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T
he thermal protection of space crafts during hypersonic re-entry into the Earth’s

atmosphere by ablative composite and nanocomposite has been the subject of

intensive investigation in recent years. An evaluation has been made on the

advantages of relative performances of various ablation materials which is based on

the thermal degradation mechanism and thermal stability of these materials. The

objective of this work is to investigate the effect of kaolinite nanocrystal on the thermal

degradation of resol-type phenolic/asbestos nanocomposite during pyrolysis using

thermogravimetric analysis and to compare the results with that of the

phenolic/asbestos composite. Thermal degradation and char forming mechanisms

could be obtained from parametric adjustments of the process model to the thermo-

gravimetric experimental data. The results of this work are the kinetic parameters of

thermal degradation, i.e., the activation energy, frequency factors, and degree of ther-

mal degradation which are employed to clarify the degradation mechanism.
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The composite materials based on

thermoset resins are being increas-

ingly used in aeronautical and aero-

space applications such as heat

shields. Thermal degradation study

of these materials is a vital step in

predicting their durability in high

temperature applications [1,2]. A

resol-type phenolic resin is useful

as a binder or matrix in heat shield

composite. In order to evaluate the

ablative and insulation performance

of such heat shield, it is required to

study the thermal degradation

mechanism of phenolic resin and its

related composites [3,4]. 

Recent improvements in flamma-

bility resistance and thermal stabili-

ty of polymer layered silicate

nanocomposites, encourage the

 



examination of this unique class of evolving materials as

a potential heat insulator [5]. They show excellent

potential as heat insulator materials, because upon

pyrolysis the layered silicate reinforcing the polymer

could be converted into a uniform ceramic layer on the

surface, in the direction of heat flux region, which leads

to an increased resistance to oxidation and mechanical

erosion compared to the composite [5,6].

The layered silicates commonly used in polymeric

nanocomposites belong to the structural family known

as the 2:1 phyllosilicates. These nanoparticles possess a

platelet-like structure with a thickness under 100

nanometer [7]. The lateral dimension may be in the

range of several hundred nanometers to few microns,

while the thickness is usually less than few nanometers

[7,8]. Kaolinite, which was named for its type of loca-

tion, Kao-Ling, Jianxi, China, is a common phyllosili-

cate mineral. It lends its name to the kaolinite group,

members of which also belong to the larger general

group known as the clays [9,10]. The structure of kaoli-

nite is composed of silicate sheets (Si2O5) bonded to

aluminium oxide/hydroxide layers ( Al2(OH)4 ) called

gibbsite layers. Gibbsite is an aluminium oxide mineral

that has the same structure as the aluminium layers in

kaolinite. The silicate and gibbsite layers are tightly

bonded together with only weak bonds between these

silicate/gibbsite paired layers (called s-g layers). The

weak bonds between these s-g layers cause the cleavage

and softness of this mineral [9,11].

Some examples of kaolinite intercalation with small

polar molecules such as DMSO are frequently reported

in the literature [11-13]. DMSO intercalated between the

layers of kaolinite is limited due to hydrogen bonding

between hydrogen groups of AlO2(OH)4 octahedral

sheets and SiO4 tetrahedral sheets. The kaolinite–organ-

ic matter intercalation material was prepared for poly-

mer layered silicate nanocomposite. The choice of inter-

calating kaolinite with a polar liquid is aimed at modify-

ing and increasing basal space of raw kaolinite, so to

improve its nanocomposite structure. To this end, using

a combination of physical and chemical designs some

polar DMSO/kaolinite hybrids were prepared by means

of an intercalation method. The hybrids were used as the

particle phase and were mixed with resol type-phenolic

resin to prepare the nanocomposites. 

In this work, the thermal decompositions of phenolic

resin/intercalated kaolinite/asbestos cloth nanocompos-

ites were examined using thermal analysis techniques

and the kinetic parameters were determined to clarify

the thermal degradation mechanism. Also, to understand

the most important characteristics of the nanocompos-

ites with respect to insulation, the effect of concentra-

tion of the silicate layers were investigated and the

results were compared to traditional asbestos cloth/phe-

nolic resin composite. 

