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Numerous everyday goods, including fabrics, electrical appliances, vehicles, and airplanes, are currently undergoing extensive testing and
inspection for their flammability features. The results of the study showed that adding 10% by weight of nano-kaolin achieved the best flame
resistance performance, recording the highest limiting oxygen index (LOI) and lowest rate of burn (RB) compared to pure epoxy, indicating
the formation of an effective insulating char layer. By lowering the total fire risk associated with the use of highly flammable raw materials in
goods such as textiles, apparel, composites, and plastics, flame retardants perform a critical protective role in preserving lives and property.
In this study, kaolin and epoxy were used to prepare a nanocomposite flame retardant. The used kaolin was tested by X-ray diffraction and
(AFM) tests. The results showed that the powders possess multi-phases (presence of quartz and goethite phases alongside kaolinite) and also
have a mean grain size of (38 nm) according to AFM results showing a homogeneous distribution of particles and root mean square (RMS)
of (12.25). Also, the energy-dispersive spectroscopy analysis (EDX) showed that the presence of the essential elements (Al, Si, O) plus
trace amounts of Fe and Ti of these powders was accurate and clear. The nanocomposites were prepared by mixing the kaolin nanopowder
with the epoxy resin by weight percentages of (2, 4, 6, 8 and 10%). To determine the efficiency of these additives in flame retardants
and to increase the combustion resistance of epoxy resin, different methods of measurement were used according to ASTM, average time
of burning, average extent of burning, rate of burning, limiting oxygen index, maximum flame height and residue percentage succeeding
combustion. Based flame retardant are commercially successful and they are more environmentally friendly as compared to halogenated and
non-halogenated inorganic or organic types and they are being applied suitably with a crossinker and/or binder copolymer that makes the
FRs more resistant to common weathering conditions and exposures. They also produce less or no obnoxious gases while burning.
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1. Introduction

Flammable materials, such as polymers, that are used in a va-
riety of aspects of human life pose a significant fire hazard.
Flame retardants help to mitigate this risk while also assist-
ing in the achievement of reasonable amounts of fire preven-
tion [1,2]. There are advantages and disadvantages to each of
these substances that have been in use for a long time [3]. It
is dependent on a variety of factors as to how effective they
are at attempting to reduce the flammability of various mate-
rials [4]. It can be said that these factors are material type, the
application and the environment, which is the main container
for these materials and applications [5,6]. The second fac-
tor is the compatibility/compliance of a flame retardant with
a particular substance, as well as, the third factor is method-
ologies for processing [7,8]. When burned, some flame retar-
dants produce toxic gases in space, and others can cause the
premature degradation of some materials [9,10]. The hydrol-
ysis of the product may be caused by some of them, which are
hygroscopic [2]. When it comes to being effective, some fire
retardants must be used in large quantities, which results in

deterioration of mechanical properties as well as a decrease
in interfacial adhesion between different components of the
composite [11,12].

Nanoclays are receiving a lot of attention these days for
their ability to act as fire-resistant added chemicals. Inor-
ganic clay-based nanomaterials with the ability to integrate
with a wide range of materials belong to this category [13].
Many minerals, such as hectorite, montmorillonite (MMT),
kaolinite, halloysite, and bentonite, form silicate and perhaps
aluminum-silicate constructions [14].

Nanoclays, with the exception of traditional flame re-
tardants, are environmentally friendly, highly effective, and,
most importantly, could indeed convey unique characteristics
to a material [15]. The use of nanoclays in resins, such as
MMT, has been shown to reduce flammability while also im-
proving strength properties [16]. Tiny particles also make it
harder for carbon chains to move around, which changes the
nanocomposites’ volume, surface, and characteristics [5].

Among nanoclays used to make UPRs, MMT is among
the most commonly used ones. They are very big. It has a
big surface area and a lot of space between the longest and
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FIGURE 1. A scheme of dispersion states of the clay in the polymer
matrix [6].

the smallest parts [8]. This improves the fire retardancy of
the material, but only if the material is spread out well. A de-
crease in the specific surface area, on the other hand, may re-
sult in a reduction in the flame retardant attributes. It’s possi-
ble to have the clay in one of three different dispersion states:
phase-separation, intercalation, or exfoliation. As a result of
its larger specific surface area, the last option is preferred.
Figure 1 depicts all of the forms.

