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Influence of a treated kaolinite on the thermal degradation and flame retardancy of
poly(methyl methacrylate)

H. Vahabi, M.A. Batistella, B. Otazaghine ⁎, C. Longuet, L. Ferry, R. Sonnier, J.-M. Lopez-Cuesta
Ecole des Mines d'Alès, Centre des Matériaux (CMGD), Pôle Matériaux Polymères Avancés, 6 Avenue de Clavières, 30319 Ales cedex, France
a b s t r a c t

Modified kaolinite poly(methyl methacrylate) nanocomposites were prepared using successively in situ po-
lymerization and melt blending methods. Pristine kaolinite (Kaol) was intercalated using two organic mole-
cules dimethyl sulfoxide (DMSO) and dodecylamine. This treated kaolinite (TKaol) was exfoliated via in situ
polymerization of MMA. The prepared blends were extruded with a commercially available PMMA and then
injection molded. The thermal degradation and flammability of TKaol PMMA nanocomposites was compared
to pure PMMA and also to PMMA nanocomposites filled with untreated Kaol. Results showed the influence of

Kaol morphology on fire behavior of these nanocomposites. The use of exfoliated Kaol allowed a better ther-
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PMMA while it was largely reduced with P
ed Kaol led to an efficient barrier effect
mechanical strength.
the formation of a cohesive residue as highlighted by its
1. Introduction

Poly(methyl methacrylate) (PMMA) is one of the most widely used
thermoplastic but as it is a highlyflammable polymer, its use inmany ap-
plications is limited. During the past decade, the incorporation of
organomodified layered silicates (OMt) into PMMA via melt blending
or in situ polymerization has been investigated in order to improve its
flammability (Huskic and Zigon, 2007; Kashiwagi et al., 2008;
Laachachi et al., 2005; Qu et al., 2005; Sahoo and Samal, 2007; Wang et
al., 2009, 2010a; Zheng et al., 2005; Zhu et al., 2002; Wang et al.,
2009,2010a). Kiliaris and Papaspyrides (2010) showed that OMt im-
proved the fire resistance of PMMA. The principal mechanism suggested
was that the concentration of clay minerals at the surface of the sample
increased during the thermal degradation of the polymer matrix acting
as a barrier to insulate thematerial from heat and also from the diffusion
of oxygen (Gilman et al., 2000).

Among the layered silicates, montmorillonite (Mt) has attracted spe-
cial attention due to its swelling structure which facilitates their disper-
sion in PMMA (Wang et al., 2010b). However, kaolinite a non-swelling
clay mineral received less attention. The exfoliation of Kaol was investi-
gated by many research groups (Frost et al., 1998; Tsunematsu and
Tateyama, 1999; Valášková et al., 2007; Vempati et al., 1996). The
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common point among all these studies was primarily intercalation of or-
ganic molecules in Kaol, which is expressed in increasing of its basal
spacing. Furthermore, the increasing of basal spacing allowed the in
situ polymerization of monomer between the basal internal surfaces of
Kaol for reaching exfoliation. However, to the best of our knowledge,
the use of exfoliated Kaol in PMMA in order to improve the fire behavior
was never studied.

In the present work, the effect of intercalated Kaol as filler on fire
behavior of PMMA is reported. First, the Kaol was intercalated using
organic molecules. This obtained TKaol permits the preparation of an
intercalated/exfoliated TKaol PMMA nanocomposite via in situ poly-
merization. The thermal degradation and flame resistance of this
nanocomposite was investigated using TGA and cone calorimeter test.
2. Materials and methods

TheKaol used in this studywas supplied by Prolab inc. Its specific sur-
face area was found to be 12.2±0.3 m2·g−1 (Brunauer–Emmett–Teller
(B-E-T) method, using N2 as adsorbed gas on a Beckman Coulter SA3100
instrument). The median particle size (d50) of Kaol obtained by laser
particle-size analysis (Coulter LS230) was estimated to be around
3 μm. Two types of PMMA were used: a commercially available PMMA
(Altuglas V825T) supplied by Arkema and a synthesized PMMA (synthe-
sized via radical polymerization in our laboratory). Methyl methacrylate
(MMA)was obtained by Aldrich. Azobisisobutyronitrile (AIBN)was used
as initiator and was purchased from Fluka. Dimethyl sulfoxide (DMSO)
(99%, Fluka) and dodecylamine (Aldrich) were used.
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Fig. 1. Schematic representation of sample preparation methods a) intercalation of Kaol using DMSO and dodecylamine, exfoliation of Kaol via in situ polymerization of MMA and
b) in situ polymerization of MMA with the non raw Kaol.
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Fig. 2. Schematic representation of samples preparation.



