
Flame retardant epoxy/halloysite nanotubes nanocomposite coatings:
Exploring low-concentration threshold for flammability compared to
expandable graphite as superior fire retardant

Henri Vahabia, Mohammad Reza Saebb,⁎, Krzysztof Formelac, José-Marie Lopez Cuestad

aUniversité de Lorraine, Laboratoire MOPS E.A. 4423, Metz F-57070, France
bDepartment of Resin and Additives, Institute for Color Science and Technology, 16765-654 Tehran, Iran
c Department of Polymer Technology, Faculty of Chemistry, Gdansk University of Technology, Gdansk, Poland
d Centre des Matériaux des Mines d'Alès (C2MA) – 6, Avenue de Clavières, 30319 Alès Cedex, France

Keywords:
Epoxy
Flame retardancy
Nanocomposites
Halloysite nanotubes
Expandable graphite

A B S T R A C T

Epoxy nanocomposites containing halloysite nanotubes (HNTs) were developed and their low-concentration
thresholds for thermal stability and flame retardancy were compared with that of epoxy system containing
expandable graphite (EG), as a reference with superior flame retardancy. The effects of HNTs and EG on the peak
of Heat Release Rate (pHRR), Total Heat Release (THR), and Time-To-Ignition (TTI) of the prepared samples
were subsequently discussed. At low loading level of 3 wt.%, HNTs appeared more effective, as signaled by an
enhanced thermal stability compared to the EG-incorporated composite at an identical loading, because of
hindered mobility of epoxy chains in a well-cured epoxy network. At higher loadings (6 and 9wt.%), however,
exfoliation of EG because of heat build-up in the system was dominantly hindered the crosslinking of epoxy it the
presence of HNTs, which consequently deteriorated thermal stability of epoxy. This was featured by the for-
mation of intumescent flake on the surface of the epoxy that played the role of a physical barrier, and assisted in
reduction of the value of pHRR, while it doubled the TTI value. Different functions of HNTs and EG in regard
with thermal stability and flame retardancy of epoxy/amine systems were discussed experimentally and me-
chanistically.

1. Introduction

Epoxy resins are known as the most versatile thermosetting poly-
mers with appropriate chemical and corrosion resistance, adhesion
properties, curability, low shrinkage and mechanical properties [1–6].
Epoxy resins can be crosslinked together with a wide variety of curing
agents under different curing circumstances [4,5,7]. Noticeably, how-
ever, they suffer from poor thermal stability, high flammability and
poor fracture toughness, which limit their use in engineering applica-
tions [1,8]. In this sense, different kinds of fillers/additives have been
examined to gain high-performance epoxy systems. Epoxy composites
are receiving much more attention every day because of the properties
of epoxy-based composites being manipulatable for desired applica-
tions.

When used as coating materials, epoxy suffers from inadequate
potential for protecting the underlying substrate against fire [9–11].
However, in electronic devices such as printed wiring boards and cable
industry, fire retardancy of epoxy resins is of premier importance [12].

For such purposes, the coating should be designed so as to minimize
heat transfer across the coating thickness during the combustion pro-
cess [13]. Moreover, one would be wise to develop eco-friendly flame
retardants for epoxy prior to the time a coating is expected to retard
burning. The fire retardancy of epoxy can be enhanced by the in-
corporation of flame retardant additives or chemical reactive flame
retardants into the resin [14,15]. Combustion is a complex process
through which physical and chemical mechanisms take place simulta-
neously. This hardens prospective identification of the combustion
process and determination of the main mechanism that dominantly
controls over flame retardancy of composites [16–18]. Classically
saying, four important zones have been identified in the combustion
process: flame zone, char layer, molten polymer and underlying
polymer. Char layer is known as the most critical zone which mainly
controls over the heat and mass transfer phenomena. Typically, char
decelerates the release of heat by formation of a protective layer against
heat flux source [16,19]. This layer with its low thermal conductivity
hardens heat transfer leading to polymer degradation rate reduction
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[16]. The effectiveness of a flame retardant system is highly pertinent to
its capacity to form a protective layer during the combustion. Overall, a
dense and compact layer of char residue is required for a proper heat
barrierity [9,20,21].

