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Abstract: By introducing functional ﬁllers into the ethylene propylene diene monomer matrix, the anti-ablation,
thermal insulation, and adhesive layer were prepared,
respectively. We have studied the mechanical properties,
ablation properties, thermal insulation properties, and
bonding properties of diﬀerent composite structures after
design and analyzed the ceramic mechanism. The results
showed that the content of ceramic ﬁllers improved the
thermal stability and ablation properties of anti-ablation
layer composites. The formation of liquid structure can
ﬁll the hole defects and ablation pit. The foaming agent
improved thermal insulation properties of the thermal
insulation layer, and the strength of the bonding layer
has been greatly improved. The design of the composite
structure can not only reduce the density but also have an
excellent thermal insulation eﬀect. And as the thickness
of the heat insulation layer increases, the heat blocking
eﬀect becomes more excellent.
Keywords: ethylene propylene diene monomer, ablation
performance, thermal insulation performance, bonding
performance, composite structure

1 Introduction
As a key part of the thermal protection system, thermal
protection materials protect the internal structure from
damage in extreme environments (1,2). With increasing
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research eﬀorts on aerospace materials, the traditional
polymer-based composite materials have poor ﬁre resistance and ﬂame retardancy, but the porcelain-based
polymer-based composite materials have received extensive attention (3–6). At room temperature, they have the
same processing performance as traditional polymer matrix
composites and the excellent performance as general composites. However, in a high-temperature ﬂame environment, a series of reactions between the polymer matrix
and the added ceramic powder produce a ceramic protective layer with a self-supporting structure, which blocks the
transfer of external heat inside the material and protects the
internal material (7–10).
In the research of ceramizable polymer matrix composites, the research on the ceramizable polymer matrix
composite materials has successively focused on the
silicon-based direction (11–14). Mansouri et al. (15) prepared mica/silicone rubber composites and studied the
eﬀect of sintering temperature on the microstructure and
chemical composition of the composite. The results show
that the increase in temperature enables the pyrolysis
products to be eﬀectively bonded to form a continuous
dense ceramic structure, and the formation of the barrier
layer signiﬁcantly improves the ﬁre resistance. Yang et al.
(16) prepared silicone rubber composites with diﬀerent
ZrC and ZrO2 contents, in which ZrO2 or ZrC forms a
ceramic layer structure containing ZrO2, SiO2, and SiC
on the ablated surface of the composite material, which
can act as an eﬀective oxygen and thermal barrier, while
reducing internal corrosion. Rallini et al. (17) studied
ethylene propylene diene monomer (EPDM)/aramid ﬁber
ablatives as the state of elastomeric heat shielding materials (EHSMs) and used perlite as a density reducer ﬁllerbased EHSM, and compared with glass microspheres to
study the thermal and ablation properties.
However, the density of composites with ceramic ﬁllers will increase signiﬁcantly, which will increase the
overall weight and limit the application of composite
materials in thermal protection systems (18,19). Compared with traditional thermal protection materials, the
This work is licensed under the Creative Commons Attribution 4.0
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composite structure of thermal protection materials has a
wider application prospect because its multi-layer structure can be designed to meet diﬀerent situations.
In this article, EPDM is used as the matrix. The antiablation layer is added with high-temperature, mediumtemperature, and low-temperature melting point ceramic
ﬁllers to prevent external heat and oxygen to a certain
extent by using its high ﬁlling properties. The thermal
insulation layer is added with a physical foaming agent
to reduce the density and avoid the further transfer of
internal heat. Then the adhesive layer is added with an
adhesive as-88 for bonding with the metal. The ablation
material of the composite structure was prepared by the
method of integrated solidiﬁcation and molding, and the
relevant performance test of each functional layer was
carried out.

