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To retard the spread of fire in many cases with sealing materials is significant. A series of silicone rubber foam materials were
prepared with room temperature vulcanization and foaming reactions. The morphology, chemical structure, cell structure, and
thermal stability were investigated and results proved that the synthesis of silicone rubber was successful in a wide range of feed
ratios. The fire-retardant tests were carried out to study the fire-proof property of the composite materials, and the excellent
performance showed a promising prospect for wide application in sealing materials.

1. Introduction

Large-scale flames can spread through the holes and gaps
around the pipes, and cable trenches, when an accidental
fire occurs. The runoff of fire can lead to a devastating
outcome. According to the data released by the Emergency
Management Department Fire Rescue Bureau of China, a
total of 196,000 fire accidents were reported from January
to October, in the year 2020, causing 889 deaths, 583 inju-
ries, and direct property losses up to 2.55 billion yuan.
The chance of tragedies can be minimized only with par-
ticular precaution measures. Herein, to retard the spread
of fire in buildings with sealing materials is significant
and life-saving.

In the field of fire-retardant materials, industrialization
production is busy due to the market demand. A series of
polymer-based composite materials, such as styrene butadi-
ene rubber [1–3], natural rubber [4, 5], and so on are often
used as fire-proof sealing materials to retard flames [6],
especially in nuclear power stations, railway traffic,
through-the-wall cable channels, and other fields. Gener-
ally, the composite materials are categorized into two types
according to the relation between the retardant and the
polymer material, which are reaction-type and additive-

type [7]. In recent years, silicone rubber foam has been
one of the most successful commercialized additive-type
fire-proof products [8, 9], due to the comparatively higher
thermal stability of silicones than their polymer counter-
parts, the shielding effect provided by the residue silica
ash formed in pyrolysis, excellent aging-resistant perfor-
mance of polysilicone, outstanding smoke suppression
ability, low mass density, nontoxicity, electrical insulating
property, and so on [9]. Though silicone rubbers combust
lower heat than other polymers, they are still flammable
and ignitable. Therefore, inorganic flame retardants, such
as AlðOHÞ3, red phosphorus, Fe2O3, and SiO2, are usually
incorporated into silicone rubbers to fabricate fire-proof
products [10, 11].

However, the synergetic effect between the polymer
matrix and inorganic fire-retardant and the total perfor-
mance of the composites are sometimes too intricate to eval-
uate. For example, some inorganic flame retardant additives
themselves are controversial enough as the released toxic
gas and smoke are extremely harmful despite the outstanding
flame-retardant property [12]. Besides, the content of the
inorganic filler as a function of fire retardant is limited by
the chemical and physical property of the rubber matrix.
Therefore, silane-modified polyether can be added to the
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Table 1: Composition of raw materials (unit: g).

Sample Vi-PDMS-Vi PMVS SMP HO-PDMS-OH Al(OH)3 Silica Carbon black Polymerization inhibitor PMHS Pt-catalyst

1 15 15 20 70 80 2 0.5 0.9 45 0.5

2 12.5 12.5 25 60 90 3 0.4 0.7 40 0.5

3 10 10 30 50 110 4 0.2 0.5 30 0.5

4 5 5 40 40 120 5 0.2 0.5 45 0.5
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Figure 1: The foaming (up) and vulcanization reactions (middle and down).
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rubber matrix, as the low viscosity makes it possible to add
more flame retardant additives.

The solidification reaction is difficult to control when
non-reactive components are doped in the material. Herein,
in this work, we presented the synthesis of fire-retardant
room-temperature-vulcanized silicone rubber foam by a
facial way, and aluminum hydroxide was incorporated as a
flame retardant. The experiments were carried in a wide
range of feed ratios, and the flame retardancy, compression
stress-strain properties of the silicone rubber foams were
systematically studied. These nontoxic, smokeless, and
halogen-free silicone rubber foams can be applied as excel-
lent fire-proof sealing materials.

