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Abstract

In this study, both organoclay and EPDM-g-MA rubber were used to simultaneously improve the toughness and stiffness of polyamide 6
(PA6). We first prepared PA6/EPDM-g-MA/organoclay ternary nanocomposites using melt blending. Then the composites were subjected to
traditional injection molding and so-called dynamic packing injection molding. The dispersion of clay, phase morphology, crystallinity and ori-
entation of PA6 as well the mechanical properties were characterized by WAXD, SEM, DSC, 2D-WAXS and mechanical testing, respectively.
The effects of clay on phase morphology and mechanical properties of PA6/EPDM-g-MA blends could be summarized as follows: (1) weak-
ening interphase adhesion between PA6 and EPDM-g-MA rubber particles, resulted in increasing of rubber particle size, as the clay and rubber
contents are low; (2) preventing coalescence of rubber domains, arisen in decreasing of rubber particle size, as the clay and rubber contents are
high; (3) the blocking effect on the overlap of stress volume around rubber particles caused broadening of the brittle—ductile transition region
and decrease of toughness, and (4) the effective stress transfer leading a better reinforcement when the interparticle distance is smaller than the

critical value.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, many inexpensive types of clay such as
montmorillonite (MMT) have been extensively used for prep-
aration of polymer nanocomposites [1—5]. After treated with
cationic surfactants, hydrophilic silicate particles can be dis-
persed into individual layers in the hydrophobic polymers.
Due to some advanced properties such as enhanced tensile/
flexural strength, thermal and barrier properties, lots of studies
on nanocomposites with a single polymer matrix have been
carried out [6—10]. However, the incorporation of clay usually
results in a deterioration of the strain-related end properties
such as notched impact strength, which is already low in some
single polymers, for example, polypropylene and polyamide 6.
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In order to achieve satisfied balanced properties, ternary nano-
composites have attracted great attention in both academic and
industry [11—18].

Researches on ternary nanocomposites are mainly focused
on three directions. The first one is to investigate the role of
organoclay in phase behavior of immiscible polymer blends
and it is still controversy concerning its mechanism [11,12].
The explanations of reduction of domain size with the addition
of organoclays include the combination of partial compatibili-
zation by excessive surfactant in organoclays and increased
viscosity [11], the emulsification effect of organoclay [12],
the fact that two immiscible polymer chains can exist together
between the intercalated clay platelets and thus these two
chains play the role of a block copolymer [13], and the coales-
cence preventing effect of exfoliated platelets on the dispersed
domains [14]. The second direction is to investigate the effect
of improved compatibilization achieved by the addition of
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a third component (i.e. compatibilizer) or by in situ chemical
reaction between blended components on the properties of
nanocomposites [15]. The compatibilized nanocomposites
have shown a more homogeneous morphology and better
clay dispersion than the uncompatibilized counterparts and
thus resulting in a significant improvement in the strength
and stiffness of composites. The third direction is to investi-
gate the approaches of toughening in ternary nanocomposites
and the corresponding toughening mechanism [16]. Gonzalez
et al. [17] studied compatibilization level effects on the critical
interparticle distance (7.) and found that 7. decreases with the
content of maleic anhydride (MA) grafted rubber. In addition
to add rubber grafted with maleic anhydride [16,17], blending
sequence also affected the toughness through various micro-
structures [18].

Some drawbacks such as low distortion temperature (LDT)
and brittleness of polyamide 6 (PA6) have limited its applica-
tion, so lots of researches have been done on the improvement
of these properties. Incorporating with rubber could achieve
satisfied toughness but results in a decreased modulus and ten-
sile strength. Whereas, compounding with organoclay could
enhance the modulus and stiffness but decreases the tough-
ness. In order to achieve balanced mechanical properties, in
this work, both EPDM-g-MA rubber and organoclay have
been used to prepare the PA6/EPDM-g-MA/clay ternary nano-
composites. Our focus is to study the effect of organoclay on
toughening and reinforcing of PA6/EPDM-g-MA/organoclay
ternary nanocomposites. Both traditional injection molding
and an unique processing method, so-called dynamic packing
injection molding (DPIM), in which the melt is first injected
into the mold and then forced to move repeatedly in a chamber
by two pistons that move reversibly with the same frequency
as the solidification progressively occurs from the mold wall
to the molding core part [19—21], were used to prepare the
tested samples. The dispersion of clay, phase morphology,
crystallization and orientation of PA6 and the mechanical
properties were investigated and compared between these
two processing methods.

