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ABSTRACT: The complex crystallization and melting behavior of neat Nylon-6 and two Nylon-6-nanoclay
hybrids with different montmorillonite concentration was studied using several experimental techniques.
The differential scanning calorimetry (DSC) traces were taken as a reference and experiments were made
at several isothermal crystallization temperatures followed by linear heating. The results, depending on
the crystallization temperature, indicated two sequences of melting for neat Nylon-6 and four for the
nanoclay hybrids. After isothermal crystallization at low temperatures, neat Nylon-6 behaved different
from the hybrids, however, after high crystallization temperatures there was a common melting behavior
for all samples. Molecular orientation, molecular weight, and nanoclay concentration were sequentially
considered in order to determine the origin of the regimes behavior in the DSC traces. Molecular weight
was found as the main cause of the thermal behavior with a minimum influence of molecular orientation
and nanoclay concentration. X-ray diffraction measurements indicated the formation of asymmetric y
and incomplete o and y crystalline structures as a result of the nanoclay presence. These last structures
were called truncated. Modulated melting was useful to clear mechanisms and corroborated the similar
behavior for all three samples after isothermal crystallization at high temperatures. A melting mechanism
was proposed on the basis of the previous behavior which involved the evolution of a quiescent low
concentration morphology. This last was associated with crystallization of nonbounded macromolecules.

Introduction

Understanding the crystallization and melting be-
havior of quiescent thermoplastic semicrystalline poly-
mers has been a scientific goal in the recent past,
although it has also been a matter of controversy.l*
This situation has become complicated with the recent
invention of the new thermoplastic nanostructured
semicrystalline polymers, of which Nylon-6 nanoclay
hybrid is a good example.5~7 This is the first commercial
nanostructured polymer, and it was created by Toyota
Inc., Japan. It has shown better physical, chemical, and
mechanical properties compared with the neat resin and
as a consequence has generated practical and scientific
interest.

Nylon-6 has been thoroughly studied in the past and
it is well-known that it is able to crystallize in at least
two crystalline structures, o and y.8 These crystal habits
depend, among other factors, on the crystallization
temperature and molecular weight.8~11 Nanoclay hybrid
Nylon-6 has been less studied, although it has recently
been reported that the nanoclay presence favors the y
crystalline structure on shear,'? and that the rotation
of the clay platelets hinders the orientation of Nylon-6
crystals on uniaxial deformation.!3 There have also been
studies on oscillatory shear where the storage and loss
moduli have shown increases with nanoclay content,4
and on X-ray morphology using solid injection-molded
bars and films'51¢ where, depending on clay content,
the clay platelets induced preferred orientation of the
Nylon-6 crystallites.
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A high number of processing operations involve the
melting and crystallization steps, therefore, studies
along these lines have recently been addressed. There
is also scientific interest in understanding the mecha-
nisms leading to the introduction and exfoliation of the
nanoclay within the polymeric matrix. Scientific inter-
ests also include understanding the effect of tempera-
ture once the clay platelets have been introduced into
the polymeric matrix. This study was made with the
purpose to gain insight into the crystallization and
melting behavior of Nylon-6 nanoclay hybrids, taking
as a reference neat Nylon-6 and concentrating studies
on the evolution of morphology after isothermal crystal-
lization and linear heating.

Experimental Section

Materials. Neat Nylon-6 homopolymer and Nylon-6 nano-
clay hybrids with 2 wt % [NCH2] and 5 wt % [NCHS5]
montmorillonite were synthesized by Ube Industries Inc.,
Japan. The synthesis in the case of hybrids was made using
e-caprolactam and a modified montmorillonite which was
prepared via cation interchange with 12-aminolauric acid.
Neat Nylon-6 had a weight-average molecular weight of 2.17
x 10% g/g-mol and the hybrids of 2.22 x 10* g/g-mol (NCH2)
and 1.97 x 10* g/g-mol (NCH5) respectively.* The three
samples were extruded into biaxial films. Small amounts of
samples were also melted and extruded in order to obtain
isotropic pellets.