The use of nano-scale additives has been practiced as a profound
solution for the poor flame retardancy of polymers. Nanoparticles not
only can improve the fire performance, but they can also improve to a
desired level mechanical properties of polymer matrix [19]. Formation
of nanoparticle-rich char layer could effectively reinforce its cohesive-
ness. As a result, the rate of mass loss decreases, which is reflected in a
fall in the peak of heat release rate (pHRR), while nanoparticles could
limitedly improve the total heat release (THR). Moreover, the broad-
ness of the heat release rate (HRR) curve could be a signature of ap-
propriateness of nano-scale additives when used as flame retardant in
polymers. Graphite in both micro- and nano-scale size is known as a
superior flame retardant because of its covalently bonded hexagonal
structure [22]. Pristine graphite can hardly be used as a flame retardant
for polymers due to the compactness of carbon flakes in the natural
graphite structure, which prevent penetration of polymers into the
galleries of graphite sheets [16]. The chemically modified graphite
(expandable graphite, EG), however, appears as a superior flame re-
tardant benefiting from its exfoliation potential [16]. There are nu-
merous examples demonstrating the excellence of EG as a commercially
available flame retardant for various polymeric matrices [16,21–27]. It
has been mechanistically explained that in the course of combustion EG
expands hundred times leading to formation of a worm-like char layer

on the surface of polymer, which acts as a barrier against heat and mass
transfer [28,29]. There is a general agreement that flame retardancy of
epoxy can significantly be improved by incorporation of such carbo-
nous materials [30–32].

The use of inexpensive, one-dimensional nano-scale additives such
as halloysite nanotubes (HNTs) has received a particular attention in
recent years [33–37]. Thanks to its tubular nanostructure and high
aspect ratio in addition to its natural availability, HNTs resembles
carbon nanotube (CNTs) − the reason why HNTs exhibit unique
properties such as good biocompatibility and acceptable mechanical
strength − and can be considered as an alternative to CNTs for high-
performance applications [38–40]. HNTs with molecular formula
(Al2Si2O5(OH)4·nH2O) are similar to kaolin, but their hollow structure
gives reason to hope that it can be considered as a flame retardant
additive [39,41]. Previous studies have uncovered the fact that addition

Fig. 1. Schematic of procedure applied in sample preparation.

Fig. 2. Schematic of chemical structure of EG/epoxy and HNTs/epoxy composites.

Fig. 3. Samples’ appearance right before and after curing process.



of HNTs at high loading levels (more than 20wt.%) and/or in combi-
nation with conventional flame retardants to polypropylene [42], poly
(vinyl alcohol) [43], polyamide 6 [44,45], low-density polyethylene
[38,46], ethylene propylene diene monomer [47], and epoxy resin
[48,49] could to a large extent improve flame retardancy of polymers.
Moreover, recent studies have shown that incorporation of HNTs has a
positive effect on thermal degradation of epoxy-based intumescent fire
retardant coatings [50]. From a coating point of view, however, it is
important to find the low concentration threshold for additives in order
to prevent deterioration of mechanical and anti-corrosion properties of
nanocomposites. In this regard, study of curing behavior and cure ki-
netics of nanocomposites with variable filler content is crucial to un-
derstanding structure-flame retardancy correlation in epoxy/HNTs,
which is the subject of a future investigation. All in all, a compromise
between the amount of additive used in coating and the efficiency of
thermal stability of composite is currently an important challenge.

The present study is aimed to find HNTs low-concentration
threshold at which appropriate thermal stability and flame retardancy
of epoxy nanocomposite could be achieved, but a rigorous analysis
would be possible over a full range of concentration of HNTs. The
thermal efficiency of HNTs is compared with EG as a reference additive
known for its superior flame retardancy varying the concentration of
fillers within the epoxy matrix. For samples having 3, 6, and 9wt.%
filler (EG or HNTs), the thermogravimetric analysis (TGA) measure-
ments were performed to study thermal decomposition behavior of
composites. Moreover, cone calorimeter test was used to investigate the
effect of additives on the flame retardancy parameters including pHRR,
THR, and TTI. The effect of HNTs and EG on the flame retardancy of
epoxy was mechanistically explained as well. It is believed that the
current study opens promising windows to researchers working in the
realm of organic coatings, particularly those seeking inexpensive flame
retardant epoxy nanocomposites for engineering applications.