KINETIC MODELS OF THERMAL DEGRA-

DATION

Chemical Reactions

Flaming combustion requires three coupled processes

[14,15]: heating of the polymer, thermal decomposi-

tion/pyrolysis, and ignition of the gaseous decomposi-

tion products. An ignition source or thermal feedback of

radiant energy from the flame supplies heat to the poly-

mer surface that causes thermolytic cleavage of primary

chemical bonds in the polymer molecules. Combustible

and non-combustible gaseous pyrolysis products mix

and react with air in the combustion zone above the sur-

face and release heat during the production of carbon

dioxide, water, and incomplete combustion products as

carbon monoxide and soot.

A kinetic model for polymer combustion can be

developed if a kinetic sub-model were developed to

describe the rate of fuel generation in the solid state. The

basic thermal degradation of polymers has been

described as a generalized chemical bond scission

process consisting of primary and secondary decompo-

sition events [15].

The thermal decomposition is assumed to be a set of

parallel reaction processes, which include irreversible

thermal degradation reactions. Equations 1-5 describe

these reactions, and equations 6-8 extend the model to

include condensed phase oxidation reaction of the reac-

tive intermediates and primary and secondary chars

[15,16]. 

(1)

(2)

(3)
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A simple solution for the mass loss history of a com-
posite allows the estimation of the generation rate under
isothermal and non-isothermal heatings and can be ver-
ified using standard laboratory thermogravimetric tech-
niques. By considering some assumptions, the process-
es of thermal degradation can be reduced and simplified.
The following assumptions are considered for process
reduction and simplification [15,16]:

A: The breaking of primary chemical bonds in the
polymer is the rate limiting step 

B: The reactive intermediate is in dynamic equilib-
rium with the parent polymer 

C: Thermal degradation of a primary char to a sec-
ondary char and gas is slow compared to the formation
of the primary char                

D: The oxidative environment in the pyrolysis zone
of a thermal degradation solid polymer is anaerobic 

E: All of the chemical reactions are of first order       
Assumptions A-E may lead to a simplified mass loss
model as follows [13,15]: 

(1) 

(9)

(10)

by assuming the first order reaction for all the chemical

reactions, the rate equations for the species are:

(11)

(12)

(13)

(14)

according to assumption B,               thus, from eqn (12):

(15)

substituting eqn (15) into eqns (11), (13) and (14), we
would obtain:

(16)

(17)

(18)

with I*< P, G, and C, the total mass balance in terms of
the initial mass, m0, is [15]:

m0 ≈ P + G + C    (19)

from eqns (16) and (19) with dm0/dt =0:

(20)

the sensible mass of the sample that can be measured
from thermogravimetric analysis is 

m ≈ P + C                                                            (21)

by using eqns (17) and (20):

(22)

and by initial condition, P = P0 = m0 at t= 0, eqn (16) can
be solved as follows:

(23)

substituting eqn (23) into eqn (22) and separating vari-
ables, we would obtain:

(24)
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according to assumption A, kg , kc>>kp and k-p, thus:

(25)

the solution suggested for eqn (24) is as follows[15,16]:

(26)

eqn (26) shows that as t → ∞ the residual mass
approaches an equilibrium value at constant temperature
given by the following equation [14,15]:

(27)  

assuming Arrhenius form for kg (kg=Ag.exp(-Eg/RT))
and kc (kc=Ac.exp(-Ec/RT)) in eqn (27):

(28-a)

(28-b)

substituting eqn (27) into eqn (26) yields the final results
for the isothermal mass loss history in terms of the rate
constant for thermolysis of primary chemical bonds, kp

as:

(29) 

at a constant heating rate,          , the independent vari-
able, i.e., kpt, in eqn (29) can be transformed from time
dependent variable to a dimensionless one. The exact
solution of eqn (29) for the fractional mass as a function
of temperature at constant heating rate is [15,16]:

(30)

the rate for fractional mass loss during a linear tempera-
ture programme is obtained by differentiating eqn (30)
with respect to time. No simple solution is possible
when  yc = yc(T). Thus, we make the approximation that
the char yield is constant and it is not a function of tem-
perature. Therefore, with yc = μ we have obtained [15]:  

(31)

by this approximation, the rates of gas and char forma-
tion are equal, kg=kc, and from eqn (27) the char yield is
obtained 0.5. 