Techniques. Differential Scanning Calorimetry (DSC).
Differential scanning calorimetry (DSC) linear traces were
obtained in a Perkin-Elmer DSC-7 calorimeter after isothermal
crystallization at different temperatures. With this purpose,
7 + 1 mg samples were placed inside an aluminum sample
holder, heated at the equilibrium melting temperature of
Nylon-6 (260 °C) for 3 min, fast cooled (500 °C/min nominal
cooling rate) to the isothermal crystallization temperature
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where they remained for 30 min, and thermally scanned either
at 10 or 4 °C/min up to the equilibrium melting temperature
using nitrogen atmosphere.

Modulated Differential Scanning Calorimetry (MDSC).
A modulated differential scanning calorimeter TA Instruments
2920 was used to collect and split the total thermal trace into
the reversing and nonreversing components. All experiments
were made with 7 + 1 mg of sample within aluminum sample
holders and using nitrogen atmosphere. Two types of calibra-
tions were made, one for temperature and heat flow using
indium and the other for complex heat capacity (C,) using
sapphire. After the total thermal trace (previously obtained
in nonmodulated DSC) was replicated, samples were heated
to the equilibrium melting temperature (260 °C) for 3 min and
suddenly cooled to the isothermal crystallization temperature.
There was a first nonmodulated crystallization period of 25
min followed by 5 min of modulated crystallization (i.e., quasi-
isothermal crystallization with a modulation of +0.318 °C
every 60 s). This was made with the purpose to have stable
modulation during heating which was made at 4 °C/min.

Wide Angle X-ray Diffraction (WAXD). X-ray diffraction
measurements were made in a Siemens D5000 diffraction
equipment in reflection mode using purposely prepared plaques
with dimensions 1 x 1 x 0.4 cm. These specimens were
prepared using stainless steel molds, Teflon, and a hot plate
set at the equilibrium melting temperature. A constant weight
was placed on the sample in order to eliminate air bubbles.
The molten samples were suddenly quenched to 5 °C and
recovered in order to introduce a pre-defined thermal history.
This last step was made using a combination of two Mettler
FP82HT hot stages, one of them was set at the equilibrium
melting temperature (where the sample remained for 3 min)
and the other at a specific crystallization temperature (where
the molten sample was quickly transferred and remained for
a constant period of time of 30 min). In some cases the previous
process was followed by in-situ linear heating to a specific
temperature, from where the sample was quenched and
characterized at room temperature. The accelerating voltage
was 35 kV and the filament intensity 25 mA.

Time-Resolved Small-Angle X-ray Scattering (TR—
SAXS). TR—SAXS measurements were made in the A2
bending magnet beamline at HASYLAB, Germany. Samples
were placed between aluminum foil and inserted into the
sample chamber of a high-temperature remote controlled oven.
Thermal ramps were programmed along the experimental run,
SAXS data collection was carried using a one-dimensional
detector and a SAXS data collection computing code. The
experimental data were calibrated with rat tendon and cor-
rected for background and dark current.

SAXS Theory and Calculations

SAXS results were used to calculate the corresponding
morphology. For calculation purposes, it was convenient
to apportion the scattering reciprocal space curve into
three regions, low, intermediate, and high ¢. To ex-
trapolate data in the low g side, the Debye modell” was
used. This is given by I(¢)|q—0 = A/1 + €%¢?)?, where A
is a constant and ¢ is an inhomogeneity length. This
model was used to generate the extrapolated I(g)|q=o.
The intermediate g range was well-defined, and poly-
nomial smoothing of the scattering data was enough in
order to minimize experimental deviations. The high
I(@)|4q—e side was corrected for deviations from an ideal
two-phase system given by Porod’s law. For this pur-
pose, the ideal intensity was corrected with I'tp = I(q) —
I(q)/H*(q). Here I1(q) is the background intensity due
to density fluctuations within the phases and H%(q) is a
smoothing function which takes into account the inter-
face thickness. The background intensity was considered
polynomial!® and was subtracted from the experimental
data; the smoothing function was assumed to be sig-
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moidal.’® The corrected intensity was extrapolated at
high g values in order to locate Porod’s region. This
generated the G1(q) interface function?® given by G1(q)
= Ipq* — I(q)q*, which was used to calculate the interface
distribution through

£ e
g,r = pyr [ G(q) cos(gr) dg (1)

where ¢ is the sample thickness and V is the volume
occupied by lamellar stacks.

