
Available online at www.sciencedirect.com
Polymer 49 (2008) 1635e1650
www.elsevier.com/locate/polymer
Molecular origins of toughening mechanism in uniaxially
stretched nylon 6 films with clay nanoparticles
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Abstract
Introduction of nanoplatelets into the nylon matrix preorients the polymer chains in the film plane during melt casting leading to uniplanar
(001) texture in nylon 6 crystalline as well as clay phase. This behavior enhances the uniformity of films during cold deformation well above the
glass transition temperature by suppressing the localized necking behavior. The clay platelets reduce the polymer interchain hydrogen bonding
and entanglements leading to decrease of long range ‘‘connectivity’’. As a result, a delay in strain hardening during deformation occurs allowing
much larger deformations to be attained without fracture. This in turn leads to increase in toughness.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The superior mechanical and barrier properties as well as
a wide service temperature range make nylon 6 a prominent
engineering thermoplastic. This semicrystalline polymer has
numerous applications in automotive, electrical and packaging
industries. Many of these applications profit from the high
stiffness, toughness and tensile strength of nylon 6. Numerous
methods have been developed to enhance its current properties
and leading to its wider utility [1].

One conventional method for performance improvement in-
volves inclusion of micron-sized fillers as reinforcing agents
such as kaolin and fiberglass. The mechanical properties of
the so-formed microcomposites are improved considerably
relative to the bulk polymer when a tensile stress is generated
in the filler through elongational and shear stresses applied
through the matrix. However, such reinforcement requires
the use of large filler concentrations (up to 40%) that leads
to increased specific weight, brittleness and reduced optical
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clarity [2]. Recent studies on nylon nanocomposites [3e9] in-
dicate a number of improvements in the performance of nylon
6 without the above-mentioned drawbacks of the traditional
microcomposites. Natural layered silicates such as montmoril-
lonite clay with the thickness in the nanometer range and the
other two dimensions in the micron range provide reinforce-
ment at much lower filler concentrations. With the addition
of 2e10 wt% nanoplatelets, tensile and impact strength, and
flexural modulus of nylon 6 are improved. The increase in
room temperature tensile modulus of nylon 6 nanocomposite
is as high as 168% [10].

There are many factors that establish the superiority of
nanocomposites over microcomposites. In a layered-silicate
polymer nanocomposites, where the silicate sheets are interca-
lated or exfoliated in the polymer matrix, the interfaces
between the filler and the matrix constitute a much larger
volume fraction of the bulk material. The amount of polymer
affected by the abundant high surface area of the filler is thus
larger in a nanocomposite and the increased coupling between
the clay and polymer facilitates stress transfer to the reinforce-
ment phase. The increased polymerefiller interaction has been
proposed as a factor altering the toughening mechanism of ny-
lon 6. Additionally, the nanosilicates contribute more to the
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modulus of a composite because the modulus is directly
proportional to the aspect ratio of the filler. Thus, the high
aspect ratio of the silicates, their unique intercalation and ex-
foliation characteristics and better adhesion at the polymere
clay interface determine the prominent property enhancement
[11e15].

In melt processing, an important component of property en-
hancement is the orientation of clay platelets and polymer
chains in the flow direction. Primarily, the nanoplatelets be-
come substantially oriented in the flow direction and subse-
quently the polymer chains orient along with the clay sheets
in processes such as injection molding [16,17] and fiber spin-
ning [18,19]. Studies on the orientation of nanocomposites in
shear flow also show that the clay platelets orient easily in the
shear plane along which they show the lowest resistance to
flow [20,21]. Although the studies on the orientation of clay
sheets and polymer chains in melt flow are rather abundant
[16,17,22e25] the research on the orientation behavior ob-
served in uniaxial cold drawing of nanocomposite systems is
rare [26].

This paper focuses on the effect of clay nanoparticles on
the enhancement of mechanical extensibility and orientation
behavior of melt-cast nylon 6 films during uniaxial stretch-
ing at temperatures between their glass transition, Tg, and
melting temperature Tm. In order to assess the dynamical
structural changes during deformation as influenced by tem-
perature and composition, the true stressetrue strain and
birefringence were measured simultaneously to capture the
evolution of structural and mechanical anisotropies and
quantitatively investigate the mechano-optical properties.
The system built and developed by our group allows us to
measure the actual deformation levels in the sample locally
and consequently the true stressetrue strain behavior as well
as the online birefringence of the deforming material. We
have recently reported mechano-optical properties of a di-
verse range of polymers with distinct cases of crystallization
behavior, i.e. fast crystallizing [22,27], slow crystallizing
[28,29] and non-crystallizing [30,31], during uniaxial
stretching. We have discovered that although each of these
polymers exhibits complex and typically transient (linear
to non-linear) mechano-optical behavior during stretching,
the mechano-optical behavior can be generalized for poly-
mers exhibiting similar crystallization behavior. We have
shown that the deformation behavior and structural develop-
ment during uniaxial stretching of polymers are very much
influenced by their ability to crystallize (fast and slow
crystallizing and non-crystallizing) and the physical state
of the material (glassy, rubbery, partially molten and fully
molten) which is determined by the temperature, speed
and the extent of deformation employed in the stretching
experiment.