Table 1
Sample names and compositions (Pcom = PMMA Altuglas, Psyn = radical synthesized
PMMA, Kaol = kaolin, TKaol = treated kaolin).

Sample code Kaol (wt.%) TKaol (wt.%) Psyn (wt.%) Pcom (wt.%)

Pcom – – – 100
PcomPsyn – – 25 75
PcomKaol5 5 – – 95
PcomKaol10 10 – – 90
PsynKaol20 20 – – 80
PsynTKaol20 – 20 – 80
PcomPsynKaol5 5 – 24 71
PcomPsynTKaol5 – 5 24 71
PcomPsynKaol10 10 – 22.5 67.5
PcomPsynTKaol10 – 10 22.5 67.5
2.1. Kaol treatment

In the first step, the raw Kaol was intercalated with DMSO added in
excess. The mixture was sonicated for 3 h at 70 °C using a Branson
Sonifier (Branson Sonic-Power Company) operating at a frequency of
20 kHz and a power of 550 W. The mixture was then centrifuged
(speed: 400 rpm) and washed three times with ethanol to remove the
excess of DMSO. In the second step, the DMSO intercalated Kaol was
treated by dodecylamine using the latter method (the final Kaol, after
two steps of modification was named TKaol). The TKaol was then dried
at 100 °C in a vacuum oven for 8 h.
2.2. In situ polymerization of MMA in Kaol

Into a 500 mL flask fitted with a condenser, 100 g (9.99×10−1 mol)
of MMA, 1.64 g (9.99×10−3 mol) of AIBN and 25 g of Kaol (Kaol/
MMA=25 wt.%)were introduced. Argonwas bubbled through themix-
ture for 15 min. The flaskwas then placed in an oil bath previously heat-
ed at 60 °C for 2 h. The same procedure was used for a mass ratio equal
to 25 wt.% and 50 wt.%, with the intercalated Kaol to obtain exfoliated
Kaol in a PMMA matrix (Fig. 1).
Fig. 3. X-ray diffractograms of raw kaol (a) and TKaol (b), ↓: kaolin, Δ:
2.3. Preparation of Kaol/PMMA nanocomposite

The Kaol/PMMA samples were prepared via two different routes. The
first route involved amelt blending step of PMMAwithKaol before the in-
jection stage (Fig. 2). The second route comprised a preliminary step of
polymerization of MMA in the presence of intercalated or non-
intercalated Kaol (Fig. 1a–b). This stepwas followed by themelt blending
of the obtained product with the commercial PMMA before the injection
step. The melt blending was carried out on a co-rotating twin-screw ex-
truder (Clextral, standard profile, length=900 mm, speed=180 rpm,
screwdiameter=20 mm, T=180 °C to 240 °C). The sampleswere injec-
tion molded (Krauss Maffei KM 50 t, T=200–240 °C, mold tempera-
ture=80 °C) to obtain specimens (100×100×4 mm3). Sample pellets
were dried at 70 °C for 8 h before injectionmolding. For both routes, ref-
erence samples weremade without Kaol. The sample names and compo-
sitions are given in Table 1. Figs. 1 and 2 represent the different routes to
obtain the final samples.
2.4. Characterization