2. Experimental

2.1. Materials. α, ω-dihydroxypolydimethylsiloxane (HO-
PDMS-OH, purity ≥98%, viscosity 750mPa s, Shandong
Dayi Chemical Co., Ltd.), divinylpolydimethylsiloxane
(Vi-PDMS-Vi, purity ≥99%, viscosity 3500mPa S, vinyl
content wt% 0.43, Shandong Dayi Chemical Co., Ltd.),
polymethylvinylsiloxane (PMVS, purity ≥99%, viscosity
3500mPa s, vinyl content wt% 0.7, Shandong Dayi Chem-
ical Co., Ltd.), polymethylhydrosiloxane (PMHS, purity
≥98%, viscosity 20mPa s, active hydrogen content wt%
≥1.5, Shandong Dayi Chemical Co., Ltd.), and Silane mod-
ified polyether (SMP, viscosity 36000-42000mPa s, Risun
Polymer) were purchased and used directly. Aluminum
hydroxide (AlðOHÞ3, Zhengzhou Beifang Aluminum Co.,
Ltd.) Silica (Wacker International Group Co., Ltd), plati-
num catalyst (Shandong Dayi Chemical Co., Ltd), and
carbon black (Anyang Tongsheng Carbon Black Co.,
Ltd.) were used as additives.

2.2. Preparation of Silicone Foam Materials. Vi-PDMS-Vi
and PMVS with a weight ratio of 1 : 1 were mixed first,
and then, HO-PDMS-OH, SMP, PMHS, catalyst, polymer-
ization inhibitor, and other dopants were added and
stirred to form a homogenous mixture, with weight ratios
shown in Table 1. The viscous liquids were kept still at
room temperature in a proper mold until complete vulca-
nization was reached, and silicone foam materials were
obtained. The vulcanization and foaming reactions are
shown in Figure 1.

2.3. Characterization. The apparent densities of the silicone
rubber were calculated by Equation (1), referring to ISO
845-2006:

ρ = m
V

× 106, ð1Þ

where m is the mass of the sample in grams, V is the vol-
ume of the sample in cubic millimeters. Each sample was
cut to a cubic with a size of 100mm × 100mm × 100mm,
and the apparent density of each sample was decided by
the average value of five specimens. The expansion ratios
were calculated by the volume ratios of the silicone rub-

bers after and before the vulcanization reaction, according
to Equation (2)

Vg −V i
Vg

× 100, ð2Þ

where Vg is the geometrical volume of the test specimen,
10mm × 10mm × 10mm, and Vi is the volume of the
tested specimen into which water cannot get in or out.
To measure Vi, a certain amount of water was put into
a graduated cylinder and recorded as V1. Then, the spec-
imen with a size of 10mm × 10mm × 10mm was put
immersed, and the total volume was recorded as V2, so
the Vi =V2 −V1. The microstructure was studied with a
field-emission scanning electron microscopy (ZEISS Merlin
Compact).

The cell densities of the samples were tested with the fol-
lowing equation, referring to the literature [13, 14].

N0 =
nM2

A

� �3
2

φ, ð3Þ

where n, M, A, and ϕ represented the pore number in SEM
image, the amplification factor, the area of SEM image, and
the expansion ratio. The chemical structure of the silicone
foams was investigated with ATR-FTIR, with a Nicolet IS
10 equipment in a wavenumber range of 4000-500 cm−1.
The thermal stability of silicone foams was studied with a
thermogravimetric analysis device (PerkinElmer, Pyris Dia-
mond TG-DTA), from room temperature to 900°C, at a ramp
rate of 10°Cmin-1, in the air. The stress-strain curves were
measured with a universal testing machine (WAW/WEW-
1000D, Jinanshidai Testing Machine Co., Ltd.) and recorded
according to GB/T 8168-2008. The size of the specimen was
100mm × 100mm × 25mm, and three specimens were
tested for each sample with a preload of 2N. The load of
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Figure 2: The ATR-FTIR spectra of the composite materials.
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the compressing plate to the specimen was gradually
increased along the thickness direction at a rate of
12mm min−1 until the specimen was completely broken.
The compressive strain was calculated by Equation (4)

εα =
T − T i
T

, ð4Þ

where εα is the compression deformation (%), T is the
original height before compression, and T i is the height after
compression. And the compressive stress was calculated
following the formula

