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Abstract This paper presents the results of testing the
flammability of silicone rubber composites containing fil-
lers, such as cenospheres, cenospheres covered with iron,
attapulgite, wollastonite, aluminum hydroxide and silica. In
order to increase the insulating character of boundary layer,
boron trioxide was incorporated into the composites of
silicone rubber as a ceramization additive. The flamma-
bility of the composites was tested with the use of a cone
calorimeter. The composition of the gaseous products of
thermal decomposition was determined quantitatively and
qualitatively in the system with intensive stirring in the
fluidal bed, under isothermal conditions at temperatures
T = 550, 650 and 750 °C. All the test results show that the
fillers used, especially with ceramization additives con-
siderably reduce the fire hazard of silicone rubber com-
posites containing these fillers.

Keywords Silicone rubber - Cenospheric filler - Fire
hazard - Gaseous products of thermal decomposition -
Transition metals

Introduction
Most organic polymers are characterized by inadequate

resistance to the action of heat at elevated temperatures and
fire, especially within a long period of time. Moreover,
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during thermal decomposition and combustion of organic
polymers, considerable amounts of fumes and toxic gases
are emitted, creating a serious hazard to the health and life
of men present in their atmosphere [1, 2].

From the literature review, it follows that 55-80 % of all
the fatal accidents during fires are caused by poisoning
with the products of thermal decomposition and combus-
tion and fume [3, 4]. These products easily get into human
organism due to inhalation and absorption through skin.
Great amounts of heat emitted during fires also cause huge
material losses.

In recent years, the preparation of flame-retardant
polymeric materials characterized by a low emission of
toxic gases and fumes has been a key issue of material
engineering.

To obtain elastomeric composites with an increased
resistance to the action of fire more and more often are used
various fillers and nanofillers as well as special rubbers
characterized by low values of the heat release rate
parameters (HRR) [5].

On account of their unique properties, including high
elasticity, electric resistance, biocompatibility, constancy
of physical and mechanical properties with a very wide
temperature range, especially a high resistance to the action
of external heat source, polysiloxanes have found wider
and wider use in various branches of industry [6, 7].

A great resistance of silicones to the action of fire is
mainly connected with the formation, during their thermal
decomposition, of a boundary layer of silica with a high
heat capacity that considerably impedes the heat conduc-
tion between flame and sample. On the other hand, the
forces of cohesive interactions between silica particles are
insufficient to form an effective barrier impeding the mass
flow from a sample and flame [7].
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In order to obtain a considerable reduction in flamma-
bility, silicone rubbers are filled with active fillers. Mutual
interaction between the particles of active fillers and
immobilization of polysiloxane macromolecules on their
surface cause the formation of a strongly developed three-
dimensional filler network that penetrating the whole
polymer volume, considerably improves its thermal and
mechanical properties [8, 9].

Most frequently silicone rubbers are filled with amor-
phous silica [10, 11]. A considerable reduction in the
flammability of silicone rubbers can be obtained by com-
bining them with cenospheric filler.

From the literature review it follows that a cenospheric
filler, especially that covered with iron, considerably
improves the thermal properties of silicone rubbers. It is
possible that metals with a variable valence, on account of
their low catalytic activity, facilitate the stabilization of
boundary layer [12].

The article presents the effect of cenospheres, also those
covered with iron, on the flammability of silicone rubber
and its capability to ceramize it in relation to conventional
mineral fillers, such as silica, attapulgite, wollastonite and
aluminum hydroxide.

Methods
Materials

The object of the study was metylvinylsilicone rubber
(MVSR), made by Silikony Polskie, with a molecular
weight of 60-70 x 10* (kg mol™") and a content of vinyl
groups at a level of 0.05-0.09 % (mol x mol™"). The
rubber was cross-linked with the use of dicumyl peroxide
(Sigma-Aldrich) in a quantity of 1 part by wt./100 parts by
wt. of the rubber.

