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stalline MMT–MCA in polyamide 6

Min Zhao,a Deqi Yi,*a Giovanni Camino,b Alberto Fracheb and Rongjie Yanga

Polyamide 6 (PA6) was flame retarded by using interdigitated crystalline montmorillonite–melamine

cyanurate (MMT–MCA). Its morphologies were assessed by using X-ray diffraction (XRD), transmission

electron microscopy (TEM) and scanning electron microscopy (SEM), thermal stability by thermo-

gravimetric analysis (TGA), fire retardancy by limiting oxygen index (LOI), vertical burning testing (UL-94),

and cone calorimeter (CONE) tests and mechanical properties by stress strain tests. The results indicated

that the interdigitated crystalline MMT–MCA was homogeneously nano-dispersed as MMT and MCA in

PA6 due to a p–p stacking exfoliation mechanism. Compared with PA6/MCA and PA6/OMMT/MCA,

PA6/MMT–MCA shows enhanced thermal stability and fire retardancy. With 8 wt% total loading of MMT–

MCA, the sample of PA6/MMT–MCA reached UL-94 V-0 rating (3.2 mm). The MMT–MCA can also

enhance the mechanical properties of PA6.
1. Introduction

Polymer/clay nanocomposites (PCNs)1–6 have attracted great
academic and industrial interest over recent decades due to
enhanced mechanical7,8 and gas barrier properties,9,10 and re
retardancy,11,12 at low particle loadings and simple polymer
recycling.13 The properties are all quite dependent on the
dispersion. If the clay is not dispersed at the nanometer level,
the enhanced properties that are usually observed are not seen.
As to clays, montmorillonite (MMT) is the most conveniently
used one,14–16 which belongs to the family of 2 : 1 phyllosili-
cates. Its crystal structure consists of stacked layers made of two
silica tetrahedrons fused to an edge-shared octahedral sheet of
alumina. The layer thickness is �0.98 nm and the lateral
dimensions may vary from 300 nm to several microns, giving an
aspect ratio greater than 1000. The adjacent layers are separated
by a regular van der Waals gap, which is referred to as interlayer
or gallery. Isomorphic substitution within the layers generates
negative charges that are normally counterbalanced by sodium
or calcium ions. The use of clays as such, greatly limits the class
of miscible polymers only to hydrophilic ones, e.g. poly(ethylene
oxide) and poly(vinyl alcohol). To overcome this restriction the
silicate surface is modied by exchanging the inorganic cations
initially present in the interlayer space, with organic cationic
surfactants, mainly different kinds of “onium” salts.17–19

Sometimes, electroneutral organic molecules can also be used
for the organic modication. The principal rule for the
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modication is that the long aliphatic tails of organic modiers
make the interlayer space organophilic and can give a larger
interlayer spacing.20,21

At present, there are principally four experimentally estab-
lished strategies for fabricating PCNs. (1) intercalation of poly-
mer from solution; (2) in situ intercalative polymerization; (3)
template synthesis; (4) melt intercalation. This last, is the
simplest and most economically favorable method for indus-
trial applications in the light of costs reduction. But the
dispersion of clay is still limited by using the melt blending
approach. The dispersing ability still remains challenging.

We have found that by using melamine cyanurate (MCA) as
electroneutral organophilic intercalated guest, MMT dispersion
in polyamide 6 is strongly improved. Melamine cyanurate is
a crystalline complex which is much similar to graphite.22 Both
MCA and graphite contain an atom thick 2D sheet stacked via
additional weak quadrupole/quadrupole interaction,23,24 which
is called p–p stacking.25–27 This weak interaction allows for
layers sliding so that graphite is used as a lubricant and gra-
phene can be separated from graphite using tip stick exfolia-
tion.28,29 At variance with graphene, the MCA single layer is
formed by 1 : 1 melamine and cyanuric acid molecules self-
assembling by inter molecular hydrogen bonds30,31 and there
are also relatively weak van der Waals interactions between
neighboring molecules, which makes the p–p MCA interlayer
interaction weaker than in graphene. MCA which has higher
thermal stability and lower toxicity compared with MA and CA,
is an important nitrogen-containing re retardant,32 widely
used for example in polyamide,33,34 and polyurethanes.35

