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Przemysław Rybiński • Gra _zyna Janowska •
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Abstract This paper presents the effect of halloysite

intercalated with a base or modified montmorillonite on the

thermal properties and flammability of peroxide and sulfur

vulcanizates of styrene–butadiene rubber (SBR). Based on

the test results obtained by means of thermal analyses

(DTA, TG, DTG, and DSC), oxygen index and microcalo-

rimeter (FAA) it has been found that the thermal stability

and flammability of the nanocomposites investigated

depend on the spatial network structure as well as the con-

tent and type of nanoadditive in the vulcanizate obtained.

The nanofillers used considerably reduce the flammability

and fire hazard of the cross-linked SBR.
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Introduction

Elastomers that do not contain a filler compound are

practically insignificant in any applications; therefore, in

practice, an elastomers is commonly combined with fillers

to form a mixture, whose filler content is usually

*30–50 %.

The fillers generate stronger elastomers and are of great

influence on the thermal stability and flammability com-

posites. Organic and inorganic fillers, such as carbon black

or silica, are often added to the elastomers. Usually these

fillers are mechanically introduced into a polymer via

milling. This milling is a slow, energy-intensive process

that may cause chemical and thermal degradation of

the polymer chains. Moreover, undesirable particulate

agglomerates often remain even after aggressive milling.

Small, separated particles are ideal for reinforcing a poly-

mer matrix and improvement their thermal and barrier

properties [1, 2].

With the rapid development of nanotechnologies and

nanomaterials since 1990s, the studies on polymer-based

nanocomposites have been extensively carried out in order

to find their promising alternatives to traditional compos-

ites, though mainly focused on general mechanical, thermal

properties, and filler dispersion. Properties of polymers

which have shown substantial improvements due to the

incorporation of nanoparticles (amount from 3 to 15 %),

include:

– mechanical properties, e.g., strength, modulus,

and dimensional stability

– decreased permeability to gases, water,

and hydrocarbons

– thermal stability

– flame retardancy and reduced smoke emissions

– chemical resistance

– electrical and thermal conductivity

– optical clarity in comparison to conventionally filled

polymers

Uniform dispersion of nanoparticles produces ultra-large

interfacial area per volume between the nanoelements and

host polymer. This immense internal interfacial area and

the nanoscopic dimensions of nanoelements, fundamen-

tally distinguish polymer/nanocomposites from traditional

composites of elastomers [3].
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Among various nanoparticles, clay minerals, carbon, and

halloysite nanotubes or silica are more often used in enhancing

physical, mechanical, and thermal properties of polymers [4, 5].

The layer silicate, e.g., mica, fluoromica, hectorite,

fluorohectorite, and montmorillonite (MMT) belongs to the

structural family known as the 2:1 phyllosilicates. Their

crystal structure consists of layer made up of two silica

tetrahedral sheets fused to edge-shared octahedral sheets of

either aluminum or magnesium hydroxide (Fig. 1). Stack-

ing of the layers leads to a regular Van der Waals gap

between the layers. Isomorphic substitution within the

layers generates charge deficiency of the clay. One impor-

tant consequence of charge nature of the clays is that they

are generally highly hydrophilic species and therefore nat-

urally incompatible with a wide range of polymer types. For

this reason clay must be modified with a surfactant in order

to make the gallery space sufficiently hydrophobic to permit

it to interact with the polymer. The most commonly used

surfactants are primary, secondary, tertiary, and quaternary

alkylammonium or alkylphosphonium cations [6, 7].

When the layered silicates are associated with the

polymer, depending on the nature of the components used,

nanocomposites can be obtained.

In the literature, the polymer–clay nanocomposites are

generally classified into three groups according to their

structure, i.e., nanocomposites with intercalated, exfoli-

ated, or both of intercalated and exfoliated structures.

Among them, the completely exfoliated nanocomposites

are desired due to the fact that exfoliated layers exhibit the

greatest reinforcement and barrier properties [7].