In this paper, we present our mechano-optical studies and
structural evolution analysis of nylon 6 nanocomposite films
during uniaxial stretching at temperatures well above the glass
transition (Tgþ 50 �C, Tgþ 80 �C and Tgþ 130 �C) and focus
on the origin of the expansion in solid state extensibility with
nanoparticles.
2. Experimental methods

In this section, we describe the materials used in this study,
instrumentation of the uniaxial stretcher, measured parameters
and structural characterization techniques, i.e. wide angle
X-ray diffraction (WAXD), small angle X-ray scattering
(SAXS), transmission electron microscope (TEM) and attenu-
ated total reflection (ATR).
2.1. Materials
Extrusion grade unfilled nylon 6 and nylon 6emontmoril-
lonite nanocomposite pellets with 3 wt% and 5 wt% clay con-
tents were received from RTP� Company. The nanocomposite
formulation and compounding are confidential information
and were not provided. However, we were assured that there
were no ingredients other than nylon 6 and clay in the com-
pounding formulation. This is important since plasticizers, ad-
ditives or other impact modifiers used in compounding
formulation could influence the structure and properties of ny-
lon 6. Therefore, we can attribute all property changes in ny-
lon 6 to the presence of Cloisite� 30B (Southern Clay) in the
formulation. Cloisite� 30B from Southern Clay has been the
most frequently used nanoclay grade for polymer nanocompo-
sites. It is a natural montmorillonite modified with methyl, tal-
low, bis-2-hydroxyethyl, and quaternary ammonium. In this
paper, we only studied nylon 6 nanocomposites with Cloisite�

30B. Clay modification influences the clayepolymer interac-
tion. Hence, other clay grades with different organo-modifiers
may influence the mechanical behavior of the polymer in a
different way.

Prior to casting the as-received samples were dried for 24 h
at 80 �C in vacuum oven. The films were then cast through
Prodex 1 1/2-inch single screw extruder. The temperatures in
zones 1e3 of the extruder were chosen as 240 �C, 250 �C
and 275 �C, respectively, and the die temperature was set to
275 �C. The sheet was cast onto a 12 inch diameter chill roll
maintained at 70 �C. The average thickness of the unfilled ny-
lon and nanocomposite films was 150 mm and 80 mm, respec-
tively. The films were kept in the freezer in airtight bags to
reduce moisture uptake.
2.2. Instrumentation of the uniaxial stretcher
and measured parameters
The uniaxial stretching experiments were carried out using
a custom built instrumented uniaxial stretching system that al-
lows the real time determination of true stress, true strain and
birefringence simultaneously during deformation. Although
the details of this equipment and measurements were given
elsewhere [22,32,33], we revisit this section briefly.

Online spectral birefringence is essentially based on light
intensity method [34]. In this method white light is used to
get the order number of retardation automatically. Birefrin-
gence is measured by the ratio of the real time retardation
values to the real time thickness values measured at the
same time and at the same location. This is accomplished
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using a laser micrometer mounted at an oblique angle that
measures the width of the sample continuously. We then use
the transverse isotropy (Eq. (1)) to calculate the real time
thickness (Eq. (2)) with the knowledge of initial thickness.
The true stress is defined as the ratio of the tensile force to
the ‘‘actual’’ cross-section of the sample. In order to get the
true stress (Eq. (4)), we directly measure tensile force by
a load cell and divide it by the real time cross-sectional area
of the film. The real time cross-sectional area of the film is
the product of the width determined by the laser micrometer
and the thickness (Eq. (2)). For elongation we define three pa-
rameters, i.e. stretch ratio, engineering strain and true strain.
Stretch ratio is the ratio of the final length of the stretched
sample to its initial length. Engineering strain is defined as
the ratio of elongation (difference between the final length
and the initial length) to the initial length of the sample. As
for the true strain, we relate the state of elongation directly
to the reduction in the local width of the sample. This is the
same local region (mid-region of the sample) where the
retardation measurements are made. We then combine the
transverse isotropy (Eq. (2)) with the incompressibility
assumption (Eq. (3)) and determine the true strain (Eq. (5)).

Wt=W0 ¼ Dt=D0 ð1Þ

Dt ¼ ðW=W0ÞD0 ð2Þ

D0W0L0 ¼ DtWtLt ð3Þ

True stress¼ force=cross-sectional area ¼ Ft=WtDt

¼ Ft=
��

W2
t =W0

�
D0

�
ð4Þ

True strain¼ elongation=initial length¼ ðLt� L0ÞL0 ¼ DL=L0

¼ ðW0=WtÞ2�1 ð5Þ

where Wt is real time width of the film, W0 is initial width of
the film, D0 is initial film thickness, Dt is real time film thick-
ness, L0 is initial length of the film, Lt is real time length of the
film, and Ft is force.
2.3. Stretching and material parameters
Dumbbell shaped samples with 30 mm gauge length and
25 mm width were cut from the as-cast sheets for all the
stretching experiments. A constant crosshead speed of
50 mm/min was employed for each experiment.

Samples were stretched at 100 �C, 140 �C and 180 �C to
a total engineering stretch ratio of 4. These temperatures are
well above the glass transition temperature and well below
the peak melting temperature (Tm) of nylon 6 and its nanocom-
posites as shown in Fig. 1. The clay content in nylon 6 was
0 wt%, 3 wt% and 5 wt%.