2. Experimental

2.1. Materials

EPON™ 1001-B-80 epoxy resin was purchased from Hexion (USA).
This epoxy is a 80 percent solid solution of diglycidyl ether of bisphenol
A of EPON™ 1001F in methyl ethyl ketone solvent with an EEW of
450–550 g/eq. An unmodified polyamide-based hardener having trade
name of Cardolite NT-1541 was provided by EM Sullivan (USA) to cure
epoxy. The solid content of the hardener was 95 percent, its AHTW was
198 g/eq, and its viscosity was above 105 cps at 25 °C. Expandable
graphite (EG) grade SFF was supplied by Chuetsu Graphite Works Co.,
Ltd. According to the manufacturer data, the specific surface volume of
EG was 180 cm3.g−1 and its length of sheets was ca. 180 μm. The sol-
vent used in this study was dimethylformamide (DMF) from Sigma
Aldrich. Moreover, halloysite nanotube (HNTs) (having outer diameter
50–200 nm, internal diameter 15–70 nm, length 1–3 μm, specific sur-
face area ca. 26m2.g−1 and pore volume of 0.122 cm3.g−1) was pur-
chased from Hunan Province, China.

2.2. Sample preparation

Epoxy composites comprising EG (or HNTs) were prepared through
the following procedure: (1) Epoxy resin was mixed with DMF solvent
for the sake of dispersion enhancement; (2) A specified amount of na-
noparticles was slightly added into the solution at room temperature
under stirring at 750 rpm; (3) The speed of stirrer increased up to
1400 rpm, and mixing was continued for about 30min; (4) Hardener
with weight ratio of 100/105 was added to the mixture; (5) The mixture
was poured into the preheated steel mold with Teflon coating at 100 ∘C
for about 30min and then thermally cured for 6 h at 100 ∘C in an air
convection oven; (6) The samples were cooled to room temperature.
The neat epoxy was prepared under the same condition, for the sake of
comparison. The sample preparation and chemical structure of samples
are schematically shown in Figs. 1 and 2, respectively. The situations
and appearance of samples before and after curing are shown in Fig. 3.
In addition, the samples’ names and compositions are given in Table 1.

2.3. Instruments

The fire characteristics of the prepared composites and neat epoxy
are measured with a cone calorimeter, FTT Company (UK), according to
the international standard ISO 5660. A horizontal sample sheet with

Sample Code Epoxy Resin (wt.%) EG (wt.%) HNTs (wt.%)

Ep 100 0 0
EpEG3 97 3 0
EpEG6 94 6 0
EpEG9 91 9 0
EpH3 97 0 3
EpH6 94 0 6
EpH9 91 0 9

Fig. 4. (a) TGA and (b) DTG curves of all samples at heating rate of 10 °C.min-1 under nitrogen.

Table 1
Name and composition of samples prepared in this study.



dimension 100× 100×4mm3 subjected to a conical heater with an
external heat flux 50 kW.m−2 was selected to simulate a well-developed
fire. The heat release rate (HRR) is obtained by measuring the oxygen
concentration and gas flow. In addition, the total heat released (THR) is
calculated by integration of HRR curve versus time. The test also en-
abled to calculate the peak of heat release rate (pHRR) (as one of the
most important parameters in flame retardancy of polymers), and time-
to-ignition (TTI). Furthermore, the residual chars were observed by a
digital camera to see if the char surface has integrity. Thermal de-
composition was conducted on a Setaram Labsys Evo thermogravi-
metric analyzer (France). All measurements were performed on a

sample having the weight of 30 ± 2mg under the nitrogen atmosphere
and a heating rate of 10 °C.min−1.

3. Results and discussion

3.1. Thermal stability assessment

The thermal stability of the neat epoxy and its composites con-
taining EG or HNTs was studied through TGA. Fig. 4a and b show TGA
and Derivative TGA (DTG) curves of the neat epoxy and epoxy-based
composites. The parameters obtained from these curves are summar-
ized in Table 2. According to Fig. 4a, the samples were decomposed in
two stages taking place in the range of 110–440 °C. First, degradation
step began at ca. 110 °C and continued to 300 °C. It is probably related
to the release of water containing in the filler and polymer. Further-
more, the degradation of the intercalant in the EG structure led to a
drastic fall in the mass loss curve [51,52].

