
Polyamide 6/maleated Ethylene–propylene–diene
Rubber/organoclay Composites with or Without
glycidyl Methacrylate as a Compatibilizer

Lingyan Zhang, Chaoying Wan, Yong Zhang

State Key Laboratory of Metal Matrix Composites, School of Chemistry and Chemical Technology,
Shanghai Jiao Tong University, Shanghai 200240, China

Received 26 January 2008; accepted 23 May 2008
DOI 10.1002/app.28768
Published online 30 July 2008 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Polyamide 6 (PA6)/maleated ethylene–pro-
pylene–diene rubber (EPDM-g-MA)/organoclay (OMMT)
composites were melt-compounded through two blending
sequences. Glycidyl methacrylate (GMA) was used as a
compatibilizer for the ternary composites. The composite
prepared through via the premixing of PA6 with OMMT
and then further melt blending with EPDM-g-MA exhibited
higher impact strength than the composite prepared
through the simultaneous blending of all the components.
However, satisfactorily balanced mechanical properties
could be achieved by the addition of GMA through a one-
step blending sequence. The addition of GMA improved the
compatibility between PA6 and EPDM-g-MA, and this was

due to the reactions between PA6, EPDM-g-MA, and GMA,
as proved by Fourier transform infrared analysis and solu-
bility (Molau) testing. In addition, OMMT acted as a compa-
tibilizer for PA6/EPDM-g-MA blends at low contents, but it
weakened the interfacial interactions between PA6 and
EPDM-g-MA at high contents. Both OMMT and GMA re-
tarded the crystallization of PA6. The complex viscosity,
storage modulus, and loss modulus of the composites were
obviously affected by the addition of OMMT and GMA.
VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110: 1870–1879, 2008
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INTRODUCTION

The toughening of polyamides (PAs) can be
achieved through melt blending with functionalized
elastomers.1–4 Both the dispersed phase size and
interparticle distance play important roles in govern-
ing the level of toughening. It has been reported that
the rubber particle size should be controlled in the
range of 0.1–1 lm and that the interparticle distance
should be below the critical interparticle distance to
attain supertough PA materials.1,2 However, incor-
porating a low-modulus elastomer into PA usually
leads to a reduction of the stiffness and strength. To
prepare high-performance PA composites, a combi-
nation of elastomers and inorganic fillers (e.g., nano-
clay) to modify PA has attracted significant
academic and industrial interest.5–16

Recently, many research groups have reported
that PA/maleated elastomer/organoclay (OMMT)
composites display satisfactorily balanced mechani-
cal properties.8–16 For example, a polyamide 6

(PA6)/maleated styrene–ethylene–butylene–styrene
(SEBS-g-MA; 70/30) blend with 3 wt % OMMT
exhibited supertough behavior along with a 44%
increase in the modulus in comparison with a PA6/
SEBS-g-MA (70/30) blend.14 Furthermore, the tough-
ness of PA/maleated elastomer/OMMT composites
is significantly influenced by the blending sequen-
ces.8,10,13 Blending an elastomer with a premixed
PA6/OMMT nanocomposite can lead to a higher
notched impact strength than the other two blending
methods, that is, blending an elastomer, PA, and
OMMT simultaneously and blending a PA/maleated
elastomer blend with OMMT; this is because the
sequence favors the maximum amount of OMMT in
the PA matrix in comparison with other blending
sequences.8,10,13 However, this two-step blending
sequence (N2) costs more and is time-consuming
from the point of view of industry. Therefore, it is
necessary to develop a new method to produce
high-performance PA/elastomer/OMMT ternary
composites by a one-step blending sequence (N1).
For PA/maleated elastomer blends, the maleic an-

hydride group can readily react with the amine end
group of PA to form a grafted copolymer that
strengthens the interfacial adhesion between the two
phases, leading to a supertough material.1–4 More-
over, the toughness of such blends can be further
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enhanced by the addition of functional monomers or
polymers. For example, a multifunctional epoxy
compound was added to PA6/maleated poly(ethylene
octene) elastomer blends, and the notched impact
strength significantly increased because of the coupling
action of the epoxy compound.17 Hyperbranched poly-
mer-grafted maleated polypropylene was used to
increase the elongation at break of PP/PA6 blends
because of the improvement of the interfacial adhesion
between PA6 and maleated polypropylene.18

