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HIGHLIGHTS

GRAPHICAL ABSTRACT

*In the PAG6/clay nanocomposite
(0.5 % nanoclay), the nanoparticles
were exfoliated.

*In the PA6/clay nanocomposites
(1 and 3% nanoclay), the particles
were intercalated.

*The PA6/clay nanocomposite
showed a pseudo-solid behavior.

* The clay-centered PA6 microfibrils
clustering during AROP has not
been reported before.

* The clusters of PA6 microfibrils
formed whose growth from the
nanoclay.
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The PAG6/clay nanocomposites were prepared during in-situ anionic ring-opening
polymerization (AROP) via reactive melt blending in a Hakke internal mixer. Then, the
samples were characterized using FT-IR, DSC, DMTA, rheometer, XRD, SEM/EDX/
elemental mapping, TEM, and HT-GPC to study the effects of Cloisite 15A on PA6
properties. The results showed that nanoclay caused a decrease in the ultimate tensile
strength (UTS), crystallinity, 7,,, 7,, and tan J of the samples. However, it increased the
Young's modulus and stress rupture of the samples. Furthermore, the nanocomposites
showed a pseudo-solid behavior because of the reinforcing effect of the nanoparticles.
Additionally, o crystals were not seen in the samples with 1 % and 3 % nanoclay;
however, y crystals were observable in those samples. Also, nanoclay decreased
PAG6 viscosity and increased dispersity and residual monomers in the nanocomposite
samples. The nanoclays exfoliated in the sample have 0.5 % nanoparticles, but they were
intercalated by more loading in the PA6 matrix. Moreover, the PA6 microfibrils were
observed as sporadic and clay-centered clusters in the SEM micrographs of the pure and
nanocomposite samples, respectively. Therefore, the clustering of PA6 microfibrils in
the matrix during in-situ AROP is considered a novelty in current research.
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1. Introduction

Polyamide 6 (PA6) is an engineering plastic [1] that
can be applied in electrical devices [2], semiconductors,
[3], [4], the
packaging industry [5], the automotive industry [6],
coatings, textiles [7], nanofiber-reinforced composites,

photocatalysts biomedical devices

and high-performance plastics [8,9]. In addition, some
of PA6 advantages are proper self-lubrication [10],
high service temperature, chemical resistanc [11], high
corrosion resistance [12], stiffness [13], proper strength
[14], manufacturability [15], water absorption, bending,
thermal conductivity properties [16], readily tailored
properties [17], easy to wash, high durability [18], and
low price [19].

PA6 is a semi-crystalline polymer consisting of
two main phases a and y. The extent of each phase
depends on factors like the presence of nanoparticles
in the matrix and processing conditions [1]. The o
crystals have hydrogen bonding (H-bonding) between
non-parallel chains, and the y crystal has H-bonding
between parallel chains. The H-bonding in the o crystal
is stronger than in the y crystal. Therefore, the a crystal
is more stable than the y crystal [10]. It is worth noting
that the polar end groups of PA6, including carboxyl
(C=0) and amino (-N—H), are all reactive under certain
conditions [2]. They can cause ion-dipole and dipole-
dipole interactions and form H-bonding [9,19].

Usually, the PA6 synthesis starts with the ring-opening
polymerization (ROP) process of the e-caprolactam
(CL) [2] and continues via one of the hydrolytic,
anionic, or cationic polymerization methods. Cationic
ring-opening polymerization (CROP) is not applicable
to any industry due to the product's low molecular
weight (MW) [20]. However, the use of two methods,
anionic ring-opening polymerization (AROP) and
hydrolytic ring-opening polymerization (HROP), are
prevalent in the industrial production of PA6 [21]. The
AROP method has advantages over the HROP due to
the high degree of high MW, crystallization (X)), the
possibility of reaction under the melting point (7)), and a
shorter reaction time. Considering that using hazardous
solvents in the industrial production of polymers is
one reason for environmental pollution, selecting this
method for producing PA6 would be helpful because it
is performed without any solvent [20].

Generally, AROP activators are divided into two
categories of chemical structure: acyl-lactams and

isocyanates [22]. Furthermore, organometallic reagents
such as alkaline and other potassium and sodium
compounds are used as AROP initiators [12,20].
Sodium caprolactamate (NaCL) is the most widespread
initiator of in-situ polymerization of caprolactam [1].
AROP in the presence of hexamethylene diisocyanate
(HDI) and NaCL reduces the length of PA6 chains in
the y crystals [23].