Since nanoclays have such a large surface area, they can
decrease the amount of admixture by as much as a few per-
cent. The mechanism of action is based on the formation of
a char layer, which prevents heat transfer. In Ref. [7], it was
shown that capturing free radicals is a common phenomenon
for inorganic nanoclays. After being exposed to high tem-
peratures, nanocomposites that included silicates or silica re-
tain their structural integrity, and the decomposition of or-
ganic components takes place within the material, cutting the
level of soot issued [8]. The accumulation of a carbonaceous-
silicate char layer on the surface of the material results in the
insulation of the material and the retardation of mass loss. By
enhancing char formation and decreasing heat release, nano
flame retardants have been found to reduce flammability as it
was shown in Ref. [9].

The physical preparation method seems to be more pro-
ductive if silicate layers of nanoclays are properly interca-
lated or exfoliated in the matrix. A labyrinth effect occurs
when volatile species released during combustion are unable
to diffuse freely because of the tortuous path formed by these
layers [16,17].

2. Experimental

This part discusses the practical steps involved in prepar-
ing the materials used in flame retardant specimens’ prepa-
ration, functionalization of kaolinite and preparation of the
kaolin/epoxy resin nanocomposites.

2.1. Materials

Imported from the Sikadur-52 company in the United States,
epoxy resin and hardener type (amine). For curing, this study
used a 2:1 ratio of epoxy and hardener. The raw kaolinite
was obtained from white stone produced and processed in

the western desert mining division/Al-Rutbah/Al-Anbar gov-
ernorate/ Iraq, with the chemical formula of Al2Si2O5(OH)4.

Functionalization of kaolinite: The kaolin nanopowder
was prepared from its raw stones, which were crashed and
grinded to obtain powders with a final fineness of fewer than
20 µm and used for size reduction, mixing and triturating.
The kaolin nanoparticle was prepared by mixing (30 g) of
ultra-fine powder with (300 mL) of ethanol, (100 mL) of
distilled water and (10 mL) of HCl with a concentration of
(36.5%). After stirring for 14 hours, the mixture was filtered
and washed several times by using distilled water to get rid
of the effects of HCl. The importance of using HCl lies in
activating the kaolin surface and removing carbonate impu-
rities, thereby increasing its compatibility with epoxy resin.
The solution containing the mixture was tested using the pH
meter to confirm its equivalence then filtered, dried in air at
room temperature and calcinated at 800◦C for 4 hours. To
convert it into the chemically active form metacacoline. To
remove the impurities which present in the powder. AFM,
XRD and EDX tests were performed to prove the particle
size of prepared powder on the nanoscale.

Pre-processing of the kaolin/epoxy resin nanocompos-
ites: Hand lay-up molding was used to prepare the nanocom-
posites, to ensure effective dispersion and prevent agglomera-
tion at high concentrations, intensive mechanical mixing was
used to increase the penetration of polymer chains between
the nanolayers. Molded cases in the form of sheets with sizes
of 13× 13× 0.4 cm3. All samples were given sufficient time
to harden (24 hours) to ensure that the chemical reaction in
the presence of nanoparticles was complete. These epoxy
resin sheets were made for each percentage weight of flame
retardant substance (kaolin) nanopowder (0, 2, 4, 6, 8, and
10) wt. percent, respectively. Depending on the method of
test, the samples were laser cut and obtained charming ends.
The samples were chosen as 130± 5 mm for the limiting
oxygen index (LOI) length, the height of flame (HF) length
is equal to 125± 5 mm, and with the rate of burning (RB)
length matches the LOI length. That is, the width of LOI was
6.5± 0.5 mm with a width of 10± 0.1 mm for the HF, while
RB with set to 12.5± 0.5 mm. Furthermore, their thickness
was equal to 3.0± 0.1 mm, as shown in Figure (2). It should
be noted that the diagram shown in Fig. 2 represents an illus-
trative model of the mechanism of chemical interaction and
bonding, where the step of ‘silane grafting’ in the diagram re-
flects the principle of surface activation achieved in this study

FIGURE 2. Diagram of pre-processing of the kaolin/epoxy resin
nanocomposites.
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FIGURE 3. The surface topography of kaolin nanopowder.

by activating kaolin with hydrochloric acid (HCl) and calcin-
ing at 800◦C, which created strong and highly compatible
bonds between the nanoparticles and the epoxy matrix.

Characterization: The acidity and alkalinity of the so-
lution containing kaolin powder were measured individually
by using the pH meter type (pH starer 2000). The surface to-
pography of the prepared nanopowder was studied by using
a German-made compact AFM. The crystalline structure of
the prepared powder was identified by using X-ray diffrac-
tion type (Shimadzu XRD-6000) with the target (Cu) and
wavelength (1.5406̊A). The chemical composition of the pre-
pared powder was studied using a scanning electron micro-
scope test, model (AIS 2300, USA). In order to determine the
flammability of polymers, the limiting oxygen index (LOI),
was used (ASTM: D-2863). It is necessary to monitor the
RB, the average time of burning (ATB) and the average ex-
tent of burning (AEB) in accordance with (ASTM: D-635).
While HF and the quantity of weight loss in the polymer are
carried out in compliance with the scheme (ASTM: D-3014).

