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Abstract

A study on the crystallization and melting mechanisms of poly (e-caprolactam) [Nylon 6] nanoclay-
hybrids is presented, using as a reference homopolymer Nylon 6. The effect of crystallization time was first studied,
at constant crystallization temperature, in order to determine the most stable conditions before attempting melting
studies after isothermal crystallization. After selecting the most stable isothermal crystallization conditions, unusual
asymmetrical and truncated crystalline structures were observed in the case of the hybrids. Simulated melting
diffraction patterns indicated the gradual evolution of truncated crystal structures. Optical observations under
melting indicated step-like melting mechanisms in the hybrids similar to those of the reference homopolymer as an
indication of similarities in both types of samples. Morphological characteristics and calculations indicated the
typical evolution of Nylon 6 on meltingg and practically no change for the hybrids. The results allowed to conclude
that nanoclay layers mainly influence crystal habits. An explanation is given for the development of truncated
crystalline structures on the basis of the observed results.

Introduction

Polymeric nanocomposites are important because the introduction of nanometric particles causes a
significant improvement in the overall properties of the polymer. Poly (e-caprolactam) [Nylon 6] is an
engineering polymer able to crystallize in at least two crystal habits, o and y (Holmes et al., 1955). It can be
nanostructured with silicate layers through exchange chemical reactions, which render end-tethered polymer
macromolecules to the substrate. It is therefore expected that the neat quiescent crystallization process be
affected compared with the tethered system. The previous effects have both scientific and practical interests
and will ultimately lead to understand and optimize the property-structure relationship in these systems.

In the present study, the crystallization and melting mechanisms of hybrid Nylon 6 were studied and
compared with those of homopolymer Nylon 6. The main purpose was to understand the mechanisms
involved on the crystallization and melting processes between both types of samples after isothermal
crystallization under quiescent condition and linear heating.

Methodology

Nylon 6 homopolymer and Nylon 6 nao clay-hybrids with 2 wt % (N6NCH2) and 5 wt %
(N6NCHS5) montmorillonite content were synthesized by Ube Industries, Japan, using e-caprolactam and a
modified montmorillonite. This last was prepared through cation exchange with 12-aminolauric acid (Usuki
et al.., 1993). Nylon 6 homopolymer had an average-molecular-weight of 2.17x10* and the clay-hybrids
NBNCH2 and N6NCHS5 had average-molecular-weights of 2.22x10™ and 1.97x10™ respectively (Giannelis, et
al., 1999). All samples were originally in film form with an average thickness of 700 pum.

Differential scanning calorimetry (DSC) traces were obtained in a Perkin Elmer DSC-7 calorimeter.
Calibrations were made with indium and lead standards covering all the thermal range of the studies before
collecting thermal traces. Nylon 6 and the hybrids had an average weight of 8 mg. Samples were placed in
aluminum sample holders, heated at 260 °C for 3 min under nitrogen atmosphere, and fast cooled at nominal
cooling rate of 500 °C/min to the isothermal crystallization temperature (Tc) where they were maintained for
60 min. After this crystallization time, samples were linearly heated at 10°C /min until the equilibrium
melting temperature (260 °C).

Wide Angle X-ray Diffraction (WAXD) patterns were obtained in a Siemens D-500 diffraction
equipment. WAXD was used to identify crystalline structures of samples crystallized under identical
conditions as in DSC, both before and after heating at specific temperatures. In this last case, samples were
fast cooled after introducing the desired thermal history and some were heated up to specific temperatures
before the quenching process took place.

Small Angle X-ray Scattering (SAXS) experiments were made in the in the X27C beamline at the
National Synchrotron Light Source, Brookhaven National Laboratory, USA. The wavelength was 1.37 A and
a 3 pinhole collimation system was used to reduce the beam size to 0.6 mm in diameter. The 2D SAXS



patterns were taken on Fuji® imaging plates which were individually digitized. The sample to detector
distance was 1400 mm.

Polarized Optic Microscopy (POM) was made in an Olympus BX60 optical microscope. This was
used to register the morphology of the melting process after isothermal crystallization. The microscope was
coupled with an Olympus PM-20 photographic system and two Mettler FP82HT hot stages with automatic

control.

