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Abstract The study presents the investigation results

concerning the thermal properties of non-cross-linked and

cross-linked silicone rubber with organic peroxide. The

rubber was filled with mineral fillers such as cenospheres,

including cenospheres covered with iron, attapulgite, wol-

lastonite, aluminum hydroxide and silica. The thermal sta-

bility of the silicone rubber was considered from the point of

view of the mineral fillers used, particularly taking into

account the modern cenospheric filler. Thermal analysis was

carried out under both air and a neutral gas at temperatures

ranging from 120 to 700 �C. The activation energy value of

the silicone rubber destruction was determined with the use

of the non-isothermal method of Flynn–Wall–Ozawa.

Keywords Silicone rubber � Cenospheric filler � Thermal

stability � Destruction activation energy

Introduction

Synthetic polymers are a crucial part of today’s life, and

they can be found nearly everywhere and more and more

frequently and faster replace conventional materials such

as metal, ceramics or wood. Despite many unquestionable

advantages, synthetic polymeric materials also have some

limitations, including their flammability [1, 2].

In accordance with the current legal regulations, the

products obtained from synthetic polymers, such as carpets,

electric conductors or furniture, must be characterized by a

specified resistance to fire.

From the review of source literature, it follows that a

considerable improvement in fire resistance of polymeric

materials can be obtained with the use of polysiloxanes in

their production [3–5]. The commercial production of sil-

icone polymers began in 1940. Their production as well as

the number of their potential, practical applications has

systematically increased for 75 years. It is estimated that in

the scale of all the world, the value of the manufacture of

silicone materials amounts now to several billion dollars,

while all the time, it shows a constant growing trend [4, 6].

From among various silicone materials, the highest

industrial importance has silicone rubbers (SR). These

consist of the main chain built-up from alternately arranged

silicon and oxygen atoms, to which are connected organic

groups. Most often these are methylene groups with a

possible low number of vinyl groups that make the radical

cross-linking easier [7].

Because of its specific chemical structure, polysiloxanes

are characterized by several unique properties including a

high elasticity, electric resistance as well as biocompati-

bility, constancy of physical and mechanical properties

within a very wide temperature range and also a high

resistance to external heat sources. In the case of most

polysiloxanes, the value of their maximal heat release rate

(HRRmax) ranges from 60 to 150 kW m-2 [3, 4].

Contrary to organic polymers, during the thermal

decomposition of silicones, especially in the presence of

oxygen, there appears inorganic silica with a high heat

capacity. The effectiveness of the fuel diffusion to flame

and oxygen to the sample surface depends first off all on

the structure of boundary layer, whose insulating properties
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considerably depend on the integrity occurred during the

thermal decomposition of polysiloxane silica layer.

From the review of source literature, it follows that the

forces of cohesive interactions between silica particles

resulted from the thermal decomposition of silicones are

insufficient to make a condensed boundary layer. The silica

formed occurs in the form of dust with a low barrier

capability that additionally can be easily removed from the

surface of boundary layer through the action of gas stream

within the combustion zone [4].

In order to improve the thermal and mechanical properties

of polysiloxanes, as well as a reduction in their flammability,

these polymers are combined with active fillers [8].

The mutual interaction of active filler particles and the

immobilization of polysiloxane macromolecules on their

surface that results from physicochemical interactions

between the polymer macromolecules and chemically,

energetically or sterically active spots on the filler surface,

cause the formation of a strongly developed three-dimen-

sional spatial network that penetrating the whole polymer

volume significantly improves their thermal and mechani-

cal properties.

The most frequently used mineral filler of silicone

rubbers is amorphous silica [9, 10]. However, it should be

noticed that precipitated silica, especially non-hydropho-

bized silica, contains at the average 5–8 % by mass of

physically combined water. With increasing temperature,

liberated water molecules catalyze, so the splitting of

polysiloxane chain consequently leads to decreasing the

thermal stability of composites filled with it [11].

Potentially, a significant improvement in the thermal prop-

erties of silicone rubber and a reduction in their flammability

can be obtained by filling them with cenospheric filler.

