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Abstract

The influence of platelet-type clay nanoparticle (nanoplatelet) on the structural evolution in injection-molded nylon 6)/carbon composites
was investigated. In the absence of nanoplatelets, the nylon 6/CB systems were found to exhibit unoriented structure with nylon 6 crystalline
regions exhibiting exclusively a crystal form throughout the thickness of the samples. However, inclusion of nanoplatelets induces
substantial local orientation of the nylon 6 chains in the molded parts in all processing conditions and compositions. In these clay/nylon 6/CB
ternary nano systems, nylon 6 matrix was found to be exclusively in vy crystal form at the skin regions and a crystal form fraction increases
towards the core of the molded parts as a result of decrease in cooling rate with depth during the solidification stage. Two nanoplatelet
orientation behaviors were identified: (i) in the absence of irregular shaped CB, the nanoplatelets align parallel with one another following the
local flow patterns. The latter behavior also causes enhanced orientation of the nylon 6 chains undergoing substantial shear amplification
trapped in between the nanoplatelets (ii) in the CB-enriched regions, nanoplatelets though still remaining parallel to one another, are
randomized by following the local contours of irregular shaped CB aggregates. These CB aggregates themselves were found to organize to

form trains in larger scale as a result of flow alignment.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The injection molding process imposes complex molecular
orientations that leads to spatially varying structural hierarchy
in polymeric parts. This is primarily due to the complex
thermal-deformation history imposed on the flowing fluid
during solidification leading to substantial spatial variation of
chain orientation and superstructure as influenced by the local
dynamics of the process that—in turn—is altered with the
geometrical variations in runners, gates, and mold cavities.
This leads to anisotropy in final physical properties particu-
larly if the polymer is filled with solid particles of irregular
(carbon black; CB [1-5] and calcium carbonate [6]) or
anisotropic shapes (glass fiber; glass fiber [7-9], clay platelet
[10,11], carbon fiber [12], and carbon nanotube [13]). Thus, in
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order to fully understand the relationship between the process
and resulting properties, it is essential to characterize the
structure of the polymer matrix as well as the dispersion and
orientation of the particles in the molded parts.

Polyamide 6 (nylon 6), being a fast crystallizing polymer
[10,14], forms a layered morphology [15] when injection
molded. Typical morphology gradient is composed of a skin
layer with high nucleation density as it is formed under high
thermal gradients while being subjected to a combination of
extensional/shearing flows at the flow front and near the mold
surface. The chains in this layer typically exhibit small
preferential orientation along the flow direction [6,11,14]
while exhibiting vy crystal structure when solidified in a cold
mold. The injection molded nylon 6 parts typically exhibit
little or preferential orientation in the interior of the parts as the
low melt viscosity combined with slower cooling leads to
relaxation of polymer chain orientation developed during
injection process prior to solidification. As a result, only very
thin skin regions that are rapidly quenched exhibit moderate
degree of orientation. In the interior, average spherulite size
increases with distance from the mold surface. While the
crystalline structure gradually converted to o form as a result
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Table 1

Materials

Material Grade Source
Nylon 6 299 AX 83130 A® RTP
Nylon 6/3% clay 299 AX 83134 A® RTP
Nylon 6/5% clay 299 A X 83134 B® RTP

Carbon black® Seast® G-SVH Tokai Carbon Co

* Primary particle diameter: 62 nm, N, specific surface area: 32 m%/g,
DBP oil absorption: 140 cm*/100 g.

of decrease in cooling rates [10]. These spatial variations of
crystalline phase behavior and orientation developed in
injection molding are typically studied by microbeam X-ray
diffraction technique (micro-XRD) [11,16-24]. This tech-
nique provides detailed morphological information on the
depth variation local order and symmetry axes (principal
direction) as well as preferential orientation with respect to
these local axes. This technique has been extensively used to
unravel these structural features in injection-molded poly
(arylether ketone) [ 16—18], thermotropic liquid crystal [19],
poly(ethylene naphthalate) [20,21], syndiotactic poly-
styrene [22], polypropylene [23], poly(vinylidene fluor-
ide) [24] and its blend with poly(methyl methacrylate) [24],
and nylon 6 [11] and its nanocomposites [11].

The presence of irregular/anisotropic shaped particles in
the polymer melt could have significant influence on the
development of morphological characteristics of the poly-
mer matrix. In 1974, Mencik et al. [6] showed that the
platelet shaped talc particles promote preferential orien-
tation of the polymer chains even in the core regions. The
addition of platelet-type clay nanoparticles to nylon 6
induces high levels of crystalline chain orientations across
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the injection-molded parts as found by Kojima et al. [25] in
1995. The main reason for such increase in preferential
orientation of the nylon 6 chains is the amplification of shear
in the narrow spaces between the nanoplatelets combined
with the suppression of relaxation of chain relaxation as
identified by Yalcin et al. [10,11].