In our previous work,36 a novel intercalated nanocomposite
was synthesized, by inserting the electroneutral MCA atom
thick sheets within the MMT galleries by p–p stacking mecha-
nism, producing an interdigitated crystalline structure, named
MMT–MCA. Two types of interdigitated structures were
RSC Adv., 2017, 7, 861–869 | 861
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Table 1 Formulations of PA6/MMT–MCA nanocomposites

Samples
PA6
(wt%)

MMT–MCA
(wt%)

OMMT
(wt%)

MCA
(wt%)

PA6 100 0 0 0
PA6/MCA 92 0 0 8
PA6/MMT–MCAa 92 8 0 0
PA6/OMMT/MCA 92 0 1.6 6.4

a In MMT–MCA, the weight ratio of MCA is 80%.
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prepared: a well-ordered one to one MMT–MCA alternated
structure with one layer MCA in between two MMT layers and
another with multiple MCA layers insertion between two MMT
layers with controllable MCA layers thickness to over 100 nm.

In this work, a novel nano-material is prepared by melt-
blending MMT–MCA and polyamide 6 to make nano-
composites. Their morphologies, MMT layers dispersion,
thermal properties and ammability are investigated and
compared with materials obtained by MCA and organically
modied MMT (OMMT) melt blending. Due to the novel p–p
stacking exfoliation mechanism, MMT–MCA shows excellent
MMT inorganic layers dispersion in the PA6 matrix enhancing
its properties and re retardancy.
2. Experimental section
2.1 Materials

The interdigitated crystalline Montmorillonite–melamine cya-
nurate (MMT–MCA) nano-material was synthesized in our
laboratory, by the method published in previous work.36 Poly-
amide 6 (PA6, B30S) with a melting point of 224 �C and a melt
ow index of 110 g/10 min (260 �C/5 kg) was obtained from
Bayer AG. Organic montmorillonite (OMMT, I.24TL) with a d001
spacing of 1.65 nm was purchased from Nanocor Inc. Melamine
cyanurate (MCA) was received from Sichuan Fine Chemistry
Institute, China. All the chemicals were used as received
without any further purication. The simulated structure of
MMT–MCA is shown in Scheme 1.
2.2 Preparation of PA6/MMT–MCA nanocomposites

PA6/MMT–MCA nanocomposites were prepared by melt
blending and extrusion in a twin-screw extruder (SHJ-20) with
a screw length/diameter ratio of 20, according to the formula-
tions in Table 1. The temperatures of the sections were 230, 233,
235, 237, 235 and 230 �C. The test specimens were prepared by
using an injection molding machine (HTF80X1) at
Scheme 1 The simulated interdigitated crystalline structure of MMT–MC

862 | RSC Adv., 2017, 7, 861–869
a temperature of 230–240 �C. All of the additives and PA6 were
fed at the same time aer uniformly mixing.
2.3 Characterization

The XRD patterns were obtained using a Rigaku Miniex II
desktop X-ray diffractometer with a Cu (Ka) source, l ¼ 1.54078
Å. The samples were scanned in the 2q range of 2–10� with step
size of 0.02� and scanning rate of 2� min�1.

The morphologies of the PA6 samples were characterized by
transmission electron microscope (TEM, JEM-2100) on cryo-
genic microtomed samples using a Leica EM FC7. The cryo-
fractured sections of liquid nitrogen frozen PA6 specimens
and char residues obtained from cone calorimeter tests were
examined with Hitachi ultra-high resolution S4800 eld emis-
sion scanning electron microscope (SEM).

Thermo-gravimetric analysis (TGA) was performed on
a Netzsch 209 F1 thermal analyzer under a 50 mL min�1

nitrogen owing atmosphere at a heating rate of 10 �C min�1

from 40 to 800 �C.
The limiting oxygen index (LOI) value was measured by using

an FTA II oxygen index meter (Rheometric Scientic Ltd., U.K.)
with specimen dimensions of 130.0 � 6.5 � 3.0 mm3 according
to ASTM D 2863-97.