The following fillers of the rubber blend were used:
aluminum hydroxide (POCH Gliwice), wollastonite FW
635, with an average particle size of 3.5 um, a specific
surface of 3.25 m? g~ ' (Nordkalk Corporation), attapulgite
Bentonit SWDC (BDC Poland), anhydrous silica Aersil
380 with a specific surface of 380 m? g~' (Evonik
Degussa) and cenospheres uncoated and coated with iron.
The fillers tested were incorporated into the silicone rubber
matrix in a quantity of 40 parts by wt./100 parts by wt. of
the rubber.

The obtained vulcanizates were denoted as follows:

SRDCP
peroxide,
SR-Al silicone rubber filled with aluminum hydroxide,
SR-ATT silicone rubber filled with attapulgite,

SR-WL silicone rubber filled with wollastonite,

silicone rubber cross-linked with organic
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SR-Si silicone rubber filled with silica,

SR-CE silicone rubber containing cenospheric filler,
SR-CEFE silicone rubber containing cenosphereic filler
covered with iron.

In order to increase the insulating character of boundary
layer, a ceramization additive in the form of boron trioxide
(Sigma-Aldrich) in a quantity of 15 parts by wt. was added
to the silicone rubber composites selected. The vulcaniza-
tes containing boron trioxide were denoted as follows:

SRAI-B silicone rubber containing aluminum hydroxide
and boron thrioxide,

SRSi-B silicone rubber containing silica and boron
trioxide,

SRCE-B silicone rubber containing cenospheric filler
and boron trioxide,

SRCEFE-B silicone rubber containing cenospheric filler,
covered with iron, and boron trioxide.

Methods
Preparation of rubber blends and their vulcanization

Silicone rubber blends were prepared at room temperature
with the use of a laboratory rolling mill with roll dimen-
sions: D = 150 mm, L = 300 mm. The rotational speed of
the front roll was 20 rpm, friction 1:1.

The blends were vulcanized in steel molds placed
between the electrically heated press shelves. The optimal
vulcanization time (t 0.9) at a temperature of 160 °C was
determined by means of a WG vulcameter, according to
standard PN-ISO 3417:1994.

Flammability

The vulcanizates under investigation were examined by the
use of a cone calorimeter from Fire Testing Technology
Ltd. Elastomer samples with dimensions  of
(100 x 100 £ 1) mm and thickness of (2 & 0.5) mm were
tested at horizontal position with the heat radiant flux
density 35 kW m ™2 During tests, the following parameters
were recorded: initial sample weight, time to ignition
(TTI), sample weight during testing, total heat released
(THR), effective combustion heat (EHC), average weight
loss rate (MLR), heat release rate (HRR) and sample final
weight.

The structure of the rubber combustion residue analyzed
by means of a cone calorimeter and the residue after
ceramization of composites was assessed on the basis of
photographs taken under a microscope equipped with the
recording software Motic Images Plus.
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Ceramization

The ceramization of silicone rubber composites containing
an appropriate filler and boron trioxide was carried out with
the use of a muffle furnace Nabertherm equipped with a
P320 temperature controller. The sample tested were
heated to a temperature of 1000 °C for 2 h and then stored
at this temperature for 20 min.

SEM analysis

Microscopic photographs of residues after ceramization
were obtained by means of scanning electron microscope
(SEM), from Hitachi model TM3000.

Determination of gaseous products of thermal
decomposition of silicone composites

The quality and quantity of gaseous products of thermal
decomposition of silicone composites without boron tri-
oxide and except for SR-ATT were determined according
to an original method in the fluidized bed at the tempera-
ture of 550, 650 and 750 °C. For the experiment the lab-
oratory scale installation, which operate under atmospheric
pressure was used (Scheme 1). The major part of the setup
is fluidized bed reactor, which consists of a quartz tube