Cenospheres are alumina silicate particles in the form of

thin-walled microspheres with a regular structure. On

account of their considerable resistance and excellent

mechanical parameters, more and more frequently ceno-

spheres are used as fillers of polymeric materials [12].

In the first part of the paper, the effect of cenospheres on

the thermal properties of silicone rubber vulcanizates was

compared in relation to conventional mineral fillers such as

silica, attapulgite, wollastonite and aluminum hydroxide. In

the second part, the effect of the mineral fillers used on the

flammability and ceramization capability of silicone rubber

composites was presented.

Methods

Materials

The object of studies was methylvinylsilicone rubber

(MVSR), made by ‘‘Silikony Polskie,’’ with a molecular

mass of 60–70 9 104 (kg mole-1) and vinyl group content

of 0.05–0.09 % (mol mole-1). The rubber was cross-linked

with the use of dicumyl peroxide in a quantity of one part

by mass/100 parts by mass of the rubber.

As fillers of the rubber blend, there were used the fol-

lowing compounds: aluminum hydroxide (POCH Gliwice),

wollastonite FW 635, with an average particle size of

3.5 lm, and a specific surface of 3.25 m2 g-1 (Nordkalk

Corporation), attapulgite, Bentonit SWDC (BDC Polska),

anhydrous silica, Aerosil 380, with a specific surface of

380 m2 g-1 (Evonik Degussa), and cenosphere and ceno-

sphere coated with iron. The mineral fillers were incorpo-

rated into the silicone rubber matrix in a quantity of 40

parts by mass/100 parts by mass of the rubber.

Preparation of cenospheres

Cenospheres, a waste material in the process of hard coal

combustion, were obtained from the heat and power gen-

eration plant in Połaniec. These were subjected to initial

drying at a temperature of 105 �C for 12 h and then

purification to remove fine, porous and crushed particles

through the hydrothermal process at a temperature of 90 �C
for 30 min. Further, the material obtained in this way was

divided into narrow grain fraction, including a

125–160 lm that was used in this work. Additionally,

some microspheres were coated with iron derived from

iron carbonyl by the FB-MOCVD method (fluidized-bed

metal–organic chemical vapor deposition), using a labo-

ratory fluidization reactor (Fig. 1). At a temperature of

CO, N2
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Fig. 1 Scheme of test stand to covered cenospheres by the metallic

iron in the fluidized bed. 1 Cenospheres layer, 2 external heat source,

3 distributor, 4 nozzle, 5 control valve of liquid Fe(CO)5, 6 control

valve of carrier gas, 7 downcast ventilator
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190 �C and with a dose of 0.25 mL g-1 of microspheres, a

coating of metallic iron with a thickness of about 0.3 lm

was obtained.

Methods

SEM analysis

Microscopic photographs were obtained by means of

scanning electron microscope (SEM), model TM3000 from

Hitachi model TM3000.

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 (s 0.9) at a temperature of 160 �C was

determined by means of a WG vulcameter, according to

standard PN-ISO 3417:1994.

Thermal properties of rubber and its vulcanizates

The thermal properties of the rubber and its cross-linked

blends were tested under air and neutral gas at temperatures

ranging from 25 to 700 �C, with the use of a Jupiter STA

449 F3 thermal analyzer from Netzsch Company. Weighed

portions amounted to 5–10 mg. Samples were analyzed

with heating rates 2, 5, 10, 15 and 20 �C min-1.

Thermal analysis under nitrogen at -120 to 500 �C of

both the rubber and its cross-linked blends was carried out

by means of differential scanning calorimetry, using a

DSC-204 thermal analyzer from Netzsch Company, and

weighed portions from 5 to 7 mg and a heating rate of

10 �C min-1.