2 Experimental
2.1 Materials
EPDM (brand 4045M, the third monomer is ethylnorbornene (ENB), the content is 7.6 wt%, and the ethylene
content is 45 wt%) was supplied by Mitsui Corporation
of Japan. Fumed silica with a Brunauer–Emmett–Teller
surface area of 200 m2/g, zirconium dioxide (ZrO2), silicon
carbide (SiC) with a particle size of 1–5 μm, kaolin with
a particle size of 11 μm, zinc borate (ZB) with a particle
size of 2–5 μm, and aluminum hydroxide were supplied
by Shanghai Aladdin Reagent Co., Ltd. (Shanghai, China).
Foaming agent was produced by Japan Matsumoto Grease
Pharmaceutical Co., Ltd. Quartz powder was supplied by
Yangzhou Dilan Chemical Materials Co., Ltd. Glass frits
were produced by Guizhou Wylton Jinglin Electronic
Material Co., Ltd. Adhesive as-88 was supplied by

Shanghai Chemson Industrial Co., Ltd. Quartz ﬁber
was produced by Hubei Feilihua Quartz Glass Company
(China). Sulfur (S), paraﬃn oil, zinc oxide (ZnO), stearic
acid (SA), tetramethylthiuram disulﬁde (TMTD), and
benzothiazole disulﬁde (DM) were supplied by local
companies.

2.2 Preparation of composites
First, the EPDM rubber was placed on a two-roll mill to
masticate, then a variety of ﬁllers and additives were
added. Next, reducing the roll distance to 1 mm, compounds were mixed ten times until a visually good dispersion was achieved. Finally, the corresponding functional ﬁllers were added according to each functional
layer of the composite structure. After mixing, the pieces
were taken out and allowed to stand for 24 h. Then, the
rubber was vulcanized, in which multiple layers were
superimposed and solidiﬁed in accordance with the composite structure design. The composite samples were
numbered from A-1 to A-6, as shown in Table 1. The
content of foaming agent in the thermal insulation layer
was 6, 8, 10, and 12 phr, respectively, numbered from B-1
to B-4, other ﬁllers include ZnO: 5 phr, SA: 2 phr, TMTD:
1.5 phr, DM: 1 phr, S: 1.5 phr, SiO2: 20 phr, and liquid paraﬃn: 5 phr. The content of adhesive as-88 in the bonding
layer was 0, 5, 10, and 20 phr, respectively, numbered
from C-1 to C-4, and other ﬁllers were the same as the
above insulation layer. The composite structure design
number was from F-1 to F-4, and the preparation ﬂow
chart of the composite structure is shown in Figure 1;
the speciﬁc thickness design of each layer and the physical diagram are shown in Figure 2. The composites were
vulcanized at 160°C for 60 min in a heated press at a
pressure of 10 MPa.

Table 1: Formulation of anti-ablation layer samples
Samples (g)

EPDM

Others

SiC

ZrO2

Kaolin

Quartz powder

Glass frits

ZB

A-1
A-2
A-3
A-4
A-5
A-6

100
100
100
100
100
100

121
121
121
121
121
121

25
100
62.5
25
25
25

25
100
62.5
25
25
25

25
25
62.5
100
62.5
25

25
25
62.5
100
62.5
25

25
25
25
25
62.5
100

25
25
25
25
62.5
100

Others include ZnO: 5 phr, SA: 2 phr, TMTD: 1.5 phr, DM: 1 phr, S: 1.5 phr, SiO2: 20 phr, Al(OH)3: 50 phr, and liquid paraﬃn: 40 phr.

Inﬂuence of composite structure design on the ablation performance of EPDM
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Figure 1: Preparation ﬂow chart of the composite structure.