The relaxation behavior was monitored for 30 min, while
the samples were constrained at the final stretched state at
the drawing temperature. To investigate the effect of deforma-
tion on properties, the latter experiments were performed for
samples that were stretched to a range of stretch ratios from
1.5 to 4.
2.4. Structural characterization

2.4.1. Wide angle X-ray diffraction (WAXD) and small
angle X-ray scattering (SAXS)

The effects of nanoparticles, stretching temperature and de-
formation on the developed crystalline structure in uniaxially
stretched films were analyzed both by WAXD and SAXS.
WAXD was performed on a BRUKER system operated at
40 kV and 40 mA. SAXS patterns were obtained using S-
Max3000 Rigaku SAXS system. The samples were exposed
to X-ray in their as-cast (unstretched) and stretched forms
with the beam directed both along the thickness (normal)
and the width (transverse) direction to assess the superstruc-
tural order and orientation in crystalline phase of the polymer
as well as clay particles.
2.4.2. Small angle light scattering (SALS)
Small angle light scattering was performed in order to iden-

tify the initial superstructure present in the as-cast unfilled
nylon 6 films. A 2 mW 632.8 nm HeeNe with beam size of
1 mm was used as the source of polarized monochromatic
light. Hv pattern was obtained with the polarizer and analyzer
oriented in TD and MD of the films, respectively. The patterns
were captured using a 16-bit CCD camera software (Photo-
metrics-cooled CCD) operated by IPLab spectrum.
2.4.3. Attenuated total reflection (ATR) study
ATR analyses were carried out on unstretched and stretched

samples at different true strain levels in order to determine the
crystal phase transformation and state of hydrogen bonding.
ATR analyses were performed using EXCALIBUR Series
DIGILAB FTS 3000. The spectra were normalized using the
carbonyl stretching vibration band at 1630 cm�1.
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2.4.4. Transmission electron microscopy (TEM)
All TEM images were taken at room temperature by a Phi-

lips TEM (Model FEI-TECNAI 12�) operated at 120 kV. The
images were recorded under scanning Gaussian focus with
bright-field image mode. In order to investigate the orientation
of clay nanoparticles in unstretched and stretched samples, ul-
trathin (25e50 nm) samples were sectioned from the surface
(MDeTD) and side plane (MDeND) of the films. MD, TD
and ND denote machine (length), transverse (width) and nor-
mal (thickness) directions, respectively. The sampling planes
are indicated on each TEM image.

3. Results and discussion
3.1. Structure of as-cast films
Fig. 2. Small angle laser light scattering four-leaf-clover pattern of melt-cast

unfilled nylon 6 samples. This pattern does not change when the sample is ro-

tated in the plane between crossed polarizers.
The clay particles, having very high aspect ratios, tend to
orient easily when the melt containing them is subjected to
flow fields. Therefore, it is nearly impossible to obtain melt-
cast films that are completely isotropic. This was shown for
the first time by Toyota researchers in early 1990s for melt-
cast films of nylon 6 nanocomposites [35]. The clay platelets
and the crystallites were aligned parallel to the film surface
in the machine direction. Bafna, Beaucage and their coworkers
reported similar structures in thin (50 mm-end thickness) melt-
cast films of high density polyethylene (HDPE) reinforced
with organically modified clay using 2D SAXS and WAXD
[36]. Their detailed 3D orientation study showed that the clays
were oriented parallel to the film surface with their normal
perpendicular to the machine and transverse directions.
Galgali et al. reported anisotropic structure for much thicker
(1000 mm-end thickness) melt extruded syndiotactic films of
polypropylene using 2D WAXD [37]. Anisotropic orientation
structure was even shown for solution cast PEO nanoclay films
prepared by blade spreading method [38]. In the light of these
earlier studies, we decided to quantify the initial structure
present following melt casting. For this, we utilize WAXD,
SAXS, SALS and TEM techniques. Initial structure evaluation
is important for subsequent uniaxial stretching analysis.

Unfilled nylon 6 films exhibit Hv SALS four-leaf-clover
pattern with maximum intensity along the radial direction at
45�-azimuthal evidencing the presence of spherulitic structure.
This is shown in Fig. 2. The SALS pattern does not change
when the sample is rotated between the cross polarizers indi-
cating that the sample is isotropic in the plane. WAXS patterns
also confirm that the crystalline regions are randomly oriented.
These results are not unexpected as nylon 6 is a fairly fast
crystallizing polymer exhibiting low shear viscosity due to
its naturally low molecular weight that are not readily oriented
and if oriented, the chains rapidly relax into isotropic form
upon casting on a chill roll.

The addition of 3 wt% clay particles to the melt-cast nylon
6 films results in the appearance of anisotropy that depends on
the direction of X-rays relative to ND and TD as illustrated in
Fig. 3a and b. The film exhibits nearly isotropic WAXD pat-
tern when X-rays are directed in the ND (Fig. 3a) with slight
preferential orientation (Fig. 4b) in the machine direction
indicating the presence of nearly in-plane isotropy. The same
sample exhibits a very high anisotropy when the WAXS pat-
tern is obtained with X-rays directed along the TD (Fig. 3b).
In this pattern, high preferential orientation of (020) planes
along the extrusion direction (MD) is observed. The polymer
chains are highly oriented in the MDeTD plane of the films
as the (020) plane poles are parallel to the chain axes in nylon
6 crystals, which exhibit mostly monoclinic crystal form both
in the alpha (a) [39] and gamma (g) [40] phase. In addition to
the chain axis, a-axes of the unit cells are also oriented in the
film plane while the c-axes are oriented normal to the film
plane as evidenced by the orientation of (001) planes. The
increase of clay concentration to 5% does not significantly
change the latter behavior, as it is evident in the WAXD pat-
terns. From these observations we can conclude that the addi-
tion of clay promotes nearly uniplanar (001) texture in nylon 6
crystalline phase.