The main peak of degradation in DTG is around 400 °C, but the
intensity of degradation was decreased by incorporation of nano-
particles in epoxy resin (Fig. 4b). The data in Table 2 indicates that neat
epoxy has the lowest amount of residue. The amount of residue at
600 °C was increased by the introduction of EG and HNTs into the
resin/hardener system, but the results showed that expandable graphite

Sample code T10% (°C) Tmax (°C) Residue (wt.%) at 600 °C

Ep 313 188–435 4
EpEG3 317 194–439 6
EpEG6 328 232–436 13
EpEG9 330 302–439 15
EpH3 327 235–436 8
EpH6 319 199–438 8
EpH9 315 186–440 13

Fig. 5. Heat Release Rate (HRR) curves of (a) Ep, EpEG3, EpH3; (b)Ep, EpEG6, EpH6; and (c) Ep, EpEG9, EpH9.

Table 2
TGA parameters obtained under nitrogen (T10%: Temperature at 10% weight loss; Tmax: 
Maximum degradation rate temperature from DTG.).



slightly promoted charring from 6wt.%. As in Fig. 4, EG more effec-
tively boosted thermal stability of epoxy compared to the HNTs. This
happened due to the fact that EG could expand hundred times during
heating to form a protective insulation layer against heat. In the case of
EpH3 sample, the onset degradation temperature, defined as the tem-
perature at which 10% mass loss takes place, was surprisingly higher
than that of EpEG3. The improvement of thermal stability of polymers
in the presence of HNTs has already been reported and probably related
to the high volume percentage of the lumen of HNTs. The internal
cavity of HNTs enables this molecule to trap the degraded molecules
and therefore increases the thermal stability [53,54].

3.2. Flame retardancy analysis

The effect of varying amounts of EG and HNTs on the HRR curve
shape is shown in Fig. 5a–c. In order to compare the effects of different

types of particles on HRR, samples with similar weight percentage are
presented separately in one figure and compared with the neat epoxy.
Moreover, all the obtained parameters (pHRR, THR, and TTI) from the
cone calorimeter test are summarized in Table 3. According to Fig. 5a
and Table 3, incorporation of 3 wt.% EG and HNTs could not sig-
nificantly reduce pHRR (by a limited success in lowering 10 and 13%,
respectively) and revealed no significant effect on the THR. On the
other hand, TTI value was increased to 10 s for EpH3 sample. Fur-
thermore, the HRR curve of this sample revealed a different behavior
(double-headed arrow in Fig. 5a). The alteration of the shape of this
curve could be explained based on the possibility of the formation of
much more char during combustion, which is here accompanied by a
collapse of the formed char on the surface of polymer after 150 s [55].
Further addition of EG (6 and 9wt.%) considerably reduced the pHRR
due to the formation of much more char residue. According to Fig. 5b,
the thermal behavior of EpEG6 was considerably changed. Two steps
can be distinguished according to the shape of the HRR curve. The first
peak is appeared at around 120 s, while the second happened at 310 s.
The EG is expanded rapidly during combustion making an intumescent
flake on the surface of the composite. This structure acts as a physical
barrier, which could prevent heat and mass transfer and limit oxygen
diffusion. Since this layer of char was not so compact, it was cracked
due to the pressure of flammable gases and the second peak was ap-
peared in HRR curve. When the amount of EG increased in the com-
posite to 9 wt.%, pHRR decreased about 85% and the second peak
somehow vanished from the HRR curve. The presence of 9 wt.% EG in
epoxy increased the char compactness and made it much thicker and
denser, which could withstand the pressure imposed by the released
gases. The comparison between the shape of HRR curves of the neat
epoxy and epoxy/HNTs nanocomposite suggested that their thermal
behavior is more or less similar. Neat epoxy and epoxy/HNTs compo-
sites burn intensely. Addition of EG reduces the speed and the intensity
of burning at 6 and 9wt.% loading, while the effect EG at 3 wt.%
loading is not significant. The comparison between HRR curves of
EpEG6 and EpEG9 shows that the formation of an efficient char with
addition of 9 wt.% EG lead to pHRR reduction down to ca. 120 kW.m−2

after 300 s. Furthermore, the total combustion time was extended from
700 to 1000 s upon addition of 6 and 9wt.% EG, respectively. There-
fore, epoxy/EG composites burn over a longer period. The addition of
9 wt.% HNTs to epoxy resin slightly reduced the pHRR. It can be con-
cluded that the char layer formed during combustion in the epoxy/
HNTs was not compact enough to resist against volatile degradation
products.

