
Introduction

The properties and thermal degradation of model

polyethylene (PE) are reasonably well known [1–12].

It is generally accepted that pristine PE has relatively

low thermal stability and flame resistance. The ap-

proach to the enhancement of thermal stability and

fire resistance based on the use of polymer nano-

composites has been extensively developed in the last

years [13–19].

Intercalation in polymer melts is widely used as

a simple method for the synthesis of corresponding

materials [18]. In these experimental studies, it was

found that PE nanocomposites based on layered sili-

cates exhibit lower flammability as compared with

the parent polymer, which can be achieved by intro-

ducing a small amount of an inorganic silicate ingre-

dient [13–16].

It is believed that, in the course of high tempera-

ture pyrolysis and/or combustion, clay nanoparticles

are capable of promoting formation of protective

clay-reinforced carbonaceous char which is responsi-

ble for the reduced mass loss rates, and hence the

lower flammability.

Alongside with an enhancement of flame resis-

tance of such nanocomposites the rise of thermal sta-

bility observed during TG experiments. Generally,

TG cannot be used to elucidate a complex mechanism

of polymer thermal degradation. Nevertheless, dy-

namic TG has been frequently used to study the over-

all thermal degradation kinetics of polymers because

it gives reliable information on the kinetic parame-

ters, such as preexponential factor, the activation en-

ergy, and the overall reaction order [20–22]. The ther-

mal degradation kinetics of polyethylene has been

studied by many investigators. Various suggestions

for the kinetic parameters for polymer degradation

have been reported [8–10, 20–22]. Although some at-

tempts have been made to understand the complex na-

ture of decomposition of a polymer, involving numer-

ous reactions, some authors have found it sufficient to

consider a global first order kinetic expression to

represent the overall decomposition rate [8].

In this work we applied the model kinetic analy-

sis of PE and PE/MMT thermal-oxidative degradation

in order to predict an increase of flame resistance for

PE nanocomposite, i.e. the reduction of the mass loss

rate and the rate of heat release.

Experimental

Materials

PE, Basel Lupolen, was used to prepare PE nanocom-

posites in the combinations with polar compatibilizer,
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maleic anhydride-modified oligomer (MAPE) Poly-

bond 3109, provided by Crompton. A Cloisite 20A

(purchased from Southern Clay Products, Inc.) has

been used as the organically modified montmorillo-

nite (MMT) to prepare PE-MMT and PE-MAPE-

MMT nanocomposites throughout this study. The

content of an organic cation-exchange modifier,

N
+
2CH32HT (HT=hydrogenated tallow, C18�65%;

C16�30%; C14�5%; anion: Cl
–
), in the MMT was of

38 mass%.

Preparation of nanocomposites

PE/MAPE/MMT nanocomposites were prepared by

the melt mixing of the components in a double-rotor

laboratory (Brabender) mixer in two steps. PE and

maleic anhydride-modified oligomer (MAPE – Poly-

bond 3109 by Crompton Co.) were blended/mixed us-

ing a laboratory Brabender mixing chamber in two

steps. In the first step, the two polymers PE and

MAPE were blended in a 4:1 ratio for 2 min; after

that, an MMT powder was added in an amount of 3

and 7 mass%. The mixing of components at the sec-

ond step lasted for 10 min at a temperature of 190°C

and rotor speeds of 60 rpm. Samples designed for

cone calorimeter testing in the form of 70×70×3 mm

plates with a mass of 14.0�0.1 g were prepared by

molding at 190°.

Investigation techniques

Transmission electron microscopy (TEM)

The filler dispersion in the composites was studied by

the TEM technique with a Philips EM-301 electron

microscope (the Netherlands) at an accelerating volt-

age of 80 kV. Thin sections of film samples for TEM

examination were prepared with an LKB Ultra-

tome III
®

ultramicrotome.

Thermogravimetric analysis (TG)

A Perkin-Elmer TGA-7 instrument calibrated by Cu-

rie points of several metal standards has been em-

ployed for non-isothermal thermogravimetric analy-

sis. The measurements were carried out at a desired

heating rate (in the range of 2.5–10 K min
–1

) in air. A

kinetic analysis of the thermal degradation of com-

posites was performed with the use of the

Netzsch-Ger�tebau Thermokinetics software. The al-

gorithm of the kinetic analysis program was based on

the calculation of regression by the fifth-order

Runge–Kutta method using the dedicated

Prince–Dormand formula for automatic optimization

of the number of significant digits [23, 24].