2. Experimental
2.1. Material

Polyamide 6 (B3S) with a density of 1.13 g/cm® and a melt
flow index (MFI at 230 °C and 2.16 kg loading) of 36 g/
10 min was obtained commercially from BASF Company.
Ethylene—propylene—diene copolymer grafted with maleic
anhydride (EPDM-g-MA, CG700) was provided by Chen-
Guang chemical institution; the grafted rate and the density
were 0.92 wt% and 0.84 g/cm’, respectively, with a melt
flow index (MFI at 230 °C and 2.16 kg load) of 5 g/10 min.
Sodium montmorillonite with a cation exchange capacity
(CEC) of 68.8 mmol/100 g (RenShou, Sichuan, China) was or-
ganically modified through ion-exchange reaction with diocta-
decyl dimethylammonium bromide and the detailed procedure
could be found in our previous publication [22]. The modified
MMT was denoted as organoclay throughout this paper.

2.2. Specimens preparation

To find the effect of blending sequence on mechanical
properties of nanocomposites, four blending sequences were
adopted: N1-(PA6 + EPDM-g-MA + organoclay), N2-(PA6 +
EPDM-g-MA) + organoclay, N3-(PA6 + organoclay) + EPDM-
g-MA, and N4-(EPDM-g-MA + organoclay) + PA6. For N1
all these three components were blended simultaneously while
for N2, N3, and N4, the two components in bracket were
blended first and then blended with the third component.
The weight percentages of EPDM-g-MA and organoclay
were 20 and 4, respectively. Moreover, the nanocomposites
obtained from one step blending of PA6, EPDM-g-MA
5 wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, 30 wt%, and
40 wt%), and organoclay (1 wt% and 4 wt%) were also pre-
pared. All the blending experiments were carried out using
a TSSJ-2S co-rotating twin-screw extruder. The barrel temper-
ature and the screw speed were set at 190—220—230—230—
220 °C and 120 rpm, respectively. The droplets got from
extruder were molded both with DPIM and traditional injec-
tion molding for comparison under the same processing
parameters. The schematic representation of DPIM is shown in
Fig. 1. The obtained specimens are dumbbell shape. Some
processing parameters in DPIM are listed in Table 1. The
specimens obtained from DPIM and traditional injection
moldings are called dynamic specimens and static specimens,
respectively. Prior to extrusion and injection molding, all the
materials were vacuum oven-dried for 24 h at 80 °C.
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Fig. 1. The schematic representation of dynamic packing injection molding.
(1) Nozzle, (2) sprue, (3) piston, (4) runner, (5) connector, and (6) specimen.

Table 1
Processing parameters in DPIM

Processing parameter Parameter value

Injection pressure (MPa) 90
Packing pressure (MPa) 50
Melt temperature (°C) 240
Mold temperature (°C) 20
Dynamic packing pressure (MPa) 35
Dynamic packing frequency (Hz) 0.3
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2.3. WAXD and 2D-WAXS measurements

The exfoliation level of montmorillonite was analyzed
by a Siemens D500 diffractometer in reflection mode.
The wavelength of the monochromated X-ray from Cu Ka
radiation is 0.154 nm. The scanning 26 range was 2—40°
with a scanning rate of 5°/min. The basal spacing of the
organoclay was estimated from the (001) peak in WAXD
patterns.

Two-dimensional wide-angle X-ray scattering (2D-WAXS)
experiments were conducted to evaluate crystalline orientation
of PA6 matrix using a Rigaku Denki RAD-B diffractometer.
The wavelength of the monochromated X-ray from Cu Ka
radiation was 0.154 nm and reflection mode was used. The
samples were placed with the melt shear flow direction
perpendicular to the projection beams.