The TTI of the neat epoxy is doubled in EpH3, EpEG6 and EpEG9
with respect to epoxy. Such phenomena happened because of the en-
hanced thermal conductivity of polymer and much more heat transfer
through the surface of the sample. Such significant rise in TTI value is
considered as a positive effect of such nanoparticles, which could delay
the ignition time and retard the flame growth. In the case of HNTs, an
increase in TTI at low loading level (EpH3) supports TGA results. TTI
value obtained for EpH3 sample was 10 s in cone calorimeter test,
which is more than those of Ep and EpEG3 samples. In TGA, onset
temperature (T10%) was higher for EpH3 (327 °C) than those of EP and
EpEG3 (313 and 317 °C, respectively) (Table 2). This result revealed the
effect of HNTs on thermal stability at low loading level. The flame re-
tardancy mechanisms of expandable graphite and HNTs in the epoxy
system are demonstrated in Fig. 6.

The top and front view images of the char after cone calorimeter test
are presented in Figs. 7 and 8. Three forms of residues can be observed.
A layer of compact and dense char with a worm-like structure is formed
at the surface of the polymer by incorporation of 6 and 9wt.% EG. As
expected, the residue of EpEG9 is thicker than that of EpEG6, due to the
presence of more expandable graphite exfoliated against the heat. The
residue of samples containing HNTs is powder-like without any cohe-
sion, which can hardly act as a physical barrier. As discussed earlier, the
pHRR of epoxy/HNTs composites did not change meaningfully

Sample code TTI [s] pHRR [kWm−2] THR [MJm−2] Residue [%]

Ep 5 986 113 0
EpEG3 5 887 136 0
EpEG6 10 333 114 4.4
EpEG9 10 152 110 9.6

EpH3 10 855 136 0
EpH6 5 893 111 3.6
EpH9 5 969 110 4.3

Fig. 6. Flame retardant mechanism of EG/epoxy and HNTs/epoxy composites.

Table 3
Cone calorimeter parameters of neat epoxy and epoxy-based composite at different 
loading of EG and HNTs (3, 6 and 9 wt.%).



considering its brittle, thick, and non-cohesive char layer. Therefore,
HNTs were not effective as a flame retardant additive for epoxy due to
the formation of non-cohesive char residue. All in all, low concentration
threshold for a proper flame retardancy effect of HNTs in the studied
concentration range could be 3 wt.%.

4. Conclusions

Halloysite nanotubes (HNTs) were used at low loading level to
improve thermal stability and flame retardancy of epoxy resin. The
obtained results were compared with that of expandable graphite (EG),
as a well-known superior flame retardant additive for polymer systems.

Thermal stability and flame retardancy of the obtained composites were
studied using TGA and cone calorimeter measurements. The results
showed that HNTs can more effectively boost thermal stability of epoxy
than EG at low concentration of 3 wt.%. However, at 6 and 9wt.%, EG
promoted the charring potential of the epoxy by play the role of phy-
sical barrier and blocking the heat and mass transfer to the flame zone.
About fire retardancy, a thick layer of char with good compactness
formed on polymer surface controlled the thermal behavior of epoxy/
EG composites and reduced pHRR value from 986 to 152 kW.m−2.
Moreover, high thermal conductivity of expandable graphite could
delay the ignition time and retard the burning process. HNTs did not
significantly changed the pHRR value because of its powder-like and

Fig. 7. Top view of remaining char after cone calorimetric test of epoxy and epoxy-based composites.

Fig. 8. Front view of remaining char after cone calorimetric test of epoxy and epoxy-based composites.



[1] E. Bakhshandeh, A. Jannesari, Z. Ranjbar, S. Sobhani, M.R. Saeb, Anti-corrosion
hybrid coatings based on epoxy–silica nano-composites: toward relationship be-
tween the morphology and EIS data, Prog. Org. Coat. 77 (2014) 1169–1183.

[2] M.R. Saeb, M. Ghaffari, H. Rastin, H.A. Khonakdar, F. Simon, F. Najafi, V. Goodarzi,
D. Puglia, F.H. Asl, K. Formela, Biowaste chicken eggshell powder as a potential
cure modifier for epoxy/anhydride systems: competitiveness with terpolymer-
modified calcium carbonate at low loading levels, RSC Adv. 7 (2017) 2218–2230.

[3] M.R. Saeb, E. Bakhshandeh, H.A. Khonakdar, E. Mäder, C. Scheffler, G. Heinrich,
Cure kinetics of epoxy nanocomposites affected by MWCNTs functionalization: a
review, Sci. World J. (2013) 2013.