Combustibility characteristics (cone calorimeter)

Ignitability tests were performed according to the

standard procedures ASTM 1354-92 and

ISO/DIS 13927 using a cone calorimeter [25].

Results and discussion

Investigation of nanocomposite structure

TEM technique has been used to evaluate the degree

of exfoliation of the organoclay particles in the poly-

mer matrix. Figures 1–3 show the influence of polar

compatibilizer (MAPE) on the exfoliation degree of

the MMT in the nanocomposites.
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Fig. 1 TEM micrographs of MAPE-7 mass%

Cloisite 20A – maleic anhydride-modified PE oligomer

(Polybond 3109) at different magnification showing

mainly exfoliated nanocomposite

Fig. 2 TEM micrographs of PE-MAPE-7 mass% Cloisite 20A

at different magnification showing discrete (hybrid)

structure of nanocomposite consisting of intercalated

tactoids and exfoliated monolayers

Fig. 3 TEM micrographs of PE-7 mass% Cloisite 20A at dif-

ferent magnifications (for the most part intercalated

nanocomposite)



It is seen that the full exfoliation of the MMT

particles to the monolayers takes place under the ac-

tion of maleic anhydride-modified PE compatibilizer

in the MAPE-MMT nanocomposite (Fig. 1), whereas

in the PE-MAPE-MMT nanocomposite the hybrid

structure of consisting of intercalated tactoids and ex-

foliated MMT monolayers has been formed (Fig. 2).

Finally, the pure PE-MMT composition has the inter-

calated structure of nanocomposite (Fig. 3).

Study of thermal-oxidative degradation of

PE-MAPE-MMT nanocomposite

It is acknowledged that thermal stability of polymer

nanocomposites is higher than that of pristine poly-

mers, and this gain is explained by the presence of

anisotropic clay layers hindering diffusion of volatile

products through the nanocomposite material.

The radical mechanism of thermal degradation

of PE has been widely discussed in a framework of

random scission type reactions [1–10]. It is known

that PE decomposition products comprise a wide

range of alkanes, alkenes and dienes. The polymer

matrix transformations, usually observed at lower

temperatures and involving molecular mass alteration

without formation of volatile products, are principally

due to the scission of weak links, e.g. oxygen bridges,

incorporated into the main chain as impurities. The

kinetics of thermal degradation of PE is frequently

described by a first-order model of mass conversion

of the sample [10, 21]. A broad variation in Arrhenius

parameters can be found in literature, i.e., activation

energy (E) ranging from 160 to 320 kJ mol
–1

and

pre-exponential factor (A) variations in the range of

10
11

and 10
21

s
–1

[7–10] are not unusual. It is believed

that the broad range of E values reported may be ex-

plained by the polymers molecular mass variations,

by use of various additives, and by different experi-

mental conditions [10] employed by different authors.

Thermal-oxidative degradation of PE and PE

nanocomposites has been extensively studied over the

past decades [26–28, 14–17]. It has been reported that

the main oxidation products of PE are aldehydes,

ketons, carboxylic acids, esters and lactones [26, 27].

According to [26], �-scission plays an important role in

thermal oxidation of UHMWPE. Notably, the feasibility

of intra-molecular hydrogen abstraction by the peroxy

radicals for polyethylene has been questioned in frames

of a thermal oxidation mechanism proposed by

Gugumus [27, 28]. A mechanism describing oxidation

of organic molecules by virtue of complex chain reac-

tions has been proposed earlier by Benson [29].

In the present work, the processes of thermal deg-

radation of PE and PE-MAPE-MMT nanocomposite

with MMT content of 7 mass% have been investigated

by TG in an air at the heating rates of 2.5, 5 and

10 K min
–1

. According to the dynamic TG data, the

polymer thermal-oxidative degradation starts at about

300°C and then, through a complex radical chain pro-

cess, the material totally destructs and completely vola-

tilizes in the range of 450–500°C (Fig. 4).

The diverse behavior of PE and

PE-MAPE-MMT (Figs 4 and 5) shows that the influ-

ence of MMT nanoparticles on the thermal-oxidation

process resulted in higher thermal-oxidative stability

of hybrid PE-MAPE-MMT nanocomposite. It can be

seen a regular increase in the temperature values of

the maximum mass loss rates (about 50°C) for the

PE-MAPE-MMT as compared to pristine PE (Fig. 5).