Mass Loss Kinetic
For thermogravimetric analysis, the degree of
weight loss may be defined as follows
[16-19]:

(32)

the rate of weight loss is dependent on temperature, and
can be expressed as:

(33)

the rate constant could be described as an Arrhenius
form as:

(34)  

as mentioned earlier, according to the assumptions
made, all of the chemical reactions are first order, but
the mass loss of composite and nanocomposite systems
are of nth order. Integrating eqn (33) with respect to tem-
perature and using the phase boundary reaction method
for textile polymeric system   , the final
result could be expressed as:

(35)  

CHARACTERIZATION 

The structure of the polymer layered silicate nanocom-
posites has traditionally been elucidated using X-ray
diffraction (XRD) and transmission electron
microscopy (TEM) [6]. The most straightforward
method is X-ray diffraction because it is a good way to
evaluate the spacing between the clay layers. The sam-
ple preparation is relatively easy and the X-ray analysis
can be performed within a few hours [5-8]. Due to the
periodic arrangement of the silicate layers both in the
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pristine and the intercalated states, with periodicity of

1–4 nm and the presence of high atomic number species

in the layers, the choice of X-ray diffraction is appropri-

ate in determining the interlayer spacing [7]. 

Transmission electron microscopy (TEM) technique

is a useful complement to X-ray diffraction method and

gives a direct measure of the spatial distribution of the

layers. It requires substantial skills in specimen prepara-

tion and analysis [6-8]. But, in some cases such as ours

as it is described in the next section the TEM cannot

give any further information. 

EXPERIMENTAL

Materials

A resol type phenolic resin (IL800/2) supplied by

Resitan Co., Iran was used as the polymeric matrix.

Many important properties of this resin were as follows;

density: 1050 kg.m-3, viscosity (of liquid resin at 20°C):

5.5-6.5 Pa.s, and solid content: 87 wt%.

Asbestos cloth (grade AAA) was added as reinforcing

agent to the polymeric matrix. Properties of asbestos

cloth were: density: 2000 kg.m-3, maximum moisture:

2.5 wt%, minimum asbestos: 90 wt%, maximum mass

loss at 820°C: 23 wt%, and thickness: 2 mm.

The kaolinite sample employed in this work was sep-

arated from Semirom natural clay, Iran.

Dimethylsulphoxide (DMSO), ammonium hydroxide

(NH4OH) and ethyl alcohol were of high-purity labora-

tory grade from Merck and used as received.

Purification and Modification of Raw Kaolinite

To obtain the intercalated samples, at first, the natural

clay (kaolinite) was disaggregated, weighed (about

400 g), and dispersed in a dilute ammonium hydroxide

solution  (100 mL NH4OH and  4000 mL of water) for

24 h. Then, left still for 3-4 h and subsequently the dis-

persion was decanted and separated from the rest. This

procedure was repeated until a relative large quantity of

aqueous solution containing fine clay was obtained.

The solvent was removed by drying at 70°C for 24 h.

For washing with distilled water, a kaolinite-water solu-

tion (60 mg of clay in 1 mL of distilled water) was pre-

pared. This solution was also dried at 100°C.

To modify the kaolinite, approximately 100 g of the

clay fraction was transferred to a 5000 mL round-bot-

tom flask and suspended in 4000 mL of DMSO (95

v/v% DMSO/water). The suspension was stirred at 60°C

for 192 h and then centrifuged at 4000 rpm to recover

the solids. To remove the residual DMSO the resultant

material (kaolinite-DMSO complex) was dried at 40°C

for 120 h and subsequently characterized [11,12]. 

Preparation of Nanocomposite

In this work, the combination of solution and in-situ

intercalation is employed for nanocomposite sample

preparation, as follows:

Ethyl alcohol is used to disperse the layered silicates

and at the same time to dissolve the phenolic resin. To

stack the layers, the crystallite is delaminated in ethyl

alcohol. This occurs 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

stack with phenolic chains sandwiched in between,

forming a well order intercalated nanocomposites.     

Then, asbestos cloth is impregnated by phenolic

resin/layered silicate intercalated mixture. The sample is

precured at 120°C for 10 min, and then cured at 160°C

and 3 bar pressure for 1 h in autoclave. After curing, the

sample was post-cured for 0.5 h at 150°C. Therefore,

due to ethyl alcohol removal and phenolic resin poly-

merization the nanocomposite samples were formed

(Figure 1).