There are many reviews and books discuss the flame

retarded properties of polymer/clay nanocomposites (PCL).

The current researches of PCL mainly focus on the effect

of manufacturing method, microstructure, and organic

treatment of clay and residue investigation on flame

retarded properties [4–11].

In the case of polymer/nanocomposites one of the most

used fillers are carbon nanotubes (CNTs) and for some time

now halloysite nanotubes (HNTs). Carbon nanotubes are

categorized as single-walled nanotubes (SWCNTs), multi-

walled nanotubes (MWCNTs), and double-walled nano-

tubes (DWCNTs), which are of minor importance [3, 12].

Most SWCNTs have a diameter of close to 1 nm, with a

tube length that can be many thousands of time longer.

Carbon nanotubes exist as a macromolecule of carbon,

analogous to sheet of graphite rolled into cylinder. The

chemical bonding between carbon atoms inside nanotubes

is always of sp2 type, the same as in graphite, and provides

them unique strength. Moreover, they align themselves into

ropes held together by the Van der Waals force and can

merge together under high pressure, trading some sp2

bonds to sp3 and producing very strong wires of nanometric

lateral dimension [13].

The application of carbon nanotubes in flame retarded

polymer material was first discovered by Kashiwagi in

2002 [14]. In general, the research results show that the

single-walled carbon nanotube is more effective on the

reduction of flammability properties than multi-walled

carbon nanotube. Research found that the carbon nanotubes

after crushing substantially delay the ignition time while

maintaining much reduced heat released rate. For the

synthesis of CNTs three main synthetic methods are used:

arc-discharge, laser ablation, and catalytic methods such as

chemical vapor deposition [3, 12]. Unfortunately all men-

tioned above methods are very expensive, what eliminate

CNTs as an effective polymer flame retardant from

industrial applications.

In recent time silicate nanotubes of the mineral halloy-

site have been investigated as an alternative type polymer-

nanofiller to CNTs. Halloysite is naturally occurring alu-

minosilicate, which combine the chemistry of montmoril-

lonite and the geometry of carbon nanotubes. The chemical

formula of halloysite is Al2[Si2O5(OH)4] 9 2H2O [15, 16].

It mainly consist as a hollow tubes with dimensions of up

to 10 lm in length and an outer diameter in order of

30–100 nm. Halloysite is a 1:1 layered aluminosilicate

consisting of double layers joined together through apical

oxygen atoms. One side of double layer is gibbsite-like

with aluminum atoms octahedrally coordinated with four

oxygen atoms and two hydroxyl groups. The other side is a

2-D silicate layer structure, where silicon atoms are tetra-

hedrally coordinated with four oxygen atoms. The double

layers are connected as sheets to other double layers via

hydrogen bonds [17–19] (Fig. 2).

Halloysite particles are readily obtainable and are much

cheaper than other nanoparticles such as CNTs. More impor-

tantly, the unique crystal structure of halloysite particles may

have the potential to provide cheap alternatives to expensive

CNTs because of their tubular structure in nano-scale.

The study presents results of the effect halloysite acti-

vated with sodium hydroxide on thermal properties and
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Fig. 1 Structure of montmorillonite [7]
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combustibility of styrene–butadiene rubber. The results of

these investigations have been compared with influence of

montmorillonite modified by means of various organic com-

pounds on the same properties of styrene–butadiene rubber.

Experimental

Materials

The object of our study was styrene–butadiene rubber

(SBR), KER 1500 form Synthos, containing 23.5 % of

combined styrene. The rubber was cross-linked by means

of dicumyl peroxide (DCP) in the presence of zinc oxide

(ZnO) or by means of sulfur in the presence of ZnO and

N-cyclohexyl-2-benzoylsulfenamide (Tioheksam CBS). The

resultant peroxide vulcanizate was denoted with SN, while the

sulfur vulcanizate with SS. The following nanofillers were

used as fillers of the elastomeric blends: Nanofil 2, Nanofil 5,

and Nanofil 15 from Süd-Chemie (Table 1; Fig. 1) and hal-

loysite derived from the Dunino deposit near Legnica

(Poland), intercalated by means of sodium hydroxide (Fig. 2).