It seems reasonable to suggest that thermally sta-

ble crosslinked carbonized layer on the nanocom-

posite surface is formed during the thermal-oxidative

degradation and starts to hinder the diffusion trans-

port of both the volatile degradation products (out of

the polymer melt into the gas phase) and the oxygen

(from the gas phase into the polymer). The above set

of events results in actual increase of the nanocom-

posite thermal stability in the temperature range of

350–500°C, where normally a general degradation of

the main part of PE takes place.
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Fig. 4 TG curves for PE (1 – 2.5, 2 – 5, 3 – 10 K min
–1

) and

PE-MAPE-MMT (4 – 2.5, 5 – 5, 6 – 10 K min
–1

)

Fig. 5 DTG curves for PE (1 – 2.5, 2 – 5, 3 – 10 K min
–1

) and

PE-MAPE-MMT (4 – 2.5, 5 – 5, 6 – 10 K min
–1

)



Kinetic analysis of PE-MAPE-MMT thermal

oxidative degradation

Kinetic studies of material degradation have long his-

tory, and there exists a long list of data analysis tech-

niques employed for the purpose. Often, TG is the

method of choice for acquiring experimental data for

subsequent kinetic calculations, and namely this tech-

nique was employed here.

It is commonly accepted that the degradation of

materials follows the base Eq. (1) [23]

dc/dt=–F(t,Tc0cf) (1)

where t – time, T – temperature, c0 – initial concentra-

tion of the reactant, and cf – concentration of the final

product. The right-hand part of the equation

F(t,T,c0,cf) can be represented by the two separable

functions, k(T) and f(c0,cf):

F(t,T,c0,cf)=k[T(t)f(c0,cf)] (2)

Arrhenius Eq. (4) will be assumed to be valid for

the following:

k(T)=Aexp(–E/RT) (3)

Therefore,

dc/dt=–Aexp(–E/RT)f(c0,cf) (4)

All feasible reactions can be subdivided onto

classic homogeneous reactions and typical solid-state

reactions, which are listed in Table 1 [23]. The analyt-

ical output must provide good fit to measurements

with different temperature profiles by means of a

common kinetic model.

Kinetic analysis of thermal oxidative degrada-

tion of PE and PE-MAPE-MMT at the heating rates

of 2.5, 5 and 10 K min
–1

(Figs 6a and b) has been ac-

complished by using the interactive model based non-

linear fitting approach in accordance with a formal-

ism we proposed earlier [30]. In order to assess the ac-

tivation energy for development of a reasonable

model for kinetic analysis of pristine PE and

PE-MAPE-MMT thermal degradation processes, a

few evaluations by model-free Friedman analysis

have been done as the starting point [31].

Further, nonlinear model fitting procedure for

PE and PE-n-MMT TG-curves has led to the follow-

ing triple-stage model scheme of successive reac-

tions, wherein a general n
th

-order (Fn) reaction was

used for all steps of the overall process of thermal oxi-

dative degradation (Table 1) (Figs 6a and b):

A B C D
F F F

n n n
� �� � �� � �� (5)
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Table 1 Reaction types and corresponding reaction equations, dc/dt= –Aexp(–E/RT)f(c0,cf)

Name f(c0,cf) Reaction type

F1 c first-order reaction

F2 c
2

second-order reaction

Fn c
n

n
th

-order reaction

R2 2c
1/2

two-dimensional phase boundary reaction

R3 3c
2/3

three-dimensional phase boundary reaction

D1 0.5/(1–c) one-dimensional diffusion

D2 –1/lnc two-dimensional diffusion

D3 1.5e
1/3

(c
–1/3

–1) three-dimensional diffusion (Jander’s type)

D4 1.5/(c
–1/3

–1) three-dimensional diffusion (Ginstling–Brounstein type)

B1 c0cf simple Prout–Tompkins equation

Bna c c
0

n

f

a
expanded Prout–Tompkins equation (na)

C1–X c(1+KcatX) first-order reaction with autocatalysis through the reactants, X. X=cf

Cn–X c
n
(1+KcatX) n

th
-order reaction with autocatalysis through the reactants, X

A2 2c(–lnc)
1/2

two-dimensional nucleation

A3 3c(–lnc)
2/3

three-dimensional nucleation

An Nc(–lnc)
(n–1)/n

n-dimensional nucleation/nucleus growth according to Avrami/Erofeev



As data in Table 2 for the first stage of thermal

oxidative degradation reaction show, the activation

energies values for PE and PE-MAPE-MMT amount

to 65.5 and 87.5 kJ mol
–1

, thus indicating that the deg-

radation of these samples is initiated by the similar

oxygen induced reactions.