Several drawbacks, such as low-dimensional stability,
high moisture absorption, and low thermal degradation,
limit the usage of PA6 [24,25]. Industrial PA6 generally
consists of linear chains and exhibits low melt strength,
which restricts its usage in the blowing, spinning, and
foaming processes [26]. Accordingly, the strength of
PAG6 can be improved significantly by many chemical
modifying strategies such as adding nanoparticles,
branching, crosslinking, and chain extension [13].

However, branched chains affect the processing and
rheological behaviors of polymers [27]. Nanoparticles
can improve PAG6 properties such as electrical, thermal,
optical [5], mechanical [14], barrier properties, and
durability [13,18]. They are usually added to polymers
because of their unique properties, such as sensing,
magnetic hyperthermia, therapeutic, and non-toxicity
[21,29], and are more effective in polymer properties
in relatively low amounts due to the large aspect ratio
[30,31]. The preparation of nanocomposites depends
on the aspect ratio, size, orientation, specific surface
area, volume fraction used, dispersion [1,7], and
compatibility of nanoparticles with the polymer matrix.
In addition, the reaction rate, time, and temperature of
the preparation affect the nanocomposite [32].

In addition, the in-situ polymerization can be affected
by the interaction between the nanoparticle and the PA6
matrix and physical and mechanical properties [25],
morphology, and the size of nanoparticles [13,24,33].

In recent years, inorganic nanoparticles such as CuO,
NiO, MgO, SiO,, TiO, [34,35], carbon nanotubes,
graphene, and nanoclays [13,28] have been used for
PA6 nanocomposite [26].

The PAG6/clay nanocomposites are important in
industrial applications because of their improved
mechanical, barrier gas [7], thermal [13,36], rheological
[37,38], readily tailored properties [17], and flame
retardance [13,34,39] compared to conventional PA6
[31,40,41]. Nanoclay or layered silicate has an average
surface area of 800 m2.g’', while other nanoparticles
usually have a surface area of 100 m2g' [42]. Other
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advantages include the low cost, high aspect ratio [5],
proper dispersion/distribution in a matrix [43], high
dimensional stability [44], low gas permeability [45],
and also radiation and changing interaction with light in
polymers [7,13,46]. In addition, nanoclay is applied for
thermoplastics, elastomers, and thermosets [7,46,47].

The PA6/clay nanocomposite was prepared for the
first time using the in-situ polymerization method in
1989 to manufacture timing belt housings [7] by Toyota
Central R&D Labs., Inc. [7,28].

Nanoclay must be well delaminated in the polymer
matrix to improve the properties of the polymers [17].
Generally, depending on the reaction between nanoclay
and polymer, the silicate layers can be in one of the
following situations: intercalation, ordered exfoliation,
or disordered exfoliation [41]. In an intercalated
system, silicate layers are swelled, and polymer
chains are placed between the sheets. Therefore, the
layers stack at distances of a few nanometers. In an
exfoliated system, no interaction occurs between sheets
at some points, so they move separately [42,48]. The
exfoliation of nanoclay requires high temperatures or
other external forces [48,49], and the clay modification,
the processing conditions, and the matrix type affect it
[5]. Also, nanoclay can be exfoliated in the PA6 matrix
due to the polar end groups and H-bonding in the PA6
structure [50].

In this work, PA6/clay nanocomposites were prepared
during in-situ AROP polymerization to investigate the
effect of the nanoclay (Cloisite 15A) on their properties.
First, the nanocomposites were synthesized in the
presence of the nanoclay and HDI. Then, the samples
were characterized by Fourier transform infrared (FT-
IR) and energy-dispersive X-ray (EDX or EDS). In
addition, differential scanning calorimetry (DSC),
dynamic mechanical thermal analysis (DMTA), and a
tensile testing machine were applied to study thermal
and mechanical properties. Next, the rheological
behavior of the samples was investigated using a
rheometer. In addition, the samples were studied by
X-ray diffractometer (XRD), transmission electron
microscopy (TEM), scanning electron microscope
(SEM), and elemental mapping to investigate the
crystal phases and morphological properties. Also, the
molecular weight (number average molecular weight
(M) and the weight average molecular weight (M,))
were analyzed by gel permeation chromatography
(GPC).