The nanocomposites tested contained 5, 8, and 15 phr (phr-

parts by wt. per hundred parts by wt. of rubber) of activated

halloysite (SNH5, SNH8, SNH15, SSH5, SSH8, and SSH15)

or 8 phr of appropriate nanofiller (SNN2, SNN5, SNN15,

SSN2, SSN5, and SSN15).

The alkaline activation of halloysite as the acidic

intercalation reported by the authors [20] was aimed at the

exposure of halloysite nanotubes (HNTs) through the

removal of higher aliminosilicate acids (alofane acids)

from their surface and space between them. The activation

consisted in treating halloysite with 5 M NaOH solution for

8 h at a temperature of 60 �C. Once the reaction mixture

was cold halloysite was filtered off and rinsed with distilled

water. In the next stage of intercalation, the filler was

treated with an aqueous saturated solution of sodium ace-

tate followed by stirring for 8 h at room temperature with

the use of a mechanical stirrer. After that time the filler was

filtered off, rinsed with distilled water until pH 6–7 and

dried to a constant mass in a vacuum dryer at 30–35 �C.

The photographs of unactivated and activated halloysite

were taken with the use of an electron microscope SEM

Quanta 250 FEG (FEI Company) equipped with an electron

gun and field emission (Schottky’s emitter) (Figs. 3, 4).

Methods

Elastomeric blends were prepared at room tempera-

ture with the use of a laboratory roll stand with roller

Interlayer hydroxyl

Lumen space

groups (Al–OH)
groups (Al–OH)

Edge (Al–OH)
groups

siloxane groups (Si–O)
External surface

Inner-surface hydroxyl

Fig. 2 Schematic structure of a halloysite nanotube [18]

Table 1 Characteristic of use aluminosilicates-producer data

Trade mark (symbol) Producer Modifying agent Average size of grains/lm Interlayer spacing/nm

Nanofil 2 (N2) Süd-Chemie Ampholytic compound SBMACa 8 1.8

Nanofil 5 (N5) Süd-Chemie Ampholytic compound SMACb 8 2.8

Nanofil 15 (N15) Süd-Chemie 25 2.8

a H3C

H3C

CH2

N Cl
–+

SBMAC stearilobenzylodimetyloammonium chloride

b H3C

H3C

N Cl
–+

SMAC distearilodimetyloammonium chloride
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dimensions: D = 200 mm, L = 450 mm. The rotational

speed of the front roller was 20 rpm, friction ratio 1.1.

The vulcanization of the blends was performed in steel

molds placed between electrically heated press plates. The

optimal vulcanization time (s 0.9) at a temperature of

160 �C was determined by means of a WG-2 vulcameter.

The thermal properties of aliminosilicates and the vul-

canizates containing them were tested under air within the

temperature range of 25–800 �C, by means of a derivato-

graph from MOM (Budapest), using Al2O3 as reference

compound. Weighed portions amounted to 90 mg, heating

rate 7.9 �C 9 min-1, and the thermal curve sensitivities

were as follows: TG = 100, DTA = 1/5, DTG 1/30. The

thermal analysis under neutral gas within the temperature

range of -100–500 �C was carried out by the differential

dynamic calorimetry using a DSC-204 microcalorimeter

from Netzsch. Weigher portions were 5–7 mg and the

heating rate 10 �C 9 min-1.

The measurements of wide-angle scattering of X-radi-

ation (WAXS) in the modified montmorillonites and

montmorillonite-containing nanocomposites were per-

formed at room temperature by means of an X-ray appa-

ratus from Phillips at the Center of Molecular and

Macromolecular Studies, the Polish Academy of Science,

in Lodz. Diffraction patterns were recorded within the

angle range 2h = 1–7�; measurement step 0.05�;

measurement time 25 s; radiation CuKa (k = 0.15418

nm); operation in transmission mode. The apparatus was

calibrated at the beginning of each measurement series.