Results

Isothermal Crystallization and Melting. Under-
standing the crystallization behavior of polymers has
been closely related to understanding the melting
mechanisms.!~* Both viewpoints are considered comple-
mentary,! and it has recently become common to first
introduce a defined thermal history to samples and, on
the basis of the melting results, give an explanation to
the crystallization process. Using this strategy, we have
reported before!! that quiescent crystallization (and
melting) of Nylon-6 homopolymers is strongly dependent
on molecular weight. Low molecular weight Nylon-6
develops three sequences of melting and high molecular
weight five sequences and a transition zone. Despite the
fact that that it starts with the y form at very low
crystallization temperatures, low molecular weight
Nylon-6 immediately shows a y—a crystal transition at
intermediate temperatures, this is then followed by the
development of the a crystalline structure at high
temperatures. High molecular weight on the other hand
first starts with the y form at low crystallization
temperatures, it reaches the y—a transition and ends
up with the a crystal habit at high crystallization
temperatures. On linear heating, the unstable y struc-
ture is able to recrystallize to the most stable o form
and crystals follow up steplike melting mechanisms.!!

Nylon-6 hybrids consist of macromolecules which are
chemically attached (end-tethered) to the nanoclay
surface;>22 therefore, different crystallization and melt-
ing mechanisms should be expected regarding neat
Nylon-6. Figure 1 shows the DSC melting traces of the
neat Nylon-6 used in this study where the typical
behavior of low molecular weight Nylon-6 is present,!!
although only two sequences of melting, the first (80—
190 °C) and second (195—200 °C), are observed. The first
sequence starts at low temperatures (80 °C) and in-
volves the formation and evolution of triple melting
behavior. In this case, the melting endotherms change
in magnitude and position until the convolution of the
second and third endotherms takes place at 195 °C,
where another melting sequence starts. Although not
shown here, during a third melting sequence all endo-
therms become convoluted, giving place to a single peak
which then moves to higher temperatures. This behavior
has been observed before in poly(ethylene terephthalate)
(PET).2! NCH2 behaves in a different manner, as shown
in Figure 2. It strongly resembles however high molec-
ular weight Nylon-6 since it shows four sequences of
melting and a transition zone. The first sequence (80—
160 °C) involves a recrystallization exotherm and double
melting behavior with the third endotherm decreasing
as the second increases. The second sequence (160—175
°C) reverses the last one; i.e., the third endotherm
increases and the second decreases. It also gives rise to
a new endotherm at temperatures close to the recrys-
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Figure 1. Linear heating DSC traces of neat reference

Nylon-6 after isothermal crystallization (7},° = 280 °C, 3 min;
t. = 30 min). Crystallization temperatures are shown.
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Figure 2. Linear heating DSC traces of NCH2 after isother-
mal crystallization. (T,° = 280 °C, 3 min; ¢, = 30 min).
Crystallization temperatures are shown.

tallization exotherm. Then follows a transition temper-
ature (180 °C), where up to five melting endotherms are
observed. The third sequence (185—190 °C) is the typical
evolution of triple melting behavior and during the
fourth sequence (195—200 °C), there must be the
convolution of endotherms I and II just as in neat Nylon-
6. There should be a last sequence (not shown) where
all endotherms, once convoluted into a single one, will
move to higher temperatures. NCH5 only shows small
changes regarding NCH2 as indicated in Figure 3; for
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Figure 3. Linear Heating DSC traces of NCH5 after isother-
mal crystallization. (T,° = 280 °C, 3 min; t. = 30 min).
Crystallization temperatures are shown.

example, the transition temperature is located 10 °C
below (170 °C), and it only has four melting endotherms.

Discussion

The previous DSC results could be wrongly inter-
preted. For instance, they could be seen as an indication
that the nanoclay presence is motivating the differences
in thermal behavior. Worse, one may be led to conclude
that the effect of nanoclay is equivalent to the previously
reported effect of molecular weight!! since thermal
evolutions are quite similar. However, considering the
origin of samples, and also the complex nature of
Nylon-6 nanoclay hybrids, such effects as molecular
orientation had to be considered before attempting
conclusions regarding the molecular weight and the
nanoclay presence.