3. Result and discussion

3.1. PH meter test

The acidity and alkalinity for the solution of the nanopowder
were measured, where kaolin solution has neutral PH.

3.2. Atomic force microscopy test

Surface morphology of prepared kaolin nanopowder image
is illustrated in Fig. 3, where the particles appear with clear
nanoscale dimensions and an average size of 38 nanometres,
with peak heights reaching approximately 72.8 nanometres,
which enhances the contact surface area between the nano
and polymer.

TABLE I. Values of surface roughness, RMS and mean grain size
of prepared powder.

Sample Surface RMS Mean grain

Roughness (nm) (nm) Size (nm)

Kaolin 12.251 8.5356 38

3.3. X-ray diffraction-test

From Table I, it was observed that the surface roughness and
mean grain size of the preparation due to the large size of
grain causes porosity during the molding, which is consid-
ered a weak area of the sample because it will be a store of
oxygen. From Fig. 4, there are three phases are detected in
the XRD pattern: kaolinite, goethite and quartz with crys-
talline phases triclinic, orthorhombic and hexagonal, respec-
tively [18,19]. The average grain size for synthesized kaolin
was determined by Scherrer’s equation. It was found to be
about (42.7 nm). This result is in full agreement with the
results that were obtained in Table I.

3.4. Energy dispersive X-ray spectroscopy-test

The elemental composition in the reaction mixture of
nanopowder material was analyzed by detecting X-ray emis-
sion due to the electron beam where the energy distribution of
the X-ray emission was analyzed by (EDX). The EDX spec-
trum of raw material and prepared nanopowder and kaolin

TABLE II. XRD data of prepared nano-powder for the strongest
three peaks.

Sample 2θ(◦) d(Å) FWHM(◦)

Kaolin 26.5912 3.34949 0.17050

20.8054 4.26604 0.20240

50.0568 1.82075 0.16990

FIGURE 4. XRD pattern of kaolin nanopowder.
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FIGURE 5. EDX spectrum of kaolin raw powder.

TABLE III. Chemical composition of kaolin raw powder.

Element Weight% Atomic % Series

O 52.52 69.81 K

Mg 0.47 0.41 K

Al 12.64 9.96 K

Ca 0.26 0.14 K

Si 16.43 12.44 K

K 0.63 0.34 K

Ti 1.17 0.52 K

Fe 15.02 5.72 K

Na 0.47 0.44 K

Cl 0.39 0.22 K

shows in Figs. 5 and 6, respectively. The elements that con-
stitute the raw material and prepared nanopowder are given
in atomic and mass percentages in Tables III and IV, respec-
tively. From Fig. 6, the kaolin nanopowder is composed
mainly of Al2O3 and SiO2, elements Al, Si, O , this result
confirms that the kaolin clay is mainly composed of kaolinite
and quartz clay minerals. Trace amounts of iron and titanium
were also detected as natural impurities in the ore structure,
this corresponds to the result of XRD. In the clay powder,
(Al2O3) doesn’t exist in its free form but is bound to the clay
minerals.

3.5. LOI-test (limiting oxygen index)

The limiting oxygen index (LOI) model is the most com-
monly used method for determining the resistance to ignition
and comparative flammability of polymeric materials. It was
determined using the (ASTM: D-2863), and the results were
determined by using the formula [20,21]:

n% =
VO2

VO2 + VN2

× 100, (1)

wheren% stands for LOI, the volumetric speed flow of nitro-
gen in ml/sec is represented byVN2 , while VO2 refers to the
volumetric speed of oxygen in ml/sec.

Table V shows the outcomes that were obtained. That is,
in Table V, it is shown that LOI is increased when the rein-
forcement ratios of the added kaolin nanopowder to the epoxy
(directly proportional) increase. This is due to the fact that

FIGURE 6. EDX spectrum of kaolin nanopowder.

TABLE IV. Chemical composition of kaolin nanopowder.

Element Weight % Atomic % Series

O 51.95 67.47 K

Al 20.28 15.62 K

Si 19.38 14.34 K

K 0.79 0.42 K

Ti 0.89 0.39 K

Fe 1.75 0.65 K

Nb 4.96 1.11 L

these additives create an inert atmosphere, which diminishes
and hinders the oxygen from getting to the flame zone, which
really is essential to sustaining the ignition’s stability.