Determination of activation energy of destruction

investigated rubber

In general, the thermal degradation reaction of a solid

polymer can be simply shown as: Bsolid ? Csolid ? Dgas,

where Bsolid is the starting material, Dgas and Csolid are the

different products during the disappearance of Bsolid. In

thermogravimetric measurements, the degree of decom-

position (conversion) can be calculated as follows [13]:

X ¼ W0 �Wt

W0 �Wf

ð1Þ

where X is degree of decomposition; Wt, W0 and Wf are the

actual, initial and final of the mass of the sample,

respectively. A typical model for kinetic process can be

expressed as:

dX

dt
¼ kf ðXÞ ð2Þ

where dx/dt is the decomposition rate, f(X), the function of

X, depends on the particular decomposition mechanism.

And k is the decomposition rate constant, which can be

expressed by the Arrhenius equation:

k ¼ A exp
�E

RT

� �
ð3Þ

where A is the pre-exponential factor (s-1), E is the acti-

vation energy (J mol-1), R is the gas constant

(8.314 J mol-1 K-1), and T is Kelvin temperature (K).

Substituting Eq. (3) into Eq. (2), we obtain

dX

dt
¼ A exp

�E

RT

� �
f Xð Þ ð4Þ

If the temperature of a sample is changed by a constant

value of b (b = dT/dt), the variation of the degree of

decomposition can be analyzed as a function of tempera-

ture. Therefore, the reaction rate gives:

dX

dT
¼ A

b
exp

�E

RT

� �
f Xð Þ ð5Þ

Equations (4) and (5) are the basic equations for the

kinetic calculation.

The Flynn–Wall–Ozawa method [14–17] This iso-con-

versional integral method, suggested independently by

Flynn and Wall and Ozawa, uses Doyle’s approximation of

the temperature integral. This method is based on equations

[8–10]:

log b ¼ log
AE

RgðaÞ � 2:315 � 0:457E

RT
ð6Þ

where decomposition in kJ mole-1; a, the degree of con-

version; T, the absolute temperature to reach the conversion

and is the integral conversion function.

gðaÞ ¼
Za

0

da
f ðaÞ ð7Þ

Thus, at a constant conversion (a = const.), the plot log b
versus (1/T), obtained from a series experiments performed

at several heating rates, should be a straight line whose slope

allows evaluation of the activation energy:

slope ¼ dðlogbÞ
dð1=TÞ ¼ 0:4567

E

R

� �
ð8Þ

To apply this iso-conversional method, heating rates of

2, 5, 10, 15 and 20 �C min-1 were chosen. In this study,
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the conversion values of 5, 10, 20, 30, 40, 50, 60, 70, 80

and 90 % have been used, which would give a values 0.05,

0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, respectively, for the

Flynn–Wall–Ozawa method.

Results

Thermal properties of silicone rubber

Depending on the type and concentration of functional

terminal groups as well as the amounts of external impu-

rities, the thermal degradation of polysiloxanes can occur

according to the following reaction mechanisms [18, 19]:

• Depolymerization according to the mechanism of zip

fastener,

• Random splitting of the main chain,

• Dissociation of the Si–O bond under the influence of

external polar impurities.

Polysiloxanes (PS) containing terminal silane groups (Si–

OH) or silanol-hydroxy-alkyl groups are depolymerized

according to the mechanism of zip fastener.

In the first stage of the polymer heating, its molecular

mass sharply increases, which is a result of inter-molecular

condensation reactions proceeding between silanol groups

on the end of polymer chain and SiO bond in its main

skeleton (Fig. 2). As a result of the reaction of inter-

molecular regrouping, there are formed low molecular,

stable at the PS degradation temperature cyclic siloxanes.

The weakest bond in the polysiloxane chain is C–Si bond,

whose energy amounts to 326 kJ mol-1. Cyclic siloxanes

are formed as a result of inter-molecular regrouping that is

accompanied by the splitting of Si–O bond with an energy of

451 kJ mol-1 [19, 20]. In this connection, the thermal

degradation process of polysiloxanes can be considered

from the point of view of their chemical structure and kinetic

parameters and not in terms of the bond energy.

