
Iranian Polymer Journal
20 (5), 2011, 399-411

flammability;
pyrolysis;
nanocomposite;
calorimetry;
modelling.

(*) To whom correspondence to be addressed.
E-mail: mehrir@modares.ac.ir

A B S T R A C T

Key Words:

Numerical and Experimental Evaluations of the
Flammability and Pyrolysis of a Resole-based

Nanocomposite by Cone Calorimeter

Ahmad Reza Bahramian and Mehrdad Kokabi*

Polymer Engineering Group, Chemical Engineering Department, 
Faculty of Engineering, Tarbiat Modares University, P.O. Box: 14115/143,

Tehran-14117/17751, Iran

Received 19 April 2010; accepted 29 November 2010

Alarge number of studies using cone calorimeter have shown that nanoparticles
in even small quantities improve flammability resistance by reducing heat
release and mass loss rate significantly. In recent years, nanoclay has been

increasingly used as an alternative to traditional fire retardants to improve the strength
and fire retardancy of polymeric materials. They have distinct advantages over 
traditional fillers in terms of production, amount of required additive of only 2-10% com-
pared to 20-70%. The objectives of this work were the numerical and experimental
evaluations of the flammability of the polymeric composite and nanocomposite 
materials under the external radiation heat flux. The theoretical modelling of mass loss
and heat release rate based on conservation equations of mass and energy were then
confirmed by the experimental data of cone calorimetry test. Running the computer 
programme and cone calorimeter, at 8×104 W/m2 external radiation heat flux condition,
there were lower heat release rate of 30-50% and a lower mass loss of 20-40% for
nanocomposites in comparison with composite counterparts. Nanocomposite samples
showed excellent potential as thermal protection system because upon pyrolysis, the 
organic-inorganic nanostructure in reinforcing the polymer can be converted into a 
uniform ceramic layer which may lead to significantly higher resistance to oxidation and
mechanical erosion compared to simple composites. Formation of this ceramic layer on
char formed from the pyrolysis of the nanocomposite at high temperature not only
enhances the char mechanical strength, but also acts as secondary protection layer to
protect the lower remaining nanocomposite.

INTRODUCTION

Polymers are a large and growing
fraction of the fire load in homes,
commercial environments and
transportation [1]. Moreover, the
polymers that are most widely used
are the least expensive and 
tend to be the most flammable.
Flammability, which generally
refers to the propensity of a 
substance to ignite easily and burn
rapidly with a flame, is an indicator

of fire hazard [1,2]. 
A cone calorimeter is consid-

ered the most significant bench
scale instrument in fire testing.
This apparatus has been adopted by
the International Organization for
Standardization for measuring heat
release rate (HRR) of a sample
[1,3]. HRR is based on the fact that
the quantity of oxygen consumed
during combustion is proportional
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to the amount of heat released. By cone calorimetry
the combustion gases are analyzed to determine the
quantity of the smoke produced from a test specimen
exposed to a certain heat flux. At least the oxygen
concentration must be analyzed to calculate the heat
released. The data collected from this bench scale real
fire test can be used for fire modelling and prediction
of real scale fire behaviour [4].

Before describing the approach used in this work,
it is beneficial to summarize previous works relating
to this subject. One of the first notable studies of
composites and fire was performed in 1980 by Pering
et al. [5]. In this work, composite samples were 
subjected to intense heat and the mass loss and the
resulting strength were measured as functions of
exposure time. Correlations between the strength and
mass loss were demonstrated with no attempt to
explain or model the relationship.

In related work, Springer [6] proposed an 
analytical model to define thermomechanical 
properties in terms of mass loss. It is emphasized that
this model contains coefficients that must be 
determined experimentally hence, it is not actually
considered as a predictive model. Also, it was never
validated for a composite material, although it was
shown to work well for wood [7-9]. 

The relationship between heat release rate and
other fire reaction properties of fibre reinforced poly-
mer composite materials was investigated by Mouritz
et al. [10]. The heat release rate and fire reaction
properties of thermoset matrix composites reinforced

with combustible fibres (Aramid, extended-chain
polyethylene) or non-combustible fibres (glass, 
carbon) were determined over a range of heat 
flux levels using the oxygen consumption cone
calorimetry technique. 

