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Abstract In the last years, serval researches have been focused on organophilic
clay as reinforcements for polymer matrices. In this respect, the aim of this chapter
is to valorize mineral resources; montmorillonite clay was modified using hex-
adecyltrimethylammonium bromide (CTAB) and then used as reinforcement in a
thermoplastic copolymer matrix to compare with pristine montmorillonite and
commercially organo-modified montmorillonite (Cloisite 20A). The nano-
composites were prepared by melt compounding using a blend of polyamide 6
(PA6) with acrylonitrile butadiene styrene (ABS) as the matrix. Scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), X-ray diffraction (XRD) as well as mechanical and rheo-
logical tests were carried out to understand the properties of these nano-composites
at different particle contents. The results obtained clearly showed that the Moroccan
montmorillonite was successfully modified and its addition in the selected matrix
substantially improved the properties of the resulting nano-composites.
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1 Introduction

In recent years, polymer nano-composite has been a topic of high scientific research
and industrial development (Zeng et al. 2005), especially for several applications
like automotive (Raji et al. 2016b), aerospace (Raji et al. 2017b), construction
(Essabir et al. 2016b), and packing (Zari et al. 2018). This interest is related to their
excellent specific properties such as mechanical properties (Raji et al. 2016a) and
thermal stability (Raji et al. 2017a). This kind of materials can be produced using
either by thermoplastics (Laaziz et al. 2017), thermosets, or elastomers (Abdellaoui
et al. 2017) filled by low content of nano-sized particles (less than 100 nm)
(Gacitua et al. 2005). The incorporation of these small particles into a polymer
matrix can also decrease the cost of materials (Wang et al. 2013) and its impact on
the environment (Essabir et al. 2016a). The nanoparticles can be synthetic or natural
(Bensalah et al. 2017; Boujmal et al. 2017). Typical examples of natural
nanoparticles are layered materials such as graphene (Pretschuh et al. 2014), silicate
(Vuluga et al. 2014), and clays (Bhattacharya and Aadhar 2014)), or fiber-like
materials such as carbon nano-tubes and nano-fibers (Nuzzo et al. 2014), sepiolite
(Mejía et al. 2014; Zotti et al. 2014), or cellulose nano-fibers (Erden and Ho 2017).

Inorganic resources as nanoparticle fillers are being exploited substantially as an
alternative to organic and synthetic materials because of their high in-plane strength
and stiffness, rich intercalation chemistry as well as their abundance in nature and
availability. Among them, the use of clay nanoparticles is attracting ever-growing
interest due to its large aspect ratio and their unique layered structure (Leszczy et al.
2007) and high surface area (Amendola et al. 2012). The excellent properties of
polymer nano-composite reinforced with clays (Singla et al. 2012) led to substantial
mechanical (Usuki 2002) and thermal stability (Gao 2004) improvement. They also
decrease gas and liquid permeability (Bergaya and Lagaly 2013). Moreover, they
were shown to improve flame retardancy (Laoutid et al. 2013), without affecting the
optical properties of the base polymer (Navrátilová et al. 2007). But their main
advantage is to improve the rigidity of a neat polymer (Wang et al. 2013).

2 Clay Minerals: Structure, Modifications, and Properties

2.1 Clay Structure

The word “clay” has ambivalent definitions. On the first hand, in terms of simple
definitions relating to geological knowledge, it is used to define any fine-grained
fraction of rocks, sediments, and soil particles less than 2 lm in equivalent
spherical diameter. On the other hand and from the chemical knowledge, this word
includes a large group of hydrated phyllosilicates. Roughly speaking, clay minerals
are essentially microcrystalline secondary minerals based on hydrous magnesium or
aluminum silicates and carry negative charges that have sheet-like structures with
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very fine particle size and a general chemical formula (Ca, Na, H)(Al, Mg, Fe,
Zn)2(Si, Al)4O10(OH)2–xH2O, where x represents the variable amount of water.