σ = P
A

× 10−6, ð5Þ

where σ is the press stress (Pa), P is the loaded force (N), and
A is the base area of the specimen (mm−2). The fire-
retardancy property of the composites was studied with
the vertical burning tests according to the UL-94 method
[15, 16], and the materials are classified as V0, V1, or V2.
The specimens with a size of 125mm × 13mm × 1:6mm
were ignited with methane. 10 seconds later, the methane
was removed and the first afterflame time for the specimen
was recorded as t1. Once the first afterflame is extinguished,
the specimen was ignited again for another 10 seconds, and
the second afterflame time (t2) and afterglow time (t3) were

noted. A piece of cotton was placed under the specimen,
and if the cotton was ignited by the burning drops, the results
should be recorded.

3. Results and Discussion

3.1. Preparation of the Composite Materials. Samples were
synthesized with vulcanization and foaming reactions at
room temperature. As shown in Figure 1, vulcanization reac-
tions between Vi-PDMS-Vi, PMVS, and PMHS cross-linked
to form the skeleton of the composite material, and the reac-
tion between HO-PDMS-OH and PMHS caused the foaming
structure. After 72 hours, all the samples were solidified.

ATR-FTIR was carried out to study the chemical struc-
tures of the samples, and the results were shown in
Figure 2. The peak at 3620 cm−1 was the signal of Si-OH bond
of residual HO-PDMS-OH, and the multiple peaks near
3500 cm−1 were the signals of Si-OH bonds. In all four sam-
ples, Si-CH = CH2 bond around 1620 cm−1 was not detected,
signifying the reactions were completed. The weak peak at
2150 cm−1 was the characteristic signal of Si-H, declaring
the complete consumption of PMHS. The degree of vulcani-
zation reaction affected the curing parameters of the rubber
foam and the mechanical strength of the matrix. The strong
peak at 1250 cm−1 was caused by the Si- CH3, and the
Si-O-C peaks appeared in the range of 1000 to 1080 cm−1

1 mm

(a)

1 mm

(b)

1 mm

(c)

1 mm

(d)

Figure 3: The SEM pictures of the composite materials. (a–d) Corresponding to Sample 1-4.
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[17]. The ATR-FTIR results proved the samples were suc-
cessfully synthesized.

The morphology of the prepared composite materials
was recorded with SEM, as shown in Figure 3. The cell
diameters of the four composite materials, formed in the
foaming process, were close and in a range of 0.1-0.8mm.
The contained additives were dispersed uniformly in the
silicone rubber and caused the roughness of the cell wall.
The cell structure ensured the silicone rubber high expansion
ratios after vulcanization, as well as good stress-strain capac-
ity, which was good for effective sealing.

3.2. Thermal Stability of the Composite Materials. The
thermal stability of fire-proof sealing materials is essential,
and thermogravimetry was applied to investigate the four
samples, as shown in Figures 4(a) and (b). All samples
experienced multistep decomposition reactions. The decom-
position process of Sample 1 started from 280°C, where the
residual weight percent of Sample 1 was 95%. The thermal
stability of Sample 2 was close to Sample 1. The thermal sta-
bility of sample 3 was relatively poorer than the other three
analogs, as the decomposition process started from 200°C.
The first degradation reaction of Sample 4 with a higher
amount of AlðOHÞ3 started from 380°C, which was 100°C
higher than Sample 1. It can be found from the related
TGA data (Figure 4(b)) that the peak temperatures of the first
pyrolysis were 303 and 388°C for Sample 1 and Sample 4,
respectively. The addition of AlðOHÞ3 increased the thermal
stability of the silicone rubber, which was helpful for fire-
retardant materials. After decomposition, only SiO2 and Al2
O3 remained, and the left weight percentages of Sample 1-4
were 66%, 67%, 57%, and 69%, respectively. The left non-
flammable SiO2 and Al2O3 can act as shielding to stop the
fire from spreading, which was the advantage of silicone
rubber-based fire-retardant composite materials. The residue
increment of Sample 2-4 comparing to Sample 1 was caused
by the added amount of inorganic component AlðOHÞ3.