Polymer clay nanocomposites were first reported
in the literature as early as 1961, when Blumstein
demonstrated polymerization of vinyl monomers
intercalated into montmorillonite clay platelets [11].
The most recent methods to prepare polymer clay
nanocomposites have been developed by several
groups [12-16]. In 1965, Blumstein reported the
improved thermal stability of a polymer clay
nanocomposite that combined polymethylmethacry-
late and montmorillonite [11]. According to Gilman
the potential flame retardant properties of these types
of materials appeared for first time in 1976 in a
Japanese patent on nylon-6 clay nanocomposites by
Fujiwara and Sakamoto [11]. 

We also found that polymer layered silicate clay
nanocomposites have the unique combination of
reduced flammability and improved physical and
thermal properties. The results published in our
recent papers included high temperature ablation
[17], pyrolysis [18] and ablation mechanism of poly-
mer nanocomposite materials [19,20].

To clarify the objective of this work more clearly,
it is required to explain the principle of burning and
flammability process in detail. 

Flaming combustion can be divided into physical
and chemical processes taking place in each of three
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Figure 1. Physical and chemical processes in the flaming combustion of polymers [1].



separate phases: gas, mesophase and condensed phase
[1,2]. Figure 1 shows a schematic diagram of a hori-
zontal polymer slab that is burning with a flame. The
physical processes are shown on the left-hand side,
which include (1) energy transport by radiation and
convection between the gas phase and the mesophase
and (2) energy loss from the mesophase by mass
transfer and conduction into the solid. 

The important chemical processes are indicated on
the right-hand side, which include (1) thermal 
degradation of the polymer in a thin surface layer as a
consequence of the physical processes, (2) mixing of
the volatile pyrolysis products with air by diffusion
and (3) combustion of the fuel-air mixture in a 

combustion zone that produces radiant energy over a
spectrum of wavelengths including visible spectrum.
The combustion zone is bounded by a fuel-rich region
on the inside and a fuel-lean region on the outside [1]. 

The chemical and physical processes of flaming
combustion particular to each of the gas, meso and
solid phases are treated separately as follows
[3,20,21]:

Heat transfer from an external source promotes
thermal decomposition of the polymer and organoclay
modifier (steps 1 and 2 in Figure 2). These would
result in the formation of protonic catalytic sites on
the clay layers that reassemble on the surface of the
burning material (step 3). As depicted in Figure 2 the
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Figure 2. Schematic representation of combustion mechanism of a nanocomposite during cone calorimeter experiments [3].



gas obtained from polymer decomposition undergoes
competition between peroxidation and chain scission
to volatile partially oxidized fragments and catalyzed
dehydrogenation and oxidative dehydrogenation
(step 4). The resulting conjugated gases undergo
cross-linking and catalyzed dehydrogenation to form
a charred surface layer (step 5), which combines and
intercalates with the reassembling silicate layers to
provide a sort of ceramic char-layered silicate
nanocomposite (step 6).

In this work, phenolic resin/asbestos cloth 
composite and its layered silicate nanocomposites as
heat shield are analyzed with the main objective to
examine the influence of the cone calorimeter 
radiation external heat flux in estimating the 
flammability properties of materials. In order to
achieve this, experimental data and mathematical
model are analyzed and compared. 

MATHEMATICAL MODELLING

Due to burning, the polymer thermally degrades into
gas and char. Therefore, to model the problem, two
distinct regions were selected to account for the
physics involved. The polymer zone accounts for the
pyrolysis reaction, whereby the polymer is consumed
and gas is produced [2]. 

Figure 3 shows the physical situation involved,
where x0-x1 is the polymer zone and x1-x2 is the char
formation zone.

During this reaction, polymer mass is consumed
and produces a fraction of gas, α, and the remaining
char. The first order reaction rate for polymer mass
consumption is [1-4]:

(1)

Figure 3. Geometry of physical model [2].

