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Abstract

Silicone rubber ablative composite filled with silica and carbon fibers was prepared and tested using an oxyacetylene torch. After the
material was fired, the structure, composition and thermal-oxidative properties of the composite were analyzed. The results showed that
a pyrolysis layer, a ceramic layer and a silica layer were formed in turn by decomposition, ceramization and oxidation reactions of the
virgin ablative composite. Aromatic carbon was formed in the porous pyrolysis and ceramic layers by the degradation of the silicone
rubber matrix, which transformed into inorganic carbon in the zone close to the silica layer. Crystallite growth of silicon carbide, the
content of which is 10.2 wt% of the ablative products, is revealed in the ceramic layer. Oxidation of the compounds in the ceramic layer
yields a silica layer, which is composed primarily of by silica. The thermo-oxidative stabilities of the ablative layers were better than that
of the virgin material as a result of the formation of an inorganic ceramic structure.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicone rubber based composite with silica (SiO,) and
carbon fibers is a promising ablative material for the thermal
protection of solid rocket motor and ramjet combustor [1,2].
This composite has exceptional capability to withstand the
fast-flowing, high temperature combustion gases and plays
an important role in reducing the temperature rise of rocket
motor cases. DC 93-104, a commercial silicone rubber
ablative composite from Dow Corning Corporation, has
endured many flight test successfully [3,4], which has set the
stage for testing and reporting of numerous similar silicone
rubber ablative composites [5—10].

In order to clarify the ablation mechanisms and establish
ablation models for the present silicone rubber ablative
composite, a detailed experimental study of the ablation
process was initiated. Oyumi [11] suggested that after heating
test, the silicone rubber ablative composite consisted of a
virgin zone, a reaction zone and a char zone. Roberts and
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Chambers [12] reported that following heat ablation, the DC
93-104 was composed of five layers: virgin zone, volatilization
zone, pyrolysis zone, transition zone and hard char zone.
However, these researchers based their conclusions primarily
on the morphologies of the ablated composite. Further work
detailing the evolution of the ablated composite microstructure
and the chemical transformation of the composite during
ablation, particularly the transformation of the polymeric
composite into the inorganic ceramic, has not yet been
reported.

It is well known that a silicon carbide (SiC) ceramic can be
produced by several methods, e.g., carbothermal reaction
between SiO, and carbon by heat treatment or self-
propagating high-temperature synthesis (SHS) [13], the reac-
tion between carbon and molten silicon at high temperature
[14,15], conversions from precursor to ceramic by heat
treatment [16], polymer impregnation and pyrolysis (PIP)
[17] and chemical vapor deposition (CVD) [18]. The oxida-
tion of SiC has also been studied in details [19-21]. However,
the ceramic formation and consumption process of polymeric
composite under oxyacetylene flame has not been reported.

In this paper, a silicone rubber ablative composite filled
with fumed SiO, and carbon fibers was prepared and then
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tested using an oxyacetylene flame. Following firing, the
microstructure and composition of the ablative composite
were characterized. In addition, the thermal-oxidative
properties of the ablated layers were investigated.

2. Experimental
2.1. Materials

Commercial Polydimethylsiloxane (PDMS) and polydi-
methylphenylsiloxane (PMPS) were produced by the
Shanghai Resin Co., China. The average molecular
weights were about 550,000 and 700,000, respectively.
The vinyl contents of the two rubbers were both
0.15 mol%, the ratio of phenyl to methyl in PMPS was
1:10. Fumed SiO; (Degussa, Germany) with a BET surface
area of 250 m? g~ ' was used as a filler in the composites.
We chose to use Toray’s T300 (Toray Inc., Japan) carbon
fibers as fillers for the composite. We also included 2,5-
bis(tert-butylperoxy)-2,5-dimethylhexane, (Acros Organics
Co., Belgium) a peroxide as a vulcanizator.

2.2. Composite preparation

Formula for the silicone rubber ablative composite is
shown in Table 1.

The material was prepared in a two-roll laboratory
model of an open mixing mill (length 600 mm x diameter
230 mm), the fibers were introduced as the last component
to reduce the possibility of a breakdown of the fibers
during mixing.

The refolded sheet was cut into cylinders with a thick-
ness of 10 mm and a diameter of 30 mm, and then
vulcanized in a mold at 433 K and 10 MPa for 15 min.
The secondary vulcanization was carried out at 453 K for
2 h in an airflow drier.