There has been a rush of research activities on a range of
conductive nanocomposites, involving inorganic nanoparticles
(GF26, clay platelet [27], copper chloride [28,29], and copper
sulfate [29]) and conductive carbon nanoparticles (CB [26-28]
and carbon nanotubes [29]) with most research focusing on
isotropic blends. In general, the electrical conductivity of
polymer—carbon nanocomposites is due to percolation of
electrically conductive nanoparticles forming long range
conducting network within the manufactured parts. Electrical
properties of oriented polymer—carbon nanocomposites may
be substantially suppressed by flow-induced segregation of
carbon nanoparticles as its percolating networks break up when
they are solidified under the influence of flow fields [1-5,26].

In a companion paper [30], we reported that organoclay-
loading controls the CB dispersion, its percolation and resulting
electrical conductivity in the isotropic polymer matrix.

In this paper, we present our studies on the effect of injec-
tion molding conditions on the evolution of spatially varying
structural hierarchy in clay/nylon 6/CB ternary nano systems.

2. Experimental procedures
2.1. Materials

The materials used in this research are listed in Table 1.

25 minyeeest ")

injection molded part

Fig. 1. Schematic of the sample sectioning procedure for micro-XRD, EFM, and TEM.
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2.2. Sample preparation

As-received neat nylon 6 and precompounded nylon
6/organoclay nanocomposite pellets and carbon black
powders were dried at 80 °C under vacuum. Melt blending
of selected compositions of nylon 6/CB and nylon 6
organoclay/CB was carried out by using a twin screw
extruder whose barrel temperature was maintained at 230 °C
while screw was rotated at 200 rpm for all compositions.
The CB volume fraction (¢) was kept constant at 0.109. The
extruded parts were dried at 80 °C under vacuum and were
then directly transported to hopper of injection molding
machine. The injection-molded parts were prepared at two
different mold temperatures (30, 90 °C) and three different
injection flow rates (15, 30, 60 cm?/s). The other processing
conditions including melt temperature (250 °C), injection
pressure (2485 kg/cm?), screw rotation speed (80 rpm), and
cooling time (15 s) were kept constant.

2.3. Sample sectioning procedure

The geometry of injection-molded part and sectioning
plane are shown in Fig. 1. This end-gated rectangular
shaped cavity possesses a mirror symmetry in MD-ND
plane. Using a slow speed diamond saw (Model VC-50,
Leco Varicut, USA) about 300 pm thick slice along this
plane (shown as off-set slice in Fig. 1) was obtained. We
elected to concentrate our detailed structural analysis at #3
designated location that is half way along the flow direction.
This slice was used for matrixing microbeam Wide
angle X-ray and EFM analysis. In addition, ultrathin films
(20-70 nm) that were sectioned at a series of distances from
the surface in MD-ND plane at #3 location using an
ultramicrotome (Micro Star Technologies Model MSIB®)
equipped with a diamond knife for TEM observations.

2.4. Scanning transmission electron microscopy (TEM)

All TEM images were taken at room temperature by a
Philips TEM (Model FEI-TECNAI 12%) operated at
120 kV. High-resolution observations (X 135,000 magnifi-
cation) were recorded under scanning Gaussian focus with
bright-field image mode.

2.5. Electric force microscopy (EFM)

A Nano Scope Illa with Multimode Scanning Probe
Microscope Controller® and Phase Extender Box® (Digital
Instruments/Veeco Metrology Group, USA) operated at bias
voltage of 10 V and lift height of 40 nm with tapping mode were
used for EFM imaging at room temperature. Single-crystal
silicon probes coated with conductive platinum/ iridium (Model
SCM-PIT®, Veeco Probes, USA) with a spring constant
2.8 N/m were applied in this study. An electric field cantilever
holder (Model MMEFCH®, Digital Instruments/Veeco Metrol-
ogy Group, USA) was employed for EFM imaging. Silver paste

was used to ensure good contact between the sample and the
metal substrates. The same B-cut (location #3) of injection-
molded part as X-ray study was used for these analysis.

2.6. Microbeam X-ray diffraction (Micro-XRD)

Micro-XRD patterns of the B-cut (location #3) were
taken at a series of locations from skin to core with X-ray
beam from the transverse direction using the matrixing
microbeam X-ray camera (MMBX®) developed in our
laboratory [31]. The camera was mounted on a 12 kW
Rigaku RU-200B® rotating anode X-ray generator operated
at 40 kV and 150 mA. The monochromatized Cu K, beam
with a 50 pm diameter was obtained using a nickel foil
filter. A series of WAXS film patterns were obtained from
skin to core (0—1500 um) with the X-ray beam directed
along the transverse direction on B-cut samples. The micro-
XRD film patterns were digitized using a 16-bit CCD
photometrics camera (Model CH1®) operated by IPLab
spectrum software. Non-linearity of micro-XRD film as
well as the response of the CCD camera was calibrated to
the real intensity of the X-ray with the neutral density filters
and a series of exposed X-ray films. Orientation calculations
for a, b, and c crystallographic axes were performed with
respect to the local symmetry axis, which may not
necessarily be along the machine direction. For this analy-
sis we assumed that local fiber symmetry within the
sampling range of the 50 pm diameter X-ray beam.
Orientation factors were obtained from azimuthal intensity
profiles of monoclinic o (200) and (202 +002), and mono-
clinic y (001 4 200 + 20) diffraction planes. It should be
noted that the orientation factor of nylon 6 chain axis
corresponds to f,. The orientation factors were determined
by using Wilchinsky’s geometrical rule [32] for the
monoclinic o and y phases. These relationships for the
monoclinic o phase are given in Egs. (1) and (2)