[4] M.R. Saeb, H. Rastin, M. Shabanian, M. Ghaffari, G. Bahlakeh, Cure kinetics of
epoxy/β-cyclodextrin-functionalized Fe 3 O 4 nanocomposites: experimental ana-
lysis, mathematical modeling, and molecular dynamics simulation, Prog. Org. Coat.
110 (2017) 172–181.

[5] M.R. Saeb, F. Najafi, E. Bakhshandeh, H.A. Khonakdar, M. Mostafaiyan, F. Simon,
C. Scheffler, E. Mäder, Highly curable epoxy/MWCNTs nanocomposites: an effec-
tive approach to functionalization of carbon nanotubes, Chem. Eng. J. 259 (2015)
117–125.

[6] R. Sonnier, L. Dumazert, S. Livi, T.K.L. Nguyen, J. Duchet-Rumeau, H. Vahabi,
P. Laheurte, Flame retardancy of phosphorus-containing ionic liquid based epoxy
networks, Polym. Degrad. Stab. 134 (2016) 186–193.

[7] D. Puglia, H. Rastin, M.R. Saeb, B. Shojaei, K. Formela, Cure kinetics of epoxy/
MWCNTs nanocomposites: isothermal calorimetric and rheological analyses, Prog.
Org. Coat. 108 (2017) 75–83.

[8] H. Rastin, M.R. Saeb, M. Nonahal, M. Shabanian, H. Vahabi, K. Formela, X. Gabrion,
F. Seidi, P. Zarrintaj, M.G. Sari, Transparent nanocomposite coatings based on
epoxy and layered double hydroxide: nonisothermal cure kinetics and viscoelastic
behavior assessments, Prog. Org. Coat. 113 (2017) 126–135.

[9] H. Vahabi, F. Gholami, V. Karaseva, F. Laoutid, R. Mangin, R. Sonnier, M.R. Saeb,
Novel nanocomposites based on poly (ethylene-co-vinyl acetate) for coating ap-
plications: the complementary actions of hydroxyapatite, MWCNTs and ammonium
polyphosphate on flame retardancy, Prog. Org. Coat. 113 (2017) 207–217.

[10] I. Zembouai, S. Bruzaud, M. Kaci, A. Benhamida, Y.-M. Corre, Y. Grohens,
A. Taguet, J.-M. Lopez-Cuesta, Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)/
polylactide blends: thermal stability, flammability and thermo-mechanical beha-
vior, J. Polym. Environ. 22 (2014) 131–139.

[11] S. Liang, N.M. Neisius, S. Gaan, Recent developments in flame retardant polymeric
coatings, Prog. Org. Coat. 76 (2013) 1642–1665.

[12] S.V. Levchik, E.D. Weil, Thermal decomposition, combustion and flame-retardancy
of epoxy resins—a review of the recent literature, Polym. Int. 53 (2004) 1901–1929.

[13] B.K. Kandola, P. Luangtriratana, S. Duquesne, S. Bourbigot, The effects of ther-
mophysical properties and environmental conditions on fire performance of in-
tumescent coatings on glass fibre-reinforced epoxy composites, Materials 8 (2015)
5216–5237.

[14] C. Gérard, G. Fontaine, S. Bourbigot, New trends in reaction and resistance to fire of
fire-retardant epoxies, Materials 3 (2010) 4476–4499.

[15] M. Rakotomalala, S. Wagner, M. Döring, Recent developments in halogen free flame
retardants for epoxy resins for electrical and electronic applications, Materials 3
(2010) 4300–4327.

[16] X. Wang, E.N. Kalali, J.-T. Wan, D.-Y. Wang, Carbon-family materials for flame
retardant polymeric materials, Prog. Polym. Sci. 69 (2017) 22–46.

[17] R. Sonnier, A. Taguet, L. Ferry, J.-M. Lopez-Cuesta, Towards Bio-based Flame
Retardant Polymers, Springer, 2017.

[18] R. Sonnier, A. Taguet, L. Ferry, J.-M. Lopez-Cuesta, Flame retardancy of natural
fibers reinforced composites, Towards Bio-based Flame Retardant Polymers,
Springer, 2018, pp. 73–98.

[19] A.B. Morgan, J.W. Gilman, An overview of flame retardancy of polymeric materials:
application, technology, and future directions, Fire Mater. 37 (2013) 259–279.