Polysiloxanes containing terminal inert functional

groups, most frequently trimethylsilyl, undergo thermal

degradation according to the random mechanism. As a

result of intra- and inter-molecular reactions proceeding

between the random siloxane bond (SiO) occurring in the

polymer main chain and its terminal group, starting from

the temperature of its thermal decomposition, the molec-

ular mass of polysiloxane sharply decreases, and at the

same time, there are formed oligomeric, cyclic siloxane

compounds with a high distribution of molecular mass.

Polysiloxanes that contain polar ionic impurities, even in

low quantities, undergo degradation according to the

external catalytic mechanism, consisting in the hydrolytic

scission of Si–O bond in the polymer main skeleton. The

presence of ionic impurities in the reaction medium can

sharply deteriorate the thermal properties of polysiloxanes,

even within the range of low temperatures [21, 22].

The test results obtained show that the thermal decom-

position of the silicone rubber tested proceeds differently

under neutral gas and air. The TG curves recorded under

nitrogen show a single-stage thermal decomposition of

silicone rubber (SR), starting at a temperature of 415 �C.

The maximal rate of this process at T = 483 �C amounts to

22.85 % min-1 (Fig. 3).

Under air, the polysiloxane tested undergoes at least two-

stage thermal decomposition (Fig. 3). The first stage already

begins at T = 350 �C, while the maximal rate of its decom-

position at T = 396 �C amounts to 3.80 % min-1, and the

other one starts at T = 410 �C, while its maximal rate of

decomposition at T = 465 �C amounts to 16.90 % min-1.

The two-stage decomposition process of silicone rubber

under air can result from catalytic action of oxygen in the

depolymerization processes of polysiloxane to volatile

cyclic low molecular compounds, as confirmed by a clearly

lower temperature of the beginning of thermal decompo-

sition, TR, of SR under air in relation to the value of TR

under nitrogen. The cyclic compounds formed undergo

then further thermal decomposition at a temperature above

450 �C, under both air and nitrogen.

The test results obtained show that with increasing the

heating rate of silicone rubber, the oxygen diffusion to the

boundary zone of sample clearly decreases, while the

thermal degradation processes simultaneously become

intensified, as confirmed by a clear increase in the tem-

perature of the thermal decomposition beginning, TR

(Fig. 4).

From the studies carried out by Camino et al. [23], it

follows that the heating rate clearly also influences the type

CH3 CH3 CH3 CH3 CH3 CH3
CH3 CH3

CH3

CH3

CH3 CH3

CH3

CH3

CH3 CH3

O

O

O

O

OO

OH Si

Si
Si OH

Si Si

Si

SiSi +

Fig. 2 Inter-molecular mechanism degradation of hydroxyl-terminated polysiloxane
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of gaseous products resulting from the thermal decompo-

sition of polysiloxane, under both air and nitrogen.

Heating the polymer with a rate not exceeding 10 �C min-1

causes that the predominating gaseous products in the mixture

of volatile cyclic compounds are trimmers. With increasing the

heating rate, their content in the mixture of gaseous products

decreases in favor of tetramers, pentamers, hexamers and

higher cyclic oligomers.

The activation energy value of the silicone destruction,

under both air and nitrogen, was determined with the use of

kinetic, non-isothermal Flynn–Wall–Ozawa’s method. The

activation energy value of the SR destruction under nitrogen

amounts to 116.2 kJ mole-1, while that under air amounts to

121.1 kJ mole-1 for the first thermal destruction stage and

97.8 kJ mole-1 for the second stage (Figs. 4, 5). These

values are significantly lower than the value of the Si–O bond

energy, which confirms that depolymerization of

polysiloxane does not proceed by the hemolytic dissociation

of bonds in the polymer main chain, but it results from intra-

molecular regrouping. The higher destruction activation
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energy under air in the first decomposition stage of silicone

rubber decomposition in relation to that in the second stage

and also to the corresponding value obtained under nitrogen,

probably results from the thermo-oxidative process that

stabilizes the boundary layer of SR.