The clustering of the PA6 microfibrils in the matrix
during in-situ AROP is considered a novelty in the
current study.

2. Materials and methods
2.1. Materials

e-Caprolactam monomer (CL, purity 99.9 %) was
prepared from BASF (Germany). The nanoclay (Cloisite
15A) (polymerization grade, 99.9 %) was purchased
from the Southern Clay Company (USA). Commercial
PA6 (Akulon® F-236) as a control sample was prepared
from DSM (Germany). Sodium caprolactam (NaCL,
purity 99.9 %) as an initiator and hexamethylene
diisocyanate (HDI, purity > 99 %) as an activator were
purchased from Merck (Germany).

2.2. Synthesis of PA6/clay nanocomposites

Specific amounts of the CL monomer were mixed
with the nanoclay in the presence of NaCL as an
initiator and HDI as a bi-functional activator in a
HAAKE internal mixer at 235 °C for 15 min through
in-situ AROP. The ratio of the sample’s components is
mentioned in Table 1.

2.3. Characterizations

The chemical structure of the powdered samples
was characterized by FT-IR spectroscopy (Equinox
55, Bruker, Germany) at a resolution of 4 cm™ over a
wavenumber region from 4000 to 600 cm™! resolution at
16 mm.s™! at room temperature.

An SEM (Mira-III, Tescan, Czechia) was applied for
the morphological study of the cross-section of samples.
First, the samples were gold coated in a Palaron sputtering
apparatus. Then, SEM-generated X-rays were collected

Table 1. The ratio of components of the samples.

Sample CL(w/w %) HDI(%) NaCL (%) Cloisite 15A
c-C 100 0 0 0

C-0 96 2 2 0
C-0.5 95.5 2 2 0.5

C-1 95 2 2 1.0

C-3 93 2 2 3.0
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using the EDX (Mira-II, Tescan, Czechia). In addition,
the presence of Na and Si elements was investigated by
element mapping (Mira-II, Tescan, Czechia).

An XRD test of the samples was performed by a
D5000 instrument (Siemens, Germany) for a total time
of 20 min and a step.scan of 0.02 at 1.2 degrees.min”',
40 mA, and 40 kV. The data was collected from 15°
to 30° (26). Before testing, the extraction of residual
monomers was performed by immersion in distilled
water for 14 h at 100 °C. Lastly, they were dried in a
vacuum for 48 h at 80 °C.

The samples were cut with less than 60 nm for TEM
analyses using an RMC Power tome CRX microtome.
The imaging of cross-sections of the samples was
performed with a Philips CM200 TEM (Germany) at an
acceleration voltage of 100 kV.

The rheological behaviors of the samples were
studied by a Rheoplus rheometer (MCR 501, Anton
Paar, Austria). The sample sheets (4 cm X 4 cm) were
heated at 240 °C for 1 min under an N, atmosphere.
Before measurement, they were dried at 80 °C for 3 h in
a vacuum oven and then kept in a desiccator [51].

The samples (5-10 mg) were characterized by
DSC (STAR SW 12.00 DSC, TOLEDO METTLER,
Switzerland) at a rate of 20 °C.min"' from 23 to 300 °C
in standard aluminum sample pans. The heat of fusion
of 100 % crystalline PA6 was considered 241 J. g [52].

The loss factor (tan J) was the samples obtained by

STAR® SW14.00 DMTA (METTLER, Switzerland).
They were heated at a rate of 5 °C.min"! at a frequency
of 1.00 Hz from 23 to 200 °C under an N, atmosphere.
Then, they were dried for 48 h at 80 °C in a vacuum
before measurement.
The samples' M, M, and dispersity (P) were
obtained by an HLC-801A HT-GPC (TOSOH, Japan).
The samples were, therefore, first solved in 1,3-cresol,
then filtered through a 0.45 mm filter. Then, they were
injected into GPC and measured at 240 °C.

Residual monomers of the samples were measured via
the gravimetry method. First, unreacted CL monomers
and low molecular weight oligomers were extracted by
Soxhlet distilled water and Irganox1010 (1 wt %) at
120 °C. Then, they were dried in a vacuum oven at
80 °C for 4 h [53]. After that, their weight loss was
measured as the number of residual monomers.