Generally, the different structures of clay minerals are basically composed of two
basic units: the silica tetrahedron “SiO2” and alumina octahedron “AlO6” at dif-
ferent ratios; (i) In 1:1 ratio, this structure is based on one octahedral sheet linked to
one tetrahedral sheet as Kaolinite (González and Del 2006), Halloysite (Zhao et al.
2013), etc. (ii) In 2:1 ratio, this structure is created from two tetrahedral sheets
sandwiching an octahedral sheet that is classified into separate groups on the basis
of the layer charge and interlayer material (Tian and Tagaya 2007); see Table 1.

Montmorillonite (MMT) as one of the most popular inorganic fillers, a member of
the smectite family, is classified into the general family of 2:1-layered silicates
(Carrado 2000), identified with the chemical formula Mx(Al2−xMgx)Si4O10(OH)2 ∙
nH2O (Laoutid et al. 2013). Its crystal structure is composed of nanometer-thick layers
based on alumina octahedral sheets sandwiched between two silica tetrahedral sheets
(Majeed et al. 2013). They are also characterized by the presence of cations in between
layers (Na+,K+,Ca+, etc.) (Tamura et al. 2008). This type of clay is characterized by its
easy availability, low density, and its low cost-effectiveness (Jeong et al. 2011).

Table 1 Classification of planar 2:1 phyllosilicates (Guggenheim et al. 2006)

Layer
chargea

Interlayer material Group Octahedral
character

Example of
species

0 None Talc-Pyrophyllite Trioctahedral
Dioctahedral

Talc-pyrophyllite

0.4–1.2 Hydrated exchangeable
cations

Smectite Trioctahedral
Dioctahedral

Saponite
Montmorillonite

1.2–1.8 Hydrated exchangeable
cations

Vermiculite Trioctahedral
Dioctahedral

Vermiculite
Vermiculite

1.7–2.0 Non-hydrated
monovalent (>50%)
cations

True(Flexible)
Mica

Trioctahedral
Dioctahedral

Phlogopite
Muscovite

1.2–1.7 Non-hydrated mono- or
divalent cations

Interlayer-deficient
Mica

Trioctahedral
Dioctahedral

Illite
Wonesite

2.6–4.0 Non-hydrated or
divalent (>50%) cations

Brittle Mica Trioctahedral
Dioctahedral

Clintonite
Margarite

variable Hydroxide sheet Chlorite Trioctahedral
Dioctahedral
Di,
Trioctahedral

Clinochlore
Donbassite
Cookeite

aApproximate negative net charge per anionic O22(OH)4 formula unit
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2.2 Problematic

Montmorillonite like as all types of clay is naturally hydrophilic (Oliveira and
Machado 2013). This character makes them difficult to mix and interact with most
polymer matrices which are hydrophobic (Nekhlaoui et al. 2014). For these reasons,
montmorillonite must be surface-treated before their introduction into a polymer
matrix to make high-quality nano-composites by ensuring good dispersion and
interfacial adhesion (de Paiva et al. 2008).

2.3 MMT Modifications

Generally, clay surface can be modified by organic compounds based on the
exchange of sodium cations located within the interlayer’s or in the galleries with
organic cations (Donescu et al. 2008) (Fig. 1). The most commonly used are alkyl
ammonium (Tamura et al. 2008), sulfonium (Majeed et al. 2013), and phosphonium
(Nazir et al. 2016) ions. This substitution changes the hydrophilic silicate surface to
an organophilic one (Raji et al. 2016b). It also increases the gallery spacing
(d-spacing) between the layers (Kumar et al. 2010; Mansoori et al. 2012). For
example, Cloisite 20A is a commercially organo-modified montmorillonite inter-
calated with dimethyl, dehydrogenated tallow quaternary ammonium (2M2HT),
where HT is the hydrogenated tallow (*65% C18, *30% C16, and *5% C14)
(Bhat et al. 2008; Diagne et al. 2006; Tjong 2006). But the modification depends on
the cation-exchange capacity of the layers (de Paiva et al. 2008), as well as the
content and structure of the surfactant and the way the surfactant molecules orga-
nize themselves in the clay (Fujimori et al. 2010).