The X-ray diffraction (XRD) patterns were recorded using a Bruker
AXS D8 Advance diffractometer with CuKα radiation and a Vantec detec-
tor. The scanning range was from 5° to 30° with a step size of 0.007° and
step time of 24.6 s. All measurements were taken using a generator volt-
age of 40 kV and a generator current of 40 mA. The thermal decomposi-
tion was investigated using a Perkin Elmer Pyris-1 TGA. All
measurements were performed under nitrogen and air with a heating
rate of 10 °C·min−1. The sampleweightwas 10±2 mg. A Scanning Elec-
tron Microscopy (FEI Quanta 200 SEM) was used to study the morpholo-
gy of the samples. All images were obtained under high vacuum at a
voltage of 25.0 kV with a spot size of 2.8 and a working distance of
8.2 mm. STEM (Scanning Transmission Electron Microscopy) measure-
ments were performed using a TEM Jeol 1200EX2. The STEM cross-
section samples were preparedwith a cryo-ultramicrotom. The thickness
of these samples varied in the range of 60 to100 nm. A cone calorimeter
device (Fire Testing Technology) was used to evaluate the flammability
of samples. Square specimen dimensions were 100×100×4 mm3 and
silica, ▲: alumino silicate (Al2Si2O5(OH)4 2 H20) and □: muscovite.



Fig. 4. SEM image of raw kaol (a) and STEM image of PcomPsynTKaol5 (b, c).

Fig. 5. Thermal stability of kaol before and after treatment under nitrogen and air.
irradiated at a heat flux of 35 kW·m−2. All sampleswere characterized in
duplicate. Uncertainty was estimated to be around 10%.

The breaking resistance of residue was carried out using a compres-
sion tool, connected to a load cell of 10 daN capacity in an ADAMEL
DY26 mechanical testing machine. The burned samples (char residue)
were pressed by a cylindrical sensor with a diameter of 1 mm and the
compression rate of 0.1 mm·min−1. The applied force (N) to break
down the residue was recorded using this apparatus (Fig. 12).

3. Results and discussion

3.1. XRD analysis

Fig. 3 displayed the XRD patterns of raw Kaol and TKaol. The
d001-spacing for untreated Kaol was measured as 7.16 Å (peak at 2θ=
12.37). The chemical treatmentwith DMSO and thenwith dodecylamine
leads to a shift of this peak to 2θ=7.89 (d=11.18 Å) and 2θ=7.32 (d=
12.05 Å), respectively. This increase indicated that DMSO and
dodecylamine were intercalated into the interlayer space of Kaol. The
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Fig. 6. TGA (a) and DTG (b) curves of PsynKaol and PsynTKaol at a heating rate of 10 °C·min−1 under nitrogen and air.
in situ polymerization of MMA shifted the peak of d001 to 2θ=7.89 and
the quasi absence of this peak in Pcom Psyn TKaol5 sample indicates a
partially exfoliated state. The peaks presented in Pcom Psyn TKaol5 sam-
ple were due to some untreated Kaol already present in Psyn TKaol5.
Similar results were observed for samples containing 10 wt.% of Kaol.

3.2. SEM and STEM

Both SEMand STEMwere used to determine the exfoliation of Kaol in
PMMA matrix. Fig. 4 showed the SEM images of pristine Kaol (a) and
STEM images of TKaol in PMMA (Pcom Psyn TKaol5) (b and c). The pris-
tine Kaol presented stacked platelet structure around 20 μm.

The treatment procedure of Kaol permitted obtaining an intercalated
and partially exfoliated morphology. The high-magnification STEM
image of (Pcom Psyn TKaol5) sample was presented in Fig. 4c. From
these images a small quantity of Kaol appeared to be not exfoliated and
poorly dispersed in accordancewith XRD that confirmed some non exfo-
liated Kaol (the presence of a small peak at 2 =12.37 for Pcom Psyn
TKaol5 sample).
Fig. 7. TGA (a, c) and DTG (b, d) curves at a he
3.3. TGA analysis

The results of TGA and the corresponding derivative curves (DTG)
for all samples shown in Figs. 5–8 were also summarized in Tables 2
and 3. The one step of degradation for raw Kaol corresponded to
dehydroxylation around 450 °C (Wang et al., 2011). The two steps of
degradation for TKaol around 125 °C and 450 °C is due to i) degradation
of organic molecules (confirming the intercalation of DMSO and
dodecylamine) and ii) dehydroxylation. The thermal degradation of
raw Kaol in air also occurred in one step of weight loss around 450 °C
(Fig. 5).