2.4. Mechanical testing

The central part of tensile specimens with dimensions of
40 x 6 x 3.5 mm was used for impact testing. The impact ex-
periment was carried out on an 1200XJU-2.75 Impact Tester
according to ISO 180 for Izod test after the specimens
notched with 45° at a depth of 1 mm. The fracture propaga-
tion direction is perpendicular to the melt shear flow direc-
tion. The Izod specimens bend and the pendulum swings
by when blends are of high toughness and thus the fracture
is incomplete. In this case, only the area of the fractured
part was used for calculation and the un-fractured part was
deducted. RG T-10 University Testing Machine was used to
measure the tensile strength at a speed of 5 mm/min under
20 °C. The values of all the mechanical parameters were
calculated as averages over 6—9 specimens for each
composition.
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Fig. 2. WAXD photographs of MMT, organoclay and nanocomposites. D and S
represent dynamic and static specimens, respectively.

(a) 90
1 iz
80 | %— s
__ 70+
C
260—- §I_
£ 50
g 2 %‘L
‘340—- —
8 30
Q.
g
= 20 |
10 %
O"oA6  No  Blends NI N2 N3 N4
(b) 4
)
ZI; s
5 3
: 7
S b 7
£ 2 7
B 2 o -
£
o
o
c
=]
2 1
0 5A6 N0 Blends NI N2 N3 N4
(c) so
] %_ 7D
70 A s
— 60 - %_ %
©
i ln 2, o o o
£ | Zl
s
c
g 40 %
I A
2 304
[7]
c 4
(V]
= 204
10
0

PAG NO Blends N1 N2 N3 N4

Fig. 3. Graphs of impact strength, Young’s modulus and tensile strength of

PA6, blends (PA6/EPDM-g-MA = 80/20), NO (PA6/organoclay = 96/4), and
N1—-N4. D and S represent dynamic and static specimens, respectively.

2.5. Scanning electron microscope (SEM)

The specimens were cryogenically fractured in liquid
nitrogen at direction perpendicular to the melt shear flow
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Fig. 4. Rubber content dependence of impact strength in various as-prepared
nanocomposites (D and S represent dynamic and static specimens, respec-
tively, and the dash lines indicate the inflexion points of property).

direction (T direction) and parallel to the melt shear flow direc-
tion (F direction). Then the fractured surfaces were etched in
boiling toluene for 1 h to selectively dissolve the rubber parti-
cles. And the phase morphology was observed in a Hitachi
X-650 SEM instrument operating at an accelerating voltage
of 5 kV after the surface was coated with gold powder.

2.6. Differential scanning calorimetry (DSC)

In a differential scanning calorimeter (Perkin—Elmer DSC
Pyris-1), the heating of slice cut from the same place of
both static and dynamic specimens were characterized at
a scanning rate of 10 °C/min in nitrogen atmosphere. The de-
gree of crystallinity was calculated from heat of fusion using
190 J/g as the heat of fusion of 100% crystalline polyamide
6 [23].

3. Results
3.1. Dispersion of clay in polymer matrix

Fig. 2 shows the WAXD patterns of dynamic specimens of
N1—N4, static specimens of N1, pure montmorillonite, and
organoclay itself. It is seen in Fig. 2 that the organoclay
exhibits a characteristic peak at a 20 of 2.6° corresponding
to d-spacing of 3.3 nm. In N1—N4, the characteristic peak of
the organoclay disappeared between 2 and 10°. The absence
of the characteristic peak of the organoclay in N1—N4 indi-
cates that the clay plates are completely exfoliated in either
PA6 or EPDM-g-MA, disregarding the blending sequence
and processing methods (dynamic or static injection molding).
Our result is consistent with the one obtained by Dasari et al.
[18]. Since the intercalation and exfoliation of clay in PA6
have been well characterized via WAXD and TEM in the
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Fig. 5. Plots of Young’s modulus and tensile strength against rubber content.
D and S represent dynamic and static specimens, respectively.

past [11—18], in our work, no further TEM experiment has
been carried out for the evidence of clay exfoliation.