The incorporation of OMMT into PA/maleated
elastomer blends resulted in a significant reduction
of the toughness, which was attributed to the poor
interfacial adhesion and the blockage of the overlap-
ping stress volume of the functionalized elastomer
to a large extent in the presence of OMMT.8–11,14–16

The improvement of the interfacial adhesion
between PA6 and the elastomer could compensate
for the toughness loss. The goal of this work was to
propose an economical one-step blending approach
to balancing the mechanical properties of PA6/func-
tionalized elastomer/OMMT composites through the
use of glycidyl methacrylate (GMA) as an interfacial
modifier. The effects of OMMT and GMA on the
mechanical properties, phase morphology, crystalli-
zation, and rheological behavior of PA6/maleated
ethylene–propylene–diene copolymer (EPDM-g-MA)/
OMMT composites were investigated.

EXPERIMENTAL

Materials

PA6 (8202NL) was produced and kindly supplied by
Honeywell Co. (Morristown, NJ). EPDM-g-MA
(CMG9802) with a 0.8% MA concentration was pur-
chased from Shanghai Sunny New Technology De-
velopment Co. (Shanghai, China). OMMT (Nanomer
I.30TC) was a commercial product from Nanocor,
Inc. (Arlington Heights, IL). GMA was an industrial-
grade product.

Specimen preparation

Before extrusion, PA6 and OMMT were dried in a
vacuum oven at 808C for 24 h, and EPDM-g-MA was
vacuum-dried for 4 h at 608C. All composites were
prepared in a Berstoff corotating twin-screw extruder
type ZE25, Berstoff Corp., Hanover, Germany,
length/diameter ratio ¼ 41, screw diameter ¼ 25 mm.
The barrel temperatures were kept at 220–2408C. The
screw speed was fixed at 280 rpm. The extruded rods
were cooled in a water bath, pelletized, and dried in
an air oven at 808C for 24 h. Injection molding was
carried out in a plastic injection-molding machine
(HTB110X/1, Ningbo Haitian Co., Jiangsu Province,
China) to obtain tensile (thickness ¼ 3.2 mm), flexural

(thickness ¼ 3.2 mm), and impact (thickness ¼ 3.2
mm) specimens. Most PA6/EPDM-g-MA/OMMT ter-
nary composites were prepared by N1, which means
that PA6, EPDM-g-MA, OMMT, and GMA were
blended simultaneously. The weight ratio of PA6 to
EPDM-g-MA was kept at 80/20. The OMMT content
was 1 or 4 phr, and the GMA content was 0 or 1 phr.
phr, which is the abbreviation of parts per hundred
parts of resin, means the weight percentage of the fil-
ler with respect to 100 units by weight of the polymer
matrix; for example, in this study, the weight ratio for
PA6/EPDM-g-MA/OMMT/GMA (4 phr OMMT and
1 phr GMA) was 80/20/4/1. In N2, PA6 was blended
with OMMT (4 phr) initially, and then the composite
was mixed with EPDM-g-MA. For comparison, pure
PA6, PA6/OMMT (80/4), PA6/EPDM-g-MA (80/20),
PA6/ethylene–propylene–diene rubber (EPDM)/GMA
(80/20/1), and PA6/GMA (80/1) were prepared
under the same melt-processing condition used for
the ternary composites.

Characterization and testing

Tensile properties and flexural properties were meas-
ured with an Instron model 4465 apparatus (Instron
Co., Canton, MA) according to ASTM D 638 and
ASTM D 790, respectively. The notched Izod impact
strength was determined with a V-shape notch on a
Ray-Ran universal pendulum impact tester (Ray-Ran
Test Equipment Ltd., Nuneaton, UK) according to
ASTM D 256. An average value of five repeated tests
was taken for each composition. Standard deviations
were less than 2% for the yield strength, 20% for the
elongation at break, 5% for the flexural modulus, 2%
for the flexural strength, and 10% for the notched
impact strength.
The fracture surfaces of the samples were

observed by means of field emission scanning elec-
tron microscopy (FESEM; JSM-7401F, JEOL Ltd.,
Tokyo, Japan). Images were taken from cryogenically
fractured surfaces of specimens. The fractured surfa-
ces were etched with boiling toluene at the ambient
temperature for 1 h to remove the elastomer phase
and then coated with gold for observation. The pho-
tomicrographs of FESEM were analyzed with an
image analyzer to determine the size of the dis-
persed phase. A minimum of 200 dispersed particles
were considered on each fractograph to identify the
size distribution. Weight-average rubber particle size
(dw) values were calculated from the distribution of
sizes with the following equation:

�dw ¼
X

nid
2
i

.X
nidi

where ni is the number of particles with diameter di.
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A Molau test was conducted through the mixing
of about 0.4 g of a sample with 10 mL of formic acid
in a test tube.19 The mixture was vigorously shaken
and left alone for 30 days.

The Fourier transform infrared (FTIR) analysis
was conducted on a PerkinElmer Paragon 1000 FTIR
spectrometer (Perkin Elmer Inc., Wellesley, MA) in
the scanning range of 4400–400 cm�1 with a resolu-
tion of 4 cm�1. The insoluble component of the
PA6/EPDM-g-MA/OMMT/GMA (80/20/4/1) com-
posite after the Molau tests was filtered and
washed several times with fresh formic acid and
distilled water and then was dried overnight in a
vacuum oven at 808C. The dried sample was
pressed into a thin film for testing.

The dynamic mechanical properties were meas-
ured with a rheometer (DMA 242C, Netzsch Inc.,
Bavaria, Germany) in a cantilever mode at a fre-
quency of 1 Hz with a dynamic strain of 0.01% over
a temperature range of �90 to 1008C at a heating
rate of 38C/min.

The PA6 crystal forms of the composites were
characterized with a Rigaku (Tokyo, Japan) model
D/max-2B diffraction meter. The X-ray beam was
nickel-filtered Cu Ka (k ¼ 0.154 nm) radiation and
was operated at 40 kV and 30 mA. Data were
obtained from 1.1 to 358 (2y) at a scanning rate of
48/min.

The thermal properties of the samples were meas-
ured with a PerkinElmer differential scanning calo-
rimeter. All tests were performed in a nitrogen
atmosphere with a sample weight of about 6 mg. All
samples were first heated from room temperature to
2808C at 208C/min and kept there for 3 min to elimi-
nate the previous thermal history. The specimen was
subsequently cooled to 258C at a cooling rate of
108C/min and then heated again to 2808C at 108C/
min. The melting temperature (Tm) and melting en-
thalpy were determined in the second heating scan
from the maximum temperature and the peak area,
respectively. The crystallization temperature (Tc)
was measured in the cooling scan. The crystallinity

of PA6 was calculated under the assumption of a
melting heat of 190.6 J/g for 100% crystalline PA6.20

Rotational rheological measurements were carried
out in an oscillatory mode on a rheometer (Gemini
200 rheometer, Bohlin Co., Worcestershire, UK)
equipped with a parallel-plate geometry using 25-
mm-diameter plates at 2408C and a frequency range
of 0.01–100 rad�s�1. The samples were 2.0 mm thick.
The elastic modulus (G0), viscous modulus (G00),
complex viscosity (g*), and ratio of the viscous force
to the elastic force [or loss factor (tan d)] were meas-
ured in the frequency sweep experiments.

RESULTS AND DISCUSSION

Mechanical properties

Table I shows the mechanical properties of PA6/
EPDM-g-MA/OMMT composites, with or without
GMA, prepared by two different blending sequences
(N1 and N2). The PA6/EPDM-g-MA/OMMT ter-
nary composites prepared by N1 had mechanical
properties balanced between those of PA6 and PA6/
EPDM-g-MA blends. The yield strength, flexural
strength, and flexural modulus of the ternary com-
posites (N1) obviously increased with increasing
OMMT content, but the impact strength and elonga-
tion at break decreased dramatically. The ternary
composites prepared via different methods (N1 and
N2) showed a great difference in the notched impact
strength, even for the same formulation. The
notched impact strength of the one composite [80/
20/4 (N2)] was 135% higher than that of the other
composite [80/20/4 (N1)], and this means that the
impact strength was influenced by the blending
sequences. The ternary composite [80/20/4 (N2)]
was produced through the premixing of PA6 and
OMMT first and then melt blending with EPDM-g-
MA. Most OMMT layers were located in the PA6
matrix through this procedure.8,13–16 In comparison
with N2, the other composite [80/20/4 (N1)] was
prepared through the simultaneous melt blending of