(cos? Xpo) =1—147 17(cos’ X200.2)

— 0.8721{cos> X(202,002).2) ey

(cos® x...) = 1.172(cos’ X(202,002).2) ()

The Herman-Stein orientation factors were obtained
using Eqgs. (3)—(5) using the relationship given in Eq. (6).

fue =5 Beos® 1, = 1) )
i = 5 3o x50 = 1) @
oo = 5 Beos* 1o — 1) ©
fuz oz foe =0 ©

For the monoclinic y phase, Eqs. (7) and (8) are used to
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Fig. 2. DSC cooling curves for various nylon 6 compositions.

determine all three orientation factors:

(cos® xp..) = 1.3611{c0s” xgo1..) (7)

_fb,z = Zf;l,z = 2fc,z ®)

3. Results and discussion

3.1. Non-isothermal crystallization behavior

In order to assess the influence of fillers on the crystal-
lization behavior of nylon 6 matrix in the absence of flow, we
cooled the molten neat nylon 6, filled with CB and clay
nanoparticles with a cooling rate of 10 °C/min. The addition of
nanoparticles (Fig. 2(a)) causes the crystallization peak

position to shift from 168 to 173 °C (organoclay) and 182 °C
(CB), respectively clearly indicating that these particles act as
nucleation promoters [33-34]. In the presence of both
organoclay and CB (¢=0.05/0.109), this effect becomes
even more significant and the crystallization peak position
shifts further up to 192 °C [34-36]. This nucleation effect is
illustrated in Fig. 3(a)—(c) where polarized light microscopy
images in these samples are shown at the same optical
magnification. In the absence of fillers, a typical spherulitic
structure is observed. The addition of CB or organoclay
significantly enhances nucleation density leading to formation
of large number of small spherulites. As expected from the
crystallization behavior, unfilled nylon 6 exhibits mixed o/y
crystalline structure (Fig. 4(a)) whereas CB and clay filled
nylon 6 exhibits exclusively a crystalline form as they
crystallize at elevated temperatures where the growth of o
form is preferred.

3.2. Dispersion of nanoparticles

Fig. 4(b) and (c) shows the wide angle X-ray diffraction
profiles and TEM images for various nylon 6 nanocompo-
sites. In the TEM pictures, the dark spherical areas represent
the primary CB aggregates and the dark lines represent the
clay nanoplatelets viewed edge-on. Fig. 4(c) (upper) clearly
shows that irregular shaped CB aggregates are arranged in a
long range branch structure forming percolated network in
the presence of 5 vol% organoclay nanoparticles that are
fully exfoliated (Fig. 4(c)). This is also confirmed by the

Fig. 3. Optical micrographs of various isotropic nylon 6 systems: (a) neat nylon 6, (b) organoclay/nylon 6 (0.05/0.95), and (c) nylon 6/CB (0.891/0.109) (all

images are original).
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Fig. 4. XRD patterns for various isotropic nylon 6 systems: (a) diffraction patterns for 26 scanning profile and (b) diffraction patterns for (1.5-10°) 26 range (c¢) TEM
images of the state of organoclay and CB dispersions for isotropic nylon 6/CB (¢ =0.109) systems with 5 vol% organoclay-loading, where the dark spherical areas
represent the primary CB aggregate, the dark layers represent the clay nanoplatelet, and the gray/white areas represent the nylon 6 matrix (all images are enhanced).

XRD studies where we do not observe characteristic (001)
basal plane from clay crystal structure.

3.3. Visual observations on flow behavior in cavity

Surface flow patterns of various nylon 6/CB (¢ =0.109)
systems as a function of processing condition and
organoclay-loading are shown in Fig. 5. In these cavities,
the gate has a 1.2 mm thickness at the entrance the
rectangular shaped cavity with 3.0 mm thickness. Despite
the fact that the material is black in appearance, we can
discern a number of surface features. For instance, near the
gate one observes brighter lobes of fountain behavior that
become larger with increasing injection speed. In addition,
the central regions of the part fanning out of the entrance to
the cavity through the gate, surface features suggest the

evidence of jetting that has taken place upon inclusion clay
nanoplatelets. This becomes even more pronounced in the
5 vol% loading level. Promotion of conditions of the jetting
occurs particularly when the gate cross-section is small as
compared to the cavity thickness. Although they are not as
pronounced, the jetting phenomenon can also be observed
even at high mold temperatures. This is not unexpected as
the nanoparticle inclusions are known to suppress the
extrudate swell at wide range of temperatures [37,38].