The samples of the nanocomposites tested were disinte-

grated before analysis by means of a CAT X520D

homogenizer (revolutions 16–30,000), cooled in a liquid

nitrogen, transferred onto a polystyrene holder and placed

in a disposable measurement ring. The WAXS measure-

ment of the montmorillonites tested was a reference mea-

surement for nanocomposites.

The flammability of nanocomposite was determined by

the method of oxygen index (OI) using an apparatus from

Fire Testing Technology Ltd and 50 9 10 9 4 mm sam-

ples. At a constant nitrogen flow rate in a measurement

column (D = 75 mm) amounting to 40 ± 2 mm 9 s-1,

the concentration of oxygen was selected so that the sample

could be completely burned within 180 s. The sample tip

was ignited for 5 s by means of a gas burner supplied with

propane–butane mixture. The value of OI was calculated

from the following formula [20, 21]:

OI ¼ ðcF þ k � dÞ � 100 ð1Þ

where CF is the final oxygen concentration, at which a

sample is burned within 180 s, d the step size between

oxygen concentration changes during the test procedure,

and k the coefficient of proportionality.

Fig. 3 Photographs of

unactivated halloysite

Fig. 4 Photographs of

activated halloysite
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We also tested flammability in air using identical sam-

ples as in the case of OI method. A sample in a vertical

position was ignited with a gaseous burner as before for 5 s

and its combustion time (ts) was measured.

The vulcanizates under investigation were examined by

means of an FAA micro-calorimeter from Fire Testing

Technology Limited. The temperature of pyrolyser was

750 �C, while that of combustor 900 �C. During mea-

surement the following parameters were recorded: ignition

temperature, maximal heat emission rate, total heat emit-

ted, heat capacity, and percentage oxygen consumption

[20].

Results and discussion

The base- as acid-activated halloysite [20] show a three-

stage decomposition within the temperature range of

DT = 35–780 �C (Fig. 5). The first thermal decomposition

stage of halloysite occurring at DT1 = 35–130 �C, accom-

panied by the endothermic process, recorded in the DTA

curve, is due to the desorption of water physically combined

with the surface of aluminosilicate, whose content amounts

to 5.6 % by wt. At DT2 = 130–440 �C the second thermal

decomposition stage occurs, which is connected with the

release of water physically occluded in nanotubes as well as

the water chemically combined with the halloysite surface.

This stage is accompanied by a 10 % sample weight loss.

The final stage of thermal decomposition occurring at

DT3 = 440–780 �C is connected with the combustion of the

carbon fraction occurring in the form of carbonates and the

overall organic carbon on the surface of HNTs. This stage is

accompanied by a sample mass loss amounting to about

15.6 %.

From the derivatographic analysis of Nanofils (N2, N5,

and N15) it follows that they undergo partial four-stage

decomposition within the temperature range of 50–650 �C

[22]. The first thermal decomposition stage of the nanoc-

lays modified, occurring at DT1 = 50–180 �C, accompa-

nied by the broadened exothermic process recorded in the

DTA curve, is due to the desorption of the physically

combined water and low-molecular-weight substances

present on the surface of nanoadditives (Table 2; Fig. 6).