The synthesis of organo-modified montmorillonite was carried out by interca-
lating the clay layers with a long-chain organic surfactant. The preparation was
done by solubilization of hexadecyltrimethylammonium bromide ([H3C (H2C)15–
N+

–(CH3)3] Br
−) in ethanol. This surfactant solution was then slowly added to the

clay suspension obtained by the dispersion of (MMT-Na) in water:ethanol (1:1) at
80 °C under continued high-intensity stirring. Finally, centrifugation was used to
separate the organo-modified clay. The particles were washed five times with a
water:ethanol (1:1) solution to remove any residues. The general reaction for MMT
modification is shown in Eq. 1:

Naþ�ClayþHOOC�R�NH3 þCl� ! HOOC�R�NHþ
3 �ClayþNaCl ð1Þ
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2.4 MMT Properties

2.4.1 Structural Properties

• X-ray diffraction (DRX)

Wide-angle X-ray diffraction (WAXD) was used to identify the chemical
composition and crystallographic structure of the clays. The measurements were
carried out on a Bruker D8 Discover using the Cu Ka radiation (k = 0.154184 nm)
and a GADDS detector. The samples were consolidated in an aluminum holder and
scanned at 45 kW from 2° to 10° of 2h. The diffraction patterns were analyzed
using the X’Pert High Score software (Fig. 2).

Figure 2 shows the XRD pattern of MMT-Na and organo-modified clay
MMT-CTAB. Both clays display a broadband in the region between 2h = 6.16°
and 2h = 4°, respectively. The interlayer spacing corresponding of the peak of
MMT-Na around 1.43 nm which increased to 2.2 nm for the organo-modified clay
is getting close to that of Cloisite 20A (d = 2.84 nm calculated using the large band
at 3.1°), according to Bragg’s equation (Kumar et al. 2010). It can be concluded
that, after clay modification by the organic surfactant, intercalation between the
silicates layers occurred. This intercalation constitutes an efficient way to increase
surface hydrophobicity which is a fundamental prerequisite for good compatibility
between the polymer matrix and the montmorillonite surface (Agag et al. 2001).
It also increases the distance between each layer (d-spacing).

• Fourier transforms infrared spectra (FTIR)

Fourier transform infrared spectra (FTIR) of the different clays and nano-
composites were recorded using an ABB Bomem FTLA 2000-102 spectrometer
(ATR: SPECAC GOLDEN GATE). The spectra were obtained by an accumulation
of 16 scans and a resolution of 4 cm−1.

The FTIR spectra of MMT-Na, Cloisite 20A, and MMT-CTAB are presented in
Fig. 3. The bands around 3600 and 3400 cm−1 are indicative of montmorillonite in
all spectrums, which can be attributed to O–H stretching for the silicate and water

Fig. 1 Schematic of synthetic procedure for MMT-CTAB
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(Kumar et al. 2010). In the FTIR spectrum of MMT-CTAB appears a band in the
region of 1645 cm−1 is attributed to the –OH bending mode of the adsorbed water
(Kumar et al. 2010). The characteristic band at 1134 cm−1 is assigned to Si–O
stretching and out-of-plane Si–O stretching mode of montmorillonite (Yürüdü et al.
2005). The band at 1004 cm−1 is ascribed to Si–O stretching (in-plane) vibration for
layered silicates (Xie et al. 2011). The IR bands at 945, 814, and 719 cm−1 are
attributed to Al–Al–OH, Al–Fe–OH, and Al–Mg–OH bending vibrations, respec-
tively (Navrátilová et al. 2007; Xie et al. 2011; Xue et al. 2007). Moreover, the –

OH bending mode band of adsorbed water at 1645 cm−1 in the MMT-Na spectrum
has a lower intensity because the absorbed water in MMT-CTAB is more limited
due to the presence of the organic cations (Kumar et al. 2010). In addition, the
bands at 1470 and at 1416 cm−1 are assigned to H–C–H and C–N stretching
vibrations, respectively (Kumar et al. 2010). Figure 3 also presents two weaker
bands as a doublet at 3054 and at 3028 cm−1 which can be associated to the C–H
bonds of aromatic stretching vibrations normally present in CTAB (Gavrilko et al.
2013; Aowda et al. 2011). Finally, the presence of CTAB in the MMT-CTAB
spectrum is confirmed, which implies that CTAB has been intercalated into the
MMT-Na structure (nano-space inside montmorillonite).