3.4. Local orientation behavior of nylon 6 crystalline phases

We used the microbeam X-ray diffraction technique
(micro-XRD) to determine the spatial variation of crystal-
line phase behavior and orientation in the thickness
direction in injection molded nanocomposites. Nylon 6
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Fig. 5. The development of flow patterns observed after cavity filling for oriented nylon 6/CB (¢ =0.109) systems with various injection flow rate and

organoclay-loading.

exhibits stable oo form [39] upon crystallization from the
melt by slow cooling. This form exhibits characteristic
(202+002 mixture), (200) crystalline planes belonging to
monoclinic [39] unit cell with a=9.56 A, b=17.24 A
(chain axis), c=28.01 A, and 8=67.5°. The y form [40] can
be obtained by quenching from the melt. This form exhibits
characteristic (001), (200), and (20i) diffraction planes also
of monoclinic form with reported values [40] of a=9.33 A,
bh=16.88 A (chain axis), c=4.78 A, and 8=121.0°.These
crystalline peaks are illustrated in Fig. 6.

Micro-WAXS patterns on injection molded nylon 6/CB
(Fig. 7(a)) indicate that the nylon 6 crystals are exclusively
in oo form throughout the thickness showing no sign of
preferential orientation. As reported earlier [6,11,14], the
injection-molded neat nylon 6 normally shows preferential
orientation only at the skin region with crystals exclusively
in y crystal form expected from fast cooling near the
surface. Beyond this region, the preferential orientation
disappears and micro-XRD patterns indicate the formation
unoriented o crystalline regions throughout the interior of
the parts. In our case, the presence of CB changes the crystal
structure to be exclusively in o form throughout the
thickness including the surface. As indicated in the earlier
section, the formation of o phase at the surface layers is a

> 0200

- 0.202+002

result of high temperature crystallization under the influence
of nucleation effect of CB. Salazar et al. [41] observed
similar phenomenon in the case of injection-molded linear
polyethylene with small amount of CB (4.0 wt%). This
observation suggests that irregularly shaped CB nanoparti-
cles induces isotropy in the polymer phase in injection-
molded parts. We do, however, suspect that there may be
high levels of local polymer chain orientation near the CB
particles with the chains oriented parallel to the surface of
the CB particles. But because of their irregular shape, this
preferential orientation may be globally randomized and
may not be observed within the spatial resolution range
(~50 um) of the microWAXS technique leading to
isotropic appearance of orientation even near the surface
regions. When 3 vol% organoclay is added to nylon 6/CB
(9=0.109) mixture, the molded part exhibits significant
levels of crystalline orientation throughout the thickness as
observed in micro-XRD patterns in Fig. 7(b). These patterns
also indicate the skin regions are exclusively in vy crystal
form to a depth of 200 pm and beyond this depth the nylon 6
crystalline regions increasingly exhibit a crystal form
primarily as a result of decrease in cooling rates experienced
in these regions. Even though the clay nanoparticles also act
as a nucleating agents as discussed in the non-isothermal

0200

00 202+002

Fig. 6. Typical XRD patterns of o and vy crystal forms of isotropic nylon 6.
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Fig. 7. Micro-XRD patterns for various oriented nylon 6/CB (¢=0.109) systems at 30 °C mold temperature with 15 cm®/s injection flow rate conditions
obtained from skin to core: (a) 0 vol% organoclay-loading, (b) 3 vol% organoclay-loading, and (c) 5 vol% organoclay-loading.

crystallization section earlier, we do observe the skin
regions to be in y form. This implies that the clay particles
are acting as preferential nucleant for the y form despite the
fact that they cause the crystallization temperature to be
increased to the range where the growth of the o form is
favored. The chain axes at the skin regions are highly
oriented in the flow direction as indicated by the diffraction
arcs from y (001) plane concentrated along the azimuthal
direction. At the interior locations 200-300 pum from the
skin the crystalline regions begin to contain a mixture of o

Distance from skin (um)

and vy crystals. It should be pointed out that the horizontal
direction in these figures coincides with the flow direction
(injection direction). The local symmetry axis (double arrow
in Fig. 7(a) skin) begins to tilt towards the interior or the
parts and this becomes substantial beyond the second layer
(>300 pm). Further increase of organoclay concentration
to 5 vol% does not qualitatively alter the above orientation
behavior through the thickness direction and substantial
crystalline orientation is observed throughout the thickness
with respect to local symmetry axes (Fig. 7(c)). This
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'
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Skin 100 200 300 400 1500 (core)
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X-ray

700 1100

1300 1500 (core)

injection molded

Fig. 8. Micro-XRD patterns for oriented nylon 6/CB (¢ =0.109) systems with 5 vol% organoclay-loading obtained from skin to core at: (a) 30 °C mold
temperature with 60 cm?/s injection flow rate and (b) 90 °C mold temperature with 15 cm?/s injection flow rate.
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Fig. 9. Plots of tilt angle and oriented nylon 6/CB (¢ =0.109) system with
5vol% organoclay-loading at 30 °C mold temperature and 15 cm’/s
injection flow rate conditions. Schematic represents the orientation
directions of the local symmetry axes across the thickness direction with
their lengths in proportion to the orientation factors at each position.

observation is in accord with earlier publications [10,11],
where the development of substantial orientation levels in
nylon 6 crystalline regions has been reported in the presence
of clay nanoplatelets.