The nanofillers used by us were modified with organic

ammonium salts with a low thermal stability. The thermal

degradation of the modifier used proceeds by Hofman’s

elimination or nucleophilic substitution SN2. Depending on

the structure of the carbon chain attached to the nitrogen

atom in the ammonium salts used (Table 1), this process is

recorded in the TG curves of nanocomposites at

DT2 = 180–300 �C [6]. The maximal thermal decomposi-

tion rate of the organically modified laminar silicates

(OLS) occurs at a temperature of 240 �C (Fig. 6). In the

initial stage of the thermal decomposition of the nanofillers

tested, are formed and desorbed from the aluminosilicate

surface small-particle olefin and amine compounds derived

from the decomposition of the ammonium-organic modi-

fier that simultaneously initiate the process of detaching the

acidic hydrogen atom from the montmorillonite surface, to

which the ammonium cation is attached. The presence of

the acidic proton, H?, influences the degradation and

cyclization of the nanocomposite at elevated temperatures

[6, 22, 23]. With increasing temperature up to 300–500 �C,

(DT3), organic compounds with a higher molecular weight

are also desorbed from the surface of aluminosilicate. The

final thermal decomposition stage of the nanofillers tested

occurring at DT4 = 500–650 �C is connected with the

dehydration of the water chemically combined with the

montmorillonite surface.

The results of derivatographic analysis listed in Table 3

show that the thermal stability of the cross-linked SBR
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Fig. 5 Thermal curves of intercalated halloysite

Table 2 The results of thermal analysis of nanofiles [25]

Symbol Z H2O/% T5/�C TR/�C dm/dt/mm P800/%

N2 0.0 205 170 5.0 78.0

N5 2.2 230 210 3.0 63.3

N15 1.7 210 195 5.0 56.1

ZH2O physically bounded water, T5 temperature of sample 5 % mass

loss, TR initial temperature of nanoadditive thermal decomposition,

dm 9 dt-1 maximum rate of thermal decomposition of nanoadditive,

P800 residue after heating of nanoadditive up to T = 800 �C
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rubber depends on the method of its cross-linking and

consequently on the structure of spatial network [20, 21,

24]. The nanoadditives used do not explicitly influence the

thermal stability of the vulcanizates under investigation.

The halloysite intercalated with a base practically does not

change it thermal stability determined by the T5 and T50

coefficients of both peroxide and sulfur nanocomposites. A

similar influence on the thermal stability of peroxide vul-

canizates is exerted by the addition of modified alumino-

silicates. However, under the influence of these nano-

additives the thermal stability of sulfur vulcanizates (SN2,

SSN5, and SSN15) is decreased as shown by the coefficient

T5. The lower thermal stability of sulfur nanocomposites

containing appropriately modified aluminosilicates in

relation to the unfilled vulcanizate (SS) probably results

from Hofman’s degradation, which is initiated with acidic

protons formed not only as a result of the decomposition of

quaternary ammonium salts but also the side products of

cross-linking-containing sulfur.

The comparative analysis of the measurement results

obtained by the method of derivatography leads to a con-

clusion that the presence of modified halloysite consider-

ably increases the residue after the thermal decomposition

of SBR vulcanizates (Pw), especially that of sulfur vulca-

nizates (Table 3). The coefficient Pw increases with

increasing halloysite content in the polymeric material,

which indicates that its presence facilitates the processes of

cyclization and carbonization occurring during the thermal

decomposition of cross-linked SBR. However, one should

underline that the addition of modified halloysite as well as

montmorillonite clearly decreases the thermal decomposi-

tion rate (dm/dt) of cross-linked styrene–butadiene rubber.
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Fig. 6 Thermal curves of Nanofil 5

Table 3 The results of thermal analysis vulcanizates of butadiene–styrene rubber

Sample T5/�C T50/�C dm 9 dt-1/mm TRMAX/�C Pw/% Ts/�C P800/%

SBR 270 410 65 405 505 5

SN 350 419 80 415 19 475 5

SS 300 400 70 365 20 490 8,8

SNH5 335 415 50 405 22.2 500 10,5

SNH8 355 415 50 400 25.5 490 11,6

SNH15 360 415 53 405 28.9 485 6.67

SSH5 305 405 50 395 27.2 505 11.1

SSH8 300 415 49 395 28.3 505 12.7

SSH15 315 415 51 400 32.7 510 17.2

SNN2 300 415 58 410 23 475 8.8

SNN5 350 415 56 410 23.5 475 10

SNN15 355 410 56 405 24.5 480 12.2

SSN2 260 400 45 400 24.5 480 10

SSN5 280 405 40 400 23 490 11.1

SSN15 300 410 45 400 23 480 12.2

SN peroxide vulcanizate, SS sulfur vulcanizate, SNHX peroxide vulcanizates contained 5, 8 and 15 phr of activated halloysite (SNH5, SNH8,