As a result of the exposure of (kaolin/Epoxy) nanocom-
posites in the air and at atmospheric pressure, dehydroxyla-
tion occurs by an endothermic process at (550-700◦C) to give
a meta form called irregular metakaolin and a continuous loss
of hydroxyl groups (OH−) at temperatures (700-800◦C), due
to oxolation. Removal of hydroxyl from kaolin leads to a fail-
ure of the material and thus non-resistance to flame [22,23].
Kaolin works by heat absorption mechanism and cools the
surface of the material to 700◦C.

3.6. Burning rate-test

The test was measured using the (ASTM: D-635) manner and
intended to use formula (2) and (3), [24,25], ATB in minutes
and AEB were calculated as follows:

ATB =
∑

(t− 30)
N

, (2)

ABE =
∑

(100−X)
N

. (3)

TABLE V. Results of LOI for the epoxy without and with reinforce-
ment ratio of kaolin nanopowder.

Type of additive LOI vs. Additives%

0 2 4 6 8 10

Neat Epoxy 19.59 - - - - -

Epoxy + Kaolin - 20.23 21.1 21.56 21.95 22.33
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TABLE VI. ATB, AEB, RB, SE and NB for epoxy without and with
reinforcement ratios of kaolin nanopowder.

Test Additives %

Original 2 4 6 8 10

ATB 5.35 5.81 6.08 6.9 4.5 3.61

AEB 10.3 10.3 10.3 10.3 4.12 3.88

RB 1.92 2.02 1.91 1.83 1.65 1.34

SE - - - - - -

NB - - - - - -

In the last two expressions, the time in minutes is rep-
resented byt, when self-extinguishing occurs, the length of
the not yet burned portion of the structure is evaluated in cm,
which is represented byX, andN is the number of samples.
A worthy mention here is that according to the (ASTM: D-
635) methodology, RB is measured in cm/min. Moreover,
the self-extinguishing is abbreviated by SE and NB stands
for that after removing the heat source, the specimen’s igni-
tion does not continue.

The results of RB of epoxy with additive show a large
drop in RB. The RB of epoxy samples was measured with-
out and with additive in addition to the values of (ATB) and
(AEB) were calculated by using Eqs. (2) and (3), respec-
tively, as listed in Table VI. The decrease in the R.B is in-
versely relative to the growth in the reinforcement ratios of
the added additive to the epoxy for the same reason men-
tioned in the LOI test.

3.7. HF maximum-test

The burning substantial residual weight percentage was de-
termined using the strategy defined in (ASTM: D-3014) and
determined by calculating using the equation given [25,26]:

PWR% =
W1 −W2

W1
× 100. (4)

In which, the weight of the specimen before combus-
tion in gm is represented byW1, W2 stands for the weight
of residual material succeeding the combustion also in gm,
furthermore, PWR% is the residual percentage weight of the
burning material.

Table VII summarizes the output of the HF measurement
for EP including several kaolin weight proportions. The re-
sults showed that the increasing reinforcement ratios of the

TABLE VII. (HF) with reinforcement ratios of kaolin.

Test H vs. percentage additives

Non 2 4 6 8 10

W1(gm) 4.56 4.76 4.85 5.23 5.31 5.36

W2(gm) 1.37 0.8 0.86 1.28 1.4 1.47

PWR% 69.95 83.19 82.26 75.52 73.63 72.57

HF(cm) 12.3 11.3 8.8 7.43 5.44 4.52

TABLE VIII. ATB, AEB, RB, SE and NB for EP.

Test Additives %

Non 2 4 6 8 10

ATB 5.35 6.71 7.3 3.22 2.52 2.25

AEB 10.3 10.3 10.3 4.1 1.8 1.4

RB 1.92 1.73 1.69 1.2 0.57 0.49

SE - - - Yes Yes Yes

NB - - - - - -

added additive lead to the decrease of (HF) (inversely pro-
portional) and an increase in the effectiveness and retardancy
(directly proportional) for the same reason mentioned in the
LOI test.

4. Conclusions

The nanocomposites of functionalized kaolin/epoxy resin
were synthesized using synthesized kaolin as padding. The
used method was successful in preparing nanopowder for
kaolin clay with an average grain size (38 nm). Limit-
ing oxygen index (LOI) was increased and rate of burning
(R.B) and maximum flame height (HF) were decreased for
epoxy resin by increasing the reinforcement ratios of addi-
tive. They demonstrated that surface functionalization of
kaolin is a straightforward but effective technique for pro-
ducing elevated clay mineral-polymer nanocomposites.
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