In order to examine the effect of clay nanoplatelet
induced orientation in nylon 6/CB system further, we
investigated the structural variation of nylon 6/CB (¢ =
0.109) system with 5 vol% organoclay-loading at different
processing conditions. A most striking feature of Fig. 8 is
the observation of high crystalline phase orientation in
nylon 6 even at high mold temperatures (90 °C) throughout
the thickness of the samples. These observations indicate
that the development of preferential orientation and crystal-
line phase formation becomes independent of processing
conditions in the presence of sufficient amount of exfoliated
clay nanoparticles. Especially, the temperature difference
between the mold and the nylon 6 melt with nanoparticles
does not significantly alter the basic mechanisms of
structural development. The close proximity of average
polymer chains to exfoliated nanoplatelets in these nano-
composites, leads to suppression of orientation relaxation.
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Fig. 10. Plots of tilt angle and orientation factor versus distance from skin
for oriented nylon 6/CB (¢=0.109) system with 5 vol% organoclay-
loading at 90°C mold temperature and 15cm?/s injection flow rate
conditions. Schematic represents the orientation directions of the local
symmetry axes across the thickness direction with their lengths in
proportion to the orientation factors at each position.

This preferential orientation is developed primarily as a
result of shear amplification that takes place in the polymer
phase trapped between adjacent nanoplatelets undergoing a
relative motion during the injection and packing stages.
Slower cooling imparted at high mold temperatures does not
lead to relaxation of the oriented chains as they crystallize at
higher temperatures even at the core regions as discussed
earlier.

To quantify the morphological features in micro-XRD
patterns, we determined the tilt angle (direction of local
symmetry axis as evidenced in the micro-WAXS patterns)
and orientation factor (degree of orientation) of in-plane
local nylon 6 crystal symmetry b-axis (main chain) in
reciprocal space.

Figs. 9-11 show plots of tilt angle with orientation factor
versus distance from skin for nylon 6/CB (¢ =0.109) system
with 5 vol% organoclay-loading with various processing
conditions, respectively. At the bottom of these figures, the
summary of both the directions of local symmetry axes and
the corresponding magnitudes of orientation factors
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Fig. 11. Plots of tilt angle and orientation factor versus distance from skin
for oriented nylon 6/CB (¢=0.109) system with 5 vol% organoclay-
loading at 30°C mold temperature and 60 cm’/s injection flow rate
conditions. Schematic represents the orientation directions of the local
symmetry axes across the thickness direction with lengths in proportion to
the orientation factors at each position.

indicated by the lengths of each line segment at each
position in the thickness direction is illustrated. These
orientation vectors are a good way to visualize the spatial
variations of both the orientation local symmetry axes
(direction of the vector) with respect to macro sample
directions (flow direction) and the orientation factors of
chain axis (proportional to the length of the vector) with
respect to these local directions. As shown in Figs. 7 and 8,
the tilt angle at the skin regions (0—200 um) are nearly 0°
and the orientation vectors are parallel to the flow direction
in all processing conditions while the highest chain axis
orientation is located near the skin. In the interior regions,
the local symmetry axis shows a significant tilt and the angle
is roughly 90° to the flow direction. Clearly the polymer
chains turn normal to the flow direction in the interior due
partly to the parabolic nature of flow field as well as packing
process significantly experienced in the interior of the parts.
This behavior is absent in the injection-molded nylon 6/CB
systems where the interior was observed to be isotropic
(Fig. 7(a)). There is always a significant sharp peak in the tilt

angle at a certain depth at all processing conditions. In this
region, the re-tilting to 130-160° range occurs. We attribute
this to the creeping flow during the packing leading to
significant re-tilt of local symmetry axes at the core regions
(1300-1400 pm). The depth, where the re-tilting occurs, is
not affected by the mold temperature; however, the increase
of injection flow rate induces this to move further into the
interior (700 um) of the molded parts.

Near the surface regions, the polymer chains exhibit
substantial orientation factors (f, =0.7-1.0) independent of
processing conditions. This indicates an almost perfect
orientation parallel to the flow direction. The molecular
chain orientation in the interior regions still are relatively
high (f,=0.3-0.4) despite variations in mold temperature.
This observation indicates that in general the degree of
molecular chain orientation at the skin regions is highest due
to both shear history that is naturally experienced in
between the nanoparticles before the fluid elements arrived
there but also due to subsequent very high shearing
experienced in these regions as the solid—liquid boundary
sweeps this region during the injection process exposing the
fluid mass to significantly higher shearing during solidifica-
tion. The innermost portion of this highly oriented skin
regions correspond to location of solid liquid boundary
when the cavity is fully filled suddenly stopping the high
shearing that has been taking place up to that point. Beyond
this boundary the orientation levels decrease but remain
significant. All this residual orientation exhibited in the
interior is accumulated upstream as the polymer chains are
sheared between the solid surfaces of these particles during
their journey through their passages of the extruder, runners,
gates, and the cavity. The fact that it remains relatively
constant in the interior regions indicates that their formation
is not due to local dynamics of the process. Otherwise the
orientation levels should continue to decrease towards the
interior as the cooling rates become slower with distance
from the surface that should lead to increased orientation
relaxation, but this does not occur. Yalcin et al. [11]
obtained much higher level of orientation factor (f;,=0.6) in
the core at similar processing condition in the absence of
CB. Hence, the local orientation of nylon 6 crystalline
phases in the presence of clay nanoplatelets are suppressed
by the presence of CB clusters as their irregular shapes
disorient the nanoparticles and along with them cause the
disoriented appearance of the oriented polymer chains
trapped between them.