The rate constant for the pyrolysis reaction, k, is a
function of temperature described by the Arrhenius
relationship:

(2)

In this problem, in reality, the boundary, x1, would
move to the left as polymer is consumed. It is
assumed that polymer zone, x0-x1, is constant, thus,
the volume is constant. Instead the concentration
changes with time. Rewriting eqn (1) [21]:

(3)

The produced gas in the polymer zone [x0-x1] must
also diffuse through this zone to reach the char 
formation zone [x1-x2]. Writing the mass balance on
the gas species that is produced [21,22] is as follows:

(4)

When the pyrolysis gas reaches the char formation
zone [x1-x2], it must diffuse to the outside boundary.
Writing the mass balance in the char formation zone
[21] gives:

(5)

In the polymer zone, heat is transferred by 
conduction. Heat of volatilization from pyrolysis and
heat from other chemical processes are also shown
[21-23] determined as follows:

(6)

In the char zone [x1-x2], heat is transferred by 
conduction. The energy balance leads to:

(7)

At the char surface, heat is being introduced to the
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surface by radiation. Some of this heat reflected back.
Combustion is taking place on the surface and a 
fraction of this heat of reaction is fed back to the
boundary.

Heat also leaves the surface by convection to the
outside. At this boundary, the heat flux entering the
surface is described as:

(8)

The heat of combustion term, ΔH1, can be found from
the cone calorimeter experimental data by integrating
the heat release rate versus time.

The heat release rate versus time is measured by
heat of combustion multiplied by the flux of gas 
diffusing out of the surface [22-24]:

(9)

Rate of mass growth of char is equal to the same 
polymer pyrolysis kinetics which can be equated as
[21-23]:

(10)

Dividing by ρchar the left hand side becomes:

(11)

where V is the volume and Area as the area and x is
the char displacement. By dividing both sides by Area
and multiplying the right hand side top and bottom by
a constant thickness, χ, the distance between x0 and
x1 the following equation is obtained: 

(12)

By considering that (Area.χ) is a constant volume,
m/(Area.χ) = c and mG/(Area.χ) = cG. Therefore, we
may consider eqn (12) as a pyrolysis velocity. 

Table 1. Properties of resole-type phenolic resin.

Initial and Boundary Conditions
Initial conditions for each zone of the problem are
shown as follows:

Boundary conditions were set at x0 and x2 boundaries.
At x1 all boundary conditions are assumed to be 
constant interfacial boundary conditions where 
temperature and concentration are held constant at the
interface (pyrolysis temperature). Boundary condition
at x2 is embodied in eqn (8).       

EXPERIMENTAL

Materials
A resole-type phenolic resin (IL800/2) supplied by
Resitan Co., Iran, with specifications given in Table 1,
was used as the polymeric matrix.

Asbestos cloth (Grade AAA) was added to 
reinforce the polymeric matrix. Properties of asbestos
cloth are given in Table 2.

Table 2. Properties of asbestos cloth.
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Property Unit Value

Density
Viscosity of liquid resin at 20ºC
Solid content
Specific heat
Thermal conductivity
Gasification coefficient

kg.m-3

Pa.s
% by weight
J.kg-1.K-1

J.m-1.s-1.K-1

-

1050
5.5-6.5
87
2000
0.35
0.6

Property Unit Value

Density 
Specific heat 
Thermal conductivity 
Maximum moisture
Minimum asbestos
Maximum mass loss at 820ºC
Weave
Thickness

kg.m-3

J.kg-1.K-1

J.m-1.s-1.K-1

% by weight
% by weight
% by weight

-
mm

2000
787
0.65
2.5
90
23
Plain
2



The kaolinite powder employed in this work was
separated from Semirom Natural Clay Co., Iran) and
its surface was modified with dimethylsulphoxide
(DMSO) in Tarbiat Modares University, Iran [19].

The montmorillonite sample employed in this
work was Cloisite 15A from Southern Clay Products,
Inc., USA.

Samples Preparation 
In this work, a combination of solution and in-situ
intercalation is employed for nanocomposite sample
preparation, as follows:

Ethyl alcohol was used to disperse the layered 
silicates (Kaolinite & Cloisite 15A) and at the same
time to dissolve the phenolic resin as the polymeric
matrix. To stack the layers the crystallite is 
delaminated in ethyl alcohol. This will occur due to
the weak Van der Waals force. Phenolic resin then can
be adsorbed onto the delaminated individual layers.
However, upon ethyl alcohol removal, the layers can
reassemble to reform the stacks with phenolic chains
sandwiched in between, forming a well order 
intercalated nanocomposites.  

