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Transcrystalline Regions in the Vicinity of Nanofillers in Polyamide-6
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ABSTRACT: The presence of preferential organization of lamellar regions in the vicinity of soft (maleic anhydride
grafted polyethyleneoctene copolymer, POB-MA) and rigid (clay) nanofillers and how these interfaces or
ligament regions between the nanoadditives and a polymer, polyamide-6, contribute toward the toughening processes
were studied. The preferential lamellar orientation was observed only in the core region of the injection-molded
polymer nanocomposites, while in other regions flow-induced crystallization was the controlling factor. In the
case of soft fillers, it was shown that the orientation of transcrystalline lamellae along the tensile direction to
promote shear yielding is a complex process, but it is not a predominant factor controlling the total toughness of
the polymer blend, which is the sum of all the deformation processes occurring in all the regions (i.e., surface,
intermediate, and core) of the injection-molded samples. For rigid clay systems, delamination of the clay layers
occurred and resulted in only a slight increase of the toughness. Hence, it was suggested that without extensive
matrix shear yielding activated by full debonding of the clay/matrix interfaces large improvements in toughness
cannot be realized.

Introduction substrate the transcrystalline region is very thick when compared
to a low surface energy substrate. However, it is still unclear
whether the transcrystalline layers are beneficial for shear stress
transfer at the interface, thereby improving the mechanical

Changing the processing conditions, e.g., combination of
shear and extensional flow and/or addition of fillers, generally
influences the spatial organization and alignment of crystallites ) . -
in semicrystalline polymers and thus may affect the material properties, or whether they Lt negative or negligible effect
properties such as strength, hardness, toughness, and transfseirency. O the ultimate mechanical properties.

In neat polymers, the negligible shear in the center of an The existing knowledge base is even worse for the case of
injection-molded bar and the presence of intense shear near thdrigid or soft) nanofillers. It is not fully understood (experi-
surface are shown to produce different spatial organizations of mentally and/or physically), even after decades of studies on
the crystalline lamella&8 With the addition of fillers, particu-  semicrystalline polymer nanocomposites, how the presence of
larly fibers, many studies have shown that they act as hetero-the transcrystalline layers and the interfaces or ligament regions
geneous nucleating agents and initiate crystallization along thebetween nanoadditives and a polymer affect the mechanical
interface?-13 However, the essential prerequisite for this to properties of the nanocomposites, despite some theories and
happen is the presence of a high density of active nuclei on themodels have been proposed. For example, with soft elastomeric
filler surface. These nuclei hinder the lateral extension of additives, Muratoglu et &l.proposed that in the interparticle
spherulites and force their growth normal to the fiber surfaces, regions of closely spaced particles nylon lamellae are arranged
resulting in columnar crystalline layers, called transcrystalline close to each other and perpendicular to the rubbeatrix
layers, with some finite thickned4!> The nucleation and interface. Therefore, the hydrogen-bonded planes of low slip
transcrystalline growth are also reported to be system-dependenttesistance are aligned parallel to these interfaces. Consequently,
that is, affected by the topography of the filler, the mismatch under an external applied load, upon cavitation of the rubber
of thermal expansion coefficients between filler and matrix, particles, the local deformation will be easily initiated on these
thermal conductivity and surface energy of filler, chemical planes and eventually allows deformation to large strains without
composition of filler surface, and stress-induced crystallization initiating any critical fracture process, hence enhancing the
by local flow. Though the exact mechanisms of the transcrys- toughness. Generally, the influence of the interface is negligible
talline growth are still not clear, it is commonly agreed that when the filler is amorphous. However, many stutfiéghave
extensive heterogeneous nucleation of polymer melts at high-shown that even amorphous substrates can induce an ordered
energy surfaces generates transcrystalline layers in the interfaciatrystalline growth in the crystallizing matrix, including the
region if sufficient time is allowed for the polymer melt to above-mentioned workA similar morphology is reported in
achieve extensive and intimate contact with the filler. Therefore, polymers that are crystallized on planar substrates (rubber and
the spherulites disappear and the transcrystals appear at the fillecalcite), suggesting that the crystallization behavior near an
surface and become dominant when the filler surface energyincoherent (or dissimilar) interface is different from that
increases. Cho et #f.compared the effect of substrate (silicon) occurring in the bulk and is independent of the nature of the
surface energy on the transcrystalline growth at the interface substrate, be that amorphous or crystalfihBolyethylene has
of semicrystalline isotactic polypropylene by treating the been demonstrated to crystallize preferentially in the interfacial
substrate with various silane coupling agents so as to changezones with the lamella oriented edge-on against the substrate
the surface energy. They showed that with a high surface energyand with a strong preferred orientation of the crystallographic
(100) planes lying parallel to the interface. This was attributed
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systems suggest that this type of crystallization near dissimilar ~ Table 1. Notched Izod Impact Energy of the Studied Materials