TABLE I
Mechanical Properties of the PA6/EPDM-g-MA/OMMT Composites Prepared with Different Blending Sequences

Property GMA content (phr)

PA6/EPDM-g-MA/OMMT

100/0/0 80/20/0 80/20/1 (N1) 80/20/4 (N1) 80/20/4 (N2)

Notched impact strength (J/m) 0 45 709 422 232 545
1 581 406

Elongation at break (%) 0 32 101 112 13 12
1 170 23

Yield strength (MPa) 0 70.4 45.6 52.7 57.0 57.8
1 52.3 56.6

Flexural strength (MPa) 0 94.9 61.4 68.6 80.6 79.1
1 67.2 76.1

Flexural modulus (MPa) 0 2301 1502 1760 2126 2153
1 1682 2098

1872 ZHANG, WAN, AND ZHANG

Journal of Applied Polymer Science DOI 10.1002/app



all the components. The OMMT layers were dis-
persed in both phases.8 The presence of OMMT
in the EPDM-g-MA phase reduced its ability to
cavitate, and this finally resulted in reduced tough-
ening efficiency. Dasari et al.8 reported the same
phenomenon in polymide66/SEBS-g-MA/OMMT
composites.

For the ternary composites prepared via method
N1, the yield strength, flexural strength, and flexural
modulus just slightly decreased after the addition of
1 phr GMA, whereas the impact strength and elon-
gation at break were significantly enhanced, because
the chemical reactions between PA6, EPDM-g-MA,
and GMA could enhance the interfacial adhesion
between PA6 and EPDM-g-MA rubber. Compared
with the ternary composite prepared via N2, PA6/
EPDM-g-MA/OMMT/GMA (80/20/4/1) prepared
via N1 showed a higher elongation at break and
similar flexural properties and yield strength. Thus,
it is proposed that PA6/EPDM-g-MA/OMMT ter-
nary composites with satisfactorily balanced me-
chanical properties can be achieved by N1 in the
presence of GMA.

Morphology

The morphology of the ternary composites was char-
acterized with FESEM, as shown in Figure 1. The
holes and knobs on the fracture surface of the PA6
matrix reflected the morphology of the dispersed
EPDM-g-MA phase. Figure 1(a–c) shows the mor-
phology of the fracture surfaces of ternary compo-
sites with different OMMT contents. The average
size (dw) of the dispersed EPDM-g-MA phase
decreased from 0.23 to 0.21 lm after the addition of
1 phr OMMT (Table II) but increased to 0.24 lm
with the addition of 4 phr OMMT. OMMT can
enhance the compatibility of polymers because of
the formation of in situ grafts21 and can act as a bar-
rier to prevent dispersed phase coalescence,22 so the
rubber particle size decreased at low clay loadings.
With increasing OMMT content, OMMT weakened
the interfacial adhesion between PA6 and EPDM-g-
MA, leading to an increase in the rubber size and a
decrease in the impact strength of the composites.9

Figure 1(d–f) shows the morphology of the ternary
composites with the addition of 1 phr GMA. For
PA6/EPDM-g-MA (80/20), fewer holes were
observed on the fracture surfaces of the samples,
and the interfacial boundary between the rubber
phase and matrix became rougher with the addition
of GMA. For PA6/EPDM-g-MA/OMMT (80/20/4),
the addition of GMA reduced dw of the dispersed
EPDM-g-MA phase from 0.24 to 0.22 lm (Table II).
This indicates that GMA enhanced the interfacial ad-
hesion between PA6 and EPDM-g-MA and acted as
a compatibilizer in the composites.