The UL 94 vertical burning test was conducted on a CZF-5A-
type instrument (Jiangning Analysis Instrument Company,
A.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD traces of the PA6 samples and OMMT
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China) with specimen dimensions of 130.0 � 13.0 � 3.0 mm3

according to the America National UL-94 test ASTM D 3801.
The cone calorimeter (CONE) experiments were performed

on a re testing technology apparatus (FTT) with specimen
dimensions of 100.0 � 100.0 � 3.0 mm3 at a heat ux of 50 kW
m�2 according to ASTM E 1354-10. The specimens were
measured horizontally without any grids. All the samples were
tested in triplicate. The cone results are reproducible to within
about �10%.
Fig. 2 TEM images of PA6/MMT–MCA (a) and PA6/OMMT/MCA (b).

Fig. 3 SEM micrographs of the brittle fracture surface of PA6/MCA (a), P

This journal is © The Royal Society of Chemistry 2017
The mechanical properties were conducted at room
temperature of 25 �C � 2 �C on a universal testing machine
(CMT-410 4, MTS Systems (China) Co., Ltd.) with a cross-head
speed of 50 mm min�1 following the ASTM D 412 standard.
The tensile strength, elongation at break and Young's modulus
were evaluated.

3. Results and discussion
3.1 Morphologies of PA6/MMT–MCA nanocomposites

Fig. 1 shows the XRD traces of PA6 samples with 8% of
previously-synthesized MMT–MCA (PA6/MMT–MCA) or MCA
8% (PA6/MCA) or OMMT 1.6% + MCA 6.4%, (PA6/OMMT/MCA)
and OMMT.

The XRD trace of PA6/MMT–MCA shows no peaks between 2
and 10�, indicating that MMT is exfoliated in PA6 matrix. The
XRD trace of PA6/OMMT/MCA shows a broadened peak at about
3.15 nm interlayer distance with 2q value around 2.78�, while for
OMMT the peak is at 1.65 nm with 2q value around 5.34�

pointing at a strongly disordered structure of MMT layers.
Further evidence for dispersion of clay can be observed in the

TEM images. Fig. 2a displays a TEM image of PA6/MMT–MCA
and shows exfoliated silicate layers due to p–p stacking exfoli-
ation mechanism. The TEM image for PA6/OMMT/MCA
(Fig. 2b) conrmed that a mixed morphology has formed in
PA6 matrix, where most of the silicate layers were exfoliated
except few clusters of black lines, which reveal the presence of
some intercalated stacks of MMT lamellas. Thus, PA6/OMMT/
A6/MMT–MCA (b) and PA6/OMMT/MCA (c).

RSC Adv., 2017, 7, 861–869 | 863
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Fig. 4 TGA curves of PA6 samples in the nitrogen atmosphere.

Table 2 T5%, Tmax1, Tmax2, and residues of PA6 samples

Samples T5%/�C Tmax1/�C Tmax2/�C
Residues at
800 �C

PA6 392 450 — 0.02
PA6/MCA 312 318 400 6.03
PA6/MMT–MCA 323 326 450 3.26
PA6/OMMT/MCA 318 320 430 1.62
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MCA can be described as a mixed intercalated-exfoliated
structure.

No peak was found in PA6/MCA in the XRD trace between 2
and 10�. Since MCA is a hydrogen bonding based complex and
susceptible to TEM electrons impact, it's also hard to obtain
TEM images of MCA in PA6. Then we did the SEM test for brittle
fracture surface in the following results to see the distribution
of MCA in PA6 matrix.

In order to investigate the effect of interdigitated crystalline
MMT–MCA on the compatibility in the PA6 matrix, the micro-
structure of the brittle fracture surface of PA6 samples was
observed by SEM. As shown in Fig. 3, the micrographs were
taken at 5000� magnication to represent the general surface
of the fracture section.