This is further evidenced in Fig. 5 showing the increase in
azimuthal spread of (020) planes as the nanocomposite film
sample is rotated about the MD. In Fig. 5, b*-(020) reflection
was image enhanced for ease of observation. In this figure, at
zero degrees of rotation, i.e. u¼ 0, one can also notice an ori-
ented streak pattern at small angles close to the beam stop.
This pattern is from the clay platelets and evidences preferen-
tial orientation of the platelet surfaces parallel to the film sur-
face (in MDeTD plane) as well. As a result of the latter
preferential orientation of the platelets, when the sample is ro-
tated 45� about the MD, the streak pattern disappears. This
preferential orientation of the platelets with their broad sur-
faces parallel to the MDeTD plane is also confirmed with
the TEM image taken on the MDeND plane (thickness plane)
in Fig. 6. Edges of the well-dispersed platelets appear as dark
lines as the electrons passing through the clay particles ori-
ented edge-on shows the highest absorption. As it is apparent
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in Fig. 6 and the TEM images in subsequent figures, the clay is
well dispersed in nylon 6 with substantial exfoliation and
a small amount of stacked clay agglomeration.

SAXS technique also reveals by large planar orientation be-
havior of the clay to the film surface as shown in Fig. 7. With
these patterns, we also assess the superstructural organization
in nylon 6 phase as well. When the X-ray beam is directed
along the ND, the unfilled sample shows an isotropic SAXS
discrete ring. This is roughly the same in the 3% and 5%
clay filled films with SAXS patterns taken with X-ray beam
directed along ND. The long period pattern shows slight orien-
tation along the original extrusion direction. When the X-rays
are directed along TD, the 3% clay filled film exhibits two dis-
tinct patterns. One is the very strong equatorial streak that is
due to near parallelism of the clay particles oriented in the
MDeTD plane in real space. Since there is a fair amount of
distribution of separation distance between the platelets, this
translates to the broadening of the streak in the normal direc-
tion. The equatorial streak is very strong due to the very large
difference between the density of montmorillonite, w2.7 g/
cm3 and the nylon 6 phase (crystal density¼ 1.23 g/cm3,
amorphous density¼ 1.09e1.10 g/cm3). Additionally, some
degree of azimuthal spread of the streak patterns indicating
that the parallelism of the platelets in the MDeTD plane is
not perfect is also evident in TEM photomicrograph shown
in Fig. 6. In addition to the high intensity streak scattering pat-
tern, one can also observe lower intensity meridional discrete
scattering as a result of spatially periodic density fluctuations
due to alternating crystaleamorphous phases. Unfilled nylon 6
displays no orientation regardless of the SAXS beam direc-
tion, similar to what we have seen in WAXD. Nanocomposite
samples, on the other hand, display a discrete two point pattern
particularly when the X-ray beam is in the TD. When the
X-ray beam is along the ND, however, the two point pattern
spreads significantly in the azimuthal direction displaying
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almost a continuous ring. This direction dependent pattern for-
mation is the same behavior we have seen in WAXD. SAXS
patterns also confirm that there is nearly planar orientation
of the lamella in the film plane (MDeTD). The lamellae
with the folded chain axes rotate in the MDeTD and to
some extent about the MD axis but lack the third rotational
freedom about the TD.

Fig. 8 summarizes the overall texture exhibited by the
presence of clay nanoparticles in the cast films. As the
data so far clearly illustrate, the clay particles become ori-
ented well inside the die while they are subjected to exten-
sional/shear through converging flow before exiting the die
lips. This clay orientation also promotes the crystallization
behavior of nylon 6 by acting as nucleation surfaces. In these
samples, the preferred crystal growth direction is the c-axis
while the aeb planes orient parallel to the clay particles.
We also observe some degree of preferential orientation in
the extrusion direction even though no significant take up
was applied to the films during their solidification. The ob-
served orientation in the as-cast nanocomposite films could
also be generated by the shear amplification effect in the
chains caught between the adjacent nanoplatelets during the
flow in the die. Because of the decrease in orientation relax-
ation due to the rigidifying effect in the chains in the vicinity
of the clay particles, the developed orientation can remain in
the films even after the solidification takes place. We con-
clude that the overall texture is formed mostly by the epitax-
ial growth of the polymer crystals on the clay platelets with
the primary crystal growth direction along the c-axis that be-
comes normal to the film plane and partially by the shear
amplification combined by significant decrease in orientation
relaxation. In our earlier studies with high shear injection
molding process of nylon 6, we have shown shear
Fig. 8. Model for nylon 6 and clay orient
amplification mechanism to be much more effective than
this melt-casting process where the melt is subjected to rel-
atively gentler shear history [16,17].