[20] T. Kashiwagi, F. Du, K.I. Winey, K.M. Groth, J.R. Shields, S.P. Bellayer, H. Kim,
J.F. Douglas, Flammability properties of polymer nanocomposites with single-
walled carbon nanotubes: effects of nanotube dispersion and concentration,
Polymer 46 (2005) 471–481.

[21] A. Laachachi, N. Burger, K. Apaydin, R. Sonnier, M. Ferriol, Is expanded graphite
acting as flame retardant in epoxy resin? Polym. Degrad. Stab. 117 (2015) 22–29.

[22] A. Dasari, Z.-Z. Yu, G.-P. Cai, Y.-W. Mai, Recent developments in the fire retardancy
of polymeric materials, Prog. Polym. Sci. 38 (2013) 1357–1387.

[23] X. Pang, M. Weng, Preparation of expandable graphite composite under the aux-
iliary intercalation of Zinc sulfate and its flame retardancy for ethylene/vinyl
acetate copolymer, Int. J. ChemTech Res. 6 (2014) 1291–1298.

[24] M. Reza, K. Baljinder, Competitiveness and synergy between three flame retardants

in poly (ethylene-co-vinyl acetate), Polym. Degrad. Stab. (2017).
[25] E.M. Pearce, E.D. Weil, V.Y. Barinov, Fire Smart Polymers, ACS Publications, 2001.
[26] P. Visakh, Y. Arao, Flame Retardants: Polymer Blends Composites and

Nanocomposites, Springer, 2015.
[27] H. Vahabi, A. Raveshtian, M. Fasihi, R. Sonnier, M.R. Saeb, L. Dumazert,

B.K. Kandola, Competitiveness and synergy between three flame retardants in poly
(ethylene-co-vinyl acetate), Polym. Degrad. Stab. 143 (2017) 164–175.

[28] G.M. Wu, B. Schartel, H. Bahr, M. Kleemeier, D. Yu, A. Hartwig, Experimental and
quantitative assessment of flame retardancy by the shielding effect in layered sili-
cate epoxy nanocomposites, Combust. Flame 159 (2012) 3616–3623.

[29] G. Camino, S. Duquesne, R. Delobel, B. Eling, C. Lindsay, T. Roels, Mechanism of
Expandable Graphite Fire Retardant Action in Polyurethanes, ACS Publications,
2001.

[30] G. Beyer, Carbon nanotubes as flame retardants for polymers, Fire Mater. 26 (2002)
291–293.

[31] Y. Guo, C. Bao, L. Song, B. Yuan, Y. Hu, In situ polymerization of graphene, graphite
oxide, and functionalized graphite oxide into epoxy resin and comparison study of
on-the-flame behavior, Ind. Eng. Chem. Res. 50 (2011) 7772–7783.

[32] C.-L. Chiang, S.-W. Hsu, Novel epoxy/expandable graphite halogen-free flame re-
tardant composites- preparation, characterization, and properties, J. Polym. Res. 17
(2010) 315–323.

[33] S. Paran, G. Naderi, M. Ghoreishy, Microstructure and mechanical properties of
thermoplastic elastomer nanocomposites based on PA6/NBR/HNT, Polym. Compos.
38 (2017).

[34] S.R. Paran, G. Naderi, M.R. Ghoreishy, Effect of halloysite nanotube on micro-
structure, rheological and mechanical properties of dynamically vulcanized PA6/
NBR thermoplastic vulcanizates, Soft Mater. 14 (2016) 127–139.

[35] P. Pasbakhsh, R. De Silva, V. Vahedi, G. Jock Churchman, Halloysite nanotubes:
prospects and challenges of their use as additives and carriers–a focused review,
Clay Miner. 51 (2016) 479–487.

[36] V. Vahedi, P. Pasbakhsh, Instrumented impact properties and fracture behaviour of
epoxy/modified halloysite nanocomposites, Polym. Test. 39 (2014) 101–114.

[37] V. Vahedi, P. Pasbakhsh, S.-P. Chai, Toward high performance epoxy/halloysite
nanocomposites: new insights based on rheological, curing, and impact properties,
Mater. Des. 68 (2015) 42–53.

[38] Z. Jia, Y. Luo, B. Guo, B. Yang, M. Du, D. Jia, Reinforcing and flame-retardant
effects of halloysite nanotubes on LLDPE, Polym. Plast. Technol. Eng. 48 (2009)
607–613.