SNH15), SSHX sulfur vulcanizates contained 5, 8 and 15 phr of activated halloysite (SSH5, SSH8, SSH15), SNNX peroxide vulcanizates

contained 8 phr of appropriate nanofiller (SNN2, SNN5, SNN15), SSNX sulfur vulcanizates contained 8 phr of appropriate nanofiller (SSN2,

SSN5, SSN15), T5 and T50 temperature of sample 5 and 50 % mass loss, respectively, dm 9 dt-1 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, Ts temperature of residue burning after the thermal decomposition of vulcanizates, P800 residue after heating up to T = 800 �C
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The decrease in the decomposition rate of the vulcanizates

under investigation under thermo-oxidative conditions

exerts a positive influence on the reduction in their flam-

mability. This results from the formation of lower quanti-

ties of volatile and flammable products of destruction

passing to the gaseous zone of combustion, which reduces

the rate of free-radical reactions proceeding in flame.

From literature reports it follows that the reduction in

the flammability of polymeric materials-containing mont-

morillonite is due to the structure of a boundary layer

formed during their combustion, whose isolating properties

are the better, the higher the exfoliated structure content is

in the given nanocomposite. Based on the previous studies

of the authors and literature data, it has been found that the

incorporation of the nanoclay modified in a quantity from 1

to 3 phr into the rubber matrix causes that the content of

the exfoliated structure in the polymeric matrix is domi-

nating, but the quantity of the exfoliated/intercalated

nanoclay is insufficient to form a thermally stable carbon

layer. The best barrier effect is obtained with the nanoad-

ditive content at a level of 5–8 phr [9, 25].

The assessment of the intercalation of montmorillonite

layers by SBR chains was carried out on the basis of the

WAXS analysis results. Figure 7 shows the X-ray curves

used to estimate the distances between the nanofiller layers.

In the case of Nanofils N5 and N15, these distances are

similar as indicated by the peaks recorded at the angle

2h = 2.5� in the curves, which corresponds to a distance

between layers of about 3.5 nm. Nanofil N2 shows a peak

at 2h = 4.5�, which testifies to the occurrence of uniform

distances amounting to about 2 nm.

The analysis of curves presented in Fig. 8 indicates the

intercalation of nanofillers by SBR since the single peak

recorded at 2h = 2.0� occurs in all the elastomeric material

tested regardless of the type of montmorillonite modifier.

It corresponds to the distance between plates amounting to

4.4–4.6 nm. Thus, the increase in the distance between

nanofiller layers indicates an intercalation character of the

nanocomposites obtained [26].

From the DSC results it follows that during cooling SBR

passes from the elastic to the glassy state at T = -59 �C

(Fig. 9). The transition from the glassy to the elastic state

during heating occurs at T = -52 �C. The temperature

range, within which the segmental mobility of SBR mac-

romolecular chains decays (cooling process) is narrower

than that, within which the segmental mobility restarts

during heating. At T = 267 �C in the DSC curves one can

observe a great exothermic process connected with the

thermal cross-linking of SBR, whose maximal rate occurs

at T = 370 �C (Table 4; Fig. 9). The great change in the

enthalpy of this process, which consists in the free-radical

polymerization of butadiene units, indicates that it pro-

ceeds with a considerable yield. The thermally cross-linked

SBR undergoes destruction and the temperature of the

maximal thermal decomposition rate is 458 �C (Table 4;

Fig. 9). The cross-linking of SBR by means of sulfur or

dicumyl peroxide does not change the character of its

thermal processes under a neutral gas (Figs. 9, 10). Under

the influence of the lateral sulfide bonds the glass transition

temperature (Tg) of the elastomer is increased (Table 4;