As for the crystal phase in the as-cast samples, both unfilled
nylon 6 and nanocomposites display mainly g-form. There is
a trace amount of a-form of nylon 6 in the 5 wt% nanocompo-
site. The influence of stretching on the development of crystal
phase will be discussed below.
3.2. Mechanical and structural behaviors of unfilled
nylon 6 and nanocomposites during uniaxial stretching
In this section, we will investigate the structural and me-
chanical behaviors of nylon 6 films during stretching as influ-
enced by the nanoparticles and stretching temperature. We will
first examine unfilled nylon 6 at the lowest stretching temper-
ature, 100 �C. Fig. 9 shows the stretching behavior of unfilled
nylon 6 with four different curves, i.e. engineering stresseen-
gineering strain (Fig. 9a), true stressetrue strain (Fig. 9b), bi-
refringenceetrue stress (Fig. 9c) and birefringenceetrue strain
(Fig. 9d). Three distinct points are marked on these curves as I,
II and III corresponding to the important phenomena taking
place during stretching.

First point (I) is the yield point which occurs beyond a true
stress value of 24 MPa and is best recognized in the engineer-
ing stresseengineering strain data (Fig. 9a). Yield point is less
obvious in the true stressestrain data (Fig. 9b) because the
true stress calculation uses the actual value of the decreasing
cross-sectional area of the sample during stretching and hence
is less sensitive to the necking associated local reduction in the
width of the sample. In the birefringenceetrue stress curve
(Fig. 9c), the yield point corresponds to the deflection point
beyond the initial birefringence plateau and is characterized
ation in as-cast nanocomposite films.
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with a steep rise of birefringence when the true stress value
reaches 24 MPa.

The second point (II) is associated with the strain induced
crystal transition of nylon 6 from gamma (g) to alpha (a)
phase [41e43]. The crystal transition is best recognized in
the birefringenceetrue strain curve (Fig. 9d) by a negative de-
viation from the initial linear regime at a true strain value of
0.38 and a birefringence value of 0.023. The negative devia-
tion, i.e. decrease in the rate of birefringence increases with
true strain, is due to the fact that the newly formed (a) alpha
crystals are less ductile and deformable than the original
gamma (g) crystals [44e46]. This results in smaller increase
in birefringence during stretching. This occurs in spite of the
higher intrinsic birefringence (0.097) [47], (0.094) [48] values
reported for (a) alpha crystals than gamma (g) crystals (0.066
[48]). Ito et al. proposed that the plastic deformation in nylon 6
involves chain slip with hydrogen bond rupture and that the
superior ductility of gamma (g) crystals over the alpha (a)
crystals was due to the lower hydrogen bond density in gamma
(g) crystals. Lin et al. reported that the plasticity in nylon 6
was governed by the crystal slip parallel to the H-bonded
sheets without breaking of the H-bonds and the intersheet dis-
tance between the H-bonded sheets, i.e. (200) spacing, was
larger for the gamma (g) crystals than the alpha form and re-
quired lower shear stress levels for deformation to take place
[45]. The onset of crystal transition, i.e. the second point
(II), is also apparent in the birefringenceetrue stress curve
in Fig. 9c. It manifests itself by a negative deviation of the bi-
refringence following its steep rise after the yield point. True
stressetrue strain data, though less obvious, also evidence
the crystal transition point by a positive deviation during plas-
tic deformation following the yielding point. Since the alpha
(a) crystals are less ductile and have lower H-bonded inter-
sheet distances, they require more stress for crystal slip defor-
mation and hence a positive deviation takes place. Our real
time mechano-optical measurement system proves to be a con-
venient tool to monitor the rapid (g)e(a) crystal transition
during stretching. The crystal transitions identified on the me-
chano-optical curves (Fig. 9bed) is supported in Fig. 10 by the
ATR and WAXD scans. One can clearly see that the peaks as-
sociated with alpha crystal phase develop at a true strain value
of 0.38. The initial gamma (g) crystal structure in unfilled ny-
lon 6 changes to alpha (a) form around 1.4� stretch ratio
which corresponds to 0.38 true strain value as observed in
the birefringenceetrue strain data (Fig. 9d).

The third point (III) is associated with the onset of stress
hardening where the crystals approach their limit of extensibil-
ity. This point is most obvious in true stressetrue strain
(Fig. 9b) and birefringenceetrue stress (Fig. 9c) curves and
manifests itself by a rapid rise of stress while the rate of in-
crease in birefringence and true strain approaches zero.

In summary, stretching at 100 �C initially sets off a sharp
increase until the yield point where the slip of the gamma
(g) crystal planes parallel to the H-bonded sheets occurs at



Fig. 10. g to a crystal transition with stretching. (a) 2q WAXD, (b and c) ATR.
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a critical stress value of 24 MPa. The initial spherulitic struc-
ture of unfilled nylon 6 goes through the yield point with
a stress drop and continues to deform with a crystal transition
into alpha (a) form at about 38% true strain. Eventually the
crystals approach their maximum limit of extensibility at
100% true strain and start to exhibit strain hardening. We
will examine the crystal structure during stretching in the
upcoming sections.
3.2.1. Nanoparticle effects
Having established the general pattern for unfilled nylon 6,

we now examine the same curves with the three points of in-
terest (IeIII) as influenced by the nanoparticles and tempera-
ture. In our investigations, we will focus on the curves that
best describe and clearly distinguish each phenomenon. For
instance, for the investigation of the crystal transition, we
will examine the birefringenceetrue strain curves.