The final sample is a flat panel by dimensions of

6�100�100 mm with a sandwich structure, formed by

4 mm layers nanocomposite and 2 mm layer of alumini-

um substrate. The characteristics of the samples are: (a)

composite (asbestos/phenolic; 50:50 wt%) and (b)

nanocomposites: 

NKA1 (asbestos/phenolic/kaolinite; 50:47:3 wt%), 

NKA2 (asbestos/phenolic/kaolinite; 52:44:4 wt%),

NKA3 asbestos/phenolic/kaolinite; 52:42:6 wt%).

Equipments

X-Ray fluorescence (XRF) measurements were carried

out in a PW 2400, Philips spectrometer. To analyze the

powder by X-ray diffraction (XRD) technique a mini-

flex diffractometer was employed using Cu-Kα radia-

tion with a dwell time of 1°/min, in the 2θ Bragg-

Brentano geometry.

Fourier transform infrared (FTIR) spectroscopy
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analysis was carried out using NICOLET MAGNA-IR

760 spectrometer. The KBr discs were prepared after

mixing each of test samples with dry KBr. The analyses

were performed in the transmission mode of 400-4000

cm-1 range, with a resolution of 4 cm-1 and accumula-

tion of 32 scans. 

STA 625, Polymer Laboratories (TG and TGA) was

employed to evaluate the thermal performance of the

samples of insulation material.

Cone calorimetry was performed on an Atlas CONE2

according to ASTM E 1354 at a heat flux of 80 kW/m2,

which is a normal irradiance level for the evaluation of

the flammability, using a cone shaped heater. 

Because of the presence of asbestos cloth reinforce-

ment (around 50 wt% ) in our samples, the TEM test

cannot give useful information. Instead of TEM, SEM

and surface scattering of atomic tracing tests were used

to confirm the nanocomposite formation.  

Scanning electron microscopy (SEM) studies were

carried out using a Can Scan FE microscope 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.

RESULTS AND DISCUSSION

Inorganic Component 

To evaluate the performance of the purification process,

the inorganic composition of natural kaolinite and mod-

ified kaolinite (kaolinite-DMSO complex) was charac-

terized by XRF. It was observed that majority of impu-

rities were removed by chemical treatments (Table 1).

The SiO2 and Al2O3 were assumed equal to the net

kaolinite. Thus, the percent of purity increased from

80.32% in natural kaolinite to 95.8 % in kaolinite-

DMSO complex. It is also seen that the percent of

DMSO in kaolinite-DMSO complex is 25.121%. It
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Composition

(mass %)

Raw 

kaolinite

Modified 

kaolinite

Modified

kaolinite

(normalized)

SiO2

Al2O3

MgO

SO3

Cl

K2O

CaO

TiO2

Fe2O3

Zr

Na2O

Total

Undetected
organic material

41.763

38.569

0.411

0.115

0.116

0.268

0.745

1.513

1.391

0.029

15.08

100

-

38.292

33.365

0.257

-

-

0.239

0.312

1.437

0.871

0.026

0.079

74.932

25.121

51.102

44.527

0.342

-

-

0.319

0.416

1.917

1.163

0.034

0.105

100

-

Table 1. The chemical compositions of the initial and modified

kaolinites obtained by XRF.

Figure 1. Preparation procedure of nanocomposite samples.
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clearly implies the existence of DMSO between crystal

spaces of kaolinite.

Crystallography 

Figure 2 shows the XRD patterns of the initial and mod-

ified kaolinite. The analysis of the 001 d-spacing and 2θ
are reported in Table 2. The d 001 basal interplanar

spacing of modified kaolinite was obtained as the high-

est order in relation to the raw kaolinite. Variations in

the interplanar spacing were determined by subtracting

the basal lattice parameter of the intercalated kaolinite

from the basal lattice parameter of the raw kaolinite (7.1  

at 2θ=12.3°).

The basal space of modified kaolinite was 11.2    at

2θ=7.9°, which represents an expansion of 4.1    , relat-

ed to the basal space of the raw kaolinite (7.1   ).