Then, asbestos cloth was added to reinforce the
phenolic resin matrix (asbestos cloth is very 
dangerous if it becomes dry and fragmented.
Therefore, before cutting, the cut line should be wet
using ethyl alcohol). The cloth is impregnated by 
phenolic resin/layered silicate intercalated mixture.
The sample is dried by ethyl alcohol removal, then
pre-cured at 120°C for 10 min, and finally cured at
160°C and 3 bar for 1 h in an autoclave. After curing,
the sample is post-cured for 30 min at 150°C.
Therefore, a nanocomposite sample is formed with
formulation given as in Table 3.

Characterizations
To analyze the powder, the X-ray diffraction (XRD) a
Miniflex diffractometer using CuKα radiation with a
dwell time of 1°/min, in the 2θ Bragg-Brentano 
geometry was employed.

The X-ray fluorescence (XRF) measurements
were carried out in a PW 2400 (The Netherlands),
Philips spectrometer. 

The scanning electron microscopy (SEM) studies
were performed using a CanScan FE microscope (The
Netherlands) with a field emission gun operating at 
20 kV acceleration voltages. The sample particles
were coated with a 2-3 nm gold/palladium films using
a Denton Magnetron Sputter coater system (The
Netherlands).

Flammability tests were conducted at Tarbiat
Modares University using the cone calorimeter which
is an internationally recognized testing apparatus.
This cone calorimetery was performed on an Atlas
CONE2 according to ASTM E 1354 at a heat flux of
8×104 W/m2 which is a normal irradiance level for the
evaluation of the flammability, using a cone shaped
heater. 

RESULTS AND DISCUSSION 

Figure 4 compares the X-ray diffraction (XRD) 
patterns of nanocomposites (NKA3 and NMA3) and
composite with any significant differences in them
(Figure 4c). As it is evident there is no trace of DMSO
modified kaolinite (d001 at 2θ = 7.9°, XRD pattern 2
in Figure 4b) and montmorillonite 15A (d001 at 
2θ = 2.7°, XRD pattern in Figure 4a) peaks in the
nanocomposites XRD pattern. In exfoliated 
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Sample Component mclay/mresin Wresin Wclay Wasbestos

Composite

NKA3

NMA3

Asbestos cloth/phenolic resin
composite
Asbestos cloth/phenolic resin/   
kaolinite nanocomposite
Asbestos cloth/phenolic resin/    
montmorillonite nanocomposite

0.00

0.14

0.14

0.50

0.42

0.42

0.00

0.06

0.06

0.50

0.52

0.52

Table 3. The formulations of samples. 



morphology of the resole/montmorillonite 15A and
resole/DMSO modified kaolinite nanocomposites the
XRD pattern of d001 of clay is omitted completely.     

Transmission electron microscopy is a useful 
complement to X-ray diffraction. TEM gives a direct

measure of the spatial distribution of the layers and it
requires substantial skills in specimen preparation
and analysis. Because of the presence of asbestos
cloth reinforcement in our samples, the TEM test 
cannot give useful information.
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(a) (b)

(c)

Figure 4. X-Ray diffraction patterns of: (a) montmorillonite 15A, (b) raw and DMSO modified kaolinite
[18], and (c) composite and NKA3 and NMA3 nanocomposites.

Kinetic
Parameters

Unit Phenolic resin
(in nitrogen)

Composite
(in nitrogen)

Composite
(in air)

NKA3
(in air)

NMA3
(in air)

Activation energy (E) 
The difference in activation energy 
for volatile and char formation (Eg-Ec) 
Frequency factor (A) 
The fraction of frequency factor for  
volatile and char formation (Ag/Ac)
Degree of thermal degradation 
reaction (n)

J/mol

J/mol
s-1

-

-

1.43×105

4.1×104

3×109

13

1

1.75×108

3.92×107

1.26×1010

46.5

6.5

9.57×107

1.01×107

8.82×104

4

1.7

12×107

1.3×107

8.9×104

4.1

1.7

10.5×107

1.3×107

8.9×104

4.3

1.7

Table 4. The kinetic parameters of samples [17-20].



First, we have to report the kinetic parameters of
the thermal degradation of composite and nano-
composites determined by thermogravimetric analysis
in our previous papers [17-20]. The knowledge of
these parameters is required to calculate the variation
of thermophysical properties of the composite and
nanocomposites and usage of equations mentioned in
last sections.