2.3. Characterizations and measurements

A heat flux of 4152.9kW m~? was created in the
oxyacetylene flame test. The inner diameter of the flame
nozzle was 2.0 mm. The distance between the specimen
surface and the flame nozzle was 10 mm. After being
burned for 20 s, the ablative properties of the sample were
obtained by measuring its dimension and mass loss.

The equilibrium composition of oxyacetylene combus-
tion products was calculated by the minimization-of-free-
energy method. These results are shown in Table 2.

The microstructure of the ablative composite after
ablation was characterized by a S4800 scanning electron
microscopy (SEM, HITACHI). The elemental distribution
of the ablative composite following ablation was studied
using energy dispersive spectroscopy (EDS).

The crystal phases of the samples were identified by D8
ADVANCE X-ray diffraction (XRD, Bruker), utilizing Cu
Ko radiation.

Fourier transform spectra were
obtained in the range 4000-400 cm ™" at a resolution of
1ecm ™' using a Nicolet FTIR spectrophotometer (AVA-
TAR 360FT, USA) employing the KBr pellet technique.

Free carbon content was measured as the following
procedure: the powdery sample of 2.0 g was placed in a
crucible with the thickness less than 2.0 mm; after heating
at 923 K for 1h in a tube furnace under flowing oxygen
atmosphere (400 mL min~"), the free carbon content of
the sample was determined according to the weight loss.
SiO, content was determined using the following proce-
dure: the powdery sample of 1.0 g was dissolved in 10 mL
hydrofluoric acid using Teflon beaker as container, then
the solution was vaporized in a sand bath at 473 K. The
residue was then treated with 5 mL hydrofluoric acid in the
same Teflon beaker and the solution was heated at 473 K
until the sample was completely dry. The SiO, content of
the sample was determined as being equal to the whole
weight loss. The residual compound of the ablated material
after the oxidation and hydrofluoric acid treatment was
considered to be the SiC ceramic.

The thermal-oxidative properties of the samples were
analyzed by thermogravimetric differential thermal analy-
sis (Thermoflex, Rigaku Co., Japan) in air atmosphere
heating the samples from room temperature to 1500 K, at
heating rate of 20 K min~".

infrared (FTIR)
1

3. Results and discussion
3.1. Microstructure of the ablated composite

After the ablation by oxyacetylene flame, the dimension
and mass loss of the silicone rubber ablative composite were
determined. The linear and mass ablation rates of the ablative
composite were only 0.0472 mm s~ ' and 0.0605 g s ', respec-
tively, indicating that the composite exhibits excellent
anti-ablative properties.

Examination of the longitudinal profiles of the ablated
composite (Fig. 1) revealed a multilayer ablation structure
that can be divided into four parts. From the un-erosion
material to the flame surface, these were virgin layer (Zone

Table 1

Formula of the silicone rubber ablative composite.

Ingredients PDMS PMPS
Contents (phr®) 50 50

Si0, Carbon fiber Peroxide
30 15 1

*Parts per hundred grams of rubber (phr).
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Table 2

Composition of the equilibrium combustion products.

Species CcO CO, H
Fractions (mol%) 53.29 3.52 17.12

H, H,O o OH 0,
11.72 6.11 3.49 4.03 0.72
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Fig. 1. Longitudinal profile image of the silicone rubber composite after
ablation.

IV, black and dense), pyrolysis layer (Zone III, gray and
porous), ceramic layer (Zone II, black and porous) and
silica layer (Zone I, white and smooth). The pyrolysis layer
was indistinguishable after the application of platinum
coating on the sample prior to the SEM examination. The
thickness of pyrolysis layer and silica layer were approxi-
mately 0.1 mm, while the thickness of ceramic layer was
approximately 0.9 mm.

The cross sections of the four layers are shown in Fig. 2.
Fig. 2a shows that silicone rubber and carbon fibers are
well-combined in the virgin layer, but a loose structure is
formed in the pyrolysis layer as shown in Fig. 2b, due to
the degradation of silicone rubber [22]. The ceramic layer
(Fig. 2¢), which was transformed from pyrolysis layer at
higher temperature, was more dense and rigid than the
pyrolysis layer. This suggests that further reactions among
the pyrolysis residues might be involved in the ceramiza-
tion process. Oxidation of the ceramic layer took place in
the oxyacetylene flame with oxidizing species (O,, CO,, O,
OH and H,0), then SiO, was likely produced to form the
smooth silica layer (Fig. 2d).