Figure 3 shows the XRD patterns of the modified

kaolinite and its nanocomposite (phenolic resin/modi-

fied kaolinite, 6 wt%). The analysis of the 001 d-spac-

ing and 2θ of nanocomposite shows that the nanocom-

posite has an exfoliated structure. As observed all of the

peaks attributed to modified kaolinite were disappeared

in the nanocomposite XRD spectra. 

As mentioned the atomic tracing (SEM surface scat-

tering) was employed as a complement technique for

XRD analysis to evaluate the exfoliation and dispersion

of layered silicate in resin. In Figure 4, the straight solid

line is the Si tracing path, and the fluctuating solid line

is the result of this tracing. It clearly shows the Si atoms
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Phase 2θ
(deg)

∆2θ*

(deg)

d001 ∆d**

Raw kaolinite

Kaolinite-DMSO complex

(Modified kaolinite)

12.3

7.9

0.0

-4.4

7.1

11.2

0.0

4.1

KKDC θθθ 222 −=∆ KKDC ddd 001001 −=∆(*)
(**)

Figure 2. X-ray diffraction patterns of initial (upper curve) and modified (lower

curve) kaolinites. 

Table 2. Identification of the phase, basal distances, and

interlayer expansion. 

Figure 3. X-ray diffraction patterns of modified kaolinite (lower curve) and

nanocomposite (upper curve) kaolinite. 

;

)A(
O

)A(
O



are well uniformly distributed in nanocomposite.

Chemical Composition

In the FTIR spectrum of kaolinite (Figure 5, and Table

3), four bands are appeared at 3620, 3651, 3669, and

3693 cm-1. The band at 3620 cm-1 is assigned to an

internal OH group, and the others to outer surface OH

groups. By intercalation reactions, the outer OH groups

may be perturbed and were hydrogen-bonded with guest

species and shown new bands at lower wavenumbers,

whereas the internal OH groups were not influenced.

Thus, taking the band at 3620 cm-1 as a reference, inter-

actions between OH groups and guest species can be

observed. 

The band at 3620 cm-1 has been unambiguously

assigned to the stretching frequency of the internal

hydroxyl group of kaolinite and it is not usually influ-

enced very much by inter-lamellar modifications.

Kaolinite-DMSO shows bands at 1428, 1410, 1395,

1320, 3662, 3538 and 3503 cm-1. The two most intense

vibrations of kaolinite at 1033 and 1008 cm-1 are often

shifted slightly upon intercalation of guest species such

as DMSO, where these bands are shifted to 1038 and

1112 cm-1.

Upon intercalation of DMSO, the intensity of the

band at 912 cm-1 is diminished greatly and other bands

with 10 cm-1of lower frequency appear at 902 cm-1. This

is presumably due to a repulsive intercalation between

the internal hydroxyl of kaolinite and one of the methyl

groups of DMSO which is proposed to be keyed into the

(SiO-) macroring of the silicate surface.

Thermogravimetric Analysis

Figure 6 shows TGA weight loss curves of the resol type

phenolic resin at 5, 10, and 20 K/min under nitrogen

atmosphere. The thermal degradation of the resin is a

single stage, with 30% residue around 800°C. By

increasing the test heating rates, the thermal degradation
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Component Wavenumber (cm-1)

O-H

O-H

O-H

O-H

H2O

Si-O-Si

Si-O

Si-O

OH surface

Si-O-Si

Si-O-Si

Si-O-Si

Al-Si-O

3694

3669

3653

3621

1635

1107

1033

1008

912

790

754

697

532

Figure 4. Surface scattering of Si atoms in intercalated lay-

ered silicate/phenolic resin nanocomposite.

Figure 5. FTIR spectroscopy of initial and modified kaolinites.

Table 3. Peaks observed for kaolinite by the FTIR spec-

troscopy.

T
ra
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dt
d

ln(
nα

α

−

temperature was increased. The thermal degradation

temperature of resol type phenolic resin in nitrogen

atmosphere begins at 350°C and terminates at 700°C.

Also Figure 6 shows that the temperature of the maxi-

mum rate of thermal degradation of resin is equal to

430°C.   