interfaces is common in semicrystalline polymers for a wide notched Izod impact
variety of interface types. In contrast, Corte et have recently material energy, kJ/r
shown that in the injection-molded polyamide-12/ethylene neat polyamide-6 7302
propyl- polyamide-6/POEy-MA blend (90/10) 13.6t 0.1

ene rubber (EPR) system the crystalline lamellae are aligned in ~ polyamide-6/POEg-MA blend (70/30) 104.4:1.0

the same direction over tens of microns, pointing to the absence p°'ny§$§’§;f’ﬂ§¥ee{gfg'}f£d 3.2+01

of any transcrystallization zone in the vicinity of the amorphous polyamide-6F/JcIay intercalated 4.3+ 001

rubber fillers. However, it is important to realize the effects of nanocomposite (90/10)

flow-induced crystallization when considering the preferred of 210-245°C and a screw speed of 300 rpm. Subsequently, the
orientation of lamellae in the vicinity of particles. Corte efal.  extruded pellets were oven-dried and molded into tensile and
examined the intermediate regions of the injection-molded bar, rectangular bars using a Boy Dipronic 22S injection molding
that is, in between surface and core, where the influence of shearmachine with the barrel and mold temperatures maintained at 235
exists, and so the lamellae are aligned normal to the flow and 60°C, respectively. Binary polyamide-6/organoclay nanocom-
direction consistent with the theories of flow-induced crystal- Posites (90/10) and binary polyamide-6/P@&AA blends (70/30
lization® while Muratoglu et af investigated spin-coated thin ~ @nd 90/10) along with neat polyamide-6 were prepared using the

films in order to remove any such shear-induced effects above-mentioned conditions. The notched Izod impact energies (kJ/
. .. . . ' m?) of the materials were evaluated in an ITR-2000 instrumented
With rigid particles, especially clay, there were several

R ! impact tester per ASTM D256 on the injection-molded rectangular
attempts to understand the transcrystallization behavior of hars and are listed in Table 1. In the blends, it is evident that with

polyamide induced by the presence of nanoclay. It has beenincreasing POErMA content the fracture mode changed from

shown that in an intercalated system polyamide lamellae arebrittle to ductile. Significant toughening effect is achieved at 30
oriented perpendicular to the intercalated clay layers and thewt % POEg-MA. All these tests were conducted at ambient
flow direction, extending over several micrchélthough the temperature (2625 °C), and an average value of five repeated
authors suggest this to be the transcrystallization process, it raise€Sts was reported for each composition. _

a critical question whether the preferred orientation is a direct _Morphology Observations. To investigate the preferred orienta-

result of the presence of the clay layers or a combination of the 190 Of lamellae in the vicinity of nanoparticles, ultrathin sections
presence of clay layers (acting as nucleation agents) and fIOW_of ~60—90 nm in thickness were cryogenically cut with a diamond