Tensile was measured in a universal testing machine
(Instron 5584) with a 1KN load cell, standard grips,
and Merlin software according to the standard ASTM

D-638 at a constant strain (10 mm.min™'). In addition,
the notched Izod impact of the samples was performed
using Zwick according to ASTM D-256 638 at auniform
strain rate of 10 mm.min.

3. Results and discussion

The rheological behaviors of the samples at 240 °C
in an internal mixer were investigated with a torque
rheometer. The evolution of torque values for the
reactive melt of the samples with a constant shear rate
was shown by a torque-time rheogram in Fig. 1. The
figure shows that the evolution of the torque increased in
C-0.5 and other samples after 5 and 7 min, respectively.
Then, it decreased in the C-0, C-0.5, and C-1 samples
at the 11" minute and the C-3 sample at the 12" minute.
These results showed that the polymerization process in
C-0.5 started faster than in the other samples; however,
it took longer than theirs. However, the polymerization
time of all samples was short (8-9 min) due to the in-situ
AROP method.

Furthermore, the maximum torque amount in the
C-0.5 sample was more than in the C-0 sample because
loading 0.5 % nanoclay did not affect its polymerization
process; it only acted as a thickener. However, in the
C-1 and C-3 samples, the maximum and final torque
amounts decreased compared to C-0 because the
nanoclay played the role of an inhibitor.

3.1. FT-IR Spectroscopy

The FT-IR results in Fig. 2 showed no absorption band
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Fig. 1. Evolution of the torque vs. reaction time during the
polymerization of ¢-caprolactam in a Haake internal mixer.
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Fig. 2. The FT-IR spectra of the samples C-0, C-0.5, C-1 and C-3.

corresponding to the stretching vibration of isocyanate
groups (N=C=0) in the samples due to the reaction
of HDI with nanoparticles and CL. In addition, in the
C-0 sample, the absorption bands at about 2931 cm’!
belonged to (C-H) stretching vibration, and at about 1261
and 1463 cm’ belonged to (C-H) bending vibration;
however, they shifted to about 2927 c¢cm for (C-H)
stretching vibration and at about 1201 and 1460 cm™' for
(C-H) bending vibration in the nanocomposites due to
the presence of clay. Moreover, the absorption bands at
about 1634 and 3270 cm™ belonged to (C=0) stretching
vibration in the nanocomposites, and at about 1639 and
3293 cm! belonged to (C=0) stretching vibration in the
C-0 sample.

Additionally, an absorption band was observed at
1097 cm™ in all the nanocomposites, and its absorption
percentage increased as the nanoclay amount in the
polymer increased. Furthermore, two peaks were

1 - C-0.5 Sample
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0 T T T T
3400 2850 2300

1750 1200 650
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detected at about 3062 cm for (N-H) in all samples
due to the completed polymerization process and
participation of HDI in reaction with CL and nanoclay.
Moreover, the absorption bands at about 3293 and 3068
cm’ belonged to (N-H) stretching in the crystalline and
amorphous phases of all samples, respectively [13].
These results agreed with previous research [54-56].

3.2. Thermal behavior study

The effect of the nanoclay on the thermal properties
of the samples was studied by DSC. As seen in Table
2, the melting temperature (7,) of the nanocomposites
shifted lower with increasing amounts of nanoclay.
Furthermore, the crystallinity percentage (X)) of
the nanocomposites decreased compared to the C-0
sample. The creation of the nanoclay-centered clusters
of PA6 microfibrils and the nucleating property of
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Table 2. The DSC results of the samples.

Sample T, (°C) AH, (J.g") X, (%)

c-0 219.36 (£ 1.01) 13844 (+1.33) 57.4(+0.1)
C-0.5 21540 (£ 1.20)  128.02 (+ 1.78)  53.1 (+0.6)
c-1 211.78 (£1.31) 7420 (£2.02)  30.7 (£0.7)
c-3 206.15 (+ 2.1) 5357(x1.1) 222 1.1)

the nanoclay (as a hetero-structure). In other words,
nanoclays were the nucleation centers and partially
prevented the homogenous crystallization of PA6 [57].
It seems that decreasing the amount of X, in these
samples decreased the glass transition temperature (7,)
due to more amorphous and a decrease in the number
of H-bonding in the nanocomposites.58 Moreover, the
melting enthalpy (AH,) of the nanocomposite samples
was smaller than the C-0 sample due to the reduction
of crystal dimensions [57]. This study also showed
that nanoclays, as nucleating agents, could change the
crystallinity in the polymers [22]. These results were
confirmed by the XRD and DMTA results.