—air

Scheme 1 Scheme of the fluidized bed reactor: /—heated probes for
sampling the flue gases; 2—batcher; 3—computer storing data from
FTIR analyzer; 4—exhaust fan; 5—cyclone; 6—ash trap for coarser
particles; 7—movable radiation shield; S8—heating jacket; 9—
bubbling bed; /0—air rotameter; //—blower for fluidising air;
12—two thermocouples; /3—flat, perforated metal plate distributor;
14—A/D convertor for thermocouple signals; /5—computer storing
chemical analyses quantities and temperature; A—total organic
compounds analyzer (JUM Model 3-200), B—ECOM SG plus, C—
Horiba PG250, P—Peltier’s cooler. D—mobile conditioning system
of Gasmet DX-4000, E—analyzer FTIR (Gasmet DX-4000)

with an outside diameter of 100 mm, height of 500 mm
and a wall thickness of 2 mm. It is placed on a perforated
plate (a distributor) made of chrome-nickel steel with a
thickness of 1 mm. As a fluidizing medium and for oxi-
dizing process condition, air was applied. Therefore, an
oxidative condition of the process was ensured. Approxi-
mately, 240 g of purified microspheres with diameter in the
range of 0.250-0.500 mm was used as an inert fluidized
bed. Pretreatment of the material used as fluidized bed
included hydrothermal purification as well as calcination at
the temperature of 800 °C. Spherical microspheres provide
inert conditions up to 1300 °C (softening point) and its low
density enabled maintaining of as low fluidizing gas linear
flow as 0.02 m s~'. In order to heat the bed, a heating
jacket connected to the autotransformer was applied. Each
analyzed type of silicon rubber and its composites were
dosed as three samples, each containing several pieces with
a mass ca. 0.04 g through the batcher to the reactor. Two
NiCr-Ni thermocouples located at a height of 20 and
50 mm above the distributor were used for temperature
measurement. The analyzer of volatile organic compounds
VOCs JUM Model 3-200 performs measurements using
flame ionization detector (FID). Analyzer ECOM Plus SG
measures the concentration of O,, CO, NO, NO,, SO,
using electrochemical sensors (EC). Analyzer Horiba
PG250 consists of three kinds of sensors. O, concentration
is measured by electrochemical sensor (EC), for deter-
mining the amount of gases such as CO, CO,, SO, analyzer
uses in the IR detectors (non-dispersive infrared NDIR),
concentration of nitrogen oxides (II) and (IV)—NO, is
measured using a chemiluminescence technique (CLA).
Analyzer Gasmet DX-4000 measures the concentration of
inorganic and organic compounds based on the method of
Fourier transform infrared (FTIR) spectroscopy. For DX-
4000 analysis following list of compound was chosen:
H20, CO2, CO, CH4, C2H6, C3Hg, C2H4, HCHO and CyCliC
siloxanes D3, D, and Ds, which were not presented in the
analyzer’s standard library of IR spectra, therefore cali-
bration for these three compounds were performed. Spectra
from FTIR analyzer was continuously acquired every 5 s
during experiment, and these data served as a basis for
further evaluation. Utilization of several analyzers allowed
to duplicate measurements of some components and thus
eliminated the cross-effects on obtained data [13].

Results
Flammability of silicone rubber composites

During combustion of silicone rubber composites with the
use of a cone calorimeter one can observe three stages. The
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Fig. 1 Residue after
combustion. a SR-Si. b SR-CE
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first stage constitutes a fumeless thermal decomposition
accompanied by the emission of a considerable quantity of
opaque fumes. The next stage is connected with ignition
and a slow propagation of flame on the whole sample
surface. It should be clearly mentioned that the combustion
of silicone rubber is not accompanied by the formation of
liquid destruction products that are responsible not only for
heat transfer but they increase the contact with oxygen. The
combustion residue is in the form of white uneven surface
that covers a thing brown consolidated layer (Fig. 1).

The shape of HRR curve as a function of time, recorded
during the combustion of silicone rubber composites, is
different from the HRR curve of typical organic polymers
(Fig. 2).