In both PA6/OMMT/MCA and PA6/MCA, MCA is uniformly
dispersed in PA6 matrix as bers with a length of 5–10 mm and
nano thick. Whereas, PA6/MMT–MCA shows a uniform struc-
ture in which MCA needles are absent owing to a molecular
Table 3 The LOI and UL-94 tests results of PA6 samples

Samples LOI (%) UL-94 (3.2 mm) t1
a (s)

PA6 23.5 NA >30
PA6/MMT–MCA 25.1 V-0 2.1
PA6/MCA 24.6 V-2 6.5
PA6/OMMT/MCA 22.2 V-2 9.7

a Aerame time aer rst ignition. b Aerame time aer second igniti

864 | RSC Adv., 2017, 7, 861–869
dispersion favoured by the molecular interaction with exfoli-
ated MMT layers. Clearly, the introduction of MMT–MCA leads
to a large interfacial contact between MMT–MCA and PA6
matrix.
3.2 Thermal stability

To study the inuence of interdigitated crystalline MMT–MCA
on the thermal degradation behavior of PA6, TGA was carried
out. Fig. 4 gives the TGA curves of the PA6 samples in a nitrogen
atmosphere. The mass loss at 5 wt% degradation (T5%), taken as
the onset temperature of the degradation, maximum mass loss
rate temperature (Tmax1 and Tmax2) obtained from the DTG
curves, and the fraction of the residues remaining at 800 �C,
char, are listed in Table 2.

As revealed in Fig. 4 and Table 2, PA6 exhibits one step
degradation process, its T5% is 392 �C, and Tmax is 450 �C. The
thermal degradation processes of PA6/MCA, PA6/MMT–MCA
and PA6/OMMT/MCA show two stages. The rst stage occurs
between 300 and 350 �C. The second stage occurs between 350
and 500 �C with a rapid mass loss. Compared with PA6, PA6/
MCA has the lowest onset temperature (T5%) at 312 �C and
Tmax2 at 400 �C owing to accelerated thermal degradation of PA
by interaction between PA6 and melamine and cyanuric acid
from MCA thermal degradation.37 PA6/MMT–MCA and PA6/
OMMT/MCA have onset temperature at about 323 �C and
318 �C, which is higher than PA6/MCA by 12 �C and 6 �C,
respectively, probably owing to inhibited interaction between
PA6 and MCA in presence of MMT.37

Compared with PA6/MCA, Tmax2 of PA6/MMT–MCA and PA6/
OMMT/MCA are signicantly increased about 50 �C and 30 �C,
respectively. It is clear that the combination of MMT can result
in better barrier properties of the nanocomposites and thus
responsible for the enhanced thermal stability than PA6/MCA.
The residue of PA6/MMT–MCA is decreased from 6.03% in
PA6/MCA to 3.26%, the PA6/OMMT/MCA has the lowest residue
at 1.62%. The above results indicate that the thermal stability of
PA6 samples can be signicantly differentiated with the
dispersion of clay or without clay. While, compared with PA6/
MCA and PA6/OMMT/MCA, PA6/MMT–MCA shows enhanced
thermal stability.
3.3 Flame retardancy of PA6 samples

LOI and UL-94 are most useful bench scale tests to evaluate the
ame retardancy of materials. The results of PA6 samples are
t2
b (s) Flame to clamp Dripping Cotton ignition

>30 Yes Yes Yes
2.0 No No No
3.5 No Yes Yes
2.3 No Yes Yes

on.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Heat release rate (HRR) curves of PA6 samples.

Fig. 5 Digital photos of the residues of PA6 samples after UL-94 test:
PA6/MMT–MCA (a); PA6/MCA (b); PA6/OMMT/MCA (c).
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summarized in Table 3 and their digital photos during the UL-
94 test are shown in Fig. 5.

The LOI of PA6, PA6/MCA, PA6/MMT–MCA and PA6/OMMT/
MCA are 23.5%, 24.6%, 25.1% and 22.2%, respectively.
Compared with PA6, both PA6/MMT–MCA and PA6/MCA
slightly increased, and PA6/MMT–MCA has the highest LOI
value. While the LOI value of PA6/OMMT/MCA decreased to
22.2%.