In the FTIR spectrum of Cloisite 20A (Fig. 3), the transmittance bands at 1040
and 916 cm−1 are due to the stretching vibration of Si–O–Si from silicate and to the
Al–OH–Al deformation of aluminates, respectively. Another band at 726 cm−1

belongs to Si–O stretching of quartz and silica. Finally, the transmittance bands
between 600 and 400 cm−1 can be associated with the Al–O stretching and Si–O
bending vibrations. In addition to the bands observed for montmorillonite, the
bands located at 2930 and 2856 cm−1 can be assigned to the asymmetric and

Fig. 2 XRD patterns of MMT-Na and modified MMT
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symmetric vibrations of the methylene groups (CH2) from surfactant molecules
(long aliphatic chains), and the band at 1469 cm−1 may be ascribed to the asym-
metric deformation vibrations of –CH3 of the aliphatic chain of the surfactant
(Navrátilová et al. 2007).

2.4.2 Morphological Properties

• Scanning electron microscopy (SEM)

Montmorillonite powder was subjected to scanning electron microscopy
(SEM) to investigate the morphology of their granules. Small amount of mont-
morillonite powder was poured on the carbon tape, and then, the excess was blown
with air gun to ensure that small pieces of the powder remain on the tape.

The shapes of the Montmorillonite were studied by scanning electron micro-
scopy (SEM). A general view using the micrographs of the clay powder can be
observed in Fig. 4. Nevertheless, the stronger nanoparticles intermolecular inter-
actions, that is, a cohesive tension make an attempt to the clay particles to aggregate
and to form the agglomerates (Akin and Tihminlioglu 2018). Figure 4 shows that
the montmorillonite possesses a plate-like morphology with nanometric size.

Fig. 3 FTIR spectra of MMT-Na, organo-modified clay (MMT-CTAB), and Cloisite 20A
particles
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2.4.3 Thermal Properties

• Thermogravimetric analysis (TGA)

Thermal stability plays an essential role in determining the technical applications
of composite materials. For this reason, TGA was used to compare the degradation
profiles of the different types of clay used (MMT-Na, MMT-CTAB, and Cloisite
20A) and the results are presented in Fig. 5.

Figure 5 shows that the thermal decomposition of MMT-Na occurs in two steps:
The first one around 82 °C (14% weight loss) is due to free water and interlayer
water residing between the aluminosilicate layers and related to the hydration
spheres of the cations (Carastan et al. 2013), while the second weight loss between
500 and 700 °C (2% weight loss) is due to dehydroxylation of the aluminosilicate
lattice (Xie et al. 2011). On the other hand, the decomposition curves of the
organoclay can be divided into four parts: (1) The free water region below 200 °C