: 7 . ; -~ knife in liquid nitrogen environment at100 °C using a Leica
induced crystallization. On the basis of the observations of Kim yyyracut S microtome. Sections were collected on Formvar/carbon

et al® and assuming that the entire material to be transcrystalline, coated 400 mesh copper grids. Subsequently, to reveal the crystal-
Sheng et a#° included the effect of the transcrystallized matrix  jine lamellae, sections were stained with an aqueous solution of

layers to calculate the enhancement of the composite modulusphosphotungstic acid gRQ,12W0s) and benzyl alcohol (gHs-
using finite element simulation. They assumed that each particle CH,OH) according to the method described by Martinez-Salazar
has a transcrystalline matrix layer of thickness0 nm on either ~ and Cannor* They were then observed using a Philips CM12
side. While the transcrystallization of the matrix does contribute transmission electron microscope (TEM) at an accelerating voltage
to the enhancement of the overall composite modulus, however,of 120 kv.

this effect was found to be very minor in comparison with the
“composite level” effects of stiff particles in the matrix.

In the present study, we focus mainly on some fundamental
aspects so as to understand the preferred orientation of crystal
line lamellae in the vicinity of soft (maleic anhydride grafted
polyethylene-octene copolymer, POB-MA) and rigid (clay)
nanofillers in a polyamide-6 matrix and their role towar
toughening.

Results and Discussion

Lamellar Organization in Polyamide-6/POE-g-MA Blends.
Figures 1la and 1b,c show typical TEM micrographs in the core
region (along a plane parallel to the flow direction) of an
injection-molded polyamide-6/PO&MA binary blend at 10
d and 30 wt % of POEFMA, respectively. At 10 wt %

elastomeric phase, the prevalence of lamellae impinging on
particle interfaces is apparent for all the particles (indicated by
Experimental Section the arrows), which points to the existence of preferentially
) ) ] ) oriented lamellar zone (each around-13D nm) in the vicinity
Akl\/llate'rgazlgés\rlgd Prep%;a_tlond fP Olyel‘)“js'ﬁ/lelf with a_trad;,i ”";‘_me % of the soft particles, while in the rest of the matrix, the lamellae
Netlh%r;lan 3, Mva\:?esi:ar?g;/%ri drgrgrafte | pg?yl/r;?r?;lg%et:r?elcc?o(- € are randomly oriented. This morphology confirms that dissimilar
interfaces may promote oriented crystallization in the absence

polymer (POEg-MA) with an MA content of 0.6 wt % was ) ) .
purchased from Rui-Sheng Co. (Taiwan). Since it is well-established of any external stress field. The crystalline lamellae appear bright

that the affinity of organoclay with matrix plays a dominant role and are separated by thin and dark amorphous layers due to the
in determining the extent of exfoliation, two types of commercial Nnegative staining. However, since the interparticle distances are
organoclays were used to achieve exfoliated (Cloisite 93A) and large at this content of elastomeric phase, only lamellae radiating
intercalated (Cloisite 15A) nanocomposites. The alkylammonium from the particles are seen, and occasionally where adjacent
surfactant used in Cloisite 93A was methyl, dihydrogenated tallow particles are intimately near to each other, the interparticle
ammonium, while dimethyl, dihydrogenated tallow, quaternary regions of these particles show a different morphology whereby
ammonium was us_ed in Cloisite 15A. The cation .exchange capacity the |amellae appear to be “interpenetrating” caused by the fact
and wt % loss on ignition were about 90 mequiv/100 g and 40% o+ they are very closely spaced. This behavior is more obvious
for Cloisite 93A and 125 mequiv/100 g and 43% for Cloisite 15A, t hiah t fp A (30 Wt %. Fi 1b and
respectively. Both organoclays were obtained from Southern Clay at higher percentages o QEM . (30 wt %, Igures 1b an
1c for low and high magnifications) where the interparticle

Products Inc. via Jim Chambers & Associates (Australia). ; S
Polyamide-6 pellets, POG-MA pellets, and the two types of distances are very small. The close organization of the lamellae

organoclay were oven-dried at 88 for 24 h. Then, the desired I these regions is marked with dotted circles. As mentioned
proportions of the ingredients were mixed and melt compounded €arlier, Muratoglu et &l. suggested that this morphology if

in a Werner & Pfleiderer ZSK-30 twin-screw extrud&y/ = 30, percolates throughout the entire blend, the overall plastic
L = 0.88 m). Extrusion was performed within the temperature range resistance is reduced, hence initiating a high toughness response.
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Figure 1. TEM micrographs taken in the core (a, b, ¢) and near-surface (d, e) regions of injection-molded polyamide-8/A0Hends along
a plane parallel to the flow direction for (a, d) 10 wt % and (b, c, e€) 30 wt % showing the crystalline organization.