At the second stage, the lower activation energy

of PE-n-MMT (166.2 kJ mol
–1

) compared to that of

PE (238 kJ mol
–1

) may be related to the catalytic in-

fluence of MMT on the thermal oxidation of PE. At

the same time, the values of activation energy found

at the third stage of thermal-oxidative degradation for

PE-n-MMT (279.6 kJ mol
–1

) are higher than those for

PE (250.2 kJ mol
–1

) (Table 2). This difference may be

attributed to a shift of the PE-n-MMT degradation

process to a diffusion-limited mode owing to emer-

gence in the system of a carbonized cross-linked ma-

terial. It is known [11] that the contribution of radical

recombination reactions, which lead to the intermo-

lecular crosslinking, increases under the oxygen defi-

ciency conditions. Such conditions are realized at

thermal oxidative degradation of the PE nanocom-

posites due to the labyrinth effect of the silicate layers

towards the diffusing gas. The formation of chemical

crosslinking during the thermal-oxidative degrada-

tion of the PE nanocomposites is a necessary condi-

tion of PE carbonization process.

This fact infers that the last stage of the

PE-n-MMT degradation process is governed mainly

by random scission of C–C bonds, rather than by an

oxygen catalyzed reactions. On the other hand, these

results are also consistent with the barrier model

mechanism, which suggests that inorganic clay layers

can play a role of barriers retarding the diffusion of

oxygen from gas phase into the nanocomposite.

On the basis of the calculated kinetic parameters

of thermal-oxidative degradation of PE and

PE-MAPE-MMT, we designed the curves of mass

loss rate during the isothermal (600°C) heating of the

samples over 60 s (Fig. 7). The choice of the specified

temperature 600°C is not occasional, since this tem-

perature corresponds to an incident heat flux of

35 kW m
–2

that has been used in working tests on the

ignitability of samples with a cone calorimeter [25].

The tests made it possible to evaluate important com-

bustibility characteristics, such as mass loss rate and

heat release rate. The calculation of the heat release

rate as a fundamental parameter measured by the cone

calorimeter was based on the oxygen absorption prin-

ciple. According to this principle, the heat released

during the burning of a material is proportional to the

amount of oxygen required for its combustion. For
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Fig. 6 Nonlinear kinetic modeling of a – PE and

b – PE-MAPE-MMT thermal-oxidative degradation in

air. Comparison between experimental TG data (dots)

and the model results (firm lines) at several heating rates

Table 2 Results of the multiple-curve kinetic analyses for

thermal-oxidative degradation of PE and

PE-MAPE-MMT in accordance with the reaction

model (5)

Material Parameter Value
Corr.

Coeff.

PE

logA1/s
–1

E1/kJ mol
–1

n1

3.7

65.5

1.28

0.9989

logA2/s
–1

E2/kJ mol
–1

n2

15.5

238.5

0.59

logA3/s
–1

E3/ kJ/mol
–1

n3

16.9

250.2

1.79

PE-MAPE-MMT

logA1/s
–1

E1/kJ mol
–1

n3

5.2

87.5

1.34

0.9992

logA2/s
–1

E2/kJ mol
–1

n2

9.3

166.2

0.78

logA3/s
–1

E3/kJ mol
–1

n3

17.2

279.6

0.89



solid materials, the consumption of 1 kg of oxygen for

their combustion is basically accompanied by evolu-

tion of 13.1 MJ of heat [25]. One of the tasks of this

study was the correlation based evaluation of the heat

release rate under the cone calorimetry test conditions

and the rate of mass low under the conditions of iso-

thermal pyrolysis in air. In the general form, the basic

equation relating the mass loss rate to the heat release

rate during combustion is as follows:

�

) �

–
Q H m

tot comb
(k W m

2
��	 (6)

where, � is the combustion efficiency, 	Hcomb is the heat

of complete combustion, and is the rate of mass loss per

unit surface. If 	Hcomb is a constant value for PE and the

PE-MAPE-MMT nanocomposite (i.e., the silicate addi-

tive does not inhibit gas-phase processes in the flame

and has no effect on the heat of combustion), the heat re-

lease rate linearly depends on the mass loss rate. In this

case, the coefficient � for the linear equation character-

izing the combustion efficiency or the completeness of

combustion directly depends on the amount and struc-

ture of the carbonaceous residue.