During the combustion of silicone rubbers, contrary to
conventional rubbers, after reaching the maximal HRR
value, there is established a pseudo-plateau state indicating
the formation of boundary insulating, protective layer
against external heat source.

The value of HRRmax recorded for silicone rubber
amounts to 115 kW m™2, while the value of this parameter
for organic polymer, determined for a heat flux equal to
35 kW m 2, amounts to: for polypropylene 1800 kW m >
[14], for PET 1600 kW m~2 [15], for low density poly-
ethylene 1400 kW m~?2 [16], and for NBR rubber
1100 kW m™ [17].

Contrary to organic polymers, during the thermal
decomposition of silicones, especially in the presence of
oxygen, there is formed inorganic silica with a high heat
capacity. The effectiveness of fuel diffusion to flame and
oxygen to the sample surface depends first of all on the
structure of boundary layer, whose insulating properties are
considerably dependent on the integrity of silica layer
formed during the thermal decomposition of polysiloxane.

From literature review, it follows that the forces of
cohesive interactions between silica particles resulted from
the decomposition of SR are insufficient to form a con-
densed boundary layer. The available silica is in the form
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Table 1 Results of flammability test composites of silicone rubber obtained by the cone method

Sample THR/MJ m™>  HRR/AW m™2 HRRyax/kW m™> EHC/MJ kg='  EHCypax/MJ kg™'  MLR/gm™2s ts/s  Tf/°C
SRDCP 13.3 36.1 108.2 14.41 76.51 5.52 105 850
SR-Al 9.1 14.92 83.27 6.72 39.97 5.2 105 830
SR-ATT 15.4 40.14 88 13.61 66.64 4.87 52 845
SR-WL 8.3 14.18 55.97 9.7 55.27 1.6 135 817
SR-Si 18.2 46.32 69.19 25.16 74.88 2.45 86 860
SR-CE 12.5 37.66 89.3 17.78 63.33 3.61 95 780
SR-CEFE 9 30.02 58.99 10.85 59.04 2.47 64 820

SRDCEP silicone rubber cross-linked with organic peroxide, SR-A! silicone rubber filled with aluminum hydroxide, SR-ATT silicone rubber filled
with attapulgite, SR-WL silicone rubber filled with wollastonite, SR-Si silicone rubber filled with silica, SR-CE silicone rubber containing
cenospheric filler, SR-CEFE silicone rubber containing cenosphereic filler covered with iron, THR total heat release, HRR heat release rate,
HRR;;4x maximal heat release rate, EHC effective combustion heat, EHC,;4x maximal effective combustion heat, MLR mass loss rate, ts time to

ignition, 7f flame temperature
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Fig. 4 THR curves recorded during combustion composites of
silicone rubber

of dust with a low barrier capability that can be easily
removed from the surface of boundary layer by the flux of
gases within the combustion zone [6].

An increase in the integrity of the boundary layer
formed during the combustion of silicone rubbers can be
obtained by the incorporation of active fillers into their
matrix [18].

The mutual interaction between filler particles and the
immobilization of polysiloxane macromolecules on their
surface that results from physical and chemical interactions
between polymer macromolecules and the active sites in
chemical, energetic, or steric terms on the filler surface,
causes the formation of a strongly developed three-di-
mensional network that penetrating the whole polymer
volume, improves its thermal properties, and reduces the
fire hazard created by the composite.

The mineral fillers commonly used in polymer tech-
nology can be divided into passive fillers such as calcium
carbonate or kaolin, whose role is to decrease the product
price, and active fillers (reinforcing) that should improve
the functional parameters of polymers. The properties of
active filler considerably depend on factors such as shape,
size, its distribution in the polymer matrix and the number
and quality of functional groups on its surface. For exam-
ple, laminar or fibrous fillers, contrary to nanofillers, can
undergo orientation in processing, while the functional
groups on their surface can interact with a polymeric chain,
which results in an increase in the composite mechanical
properties [8, 19].