All the kinetic parameters of thermal degradation
and thermophysical properties of phenolic resin,
asbestos cloth/phenolic resin composite, NKA3 and
NMA3 nanocomposites are given in Tables 4 and 5.

Experiment and modelling results of the mass loss
and heat release rate for asbestos cloth/phenolic 

Figure 5. Experiment and modelling results of the mass
loss for asbestos cloth/phenolic composite and NKA3 and
NMA3 nanocomposites. 

composite and NKA3 and NMA3 nanocomposites at
8×104 W/m2 external heat flux are shown in Figures
5 and 6, respectively. These figures show that com-
posite and nanocomposites exhibit the same thermal
behaviour before 100th s of flame test. After that, by
increasing the surface temperature around 1000°C,
the rate of mass loss and HRR peak of nanocompos-
ite decreased. Generally, NKA3 and NMA3 nano-
composites have 33% and 51% lower HRR and 19%
and 40% lower mass loss than the asbestos cloth/
phenolic composite, respectively. Good agreements
between experimental and theoretical results are
observed in these figures. Tables 4-6 data are used in
theoretical modelling of mass loss and HRR in cone 

Figure 6. Experiment and modelling results of the heat
release rate (HRR) for asbestos cloth/phenolic composite
and NKA3 and NMA3 nanocomposites.
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Table 5. Physical and thermophysical properties of asbestos cloth/phenolic resin composite and nano-
composites at standard conditions [17,20].

Properties Dimension Composite NMA3 NKA3

Density 
Density of pyrolysis gas
Density of char
Specific heat of char
Specific heat 
Thermal conductivity 
Thermal conductivity constant
Heat of thermal decomposition
Emissivity

kg.m-3

kg.m-3

kg.m-3

J.kg-1.K-1

J.kg-1.K-1

J.m-1.s-1.K-1

-
kJ.kg-1

-

1450.0
0.3

1089.0
773.0

1270.0
0.5
1.5

952.0
0.7

1520.0
0.3

1174.0
-

3562.0
0.38
1.5

41.7
0.7

1510.0
0.3

1123.0
-

2947.0
0.43
1.5

52.3
0.7 



colorimeter test conditions.    
Figures 7-9 indicate SEM micrographs of the

asbestos-phenolic composite and NKA3 and NMA3
nanocomposite samples after cone calorimeter test at
8×104 W/m2 external heat flux, respectively. These

figures illustrate top surface (a: surface of char region
and b, c, d: lateral surfaces). The characteristic abla-
tion regions of virgin material, porous reaction zone
and dense char layer are apparent in all of the sam-
ples. Therefore, the microstructural of nanocomposite
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Table 6. Thermophysical properties of asbestos cloth/phenolic resin composite and nanocomposites at
cone calorimeter test conditions.

Properties Dimension Composite NMA3 NKA3

Dpolymer

Dchar

ΔH
Cone temperature
Initial temperature
Time to ignition 
Peak of HRR values
Time of HRR peak

m2.s-1

m2.s-1

J.kg-1

K
K
s

kW/m2

s

8
1.5×10-6

2.4×104

1000
300

67
342
123

8
1.5×10-6

1.3×104

1000
300

72
164
108

8
1.5×10-6

1.8×104

1000
300

69
228
112

 

 

 

(a) (c)

(b) (d)

Figure 7. SEM Micrographs of asbestos-phenolic composite sample after cone calorimetry test:
(a) top surface and (b), (c), and (d) lateral surfaces.



chars implies that increasing clay content results in a
tougher char. In these chars, a nanoscopic packed
plate-like morphology is observed (Figures 8a and
9a). In general, the spatially uniform arrangement of
the silicate layers on an ultrafine nanometer level
facilitates the formation of a spatially uniform 
inorganic char. This dense clay char is the cause of
higher performance of nanocomposites at high 
temperature. 