To pass UL-94 vertical test, aerame time and ammable
dripping should be controlled. MCA is one useful ame
Table 4 Cone calorimetry data of PA6 samples

Samples TTI (s) PHRR (kW m�2)

PA6 74.8 � 6.5 1021.8 � 40.1
PA6/MMT–MCA 74.5 � 2.5 844.4 � 39.4
PA6/MCA 60.6 � 0.9 943.2 � 33.6
PA6/OMMT/MCA 63.3 � 1.2 711.8 � 23.9

This journal is © The Royal Society of Chemistry 2017
retardant for PA6, but usually over 10% loading of MCA is
necessary to help PA6 pass UL-94 test V-0 rating. In here, all PA6
samples have the same total loading at 8 wt%. The PA6/MCA
and PA6/OMMT/MCA samples can only pass V-2 rating due to
excessive aerame time and dripping. Aerame time of PA6/
MMT–MCA is signicantly decreased and no dripping was
observed during the test, indicating PA6/MMT–MCA reached
UL-94 V-0 rating (3.2 mm).

From the results of the LOI and UL-94 tests, it is clear that
MMT–MCA shows outstanding re retardancy in PA6 due to
optimised nano-dispersion, which provides barrier, increases
the viscosity of the melting PA6 and suppresses dripping.

3.4 Cone calorimetric studies

Cone calorimetry is one of the most effective bench-scale
approaches to evaluate the combustion behaviour of mate-
rials. The main parameters obtained by the cone calorimetry
test are: time to ignition (TTI); heat release rate (HRR), and
especially its peak value (PHRR); total heat released (THR); total
smoke release (TSR). Heat release rate (HRR) curves are pre-
sented in Fig. 6 and all of cone calorimetric data for PA6
samples are collected in Table 4.

In cone calorimeter, the ignition occurs when an ignitable
mixture of air and combustible gases arising from the thermal
degradation of the samples has been formed. It seems, there-
fore, that in the rst stages of combustion, the earlier mass loss
shown by nanocomposite in TGA, compared to PA6, lowers
ignition time and gives a higher initial HRR compared with the
neat polymer. This behavior is quite typical for nanocomposites
and it is usually ascribed to the release of volatiles evolved by
the decomposition of clay surfactant. In here, both PA6/MCA
and PA6/OMMT/MCA show decreased TTI compared with neat
PA6. While PA6/MMT–MCA shows same TTI with neat PA6,
which is one further proof for ignition behavior.

The HRR curve for neat PA6 exhibits a sharp peak, which
may be attributed to the rapid destruction of formed char by
the external radiation, indicating that PA6 burns ercely
during combustion. The remaining PA6 matrix continued
burning, and resulting in a relatively high HRR value (1021.8
kW m�2) which is reduced by 7.7% by 8 wt% MCA addition.
Compared with neat PA6, in PA6 nanocomposites, the PHRR
of PA6 nanocomposites is decreased. The reduction of PHRR
of PA6/MMT–MCA and PA6/OMMT/MCA is 17.4% and 30.3%,
respectively. While the TSR of PA6/MMT–MCA and PA6/
OMMT/MCA are also decreased. And PA6/OMMT/MCA has
the lowest TSR value. As a result of these observation, MMT
could function as barriers and has excellent smoke
Reduction of PHRR (%) THR (MJ m�2) TSR (m2 s�1)

— 127.6 � 1.2 867.7 � 20.1
17.4 126.5 � 0.4 737.9 � 3.6
7.7 122.2 � 2.0 894.0 � 46.2
30.3 122.9 � 0.8 454.3 � 20.6

RSC Adv., 2017, 7, 861–869 | 865

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26084e


Fig. 7 Photographs of char residues for PA6 samples after cone
calorimetry test: PA6 (a); PA6/MCA (b); PA6/MMT–MCA (c); and PA6/
OMMT/MCA (d).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 4

:4
6:

28
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
suppression ability in the nanocomposites and thus lead to
satisfactory performance. The presence of MMT does not
affect the THR values too much. The THR values are relatively
constant for all the PA6 samples.
Fig. 8 SEM images of char residues for PA6 samples after cone calorime
PA6/MMT–MCA (b), PA6/MCA (c), and PA6/OMMT/MCA (d).

866 | RSC Adv., 2017, 7, 861–869
3.5 Char structure

The char photographs of PA6 samples aer cone calorimetry
test are as shown in Fig. 7. All four PA6 samples did not show
too much char residue. Scarce char is found with PA6, PA6/MCA
shows thin char lms, PA6/MMT–MCA shows a homogeneously
distribution char structure, while PA6/OMMT/MCA has sepa-
rated island char structure.