Compared to the present study where transcrystalline regionsparticles in the region). It is evident that most of the lamellae
are observed in the core of an injection-molded bar and where are extended in a direction almost normal to the flow direction
the influence of shear flow is negligible, Corte et*diave, for several hundreds of nanometers in a manner similar to the
however, shown that there are no transcrystalline layers in thestudy of Corte et at.Similar observations were also reported
polyamide-12/EPR blend in the vicinity of EPR particles under in other systems. Lagasse and Max#fe#ihowed that shear-
the influence of shear. To confirm these results, we also took induced crystallization of propylene polymers was unaffected
TEM images close to the surface of the injection-molded bar. by the presence of either a carbon black additive or a
In Figures 1d and 1le, TEM micrographs of the injection- heterogeneous nucleating agent. Kéidound that primary
molded polyamide-6/POB-MA binary blends taken along a  nucleation occurred in melt-drawn polyethylene along a line or
plane parallel to the flow direction (close to the surface) at 10 row normal to the draw direction, which he calledw
and 30 wt % of POE>-MA, respectively, are shown. There are nucleation The resulting crystals grew normally outward from
no preferentially oriented crystalline lamellae around the this line.

particles at all contents of POgEMA as in the core region The above observations (Figure 1) indicate that in the
(Figures 1lac). Additionally, even when the interparticle injection-molded samples the structural organization of crystal-
spacing is smaller (at 30 wt % of PQiEMA, Figure 1e), no line lamellae is very complex and is heavily influenced by shear-

crystalline lamellae are organized closely. It is interesting to induced flow. In the surface regions subjected to high shear,
see that the crystalline organization in the vicinity of the particles flow-induced crystallization dominates, while in the core regions
is not dominated by the particles, but controlled by the under negligible shear, crystalline organization is mainly
processing conditions, in particular, the flow direction (indicated controlled by the dispersed particles and form preferentially
by double-headed arrows, identified from the shape of elongatedoriented lamellar zoned.his complex structural organization
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Figure 2. TEM micrographs showing the complexity of the process of lamellae orientation after tensile straining to an extension of 60%: (a)
negatively stained to reveal the lamellae and (b) without any staining to identify cavitation. Tensile direction is shown with double-headed arrows
white single arrows point to the oriented crystalline lamellae along tensile direction, while black arrows indicate the lamellae that areedot orient
along the tensile direction.