3.2. Composition of the ablated composite

The position of the line profile of EDS is marked in
Fig. 1, and the EDS results are shown in Fig. 3. The results
showed that the maximum concentration of carbon, silicon
and oxygen was in the Zone II (Ceramic layer), Zone IV
(Virgin layer) and Zone I (Silica layer), respectively. The
concentration of silicon decreased from the virgin layer to

the middle of ceramic layer, due to the decomposition of
silicone rubber. The high carbon content detected in the
ceramic layer suggests that carbon may have been depos-
ited in this zone from the pyrolysis products of the
composite. Silicon and oxygen were predominately
detected primarily in the silica layer (Zone I). Since the
content of carbon of Zone I was approximately zero, this
confirmed that SiO, was produced by oxidation reactions.

After ablation of the silicone rubber composite, the four
individually identified layers (virgin layer, pyrolysis layer,
ceramic layer and silica layer) were separated from each
other and ground into powders for additional analysis.
Because the silica layer was very thin and adhered firmly to
the ceramic layer, when we peeled the silica layer from the
ceramic layer, portions of the ceramic layer adhered to the
silica layer which gave the silica layer a green tinge.
Consequently, it is more accurate to describe this peeled
layer as surface layer rather than silica layer.

The FTIR spectra of the virgin layer, pyrolysis layer,
ceramic layer and surface layer are shown in Fig. 4. From
virgin layer to surface layer, the FTIR peaks assigned to the
vibrations of the methyl groups (—CH; deformation at
1412cm ', C-H wagging at 1020 cm ™', -CH; wagging at
1263 cm ™!, —CHj stretching at 2963 cm™ ") were gradually
reduced or almost completely eliminated, indicating the scis-
sion of the organic structure in the silicone rubber. However,
the FTIR peak at 1630 cm ™', which is attributed to the
stretching vibration of the benzene ring (C=C), became
stronger in the spectra of pyrolysis and ceramic layers than
that of virgin layer, suggesting some aromatic compounds
(e.g., aromatic carbon) were formed in these two layers. In the
FTIR spectra for the surface layer, there were only three main
peaks associated with the stretching of Si-O (1097 cm ™' and
480 cm ') and Si—C (801 cm ") bonds, which indicated that
the surface layer was composed primarily of SiO, and SiC,
and most of the aromatic carbon has been eliminated. There-
fore, these results indicate that the inorganic ceramic structure
of the ablated composite was gradually created from virgin
layer to surface layer.

Fig. 5 shows the XRD patterns of the ingredients (fumed
Si0,, silicone rubber and carbon fibers) of the composite.
As shown in this figure, the 260 values of the characteristic
diffraction peaks for SiO», silicone rubber and carbon were
22.3°, 12.2° and 25.5°, respectively.

Fig. 6 shows the XRD patterns for the ablation layers of the
silicone rubber composite. Some broad convexes were
observed in the XRD patterns of these ablation layers, which
indicated that the main substances in the ablated layers were
amorphous. The XRD peak of silicone rubber (20=12.2°)
became weak in the pyrolysis layer (Fig. 6b) and disappeared
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Fig. 2. SEM images for the cross section of the silicone rubber ablative composite after ablation (a) Virgin layer, (b) Pyrolysis layer, (c) Ceramic layer and

(d) Silica layer.
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Fig. 3. Energy dispersive spectroscopy line profiles of carbon, silicon, and
oxygen from ablation surface to the un-erosion zone.

in the ceramic layer (Fig. 6c and d), suggesting the decom-
position of silicone rubber with increasing temperatures. The
hump around 26 values of 25.5°, which is associated with the
inorganic carbon, became more obvious in the ceramic layer
(Fig. 6¢ and d) than in the virgin and pyrolysis layers (Fig. 6a

Transmittance (%)
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Fig. 4. FTIR spectra for (a) virgin layer, (b) pyrolysis layer, (c) ceramic
layer and (d) surface layer of the silicone rubber ablative composite after
ablation.

and b). Part of the inorganic carbon is carbon fiber, and the
other part may be derived from the aromatic carbon. In the
XRD pattern of the surface layer (Fig. 6e), a strong broad
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Fig. 5. XRD patterns of (a) fumed SiO,, (b) SiO, filled silicon rubber and
(c) carbon fibers.
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Fig. 6. XRD patterns of (a) virgin layer, (b) pyrolysis layer, (c) lower part
of ceramic layer, (d) upper part of ceramic layer and (e) surface layer.

band of SiO, around 20 of 22.3° predominated and the
diffraction peak for carbon was not observed, suggesting that
the carbon on the ablation surface was almost completely
oxidized. The distribution of carbon in these ablation layers is
consistent with the linear EDS results for the profile of the
ablated composite (Fig. 3).