3.3. DMTA analysis

Based on Fig. 3, adding the nanoclay to the samples
caused a decrease in their loss factor (tan 0 = E*'/E").
However, a significant difference in the tan J values
was not observed in the nanocomposite samples. Also,
increasing nanoclay decreased the area under the curve
(AUC) of the tan 0 peaks. The figure shows that the PA6/
clay nanocomposite movement chains in the amorphous
region are more than pure PA6. The free volume of
sections of the side chains and small groups increases
this motion in different directions and decreases tan o
[59]. Additionally, the tan J in the polymers is directly
related to the motion of the sections, which could be
attributed to the increased plasticization effect [60,61].
Furthermore, Fig.3 showed that the maximum tan ¢ of the
nanocomposite samples shifted to a lower temperature
than the C-0 sample. Therefore, the composite samples
had a lower viscosity. Accordingly, the value of 7, in the
nanocomposites was lower than in the C-0 sample due
to increased PA6 chain mobility following the presence
of rigid nanoparticles [13]. This is consistent with the
results of other reports [62].

Moreover, it is necessary to mention that the T .
values obtained from TGA and DMTA analyses of the
samples did not match. This is due to the DMTA results

0.4

cC-0 AC-l =C05 C3
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i}
03 | it
i o8

w 025 1 3 3
g i 3
g

20 40 60 80 100 120 140 160 180
Temperature (°C)

Fig. 3. The tan 3 vs. temperature results for the samples.

being more accurate than the TGA because the effect
of oscillating frequency on polymers, frequency effect
changes molecular relaxations of polymer chains, and
T, behavior is considered.

3.4. Mechanical Properties

Evaluating the effect of nanoclay on the mechanical
properties of the samples was performed by mechanical
testing. Based on Table 3, the ultimate tensile strength
(UTS) amounts of PA6/clay nanocomposites were
slightly decreased due to adding nanoclay to the matrix.
In other words, adding nanoparticles to the polymers
reduced their crystallinity and, as a result, reduced their
UTS amounts. In addition, the stress rupture and Y oung's
modulus amounts increased without significant loss of
impact resistance due to nanoclay. Studies showed that
nanoclay affects the mechanical properties of short and
semi-aligned fiber-reinforced PA6 composites due to its
aspect ratio [8,48].

3.5. Rheological behavior

The Rheoplus rheometer was used to study the
rheological behaviors of the samples. Plots of the

Table 3. The results of mechanical testing of the samples.

Impact Tensile Properties
Sample . .
Pl resistance with Stress Young's
a n;)tc;l UTS (%) rupture  modulus
(Kimz) (Mpa)  (Mpa)
C-0 13.20 (£ 0.32) 90.0(+0.3) 75.0(x0.3) 1100 (£2)
C-0.5 13.07 (£ 0.32) 87.0(=0.4) 80.0(+0.4) 1550 (£3)
C-1 12.92 (£0.23) 75.0(£0.2) 92.0(x0.2) 1630 (£2)
C-3 12.85(£0.13) 65.0(x04) 98.0(x0.1) 1870 (£4)




R. Mashayekhi et al. / Journal of Particle Science and Technology 8 (1) (2022) 25-37 31

+C05 eC0O0 mCl =C3
*
> LN
] [ ] Y 2 *
9 .
? .
*
2,500 - S
X *
2 e -
g A . I
8 - 4] *
Z - - [4] .
>
” - - *
= - °
S - q
E 50 A A
S
]
1 T T T
0.1 1 10 100

Angular frequency w (rad.s™)

Fig. 4. Complex viscosity vs. angular frequency curves for the
samples.

samples’ complex viscosity vs. angular frequency are
observable in Fig. 4. The figure shows that the slope of the
curves decreased in the low-frequency viscoelastic range
due to the presence of nanoclay. This could indicate that
the reinforcing effect of nanoclay on the PA6 internal
structure caused the prepared nanocomposites to show a
pseudo-solid behavior because of the reinforcing effect
of the nanoclay on the internal structure of polymers.
Therefore, they tended to form three-dimensional
superstructures such as clustered polymers [63].

