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montmorillonite–polyamide nanocomposites, which in turn determine varied
industrial applications are greatly dependent on polymer crystal structure and crystallinity. Thus, control of
polyamide crystallization is critical, especially when this polymer adopts different polymorphic structures. To
fully characterize the crystallization behavior of this nanocomposite by increasing temperature, this work
presents for the first time an innovative approach based on combined new thermo-X-ray diffraction (TXRD)
routines for 2D mapping and differential scanning calorimetry (DSC) techniques. Results reveal that: (i)
organically modified montmorillonite included in the polymer matrix, composed of polyamide-6, increases
the thermal stability of the nanocomposite, and (ii) epitaxial mechanisms explain the nucleation of the
thermodynamically less stable γ crystal phase reported in the literature.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Nanocomposite material structures composed of clay nanolayers
(typically montmorillonite) in a polymeric matrix exhibit remarkable
physical properties suitable for sophisticated industrial applications
[1–5]. It is recognized that thermal and mechanical properties of both
pristine polymers and polymer–clay nanocomposites are greatly
influenced by crystal properties [6–8]. Polyamide-6 (PA6) crystallizes
in three possible structure types: α, β and γ. The stable monoclinic α
structure organizes in planar zig-zag chains (H-bonded sheets),
whereas the metastable, pseudo-hexagonal γ structure is organized
in a twisted chain (not collinear and with longer H-bond lengths) [9].
The less well-known mesomorphic β structure is considered an
intermediate state between the former two [10].

To fully understand the thermal properties of such nanocomposites,
this paper investigates the crystal modifications in PA6 crystals
prompted by increasing temperature (T) up to 230 °C. Moreover,
another major goal of this research is to evaluate the benefits of
combinednewTXRDroutines for2DmappingandDSC to investigate the
crystallization mechanism of PA6 and montmorillonite-reinforced
PA6 nanocomposites (PA6/MMT) due to T transitions. TXRD is a
suitable and powerful technique to study T-induced phase transitions
and crystalline processes in many research fields connected to
material sciences, chemistry, metallurgy and cultural heritage
science, among others [11–13]. Recently, TXRD has been proven to
be an especially effective tool to better recognize the evolution of
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physicochemical processes susceptible to monitoring by XRD thanks
to the use of innovative 2D mapping routines implemented with the
XPowder PLUS software [14]. Our work presents for the first time 2D
TXRDmaps for nanocomposites thus allowing a better interpretation
of T-induced nanocomposite changes in structure types.
2. Experimental

This investigation was conducted on injection-molded samples of
PA6 and PA6/MMT. Both samples were manufactured with commer-
cial PA6 (Ultramid®) and 5 wt.% montmorillonite modified with
methyl tallow bis-2-hydroxyethyl quaternary ammonium chloride
(Southern Clay Products, Inc.). The nanocomposites were manufac-
tured as described elsewhere [8] and injected to simulate industrial
processes.

In situ XRD data were acquired using a Philips PW1710/00 X-ray
diffractometer with PW1712 communication card via RS232 serial
port, full-duplex controlled by the XPowder PLUS software [14]. The
heating device is composed of an halogen lamp (Philips Capsule-line
Pro 75 W, 12 V) that heats the XRD chamber up to 230 °C, a Pt-1000
probe for T monitoring (0.5 °C precision), and a software-controlled
thermostat with digital T selection. A detailed description of the
heating system is described elsewhere [13]. The XRD patterns were
scanned over 15b °2θb30 range, with 0.1 goniometric rate and 0.4 s
integration time. Backgrounds of diffraction patterns were subtracted.
The scan modewas continuous using CuKα radiation. The voltage was
40 kV, and the tube current 40 mA. Diffraction patterns were collected
at 10 °C increments between 30 and 230 °C. Phase transformationwas
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Fig. 1. 2D TXRDmap for PA6 sample. Note that the main PA6 α diffraction peaks (∼20.2 and 24 °2θ) diminish while PA6 γ diffraction peak (∼21.3 °2θ) gradually appears up to 170 °C.
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simply detected by the appearance/disappearance of characteristic peaks
in theXRDpatterns. Thermal analysisperformedwithDSC(DSC822e/700
Mettler Toledo)was appliedon samples afterdryingby vacuumheating at
80 °C during 48 h (heating rate: 20 °C/min over a T range of 25–270 °C).