3.5. Local and global orientation behavior of nanoparticles:
TEM observation

We conducted a series of TEM and electric force
microscopy (EFM) observations to observe local and global
orientation behavior of clay and CB nanoparticles. Fig. 12
shows the TEM images covering near surface regions from
skin to 300 pm depth. The dark spherical areas represent the
CB aggregates, the dark lines represent the clay
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Fig. 12. TEM images of oriented nylon 6/CB (¢ =0.109) system with 5 vol% organoclay-loading in MD-ND plane at 30 °C mold temperature and 15 cm?/s
injection flow rate conditions obtained from skin to 300 um, where the dark spherical areas represent the CB aggregate, the dark layers represent the clay
nanoplatelet, and the gray/white areas represent the nylon 6 matrix. The clay orientation is indicated by the arrow (all images are enhanced).

nanoplatelets viewed edge-on, and the gray/white areas
represent the nylon 6 matrix. The average clay orientation at
each depth is indicated with an arrow in each TEM
micrograph. We identify two important morphological
features: (i) most of the clay nanoplatelets orient according
to the orientation vector of nylon 6 crystalline phases and
they are in almost perfect alignment with the flow direction
at the skin region (flow direction=MD) (ii) a striking
feature in Fig. 12 is that we clearly identify the transition of
clay nanoplatelet orientation from parallel to perpendicular
to flow direction at 100-300 pum regions as indicated by the
arrow. The transverse arrangement of the anisotropic fillers
has also been seen in the core regions of injection-molded
parts filled with anisotropic macro particles such as glass
fibers as they tend to turn normal to the flow direction due to
packing flow experienced in the interior of the parts [42,43].
This behavior is in parallel with the crystalline orientation
behavior locally observed with the micro-XRD patterns. In
these patterns, we showed that the significant tilting of the
local symmetry axis occurs in these regions 200-300 pum
from the surface. This clearly illustrates that the orientation
behavior of nylon 6 chains is entirely controlled by the
orientation of clay particles as they are affected by the local
flow behavior.

Fig. 13 shows the TEM images taken at 400-900 um
depths. The local orientation of clay nanoplatelets are nearly
perpendicular to the flow direction (=MD) and they
coincide with the orientation vector obtained for crystalline
regions of nylon 6 at the same depth (Fig. 9). The local
symmetry axis also showed a significant tilting and the
angle is roughly 90° to the flow direction. We also observe
the orientation of trains of CB clusters with their long axes
aligning perpendicular to the flow direction (=MD) as well.

Fig. 14 shows TEM images of 1200-1300 pm depths,
representing the behavior near the core of the molded part.
As we further move towards the core, the morphology
becomes rather complex and the local orientation of clay
nanoplatelets shows random orientation. The randomization
of structure is attributed to the complex nature of flow
during the packing leading to an erratic behavior in the core
regions where we observed the local symmetry axis angle
varies between 52 and 142° (Fig. 9) to the flow direction in
these locations. This may also be as a result of jetting that
may have contributed to such behavior as discussed earlier
on optical observation section. This region was not
influenced by the mold temperature as shown in Figs. 9
and 11. Segregated CB nanoparticles form a train oriented
parallel to the orientation vector of nylon 6 crystalline
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Fig. 13. TEM images of oriented nylon 6/CB (¢ =0.109) system with 5 vol% organoclay-loading in MD-ND plane at 30 °C mold temperature and 15 cm?/s
injection flow rate conditions obtained from 400 to 900 um, where the dark spherical areas represent the CB aggregate, the dark layers represent the clay
nanoplatelet, and the gray/white areas represent the nylon 6 matrix. The clay orientation is indicated by the arrow (all images are enhanced).

chains. In this morphology, we observe local orientation of
clay nanoplatelets in CB free channels and CB-enriched
regions as we further increase the magnification. We
identify two different clay nanoplatelet orientation charac-
teristics at local CB free channels and CB-enriched regions.
Most of the clay nanoplatelets at CB free channels are
oriented almost parallel to the orientation vector of nylon 6
crystalline phases. However, the local orientation of clay
nanoplatelet at CB-enriched regions shows almost perpen-
dicular and/or random orientation along the orientation
vector of nylon 6 main chains. The clay nanoplatelets
essentially deform to wrap partially around the primary CB
aggregates following its contours. This is more substantial
than the same behavior observed in isotropic systems [30].
These results indicate that in the vicinity of irregularly
shaped CB clusters the clay nanoplatelets follow the
contours of CB clusters leading to local fluctuations of
their preferential orientation. However, we strongly believe
that the nylon 6 chains trapped between the nanoparticles
would still exhibit strong orientation parallel to the nearest
clay nanoplatelet surface. However, the global disorienta-
tion induced by the irregularly shaped CB macroscopically
appear more random than they actually are as 50 um
sampling range of the micro-XRD data is not small enough

to capture these morphological details as it represent
average many such domains. This area still needs further
investigation possibly with ultra-small beam X-ray
techniques.