Molau test and FTIR analysis

A Molau test was applied to confirm possible reac-
tions between PA6, EPDM-g-MA, and GMA. The
PA6/EPDM-g-MA (80/20) and PA6/EPDM-g-MA/
OMMT (80/20/4) composites with and without
GMA were extracted with formic acid, which is a
good solvent for PA6 but not for EPDM-g-MA rub-
ber. Figure 2 shows the results of the Molau test. A
milky and colloidal suspension was observed for the
PA6/EPDM-g-MA (80/20) composite, as shown in
Figure 2(a), which was attributed to the emulsifying
effect of the copolymer in situ formed during melt
processing.19 Figure 2(b) shows a milky suspension,
similar to that shown in Figure 2(a), which persisted
in the solution containing the PA6/EPDM-g-MA/
OMMT (80/20/4) composites, and the upper part of
the tube generated a few insoluble components. For
the GMA-modified PA6/EPDM-g-MA/OMMT com-
posite [see Figure 2(c)], phase separation was
observed. The bottom part of the tube in Figure 2(c)
presented a slightly milky solution, and the upper
part of the tube showed a suspension that was com-
posed of a large quantity of visible macroscopic par-
ticles insoluble in the formic acid. The insoluble
fraction of PA6/EPDM-g-MA/OMMT/GMA and
PA6/EPDM-g-MA/OMMT was probably due to the
formation of a crosslinking network between PA6,
EPDM-g-MA, and OMMT. Compared to PA6/
EPDM-g-MA/OMMT, PA6/EPDM-g-MA/OMMT/
GMA showed a much larger and more insoluble
fraction and lower turbidity of the formic acid sol-
vent, and this indicated that GMA could enhance
the formation of a semi-interpenetrating network
through the chemical reactions between PA6,
EPDM-g-MA, and GMA. This conjecture is sup-
ported by the following FTIR analysis.
The possible reactions between PA6, EPDM-g-MA,

and GMA were investigated by means of FTIR. Fig-
ure 3 shows the FTIR spectra of PA6, PA6/GMA,
and GMA. GMA showed an absorption peak at 908
cm�1 that was attributed to the epoxy group. After
the melt blending of GMA with PA6, this peak dis-
appeared, and this indicated that a chemical reaction
must have happened between GMA and PA6. The
FTIR spectrum of the insoluble fraction of PA6/
EPDM-g-MA/OMMT/GMA (80/20/4/1) in formic
acid is shown in Figure 4. The stretching vibration
peak of C¼¼O of maleic anhydride at 1780 cm�1 was
not observed, and this suggested that the carbonyl
groups of maleic anhydride of EPDM-g-MA reacted
with the functional group of PA6. The bands at 1082
and 1019 cm�1 were due to SiAO stretching of
OMMT,23 and this means that OMMT existed in the
insoluble fraction. Besides the characteristic absorp-
tion peaks of ACH2 and ACH3 at 1236, 1375, and
720 cm�1,24,25 the strong characteristic absorption
peaks of PA6 at 3287, 3093, 1645, and 1539 cm�1 also

PA6/EPDM-g-MA/OMMT COMPOSITES 1873

Journal of Applied Polymer Science DOI 10.1002/app



appeared.24,25 Hence, it is believed that the insoluble
fraction consisted of PA6, EPDM-g-MA, and OMMT.
Furthermore, the film used for FTIR testing was
placed in 10 mL of a toluene solution at the ambient
temperature and left alone for another 48 h. The film
sank in toluene but was not dissolved, and this dem-
onstrated that chemical reactions occurred between
PA6, EPDM-g-MA, and GMA and formed a cross-
linking network among all the components. A reac-
tion mechanism is proposed in Scheme 1.

Figure 1 FESEM micrographs of the PA6 composites prepared by method N1 with PA6/EPDM-g-MA/OMMT/GMA
compositions of (a) 80/20/0/0, (b) 80/20/1/0, (c) 80/20/4/0, (d) 80/20/0/1, (e) 80/20/1/1, and (f) 80/20/4/1.