2.3 Characterizations
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3 Results and discussion
3.1 Physical, mechanical, and ablation
properties
The physical, mechanical, and ablation properties of
the anti-ablation layer are shown in Figure 3. It can be

Figure 2: Physical diagram of composites.
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The apparent density of composites was measured
according to Archimedes’ drainage method at room temperature. The mechanical properties of the composites
were tested using universal mechanical testing machine
with a loading rate of 100 mm/min. The ablation rate was
measured according to oxyacetylene experiment (20).
The thermal stability of composites was measured using
a comprehensive thermal analyzer from NETZSCH, Germany in the nitrogen atmosphere with the heating rate of
10°C/min from room temperature up to 1,000°C. The
microstructure of composites was observed by a JSMIT300 scanning electron microscope manufactured by
Japan Electronics Co., Ltd. X-Ray diﬀraction (XRD) was
conducted by D8 Advance X-ray diﬀractometer produced
by Bruker AXS, Germany.
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Figure 3: Physical, mechanical, and ablation properties of
composites.

seen that the density of the composite material A-1 is
1.52 g/cm3 , the density of the composite materials
increased with increase in ceramic ﬁller content, where
A-3 reached 1.85 g/cm3. The reason is that the density of
ceramic ﬁller is higher than that of rubber matrix. The
tensile strength of the composite materials is between 3.5
and 6.5 MPa. Compared with the composite material A-1,
the tensile strength and elongation at break of the composite materials A-2 to A-6 have decreased to a certain
extent. This can be attributed to excessive ceramic ﬁller
content which is diﬃcult to be dispersed uniformly,
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resulting in ﬁller enrichment locally that makes the structure unstable and partial slippage, which increases the
possibility of forming defects, resulting in a decrease in
the tensile strength of the composite materials. It can be
seen that the mass ablation rate of composite materials
gradually decreases with increase in ceramic ﬁller content. The mass ablation rate of A-3 is 0.043 g/s, which
decreased by 43% that of A-1. However, they increased
to 0.052 g/s for A-6, but the mass ablation rate was still
signiﬁcantly reduced compared to that of sample A-1.
This may be due to the fact that the ceramic ﬁller reduces
the speciﬁc gravity of the rubber inside the composite
material, which reduces the overall mass ablation at
high temperature, and the ceramic ﬁller can produce
more liquid phase structure for the connection between
the rubber matrix and the ﬁber at high temperature,
which improves the overall erosion resistance.

3.2 Thermal stability
Figure 4 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for composites with
diﬀerent ceramic ﬁller contents. Table 2 shows the thermal
decomposition parameters of composites. It can be seen
that composites containing ceramic ﬁller underwent two
stages of thermal decomposition process. The ﬁrst stage
at 200–300°C was attributed to the decomposition of
aluminum hydroxide ﬁllers and related vulcanization
additives release volatile small molecules, which lead
to a partial decrease in the quality of composites, and
the second stage at 300–550°C was due to pyrolysis of
the rubber matrix and break of molecular backbone,
resulting in a signiﬁcant thermal weight loss. It can be
seen from Table 2 that the initial decomposition temperature

Figure 4: TG (a) and DTG (b) curves for composites.

Table 2: Thermal decomposition parameters of composites
Samples

T5 (°C)

Tmax1 (°C)

Tmax2 (°C)

Residue yield (%)

A-1
A-2
A-4
A-6

263
281
281
266

290
283
282
282

464
465
466
467

58
70
70
65

has increased to a certain extent with the increased content of ceramic ﬁllers, In particular, the initial decomposition temperature of A-4 increased by about 20°C after
adding a large amount of high and medium melting point
ﬁllers, the peak cracking temperature Tmax1 decreased,
while the peak cracking temperature Tmax2 increased,
and the change in trend of the peak cracking temperature
was basically small, the residue weight at 1,000°C
increased from 58% to 70%. This was mainly attributed
to ceramic ﬁllers, which lead to a reduction in the proportion of rubber matrix inside the composite and decreased
the thermal decomposition of composites. A-6 with more
low melting point ﬁllers has a smaller increase in the residual rate (21).