3.2. Effect of blending sequence and molding methods on
the mechanical properties

Fig. 3 shows the impact strength, Young’s modulus and ten-
sile strength of pure PA6, binary blends (PA6/EPDM-g-
MA = 80/20), NO (PA6/organoclay = 96/4) and ternary com-
posites N1—N4, obtained by using different blending sequence
and two molding methods. It should be emphasized, however,
that the uncertainties of various mechanical properties shown
in Fig. 3 are all less than 5%, ensured a high validity to esti-
mate the impact of processing method on the ultimate proper-
ties. One observes a simultaneous increase of impact strength,
Young’s modulus and tensile strength of PA6 by adding both
clay and rubber. The slightly higher values are seen for
dynamic samples compared with the static one, and this may
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Fig. 6. The SEM photographs got from the core layer of static specimens. (a)—(c) are from F direction without and with 1 wt%, 4 wt% organoclay. (d)—(f) are from

T direction without and with 1 wt%, 4 wt% organoclay.

be due to the shear-enhanced interfacial interaction between
PA6 and EPDM-g-MA or some orientation of the clay layers
during dynamic packing injection molding. Although the dif-
ference of property between static samples and dynamic sam-
ples is not significant, the uncertainty of measured data is
small (<5%) to permit comparing properties between static
and dynamic ones. It can be drawn that the mechanical prop-
erties of dynamic samples are higher than that of static ones,
which is also right in Figs. 4 and 5. Another valuable state-
ment is that there is no significant difference in properties
among the blending sequences used. Since one step blending
sequence is the simplest way to prepare ternary nanocompo-
sites but still with satisfied mechanical properties and good
dispersion of clay, one step blending sequence is used in the
following work.

3.3. Effect of clay on the impact strength of ternary
nanocomposites

We begin with the impact strength because the toughen-
ing of PA6 is always an important issue for PA6 modifica-
tion. Fig. 4 shows the impact strength of dynamic and static
specimens as a function of rubber content. The impact
strength of blends without clay is also shown as a reference.
It is seen from Fig. 4 that for both the dynamic and static
specimens, a sharp brittle—ductile transition occurs at 10—
20 wt% of rubber content for specimens without and with
1 wt% organoclay, where a sharp increase of impact strength
is observed. However, the impact strength slightly increases
with rubber content when rubber content is more than
20 wt%. Comparing to the impact strength of specimens
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Fig. 7. The SEM photographs got from the core layer of dynamic specimens. (a)—(c) are from F direction without and with 1 wt%, 4 wt% organoclay. (d)—(f) are

from T direction without and with 1 wt%, 4 wt% organoclay.

without and with 1 wt% organoclay, the brittle—ductile
transition of specimens with 4 wt% organoclay occurs at
higher rubber content with much lowered impact strength,
and the transition region becomes much broader. In the ductile
region, slightly higher values of impact strength are seen for
dynamic specimens compared with the static ones, which
probably due to the enhanced interaction between PA6 and
EPDM-g-MA rubber [24] and the possible orientation of
clay layers and rubber particles under low shear stress field,
but the difference becomes smaller with the increase of
organoclay content.

3.4. Effect of clay on the tensile properties of ternary
nanocomposites

The tensile properties of specimens without and with orga-
noclay are shown in Fig. 5. The tensile properties increase
with increase of organoclay content under the same rubber
content. One observes a linear decrease of Young’s modulus
and tensile strength with increasing of rubber content for
binary blends without clay. It is interesting to see that the
decrease of tensile properties is not linear with increase of
rubber content for the ternary nanocomposites with clay. The
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Fig. 8. The SEM photographs got from the shear layer of dynamic specimens. (a)—(c) are from F direction without and with 1 wt%, 4 wt% organoclay. (d)—(f) are

from T direction without and with 1 wt%, 4 wt% organoclay.

curves of Young’s modulus and tensile strength against rubber
content show inflexion points which are located at 20 wt% and
30% rubber content for nanocomposites with 1 wt% and
4 wt% organoclay, respectively. In another words, the decrease
of Young’s modulus and tensile strength due to the addition of
rubber will be more effectively compensated by organoclay
when the rubber content was high, resulting a slow downing
of the decrease rate of tensile properties.