[39] R. Berahman, M. Raiati, M.M. Mazidi, S.M.R. Paran, Preparation and character-
ization of vulcanized silicone rubber/halloysite nanotube nanocomposites: effect of
matrix hardness and HNT content, Mater. Des. 104 (2016) 333–345.

[40] M. Liu, Z. Jia, D. Jia, C. Zhou, Recent advance in research on halloysite nanotubes-
polymer nanocomposite, Prog. Polym. Sci. 39 (2014) 1498–1525.

[41] S. Paran, G. Naderi, M. Ghoreishy, XNBR-grafted halloysite nanotube core-shell as a
potential compatibilizer for immiscible polymer systems, Appl. Surf. Sci. 382
(2016) 63–72.

[42] B. Lecouvet, M. Sclavons, C. Bailly, S. Bourbigot, A comprehensive study of the
synergistic flame retardant mechanisms of halloysite in intumescent polypropylene,
Polym. Degrad. Stab. 98 (2013) 2268–2281.

[43] V. Swapna, K. Suresh, V. Saranya, M. Rahana, R. Stephen, Thermal properties of
poly (vinyl alcohol)(PVA)/halloysite nanotubes reinforced nanocomposites, Int. J.
Plast. Technol. 19 (2015) 124–136.

[44] D. Marney, L. Russell, D. Wu, T. Nguyen, D. Cramm, N. Rigopoulos, N. Wright,
M. Greaves, The suitability of halloysite nanotubes as a fire retardant for nylon 6,
Polym. Degrad. Stab. 93 (2008) 1971–1978.

[45] A. Hao, I. Wong, H. Wu, B. Lisco, B. Ong, A. Sallean, S. Butler, M. Londa,
Mechanical, thermal, and flame-retardant performance of polyamide 11–halloysite
nanotube nanocomposites, J. Mater. Sci. 50 (2015) 157–167.

[46] J. Zhao, C.L. Deng, S.L. Du, L. Chen, C. Deng, Y.Z. Wang, Synergistic flame-re-
tardant effect of halloysite nanotubes on intumescent flame retardant in LDPE, J.
Appl. Polym. Sci. 131 (2014).

[47] S. Azarmgin, B. Kaffashi, S. Davachi, Investigating thermal stability and flame re-
tardant properties of synthesized halloysite nanotubes (HNT)/ethylene propylene
diene monomer (EPDM) nanocomposites, Int. Polym. Proc. 30 (2015) 29–37.

[48] T. Zheng, X. Ni, Loading an organophosphorous flame retardant into halloysite
nanotubes for modifying UV-curable epoxy resin, RSC Adv. 6 (2016) 57122–57130.

[49] Y. Dong, B. Lisco, H. Wu, J.H. Koo, Flame retardancy and mechanical properties of
ferrum ammonium phosphate–halloysite/epoxy polymer nanocomposites, J. Appl.
Polym. Sci. 132 (2015).

[50] Q. Fatima Gillani, F. Ahmad, A. Mutalib, M. Ibrahim, E. Syahera, Thermal de-
gradation and char morphology of HNTs reinforced epoxy based intumescent fire
retardant coatings, Key Engineering Materials, Trans Tech Publ, 2016, pp. 83–88.

[51] Z. Wang, E. Han, W. Ke, Influence of expandable graphite on fire resistance and
water resistance of flame-retardant coatings, Corros. Sci. 49 (2007) 2237–2253.

[52] D. Chattopadhyay, D.C. Webster, Thermal stability and flame retardancy of poly-
urethanes, Prog. Polym. Sci. 34 (2009) 1068–1133.

[53] M. Du, B. Guo, D. Jia, Thermal stability and flame retardant effects of halloysite
nanotubes on poly (propylene), Eur. Polym. J. 42 (2006) 1362–1369.

[54] T.S. Gaaz, A.B. Sulong, A.A.H. Kadhum, A.A. Al-Amiery, M.H. Nassir, A.H. Jaaz, The
impact of halloysite on the thermo-Mechanical properties of polymer composites,
Molecules 22 (2017) 838.

[55] B. Schartel, T. Hull, Development of fire-retarded materials—interpretation of cone
calorimeter data, Fire Mater. 31 (2007) 327–354.

brittle residue, even at 6 and 9 wt.% loading. However, HNTs improved 
the thermal stability and gave better results in term of its higher flame 
retardancy compared to EG at an equivalent loading of 3 wt.%
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