of lamellae in different zones of the bar will ultimately affect tensile direction (double white arrows) within the uniformly
the toughening processes and total toughnesdlse from the strained section. In undeformed condition, a large percentage
combined deformation of all these regio@onsidering this fact,  of rubber particles are in the size range ¥a®%0 nm (see for
the proposed model of Muratoglu et %alin which it was example, Figure 1b), although a broad range of size distribution
assumed that the entire blend is transcrystalline) to elucidateis observed. While in the stretched condition, most of the
the deformation and toughening mechanisms is only valid, if particles are in the size range 23800 nm or larger (measured
at all, in the core region of the injection-molded bar not along the long axis of stretched particles), indicating the extent
experiencing any shear flow. of stretching (see, for example, Figure 2a). Quantification of
Morphology Changes during Tensile Straining.To clearly results was based on five TEM micrographs taken in the core
identify the role of preferred lamellar organizations, in particular, region of injection-molded polyamide-6/PQEMA blends
the closely spaced lamellae in the interparticle regions toward along a plane parallel to the flow direction at different
the toughening processes, a uniaxial tensile test was conductednagnifications using a Soft Imaging Systems “analySIS”
on the polyamide-6/POB-MA (70/30) blend at a cross-head software. Apart from the rubber particles, however, there are
speed of 5 mm/min and subjected to a selected extension ofmany locations where the lamellae are not oriented along the
60% whence the material was uniformly stretched. Ultrathin tensile direction, some of which are shown with black arrows.
sections were cryo-microtomed from the core region along the This indicates the complexity of this process and possible
plane parallel to the flow direction from uniformly stretched dependence on the cavitation of rubber particles to relieve the
locations. TEM micrographs taken from this region are shown constraint on the matrix. At some locations, it also appears that
in Figure 2. The tensile stretching direction was identified from the rubber particles have deformed and coalesced together to
the shape of elongated particles/cavities in the region. an extent that makes it difficult to identify precisely the closely
Before discussing TEM results, it is important to note that spaced lamellar organizations among them. Furthermore, as the
when a polymer/rubber blend is subjected to external loading, rubber particles are not positively stained, it is difficult to
cavitation may occur when the hydrostatic stress componentidentify whether cavitation has occurred or not. It should also
reaches a critical valu&:25In general, it is well-established that  be noted here that accurately staining POE elastomeric particles
when the adhesion between rubber and matrix is strong enoughjs difficult with the commonly used staining agents like RuO
cavitation takes place inside the rubber particle due to the or OsQ; if an ultrathin section of polyamide-6/POE blend is
difference in Young’s modulus and Poisson’s ratio between the exposed to Ru@vapor, as the staining rates of polyamide and
particle and matrix. In contrast, when the adhesion between POE are very different, polyamide-6 will turn gray first while
rubber and matrix is relatively poor, interfacial debonding may the POE particles remain white. However, if the particles are
occur. But, in the present case, the interfacial interaction betweenembedded in the matrix or lie on top of each other, bright regions
the POEg-MA particles and polyamide-6 matrix is improved may not always correspond to the cavitated particles and may
by in-situ formation of polyamide-6o-POEg-MA copolymer. lead to possible misinterpretations. To avoid all these confusions,
Particle cavitation and void formation should relieve the plane ultrathin sections of the tensile strained sample were also
strain constraint on the matrix material adjacent to the cavitated checked in TEM before being negatively stained to identify if
particles, facilitating easy yielding of the lamellae in the closely there are any voids. In Figure 2b, although voids (relating to
spaced particles. Since the yield stress depends on the degreeavitation of POEg-MA particles) are clearly observed, it is
of constrain&® cavitation of particles promotes shear yielding apparent that not each and every elastomer particle has cavitated.
in the matrix ligaments. However, it is important to mention This also supports the explanations given above and Figure 2a
that, depending on the level of compatibility of the dispersed why only in some locations the closely spaced lamellae orientate
additive with the surrounding phase and the concentration of along the tensile direction, while at other locations, there is no
stress, the criterion for cavitation of PQEMA patrticles varies orientation.
from particle to particle, thus complicating the picture. Itis again essential to make a point that the preferred oriented
The TEM micrograph (Figure 2a) shows large extents of layers are only found in the core region of the injection-molded
rubber particle stretching and, in a few locations, a considerablebar, which is a small region, but the total toughness of the
amount of oriented lamellar regions (white arrows) along the polyamide-6/POE-MA blend is the sum of deformation
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Figure 3. TEM micrographs taken in (a) core and (b) near-surface regions of injection-molded polyamide-6/organoclay nanocomposite (90/10)
along a plane normal to the flow direction showing the crystalline organization.