3.5. Phase morphology

To understand the change of mechanical properties, partic-
ularly, the toughening mechanism in these ternary nanocom-
posites, it is necessary to ascertain dispersion and phase
morphology of clay and rubber particles in PA6 matrix. Clay
can either locate in the rubber particles or separately disperse
in PA6 matrix. Since the strong interaction between PA6 and
organoclay, we found in the used processing conditions that
the exfoliated clay layers were selectively dispersed in PA6
matrix. This is similar with the result obtained by Khatua
[14]. So in our work, we will only investigate the phase
morphology of the rubber in these ternary nanocomposites.

Usually typical skin-core morphology is obtained in tradi-
tional injection molded specimen; for dynamic specimens
a shear layer existing between the skin layer and the core layer
can be also observed. Because the skin layer is very thin and
its effect on mechanical properties could be ignored, we will
mainly focus on the shear layer and core layer for the phase
morphology investigation. The micrographs of phase morphol-
ogy of static specimens and dynamic ones in core layer with-
out and with organoclay seen from T (transverse) and F (flow)
directions are shown in Figs. 6 and 7, respectively. Combining
micrographs from T and F directions it is evident that all
the rubber particles are spherical. The rubber particle size of
specimens with 1 wt% organoclay is smaller than that of
specimens without and with 4 wt% organoclay in the transi-
tion region where rubber content is between 10 wt% and
20 wt%. This phenomenon is not similar to those with higher
rubber content (more than 20 wt%) and those reported in
Refs. [11—14] where the rubber particle size decreased with
increase of organoclay content. The presence of organoclay
has two competitive effects on phase morphology of nanocom-
posites. On one hand, organoclay acts as barriers to prevent
coalescence of rubber domains and thus causes the decrease
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Table 2
Melting point and crystallinity of nanocomposites around the inflexion points

2151

XPAE/Y EPDM-g-MA/ Zorganoclay

90/10/1 80/20/1 70/30/1 80/20/4 70/30/4 60/40/4

Melting point (°C) D-shear 220.26 219.77 219.58 220.27 219.54 219.74
D-core 220.39 219.94 219.75 220.71 219.58 220.38

S-core 220.75 220.72 220.10 221.22 220.12 220.46

Crystallinity (%) D-shear 31.08 28.63 28.3 27.94 26.60 25.86
D-core 29.77 29.56 26.56 28.93 27.82 27.03

S-core 26.82 26.87 24.94 28.28 26.65 25.92

of rubber particle size [14]. On the other hand, organoclay will
weaken the interface adhesion between PA6 and EPDM-g-MA
because the shielding effect on the interacting with the MA
groups of EPDM-g-MA and thus causes the increase of rubber
particle size [17]. In the transition region with rubber content
of 10—20 wt%, for nanocomposites with 1 wt% organoclay
the effect of preventing coalescence of the rubber domains
may be dominant while for nanocomposites with 4 wt% orga-
noclay the effect of worsening the interface adhesion between
PA6 and EPDM-g-MA may be dominant. This could be the
reason for the phenomenon specified above. The micrographs
of phase morphology of dynamic specimens in shear layer
without and with organoclay seen from T and F directions
are shown in Fig. 8. Some slightly deformed rubber particles
are observed for specimens without and with 1 wt%

(d)

(b)

organoclay. The aspect ratio of stretched rubber particles
induced by low shear stress decreases with increase of organo-
clay content and even no stretched rubber particle is observed
in shear layer for specimens contained 4 wt% organoclay.

3.6. DSC results

Since the Young’s modulus and tensile strength would be
affected by crystalline phase, DSC experiments were carried
out to measure crystallinity and melting point of nanocompo-
sites around the inflexion points. The crystallinity is calculated
from the equation:

(1)

AH,
Crystallinity = AH—’”f x 100%
XA

(c)

Fig. 9. 2D-WAXS patterns. (a), (b) and (c) are from nanocomposites with 1 wt% organoclay at 10 wt%, 20 wt%, and 40 wt% rubber content, respectively. (d) and
(e) are from nanocomposites with 4 wt% organoclay at 20 wt% and 40 wt% rubber content, respectively.
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where AHy is the enthalpy of polyamide 6 for the nanocompo-
sites, AH{" is the enthalpy of polyamide 6 with a crystallinity
of 100%, the literature value of 190 J/g is used (o phase). x, is
the content of polyamide 6 in the nanocomposites. The melt-
ing point and crystallinity of dynamic specimens in different
layers and static specimens in core layer around the inflexion
points are shown in Table 2. Apparently, the melting point
around the inflexion points is almost constant which is
220 °C and the crystallinity does not show obvious difference
around the inflexion points either.