The initial stages of the engineering and true ‘‘stresse
strain’’ curves of unfilled nylon 6 films at 100 �C, 140 �C
and 180 �C and the nanocomposites at 100 �C are presented
in Fig. 11. The stretching temperature and the presence of
the nanoplatelets have a marked influence on the yield behav-
ior and hence the necking of nylon 6. Increasing the stretching
temperature reduces the yield stress as well as the stress drop
beyond the yield stress. The presence of nanoplatelets in-
creases the yield stress but decreases the stress drop beyond
the yield stress and hence alleviates the necking in the films.
Since the nanocomposites already contain oriented small crys-
tallites and nanoplatelets in the cast film, the material proper-
ties are more uniform and the localized reduction of the yield
stress due to fluctuation in material properties, i.e. chain orien-
tation, crystallinity, etc., in a given element is reduced. One
can also see that the initial slope is higher in the nanocompo-
site implying increasing modulus, thus stiffness of the system
as has been observed by others [10]. Increased modulus and
yield strength confirm that nanoparticles act as reinforcing in-
clusions. The increase in modulus is also partially due to the
presence of preferential orientation in as-cast nanocomposite
films.

In Fig. 12, we display birefringenceetrue strain and bire-
fringenceetrue stress curves of nylon 6 at three different nano-
particle loading levels, i.e. 0 wt%, 3 wt% and 5 wt% and
stretching temperatures, i.e. 100 �C, 140 �C and 180 �C. The
small vertical arrows on these curves indicate the points where
the first negative deviation, i.e. gamma (g) to alpha (a) transi-
tion, occurs as we have established earlier. One can notice that
there is a critical birefringence zone at around 0.02 above
which the crystal transition occurs. This zone is indicated by
a striped rectangle on the curves. This is valid regardless of
the nanoparticle loading and stretching temperature. This im-
plies that once the nylon 6 molecules reach a critical level of
birefringence, the transition begins to occur. Obviously, this
critical level of birefringence is not reached at the same true
strain and true stress when different nanoparticle loading or
the stretching temperature is employed. In fact, there is a slight
delay in true strain when the nanoparticle loading and stretch-
ing temperature are increased. However, one can conclude that
orientation birefringence determines the onset of crystal tran-
sition. It was proposed by Miyasaka and Makishima [42] that
for gamma (g) to alpha (a) transition to occur, two conditions
must be satisfied. First, there must be sufficient extension for
the (g) phase to untwist the chain around the amide group.
Second, there has to be sufficient translational mobility of
the chain to change the stacking in the crystallite.

Fig. 13 compares the entire ‘‘engineering’’ and ‘‘true’’
stressestrain profiles of ‘‘unfilled’’ nylon 6 stretched at
100 �C, 140 �C and 180 �C. Following the elastic and yield re-
gions, stress increases gradually until the strain-hardening re-
gion. The ‘‘apparent’’ onset of strain hardening, i.e. third point
(III), is noted by arrows in each curve. In the engineering
stressestrain curves, the onset of strain hardening decreases
with increasing temperature. In the true stressestrain curve,
on the other hand, the onset of strain hardening shows almost
no dependency with stretching temperature. There appears to
be a critical true strain level above which the strain hardening
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takes place. This is due to the absence of orientation relaxation
at these ‘‘cold’’ drawing temperatures. Although the onset of
strain hardening is nearly the same for all temperatures, one
can see that the development of strain hardening becomes
more pronounced at lower temperatures. At higher tempera-
tures such as 180 �C, strain hardening develops rather gradu-
ally. One can also notice that the stress levels in the
engineering data, especially towards the final stages of stretch-
ing, are highly underestimated since the reduction of the cross-
section during stretching is not taken into account for stress
calculation.