Neat Nylon-6 and the hybrid samples were originally
in biaxial stretched film form. Therefore, in spite that
molecular orientation was considered to have been
eliminated during the melting period, it was also
realized as a possibility affecting the thermal traces.
Although not shown here, we generated comparative
thermal results of samples in isotropic (pellet) and
bioriented film forms, after erasing thermal history in
the molten state (using the same period of time in the
melt) and linear heating. The results did not indicate
differences between both types of samples. Therefore,
processing-related molecular orientation was discarded
as being a factor that influenced the thermal traces. It
then remained to consider molecular weight and nano-
clay presence as the two other potential causes influenc-
ing the DSC results.

A nanoclay hybrid consists of homogeneously distrib-
uted end-tethered macromolecules to the nanoclay
platelets which act as cross-linkers in the whole poly-
meric matrix.? The synthesis mechanism first involves
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the molecular fixation of the ion onium on the nanoclay
surface through ion interchanges. This is followed by
the formation of an initial complex resulting from the
reaction between an amino acid initiator and e-capro-
lactam and then by the preferential polymerization of
the rest of monomers at the tip of the carboxylic side of
the tethered complex.??2 This process does not impede
however the quiescent polymerization of monomers
which are not chemically bonded to the nanoclay
surface, particularly if there is a high concentration of
initiator. Therefore, and depending on the nanoclay
concentration, a mixture of tethered/nontethered mac-
romolecules should be expected as the most probable
polymerization product. In other words, if the initiator
concentration is low, there is a higher probability of
nanoclay chemical bonding to the nanoclay surface.

A form to test the proposition of molecular weight as
the cause of the observed thermal behavior is to compare
the X-ray diffraction behavior of samples in terms of
the formation of different crystal structures as a func-
tion of the crystallization temperature. As reported
before,!! and cited here for clearness, low molecular
weight Nylon-6 develops y habits at low crystallization
temperatures, then, immediately changes to the y—a
transition and then again to the most stable o form at
slightly higher crystallization temperatures. High mo-
lecular weight Nylon-6 on the other hand starts with
the y form, remaining in this form within a wider range
of crystallization temperatures, and then switches to the
stable o form at high isothermal crystallization tem-
peratures. We specifically selected three isothermal
crystallization temperatures in this study and obtained
the WAXD patterns of samples afterward: low (80 °C),
intermediate (175 °C), and high (200 °C) crystallization
temperatures. The results in Figure 4 indeed cor-
roborate the molecular weight proposition since there
is a proportional behavior between reference Nylon-6
and the hybrids regarding the formation of crystal
habits. For example, the diffraction results of neat
Nylon-6 in Figure 4a indicate that, after isothermal
crystallization at 80 °C, and due to the low molecular
weight, Nylon-6 crystals consist of a mixture of y/a
habits (i.e., they are already at the crystal transition).
In addition, at intermediate (175 °C) and high (200 °C)
crystallization temperatures, there is the expected
change to the stable o form, which shows the two (200),
(002)/(202) diffracting peaks, although these are in
disproportion respect to each other as an indication of
the development of imperfect o crystals during crystal-
lization.

NCH2 started with the unstable although asym-
metrical y form at 80 °C, as shown in Figure 4b,
characteristic of high molecular weight Nylon-6. How-
ever, at intermediate crystallization temperatures (175
°C), NCH2 crystals developed a mixture of atypical
truncated crystalline structures (i.e., crystalline struc-
tures with the lack of a family of diffracting planes) of
both y and a crystals.?? In other words, the (001)-y
diffracting plane is causing low diffraction (generating
yv), and the (200)-a plane is not present anymore. At
high crystallization temperatures (200 °C) there is only
truncated oy which shows a unique (002)/(202) diffract-
ing peak.