The results obtained by the DSC method show that a

high exothermal peak, indicating partial crystallization of

polymeric chains, is recorded at -63 �C in the curve of

SR cooling both before and after its cross-linking with

organic peroxide [24]. An endothermic signal indicating

the melting of crystalline phase appears in the heating

curve at T = -35.4 �C (Fig. 6). The DSC analysis per-

formed at DT = -120 to 500 �C did not allow one to

determine glass transition temperature (Tg). Tg of the

rubber tested probably appears at a temperature below

-120 �C.

Characteristic and thermal properties of fillers

Cenospheres

The word cenosphere is derived from two Grecian words:

kenos (hollow) and sphaira (sphere). Cenospheres are light,

chemically neutral, hollow microspheres consisting of sil-

ica and alumina, mostly filled with air, obtainable in the

process of fine coal combustion [25, 26].
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The diameter of cenospheres ranges from 20 to 200 lm,

density from 0.3 to 0.8 g cm-3 and wall thickness from 2

to 10 lm (Fig. 7a, b).

Cenospheres are characterized by unique properties

including a low mass, good insulating properties, low water

absorption, high chemical and thermal resistances [27].

From recent literature reports, it follows that cenospheres

are more and more frequently used in the production of

polymeric composites with a low mass. An addition of

cenospheres to poly(vinyl chloride) (PVC) or poly(vinyl

acetate) (PVA) allows one to obtain not only light materials

but also products with good mechanical and thermal

properties [27, 28].

The test results obtained by the method of thermal anal-

ysis have shown that cenospheres are thermally stable

material, showing no mass loss atDT = 25–700 �C (Fig. 8).

Wollastonite

Wollastonite is calcium metasilicate, a mineral occurring in

nature in the form of white needle-like anhydrous crystals

(Fig. 7c). The length of wollastonite crystals is at least two

times greater than their width, while the shape coefficient

of wollastonite (crystal diameter divided by thickness) can

be higher than 15 [29].

Wollastonite as cenospheres is a thermally stable mate-

rial, showing no mass loss at DT = 25–700 �C (Fig. 8).

Attapulgite

Attapulgite is fibrous aluminosilicate, with chemical formula:

Mg5[Al]Si8O20(OH)2–(OH2)4�4H2O, that is characterized by

a high heat capacity and sorption capacity, at a level of

15–30 mval 100 g-1 and as zeolites, shows molecular sieve

features [30, 31] (Fig. 7d). This hydrous silicate of magne-

sium and aluminum is widely used as absorbent, catalytic

carrier, disinfection agent, additive to food and drugs and

recently as filler of polymers [32]. The structure of attapulgite

is three leveled. Single crystals are the smallest structural unit

with a length from 500 to 2000 nm and diameter from 10 to

30 nm. Each single crystal is composed of many laminar units

which are tetrahedrons consisting of two connected silicon

Fig. 7 SEM pictures of fillers

a cenospheres, b cenospheres

covered by the iron,

c wollastonite, d attapulgite,

e silica, f aluminum hydroxide
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atoms and two oxygen atoms [30–32]. Between neighboring

layers are five aluminum atoms tetrahedrally combined with

five oxygen atoms. Particular structural units are connected

by oxygen atoms to form a crystalline structure in the form of

fiber. Individual fibrous crystals are arranged in bundles that

are then agglomerated and are seen in a microscale as great

solid particles [33].

From the tests performed, it follows that attapulgite

(ATT), subjected to TG analysis, undergoes clear four-

staged decomposition at DT = 25–700 �C. The first mass

loss amounting to 5.5 %, recorded at a temperature below

160 �C, is connected with the release of water physically

occluded between fibrous crystals and some water physi-

cally combined with the surface of crystals (so-called

zeolitic water). The second mass loss observed at

DT = 160–320 �C, amounting to 2.9 %, corresponds to the

release of the remaining zeolitic water. The third mass loss

recorded at DT = 320–580 �C, amounting to 3.9 %, cor-

responds to the partial removal of water chemically com-

bined with aluminosilicate (water in the form of hydroxyl

groups connected with the surface of ATT). The final mass

loss recorded at a temperature above 580 �C results from

the release of the remaining water portion connected with

ATT (Fig. 8) [34–36].