Figure 7 shows the TGA thermograms of weight loss

as a function of temperature for phenolic/asbestos com-

posite and NKA1, NKA2, and NKA3 nanocomposites

under air atmosphere. In general, major weight losses

are observed on the range of ∼300-500°C for all the

specimens. Evidently, the thermal decomposition of the

phenolic/asbestos-kaolinite nanocomposites shift slight-

ly toward the higher temperature range comparing to

that of phenolic/asbestos composite. This confirms the

enhancement of the thermal stability of the nanocom-

posite. After ∼600°C, the inorganic residue was mainly

remained. Finally in Figure 6 some aspects can be

observed: 

-   Glass transition temperature of NKA3 nanocompos-

ite is 26°C higher than that of the composite. 

-   Final weight loss of NKA3 nanocomposite is 6.93%

lower than that of the composite. This difference was

due to the presence of kaolinite in the nanocomposite.

-  The temperature of maximum thermal degradation

rate of NKA3 nanocomposite is 64°C more than that of

the composite. 

Figure 8 shows the linear dependency of

versus the reciprocal of temperature for phenolic matrix

composite and NMA3 nanocomposite in air atmosphere.

It can be obtained by choosing the definite value of n.

From this correlation, and eqn (35), the activation ener-

gies, E, frequency factor, A, and degree of thermal

degradation, n, were evaluated by linear regression

analysis of the data points. 

The relative rate constants for volatiles and char for-

mations are obtained by plotting the eqn (28-b). Thus,

the plot of ln[(1-yc)/yc] versus 1/T has a slope which is

proportional to the differences between activation ener-

gies for volatile and char formations and also has an

intercept which is a natural logarithm of the ratio of fre-

quency factors (Figure 9).

The thermal degradation kinetic parameters of sam-

ples are given in Table 4. It can be seen that the activa-

tion energy of the composite is nearly three orders of

magnitude larger than the activation energy of net phe-

nolic resin. This is due to the asbestos cloth chemical

reactions and its interaction with the resin. Similar data
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Figure 6. The thermogravimetric curves of resol type pheno-

lic resin at different heating rates under nitrogen atmosphere.

Figure 7. TGA curves of composite and nanocomposite

samples.

Figure 8. Plots of the natural logarithm of (dα/dt)/(1-α)n ver-

sus reciprocal temperature of phenolic matrix composite and

NKA3 nanocomposite in air.



were reported by the other researchers (for asbestos

cloth phenolic resin composite, [20] and net phenolic

resin [21,22]). Also, it can be observed that the (E) and

(Eg-Ec) of NKA3 nanocomposite in comparison to those

of composite are increased 25% and 29%, respectively.

This confirms that the nanocomposite has a higher ther-

mal stability than composite.   

Figure 10 shows the DSC curves of asbestos/pheno-

lic composite, asbestos cloth, and phenolic resin at

10 K/min under nitrogen atmosphere. It indicates that

the surface area of endothermic peak (heat of thermal

degradation) of composite is greater than the sum of

those of the asbestos cloth and phenolic resin. This

could be due to the asbestos cloth chemical reactions

and its interaction with phenolic resin. As it is observed

the activation energy of thermal degradation of asbestos

cloth-phenolic resin is more than that of the net pheno-

lic resin. 

Figure 11 shows TGA and DTA weight loss experi-

mental points of asbestos/phenolic composite and

NKA3 nanocomposite at 10 K/min in air, compared to

the theoretical curves generated by eqns (30) and (31),

respectively. As shown in Figure 11, due to a good

agreement between experimental data and model pre-

dictions, all the calculated kinetic parameters are reli-

able. 

Flammability Properties

The heat release rate (HRR) and mass loss plots for

asbestos cloth/phenolic composite and NKA3 nanocom-

posite at 80 kW/m2 heat flux are shown in Figure 12. It
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Figure 9. Plots of the natural logarithm of (1-yc)/yc) versus

reciprocal temperature of asbestos cloth/phenolic matrix com-

posite and NKA3 nanocomposite in air.

Kinetic parameter

Phenolic resin

(in nitrogen)

[16]

Composite

(in nitrogen) [16]

Composite

(in air)

NKA3

(in air)

Activation energy, E×10-7, (J/mol)

The difference in activation energy for volatile

and char formation, (Eg-Ec)×10-7, (J/mol)

Frequency factor, A×10-4, (s-1)

The fraction of frequency factor for volatile and

char formation, Ag/Ac

Degree of thermal degradation reaction, n

1.43×10-2

4.1×10-3

3×105

13

1

17.5

3.92

1.26×106

46.5

6.5

9.57

1.01

8.82

4

1.7

12

1.3

2.8

4.1

1.7

Table 4. The kinetic parameters of the samples.

