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ABSTRACT

The glass transition temperature and the crystallization behaviour of poly(ethylene terephthalate) PET
ultra-thin layers (a few tens of nm) within multilayered PET/polycarbonate (PC) coextruded films are
investigated as a function of layer thickness by means of calorimetric measurements. Results are dis-
cussed in terms of reduced thickness and interface effects. The appearance and evolution of lamellar
orientation upon isothermal crystallization of ultra-thin PET layers from the glassy state are explored
based on real time small-angle X-ray scattering (SAXS) studies. Analysis of the SAXS measurements
reveals that finite size effects hamper the crystallization process. However, the final lamellar structure is
similar in both, the nanolayered PET and the bulk material. Results suggest that not only lamellar
insertion but also some lamellar thickening contribute to the development of the final lamellar structure.
Room temperature SAXS and wide-angle X-ray diffraction (WAXS) measurements indicate that two
lamellar populations develop: edge-on lamellae are proposed to appear close to the interphases while
flat-on lamellae, arising as a consequence of confinement, should be preferentially located in the layers

core.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The current trends in Science and Technology concerning the
development of nano-scaled materials require the understanding
of fundamental phenomena taking place in confined media. In this
respect, much effort has been carried out in Polymer Science in the
last decade. Nanoconfinement can be achieved by means of
chemical templates, such as amorphous blocks in crystalline-
amorphous block copolymers [1,2]. The self-assembly character of
block copolymers can be exploited to produce a wide variety of
topological nano-domains [2,3], including nanocylinders and
nanolayers [4], nanoporous structures [5] and nanospheres [6]. In
addition, other types of controlled molecular architecture, such as
grafted polymers or hyperbranched polymers [7], can be used to
generate different nanomaterials with great technological interest.

Alternatively, physical restrictions can also induce confinement
effects by reducing at least one of the dimensions to nanometer
scale. Thin films [8], multilayered materials [9] and intercalated
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polymer-layered nanocomposites [10] belong to the class of
nanoconfined materials in one direction (1-D), whereas nanorods
[11] and nanofibres [12] represent examples of confined media in
two directions. The former materials represent the simplest model
to explore the effect of confined environments on the development
of polymer morphology and nanostructure.

Studies of finite size effects on the glass transition temperature,
T, of polymer materials are especially profuse in case of thin films
[13,14]. It appears that interface effects, related to both free and
hard surfaces, determine to a great extent whether T increases,
decreases or remains constant with film thickness [13,14].
Confinement effects are also found to influence the polymer
dynamics [15,16]. It has also been suggested that the film creation
process can have important consequences in the material behav-
iour [14]. Although studies of the relaxation behaviour of supported
and free-standing thin polymer films offer diverse results,
a broadening of the distribution of relaxation times is often
reported as film thickness decreases [14,17,18].

Finite size effects in multilayer films of different polymers have
also been explored. The potential of these materials for techno-
logical applications rely on the adequate combination of the
properties of the individual homopolymers. The behaviour of T
with decreasing layer thickness has been examined in case of
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bilayer and trilayer films, fabricated from homopolymer layers
deposited via spin-coating. It was shown that the T; reduction due
to enhanced mobility at the free surface can be tuned by changing
the thickness and nature of the underlying polymer support [19].
Recently, the dynamics of multilayered films with tens to thou-
sands of alternating layers of two immiscible polymers has been
studied [20]. Films were prepared using a layer-multiplying coex-
trusion process that has been proved to produce highly regular
structures [9,21]. Compared to multilayer polymers fabricated
using spin-coating, layer-multiplying coextrusion can easily
produce large amounts of material containing thousands of alter-
nating layers, with individual thicknesses that can approach the
nanoscale. Such forced-assembly films exhibit interphase regions
that can have an important impact in the material properties. In
case of nanolayered films, the interphase thickness can approach
the scale of the individual nanolayers, hence, creating a new
material that is entirely interphase [9]. Calorimetric studies on the
T, of layered nanostructures prepared by multiplying coextrusion
reveal that the T; of the individual polymers gradually shift closer
together as layer thickness decreases, approaching a single value
for layer thicknesses in the range of the interphase thickness [9].
Simultaneously, the width of the glass transition broadens
considerably. Dynamic mechanical thermal analysis (DMTA) of
various forced-assembly multilayered polymers confirm the
occurrence of two tand peaks for the film with discrete layers and
a single broad peak for the interphase material [20].