Fig. 4 SEM images of
montmorillonite clay

Fig. 5 TGA and DTG curves
for the different clays used
(Cloisite 20A, MMT-CTAB,
and MMT-Na)
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is characterized by a weight loss of 5% in MMT-CTAB which is lower than of
MMT-Na (Pavlidou and Papaspyrides 2008). (2) The region where the CTAB and all
organic substances thermally decompose is around of 231 °C with a total weight loss
of 23% (Wu and Chen 2004) such region is also present for Cloisite 20A at 288 °C
(26% loss) (Hoidy and Al-mulla 2013). This again confirms the intercalation of
MMT-Na by CTAB as determined by XRD. (3) A weight loss of 3% due to water in
the interlayer space is usually removed around 336 °C for MMT-CTAB (Wu and
Chen 2004). Finally, (4) both of evaporation and complete decomposition of organic
and inorganic moieties in the surfactant (Zhang et al. 2013), as well as dehydroxy-
lation of the aluminosilicate lattice, was observed around 593 °C for Cloisite 20A
(weight loss 3%) and around 600 °C for MMT-CTAB (weight loss 2%), respec-
tively, which are lower than forMMT-Na. This behavior is associated to the presence
of organic substances having a direct effect on decomposition (Zhang et al. 2013),
depending on the number of the carbon chains acting as energy sources leading to
further decomposition (Kokal et al. 2011). FTIR results also confirmed the presence of
organic molecules in MMT-CTAB and Cloisite 20A. One can, therefore, conclude
thatMMT-CTABexhibits excellent thermal stability compared toMMT-Na and close
to that of Cloisite 20A, confirming again that intercalation of MMT-Na by the sur-
factant was successful (Pavlidou and Papaspyrides 2008).

The grafted yield (%), which corresponds to the number of intercalated mole-
cules which effectively participated in the coupling reaction, can be determined
using the weight loss between 200 and 800 °C corresponding to surfactant
degradation (MMT-CTAB and Cloisite 20A). The results show that the amount is
around 21 and 30%, respectively.

3 Organo-Modified Clay Nano-composite Preparation

3.1 Problematic

As for as any composite materials, the properties of nano-composites mostly
depend on the dispersion distribution of the particles in the polymer matrix. For this
reason, various methods were developed to compound montmorillonite such as:
in situ polymerization (Hakeem et al. 2014), solution blending (He et al. 2010), and
melt blending (Raji et al. 2016a). But most processes use the latter because it is
cost-effective and can produce homogeneous compounds with good dispersion/
distribution at large scale (Šupová et al. 2011).

3.2 Nano-composites Preparation

The objective of this chapter is to compare the morphological, thermal, rheological,
and mechanical properties of polymers nano-composite based on different
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nanoparticles: pristine and modified montmorillonite, as well as commercially
available Cloisite 20A. The nano-composites are based on unmodified montmo-
rillonite (MMT-Na), organo-modified montmorillonite (MMT-CTAB) by adding
hexadecyltrimethylammonium bromide (CTAB) as a surfactant, and three different
montmorillonite clays: unmodified clay (PA6/MMT-Na), organoclay (PA6/
MMT-CTAB) composite and commercially clay (Cloisite 20A) nano-composite.
In all cases, the nanoparticles were first dispersed into polyamide 6 (masterbatches)
and then compounded with acrylonitrile butadiene styrene (ABS) to get the final
nano-composites by means of a simple melt compounding via a Leistritz ZSE-18
twin-screw extruder (Leistritz Extrusiontechnik GmbH, Germany), under the fol-
lowing conditions: a constant barrel temperature of 240 °C with 220 °C for the die.
In general, different amounts (1, 2, 3, 4, and 5% wt.) of each nano-clay were
incorporate into ABS using three different masterbatches (10% wt. nanoparticles)
obtained by the combination of PA6 with either MMT-Na, MMT-CTAB, and
Cloisite 20A. After extrusion and pelletizing in a precision grinder (FRITSCH
Pulverisette 19) into pieces of 2–3 mm, the compounds were injection molded
using an Engel e-Victory injection molding machine with a 40 tons platen capacity.
The process temperature was fixed at 240 °C in the barrel and at 220 °C at the
nozzle, while the mold was maintained at 45 °C (Bensalah et al. 2017). Then, the
(ABS/PA6/MMT-Na), (ABS/PA6/MMT-CTAB) and (ABS/PA6/Cloisite 20A)
nano-composites were tested using different characterization methods as described
next. A schematic representation of the preparation methods is given in Fig. 6.