The fillers fulfilling the function of flame-retardant
agents after heating undergo endothermic decomposition
releasing water, while their decomposition residue inhibits
the energy transport inside the sample by thermal feedback.

The most often used fillers of polydimethylsiloxane
(PDMS) include: aluminum hydroxide, silica, laminar fil-
lers, and recently also cenospheric fillers.

Undoubtedly, a reduction in the flammability of sili-
cone rubber in the presence of aluminum hydroxide
results from the thermal decomposition of AI(OH); to
water and Al,O3. Both the endothermic decomposition of
Al(OH); and water evaporation decrease the energetic
balance of the elastomer under combustion. Nevertheless,
it should be noted that the values of HRRmax and MLR
are slightly lower than those of unfilled silicone rubber
(Figs. 2, 3; Table 1).

The high value of MLR parameter results from releasing
considerable amounts of water vapor at relatively low
temperatures, AT = 200-250 °C, that not only impedes the
diffusion of oxygen to boundary layer but first of all lowers
its temperature and consequently the efficiency of thermal
degradation as confirmed by the relatively low value of
THR parameter THR (Table 1; Fig. 4).
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Water vapor can, however, initiate the cracking of the 14
thermally stable Al,O3 layer, which negatively influences — w SRCE e
the value of HRRmax (Fig. 2). 124 o SRCEB,0, .)X.‘-*’
The flame-retardant action of attapulgite consists in both o
releasing considerable amounts of water with a wide tem- « 104 /
perature range, AT = 160-320 °C, as confirmed by the E . /
value of MLR and forming an insulating boundary layer. = v
However, from the literature review it follows that the % 6 yeso0esss0ccssccssoce
boundary layer of burning elastomer formed in the pres- .."
ence of attapulgite is characterized by a high heterogeneity, 4l S /
which increases the values of HRRmax parameter [20]. "
Silica is the most often used filler of SR. However, it 5 o /
should be noted that precipitated silacas, especially non- S
hydrophobized silicas, contain from 5 to 8 % by wt. of 0 ""T"-‘:'."’-'j. —
physically combined water. With increasing temperature, 0 50 100 150 200 250 300 350 400 450
the released water molecules can initiate the thermal Time/s
degradation of PDMS by the hydrolysis of siloxane chain Fig. 5 HRR curves SR-CE and SR-CE-B,0; composites
[21]. Flame silicas, commonly used as fillers of silicones,
do not contain physically combined water, while the water 10
chemically combined with their surface results from the o] = smcere
presence of three types of hydroxyl groups, i.e., isolated, { e SRCEFEB,O, {r-/"l
free single silanol groups, = SiOH, free germinal silanol or 8- el
silanodiol groups, =Si(OH), and vicynal hydroxyl groups 7] {f
(combined with hydrogen bond single silanol or geminal ‘}‘E 6 /
groups or both silanol and geminal groups) [22, 23]. = {. 00000000000 000000
Single silanol groups are more reactive than vicinal o 5'_ .."
silanol groups combined with hydrogen bond, which E a4 ol
results from the presence of reactive acidic hydrogen in 3] a
their structure. 1 ¢ a
On the surface of silica are also siloxane bridges, = Si— 2__ y
O-Si=, that are converted to silanol groups as a result of 14 Ve
dehydroxylation. (Y R L I —
The flame silica used considerably decreases the value 50 100 150 200 250 300 350 400
of HRR and especially that of MLR of the polysiloxane Time/s
tested. The flame-retardant action of silica results from the Fig. 6 HRR curves SR-CEFE and SR-CEFE-B,0; composites
formation of hydrogen bonds between oxygen present in
Table 2 Influence of ceramic phase on the flammability composites of silicone rubber
Sample THR/MJ m~> HRR/AW m™> HRRyax/kW m™> EHC/MJ kg™' EHCyax/MJ kg=™' MLR/gm s ts/s Tf/°C
SR-Al 9.1 14.92 83.27 6.72 39.97 52 105 830
SRAI-B 9.3 30.36 101.01 9.65 70.62 7.24 59 800
SR-Si 18.2 46.32 69.19 25.16 74.88 2.45 86 860
SRSi-B 7.4 21.34 65.68 13.07 65.68 3.49 65 800
SR-CE 12.5 37.66 89.3 17.78 63.33 3.61 95 780
SRCE-B 6.7 20.93 69.0 11.12 57.08 3.9 55 835
SR-CEFE 9 30.02 58.99 10.85 59.04 247 64 820
SRCEFE-B 54 16.18 59.49 11.13 44.04 3.33 52 800