Results and Discussion

In the present study, the view is adopted that understanding melting after isothermal crystallization
will lead to understanding the crystallization process of hybrids as long as there are enough complementary
crystallization experiments. The DSC results in Figure 1 indicate that after isothermal crystallization at the
selected temperature of 160 °C Nylon 6 and nanoclay hybrids develop different melting traces, which are
affected by the crystallization time. In the homopolymer case in Figure 1(a) there is the typical multiple
melting behavior. It starts with an apparent double melting and ends up with single melting after 1 hr of
crystallization. The hybrid N6NCH2 in Figure 1(b) behaves different and develops a recrystallization
exotherm and an almost imperceptible melting endotherm in all the range of crystallization time. As for the
hybrid N6NCH5, Figure 1(c) shows a similar thermal behavior, there is the recrystallization exotherm and
slightly better defined double melting behavior. Overall, the crystallization and melting process was time
dependent in all three samples although it was rather similar in both hybrids. The different proportion in
melting endotherms in Nylon 6 has been reported before (Medellin, et al., 2004) as molecular weight
dependent although in terms of crystallization temperature. The results in Figure 1 (d-f) also indicate that
perfecting (higher peak intensity and truncation process (lack of a family of diffracting planes) and evolution
between crystal structures (disappearance of reflections) were present, or took place, as a function of
crystallization time. This was an indication of the unstable complex nature of the Nylon 6 hybrids so the
highest crystallization time was selected in order to have the most stable morphology at the selected
temperature to in-situ characterize the melting process.
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Figure 1. Melting behavior in terms of time of: (a) Nylon 6, (b) N6NCH2 and (c) N6NCH5. Diffraction
patterns as a function of crystallization time of: (d) Nylon 6, () N6NCH2, (f) N6NCHS5. The crystallization
temperature was 160 °C

The in-situ melting process in terms of WAXD is shown in Figure 2. Other than a slight perfecting
process on heating, the Nylon 6 homopolymer develops the typical o crystalline structure (Holmes, et al.,
1955). Both Nylon 6 hybrids on the other hand developed different behavior on heating, N6NCH2 started
with a mixture of asymmetrical and a complex mixture of truncated crystal habits. These evolved with heating
until the final formation of a single oy, truncated crystal habit. N6NCH5 developed a single reflection



associated with the truncated o crystal structure which preserved characteristics on melting until the final
recovery of a single truncated structure before melting, the molten state in these last two cases was highly
oriented due to the presence of montmorillonite.
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Figure 2. Diffraction patterns along the heating process of: (a)Nylon 6, (b) N6NCH2, (c)N6NCH5. The
isothermal crystallization temperature and time were 160 °C and 60 min respectively.

The POM results in Figure 3 indicate that the melting process followed up step-like melting
mechanisms such as in other polymeric systems (Medellin, et al., 1996). This was the case both with the
homopolymer and with the hybrids and was an indication that, in spite of the nanoclay presence, the
crystallization process preserves the general morphological characteristics of homopolymers.
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Figure 3. POM/DSC melting results after isothermal crystallization at 160 °C of: (a) Nylon 6 and (b) NCH2

The complex hybrid systems under study indicated that the observed effects could have intrinsically
morphological features involved. Therefore, SAXS experiments were used in order to generate information
regarding the morphological evolution on melting. It is well known (Liberti, et al., 1968) that Nylon 6 is able
to recrystallize to thicker crystals (and also perfect, as shown before) on heating. The recrystallization process
on heating is observed as a decrease in the position of the scattering maximum and the perfecting process can
be considered related to an increase of the SAXS invariant. The results in Figure 4 (a) and independent
calculations, not shown here, indicated the typical evolution of Nylon 6. However, in the case of the hybrids
Figures 4 (b-c) only show a decay of the scattering function as an indication of the lack of formation of
periodical structures involving a correlation distance.
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Figure 4. SAXS images corresponding to melting of: (a) Nylon 6, (b) N6NCH2 and (c)N6NCHS5,
isothermally crystallized at Tc=160 °C for 60 min.

On the basis of the previous results a crystallization mechanism for both hybrids can be proposed.
Figure 5(a) illustrates the crystallization of hybrids with low nanoclay content. Step | shows the interaction
between a montmorillonite layer and the polymeric chains. Step Il indicates the beginning of the
crystallization process under isothermal conditions. Step Ill shows the crystallization process where the
formation of two crystal habits is involved asymmetrical y, and a mixture of truncated . The first structure
must be formed by the vicinity of the polymeric chains attached to the montmorillonite layers, motivating
hydrogen bonds between neighbor fully extended chains (Kyotani et al., 1972). However if the crystallization
time, or melting temperature, increase, the hydrogen bonds will break promoting the formation of folded-
chain-like o crystal structures, which are thermodynamically more stable. Figure 5(b) shows the
crystallization and evolution of the high montmorillonite content hybrids. In this case, the higher nanoclay
content must decrease the number of tethered polymeric molecules per unit surface increasing as a
consequence the space between molecules and promoting the folded-chain-like, although truncated, o
crystals. Regarding the truncation process, it must be originated by the tethering process which impedes
diffraction along specific planes such as the (100) of the a structure.
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Figure 5. Crystallization Model of: (a) Nylon 6 with low and (b)Nylon 6 with high nanoclay content