3.6. Local and global orientation behavior of nanoparticles:
EFM observation

Fig. 15 summarizes the structural hierarchy of injection-
molded clay/nylon 6/CB ternary nano systems observed by
EFM associated with micro-XRD results. EFM phase
images provide morphological features on global CB
aggregates orientation, where the dark areas represent the
train of CB-enriched conducting regions and the gray/white
areas represent the nylon 6 matrix and/or organoclay
insulating regions (all images are original). The following
observations are worth nothing in Fig. 15: (i) CB
nanoparticles are oriented as a train of irregular shaped
CB cluster nearly parallel to the flow direction (=MD) (ii)
the trains of CB cluster orient perpendicular to flow
direction at interior regions. We could also observe the
parabolic orientation of these trains (iii) the trains of CB
cluster are suppressed at core regions with local structural
formation of dense CB aggregates with nearly random long
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Fig. 14. TEM images of oriented nylon 6/CB (¢ =0.109) system with 5 vol% organoclay-loading in MD-ND plane at 30 °C mold temperature and 15 cm?/s
injection flow rate conditions obtained from 1200 to 1300 pm, where the dark spherical areas represent the CB aggregate, the dark layers represent the clay
nanoplatelet, and the gray/white areas represent the nylon 6 matrix. The clay orientation is indicated by the arrow (all images are enhanced).

range connectedness. This randomization of structure is
attributed to the complex nature of flow during the packing
as was also evidenced by clay nanoplatelet orientation
observation by the TEM and local symmetry fluctuations in
nylon 6 phase by micro-XRD analysis at these depths.

3.7. Shear amplification

Fig. 16 shows schematic of the flow fields in the MD-ND
plane of mold cavity to help interpret the tilt angle and
orientation factor profiles. Tilt angle at skin regions is
normally parallel to the flow as these regions has undergone
combined biaxial (surface) and shear flow (interior) before
being solidified during the actual injection stage. At the
interior, the structure is controlled by the details of the
parabolic flow profile during injection stage coupled with
the creeping flow that typically occurs during packing stage.
The details of orientation in these regions are dominated by

the nanoparticles. They were found to turn normal to the
original injection direction under the action of flow in these
regions and the nylon 6 chains that are trapped between
these clay nanoparticles follow their orientation as evi-
denced by micro-WAXS experiments. In such system, the
nylon 6 chains exhibit significant preferential orientation
throughout the thickness of the injection-molded samples as
amply demonstrated by Yalcin et al. [11]. In their work, the
observation of high orientation was attributed to the shear
amplification mechanism of clay nanoplatelets that take
place in small gaps between the nanoplatelets where the
nylon 6 chains reside.

The addition of CB nanoparticles to nylon 6 results in
disorientation of nylon 6 chains even at the surface regions
of the molded part that is normally oriented in their absence
(Fig. 7(a)). This is substantially counteracted by the
inclusion of clay nanoplatelets in clay/nylon 6/CB ternary
nano systems. Although no reports on the local orientation
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Fig. 15. EFM phase images of oriented nylon 6/CB (¢ =0.109) system with 5 vol% organoclay-loading in MD-ND plane at 30 °C mold temperature and
15 cm?/s injection flow rate conditions obtained from skin to 1300 um, where the dark areas represent the CB-enriched conducting regions and the gray/white
areas represent the nylon 6 matrix and/or organoclay insulating regions (all images are original).

behavior of molecular chains within the narrow gaps of the
nanoplatelet are available at present, we attribute the
nanoplatelet induced orientation in polymer—CB composites
to a local shear amplification effect by clay nanoplatelets as
well as significant ‘rigidification’ effect by the clay

nanoplatelets on the polymer chains oriented by the above
mechanism. If this mechanism was not operational, Yalcin
et al. [11] could not have seen high nylon 6 chain orientation
levels at the core regions in high mold temperatures where
the thermal effect coupled with low viscosity would have

s by Biaxial Extensional Flow
N - ‘ A
Shear Flow g &@ —
\ ¥
ke, LN
—- ] 3 ‘_—_: o B flow
o / N ™ flow front

solidified layer

skin layer (mold wall)

Fig. 16. Schematic representation of the flow fields in the MD-ND of rectangular mold cavity.
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Fig. 17. TEM images of oriented nylon 6/CB (¢=0.109) with 5 vol%
organoclay-loading in MD-ND plane at 30 °C mold temperature and
60 cm®/s injection flow rate conditions obtained from core, where the dark
spherical areas represent the CB aggregate, the dark layers represent the
clay nanoplatelet, and the gray/white areas represent the nylon 6 matrix (all
images are enhanced).

relaxed away the preferential orientation developed during
the flow well before the solidification took place. We
therefore, conclude that at least those nylon 6 chains that are
within the region of influence of clay nanoplatelets exhibit a
certain level of preferred orientation. The question remains
are: do they collectively orient in a particular macro
direction to appear as ‘oriented macroscopically’ by the
standard micro-XRD techniques? This depends on whether
there are significant levels of CB nanoparticles in their
vicinity. If CB nanoparticles are absent or themselves
forming ‘trains’ then the clay nanoplatelets follow local
flow behavior and nylon 6 chains influenced by them exhibit
macroscopic orientation behavior as evidenced by the
micro-XRD techniques. This disorientation effect of CB
on both clay nanoplatelets and consequently nylon 6 chains
due to their shapes are certainly unmistakable in our results
particular in the core regions of the molded parts. Fig. 17
shows the evidence of high-resolution TEM images to
support our hypothesis.