Additionally, three obvious diffraction peaks were pre-
sent at about the 260 values of 35.5°, 60.5° and 72.5° in the
pattern of the upper part of ceramic layer (Fig. 4c) and
surface layer (Fig. 4e), corresponding to the (111), (220)
and (311) reflections of B-SiC. However, there was only a
very weak peak at 20 of 35.5° in the lower part of ceramic

Table 3
Chemical composition of the ablative products of silicone rubber
composite.

Species Free carbon SiO, In situ ceramic
Fractions (wt%) 21.8 68.0 10.2

layer, suggesting the SiC content was quite low or in
amorphous state in this zone. The XRD peaks for SiC of
the surface layer were much narrower than those of the
ceramic layer. The crystalline particle size d can be
estimated from the breadth B of the diffraction peak at
half-maximum [23]:

d =0.947/Bcosf (1)

where / is the X-ray wave length and 6 is the Bragg
diffraction angle.

According to the XRD peak at 20 value of 35.5° in
Fig. 6¢c—e, B is about 3.00°, 2.21° and 0.49° in the lower
part of ceramic layer, upper part of ceramic layer and
surface layer, and the calculated crystallite size of SiC is
2.88 nm, 3.91 nm and 17.63 nm, respectively. It can be
concluded from these results that SiC is in situ produced in
the ceramic layer by siloxane ceramization or carbothermal
reaction [24]. The crystallinity of SiC is not well developed
in the lower part of the ceramic layer and the content of
SiC phase may be also very low. In the upper ceramic layer
at higher temperature, more SiC ceramic is produced and
the amorphous SiC phase gradually transforms into
crystalline state and yields crystalline particles with bigger
size, especially in the zone close to the silica layer.

Table 3 shows the composition of the ablative products
(sum of silica, ceramic and pyrolysis layers) of the ablative
composite measured by chemical analysis. SiO, was the
main ingredient with the content of 68.0 wt%. The content
of in situ SiC ceramic was 10.2 wt%. The rest was free
carbon (21.8 wt%). Compared with the hydrocarbon
rubber based ablative composites [25,26], whose char
layers are exclusive carbon after ablation, the carbon
content of the ablative products of silicone rubber based
composite is relatively low.

Although SiO, shows excellent oxidation resistance, the
melting point of SiO, (1986 K) is rather low, the blowing
away of melted SiO, may occur in the ablation environ-
ment at high temperature. Because the SiO; content of the
ablative products of silicone rubber composite is appar-
ently excessive, the loss of melted SiO, is serious, and the
increment of carbon and ceramic content may be beneficial
to improve the ablation resistance of the composite.

3.3. Thermal oxidation of the ablated composite

The TG and DTA curves for the thermal-oxidative
degradation of virgin layer, pyrolysis layer, ceramic layer
and surface layer of the silicone rubber ablative composite
following high temperature are presented in Figs. 7 and 8.
The important characteristic data of TG curves are
summarized in Table 4. The temperatures of 5% mass
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Fig. 7. TG curves for virgin layer, pyrolysis layer, ceramic layer and
surface layer of the ablated composite.
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Fig. 8. TDA curves for virgin layer, pyrolysis layer, ceramic layer and
surface layer of the ablated composite.

Table 4
TG results for virgin layer, pyrolysis layer, ceramic layer and surface layer
in air atmosphere.

Sample  Temperature for Residual Residual Residual
2% weight loss, yield at yield at yield at
Tonset (K) 800 K (%) 1200K (%) 1500 K (%)

Virgin 625 56.4 43.6 433

layer

Pyrolysis 679 89.8 68.8 67.3

layer

Ceramic 915 99.7 71.3 71.8

layer

Surface 1019 99.8 95.2 96.8

layer

loss (Tynset) for these ablation layers gradually increased
from virgin layer (625 K) to surface layer (1019 K) by
394 K. It indicates that the initial thermal-oxidative stabi-
lity of the samples is enhanced by the heat treatment of the
oxyacetylene flame. At above 1200 K, the mass of all
samples became almost stable, suggesting that the oxida-
tion reactions which led to great weight loss (e.g. the
oxidation of silicone rubber and carbon) were completed at
1200 K. The degradation residual weight at 1200 K also
increased from 43.6% of virgin layer to 95.2% of surface
layer. For the TG curves in the range of 1200-1500 K, the
weight loss was gradual in virgin layer and pyrolysis layer,
but a little weight increment was observed in the TG curves
of ceramic layer and surface layer (Table 1), which was
caused by the oxidation of SiC. These results suggest that
the thermo-oxidative stability of the ablated composite is
enhanced from virgin layer to surface layer.