Silica

Silica commercially available occurs in the form of powder

obtainable by the flame or precipitation method, and col-

loid [37] (Fig. 7e). Flame silica is a white, odorless and

tasteless amorphous powder formed as a result of

hydrothermal process from silicon tetrachloride.

Its characteristic feature is the occurrence, on its surface,

of three types of hydroxyl groups, such as insulated, free

single silanol groups :SiOH, free geminal silanol or

silanodiol groups, =Si(OH)2 and vicinal hydroxyl groups

(single silanol or germinal groups connected by hydrogen

bonds or both silanol and germinal groups) [38, 39].

Single silanol groups are more active than vicinal silanol

groups connected with hydrogen bond, which results from

the presence of a reactive hydrogen atom in their structure.

Completely hydrogenated silica contains considerably

more combined (vicinal) groups than insulated free silanol

groups. Dehydroxylation can decrease the ratio of the

combined groups to free silanol groups. On the silica sur-

face are also siloxane bridges :Si–O–Si: that undergo

conversion to silanol groups as a result of dehydroxylation.

Silica is the most often used filler incorporated into

polysiloxane matrix. Its reinforcing action is connected

with the formation of reinforcing bonds between oxygen in

the main polymer chain, Si–O–Si, and the hydrogen of

silanol groups on the silica surface. It should be, however,

mentioned that the thermal stability of polysiloxanes in the

presence of silica, especially anhydrous silica, usually

undergoes a considerable deterioration. This is connected

with water physically and chemically combined with the

silica surface. At elevated temperature, this water under-

goes desorption from the filler surface, catalyzing the

decomposition of polysiloxane chain by the hydrolysis of

Si–O–Si bond. The thermal analysis of the hydrogenated
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silica tested showed that at DT = 25–700 �C, it did not

show any mass loss (Fig. 8).

Aluminum hydroxide

Aluminum hydroxide Al(OH)3 abbreviated ATH is popular

flame retardant and smoke suppressant (Fig. 7f). ATH

possesses many advantages: First of all, it is inexpensive,

safe in use and easy to incorporate into polymeric materi-

als, even in large quantities. Moreover, it contains in its

structure no halides, so its thermal decomposition causes

no emission of toxic gases [40, 41].

The flame-retardant effect of ATH is connected with its

endothermic decomposition to aluminum oxide and water

vapor within a wide range of temperature [42]. The test

results obtained by the method of thermal analysis clearly

show that ATH undergoes three-staged thermal decompo-

sition at 250–600 �C. The first, free stage of the ATH

thermal decomposition occurs at DT1 = 250–270 �C. At

DT2 = 270–345 �C, it undergoes succeeding fast thermal

decomposition, as follows from its TG curve. The final,

very slow stage of its thermal decomposition is recorded at

DT3 = 345–550 �C (Fig. 8). From the review of source

literature, it follows that the third stage of ATH thermal

decomposition is connected with the presence of insulated

hydroxyl groups in its structure, whose thermal decompo-

sition directly depends on their rate of diffusion to the

sample boundary layer [43].

Thermal properties of composites silicone rubber

The test results presented in Table 1 clearly show that the

fillers used significantly affect the thermal properties of the

silicone rubber filled with them.

Under the influence of attapulgite or aluminum hydroxide,

the value of parameter T5 of the SR rubber composites tested

is distinctly decreased. The decrease in the value of parameter

T5 in the presence of aluminum hydroxide undoubtedly

results from its endothermic decomposition with the simul-

taneous release of water vapor that decreases the amounts of

fuel and oxygen diffuse rate to the flame. It is, however,

possible that between water vapor and the polymer, thermal

decomposition products proceed strong endothermic inter-

actions that contribute to decreasing the flame temperature.

Undoubtedly, a great influence on the flame-retardant capa-

bility of aluminum hydroxide is exerted by the aluminum

oxide formed due to the endothermic decomposition of the

former. This oxide, becoming a part of the boundary layer

composition, on account of its high heat capacity, signifi-

cantly contributes to a reduction in mass transport, especially

energy transport between sample and flame.