3.3. Mechanical Properties of the Composite Materials. The
mechanical properties of the composite materials are crucial
to the application of fire-retardant materials, and the appar-
ent densities, expansion ratios, and porosities of the compos-
ite materials are shown in Table 2. The values of apparent
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Figure 4: The thermogravimetry of the composite materials.

Table 2: Properties of the prepared composite materials.

Sample 1 2 3 4

Apparent density (g cm−3) 0.473 0.456 0.483 0.465

Expansion ratio 2.73 2.76 2.79 2.77

Porosity (%) 56.34 57.62 56.73 55.78
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Figure 5: Stress-strain curves of the composite materials.
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densities ranged from 0.456 to 0.483 g cm−3, and the discrep-
ancy was inconspicuous. The measured expansion ratios
were between 2.73 and 2.79, endowing the composites as
sealing materials for the holes and cracks. The calculated
cell densities of the four samples were 1:7 × 109, 2:9 × 109,
1:2 × 109, and 1:9 × 109 pores per cm3. The size of pores
was not evenly distributed. These data indicated that the
silicone rubber foam can be successfully synthesized within
a wide range of feed ratios.

The stress-strain curves of the composite materials were
recorded with a universal testing machine, as presented in
Figure 5. The results were consistent with the mode of con-
ventional foams proposed by Gibson and Ashby [18, 19].
As the strain increased from zero to a certain value, the
stress-strain relationships were approximately linear, and
the rising trends of stress were gradual and smooth. The flat
trends can be caused by the bending of cell walls or the
minimum collapse of foam structure, corresponding to the
compressive elastic region. Then, the stress increased sharply
with the strain, due to the massive collapse of the cell struc-
ture. For Sample 1-4, the starting strains where the foam
structure began to collapse were 28%, 23%, 32%, and 22%,
respectively. The four samples displayed good endurance to
the stress, which is useful since the foaming materials should

resist the consequential mechanical stress of the heat run-
away and blasts of airflow.

When the foaming composites are used as fireproof seal-
ing materials, their adhesive performance to the surface of
other materials is also essential, especially for the plastic
materials. However, the surface energy of routine silicone
rubber is low, so generally, the adhesion of routine silicone
rubber is poor. In practical application, the sealing materials
should adhere to the walls and gaps of plastic or metal pipes
as long as possible. The adhesive performance of the samples
to the surface of the commercial plastic cups is shown in
Figure 6. After pealling off, the attachment remained on the
inner walls of plastic walls, declaring the stickness of the
composites to the plastic materials. Therefore, the samples
are applicable for fireproof sealing materials.

3.4. Fire-Retardant Properties of the Composite Materials.
The UL-94 tests of the composite materials are listed in
Table 3. Firstly, the afterflame time (t1 or t2) for each individ-
ual specimen was less than 10 seconds. Secondly, the total
afterflame time (t1 + t2) for any condition set for each speci-
men was less than 50 s. Thirdly, the afterflame plus afterglow
time for each specimen after the second flame application
was less than 30 s. Meanwhile, afterflame or afterglow of

(a) (b)

(c) (d)

Figure 6: Optical images of the composite materials.
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any specimen up to the holding clamp was not observed, nor
the cotton indicator was ignited by flaming particles or drops.
Therefore, all samples were rating in V0 [15, 16, 20]. The
excellent fire-retardant properties were endowed by the
synergetic effect of silicone rubber and the fire-retardant
additives and ensured the composite materials practical
application foreground in fireproof sealing.

4. Conclusion

In this work, a series of silicone rubber foam was prepared
through room temperature vulcanization and foaming. The
characterization results proved that the composite mate-
rials had been successfully synthesized in a wide range of
feed ratios, and the cell structures and other mechanical
properties were suitable for fire-retarding application. The
composite materials exhibited excellent thermal stability.
Fire-retardant tests proved the outstanding fireproof prop-
erty for all four samples. In summary, the composite
materials displayed good overall performance as fire-
retardant materials.

Data Availability

All data and models generated or used during the study
appear in the submitted article.
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