Preceding studies show that multilayer films exhibit a crystalli-
zation behaviour different from the homopolymer counterparts
[22], as it is also observed in case of thin films [23,24]. Reduced
levels of crystallinity at the end of a delayed crystallization process
are detected with increasing confinement for layer-multiplying
coextrusion materials [25—27]. In addition, preferred lamellar
crystal orientation seems to accompany the crystallization process
under confinement. Polyethylene oxide (PEO) flat-on lamellae
(c-axis perpendicular to the surface layer) are found to emerge in
layer-multiplying coextrusion films, for PEO layer thicknesses
below 110 nm [22]. In contrast, edge-on lamellae (c-axis parallel to
the surface layer) have been found in other nanolayered materials
containing polyethylene (PE) or isotactic polypropylene (PP) as the
crystallizable homopolymer [27,28]. In self-assembled multilayer
block copolymers and thin films, there are experimental evidence
that the crystallization temperature and/or thickness of the layers
determine whether edge-on or flat-on lamellae should exist
predominantly in the material [1,23,29]. It is generally observed
that lower temperatures and thicker films favor edge-on
morphologies [23,29]. Although some models have been recently
proposed [29,30], the mechanism that controls the specific lamellar
orientation in confined media is still unclear.

In order to extend preceding studies concerning the crystalli-
zation behaviour of confined polymer films, layer-multiplying
coextruded films of poly(ethylene terephthalate) (PET) and poly-
carbonate (PC) with layer thicknesses down to a few tens of
nanometers are here investigated. Previous room temperature
X-ray diffraction measurements with the beam parallel to the PET/
PC layer stacking suggest that lamellar crystal orientation occurs for
thin layer thicknesses below 300 nm [25]. In addition, isothermal
crystallization experiments using a synchrotron radiation source
reveal that the crystallization of PET within the multilayered
materials is delayed with decreasing layer thickness [26]. These last
measurements were carried out with the X-ray beam perpendic-
ular to the film surface and anisotropic effects were not observed.
The present paper offers a detailed study of the appearance and
evolution of lamellar orientation in thin films of PET/PC multilayers,
as revealed by real time small-angle X-ray diffraction measure-
ments with the incident beam parallel to the layer stacking. We also

report room temperature wide-angle X-ray diffraction studies that
provide complementary information of chain orientation as
a consequence of reduced thickness and interface effects. The
influence of layer thickness in the glass transition temperature is
also discussed.

2. Experimental
2.1. Materials

Poly(ethylene terephthalate) (PET) (Eastman PET9921) and
polycarbonate (PC) (Bayer Makrolon 2207) were used in this work.
Both materials have a molecular weight of about 30,000 g/mol. The
coextrusion process used to prepare PET/PC 50/50 (vol/vol)
microlayered and nanolayered materials was described previously
[25], however, here a 36 cm exit die was used. The number of
alternating layers was held constant at 1024. The thickness of the
films was varied in the range 20—214 pm to produce different layer
thicknesses. Extruded films of ~25 cm wide (the precise width
varied according to the layer thickness) and various meters long
were obtained. The nominal PET and PC layer thicknesses for each
sample varied in the range 20—210 nm (calculated from the
number of layers and the film thickness).

2.2. Differential scanning calorimetry (DSC) measurements

A Perkin—Elmer DSC-7 differential scanning calorimeter was
used to measure glass transition temperatures. The instrument was
calibrated with indium. Samples of 6—8 mg, extracted from the
central part of the extruded sheets, were sealed in aluminum pans.
All measurements were carried out at a heating rate of 20 °C/min,
under nitrogen atmosphere. The T; values were determined as the
midpoint of the heat capacity change.

A major concern in the determination of T in thin polymer films
is the annealing history of the sample [13]. In this work, a thermal
protocol was established to overcome the influence of thermal
history, physical ageing and residual stresses on the chain confor-
mations. Samples for calorimetric measurements were first intro-
duced in a Mettler hot-stage at 85 °C, kept at this temperature for
15 min, and subsequently quenched in iced water. DSC scans were
recorded immediately after the heat treatment. The annealing
times applied to the amorphous PET samples at 85 °C were chosen
to be larger than the Rouse and retraction times reported for a PET
sample of similar molecular weight (2 s and 11 min respectively at
85 °C) [31]. Application of annealing times in the range of the
reptation time (420 min) was discarded in order to ensure that the
sample did not develop any trace of incipient crystallization. It
should be noted that the glass transition temperature of the
annealed material at 85 °C was found to be significantly different
from that of the starting un-treated sample and remained constant
in the second and third DSC heating runs (a rapid cooling after
a few minutes above T; was applied between scans).