NCHS5 also starts (80 °C) with asymmetrical y habits
due to the high molecular weight as shown in Figure
4c, although, as expected, and due to the lower molec-
ular weight than NCH2, it immediately develops trun-
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Figure 4. WAXD patterns after isothermal crystallization (30
min) at the indicated crystallization temperatures: (a) Nylon-
6; (b) NCH2; (¢) NCH5.

cated oy at the same crystallization temperature (175
°C) where NCH2 had still two crystal habits. In sum-
mary, the previous behavior is in correlation with the
molecular weight, such as in Nylon-6 homopolymers.!!
Therefore, the thermal results must also be due to the
molecular weight and indicate that NCH2 must have
higher molecular weight than NCH5 (as reported),!4
since, under identical crystallization conditions, the
second melting endotherm is higher in the first case;11:2!
nevertheless, this difference must not be very pro-
nounced based on the appearance of the thermal traces.

On the basis of the previous results, the nanoclay
effect can also be figured, it does not strongly influence
the thermal traces but gives rise to distorted (asym-
metrical y) and truncated o—y crystalline structures,
whose origin will be discussed in the nest sections. In
addition, the nanoclay concentration evidently promotes
the formation of oy.

Modulated Melting Behavior. As shown before
with the conventional DSC results, Nylon-6 and nano-
clay hybrids behaved different on melting after isother-
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Figure 5. MDSC traces of Nylon-6 after isothermal crystal-
lization (30 min): (a) 80 °C; (b) 175 °C; (c) 200 °C.

mal crystallization at low temperatures; however, they
behaved similarly on melting after isothermal crystal-
lization at high temperatures. Therefore, to generate
information on the melting mechanisms, modulated
melting experiments, whose results are shown in Fig-
ures 6-8, were made after low (80 °C), intermediate (175
°C), and high (200 °C) crystallization temperatures.
Figure 5a indicates that after isothermal crystalliza-
tion at low temperature (80 °C), Nylon-6 develops a total
melting signal (associated with the original mixture of
y and o crystal habits) which divides itself into a double
melting reversing and a nonreversing trace consisting
of a recrystallization exotherm and an a small melting
endotherm. In the nonreversing trace, the recrystalli-
zation exotherm is in the same position as the first
reversing melting endotherm and so a parallel melting
and recrystallization process must be taking place. The
nonreversing recrystallization exotherm and the revers-
ing second melting endotherm seem to correspond each
other in magnitude; therefore, it can be proposed that
the recrystallized crystals melt at this endotherm in a
similar manner as proposed before for PET.! As for the
small nonreversing melting endotherm, it can be as-
signed to melting of a fraction of stable (most probably
o) isothermal crystals in a combination that leads to a
dual (reversing/monreversing) melting process of iso-
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lization (30 min): (a) 80 °C; (b) 175 °C; (¢) 200 °C.

thermal crystals. After isothermal crystallization at
intermediate temperatures (Figure 5b; 175 °C), the
previous process still takes place, although, the recrys-
tallization exotherm is slightly smaller due to the higher
crystallization temperature. After high crystallization
temperatures (Figure 5¢; 200 °C) the melting behavior
changes; there is now an apparently unique reversing
and two nonreversing melting endotherms whose origin
is the topic of current research.?*

NCH2 shows a complex and different melting behav-
ior in Figure 6. After isothermal crystallization at low
temperature (Figure 6a; 80 °C), there are three revers-
ing melting endotherms and, after the nonreversing
recrystallization exotherm (which coincides with the
total recrystallization exotherm), there is a dual non-
reversing melting sequence. A different explanation
should thus be expected regarding the melting process
of neat Nylon-6. As indicated before, the first reversible
melting endotherm, i.e., the one coincident with the
nonreversing recrystallization exotherm, can be as-
signed to a population that melts and recrystallizes to
either more perfect or thicker crystals. The second
reversing endotherm could then be assigned to melting
(and recrystallization) of y crystals into the more stable
o form, phenomenon observed before with neat Nylon-
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210 260