It should be noticed that in the presence of attapulgite,

the decomposition rate of silicone rubber is the lowest from

among all the filler tested.

The mechanism of mutual polymer–filler interaction is

very complex and has not been yet adequately explained;

nevertheless, it may be concluded that the decrease in the

thermal decomposition rate of the filler-containing silicone

rubber vulcanizates tested in relation to the initial sample

can be due to an increase in the polymer chain immobi-

lization around the filler particles.

The thermal decomposition residue, determined with

parameter Pw, exerts a significant effect on the flamma-

bility of polymeric materials. An increase in this parameter

causes that the quantity of destruction products passing to

flame becomes lower.

The presence of each filler used contributes to an

increase in the value of parameter Pw, while the highest

thermal decomposition residue is recorded for wollastonite.

It is also worth noticing that under the influence of this

filler, the cross-linked silicone rubber is characterized by

the greatest thermal stability expressed with parameter T5.

Table 1 Thermal properties of vulcanizates silicone rubber

Sample T5/�C T50/�C dm/dt/% min-1 TRMAX/�C Pw/% P650/%

SR DCP 365 471 14.15 473 27.6 25.9

SR ATT 210 474 4.43 452 38.3 37.5

SR Al 313 – 4.68 432 55.8 55.2

SR SI 387 – 9.42 458 55.3 54.8

SR CE 394 – 5.27 507 53.1 52.6

SR CEFE 394 – 4.57 519 52.3 52.0

SR WO 435 – 9.19 445 56.5 53.4

SR DCP silicone rubber cross-linked by the use of DCP, SR ATT silicone rubber filled by the use of attapulgite, SR Al silicone rubber filled by the

use of aluminum hydroxide, SR SI silicone rubber filled by the use of silica, SR CE silicone rubber filled by the use of cenospheres, SR CEFE

silicone rubber filled by the use of cenospheres covered iron, SR WO silicone rubber filled by the use of wollastonite

T5, T50, temperature of sample 5 and 50 % mass loss, respectively; dm/dt, maximum rate of thermal decomposition of vulcanizates; TRMAX,

temperature of maximum rate of thermal decomposition of vulcanizates; Pw, residue after the thermal decomposition of vulcanizates; P650,

residue after heating to T = 650 �C
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From the review of literature, it follows that wollas-

tonite, incorporated in a quantity lower than five parts by

mass into the rubber matrix, does not contribute to the

formation of the insulating boundary layer. The maximal

quantity of wollastonite incorporated into the silicone

rubber matrix directly depends on the required final prop-

erties of the product obtained. However, it should be

mentioned that the incorporation of wollastonite in a

quantity higher that 70 parts by mass results in a material

with a very high rigidity and brittleness, which makes it

impossible to use it, e.g., for the production of electric

insulations [3].

A considerable increase in the value of parameter Pw

and the residue after thermal decomposition at a tempera-

ture of 650 �C is recorded for the vulcanizate filled with

silica.

Undoubtedly, silica considerably affects the boundary

layer structure of the vulcanizate under combustion. Nev-

ertheless, according to Kashiwagi, a decreased flammabil-

ity of the polymer–silica composite is largely connected

with the physical processes proceeding in condensed phase

than chemical reactions in the gaseous phase. Of para-

mount importance is the equilibrium between the silica

density and specific surface and the viscosity of the melted

polymer, since it depends on this equilibrium whether silica

is cumulated near the surface of the sample burned or is

immersed in the melted polymer mass [44].

A significant increase in the thermal stability of the

silicone rubber vulcanizates was recorded when these were

filled with cenosphere. In the presence of this innovative

filler, not only the parameter T5 is considerably increased

and the parameter dm/dt (thermal destruction intensity) is

decreased, but also the temperature of the maximal

decomposition rate, TRMAX, is shifted toward higher tem-

perature, especially when cenosphere is coated with iron.