3.3 Morphology analysis
The surface morphology of composites with diﬀerent
ceramic ﬁller contents after oxygen–acetylene ﬂame
ablation is shown in Figure 5. It can be seen that the
ablation property of A-1 is very poor when the content
of ceramic ﬁller is low, but with increase in ceramic ﬁller
content, the ablation property of A-2 to A-6 has
increased, and the ceramic ﬁller melts to produce liquid
phase structural substances. It can reduce the depth of
the ablation pit, and the melt ﬂow can make up for part
of the hole defects, improving the internal compactness

Inﬂuence of composite structure design on the ablation performance of EPDM
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Figure 5: Surface morphology of composites.

of the material that can avoid the erosion of internal
materials.
Figure 6 shows the microscopic morphology of composite materials A-2, A-4, and A-6 after pyrolysis at
1,200°C for 20 min. In Figure 6a, it can be seen that the
ﬁber is relatively complete in the internal shape of the
composite, and a small amount of ceramic ﬁller is attached
to the surface of the ﬁber, which results in the ineﬀective
combination between the ﬁber and the ﬁller, resulting
in more defects. As seen in Figure 6b, with the increase
in the medium temperature melting point ceramic ﬁller,
the appearance of the liquid phase structure in the pyrolysis product of the composite material A-4 has a certain
improvement in the interface connection between the ﬁber
and the rubber matrix. As seen in Figure 6c, the proportion
of low-melting ﬁllers is relatively high, a continuous phase
structure is formed inside, and the direct exposure of the
ﬁbers is basically not visible, and the compactness has
been improved.

(Eq. 2) decomposed by ZB in the low-temperature melting
point ﬁller and alumina (Eq. 1) decomposed by aluminum
hydroxide. The formation of MgSiO3 is mainly formed by
silica and magnesium oxide in the ﬁller (Eq. 4).

3.4 XRD and ceramic mechanism
In order to analyze the phase change of composite materials after pyrolysis at high temperature, the XRD spectrum of composite A-1 after ablation at 1,200°C is shown
in Figure 7. It can be seen from the ﬁgure that SiC,
ZrO2, SiO2, ZnAl2O4, and MgSiO3 appeared in the main
phases of A-1 after pyrolysis at 1,200°C. The formation
of ZnAl2O4 (Eq. 3) is mainly produced by zinc oxide

Figure 6: Scanning electron microscope images of composites: (a)
A-2, (b) A-4, and (c) A-6.
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Figure 7: XRD spectrum of composites.
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According to the aforementioned analysis, the ceramization reaction between the cracking of the composite
material and the ﬁller is explained. Aluminum hydroxide
is prone to decomposition reaction to release aluminum
oxide and water, which is an endothermic reaction. At the
same time, ZB can also decompose zinc oxide, boron
oxide, and crystal water. The formed part of the liquid
phase structure can ﬁll the pores inside the material,
improve the overall density, avoid large internal defects,
and also help prevent further oxidation of the internal
material. With the further increase in temperature, SiC,
ZrO2, SiO2, ZnAl2O4, MgSiO3, and other substances can
form a eutectic, which can strengthen the matrix to a
certain extent, ﬁx the integrity of the outer structure,
and resist the impact of high temperature air ﬂow from
outside.

2Al(OH)3 → Al2 O3 + 3H2 O

(1)

2ZnO ⋅ 3B 2 O3 ⋅ 3.5H2O → 2ZnO + 3B 2 O3 + 3.5H2 O (2)

ZrO2 + SiO2 → ZrSiO4

(3)

MgO + SiO2 → MgSiO3

(4)

3.5 Thermal insulation layer
The physical and mechanical and thermal insulation
properties of the thermal insulation layer composites
are shown in Figure 8. It can be seen from Figure 8 that
the density of the prepared foam material decreased from
0.69 to 0.43 g/cm3, with the increase in the foaming agent
content. It is mainly attributed to the foaming agent,
which can foam during the foaming process at a certain
temperature inside the composite material, the internal
pressure increased, and the volume expanded continuously, resulting in a decrease in the degree of compactness of the material, and thus a decrease in the apparent

Figure 8: Physical, mechanical, and thermal insulation properties of
composites.

density of the material. The general trend of tensile
strength at a ﬁxed elongation of 1,000% is to increase
ﬁrst and then decrease with the increase in the foaming
agent content. When the foaming agent content is 8 phr,
the tensile strength reaches 1.75 MPa. With the increased
content of foaming agent, from 6 to 12 phr, the thermal
conductivity of composites decreased from 0.12 to
0.09 W/mK. It can be seen that the internal pores of
the foam rubber have an eﬀective blocking eﬀect on
the heat conduction of the composites. The higher the
content of the foaming agent, the better the heat insulation eﬀect (22).