After in situ polymerization of PMMA with TKaol and raw Kaol, the
TGA of these samples showed the stabilization effect of TKaol compared
to untreated Kaol (Fig. 6).

All composite and polymer samples appeared to be degraded in one
step. Only the sampleswith 5 wt.% of TKaol (Pcom Psyn TKaol5) showed
an improvement in thermal stability and amore slightly degradation rate
up to 400 °C (under air and nitrogen). The residue percentage was stabi-
lized after 430 °C for all samples (Figs. 7 and 8).
ating rate of 10 °C·min−1 under nitrogen.
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Fig. 8. TGA (a, c) and DTG (b, d) curves at a heating rate of 10 °C/min under air.
The Pcom Psyn TKaol10 sample exhibited a lower thermal stability
than Pcom Psyn TKaol5 up to 410 °C (under nitrogen and air). This
can be ascribed to the presence of more important quantity of
DMSO and dodecylamine. The residue percentages were proportional
to incorporated Kaol for all samples. In other words, the exfoliation of
Kaol did not promote the charring residues which correspond to es-
sentially initial Kaol.

3.4. Cone calorimeter test

The fire resistance of the sampleswas studied using cone calorimeter
testwith an incident flux of 35 kW·m−2. It is well known that an impor-
tant quantity of samples was needed in this kind of test. Therefore, the
primary tests were performed only on the samples containing 10 wt.%
of Kaol. The heat release rate (HRR) curves as a function of time were
shown in Fig. 9a while the time to ignition (TI), the peak of heat release
rate (PHRR) and the total heat release (THR) of the samples were sum-
marized in Table 4.

It is noteworthy that TI decreased for nanocomposites containing
Kaol. The presence of fillers may modify the absorbance of the samples
in the infrared region. Therefore, a larger part of the radiations emitted
by the cone was absorbed within the upper layer of nanocomposites
leading to a rapid heating of the sample surface and thus to a smaller
TI (Yu et al., 2009). It should be noticed that the formulation containing
exfoliated Kaol exhibited a higher TI close to that of pure PMMA.

The HRR peak decreased for nanocomposites containing Kaol. The
treatment of Kaol had also a positive effect, since TKaol/PMMA 10 wt.%
Table 2
TGA parameters under nitrogen atmosphere.

Composition T10% (°C) T50% (°C) Residue%a

Raw kaol 580 – 87.2
PsynKaol20 265 375 16
PsynTKaol20 288 382 16.6
Pcom 356 379 0
PcomPsyn 350 381 0
PcomPsynKaol5 355 389 5
PcomKaol5 360 387 5.8
PcomPsynTKaol5 364 394 2.4
PcomKaol10 362 389 10
PcomPsynTKaol10 352 389 9.5

a Residue at 900 °C.
presented an extended form (after 310 s) as a function of time compared
to the other nanocomposites. It could be observed that the quantity of
residue corresponded roughly to the content of Kaol after dehydration.
Therefore, the presence of fillers did not promote charring.

The weight loss curves obtained as a function of time for the various
formulations were presented in Fig. 9b. A significant reduction of mass
loss rate was observed for the samples containing 10 wt.% of Kaol (treat-
ed or not). However, this reduction was more pronounced in the case of
TKaol. Decrease of mass loss rate resulted either from a higher thermal
stability of the formulation or from the formation of a barrier during
combustion.

The photos of the residues collected after cone calorimeter tests
(Fig. 10) showed that the samples containing the PMMAnanocomposites
with TKaol presented a better cohesion compared to those samples
containing raw Kaol. These residues were also observed by SEM
(Fig. 11). Fig. 11a corresponding to the samplewith TKaol clearly showed
exfoliated Kaol particles whereas in the case of sample containing raw
Kaol (Fig. 11b) a stacked morphology was observed. It appears that dur-
ing combustion TKaol platelets did not re-aggregate.

Laoutid et al. (2006a) suggested that the breaking resistance of char
residue was related to their cohesion and therefore contributed to the
flame retardancy. Cohesion of residues was assessed using a mechan-
ical compression test as described in the Materials and methods sec-
tion (Fig. 12). The compressive strength of Pcom Psyn Kaol10 and
Pcom Psyn TKaol10 residues was characterized. The maximum forces
measured to break down the residue were 0.09±0.03 N and 0.20±
0.05 N for Pcom Psyn Kaol10 and Pcom Psyn TKaol10, respectively.
Table 3
TGA parameters under air atmosphere.