processes in all regions (surface, intermediate, and core),testing and also in other polymer/clay systems experiencing
suggesting that the preferential alignment of lamellae in the other modes of damage. For example, in polyamide-66/clay
interparticle regionsnay not be a predominant factoontrolling nanocomposites during nanoscratching (1 mN applied normal
the toughness of the polymer blend. Moreover, for the polya- load and a sliding speed ofim/s) submicron and nanocracks
mide-6/POEg-MA (90/10) blend, under an external load, though associated with the clay layers (formed between them) were
some cavitation of the rubber particles has occurred, it still fails observed up to 500 nm below the scratch trécRepending
in quite brittle manner (Table 1), indicating that when the on the orientation of intercalated clay structures, delamination
interparticle distances are large, matrix shear-yielding cannot in tensile mode of deformation can cause splitting, opening, or
be effective and widespread. sliding and any combination thereof of the high surface area
Lamellar Organization in Polyamide-6/Clay Nanocom- clay layers It is important to note that, unlike spherical
posites.Figure 3a shows TEM micrograph of the core region nanofillers, clay platelets due to their 2-D nanostructure exhibit
of injection-molded polyamide-6/clay (90/10) nanocomposite significant orientation differences on any one plane varying from
taken along a plane perpendicular to the flow direction and a fully disk shape to a fine layer. Because of its high aspect
negatively stained to reveal the crystalline organization. Clay ratio, during injection molding into a tensile or rectangular bar,
layers are randomly and uniformly dispersed in the polymer only translation motion of clay platelets is possible, and
matrix. It is also interesting to see that the crystalline lamellae rotational motion is generally negligible. So generally, along a
are aligned perpendicular to the lateral interface (on both sides)plane parallel to the flow direction, large percentages of disk-
of each clay layer and matrix and appear closely organized to shaped particles are present. In the study of Kim gt #ie
each other depending on the orientation of the clay layers. Theseobservations were made along this plane, which makes it
transcrystalline layers are around-3® nm (including both difficult to identify those microvoids formed by the real
sides) for each clay layer and confirm that nucleation occurs at deformation processes and the presence of discs or those
the silicate surface during crystallization of the polyamide removed during the microtoming (which can be easily removed
matrix. It is also suggested previously that the ammonium if microtomed along this plane). To avoid these confusions, in
cations at the ends of polyamide-6 molecules are bonded withthe present study, after tensile stretching to different extensions,
the anionic sites on the silicate monolay&rdf polyamide the samples were microtomed along the plane normal to the
molecules are densely bonded to a silicate monolayer, thisflow direction.
nucleation results in the growth of lamellae normal to the silicate ~ With similar lamellae organization between clay layers as
monolayer when they are not affected by an external stress field.that between rubber particles, a pertinent question is why the
In addition, TEM observations close to the surface of injection- notched lzod impact energy of exfoliated polyamide-6/clay
molded polyamide-6/organoclay (90/10) nanocomposite, where nanocomposites is low (Table 1). Recall that rubber cavitation
there are high shear stresses, reveal that the nanoclay layers a necessary condition for matrix shear yielding to impart high
are highly oriented in one particular direction, while the toughness to the polymer /rubber blends. Hence, it would seem
polyamide lamellae are oriented normal to that direction over that debonding at the polymer/clay interface is also a necessary
the entire region (Figure 3b). This again suggests that in the condition for effective toughening in these polymer/clay nano-
near-surface region of injection-molded bars the lamellae composites so that shear yielding of large volumes of matrix
organization is not controlled by the presence of fillers but is material can be enhanced. When the sample is unloaded before
primarily determined by the flow-induced crystallization. reaching the tensile yield stress but beyond the elastic limit, in
Morphology Changes during Tensile Straining.Kim et al3 the core region of exfoliated polyamide-6/clay nanocomposites,
performed in-situ tensile tests of intercalated polyamide-12 clay no debonding or delamination of the exfoliated, nanoscale
nanocomposites within an electron microscope and observeddispersed, and high aspect ratio clay layers is observed (Figure
that the major deformation process in these materials was4a, here the matrix is not stained to clearly identify the fine
microvoid formation inside the stacked silicate layers. Since delamination between clay layers). But when the sample is
the clay interlayer strength is weaker than the clay/matrix subjected to an extension corresponding to the tensile yield
interfacial strength, delamination or interlayer debonding of clay stress, submicron voids that are associated with clay layers are
tactoids occurs. This phenomenon was reported in poly- observed at some locations. A TEM micrograph exemplifying
(vinylidene fluoride)/silicate nanocompositésiuring tensile this behavior is shown in Figure 4b. It is clearly revealed that
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Figure 4. TEM micrographs in the core region of an injection-molded exfoliated polyamide-6/organoclay nanocomposite (90/10) along a plane
normal to the flow direction unloaded at different extensions showing (a) no debonding or delamination of clay layers; (b and c) formation of nano-
to submicron voids associated with delamination of clay layers; and (d) indicating the existence of trans-crystalline layers even afteratelaminati