TABLE II
Dimensions of the Rubber Particles in the PA6

Composites Expressed as a Function of the OMMT
Content (x) and GMA Content (y) in 80/20/x/y

Compositions of PA6/EPDM-g-MA/OMMT/GMA

x ¼ 0 x ¼ 1 x ¼ 4

dw (lm) y ¼ 0 0.23 0.21 0.24
y ¼ 1 0.23 0.22 0.22
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Scheme 1 shows a proposed mechanism for the
chemical reactions that occur in PA6/EPDM-g-MA/
OMMT/GMA composites during melt extrusion,
which is based on the morphology, FTIR, and Molau
test results discussed previously. The epoxy groups
of GMA can react with both the amine and carboxylic
acid groups of PA6, as shown in Scheme 1(a,b). The
resultant compound contains a secondary hydroxyl
group that can undergo further reactions. It can react
with the MA groups of EPDM-g-MA, leading to a co-
polymer located at the interface and enhancing inter-
facial adhesion between PA6 and EPDM-g-MA, as
shown in Scheme 1(c). The amine end groups of PA6
can also react with MA groups of EPDM-g-MA to
form a copolymer to promote the compatibility of the
two phases, as shown in Scheme 1(d).

Dynamic mechanical properties

To further investigate the role of GMA and OMMT,
the dynamic mechanical properties of PA6/EPDM-g-
MA/OMMT composites with and without GMA
were investigated. The storage modulus and tan d
were plotted versus the temperature and are shown
in Figure 5. The storage modulus significantly
increased after the incorporation of 4 phr OMMT,
especially in a high temperature range, and changed
slightly with the addition of 1 phr GMA. This is con-
sistent with the results for the mechanical properties
(see Table I). Figure 5(b) shows the effect of OMMT
and GMA on tan d. Two main peaks were observed
around �30 and 578C, which were related to the
glass-transition temperature (Tg) values of EPDM-g-

Figure 2 Picture of the test tubes used for the Molau tests
carried out on the PA6/EPDM-g-MA/OMMT/GMA com-
posites (prepared by method N1) with compositions of (a)
80/20/0/0, (b) 80/20/4/0, and (c) 80/20/4/1. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 3 FTIR spectra of PA6, PA6/GMA, and GMA.

Figure 4 FTIR spectrum of the insoluble fraction of PA6/
EPDM-g-MA/OMMT/GMA (80/20/4/1) in formic acid.

Scheme 1 Proposed reaction mechanism occurring in the
PA6/EPDM-g-MA/OMMT/GMA composites during melt
extrusion.
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MA and PA6, respectively. The peak values are
listed in Table III. In addition, a prominent relaxa-
tion peak below Tg, which is associated with local
modes of PA6 main-chain motion, was seen at about
�608C.26 The data in Table III show that the peak
value of tan d decreased with the addition of OMMT
and that the peak position of tan d varied with the
OMMT contents. The incorporation of 1 phr OMMT
into PA6/EPDM-g-MA blends reduced Tg of PA6
and increased Tg of EPDM-g-MA in comparison
with PA6/EPDM-g-MA blends. However, the
reverse trend was observed with the addition of
4 phr OMMT. This phenomenon is different from
the results reported in ref. 21, in which the Tg values
of polycarbonate and poly(styrene-co-acrylonitrile)
shifted closer toward each other with an increase in
the OMMT content; this means that the compatibility
between polycarbonate and poly(styrene-co-acryloni-
trile) was improved by OMMT. In the PA6/EPDM-
g-MA/OMMT composites, OMMT might play two
competitive roles. On the one hand, in situ grafts are
proposed to occur on the clay surface during the
melt-compounding process, and the formed grafts
mainly exist at the interfaces between PA6 and
EPDM-g-MA phases, which can have the same func-
tion as block copolymers, effectively reducing the
interfacial tension and the domain size.21 In this
case, OMMT mainly acts as a compatibilizer for the
composite. On the other hand, OMMT weakens the
interfacial adhesion between PA6 and EPDM-g-MA
because the layers can shield the interactions of the
two phases.8–11,14–16 Dynamic mechanical analysis is
known to be sensitive to the detection of transitions
and disturbances caused by chemical reactions and
interactions between the phases of reactive
blends.27,28 The Tg values of two phases of polymer
blends are known to shift toward each other if they
are partially compatible. In our case, the Tg values of
PA6 and EPDM-g-MA shifted to each other after the
addition of 1 phr OMMT, and this means that the
compatibility between these two phases was
improved. Conversely, the Tg values of PA6 and
EPDM-g-MA shifted to a reversed direction in the
presence of 4 phr OMMT, and this means that a
high OMMT loading weakened the interactions be-
tween PA6 and EPDM-g-MA. As shown in Table III,

the tan d peak of EPDM-g-MA in the PA6/EPDM-g-
MA/OMMT (80/20/4) composite shifted from �35.7
to �30.58C, and the Tg values of the two phases
shifted closer toward each other after the addition of
1 phr GMA. The shift in Tg (by up to 5.28C in the
case of the GMA-modified PA6/EPDM-g-MA/
OMMT composite) indicated that GMA could
enhance the compatibility between the PA6 and
EPDM-g-MA phases of the composite (80/20/4). It
should be noted that the results of dynamic