Composition T10% (°C) T50% (°C) Residue (%)a

Raw kaol 580 – 87.2
PsynKaol20 275 367 16.5
PsynTKaol20 295 380 17
Pcom 350 375 0
PcomPsyn 340 375 0
PcomPsynKaol5 342 381 3.6
PcomKaol5 350 381 5.2
PcomPsynTKaol5 355 387 2.2
PcomKaol10 350 381 9
PcomPsynTKaol10 343 383 8.6

a Residue at 900 °C.
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Fig. 9. HRR curves (a) and weight loss curves (b) under an incident heat flux of 35 kW·m−2.

Table 4
Cone calorimetric data for PMMA and its nanocomposites under a heat flux of
35 kW·m−2.

Sample TI (s) Peak HRR (kW·m−2) THR (MJ·m−2) Residue (wt.%)

PMMA 95 691 124 0
PcomKaol10 62 496 115 9.3
PcomPsynTKaol10 85 488 117 9.3

Fig. 10. Photos of remaining residues after combustion in the cone c
Although the char geometries were not completely identical, the
large difference between both obtained values indicated a significant
difference in the mechanical strength of the residues and thus in their
cohesion.

It was reported that the presence of clay mineral generated a positive
effect on flame retardancy of some polymers (Kiliaris and Papaspyrides,
2010). Some factors such as the size of clay mineral, clay mineral disper-
sion, rate of exfoliation and uniformity of the char influenced the fire
behavior of composites. Moreover, it was highlighted that a critical
alorimeter test, a) and b) PcomKaol10, c) and d) PcomPsynKaol10.
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Fig. 11. SEM images of combustion residues obtained from cone calorimeter test, a) image corresponds to the residue presented in Fig. 10c and b) image corresponds to the residue
presented in Fig. 10a.
threshold of claymineral percentage was needed to form a stable residue
with no cracks (Dasari et al., 2007). In the present study, the TKaol
(10 wt.%) partially provided the above-described conditions. During com-
bustion the exfoliated Kaol platelets accumulated at the sample surface
according to the two possible mechanisms described by Kashiwagi et al.
(2004) either by polymer recession leaving the platelets at the surface
or by migration under the action of the rising bubbles of degradation
products. Since the aspect ratio of exfoliated Kaol platelets was much
higher than that of the rawparticles, the covering ability of these platelets
was much higher as well. Therefore, exfoliated particles likely formed
more easily a cohesive layer at the sample surface (Fig. 13). Hence, the de-
crease of PHRR and the extension ofHRR curve to longer times, in the case
of TKaol, were attributed to the formation of a cohesive residue that
played the role of physical barrier for heat and mass transfer (Laoutid et
al., 2006b).

Nevertheless, even if TKaol induced a positive effect of fire properties
of PMMA, the combination with current flame retardant (such as phos-
phorus flame retardant) will be necessary to obtain an acceptable fire
rating (Yang and Nelson, 2011). Furthermore, these results showed
Fig. 12. ADAMEL DY26 mechanical test.
that Kaol was not as efficient as Mt for improving the flammability of
PMMA.

4. Conclusion

The effect of Kaol on thermal degradation and flame retardancy of
PMMA was investigated. The Kaol/PMMA nanocomposites were pre-
pared using two successive routes to obtain exfoliated or not exfoliat-
ed morphology (in situ polymerization and/or extrusion). After an
intercalation procedure for the clay mineral, the in situ polymeriza-
tion of MMA between the Kaol layers led to an exfoliated morpholo-
gy. The Kaol/PMMA nanocomposites containing the exfoliated Kaol
presented a better thermal stability in TGA analysis compared to the
samples with non exfoliated Kaol. According to cone calorimeter
tests, the nanocomposites containing exfoliated Kaol also showed an
improvement of the fire behavior with a higher TI close to that of
pure PMMA. The exfoliation of Kaol reinforced the residue during
the combustion, leading to a better flame behavior.
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