3.8. Structural hierarchy in oriented ternary nano systems

Overall structural hierarchy developed in the injection-
molded nylon 6/CB systems and its organoclay-loaded ternary
nano systems is illustrated in Fig. 18. These models (partially
the original arts were inspired from those corresponding
Refs. [41,44]) summarize our basic understanding of organo-
clay induced orientation associated with structural hierarchy
developed originally presented in Fig. 7.

CB network is altered by the shear flow forming CB
‘trains’ oriented parallel to the flow direction particularly
near the surface of the mold or following the parabolic flow
profile in the interior of the parts. These results are
evidenced by the high-resolution TEM and EFM (Figs.
12-15). Because of the irregular shape of CB nanoparticles,
the evidence from micro-XRD revealed that the local nylon
6 crystalline phases are randomly oriented even at the
surface regions. Nylon 6 crystals possess exclusively o
crystal form throughout the molded parts (Fig. 7(a)) as they
are crystallized at higher temperatures under the nucleating
effect of CB where o form crystallization is favored.

In the presence of clay nanoplatelets, nylon 6 exhibits
significant orientation with their local symmetry axes
governed by the flow history (Fig. 18). At the skin regions
(0-200 pm), the chain axes are highly oriented along the
flow direction and they are exclusively y crystal form
primarily promoted by the presence of organoclay. These
skin regions are originated from the extensional flow at the
flow front. At the 200-300 um regions (second layer), there
is a significant tilting of the local symmetry axis beyond the
second layer (>300 um) and this is the transition distance
from skin to interior regions. Local symmetry axes are
primarily oriented along the flow direction near the surface
while in the core regions they turn normal to the flow
direction as evidenced by the micro-XRD studies (Fig. 18.
The local symmetry axis variations are also observed in clay
nanoplatelets as directly visualized by TEM (Fig. 12). In
fact both TEM and EFM evidenced the local and global
orientation behavior of clay and CB nanoparticles. Most of
the clay and CB nanoparticles are oriented following the
local flow history and their orientations nearly coincide with
the local orientation vector of nylon 6 crystalline phases. In
the presence of strong non-isothermal shearing fields caused
by the nature of parabolic flow, the clay nanoplatelets
essentially orient parallel along the orientation vector of
nylon 6 crystalline phases (or the flow direction) between
the trains of CB cluster and they are oriented within CB free
channels. Local clay nanoplatelet orientation at CB-
enriched regions, on the other hand, shows perpendicular
and/or random orientation along the main ‘polymer stream’
due to the irregular shaped of CB ‘rocks’ (Fig. 14). The clay
nanoplatelet essentially experiences significantly increased
shear deformation within the narrow passages between the
CB clusters and this generates an effective shear amplifica-
tion as well as local extensional strain components (due to
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Fig. 18. Schematic of clay nanoplatelet/CB orientation and structural hierarchy injection-molded clay/nylon 6/CB ternary nano system: (a) nylon 6 chain
orientation vector, (b) nylon 6 chain orientation factor, (c) nylon 6 chain tilt angle, and (d) micro-XRD patterns.

local acceleration) to orient the nylon 6 crystalline phases
localized between the gaps of the nanoplatelets.

In summary, the addition of irregularly shaped CB
nanoparticles suppresses the development of orientation
(macroscopically) in the nylon 6 whereas the addition highly
anisotropic clay nanoplatelets enhance it due to shear
amplification. Regardless of local variation of organoclay
concentration and processing conditions, the oriented polymer
chains exhibit characteristics similar to thermotropic liquid
crystalline polymers (ease of orientation, extremely long
orientation relaxation times at high temperatures).

4. Concluding remarks

If CB is added to the nylon 6 matrix, the resulting
injection-molded parts exhibit random orientation in the

nylon 6 phase with exclusive o crystal form throughout the
parts due to the increase in crystallization temperature as
the presence of CB promotes heterogeneous nucleation.

The addition of clay nanoplatelets promotes preferential
growth of y phase in the nylon 6 crystalline regions while
enhancing preferential orientation of macromolecules through-
out molded parts. This is primarily due to shear amplification
effect and suppression of orientation relaxation in nylon 6
chains that are in close vicinity of rigid nanoplatelet surfaces.
The presence of irregularly shaped CB clusters causes local
‘redirection’ of the clay nanoplatelets. We also observed that
CB clusters form ‘trains’ following local flow directions.
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