TABLE III
Tan d Results for the PA6/EPDM-g-MA/OMMT Composites (Prepared by

Method N1) with and Without GMA

PA6/EPDM-g-MA/
OMMT/GMA Peak 1 (8C) Tan d Peak 2 (8C) Tan d

80/20/0/0 �30.9 0.042 56.6 0.115
80/20/1/0 �28.7 0.037 53.9 0.105
80/20/4/0 �35.7 0.037 57.1 0.091
80/20/4/1 �30.5 0.037 57.4 0.091

Figure 5 (a) Storage modulus–temperature and (b) tan d–
temperature curves of the PA6/EPDM-g-MA/OMMT com-
posites (prepared by method N1) with and without GMA.
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mechanical thermal analysis were well supported by
the results of FESEM.

Crystal structure and crystallization

PA6 has two different crystalline forms, namely, a
and c.29 The a form consists of an all-trans chain
conformation, and the hydrogen bonds are formed
between adjacent antiparallel chains. The c form
consists of twisted chains, which allow hydrogen
bonds to form between parallel chains. The forma-
tion of these two forms is influenced by the crystalli-
zation conditions and the presence of fillers. Figure
6 shows the XRD data for PA6 and the prepared
composites in the 2y range of 1–358. All samples
exhibited a peak at 2y ¼ 21.28 and a peak at 2y
¼ 10.78, which are characteristic of the c-form struc-
ture.30 Neat PA6 exhibited another two weak peaks
at 2y values of 20.1 and 23.58, which corresponded
to the peaks of the a form. After the addition of
OMMT to PA6 and PA6/EPDM-g-MA, the two
peaks at 2y ¼ 20.18 and 2y ¼ 23.58 became weaker.
This occurred because OMMT limits the mobility of
polymer chains, and this favors the crystallization of
c forms of PA6.15 The addition of GMA did not
change the crystalline forms of PA6 obviously.

Figures 7 and 8 show the differential scanning cal-
orimetry (DSC) cooling and reheating melt thermo-
grams of PA6 and PA6 composites, respectively. The
representative thermal data of the samples from the
DSC thermograms are listed in Table IV. Tc of neat
PA6 was around 1908C, and it shifted to 186–1888C
after the addition of OMMT and/or EPDM-g-MA.
According to the XRD results (Fig. 6), the decrease
in Tc can be mainly attributed to the development of
c-form crystals in PA6. Tc shifted to an even lower
temperature, approximately 183–1848C, after the

addition of 1 phr GMA, and this was due to the li-
mitation of the chain mobility caused by the reac-
tions between PA6, EPDM-g-MA, and GMA. Tonset is
the temperature at the intercept of the tangents at
the baseline and high-temperature side of the exo-
therm. Tonset � Tc can be used to indicate the crystal-
lization rate. As shown in Table IV, the Tonset � Tc

values of the PA6 and PA6/EPDM-g-MA blend are
quite close to each other. The addition of OMMT or
GMA increased the Tonset � Tc value, which corre-
sponded to the reduction of the crystallization rate
of the PA6 matrix. For all samples, two major melt-
ing peaks existed around 212–215 and 219–2218C.
According to the reports,31,32 the high melting tem-
perature (Tm1) shoulder is associated with the a-
form crystals. The low melting temperature (Tm2)
corresponds to the Tm values of the c-form crystals.

Figure 7 Nonisothermal crystallization curves of the
composites (prepared by method N1) at a rate of 108C/
min.

Figure 8 DSC reheating melting curves of the composites
(prepared by method N1) at a rate of 108C/min.

