrysotile-type) are destructed
completely and converted into forsterite.
As mentioned before, Fig. 5b and c show the pale yellow,

loose ablation layer formed on the surface of composites
containing ZrO2 (especially ≥10.5). The microstructure of the
pale yellow, loose ablation layer formed on the surface of
CZW-21 shows a loose, tree-coral-like ZrO2 layer without any
fiber observed on the surface of the ablation layer (Fig. 8). The
relatively large cavities with 5–15 mm diameters were formed
because of the burnt-out matrix and the fiber. The surface
ablation layer slowed down the heat transfer and gas flow, and
therefore it reduced the erosion of materials. After peeling off
the loose ZrO2 layer from the ablation layer, the undersurface
layer appeared as an oxidized composite.
3.5. Elemental analysis of char layer

The elemental composition of char layer was characterized
by using EDS analysis, the results of which are shown in Fig. 9
and Table 3. On the front surface of the char layer of CZW-0
composite (Fig. 9a), marked as A, the major elements found
are: C, O, Mg and Si, in which the last two are relatively low,
and in addition to the above elements there are small amounts
of Ca and Ir originating from other ingredients which are used
in the asbestos fiber. So the white lamellar structures shown by
A are mainly composed of C, a result worth noting. The major
elements found for marked sector by B (Fig. 9b) are O, Mg
and Si and C at relatively low contents. Therefore, the gray
spherical structures are mainly composed of O, Mg and Si;
implying that the spherical structures on the char layer surface
should be made of components that have very high oxygen
contents, i.e., forsterite (Mg2SiO4). This result was confirmed
by Perez-Maqueda et al. [36]. For the char layer of CZW-7
composite, EDS data (Fig. 9c) show that the elements on the



Fig. 9. EDS results of char layers for ablated composites: (a) and (b) CZW-0, (c) CZW-7 and (d) CZW-14.

Table 3
Elemental composition on the front surfaces of char layers for different composites.

Sample C O Si Mg Zr Ca

Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% Wt% At%

CZW-0
A 68.29 75.26 27.79 23.00 1.10 0.60 1.91 0.90 – – 0.29 0.10
B 6.13 9.09 61.79 68.79 19.37 14.19 11.97 7.59 – – 0.75 0.33

CZW-7
A – – 19.32 55.70 4.29 8.30 – – 72.34 31.37 4.05 4.63

CZW-14
A – – 18.39 52.75 4.29 8.30 – – 75.91 38.20 2.32 2.65
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front surface are Zr, O and small amounts of Mg and Ca. The
data given in Table 2 show that the molar ratio of O to Zr is close
to 2:1, which implies that, the thin film layer should be made of
ZrO2. Almost, similar results are observed for the char layer of
CZW-14 composite (Fig. 9d). In the modified composites by
ZrO2, the disappearance of the Si element on the center zone of
char layer shows that the Si had already vaporized (as SiO2) in
the ablation at temperature over 2000 1C.

3.6. Ablation process and mechanism of the composites

Ablation of polymer composites is a series of complicated
chemical reactions (oxidation mainly), the thermal-physical
process and mechanical erosion at high-temperatures. There
are mainly two kinds of ablation mechanisms including
chemical erosion and mechanical denudation. The chemical
erosion refers to the oxygen diffusion into the polymer matrix
and the heterogeneous reaction of the material with
combustion gases. The mechanical denudation means the
peeling of the fibers and polymer matrix caused by the
shearing forces are due to a flame at high-temperature, high
velocity and pressure [37–40]. Observation of the ablation
morphology of pure and modified composites (Figs. 5 and 6) is
helpful to understand the ablation behavior. The pores, defects
and interfaces between the asbestos fibers and phenolic matrix
are oxidized initially, so the surface of the specimen becomes
loose and perforated. Thus, some passages are formed for
oxygen to enter the inner substrate of asbestos/phenolic
composites. With the ablation going on, the asbestos fibers
and loose phenolic matrix are severely ablated, even washed
away by the shearing action of the oxyacetylene flame. As a
result, new ablation interface is formed. The asbestos fibers are
ablated into pulverulent-shape. During the oxyacetylene torch
ablation several degradation processes operate simultaneously.
The first one is chemical degradation of composite which
involves endothermic pyrolysis of phenolic matrix to char as
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shown in Eq. (1).