Figs. 9, 10). From the comparative analysis of the data

given in Table 4 it follows that the increase in the glass

transition temperature of SBR is also due to both halloysite

and nanofillers in the case of the polymer cross-linked with

peroxide (SNH5, SNH8, SNH15 and SNN2, SNN5,

SNN15, Table 4). This may be brought about by the

increased polymer–nanofiller interaction in the polymeric

matrix, in which macromolecules are combined with C–C

crosswise bonds.
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The results of our study show that the thermal cross-

linking processes of SBR contained in the vulcanizates

filled with nanofillers begin at a considerably lower tem-

perature regardless of the spatial network structure of the

elastomer (Table 4). The yield of these processes, deter-

mined with the change in enthalpy (DHc), is lower, which

is due inter alia to the lower content of the macromolecular

component in the nanocomposites under investigation.

The analysis of flammability test results leads to a

conclusion that both halloysite nanotubes and modified

montmorillonite (Nanofils) decrease the flammability of

the cross-linked SBR determined with the value of oxygen

index and the combustion time in air (ts) (Table 5). The

decrease in the flammability of the nanocomposites

obtained also results from the considerably increased

temperature of their ignition (Tz). The fire hazard of SBR is

also decreased under the influence of the nanofillers tested

as indicated by the direction of changes in the maximal rate

of heat emission (HRRmax) and the total heat emitted (HR)

(Table 5).

Both from the literature and our studies it follows that the

barrier properties of the halloysite nanotubes used play a

great role in reducing the flammability of nanocomposites.

We believe that apart from barrier effects, the lumen of

the HNTs plays the leading role in decreasing the flam-

mability of the nanocomposites. During the initial degra-

dation stage of nanocomposites the degradation products of

vulcanizates diene rubbers may considerably be entrapped

into the lumens of HNTs, resulting higher randomness of

lumen ends. The lumen could therefore entrap the degra-

dation products more effectively [27].

The mechanism of the decrease flammability in polymer

nanocomposites, especially rubber/MMT is not fully

understood yet. It is usually well-accepted that the lower

flammability of polymer/clay nanocomposites is not due to

retention of a large fraction of fuel, but is mainly due to the

formation of char boundary layer, usually observed in ex-

foliation nanocomposites [28, 29]. Despite this, the exact

degradation mechanism is currently not clear, such a

behavior is probably associated with the morphological

changes in relative portion of exfoliated and intercalated

species with the clay loading. As we have mentioned
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Table 4 The results of thermal analysis of vulcanizates of SBR rubber in nitrogen atmosphere

Sample Cooling Heating

Tg/�C DTg/�C Tg/�C DTg/�C Ttc/�C DTtc/�C DHc/J g-1 Td/�C

KER 1500 -59 -38 to -68 -52 -63 to -23 370 267–427 593 458

SN -60 -50 to -78 -53 -74 to -34 374 256–426 594 462

SS -45 -31 to -61 -41 -59 to -19 364 240–420 571 456

SNH5 -53 -30 to -70 -48 -66 to -26 368 234–420 453 453

SNH8 -52 -46 to -57 -48 -53 to -44 367 216–420 473 459

SNH15 -50 -43 to -57 -44 -50 to -39 367 217–420 396 461

SSH5 -43 -30 to -60 -40 -64 to -24 369 220–420 493 461

SSH8 -48 -40 to -58 -44 -50 to -38 363 208–418 421 456

SSH15 -49 -40 to -60 -45 -51 to -39 364 245–421 387 459

SNN2 -51 -42 to -64 -46 -63 to -23 371 237–420 504 466

SNN5 -52 -43 to -66 -49 -62 to -22 370 230–421 513 465

SNN15 -50 -40 to -60 -45 -62 to -32 371 257–427 435 464

SSN2 -45 -31 to -56 -42 -66 to -25 371 234–434 470 467

SSN5 -46 -38 to -56 -41 -62 to -22 372 228–428 439 469

SSN15 -46 -35 to -55 -42 -65 to -24 372 215–435 486 468

Tg glass transition temperature, DTg temperature range of glass transition, Ttc temperature of thermal cross-linking, DTtc temperature range of