the submicron void is formed as a result of delamination of the showing the delamination of intercalated clay layers (without
clay layers. As most of the clay layers are exfoliated and staining the matrix) taken from the core region along the plane
dispersed at nanoscale, submicron to nanosized voids arenormal to the flow direction upon unloading to different
associated with those layers where two or more layers areextensions (corresponding to tensile yield stress and to a selected
stacked together due to the weak interaction between theseextension of 60%) are shown in Figures 5a and 5b, and an
stacked silicate layers. However, no debonding of clay layers example showing the effect of delamination of clay layers on
from the matrix is observed due to the strong tethering junctions. the transcrystalline regions in their vicinity is shown in Figure
When the sample is stretched to an extension of 60%, just before5c (pointed with arrows). Because of the large scale delami-
fracture, delamination is observed at more locations but still nation of intercalated clay layers and the formation of submicron
not on a massive scale (Figure 4c). It is important to note that voids, the increase in interlayer distance is large. Thus, the
no deformation structure representing debonding of clay layers toughness is increased, albeit moderately, compared to the
from the matrix is present even at this stage, indicating that the exfoliated polyamide-6/clay nanocomposite (Table 1). However,
constraint on the polymer has not been relaxed. This is it is thought that without extensive matrix shear yielding
understandable if the transcrystalline regions in the vicinity of activated by full debonding of the clay/matrix interfaces, similar
the delaminated nanoclay layers are revealed. An illustration to the cavitation of POE-MA rubber, large improvement in
of this is shown in Figure 4d, a high-magnification TEM toughness in semicrystalline polymer/rigid clay nanocomposites
micrograph taken at this location, which shows the clear will not be realized.
persistence of transcrystalline regions (pointed with arrows) in ~ This study adds to the basic information and understanding
the vicinity of even the delaminated layers. of the complexities involved in the crystalline organization in
Delamination will result in an increase of interlayer distance injection-molded polymer nanocomposites and points to the
(movements of the clay layers), hence dissipating energy in importance of accounting properly different effects of trans-
deforming the polymer inside the intragallery and the trans- crystalline regions on mechanical and physical properties of
crystalline lamellae that are firmly bonded to the outermost polymer nanocomposites.
surfaces of the clay particle. As the extent of delamination is .
very limited in this case and no debonding of clay layers from €onclusions
matrix is observed, which are necessary for creating free volume 1. In the core region of injection-molded polyamide-6/POE-
in the matrix, the material failed in a brittle manner with a low g-MA blends, the presence of preferentially oriented lamellar
impact energy value. In contrast, in an intercalated polyamide- zones around dispersed P@BVA particles of around 1630
6/clay nanocomposite, in a manner similar to other stutfés, nm are observed. If the particles are intimately near each other,
large scale delamination of clay layers resulting in the formation in the interparticle regions of these particles, the crystalline
of submicron voids are observed. But no debonding of clay lamellae are very closely spaced. Near the surface regions, where
layers from the matrix can be seen even in this case at all thethe influence of shear exists, no preferentially oriented crystalline
locations investigated. High-magnification TEM micrographs lamellae are found around the particles, and even when the
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Figure 5. (a and b) TEM micrographs showing delamination of clay layers in tensile stretched intercalated polyamide-6/organoclay nanocomposite
(90/10) subjected to different extensions along with an example (c) indicating the existence of transcrystalline layers even after delamination of
clay layers.

interparticle spacing is small, no crystalline lamellae are the clay/polymer matrix interfaces large improvements in
organized closely, suggesting that flow-induced crystallization toughness cannot be realized.
dominates at the surface regions.
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