The results also showed that the C-0.5 and C-3
samples had the highest and lowest zero shear viscosity,
respectively. It seems that the dropping viscosity
amounts in the C-1 and C-3 samples were related to the
formation of clusters of PA6 microfibrils. Others have
also reported that the interaction nature, the chemical
structure of polymers (such as crosslinking and
branching), the components of nanoparticles, and the
MW affect rheological behaviors [64]. The TEM results
in this study confirmed it. It is essential to mention that
this allows for polymerization processability at lower
temperatures and pressures [6].

3.6. XRD analysis

XRD analysis was performed in ranges of 26 from
1° to10° and 15° to 30°. Based on Fig. 5, the Cloisite
15A had two peaks at 2.65° and 7.16°, which indicates
the distance between the adjacent nanoclay lamellar
structures. Also, no peak was observed in the C-0
and C-0.5 samples. Because the C-0 sample had
no nanoparticles, exfoliation of nanoparticles was
completed in the C-0.5 sample. Moreover, the peak at

——C-1
e C-0
—C-0.5

C-3

—O—Cloisite 15 A

Fig. 5. X-ray diffraction (XRD) integrated patterns of the samples
(10°>20).

2.65° disappeared in the nanocomposites. Also, there
were peaks at 4.44° and 4.71° in the curves of the C-1
and C-3 samples, respectively. This could be because
increasing nanoparticles in the matrix only caused the
intercalation of nanoparticles. In addition, the intensity
of the peaks in the nanocomposites was related to
increasing nanoclay content. Furthermore, based on the
XRD results (Fig. 6), a, and a, crystals of the C-0 sample
were observed at 20.10° and 24.04°, respectively. Also,
a, and a, crystals of the C-0.5 sample shifted to 20.82°
and 23.89°, respectively, and a y crystal peak was
observed at 21.61°. However, the C-1 and C-3 samples
only had a single peak of y form at 21.29° and 21.37°,
respectively, due to increasing nanoclay content. It seems
that the presence of nanoclay in the PA6 samples had
a heterophase nucleation effect favorable for forming y
crystals due to a direct reaction between the nanoclay
and the CL, followed by the creation of defects in the
PAG6 crystals [10]. In other words, the nanoparticles
significantly affected the crystallization of the polymer

‘ —i=C-] =+=C-0.5 —O—C-0 —o—C-3
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Fig. 6. XRD results of PA6/clay nanocomposite samples (30°>26>15°).
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by increasing the length of polar bonds inside the crystal
and y absorption. This can be due to a decrease in chain
mobility or an increase in chain end groups in samples
with lower molecular mass and more nanoparticles [55].
Another article showed that branching could increase
the plasticizing properties of polymers by increasing
free volume and mobility in the polymer [65].

3.7. Morphological studies

In this study, SEM, EDX/elemental mapping, and
TEM analysis were used to examine the morphology
of the samples. Based on SEM micrographs in Fig. 7,
PA6 microfibrils were found in all samples. In the C-0

® (h)
Fig. 7. SEM micrographs of the cross-section of the samples: (a)
C-0 (50 KX), (b) C-0 (100 KX), (c) C-0.5 (50 KX), (d) C-0.5 (100
KX), (e) C-1 (50 KX), (f) C-1 (100 KX), (g) C-3 (50 KX), and (h)
C-3(100 KX).

sample, the sporadic microfibrils were dispersed, but
in the nanocomposite samples, they were observed as
clay-centered clusters. Furthermore, the micrographs
showed that the number and density of clusters in
the nanocomposites increased as the nanoparticles
increased. So, the C-3 sample had the most and densest
cluster compared to the other samples.

Moreover, zooming on two points of interface between
a microfibril cluster and the surface of the matrix shows
that the growth of clusters of the PA6 microfibrillar
began at the nanoclay surface (Fig. 8). It should be
noted that the creation of clusters of PA6 microfibrils in
the matrix during in-situ AROP has not been observed
in another study before.

The dispersion of Si elements in the samples was
investigated by elemental mapping. In Fig. 9, Si was
observed in the center of the clusters of the PA6

Bum ! Electron Image 1

Fig. 8. SEM image of a PA6/clay nanocomposite sample.