3. Results and discussion

The TXRD results for PA6 shown as 2D mapping in Fig. 1 indicate
that the thermodynamically more stableα structure is prominent. The
distinctive diffraction lines of α structure appear at ∼20.2 (200) and
24 (201/202) °2θ, and the strongest diffraction line for the γ structure
is seen at ∼21.3 (100) °2θ. The TXRD map (Fig. 1) shows the onset of
the phase transition fromα toward γ structure occurs at∼90 °C.Oneof
Fig. 2. 2D TXRD map for PA6/MMT sample. The XRD line of PA6/M
the benefits of applying this novel 2D TXRD mapping routine is
straightforward imaging of the α–γ phase conversion, a non-
isothermal transformation (between ∼90 and 150 °C) that takes
place as a solid-state reaction (Brill Transition type) with no
amorphous-mediated step, as indicated by the absence of background
noise (no narrowhorizontal bands) throughout the conversion. Above
170 °C theγ structure is the only crystal phase present, since the lack of
horizontal bands suggest that no amorphization process takes place
before the melting T is achieved.

The occurrence of the γ structure in nylon-6 polymers at high
temperature (250 °C) has been already reported [15]. The volume per
chain is smaller for the γ structure, and consequently the cohesive
energy density is slightly larger than in the α form. The calculated H–H
MT appears at ∼21.3 °2θ remaining unchanged during heating.
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non-bonded distances in the α structure (2.140 Å) are significantly
shorter than those in the γ structure (2.466 Å) [16]. Taking into account
that the optimumpackingof themethylene units occurs in polyethylene
[17], the increased number of methylene groups makes the γ structure
the most efficient in terms of packing, and therefore more stable than
the α at high temperatures.

Fig. 2 shows the TXRD map for PA6/MMT where only the γ
structure is exhibited. This indicates that the presence of montmor-
illonite in the polymer matrix increases thermal stability of nano-
composites since no phase transformation takes place that may
induce undesirable effects, such as volumetric dilatation. Moreover,
the 2D maps method revealed that the nanocomposite maintains its
crystallinity with rising T, as indicated by the constant FWHM of the
vertical band corresponding to the γ structure.

DSC analyses of the PA6 sample (Fig. 3) display a peak at ∼223 °C,
which corresponds to the melting T of the PA6 α structure.
Nanocomposite sample shows a double melting peak at ∼212 and
222 °C, the typical melting T for γ andα structures, respectively. In the
XRD analysis, the scarce amount of α crystals in the PA6/MMT sample
was masked by the stronger diffraction peak of the γ structure. The γ
crystals grow preferentially near the surface of the montmorillonite
layers, while the α crystals develop where the nanolayers do not
influence chain conformation and folding of the PA6. The cause of this
is that montmorillonite impedes the shifting of H-bonds associated
with the transformation from γ to thermodynamically more stable α
structures [8,18].

We have observed that the presence of montmorillonite favors
nucleation of the thermodynamically less stable PA6 γ phase. Ionic
mineral surfaces can facilitate the absorption of polymers by
electrostatic interactions and could promote their nucleation and
crystallization [19]. However, the latter mechanism does not explain
the selection of a specific PA6 polymorphic phase as seen in this work.
This behavior could be explained by stereochemical and geometrical
matching mechanisms implying that the arrangement of the func-
tional groups of the polymer matches or reproduces to some degree
the disposition of ionic groups in the mineral surface [20,21]. Thus,
polymer molecules could be deposited on the surface with an
alignment partially induced by the orientation of ion rows in the
mineral substrate [22] and partially induced by the shear flow during
injection molding. The amide groups along the polymer chain form H
bonds to rows of OH ions in the basal plane of the montmorillonite
and become aligned along the a-axis crystallographic direction. In
fact, there is good correspondence between the a lattice parameters of
montmorillonite (5.2 Å) and the spacing between every two amide
groups in the polyamide chain (5.0 Å). This type of epitaxial
Fig. 3. DSC heating process of PA6 and PA6/MMT.
mechanism favors nucleation of the polymorphic phase of the
polymer having a crystallographic structure most compatible with
the montmorillonite surface [23,24].

4. Conclusions

The new TXRD routines for 2D mapping offer new insight to better
imaging and understanding the reaction trends and phase transfor-
mation kinetics occurring in nanocomposites below the melting T.
Organic modified montmorillonite included in the polymer matrix,
composed of PA6, increases the thermal stability of the nanocompo-
site. Epitaxial mechanisms explain the nucleation of the thermo-
dynamically less stable γ crystal phase reported in the literature [25].
In the context of nanomaterials, the singular characteristics of
nanocomposites – in terms of structure, chemistry, mechanics,
dynamics and response – offer numerous experimental and con-
ceptual research opportunities in emerging nanosciences.
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