3.7. 2D-WAXS results

Since the molecular orientation will play a role to deter-
mine the mechanical properties, 2D-WAXS experiments
were performed to estimate the orientation. Fig. 9 shows the
2D-WAXS patterns of static specimens with rubber content
around the inflexion points in core layer parallel to the melt
shear flow direction. No distinct oriented structure is evident
in each layer as in the cases of PA6/MMT nanocomposites,
where a so-called shear amplification mechanism plays
a role that a great enhancement of local stress occurs in the
small interparticle region of two adjacent layered tactoids
with different velocities [25]. The shear amplification effect
does not exist in the ternary nanocomposites. So the enhanced
mechanical properties are not much related to a change of ori-
entation of PA6 among our specimens. The exfoliated clay
could be also oriented along the shear flow direction under
the effect of shear; however, its determination is out of the
range of 2D-WAXS. Moreover, 2D-SAXS or TEM may be
used to check the clay orientation and the ongoing work is
to ascertain preciously the dispersion and orientation morphol-
ogies of organoclay in ternary nanocomposites using TEM
observations.

4. Discussion
4.1. Critical interparticle distance

It is well known that the toughness of rubber filled semi-
crystalline polymer only depend on the critical interparticle
distance 7. which is the property of the matrix alone. This
is quite known as Wu’s criterion [26,27]. Considering a
log-normal distribution of the particle sizes the interparticle
distance 7 could be calculated by the equation [23]:

T=d {(Tt/6Vf) l/36:)(p(1.5 In’s) — exp(0.5 1n20)] (2)

where V; is volume fraction and d is the average diameter of
rubber particles. Fig. 10 shows a plot of impact strength versus
interparticles distance, which is worked out from the average
rubber particle size and particle size polydispersity obtained
by image analysis. 7. could be determined from the inflexion
point of the curves which are about 0.29 um, 0.25 um,
0.27 um for blends, nanocomposites with 1 wt% and 4 wt%
organoclay, respectively, for both the dynamic and static
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Fig. 10. The impact strength as a function of interparticle distance of PA6/
EPDM-g-MA blends and nanocomposites with 1 wt% and 4 wt% organoclay.
D and S represent dynamic and static specimens, respectively.

samples. It is interesting that within the errors of measurement
(about 10%) in interparticles distance, the critical distance 7.
can be considered as constant with the effect of organoclay,
though (1) the brittle—ductile transition regions are not all
the same between blends and nanocomposites and (2) the se-
lectively dispersed clay in PA6 makes a changed matrix for the
filled rubber particles. Seen from the phase morphology shown
in Figs. 6 and 7, in the transition region where rubber content
is between 10 wt% and 20 wt%, obviously the rubber particle
size of specimens with 1 wt% organoclay is smaller than that
of specimens without and with 4 wt% organoclay. Although
the rubber particle size is changed due to the addition of orga-
noclay, our result indicates the Wu’s criterion holds true for
PA6/EPDM-g-MA/organoclay ternary nanocomposites. In
our system, the toughness of PA6 does not change by adding
organoclay (comparing PA6 and NO in Fig. 3), the matrix
property can be considered as constant. Since the 7. is only
the property of the matrix, it is reasonable that Wu’s criterion
works and the 7. is kept constant.