Further char structure information were observed using SEM
as shown in Fig. 8. The char of PA6/MCA is a very thin and
transparent lm due to the char formation between interaction
between PA6 and MCA. PA6/OMMT/MCA shows a cheese like
char structure with smooth tube wall. The char of PA6/MMT–
MCA can be clearly separated into surface and interior: the
surface char is a well-covered char lm (Fig. 8a), which can
perform barrier properties. While the interior char is a porous
structure with circle layered rough microchannels (Fig. 8b),
which probably undergo a procedure as shown in Fig. 9. The
well-covered char lm inhibits gas diffusion. Taking one
bubble's movement into account, MMT and cross-linking char
formation between PA6 and MCA increase melt viscosity,37–39

which decrease migration rate of gas bubble from inner to
surface. The continuously generated gas increases the pressure
and size of bubble. With the bubble moving to surface, a circle
layered rough microchannel form. Rovenskaya's research
points out that the rough microchannel can remarkable
decrease gas ow rate.40 Therefore, well-covered char lm and
rough microchannel reduce diffusion and migration of ame
gas, which leads to a prolonged time to ignition and modied
try tests: exterior surface of PA6/MMT–MCA (a); and interior surface of

This journal is © The Royal Society of Chemistry 2017
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Table 5 Mechanical properties of PA6 samples

Samples
Tensile strength
(MPa)

Elongation at
break (%)

Young's modulus
(MPa)

PA6 64.8 � 0.7 49.6 � 7.4 1387.4 � 329.3
PA6/MCA 50.9 � 0.5 20.6 � 3.1 424.5 � 75.9
PA6/MMT–MCA 71.0 � 0.5 22.4 � 2.8 295.5 � 37.2
PA6/OMMT/MCA 62.5 � 0.2 14.4 � 2.0 263.8 � 32.9

Fig. 9 Scheme of rough microchannel formation procedure.
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ame ability of PA6/MMT–MCA. While the porous char struc-
ture can limit movement of polymer chains, which leads
increased melt viscosity of PA6 to play anti-dripping function.

3.6 Mechanical properties

The mechanical properties of the PA6 samples are listed in
Table 5. The tensile strength, elongation at break and Young's
modulus of pure PA6 are 64.8 MPa, 49.6% and 1387.4 MPa,
respectively. Owing to homogeneous nano-dispersion of MMT–
MCA in PA6, PA6/MMT–MCA shows the highest tensile strength
at 71.0 MPa, which is 10% higher than pure PA6. In the addition
of MCA, or OMMT and MCA, the tensile strength is decreased
compared with pure PA6. PA6/MCA has the lowest tensile
strength at 50.9 MPa due to the poor compatibility between PA6
and MCA. Compared with PA6, PA6/MCA, PA6/MMT–MCA and
PA6/OMMT/MCA show a signicant decrease in elongation at
break and Young's modulus. Usually, polymer/clay nano-
composites can increase Young's modulus due to the uniformly
dispersed silicate layers.41 So the PA6 samples show a decreased
Young's modulus can be addressed to MCA.

4. Conclusions

In this work, a novel interdigitated crystalline MMT–MCA was
incorporated into PA6 matrix. The presence of MMT–MCA
improved the dual homogeneous dispersion in PA6 of MMT
layers andMCAmolecules owing to p–p stackingmechanism of
MCA in between two MMT layers. This mutual assistance in
nanodispersion shows an increased contribution of MMT and
MCA to PA6 re retardance as compared to separate addition of
MCA or OMMT and MCA. Indeed, MMT–MCA shows
This journal is © The Royal Society of Chemistry 2017
outstanding re retardancy and prolonged TTI in PA6, which
can help PA6 reach UL-94 V-0 rating (3.2 mm) with only 8 wt%
loading of MMT–MCA due to nano-dispersion in PA6 and
effective barrier and charring properties. Studies on the residual
char show that a complete and well-covered char was formed,
which protected the underlying polymer from further combus-
tion during burning. The PA6/MMT–MCA also shows enhanced
mechanical properties.
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