thermal cross-linking, DHc change of thermal cross-linking enthalpy, Td temperature of destruction max. rate
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above, at low clay loading (1–3 wt %), exfoliation domi-

nates but the amount of exfoliated nanoclay is not enough

to enhance the thermal stability through char formation

[29]. When increasing the clay concentration (4–8 wt%),

much more exfoliated clay is formed, char forms more

easily and effectively and consequently promotes to

decrease of flammability of the nanocomposites. At even

higher clay loading level (up to 10 wt%), the intercalated

structure is the dominant population and, even if char

formed in high quantity, the morphology of the nano-

composite probably does not allow for maintaining a good

thermal stability. In our opinion many aggregates makes in

polymer matrix during addition nanoparticles above

10 wt%. In poor dispersion conditions, the distance

between the aggregates ‘‘isolated island of nanofillers’’

were exposed to undiminished external heat flux, polymer

chains without protection were burnt out quickly.

Both from the literature and our studies it follows that

the layered silicates appeared to enhance the performance

of the char layer, which acted as an insulator and mass

transport barrier and therefore reduced the mass loss rate

and improved flammability and thermal stability (Fig. 11).

Yano et al. [30] experimental and theoretical work reported

that polymer/clay nanocomposites, the permeability coef-

ficient of volatile gases, such as water vapor and He, was

remarkably decreased. The observed ‘‘labyrinth effect’’ is

also thought to play important role in thermal stability

improving of polymer/MMT nanocomposites since com-

posite material having poor dispersity of MMT usually

exhibit no thermal improvement or the effect is poor in

comparison to well exfoliated or intercalated

nanocomposites.

The diffusion of oxygen into nanocomposite is also

considerably impeded as indicated by the value of per-

centage oxygen consumption (Table 5; Fig. 12), which

reduces the yield of radical degradation reactions and

polymer depolymerization during its combustion, conse-

quently increasing its resistance to the action of flame [31].

Summary

The nanofillers used do not explicitly influence the thermal

stability of the nanocomposites tested but they decrease the

thermal decomposition rate of these materials under

thermo-oxidative conditions. Under the influence of the

halloysite intercalated with a base the contribution of the

cyclization and carbonization reaction is increased in the
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Table 5 Flammability test results of butadiene–styrene rubber nanocomposites

Sample OI Combustion

time in air/s

Tz/�C HRRmax/W g-1 Total

HR/kJ g-1
HR Capacity/J g-1 K-1 Residue after

burning/%

Oxygen

consumption/%

SN 0.210 194 350 450 34.5 501 21.11 40.11

SS 0.220 273 355 399,8 34.3 397 14.31 44.91

SNH5 0.225 247 365 431 32.8 422 11.26 41.71

SNH8 0.233 302 374 428 33.6 417 7.88 28.55

SNH15 0.239 336 369 403 30.0 394 14.23 33.12

SSH5 0.234 405 358 373 33.4 366 4.65 28.27

SSH8 0.241 415 365 384 31.2 387 7.36 26.55

SSH15 0.252 432 365 356 30.2 347 15.54 30.03

SNN2 0.227 315 357 321 34.4 396 8.28 49.83

SNN5 0.232 310 363 334 33.5 333 11.1 39.25

SNN15 0.230 281 372 271 33.5 340 13 40.06

SSN2 0.230 305 383 281 32.8 331 4.02 29.72

SSN5 0.240 310 379 238 32.8 311 10.36 46.50

SSN15 0.235 290 377 242 33.3 316 10.36 53.65

OI oxygen index, Tz temperature of ignition, HRRmax maximum heat release rate, Total HR total heat release
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processes of elastomer destruction. Both halloysite nano-

tubes and modified montmorillonite (Nanofils) decrease the

flammability of the cross-linked styrene–butadiene rubber,

which is also accompanied by a reduction in fire hazard

resulting from the use of the nanocomposites tested.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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