4.2. Effect of organoclay on toughening and reinforcing
mechanism of ternary nanocomposites

Fig. 11 shows the schematic representations for the role of
clay layers on toughness and reinforcement of the ternary
nanocomposites. As mentioned in Section 3.3, comparing to
the impact strength of specimens without and with 1 wt% or-
ganoclay, the transition region becomes much broader for the
specimens with 4 wt% organoclay; furthermore, its impact
strength is much lower in ductile region. Here we propose
a novel mechanism to explain the effect of clay on the tough-
ness of PA6/EPDM-g-MA blends, which could be called as the
blocking effect of clay layers on the overlap of the “stress vol-
ume” between EPDM-g-MA particles. According to Wu’s
toughening theory, the key for the brittle—ductile transition
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Fig. 11. Schematic representations for the role of clay layers on toughness and reinforcement of ternary nanocomposites. (a), (d) blends; (b), (e) nanocomposites
with 1 wt% organoclay; (c), (f) nanocomposites with 4 wt% organoclay. For (a), (b) and (c) 7> 7._and (d), (e) and (f) 7 < 7.

is the overlap of stress volume between EPDM-g-MA particles
as the interparticle distance below a critical value. It is ex-
pected that presence of clay layers in PA6 matrix will block
the overlap of the ‘“‘stress volume”. When the content of
clay is small (such as in the case of specimens with 1 wt%
clay), the blocking effect is weak, and the toughness and the
transition do not change much comparing that of the blends,
the schematic representation could be demonstrated in (b)
and (e) of Fig. 11. However, when the content of clay is
high (such as in the case of specimens with 4 wt% clay), the
formation of clay network is most likely [28—31]. In this
case, it is expected that the clay network will block the overlap
of the stress volume between EPDM-g-MA particles in a large
extent, thus a broadening of transition and decreased tough-
ness are observed. The schematic representations could be
demonstrated in (c) and (f) of Fig. 11.

Now let us discuss the nonlinear decrease of tensile proper-
ties with increase of rubber content for the ternary nanocom-
posites with clay. There are four possible explanations to
this phenomenon. The first one is that the dispersion state of
organoclay could be different among these samples since the

exfoliated systems give better mechanical properties than
intercalated ones. But evident from the WAXD patterns in
Fig. 2, one knows that the organoclays for all nanocomposites
investigated are exfoliated disregarding the rubber content. So
the change of dispersion state of organoclay is not the reason
for this phenomenon. The second one is that the crystallinity
could be changed around the inflexion points which could
also result in a change of tensile properties. From Table 2 it
is clear that the crystallinity does not change too much around
the inflexion points. So the change of crystallinity has nothing
to do with this phenomenon either. The third one is that the
orientation state of PA6 macromolecules could be changed
around the inflexion points. But the 2D-WAXS patterns in
Fig. 9 do not show any evidence of oriented structure around
the inflexion points. Therefore, the effect of orientation of PA6
macromolecules could also be excluded. With an eye to the in-
flexion points occur just at the end of the brittle—ductile tran-
sition region, so the last possibility might be that when the
rubber content is higher than the inflexion points where the in-
terparticles’ distance 7 is smaller than the critical interparticle
distance 7., in this case the stress volume around the rubber
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particles percolates throughout the specimens, and the load
could be transferred from one clay layer to another by the per-
colated stress volume. When small-strain properties such as
modulus of elasticity are measured, organoclay has better
reinforcement effect, as shown in Fig. 11(e) and (f). While
as 7> 7., the stress volume around rubber particles has no
chance to be interacted, thus the role as stress transfer between
clay layers is not possible. The schematic representations are
demonstrated in (b) and (c) of Fig. 11.

5. Conclusion

In summary, we find that blending sequence has not much
influence on the mechanical properties and one step blending
sequence already had satisfied balanced mechanical proper-
ties for PA6/EPDM-g-MA/organoclay ternary nanocompo-
sites. The dynamic packing injection could lead to a better
mechanical properties compared to traditional injection mold-
ing, due to the enhanced interaction between PA6 and
EPDM-g-MA rubber and the possible orientation of clay
layer and rubber particles. According to SEM micrographs,
it is clear that organoclay has two competitive effects. One
is the effect of worsening interface adhesion; another is effect
of preventing coalescence of rubber domains. Concerning
impact strength of ternary nanocomposites, blocking effect
on overlap of the stress volume and the effect of worsening
interface adhesion would reduce the impact strength of these
materials. The decrease of Young’s modulus and tensile
strength due to the addition of rubber will be more effectively
compensated by compounding with organoclay at higher rub-
ber content, resulting a slow down of the decrease rate of ten-
sile properties.
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