Fig. 6 Schematic representation of the preparation method for the polymer clay nano-composites
produced
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4 Nano-composites Properties

4.1 Morphological Properties

• Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) constitutes an efficient tool to investigate
the morphology of the nano-sized clays dispersion/distribution in the copolymer
matrix. To obtain clean and accurate fractures, all the composites were cry fractured
in liquid nitrogen.

Figure 7 shows the SEM images of the cryo-fracture surface of the nano-
composites of ABS-PA6/Cloisite 20A, ABS-PA6/MMT-CTAB, and of ABS-PA6/
MMT-Na containing 3 wt% clay content. The micrographs of clay nano-composites
presented in Fig. 7a, b, c show typical co-continuous morphologies, an ideal model
for high performance multi-component polymeric materials, in which the ABS
(50%) domains presented by the white regions dispersed in the PA6 (47%) matrix,
illustrated by the black part, these two immiscible polymers are combined together
to form one system (Essabir et al. 2017; Li and Shimizu 2005). It’s clearly observed
that the gray parts correspond to the organoclay particles are located in PA6 phase,
this phenomenon is due to the significant effect of exfoliated clay platelets on the
rheological behavior of polymers, more precisely, the preferential location of the
organoclay in the PA6 phase can significantly increase its viscosity and prevent
the coalescence of the dispersed phase during extrusion (Yan et al. 2012). The
selective localization of the clay existing in the PA6 phase is due to the different
affinities between the organoclay and the two polymers (Yan et al. 2012). The clay
layers are easily exfoliated by PA6 molecular chains compared to ABS molecular
chains because of the higher polarity of the PA6 chains (Li and Shimizu 2005).

It’s seen also from the Fig. 4 that the clay particles in the PA6 polymer formed a
small aggregates, with the average of nanometer-size particles was around of 260,
195 and 459 nm correspond to Cloisite 20A, MMT-CTAB, and MMT-Na,
respectively, this variation of the aggregates size, clearly indicates that the particles
in MMT-Na clay before the treatment was in closely attached or in aggregates form
due to the intermolecular forces and then in the presence of cationic surfactant, the
clay particles are highly exfoliated into small aggregates, this may be due to the
sodium ions in the interlayer spaces of clay can be exchanged for an amino acid
such as CTAB (Zýková et al. 2009). In addition, it’s clear that the organoclay
composites surface appear to be covered by PA6 polymer. So, the interfacial
adhesion in the presence of cationic surfactant into the interlayer spaces has been
improved.

It’s clear on Fig. 4 that the clays particles are uniformly dispersed in the matrix
with small amount of agglomerates in the case of the MMT-Na composite, attesting
that the use of melt compounding process to manufacture different types of com-
posites is evident and enabled better particles distribution.
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Fig. 7 SEM images of
composites based on
ABS-PA6 and of a 3 wt% of
Cloisite 20A, b 3 wt% of
MMT-CTAB, and c 3 wt% of
MMT-Na
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4.2 Thermal Properties

• Thermogravimetric analysis (TGA)

The thermal degradation of the different clays and nano-composites was eval-
uated by thermogravimetric analysis (TGA) using a model Q5000 from TA
Instruments. Roughly 20 mg of each sample was placed in a platinum pan and
heated under air from room temperature to 800 °C at a heating rate of 10 °C/min to
yield the onset decomposition temperature.

Typical thermogravimetric curves of the nano-composite filled with different
amounts of clay nanoparticles are presented in Fig. 8. All the curves exhibited a
one-step degradation which is attributed to the random radical scission mechanism of
polyolefin’s degradation (Albano et al. 1999). The addition of clay increased the
degradation temperature of ABS/PA6/Clay nano-composite because clay has a much
higher decomposition temperature than the polymer matrix (Santos et al. 2013).
Furthermore, the thermal stability of ABS/PA6/Clay nano-composite increased with
clay loading.