Figure 6 XRD patterns of PA6 and the prepared compo-
sites (prepared by method N1).
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Besides, a lower melting temperature shoulder (Tm3)
was observed, as shown in Figure 8, and it was
believed to belong to the less stable a-form crys-
tals.12 It is evident that the Tm and crystallinity
degree (Xc) values of PA6 decreased with the addi-
tion of OMMT and/or EPDM-g-MA. The addition of
1 phr GMA shifted Tm and Xc to lower values.
Therefore, both OMMT and GMA retarded the crys-
tallization of PA6.

Oscillatory rheological analysis

Figure 9 shows double logarithmic plots of g*, G0,
and G00 as functions of the angular frequency (x) for
PA6/EPDM-g-MA/OMMT composites at 2408C. As
shown in Figure 9(a), all samples exhibited shear-
thinning behavior with increasing frequencies, and
this indicated the pseudoplastic nature of the sam-
ples. The relationships of g*, G0, and G00 as a func-
tion of x for the PA6/EPDM-g-MA blend were quite
similar to those of the PA6/EPDM-g-MA/OMMT
composite with a low OMMT content (1 phr),
although the values of g*, G0, and G00 of the compos-
ite increased in the low frequency range and
decreased in the high frequency range after the
addition of 4 phr OMMT, as shown in Figure 9(a–c).
It was proposed that as the OMMT content
increased, the silicate layers of OMMT could form a
percolated network superstructure in the polymer
matrix,33 which may have caused the high g*, G0,
and G00 values at low shearing rates with the OMMT
concentration of 4 phr. However, this percolated net-
work was broken under high shearing forces with
an orientation of OMMT layers along the shearing
direction, and the degradation of organic molecules
of OMMT could stimulate the degradation of PA6;34

this led to a reduction of the g*, G0, and G00 values.
The addition of 1 phr GMA further increased g* sig-

nificantly, and this was due to the chemical reactions
between the amine and carboxylic acid end groups of
PA6, the anhydride groups of EPDM-g-MA, and the
epoxy groups of GMA, as proposed in Scheme 1.
Moreover, higher G0 and G00 values and more obvious
solid-like behavior of the PA6/EPDM-g-MA/OMMT
composites with 1 phr GMA were observed in com-
parison with the composite without GMA.

Figure 9 (a) g*–x, (b) G0–x, and (c) G00–x curves for the
PA6, PA6/GMA, and PA6/EPDM-g-MA/OMMT compo-
sites (prepared by method N1) at 2408C.

TABLE IV
Thermal Analysis Data Obtained from DSC

Sample Tc (8C) Tonset � Tc (8C) Tm1 (8C) Tm2 (8C) Xc (%)

PA6 189.7 2.9 221.7 215.0 30.5
PA6/OMMT (80/4) 187.3 3.0 221.1 213.6 27.4
PA6/EPDM-g-MA (80/20) 188.2 2.8 220.8 213.7 25.3
PA6/GMA (80/1) 183.8 3.1 218.8 213.0 22.6
PA6/EPDM-g-MA/OMMT (80/20/4) 186.1 3.5 220.9 214.3 22.8
PA6/EPDM-g-MA/OMMT/GMA (80/20/4/1) 183.3 3.7 218.9 212.4 22.1
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CONCLUSIONS

The blending sequence could play an important role
in determining the mechanical properties of PA6/
EPDM-g-MA/OMMT (80/20/4) composites. The
composite prepared by N1 exhibited much lower
impact strength than the composite prepared via a
method in which PA6 and OMMT were preblended
and then blended with EPDM-g-MA (N2). However,
satisfactorily balanced mechanical properties of the
composite (N1) could be achieved in the presence of
GMA. GMA could improve the interfacial interac-
tions between PA6 and EPDM-g-MA, as proved by
the results of FTIR and Molau testing. OMMT could
improve the compatibility between PA6 and EPDM-
g-MA at low contents but weakened the interfacial
interaction at high contents for the composite (N1).
Both GMA and OMMT retarded the crystallization
of PA6 and influenced the rheological properties of
the ternary composites.

The authors thank all the research staff of the Technical Cen-
ter of the School of Chemistry and Chemical Technology at
Shanghai Jiao tong University for the characterization and
mechanical testing.
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