It is clearly seen that under conditions of polymer

ignition and initial surface combustion, the mass loss

rate for PP-MAPE is noticeably lower than adequate

values for the neat PE (Fig. 6). An improvement in

flame resistance of PE-MAPE over the neat PE should

happen as a result of the char formation providing a

transient protective barrier. In the present study this phe-

nomena was interpreted in terms of kinetic approach.

Flammability characteristics of PE and

PE-MAPE-MMT nanocomposites

The flammability characteristics of pristine PE and

PE-MAPE-MMT with 3 and 7 mass% Cloisite 20A

nanocomposites were examined with a cone calori-

meter at the incident heat flux of 35 kW m
–2

for the

samples having a standard surface area of 70×70 mm

and identical masses of 12.0�0.2 g. Figures 8–10 de-

pict the plots of the basic ignitability characteristics:

heat release rate, mass loss rate, and specific heat of

combustion, vs. time for PE, as well as for the

PE-MAPE with 7 mass% of MMT and PE-MAPE

with 3 mass% of MMT nanocomposites.

From Fig. 8, it is seen that the maximum heat re-

lease rate for pristine PE is 2005 kW m
–2

, whereas

that for the PE-MAPE-MMT (3 mass%) nano-

composite and the PE-MAPE-MMT (7 mass%) nano-

composite is 789 and 728 kW m
–2

, respectively; thus,

the peak heat release rate decreases by 40%. A similar

trend is observed in Fig. 9, which illustrates the de-

pendence of the mass low rate on the combustion

time; Fig. 10 shows the time dependence for the spe-

cific heat of combustion, which is practically identi-

cal for all of the three samples. This resemblance con-
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Fig. 7 Mass loss rates vs. time for 1 – PE and

2 – PE-MAPE-MMT under the isothermal heating con-

dition at 600°C

Fig. 8 Rate of heat release vs. time for 1 – PE,

2 – PE-MAPE-MMT (3 mass%) and

3 – PE-MAPE-MMT (7 mass%) obtained by cone calo-

rimeter at the incident heat flux of 35 kW m
–2

Fig. 9 Mass loss rate vs. time for 1 – PE,

2 – PE-MAPE-MMT (3 mass%) and

3 – PE-MAPE-MMT (7 mass%) obtained by cone

calorimeter at the incident heat flux of 35 kW m
–2



firms that the silicate agent does not inhibit the gas-

phase combustion process and, thus, does not affect

the heat of combustion of the samples; the effect of

two-fold reduction in the maximum rate of heat re-

lease may be explained in terms of formation of a pro-

tective char layer on the burning polymer surface. The

value characterizing the average amount of released

carbon monoxide remains practically unchanged over

the entire set of test samples; however, a small in-

crease in the maximum CO yield for nanocomposite

samples at the end of combustion time intervals indi-

cates the crossover of active combustion to the

oxygen-deficient smoldering phase (Fig. 11).

It is noteworthy that despite effective charring,

the maximum level of smoke formation during the

combustion of PE nanocomposites does not exceed

the level of pristine PE, and its total yield is practi-

cally the same in all cases (Fig. 11).

The obtained results validate the conclusion that

char formation plays a key role in the mechanism of

flame retardation for nanocomposites. The sample

surface coated with a composition of silicate particles

and the heat-resistant organic ingredient of char is a

very effective barrier on the way of flame propagation

over the surface. The ideal structure of the protective

layer containing silicate particles and organic char

must be a densely crosslinked network structure and

must possess a considerable mechanical strength suf-

ficient for the protective layer to remain intact during

the burning up of the polymer from the surface.

Conclusions

Dynamic TG experiments show substantial increase

in thermal oxidative stability of the PE-MAPE-MMT

nanocomposite as compared to pristine PE.

Collective action of chemical cross-linking and

catalytic dehydration promoted by MMT presents a

necessary and sufficient condition of solid phase car-

bonization reactions, which is observed in the process

of thermal-oxidative degradation and combustion of

PE-MAPE-MMT nanocomposites. Carbonized layer

formation leads to appreciable increase of thermal

stability of PE-MAPE-MMT nanocomposite, owing

to a hindrance of the mass transfer in the nanocom-

posite. This fact explains an increase of thermal-oxi-

dative stability in the PE-MAPE-MMT nanocom-

posite as well as its fire-proof properties.

Design data of the isothermal oxidative degrada-

tion at 600°C provided by the model kinetic analysis

reveal substantial reduction of the mass loss rate of

PE-MAPE-MMT nanocomposites as compared to

pristine PE. These results are in close agreement with

the experimental cone calorimeter tests performed at

an incident heat flux of 35 kW m
–2

.
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