SRAI-B silicone rubber containing aluminum hydroxide and boron thrioxide, SRSi-B silicone rubber containing silica and boron trioxide, SRCE-B
silicone rubber containing cenospheric filler and boron trioxide, SRCEFE-B silicone rubber containing cenospheric filler, covered with iron, and

boron trioxide
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the main chain of silicone rubber (Si—O-Si) and hydrogen
of silanol groups located on the silica surface, which
reduces the segmental mobility of silicone rubber chains
and leads to the formation of strong internal polymer—filler
interactions [24].

In the presence of flame silica, one can also observe an
increase in the viscosity of liquid destruction products,
whose rheological properties are similar to those of gel,
which radically decreases the rate of their diffusion to the
flame zone, compared to the destruction products of
unfilled silicone rubbers. Extremely important is also the
balance between the filler density and specific surface and
the viscosity of fused polymer. It depends on this balance
whether silica will accumulate near the surface of the
polymer under combustion or will it be immersed in the
fused mass of polymer [25].

It should be mentioned that the composites of silicone
rubber filled with silica are characterized by the highest
value of released heat and flame temperature from among
all the composites tested (Table 1, Fig. 3). This indicates
that the flame silica used releases small amounts of water
that are insufficient to cool the sample surface.

From the test results presented in Table 1 it follows that
cenospheric filler is characterized by a comparable flame-

retardant effectiveness to that of silica in relation to sili-
cone rubber (Table 1).

Cenospheres are light, chemically neutral, hollow
spheres consisting of silica and aluminum, mostly filled
with air, obtainable in the process of fine coal combustion
[26, 27]. They are characterized by unique properties,
including low mass, good insulating properties, low water
absorption and great chemical and thermal resistance [28].

The test results obtained show that cenospheres, espe-
cially those covered with iron, incorporated into the matrix
of silicone rubber are characterized by a high effectiveness
of stamping out fire.

At present, the effect of a metal with variable valence on
the thermal stability and flammability of polymeric mate-
rials is not fully explained. From the literature review it
clearly follows that metal ions, e.g., of cobalt or titanium
act as catalysts of the decomposition of hydroperoxides, so
increasing the rate of polymer depolymerization and
degradation [29].

Cobalt, through the electron transfer in 3D subshell,
generates a great amount of macroradical [30], initiating
the thermal decomposition of SR as well as PE or PP. It
should be, however, clearly mentioned that other transient
metals such as Ni or Fe that could potentially initiate

Fig. 7 Photographs composites of silicone rubber before and after process their ceramization. Silicone rubber filled: a silica, b aluminum

hydroxide, ¢ cenospheric filler, d cenospheric filler covered with iron

@ Springer
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radical reactions, contrary to cobalt, are characterized by a
low catalytic activity.

The test results obtained clearly shows that an increase
in the thermal stability of polymeric composites containing
iron oxide is connected with the adsorption of polymeric
chains on the surface of iron oxide particles, which results
in a considerable decrease in the segmental mobility of
polymeric chains and consequently in a decrease in the

@ Springer

formation, at elevated temperature, of microbridges
between the particles of silica and wollastonite that con-
siderably reduce the processes of pyrolysis and facilitate
the formation of thermally stable insulating boundary layer.

A significant improvement in the insulating character of
boundary layer, exerting a key impact on the reduction in
mass and energy transport between sample and flame, one
can obtain by incorporating ceramization additives into the
elastomer matrix.