Figure 10. The DSC curves of asbestos/phenolic composite,

asbestos cloth, and phenolic resin at 10ºC/min under nitrogen

atmosphere. 



is observed that both of the samples show similar ther-

mal behviour for initial 100 s, then mass loss rate

decreases for nanocomposite and its HRR curve

becomes broader than that of the composite counterpart,

which implies that NKA3 nanocomposite has 35 %

lower HRR and 22 % lower mass loss than the asbestos

cloth/phenolic composite. 

Surface Morphology

Figure 13 shows SEM images of modified kaolinite. It

clearly indicates a kaolinite stack of varying sizes with

low aspect ratios (width to thickness). 

Figures 14 and 15 show the scanning electron micro-

graphs of the top surface of the asbestos-phenolic com-
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Figure 11. The thermogravimetric curves of asbestos/pheno-

lic composite and NKA3 nanocomposite at 10ºC/min in air in

comparison with the model.

Figure 12. Comparison of the HRR and the mass loss plots

of the phenolic asbestos cloth composite and phenolic

asbestos cloth kaolinite nanocomposite (NKA3) at 80 kWm-2

heat flux.

Figure 13. Scanning electron micrograph of the modified

kaolinite. 

Figure 14. Scanning electron micrograph of upper surface of

asbestos-phenolic composite sample after cone calorimetry

test.

Figure 15. Scanning electron micrograph of upper surface of

NKA3 nanocomposite sample after cone calorimetry test. 
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posite and the NKA3 nanocomposite samples after cone

calorimetry test at 80 kW/m2 external radiation heat

flux, respectively. The microstructure of the nanocom-

posite chars implies that increasing the clay content

results to a tougher char. In these chars, a nanoscopic

packed plate morphology is observed (Figure 15). In

general, the spatially uniform arrangement of the silicate

layers on an ultra-fine nanometer level results in the for-

mation of a uniform inorganic char. This clay dense char

imparts higher performance to the nanocomposite at

high temperature condition.  

CONCLUSION

The following conclusions can be drawn from the pres-

ent work:

- The XRD results show that the nanocomposites have

an exfoliated structure which is a desirable morphology.

- The layered silicate results in an improvement in

thermal stability of polymeric nanocomposites com-

pared to the composite; i.e., higher glass transition tem-

perature, lower final weight loss, higher temperature of

maximum thermal degradation rate, and lower flamma-

bility.

- The essential kinetic parameters (activation energy,

frequency factor, and degree of thermal degradation)

were determined in order to clarify the mechanism of

thermal degradation of NKA3 nanocomposite.

- The phase boundary model can properly predict the

thermal degradation behaviour of nanocomposite and

shows a good agreement with the experimental results.  

- The NKA3 nanocomposite has a 35% lower HRR and

22% lower mass loss than the asbestos cloth/phenolic

composite.
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NOMENCLATURES

A Frequency factor of composite (s-1)

Ac Frequency factor for char formation (s-1)

Ag Frequency factor for gas formation (s-1)

C                 Char

C1                Primary char

C2                Secondary char

Basal distance of initial kaolinite 

Basal distance of kaolinite DMSO complex

E Activation energy of composite thermal 

degradation (J.mol-1)

Ec Activation energy of char formation (J.mol-1)

Eg Activation energy of gas formation (J.mol-1)

f (α)             Conversion functional  relationship

G                 Volatile

G1                Primary gas 

G2                Secondary gas

I* Reactive intermediate

k                   Rate constant (s-1) 

kC Rate constant for char formation (s-1)

kg Rate constant for gas formation (s-1)

kp Rate constant for polymer formation (s-1)  

m                 Weight of sample (kg)

m0 Initial weight of the sample (kg)

mf Final weight of the sample (kg)

mp Specific pyrolysis mass flow rate (kg.m-2s-1)

n                  Degree of  thermal  degradation  reaction

P Composite

R                  Universal gas constant (J.kg-1.mol-1.K-1)

t                   Time (s)

T Absolute temperature (K)

yc Yield of charring  

α Degree of weight loss

β Heating  rate (Ks-1)  
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