Figure 10 shows the X-ray diffraction patterns of
initial composite, NKA3 and NMA3 nanocomposites
and composite after flame test. This analysis 

shows that the mineral compositions of composite 
due to flame test change from Clinochrysotile
(Mg3Si2O5(OH)4) to Forsterite (Mg2SiO4). The 
mineral compositions of NKA3 nanocomposite after
cone calorimeter flame test are containing Forsterite
(Mg2SiO4) and aluminium silicate (Al2O3, SiO2). The
compositions of NMA3 nanocomposite after flame
test are containing Forsterite (Mg2SiO4) and sodium
aluminium silicate (NaAlSiO4). Therefore, it can be
concluded that the char layer of ablative nano-
composite contains the ceramic based on aluminium
silicate.   
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(a) (c)

(b) (d)

Figure 8. SEM Micrographs of NKA3 nanocomposite sample after cone calorimetry test: (a) top
surface and (b), (c), and (d) lateral surfaces.

 

  



Figure 10. X-Ray diffraction patterns of initial and after
flame test composites and NKA3 and NMA3 nano-
composites after flame test.

CONCLUSION

Resole-type phenolic resin clay nanocomposites
were produced by both solution and in-situ polymer-
ization. 

A mathematical model describing the peculiarities
of the high temperature properties of polymeric 
materials has been developed. This model propounds
a simple tool which allows burning process 
simulation.

In cone calorimeter test at 8×104 W/m2 external
radiation heat flux, NKA3 and NMA3 nanocompos-
ites have lower HRR of 33% and 51% and lower
mass loss of 19% and 40%, respectively compared to
the asbestos cloth/phenolic resin composite.

The polymer layered silicate nanocomposites
result in improved insulating performance relative to
the polymeric composite. A relatively tough, 
inorganic ceramic layer is formed during the ablation
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(a) (c)

(b) (d)

Figure 9. SEM Micrographs of NMA3 nanocomposite sample after cone calorimetry test: (a) top surface
and (b), (c), and (d) lateral surfaces.

 



of the phenolic nanocomposites. This refractory
ceramic would produce at least one order of 
magnitude decrease in the rate of mass loss relative to
the composite, even for as little as 6% (by weight) of 
exfoliated layered silicate. The improvement in 
burning resistance of these nanocomposites relative
to the neat polymer or traditional filled systems with
a comparable inorganic fraction is associated with 
the ceramic forming characteristics of the nano-
composites. 

This enhanced burning resistance is not related to
an alteration of decomposition kinetics associated
with the presence of the silicate layers. Thus, the role
of the dispersed silicate in thermal decomposition
depends critically on the specific mechanisms 
associated with the polymer degradation reaction.   
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NOMENCLATURE

A : Pre-exponential factor of pyrolysis reaction
(1/s)

c : Concentration of polymer (kg/m3)
cG : Concentration of pyrolysis gases (kg/m3)
Cpchar : Heat capacity of char (J/kg.K)
Cppolymer: Heat capacity of polymer (J/kg.K)
Dchar : Diffusion coefficient of pyrolysis gases

through char (m2/s)
Dpolymer: Diffusion coefficient of pyrolysis gases

through polymer (m2/s)
E : Activation energy of pyrolysis reaction 

(J/mol)
h : Heat transfer coefficient of gas at surface 

(J/m2.K.s)
HRR : Heat release rate (W/m2)
k : Rate constant for pyrolysis reaction (1/s)
K : Thermal conductivity of sample (J/m.K.s)
Kchar : Thermal conductivity of char (J/m.K.s)
m : Mass of sample (kg)
mc : Mass of char (kg)
mG : Mass of pyrolysis gas (kg)

Qsurface : Heat flux at surface (J/m2.s)
R : Gas constant (J/mol.K)
r : Rate of polymer consumption during

pyrolysis (kg/m3.s)
rGP : Rate of gas evolution during pyrolysis

(kg/m3.s)
T : Temperature (K)
Tatm : Atmospheric temperature (K)
Tcone : Cone heater temperature (K)
V : Volume (m3)
t : Time (s)
x : Length in the x-direction (m)
α : Mass fraction of gas that is produced
ΔH : Heat of volatilization of polymer (J/kg)
ΔHe : Heat released or absorbed in other chemical

processes in sample (J/kg)
ΔHl : Heat of combustion (J/kg)
ε : Emissivity
ϕ : Percent heat transferred by heat of 

combustion
ρchar : Density of char (kg/m3)
ρpolymer: Density of polymer (kg/m3)
σ : Stefan-Boltzmann constant (J/m2.K4.s)
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