Fig. 8 TGA and DTG curves for: a the different nano-composites based on MMT-Na, and b the
different nano-composite based on Cloisite 20A
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The temperatures corresponding to different weight loss are listed in Table 2 and it
is clear that a direct relation between these temperatures and nano-clay loading exists.
Furthermore, the highest thermal stability was observed for theMMT-Na and Cloisite
20A at 5%wt. and their T5, T10, T15, and T20% are about 12, 19, 20, 20 °C and 8, 11,
11, 11 °C higher than for the neat matrix, respectively. This can be explained by the
effect of clays acting as thermal insulators and mass transport barriers to improving
thermal stability (Bidsorkhi et al. 2014; Tartaglione et al. 2008). Thermal stability
improvement is a direct effect of the excellent thermal barrier effect provided by the
layered clays within thematrix. So, the better thermal stability of the nano-composites
can be attributed to the clay layered structure limiting the mobility of small molecules
produced during thermal decomposition. Furthermore, the thermal stability of
MMT-Na is higher than Cloisite 20A due to a large number of grafted carbon chains
present in the surfactant. These carbon chains acted as energy sources helping the
samples to further decompose (Kokal et al. 2011).

4.3 Mechanical Properties

Dynamic mechanic analysis (DMA) and dynamic mechanical thermal analysis
(DMTA) were performed using a Rheometer Solid Analyzer (RSA) according to
ASTM D4092-01 (ASTM D 4092 – 01 2013). Due to the stiffness of the studied
materials, a dual cantilever configuration was used. In DMA, a sinusoidal
mechanical excitation is applied from which the force, deformation, and phase
angle shift between the force and deformation were obtained as a function of
frequency. The frequency sweeps ranged from 0.015 to 15 Hz with a strain of 0.002
(linear region of the materials). Similar conditions were used for dynamic
mechanical thermal tests (DMTA) by heating the samples from 20 to 200 °C at a
heating rate of 10 °C/min.

Table 2 Temperature corresponding to a weight loss of 5% (T5%), 10% (T10%), 15% (T15%),
and 20% (T20%) from TGA measurements of ABS/PA6/MMT nano-composite with various
MMT-Na and Cloisite 20A contents

Decomposition temperature for
MMT-Na (°C)

Decomposition temperature for
Cloisite 20A (°C)

Clay content
(wt%)

T5% T10% T15% T20% T5% T10% T15% T20%

0 356 380 390 397 356 380 390 397

1 356 390 401 408 356 388 400 407

2 357 394 405 412 357 388 400 407

3 369 397 406 412 364 389 401 408

4 367 394 406 413 360 389 401 408

5 368 399 410 417 364 391 401 408
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• Dynamic mechanical analysis (DMA)

The complex modulus of the MMT-Na, MMT-CTAB, and Cloisite 20A
nano-composites has been plotted as a function of nanoparticle content in Fig. 9. It
can be seen that the complex modulus of MMT-Na, MMT-CTAB, and Cloisite 20A
increased significantly with clay addition. This behavior can be associated to
reinforcing effects through the formation of efficient and strong interactions
between the polymer chains and the clay galleries at the interface which enhanced
the compatibility between the phases (modified filler) (Hakeem et al. 2014). This
can also be attributed to the incorporation of rigid particles changing the local
molecular dynamics (lower polymer chain mobility) (Laaziz et al. 2017). Moreover,
the frequency has also an effect on the composites response since the materials are
viscoelastic. It is clear from Fig. 9 that E* increases with increasing frequencies for
the range of conditions tested (0.015–15 Hz).

• Dynamic mechanical thermal analysis (DMTA)

The glass transition temperature of the composite, as obtained from the maxi-
mum of the damping factor (tand = G″/G′) curves using dynamic mechanical
thermal analysis, is presented in Fig. 10. A clear decrease from 0 up to 4% wt. is
observed: about 1.6 °C for Cloisite 20A and MMT-CTAB. Then, a slight increase
is observed at 5% wt. suggesting that the mobility of the bulk polymer chains is
restricted by the presence of the nanoparticles and related to their content (Santos
et al. 2013). For MMT-Na, the glass transition temperature Tg decreases continu-
ously by about 1.0 °C from 0 to 5% wt. The addition of low nano-clay content
slightly decreased the glass transition temperature of the composite because the
silicate layers can act as nucleating agents in the polymer matrix (Pavlidou and
Papaspyrides 2008), which can also improve spherulites growth (Fragiadakis et al.
2005). At 4% wt., a high number of crystallites are formed, and the addition of
more clay did not change the crystal structure of the polymer since no more space
for the polymer molecules to reorganize is available inside the matrix. But nucle-
ation and growth efficiency depend on clay dispersion.