6.11 The third endotherm can as a consequence be
associated with melting of the recrystallized crystals
(i.e., those that thickened, or perfected, or recrystallized
to a different form on heating). Interestingly, there are
two nonreversing melting endotherms which are located
in the same positions as the second and third reversible
endotherms. If we assume the explanation given before
for Nylon-6, and also proposed for PET,! one of the
endotherms can be associated with nonreversing pri-
mary stable y crystals (first endotherm) and the other
to primary stable a crystals (second endotherm). Melt-
ing after intermediate crystallization temperatures
(Figure 6b; 175 °C) supports the previous proposition
since there is still the same behavior but now the sample
started with a mixture of truncated a/y crystals. Re-
markably, after crystallization at higher temperatures
(Figure 6¢; 200 °C) the melting process follows up the
same behavior as neat reference Nylon-6 including the
apparent formation of two nonreversing melting endo-
therms.

As shown in Figure 7a, after isothermal crystalliza-
tion at 80 °C, NCH5 displayed modulated reversing/
nonreversing thermal traces which were closer to Ny-
lon-6 than to NCH2. This was the case despite the facts
that the total melting trace was closer to NCH2 than
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Figure 8. Proposed crystallization scheme to explain the
formation of a; and yt.

to Nylon-6, and that the asymmetric y form (molecular
weight promoted) was also present at the beginning of
the heating process (just as in NCH2). To explain the
NCHS5 behavior on melting, we need to take into account
that, due to the lower nanoclay content, NCH2 has a
higher probability of forming two morphologies. One of
these must be associated with bounded (end-tethered
macromolecules oriented along the substrate normal
direction) and the other to nonbounded (isotropic)
macromolecules (see SAXS results later). From the
higher concentration bounded phase, the stable o
(truncated) and the stable y (truncated) crystals must
emerge. The stable oy, involving hydrogen bonds be-
tween antiparallel chains, can be achieved by adjacent
reentry of folded chains into the crystals,?® and must
be originated on crystallization of the bulk end-tethered
chains. On the other hand, the stable y; (extended-like
chains), involving hydrogen bonding between parallel
chains, can originate on the edges of the previous
crystals which are in contact with the isotropic phase,
i.e., in the interface of the isotropic and oriented phases,
as shown in Figure 8. In NCH5 however, most of the
macromolecules are end-tethered to the nanoclay sur-
face due to the higher nanoclay concentration, rendering
as a consequence a single morphological population (o).
In this form, although the total melting signal looks
similar to NCH2, the melting process is different and
the melting/recrystallization step must only involve
perfecting and thickening processes without a—y trans-
formations, rendering as a consequence a single non-
reversing melting endotherm. Increasing the crystalli-
zation temperature (Figure 7b; 175 °C) does not make
any important difference due to the nature of the
original crystals and, once again, after isothermal
crystallization at high temperatures (Figure 7c; 200 °C)
the melting characteristics of NCH5 are very similar
to those of neat Nylon-6 and NCH2.

In Situ Studies. Comparing the diffraction and
thermal results in Figures 4—7, it is easy to figure that
the temperature with the most important contrast is
175 °C. Therefore, being the purpose to sustain the
explanations given before, we used this temperature to
systematically analyze the melting process in terms of
WAXD with the fast cooling technique (21) and in terms
of SAXS with time-resolved in situ measurements.
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Figure 9. (a) WAXD patterns on simulated melting of Nylon-
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Table 1. SAXS Results for: (a) Nylon-6 under Heating
after Isothermal Crystallization (T1,° = 280 °C, 3 min;
t. = 30 min; 175 °C) and (b) NCH2 (Identical Conditions)
(L = Long Spacing; r; = Crystal Thickness;
r2 = Amorphous Thickness)

heating temp (°C) L (nm) r1 (nm) ro (nm)
(a)
175.0 9.0 4.1 4.9
179.7 9.2 4.1 5.1
198.6 9.6 4.4 5.2
203.3 9.6 4.4 5.2
208.1 9.8 4.5 5.3
212.8 9.9 4.6 5.3
217.5
(b)
175.0 9.0 4.0 5.0
179.7 9.1 4.1 5.0
198.6 9.5 4.2 5.1
203.3 9.7 4.4 5.3
208.1 9.8 4.5 5.3
212.8