In Fig. 14, the true stressetrue strain and birefringencee
true stress behaviors of unfilled nylon 6 are compared to those
of nylon 6 nanocomposites with 3% and 5% clay loading. All
these samples were stretched to the macroscopic draw ratio of
4 at 100 �C. In the plastic deformation and strain-hardening re-
gions, stress levels of the 5% nanocomposite films are always
larger than those of the 3% nanocomposites. The true stress
values of the unfilled nylon films are the lowest at strains
levels below w1.4. However, unfilled nylon 6 reaches the
strain-hardening point at a lower strain than the nanocompo-
sites and displays a sharper increase in this region crossing
over the two curves belonging to the 3% and 5% nanocompo-
sites. Similar behavior is seen in the birefringenceetrue stress
curve where unfilled nylon 6 exhibits higher birefringence
level initially but reaches its limit of orientation more rapidly
exhibiting a plateau region whereas the nanocomposites con-
tinue to deform more gradually and eventually attain higher bi-
refringence levels than the unfilled nylon 6. This change in
mechanism of strain hardening and enhanced extensibility of
nanocomposite films is due to multiple factors. The first factor
is the disruption of the hydrogen bonded nylon 6 network
structure by the clay nanoplatelets. High strength levels ac-
quired in nylons are almost certainly due to the presence of hy-
drogen bonds between the amide groups. However, these
interchain bonds are considered to be an impediment to ultra-
drawing of high molecular weight polyamides [49]. There
have been studies in the literature attempting to reduce the co-
hesion energy Ec between polyamide chains through the sup-
pression of hydrogen bonding via complex formation with
strong Lewis acids [49,50]. Tonelli and Kotek [49] also sug-
gested that mixing with nylon inclusion compounds may pro-
vide a way to eliminate hydrogen bonding during drawing,
thus allow enhanced orientation. In a similar manner the nano-
platelets in nylon 6 act as separators to the chains and disrupt
the hydrogen bonding rendering a looser network with less
number connectivity between them as they also reduce the
number of interchain entanglements. This suppresses the rapid
rise of stresses associated with the strain-hardening process.
At the strain levels close to the crossover strain, the unfilled
nylon breaks but the nanocomposites are able to stretch further
and eventually reach larger strain and stress levels before
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breaking (Fig. 14a). This enhancement of ultimate strain and
stress levels displayed by the nanocomposites validates en-
hanced toughness brought about by partial dissociation of
the nylon 6 network by the nanoplatelets. The disruption of
hydrogen bonding in the nanocomposite systems is evidenced
in Fig. 15 by comparing the absorbance levels of NeH stretch-
ing in the normalized ATR spectrum of the samples between
3200 cm�1 and 3400 cm�1. At this point, it is important to
note that we do not rule out the possible hydrogen bonding be-
tween the clay surface, the modifier and the nylon 6 chains.
However, the number of hydrogen bonding cohesion points
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formed between the clay and the polymer does not compensate
the ones hindered due to the presence of clay between the
nylon 6 chains. Along with the partial dissociation of the
hydrogen bonding, the second complementary factor that
contributes to the increased toughening and extensibility in
the nylon 6 nanocomposites is the ability of the nanoparticles
to move and orient easily even under low shear deformation
fields. This is due to the geometry of their surfaces with
high aspect ratios and thicknesses in the nanometer range.
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such larger fillers promote brittleness. This is because those
micron-sized fillers do not move or orient as readily as the
nanoplatelets. Yet, another factor is the slippage of the easy
shear planes, i.e. the (001) planes of polyamide 6 containing
the H-bonds, which have an initial preferred orientation
around the platelets as we have seen from WAXD patterns.
The flow stress is lowered in thin interparticle matrix liga-
ments separating the nanoplatelets allowing the matrix to
deform to large strains. In the strain-hardening region, it
becomes increasingly difficult to deform the chains further be-
cause increasingly less number of slip systems remains favor-
ably oriented to assist the deformation. Other studies showed
that smaller particles and increased polymerefiller interaction
promote toughening [51e53]. However, in this case we be-
lieve that nylon 6 has sufficient and perhaps too much of a net-
work association for exhibiting reasonable toughness. Using
the nanoplatelets one can optimize the amount of network as-
sociations for increased toughening. In fact, when the clay
content is increased to 5%, there is too much of a network dis-
sociation which adversely affects the extensibility of the films.
The films become stiffer and less connected resulting in
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Fig. 15. Normalized ATR spectrum of unfill
declined stretching behavior, while still exhibiting substan-
tially improved behavior over unfilled nylon 6.

In summary, nylon 6 filled with small amounts of clay
nanoplatelets promotes significant toughening because (1) cer-
tain number of interchain hydrogen bonding is eliminated,
loosening the strongly connected network that causes early
strain hardening. (2) Unlike stiff micron-sized fillers, the plate-
lets orient and conform easily to the energetically favorable
positions within the deforming network [16]. (3) The nanopla-
telets are not entirely free from interactions from nylon 6 and
there is a slippage of easy shear planes of preferentially
oriented small nylon 6 crystallites in the as-cast films, i.e.
(001). (4) The presence of large nanoplatelets also decreases
the interchain entanglements.

3.2.2. Influence of stretching on the clay (montmorillonite)
orientation and crystalline structure

Fig. 16 compares the TEM and SAXS images of an as-cast
nanocomposite sample (3 wt%) with its stretched counterpart.
The images were taken on the thickness plane (MDeND). It is
clear that uniaxial stretching promotes orientation in the
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casting direction as evidenced from the highly aligned edges
of the clay platelets in the stretched sample TEM image.
One can also confirm the alignment of the clay edges by the
reduction in the azimuthal spread of the streak pattern in the
corresponding SAXS image indicating improved parallelism
between the layers. Aligned edges on the MDeND plane,
however, is not enough to determine the 3D organization of
MD

TD ND (X-ray)

as-casta

dc

0.2   m
0.2   m

Fig. 17. SAXS images of (a) as-cast and (b) stretched (3�) nylon 6 nanocomposite

stretched sample on MDeTD and model.
the nanoplatelets. For this reason, we have also performed
SAXS and TEM on the film plane (MDeTD) shown in
Fig. 17. In the as-cast sample, the streak pattern does not exist.
There is only a small ring around the beam stop as the X-ray
beam being normal to the film surface is scattered by the clay
platelets that are mostly in the plane of the film showing irreg-
ular correlations relative to each other. In the stretched sample,
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TD

stretchedb

MD

s at a loading of 3 wt%. (c) Model of aligned platelets and (d) TEM image of
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on the other hand, the streak pattern forms to some extent in-
dicating that some of the clay edges start to appear on the film
plane with some clay surfaces becoming normal to the film
surface after stretching. The corresponding TEM image in
Fig. 17d shows these clay edges in the stretched sample pro-
viding a further proof. However, the streak pattern and the ori-
entation of these clay edges on the film plane (MDeTD) in the
TEM image are not nearly as pronounced as that observed on
the thickness plane (MDeND).

These results indicate that stretching improves the parallel-
ism between the nanolayers and orientation of the normals of
the basal plane (001) of the nanoplatelets perpendicular to the
machine direction. The majority of the platelets assumes in-
creased planar orientation on the MDeTD with stretching.
However, there are also those clay edges which had no orien-
tation correlation on the film plane and form aligned edges
normal to the film surface after stretching even on the film
plane leading to a weak streak pattern on the MDeTD. This
is indicating that uniaxial stretching of these films exhibiting
initially planar texture begins to show structural signs to
approach transverse isotropy.