4.4 Rheological Properties

• Melt rheological test

Melt rheology tests were performed on an MCR 500 (Physica) Rheometer
equipped with a CTD600 device. The measurements were carried out at 240 °C
under small amplitude oscillatory shear mode using 25 mm parallel plate–plate
geometry with 2-mm-thick samples. Frequency sweeps between 500 and 0.05 Hz
were performed at a strain of 5%, for which the materials exhibit a linear vis-
coelastic behavior as verified by previous strain sweeps.

The rheological properties of the nano-composites were also investigated in the
melt state, and the results are plotted in Fig. 11. It can be seen in Fig. 11a that the
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Fig. 9 Complex modulus as a function of nanoparticle content for different frequency:
a MMT-Na, b MMT-CTAB, and c Cloisite 20A
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Fig. 10 Glass transition temperature (Tg) for the different nano-composites as a function of clay
content

Fig. 11 Dynamic rheological properties of the nano-composites (240 °C) as a function of clay
content: a complex viscosity, b storage modulus (G′), c loss modulus (G″), and d crossover point

Properties of Nano-composites Based … 123



complex viscosities of the clay composites have a plateau at low frequency or the
Newtonian behavior, indicating a transition from a liquid-like to a solid-like vis-
coelastic behavior. Then, Fig. 11b shows that the nano-clay particles increase the
storage moduli, indicating that the rheological properties of the reinforced
copolymer were mainly influenced by the addition of nano-clay, and at higher clay
content, the elastic character of the material prevails over its viscous behavior
(Bensalah et al. 2017).

Figure 11c shows the loss modulus against frequency for various nano-clay
contents. An increase in loss modulus with increasing MMT-CTAB content can
clearly be observed when the nano-clay content increases over the whole frequency
range. Due to good dispersion, distribution, and affinity of the rigid nano-clay inside
the polymer blend, all these phenomena can prevent the melt to flow which is
reflected by an increase in loss modulus/viscosity (Yürüdü et al. 2005).

Finally, Fig. 11d shows the variation of the crossover point (frequency where
G′ = G″) with clay content. The results show a decrease in the crossover point
values until a maximum presented at 5 wt% of MMT-CTAB content. This
reduction in crossover frequency indicates that G″ becomes smaller than G′ or the
materials have lower elasticity and lower energy dissipation. This behavior can be
associated with insufficient time to allow for polymer chains to relax with
increasing rigid particle content, which is a contribution from the increased elastic
nature of the polymer melt (Raji et al. 2016b).

5 Conclusion

In summary, the montmorillonite can be successfully modified using hexade-
cyltrimethylammonium bromide (CTAB). The XRD and FTIR results clearly
showed that intercalation of the organic cationic surfactant between the clay mineral
layers occurred. The modified clay was then used as reinforcement inside a ther-
moplastic copolymer matrix based on polyamide 6/acrylonitrile butadiene styrene.
The results were compared with the unmodified clay (MMT-Na) and a commercial
organoclay (Cloisite 20A). The compounds were prepared by twin-screw extrusion,
and the samples were molded via injection molding. For the nano-composites
produced under the range of conditions tested (0–5% wt.), it was found that
exfoliated clay platelets were selectively localized in the PA6 phase and also was
found that 4% wt. is the optimum clay content. Finally, the results showed that
thermal stability was significantly improved (20 °C) by the incorporation of these
nano-clays, and similar improvements were observed for mechanical and rheo-
logical properties.
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