The effect of metal with variable valence on the thermal

stability of polymeric materials has not been adequately

explained. From the review of literature, it follows that

cobalt compounds dramatically decrease the thermal sta-

bility of the silicone rubber vulcanizates [45]. Cobalt,

through the transfer of electron in the subshell 3d, gener-

ates a high number of macroradicals [46], initiating the

thermal decomposition of SR as well as PE or PP. It should

be, however, clearly underlined that other transition metal

such as Ni or Fe that potentially could take part in the

initiation of radical reaction, contrary to cobalt, is charac-

terized by a low catalytic activity. From literature reports

and the test performed, it follows that the maximal

decomposition rate of silicone rubber, containing iron or

nickel atoms, occurs at a temperature over 500 �C so, at a

temperature higher by more than 30 �C than that of unfilled

silicone rubber. Thus, it is possible that metals with vari-

able valence facilitate the stabilization of boundary layer.

From the analysis of results obtained by the DSC

method, it follows that its not a clear influence of the used

fillers on the value of crystallization and fusion temperature

of the crystalline phase of the silicone rubber composites

tested (Table 2).

Under the influence of aluminum hydroxide, the values

of Tc and Tm temperatures clearly shift toward lower

temperatures, which are probably connected with a high

content of water combined in the composite. Under the

influence of wollastonite and cenosphere coated with iron,

the crystallization and fusion temperatures of crystalline

phase are shifted toward higher values.

Conclusions

The thermal decomposition of the silicone rubber tested

under inert gas (nitrogen) proceeds differently from that

under air. Under air, the polysiloxane tested undergoes at

least two-staged thermal decomposition. The first stage is

connected with the catalytic effect of oxygen in the pro-

cesses of its depolymerization, while the second stage with

the decomposition of low molecular destruction products is

formed during the first stage of its thermal decomposition.

The destruction activation energy values, under both air

and nitrogen, are decisively lower than the value of the Si–

O bond energy, which confirms the fact that the depoly-

merization of polysiloxane does not proceed by the

homolytic dissociation of bonds in the main polymer

skeleton, but results from internal molecular regrouping.

The mineral fillers used clearly affect the thermal prop-

erties of cross-linked silicone rubber. A distinct increase in

the thermal stability of SR vulcanizate was recorded for

vulcanizates filled with cenosphere. In the presence of this

filler, a significant increase in the value of parameter T5 and

a decrease in the value of parameter dm/dt, showing the

intensity of thermal destruction, are observed. Moreover,

under the influence of cenospheres, especially those coated

with iron, the temperature of the maximal decomposition

rate, TRMAX, is shifted toward higher temperature values in

relation to unfilled vulcanizate.

Table 2 The results obtained by the DSC method vulcanizates of

silicone rubber

Sample Tc/�C Tm/�C

SR DCP -63.0 -35.4

SR ATT -63.6 -34.7

SR Al -69.7 -37.4

SR SI -62.2 -37.9

SR CE -64.7 -36.8

SR CEFE -60.6 -32.9

SR WO -59.0 -32.8

Tc crystallization temperature, Tm crystallites melting temperature
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The thermal decomposition residue (parameter Pw)

exerts a considerable impact on the flammability of poly-

meric materials. An increase in the value of this parameter

causes that the quantity of the destruction products passing

to flame is lower.

In the presence of each of all the fillers used, the value

of parameter Pw increases, while the highest value of Pw

was recorded for the vulcanizate containing wollastonite. It

is also worth noticing that under the influence of this filler,

the cross-linked silicone rubber is characterized by the

highest thermal stability expressed with parameter T5.

The significant, positive influence of the innovative

cenospheric filler on the thermal properties of silicone

rubber allows one to believe that this filler will also show a

positive effect on the reduction in flammability of vul-

canizates containing it. Taking into account the fact that

polymeric materials filled with cenospheres are character-

ized by good mechanical properties and a significantly

lower mass in relation to polymers filled with silica, one

can assume that this type of filler will be more and more

frequently used for the production of polymeric materials

exploited in various branches of industry, such as auto-

motive or aircraft industry.
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