20pm : Mix
Fig. 9. Dispersion of Na of Cloisite 15A in the PA6 matrix at 200 um
magnification.
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microfibrils in the nanocomposite. The XRD and DSC
results showed that this structure could have a y crystal
shape.

In this research, the quantitative EDX showed Na
and Si elements in the structure of all nanocomposite
samples (Table 4). However, as
percentage of Si increased, and the percentage of Na
decreased as the nanoparticles increased, confirming
the reaction of nanoclay with CL. monomers. Moreover,
in the C-0 sample, only Na was observed in the matrix
because NaCL was in its preparation process (AROP);
however, in the C-C sample, there were no Na and Si
because of HROP.

expected, the

Table 4. The EDX results of the samples.

Sample C-C C-0 C-0.5 C-1 C3
Si (%) 0.00 0.00 17.80 2544 4381
Na (%) 0.00 100 82.20 74.56 56.19

Based on the TEM micrographs (Fig. 10), after
adding nanoclay to the polymer, nanoclay sheets were
observable in the images. In the image of the C-0.5
sample, the nanoclay sheets were inconspicuous,
probably because of complete nanoclay exfoliation.
However, in the images of samples C-1 and C-3, the
sheets were darker and denser than in the other samples.
This may be due to intercalation occurring as the amount
of nanoclay increased in these samples.

3.8. GPC analysis

The HT-GPC results in Table 5 showed that the P
amount increased in the nanocomposite samples after

Table 5. Comparison of the HT-GPC results of the samples.

Sample M, M, b
(g-mol) (g.mol") (M,/M,)
C-0 54900 50800 1.08
C-0.5 50540 46400 1.09
C-1 48800 43930 1.11
C-3 55400 49000 1.13

adding nanoclay. In addition, nanoclay reduced M,
and M, in the prepared nanocomposites. These results
confirmed the DSC, DMTA, and other analyses.

3.9. Determination of residual monomers

There are several methods for measuring the residual
monomer and oligomer contents [22]. In this study,
the gravimetric method was applied to measure them
in the samples. As observed in Table 6, the residual
monomers increased by increasing the nanoclay to the
polymer ratio. These results are in agreement with the
DMTA results. It seems that this was the effect of the
reduction of T,, crystallization temperature (7,), and the
resistance of the polymer as plasticizers via increased
molecular motion [66].

Table 6. Residual monomer content of the samples.

Residual monomer

Sample %)

C-0 0.1 (=0.04)
C-0.5 0.3 (=0.05)
C-1 0.9 (£ 0.05)
C-3 1.8 (+0.03)

Fig. 10. TEM micrograph of the PA6/clay nanocomposite samples at a magnification of 200 nm: (a) C-0.5,( b) C-1, and (c) C-3.
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4. Conclusions

The PA6/clay nanocomposite samples were prepared
during in-situ AROP in the presence of nanoclay and
HDI via reactive melt blending. Then, samples were
characterized to investigate the effect of nanoclay on
the properties of the synthesized nanocomposites. The
results showed that the polymers’ crystallinity and AH,,
decreased due to the nucleating property of the nanoclay
and the reduction of crystal dimensions, respectively.
Nanoclay decreased UTS, T, T, and tan § amounts in
the samples; however, it increased the stress rupture and
Young's modulus. In addition, the reinforcing effect of
the nanoparticles caused a pseudo-solid behavior in the
nanocomposite. Moreover, y crystals were observable
in the samples with 1 % and 3 % nanoparticles. The
nanoclay also reduced MW and viscosity and increased
D and the residual monomers in the nanocomposite
samples.

Test results showed that the nanoparticles were
exfoliated in the sample containing 0.5 % nanoclay
and were intercalated in the samples with 1 and 3 %
nanoclay. Furthermore, the nanocomposites showed a
pseudo-solid behavior because of the reinforcing effect
of the nanoparticles. PA6 microfibrils were dispersed
individually in the bulk of the pure sample, but clusters
of PA6 microfibrils, whose growth started from the
nanoclay surfaces, were formed in the nanocomposites.
It should be noted that the formation of the clay-centered
clusters of PA6 microfibrils in the matrix during in-situ
AROP had not been reported before.
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