An activator of the ceramic layer in silicone rubber
composites can be mica. The reaction between inorganic
fillers, e.g., mica, wollastonite and the silica formed as a
result of thermal decomposition of silicone rubber, in the
boundary layer of the composite under combustion, a
eutectic fluid phase is formed, showing great capabilities to
penetrate the polymeric matrix. The eutectic liquid pene-
trates the structure of composite, acting as a bridge
between silica and filler to form a coherent structure at the
fire temperature. As shown, the properties of eutectic phase
depend on both particle size and chemical composition of
fillers incorporated into the SR [31]. The formation of the
eutectic phase-bonding mineral fillers with silica proceeds
at a temperature above 800 °C. The additional incorpora-
tion of specified inorganic fluxing agents, mainly in the
form of borates, on account of their low melting point,
results in lowering the temperature of the formation of
filler—silica eutectic phase, which advantageously influence
the process of ceramization and consequently a reduction
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Fig. 10 Concentration cyclic
siloxanes in the gaseous thermal
decomposition products of the
silicone rubber composites in
the temperature a 550 °C,

b 650 °C, ¢ 750 °C
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Fig. 11 Concentration gaseous
organic hydrocarbons in the
gaseous thermal decomposition
products of the composites
silicone rubber in the
temperature: a 550 °C,

b 650 °C, ¢ 750 °C
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in the flammability of elastomeric composites (Table 2;
Figs. 5-7) [32, 33].

Boric acid and borates form a protective glassy layer at a
temperature of 325 °C that then begins to melt already at a
temperature of 500 °C initiating the formation of eutectic
phase [34, 35]. From the results presented in Figs. 5 and 6,
it clearly follows that the incorporation of zinc borate
decisively reduces the flammability of silicone rubber
containing both silica and cenospheric filler. Undoubtedly,
this is connected with the formation of ceramic uniform
boundary layer (Fig. 7).

The tests carried out by the method of cone calorimetry
show that a decisive decrease in fire hazard occurs in the
case of silicone rubber containing the mixture of zinc
borate and cenospheric filler covered with iron. Undoubt-
edly, the adsorption of polymeric chains on the particles of
iron oxide reduces the segmental mobility of silicone
rubber and consequently inhibits the radical reactions of
chain transfer, characteristic of SR.

Analysis of the gaseous, thermal decomposition
products, composites of silicone rubber

Based on the analysis of the FTIR spectra of gaseous
products of the thermal decomposition of cross-linked sil-
icone rubber, one can state that at the temperature of
decomposition T = 550 °C, first of all carbon oxide and
dioxide are recorded in the FTIR spectrum, as confirmed by
an intensive peak at a wavelength of 2400 cm™' and water,
whose presence is confirmed by the signals at wavelength
of 1800 and 3700 cm ™', respectively. It should be men-
tioned that within the spectral range 750—1300 cm ™', there
appear distinct signals characteristic of cyclic siloxane
compounds containing trimers D3, tetramers D4 and pen-
tamers D5 [36] (Fig. 8).

Low molecular weight products of the thermal decom-
position of silicone rubber in the form of volatile organic
compounds (aliphatic hydrocarbons and aldehydes) are
recorded at  wavelength of  1300-1500 and
2600-3200 cm ™.

The character of FTIR spectra of gaseous products of the
thermal decomposition of silicone rubber is practically
unchanged after incorporation inorganic filler into its
matrix (Fig. 9).