3.6 Bonding layer
The physical properties and bonding properties of the
bonding layer composites are shown in Figure 9. It can
be seen from Figure 9 that the density of composites
changes little, with basically no diﬀerence. However,
the bonding strength of composites has been greatly
improved. With the increased content of as-88, from
0 to 20 phr, the bonding strength of composites is increased
from 0.21 to 0.64 MPa. When the content of as-88 is 20 phr,
the bonding strength is increased by 212%.

3.7 Composite structure design
Figure 10 shows the apparent density of ablation materials under the composite structure design. It can be seen
from Figure 10 that the apparent density of the ablation
material with pure outer layer structure is the highest,

Inﬂuence of composite structure design on the ablation performance of EPDM
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Figure 11: Backside temperature of the composites.

Figure 9: Physical and mechanical properties of composites.
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composite reaches 136°C. However, the backside temperature of the composite F-3 at this time is 83°C, which
is 39% lower than 136°C. The structure of the outermost
layer can play the role of anti-ablation and loss of heat.
The low density eﬀect of the middle layer can play the
role of heat insulation and reduce the temperature. The
innermost layer is used for bonding with metal. It can be
seen from the change of the temperature curve on the
back that the design of the composite structure can signiﬁcantly improve the overall thermal insulation performance of the material, and the higher the thickness of
the intermediate layer, the better the thermal insulation
eﬀect of the composite.

Figure 10: Apparent density of composites.

reaching 1.85 g/cm3. The apparent density of F-3 is the
lowest, which is 0.89 g/cm3 lower than the composite
material with pure outer layer structure. It shows that
the density of the ablation material after adding the intermediate foam layer has been greatly reduced.
In order to analyze the inﬂuence of the composite
structure design on the thermal insulation performance
of the ablative material, an alcohol blowtorch was used
as a heat source, and a temperature sensor was used to
test the back temperature of the composite structure and
the pure outer layer of the ablative material over time.
Figure 11 shows the change curve of the backside temperature of the composites with time. It can be seen from
Figure 11 that the composites of the ﬁrst three composite
structures have basically the same changes in the backside temperature in the ﬁrst 80 s, and then the backside
temperature increases rapidly with time. The backside
temperature of the composite of the pure outer layer
increases rapidly with time, and the overall temperature
is higher than the temperature under the composite
structure. After 130 s, the backside temperature of the

4 Conclusions
(1) With increase in ceramic ﬁller content, the mechanical properties of the anti-ablation layer decrease, but
the content of ceramic ﬁllers improves the thermal
stability and ablation properties of composites. The
ceramic ﬁller melts to produce liquid phase structural
substances, which can make up for part of the hole
defects.
(2) The increase in foaming agent content improves
thermal insulation properties of the thermal insulation layer, and the thermal conductivity of composites decreased from 0.12 to 0.09 W/mK. The internal
pores of the foam rubber have an eﬀective blocking
eﬀect on the heat conduction of the composites.
(3) With increase in as-88 content, the bonding strength
of the bonding layer composites has been greatly
improved. When the content of as-88 is 20 phr, the
bonding strength is increased by 212%.
(4) Compared with the pure outer layer structure, the
apparent density of the composite structure is only
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0.89 g/cm3, and the back temperature of the composite structure F-3 after 130 s is only 83°C, which is
lower than the pure outer layer ablation materials.
The composite structure can signiﬁcantly improve
the overall thermal insulation performance of the
material.

(7)
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