The crystallization behaviour was explored in separate DSC
heating runs where the temperature reached 260 °C. The average
value and error of the Ty and the crystallization temperature, T,
data were calculated from the measurement of at least two DSC
scans of different samples from the same sheet. Data with no error
bars correspond to a single value obtained from a unique DSC scan.

2.3. Atomic force microscopy studies

Atomic force microscopy (AFM) imaging was performed using
the tapping mode of a Nanoscope Illa (Digital Instruments). Phase
and height images were recorded simultaneously. Specimens
were sectioned perpendicular to the plane of the film with an
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ultramicrotome (MT6000-XL from RMC, Tucson, AZ, USA). For this
purpose, a film specimen was embedded in epoxy and cured
overnight at 23 °C. Cured specimens were microtomed at 23 °C at
a cutting speed of 0.5 mm/s.

2.4. Small-angle X-ray scattering

2.4.1. Isothermal crystallization experiments

Real time small-angle X-ray scattering (SAXS) measurements of
chosen PET/PC and PET amorphous samples were carried out at the
BM16-CRG beamline at the ESRF, Grenoble, in order to follow the
kinetics of lamellar crystallization at 150 °C. The wavelength was
0.138 nm and the sample-detector distance was of 3492 mm. The
experimental set-up allowed resolving diffraction angles larger
than 26 = 0.087°. A marCCD detector with 2048 x 2048 pixels was
employed. Data were collected in binning mode resulting in
158.9 um effective pixel size. The intensity values were corrected
for the background and normalized for the primary beam intensity
taking into account the intensity of the ionization chamber located
close to the beamstop. A Linkam hot-stage (model THMS600) was
used with a sample holder that was especially designed to allow the
positioning of the films with the beam parallel to the stacking of the
layers (F or T direction according to Fig. 1).

2.4.2. Lamellar orientation

Weakly oriented SAXS patterns were obtained at the end of the
crystallization process in PET/PC multilayered materials. As an
example, Fig. 1 shows the pattern developed after the PET/PC 50/50
sample (63 nm PET layer thickness) was maintained at 150 °C for
70 min. The strong meridional streak is associated with grazing
incidence scattering arising from the interfaces between the two
homopolymers, probably due to the presence of nanogaps, and
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Fig. 1. SAXS pattern of PET/PC 50/50 with 63 nm layer thickness after 70 min at 150 °C.
The film thickness was positioned with the layer stacking parallel to the incident beam
(F or T directions). A large beamstop was placed to avoid damage of the detector due to
the intense meridional streak arising from the outer surfaces and the interfaces
between the two homopolymers.

from the outer surfaces. In order not to saturate the detector,
the intensity of this meridional streak was reduced by tilting the
samples a few degrees away (~5°) from the plane defined by the
cross-section of the incident beam; additionally, a large beamstop
was placed. In this way, although the intensity of the meridional
streak is still high as shown in Fig. 1, the appearance of a diffraction
maximum with slight anisotropy can be detected. In order to follow
the changes in the lamellar stack orientation during the crystalli-
zation process, the azimuthal scan of each image at a radius cor-
responding to the maximum of intensity was obtained as shown in
Fig. 2 and analyzed as follows. Firstly, we have used least-squares
analysis to separate the contribution of the background (horizontal
line in Fig. 2) from the meridional streak (described by a Lorentzian
function) and the distribution of orientations arising from the
lamellae (described by a Gaussian). Room temperature SAXS
measurements taken before the isothermal crystallization experi-
ments reveal that the corresponding azimuthal profile can be fitted
to Lorentzian functions with no contribution of Gaussian peaks.
Next, the orientation function was calculated following:

3{cos?¢p) — 1
joese 1 M)
where ¢ is the azimuthal angle. It should be noted that the orien-
tation function provides information on the distribution of orien-

tations along a preferential direction and not on the total amount of
oriented material.