Having established the state of clay orientation in the
stretched samples, one can determine the effect of clay orien-
tation on the measured in-plane film birefringence during
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Fig. 19. SAXS of nylon 6 nanocomposites. (a) As-cast MDeTD, (b) st
stretching. Since unmodified montmorillonite nanoplatelets
are negatively birefringent crystals (nout-of-plane¼ 1.485,
nin-plane¼ 1.505e1.550) [54], their contribution to the measured
in-plane birefringence should also be considered. In a previous
publication we have shown that montmorillonite crystals dis-
persed in plasticized PVC lie mainly on their basal surfaces
in the film plane upon compression molding [55] and do not
contribute to the measured film birefringence [31]. Unmodi-
fied montmorillonite clay has zero in-plane birefringence since
the refractive indices on the basal plane have the same value.
However, the refractive index value normal to the basal plane
(001) is smaller than the basal-plane (in-plane) refractive index
values. Therefore, the clay nanoplatelets could contribute to
measured film birefringence if they assume edge-on orienta-
tion parallel (positive contribution) or perpendicular (negative
contribution) to the machine direction on the MDeTD plane.
Based on our results, we expect birefringence contribution
(increase) from the clay nanoplatelets to the measured film
birefringence. However, the birefringence contribution is esti-
mated to be low based on the clay loading and the small number
of nanoplatelets that remain edge-on to the film surface only
after stretching. One other reason would be the low intrinsic
birefringence of clays (max Dnclay¼�0.02) [55] compared
to that of the amorphous and crystalline phases of nylon 6,
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Fig. 20. Model for nylon 6 crystalline phase and clay orientation in as-cast and stretched nanocomposites.
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especially alpha form observed in the stretched samples
Dncrystal-alpha¼ 0.094 [48], 0.089 [56]. Dnamorphous¼ 0.07858.
The in-plane and out-plane refractive indices of the montmo-
rillonite particles would also change with the clay modifica-
tion. Various birefringence values down to �0.003 were
reported based on the complexes formed and their orientation
with respect to the basal plane of the nanoplatelets [57].

Birefringence may arise not only from molecular anisot-
ropy but also from an ordered arrangement of similar particles
with larger sizes than molecules but smaller than the wave-
length of light. This is known as form birefringence [58]. In
order to determine whether the nanoplatelets are resulting in
form birefringence, a simple analysis method given elsewhere
[59] was applied to our system. In this analysis, an idealized
case of a regular assembly of isotropic particles that have
the form of thin plates was considered. We found that form bi-
refringence due to the orderly arrangements of the nanoplate-
lets is a negligible quantity. This is because the thickness of
the platelets is in the order of nanometers and the average re-
fractive index of the nanoplatelets (w1.512) [55] is close to
the average refractive index of the surrounding medium nylon
6 (1.530) [57].

The influence of stretching on the crystal structure of the
films was determined by the X-ray techniques (WAXD and
SAXS) and ATR. In Section 3.1, we have determined that un-
filled nylon 6 had a spherulitic structure. WAXD and SAXS
patterns in Fig. 18 show that nylon 6 gets highly oriented
with stretching. The SAXS pattern turns from an isotropic to
a two point scattering pattern. The mechanism of structure for-
mation in this case is simply deformation of nylon 6 spheru-
litic structure into highly oriented lamellar structure with
cold drawing. We are not going to cover this area as this has
been reported in detail in several past references [60e64]. In
Fig. 19, WAXD and SAXS patterns are shown for as-cast
and stretched nanocomposite samples. SAXS in Fig. 19 shows
lamellae that have considerable in-plane isotropy on the MDe
TD. Stretching results in the orientation of this lamellae lead-
ing to a two point pattern on the film plane. This is shown by
a model in Fig. 20. The nanocomposite samples had already
lamellar orientation in the MDeND plane in their as-cast
form as shown by the two point scattering pattern in
Fig. 19c. With stretching, the two point pattern in the as-cast
nanocomposite samples becomes even more pronounced. It
is interesting to note that cold drawing at these temperatures
does not destroy the lamellar structure.
4. Conclusions

The presence of nanoparticles (i) increases Young’s modu-
lus and (ii) delays strain-hardening behavior to large strains
leading to increased toughness. Three important factors were
determined to be influential for these improvements to occur.
First, certain number of hydrogen bonding in the nanocompo-
site systems is eliminated. This loosens the strongly connected
network that causes early strain hardening and ultimate failure
in unfilled films. Second influential factor is the ability of the
nanoplatelets to orient easily in a flow field due to their highly
planar geometry. Third factor is the preferential crystallization
and orientation of nylon 6 leading to small oriented crystallites
on the film plane with increased slippage of easy shear planes.
Evidences from these studies suggest that there is a critical
loading level for these improvements to occur. Too much of
the clay particles could lead to excessive disruption of the
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hydrogen bonding network, overstiffness and high orientation
of nylon 6 rendering the polymer unprocessable in typical film
stretching processes resulting in premature fracture.

In these melt compounded nanocomposites, the modulus
and toughness increase are simultaneously facilitated by the
presence of nanoparticles as evidenced during stretching
above the glass transition temperature. This is contrary to
what is commonly reported for macrocomposites: in such
macrocomposites, the increase in modulus by the addition of
rigid particles nearly always comes at the expense of decrease
in toughness.
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