Conclusions

The thermal crystallization and melting behavior of Nylon 6 homopolymers and end-tethered Nylon
6 nanocly hybrids was modified by the nanoclay presence although only small differences where observed in
thermal traces after increasing the nanoclay content.

On crystallization conditions there was the formation of atypical asymmetrical and truncated crystal
structures. On melting such structures were relatively stable.

Hybrid crystals followed up step-like melting mechanisms as an indication of overall similarities
with neat nylon 6 and the behavior of other macromolecules.

There was not apparent lamellar periodicity in the hybrids compared with neat Nylon 6.

The results allowed to propose a crystallization and melting mechanism for the hybridcomplex
systems
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+ Hybrid polymers, nanostructured materials
with better physicochemical and mechanical
properties

B Different Polymer-Clay Structures
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+ Hybrid polymers: chemically bonded to the
substrate

+ Nylon 6-hybrid was developed in 1988 by Toyota

+ Nylon 6 is an aliphatic polyamide which contains
carboxyl and amide groups forming bifunctional
monomers
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+ Nylon 6 can form different crystalline structures
because it has flexible chains
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X-Ray diffraction patterns for the o and y structures

+ Kojima and Usuky (1994) determined the
preferential orientation to y form showing that the
presence of anisotropic clay sheets made with
silica are determinant on the orientation of Nylon
6-hybrid chains.

+ Kojima (1995) proposed that the y crystalline
form has a planar orientation and this orientation
increases with the clay content.

Objective

+ Mathias and Davis (1999) and Medellin et al.
(2001) reported that the presence of clay in Nylon
tends to produce orientation in the polymer chains
forming the y crystalline structure in a preferential
pathway

+ Wu et al. (2002) found in Nylon 6-hybrid only one
diffraction peak for the a structure in one plane

¢ Analyze the crystallization and
melting mechanisms of Nylon 6 in
the presence of nanoclay
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Fig. 7: SAXS images corresponding to the Nylon 6 melting after
isothermic crystallization

Fig. 8: SAXS images corresponding to the (a) N6NCH2 and (b)
d N6NCH5 melting after isothermic crystallization at 160 °C

@

Recrystallization Hypothesis Analysis

Haet Flow (W/g)

8

E
3 8

Heat Flow (W/g)

10C/min

5

§
s B

W o w0 190 a0 a0 @0 20 40 20 %0
T(°C)

N6NCHS

?.n Fig 9: Melting of the samples
160°C 1920C 2040 216°C 223°C 260°¢ . /H/\\‘ﬂ previously crystallized at 160
= /\Lp °C using different linear
: ” B heating rates (t,=60 min).
B
" Models " Fig 11. Schematic Representation of the unit cell for the o
Structure
]
110
._/\_/_/\/\
o~ —~—
.‘W
0"'\—/—\/\—/ 010
U Ny «—— 100

Fig 10. Schematic representation of a nanoclay sheet
chemically bonded to polymer chains

\ﬁ




s Fig. 12 Crystallization Model for N6NCH2

Amorphous Polymer Crystallization beginning Crystallization

Fig. 13 N6NCH2 Melting

Incorporated

g I chains
/ Crystalline
Structure
Melting

. Heating

=

ol Fig.14 Crystallization Model for N6NCH5

Amorphous Polymer Crystallization beginning Crystallization

Fig. 15 N6NCH5 Melting

>

Heating

o

éb

r—

Crystalllne
Structure
Melting

- Conclusions

+ Adding anisotropic montmorillonite modifies the
crystallization and melting mechanisms

+ Presence of montmorillonite promotes formation of
truncated crystalline structures.

+ Low clay content promotes formation of a,,, a,, and
¥y structures

+ High clay content promotes formation of o, and a,,
structures

Conclusions

Crystalline structure named o, may have its origin
due to recrystallization processes

The presence of clay promotes high crystallinity

Melting process can be described as a combined
mechanism involving melting and recrystallization
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