From the analysis of results presented in Figs. 10, 11
and 12, it follows that the cyclic siloxanes are recorded in
FTIR spectra only at temperature 7 = 550 °C, while at
T = 650 and 750 °C siloxanes undergo thermal decom-
position and combustion (Fig. 10), as confirmed by an
increase in the concentration of volatile organic hydro-
carbons at 7 = 650 °C (Fig. 11) and carbon oxide, dioxide
and water at T = 650 and 750 °C (Fig. 12). This indicates
a low thermal decomposition rate of cyclic oligomers at a

@ Springer

temperature of 550 °C. Under the conditions prevailing in
the reactor, i.e., with a relatively short dwell time of the
gaseous products of thermal decomposition of SR com-
posites in the zone of high temperature (550 °C), the
destruction processes of cyclic siloxanes proceed with a
low effectiveness. It should be noted that at this tempera-
ture also methanal reaches a high concentration over
600 ppm. As a product of incomplete polysiloxane oxida-
tion, as cyclic siloxanes, it undergoes thermal degradation
and destruction at a higher range of temperature.

From among the gaseous organic hydrocarbons, it is
methane that reaches the highest concentration over
200 ppm at T = 650 °C, with low concentrations of
ethane, propane and ethylene (Fig. 11).

It deserves attention that at 7 = 550 °C, thus within the
range of the maximal decomposition rate of silicone rubber
composites, the lowest emission of cyclic siloxanes and
volatile organic hydrocarbons is shown by the silicone
rubber composites characterized by the highest thermal
stability expressed with parameter 7, i.e., those filled with
wollastonite or cenospheric filler covered with an iron
layer. The increased thermal stability of composites SR-
WO and SR-CEFE in relation to that of cross-linked sili-
cone rubber is connected first of all with the adsorption of
polymeric chains on the surface of filler particles. It should
be also underlined that the analyses performed have shown
a low catalytic activity of iron in relation to the radical
reactions of thermal degradation.

Conclusions

The mineral fillers used decisively decrease the fire hazard
created by silicone rubber composites. A decrease in the
flammability of silicone rubber in the presence of alu-
minum hydroxide results from the thermal decomposition
of AlI(OH); to water and Al,Oz. Both the endothermic
decomposition of AlI(OH); and the evaporation of water
decrease the energetic balance of the elastomer under
combustion, as confirmed by the values of THR parameter.

Flame silica considerably influences the decrease in the
value of HRR parameter, especially MLR of the
polysiloxane tested. The flame-retardant action of silica
results from the formation of hydrogen bonds between
oxygen in the main chain of silicone rubber (Si—-O-Si) and
hydrogen of silently groups present on the surface of silica,
which reduces the segmental mobility of the silicone rub-
ber chains and leads to the formation of strong internal
polymer—filler interactions.

The flame-retardant action of cenospheric filler covered
with iron is connected with both the advantageous effect of
cenospheres on the structure of boundary layer and the
adsorption of polymeric chains on the surface of iron oxide
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particles, which results in a considerable decrease in the
segmental mobility of polymeric chains and consequently a
reduction in the effectiveness of decomposition and chain
transfer.

The high effectiveness of wollastonite in the processes
of stamping out flame is connected with the formation, at
elevated temperatures, of microbridges between silica
particles and wollastonite that considerably reduce he
processes of pyrolysis and facilitate the formation of a
thermally stable insulating boundary layer.

An additional incorporation to the elastomer matrix
specified inorganic fluxing agents, mainly in the form of
borates, on account of their low melting point results in a
decrease in the temperature of forming the eutectic filler—
silica phase, which advantageously influences the
ceramization process and consequently a reduction in the
flammability of elastomeric composites.

Within the temperature range of the maximal rate of
silicone rubber decomposition, the lowest emission of
cyclic siloxanes and volatile organic hydrocarbons is
shown by the composites of silicone rubber filled with
wollastonite or cenospheric filler covered with iron layer.

The thermal decomposition of silicone rubber compos-
ites in the oxidizing atmosphere in fluidized bed strongly
depends on the process temperature. At a temperature
lower than 650 °C, the main thermal decomposition
products include cyclic trimmers D;-Ds, water, CO and
CO, as well as HCOH. An increase in temperature causes
the decomposition of oligomeric cyclic siloxanes, hydro-
carbons and aldehydes to CO, CO, and H,O.
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