Three degradation steps with strong exothermic signal
were clearly observed in the thermal-oxidative process for
the virgin layer of the composite in Figs. 7 and 8. The first
degradation step around 603 K showed very little weight
loss (< 3%). The greatest amount of weight loss (~42%)
was detected in the second degradation step around 733 K.
Overlapping of these above two DTA peaks was also
observed. The first degradation step probably involves two
oxidation reactions: a) peroxidation of the side groups of
the silicone rubber with the oxygen in the air, which
increases the weight of the rubber; b) deep oxidation of
the organic side groups releasing small molecular weight
gas (H,O and CO,), which leads to the weight loss of the
rubber. The overlapping of the two oxidation reactions
explains the small weight change but obvious exothermic
character in the first oxidation step. It indicates that the
second degradation step must be predominated by the deep
oxidation of the organic side groups of the silicone rubber
resulting in substantial weight loss and a strong exothermic
signal. The third degradation step between 800 and 1200 K
showed 11% weight loss and is associated with the
oxidation of inorganic carbon (carbon fibers). It is well
known that SiO, is stable below 1500 K, but carbon will be
totally oxidized into CO, or CO at 1500 K in air. However,
the residual weight (43.3%) of the composite at 1500 K
was much greater than the content of SiO, (20.7%) in the
silicone rubber composite. On the assumption that the
oxidation residue at 1500 K is completely formed by SiO,,
it can be concluded that some silicon atoms (~33.7%) of
the silicone rubber are oxidized into SiO,, which may be
one reason for the very high SiO, content in the ablative
products by chemical analysis.

In the DTA curve of the pyrolysis layer of silicone
rubber composite, the two peaks of peroxidation (603 K)
and deep oxidation (733 K) of silicone rubber combines
into one weak peak at 684 K. At the same time, the
oxidation residual weight of pyrolysis layer (89.76%) was
33.4% higher than that of virgin layer (56.4%). This
suggests that parts of organic groups in the silicone rubber
are destroyed in the pyrolysis layer. The DTA peak for the
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oxidation of carbon was still present between 800 and
1200 K. However, a new peak around 879 K was observed
in the DTA curve of the pyrolysis layer, which might be
assigned to the oxidation of aromatic carbon formed by
the degradation of silicone rubber according to the FTIR
results (Fig. 4).

The DTA peaks between 600 and 800 K disappeared in
the DTA curve of the ceramic layer in air, suggesting the
methyl groups of silicone rubber were totally cleaved in the
ceramic layer. However, the DTA peaks for the oxidation
of aromatic carbon and inorganic carbon were still
observed. In other words, the relative content of carbon
increased in the ceramic layer, which was consisted with
the EDS results for the profile of the ablated silicone
rubber composite (Fig. 3).

Only one weak DTA peak for the oxidation of inorganic
carbon around 1126 K was observed in the DTA curve for
the surface layer of the composite in air. It indicates that
the aromatic carbon existing in the pyrolysis and ceramic
layers may gradually transform into inorganic carbon near
the silica layer at high temperature, followed by further
oxidation of carbon occurs on the ablated surface under
the oxyacetylene flame.

Following the DTA curves further shows that the ceramic
layer and surface layer slowly exhibited exothermic reaction
above 1300 K, suggesting the oxidation of SiC.

4. Conclusions

After ablation of the silicone rubber based ablative compo-
site under the oxyacetylene flame, a pyrolysis layer, a ceramic
layer and a silica layer were formed by decomposition,
ceramization and oxidation reactions. With increasing tem-
perature, the material transformed further into porous
pyrolysis and ceramic layers containing aromatic carbon,
due to the decomposition of silicone rubbers. In the ceramic
layer, a zone with high carbon content was observed and SiC
was also in situ produced. The crystallite size of SiC grew from
2.88 nm in the lower part of ceramic layer to 17.63 nm in the
surface layer. A silica layer was formed by SiO,, which was
produced by the oxidation reaction of ceramic layer. The
thermo-oxidative stabilities of these ablation layers were
improved from virgin layer to surface layer by the formation
of inorganic carbon, SiC and SiO,.
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