Figure 9a shows the WAXD thermal evolution of
Nylon-6 which, after isothermal crystallization at 175
°C, indicates the formation of relatively imperfect o
crystals. However, as the heating process succeeds,
there is some crystal perfection between 175 and 190
°C (the (200) crystal peak increases its definition). This
step is finally followed by sudden melting of the «
structure after 212 °C. The MDSC results In Figure 6
had indicated reversible melting in parallel with non-
reversing recrystallization occurring at temperatures
close to 212 °C. Therefore, at least part of the nonre-
versing recrystallization should be considered associated
with crystal perfection. In situ SAXS experiments are
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Figure 10. (a) WAXD patterns on simulated melting of
NCH2; (b) in situ SAXS patterns on melting of NCH2. (T,,° =
280 °C; 8 min, T, = 175 °C.)

shown in Figure 9b for the neat reference Nylon-6. This
behavior is well-known, upon crystallization, there is
the initial formation of a maximum which then slightly
moves to lower ¢ values as the crystallization time
increases indicating lamellar thickening (see also Table
1), a process that must be at least part of the nonre-
versing recrystallization exotherm.

The WAXD melting behavior of NCH2, after isother-
mal crystallization at 175 °C, produced different pat-
terns, as shown in Figure 10a. During linear heating,
the original truncated yy/a; crystalline structures re-
mained basically the same up to 203 °C, with an almost
unnoticed perfecting process. However, as temperature
increases farther, the unstable part of y; is converted
into ay. As for ay, it should directly be divided into stable/
unstable crystals. Melting takes place above 215 °C
rendering a peak associated with the amorphous back-
ground (sharper than in Nylon-6 due to the substrate-
oriented melt). Considering the propositions given in
terms of the MDSC results for NCHZ2, the pronounced
nonreversing recrystallization exotherm should then be
related to perfecting, reorganization to a different
crystalline structure and lamellar thickening of the
isotropic phase (see also Table 1). The SAXS results
shown in Figure 10b indeed showed a maximum, this
had however much lower intensity than Nylon-6 and
as a consequnce was considered associated with a
smaller fraction of quiescent (nonbounded) crystals since
it basically displayed the same melting characteristics
as neat nylon-6.

The simulated WAXD melting process of NCH5, as
expected, was the simplest. As shown in Figure 11la,



Macromolecules, Vol. 38, No. 10, 2005

230°C
3
ks
z
£ 210°C
g
£
190 °C

l/—/L 175°C

3000

2400
1800

1200

Intensity (a.u.)

600

Figure 11. (a) WAXD patterns on simulated melting of
NCHS5; (b) in situ SAXS patterns on melting of NCH5. (T,° =
280 °C; 3 min, T, = 175 °C.)

there was only the o crystalline structure after isother-
mal crystallization at 175 °C, without any important
change as the heating temperature increased. Consider-
ing the presence of a single-crystal habit, the nonre-
versing recrystallization process should be considered
associated with perfecting and lamellar thickening. The
SAXS results in Figure 11b indicated, as expected, and
in close correspondence with the SAXS results of NCH2,
that the amount of quiescent crystals is minimum giving
place to an almost imperceptible scattering maximum.

Conclusions

After molecular orientation and nanoclay concentra-
tion were discarded as influencing the thermal results
of Nylon-6 and Nylon-6 nanoclay hybrids, it was con-
cluded that the differences in thermal behavior were
mainly due to the molecular weight.

After low and intermediate isothermal crystallization
temperatures, melting characteristics were different for
neat reference Nylon-6, however, after isothermal crys-
tallization at high temperatures melting characteristics
were similar to those of the hybrids.

The formation of y and a crystal structures took place
in the nanoclay hybrids with two important differences,
crystals generated asymmetrical y diffraction patterns
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and, under some circumstances, crystals developed
atypical truncated crystalline structures (i.e., crystalline
structures with lack of a family of diffracting planes).

The complex crystallization mechanism of hybrids
could be explained on the basis of a crystallization model
previously proposed for PET.

There was a small fraction of isotropic nonbounded
crystals in the nanostructured hybrids which had the
same melting characteristics as neat nylon-6. The
amount of the isotropic fraction was low and its con-
centration changed inversely with the nanoclay content.
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