Phenolicmatrix -CðcharÞ þ H 2 þ COþ CH4–heat ð1Þ

In addition to phenolic resin pyrolysis, the following
reactions take place:

2Mg3Si2O5ðOHÞ4 -3Mg2SiO4 þ SiO2 þ 4H2O ð2Þ

Mg2SiO4 þ SiO2 -2MgSiO3 ð3Þ

SiO2ðliquidÞ- SiO2ðgaseousÞ ð4Þ

ZrO2ðsolidÞ- ZrO2ðliquidÞ ð5Þ

ZrO2 þ 3CðsolidcharÞ- ZrCðsolidÞ þ 2COðgaseousÞ ð6Þ

SiO2 þ 3CðsolidcharÞ- SiCþ 2CO ð7Þ
The reactions (2), (3), (6) and (7) may occur in all ablation

regions and reactions (4) and (5) only happen at high
temperature areas, especially in the surface ablation layer of
the composites. When as-received composites are heated in air
by oxyacetylene flame first there is the removal of structural
OH of chrysotile fiber (reaction 2). After dehydroxylation of
chrysotile, forsterite (Mg2SiO4) occurs and by increased
heating, enstatite (MgSiO3) also appears and the content of
forsterite increases as well [41–43]. It is well known that the
boiling point of SiO2 is 2230 1C, while the surface temperature
of the char layer is around 3000 1C in the ablation. Therefore, a
large amount of SiO2 evaporates (reaction 4). Under the
ablation temperature around 3000 1C, enstatite evaporates
incongruently and produces Mg/Si variations in solid (Mg-
rich) and gas (Si-rich). These phenomena lead to complete
destruction of fibers and they are easily milled to pulverulent-
shape material by the shearing force of the flame and the
mechanical breakage. This is the main reason for high rate of
mass loss for asbestos composites.

Reaction 5 happens in the modified composites with ZrO2,
at high temperature areas. In the case of modified composites,
the ablation process may be divided into two steps. At first, the
oxidation of phenolic matrix and ablation of fibers begin at low
temperature to form spongy structure, and the oxygen diffusion
path is formed by the open pores and cracks in the composite.
Secondly, ZrO2 is melted when the char layer temperature is
raised around 3000 1C. In the char layer surface high velocity
flame made ZrO2 melt spread out on the ablated surface. The
ZrO2 melt is a thermal barrier with low thermal conductivity.
Molten ZrO2 could reduce heat transfer and oxygen transport
to the underlying materials. Therefore, it isolates the heat flux
and retards the oxygen to react with the fiber and phenolic
matrix. The thermal and ablation properties are thus enhanced.
However, when it is cooled down, ZrO2 is transformed from
cubic phase to monoclinic phase, which may lead to its large
volume change. ZrO2 spills off the ablated surface and
probably, this is the reason why the tree-coral-like ZrO2 layer
without any fiber is observed upon the surface of the ablation
layer (Fig. 8).

As mentioned before, in essence, zirconia-modified compo-
sites and SiO2 produced in composites after oxyacetylene test,
are reacting with the charred matrix (6 and 7 reactions), giving
ZrC and SiC with the evolution of carbon monoxide gas.
Formation of ZrC and SiC are confirmed from XRD studies of
ablated surfaces of the as-received composites (Fig. 7).
However, in the outer region, next to the ablated center,

ZrO2 can react with SiO2 to produce zircon (ZrSiO4) where
there is lower temperature, flow rate and pressure relative to
the center region. Therefore, ZrO2 and the produced SiO2 are
sintered together to form a dense layer that block the
conducted heat and resist the ultra-high temperature scouring
of oxyacetylene flame [44]. Thus, the ablation resistance of the
modified composites with ZrO2 is improved significantly.

4. Conclusion

Asbestos/phenolic composites were prepared by an auto-
clave curing cycle process. Ablation behavior of the
as-produced composites was investigated by oxyacetylene
torch test. The thermal stability of asbestos/phenolic compo-
sites was improved with the increasing of the ZrO2 contents.
The linear and mass ablation rates for the specimen with a
ZrO2 content of 14 wt% (0.340 mm/s and 0.076 g/s, respec-
tively) decreased by about 58% and 92%, respectively, in
comparison with those of pure composites. ZrO2/asbestos/
phenolic composite showed much better ablation resistance
than asbestos/phenolic composite because ZrO2 is melted on
the surface and sealed the pores of the composites. On the
other hand the melting process of ZrO2 absorbed the heat that
would otherwise transfer to the interior of the material. This
greatly improves the ablation property of the asbestos/phenolic
composite.
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