2.4.3. Lamellar nanostructure

To extract information on the lamellar nanostructure, a detailed
analysis of the SAXS curves was carried out. SAXS patterns were
azimuthally integrated with the help of FIT2D software package to
obtain a curve of intensity, I, as a function of the wave vector,
q (q = 4w sinf/A) [32]. In weakly oriented systems, application of the
azimuthal averaging algorithm is permitted [33]. As an example,
Fig. 3 illustrates the I(q) curve for the PET/PC material with PET
layer thickness of 63 nm after 7 min at 150 °C. The limited g range
available did not allow for a proper analysis of the SAXS data by
means of the correlation or interface distribution functions [33].
Indeed, a linear Porod region was not observed because sufficiently
large g values were not recorded. Alternatively, we have analyzed
our data using the intensity profile method described in Refs.
[34,35]. It has been shown that this procedure yields similar results
than conventional correlation function analysis. However, the
intensity profile method presents the advantage of univocally
determining the thickness of the crystal and the amorphous layers,
as well as the possibility of estimating the coherence length of the
lamellar stacks.

PET/PC 63 nm

Intensity [a.u.]

0 90 180 270 360
Azimuth [°]

Fig. 2. Azimuthal SAXS profile of the PET/PC 50/50 63 nm material, after 38 min at
150 °C. A section of 20 pixels around the maximum of intensity was used for each
azimuthal angle. The separate contributions of the background (horizontal line), the
meridional streak (Lorentzian function) and the distribution of orientations arising
from the lamella (Gaussian function) can be clearly distinguished.
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PET/PC 63 nm

Intensity [a.u.]

Fig. 3. Intensity curve as a function of wave vector for the PET/PC material with layer
thickness of 63 nm after 7 min at 150 °C. The curve was obtained from the azimuthal
integration of the corresponding 2-D pattern using FIT2D software. The dotted lines
illustrate the Ip and I; and contributions to the total diffracted intensity, as shown in
equation (2) (Iz = 0).

In the intensity profile analysis, the observed intensity is
described as

I =hL+Ih+1 (2)

where [ is the background intensity which is assumed to be linear,
Ip represents the diffuse scattering and I, accounts for the lamellar
peak. Ip can be expressed as

Ip = [a1Fstep(az)] (3)

Fstep(az) = sin(axq)/(a2q) (4)

Furthermore, I; can be written as

1.(q) = [Fstep(a3){Gauss(as, as, ag) + Gauss(ds, 2as, ag)}]* />
(5)

where Gauss(ay, as, ag) = a4 exp[—0.5((q—as)/as)?], ¢* is the Lorentz
factor; Fsep(a3) is a function analogous to the one shown in equa-
tion (3) and represents the structure factor of the lamellae; Gauss
(as,as,as) and Gauss(ag,2as,ag) are the first and second-order
interference functions respectively.

The experimental intensity curves are fitted to equation (2) and
the parameters as, ay, as, ay, as, ag are derived. As an example, Fig. 3
illustrates the Ip and I functions fitted to the intensity curve; we
have set Iz = 0 through the whole series of experiments as it has
been shown to produce more consistent results. However, the
uncertainty in the derivation of the a;—ag parameters is relatively
large partly due to the limited angular range available. To reduce
this error, we adopted the following procedure. First, a plot of Ig?
versus q was fitted to a Pearson IV function using least-squares
analysis. The position of the maximum of this function, qmax + @,
was used as a first approximation to the lamellar spacing value,
L (L = 27/qmax)- Next, gmax Was used to set an initial value for the as
parameter (ds = gmax, Se€ equation (7) below) that was allowed to
vary in the range qmax £ ¢. Following this procedure, the standard
error for each a, parameter was limited to less than 12%. Finally, the
structural parameters of the lamellae are given by

la = 2613 (6)
L = 2m/as (7)

m:whwm (8)

where [, is the thickness of the amorphous layers in the lamellar
stacks and Lcon the coherence length of the lamellar stacks. The
crystal thickness, [, is calculated according to: Ic = L — [,.

2.5. Wide-angle X-ray scattering

The crystal orientation and crystal structure upon crystallization
were investigated by means of wide-angle X-ray scattering (WAXS)
measurements. Room temperature two-dimensional patterns of
the crystallized materials were obtained using a Micro Star rotating
anode generator with copper target manufactured by Bruker
(Germany). WAXS patterns were recorded using a Mar345 dtb
image plate with a resolution of 3450 x 3450 pixels and 100 pm/
pixel; a sample-to-detector distance of 200 mm was used. The
patterns were analyzed using FIT2D. In order to determine the
crystal orientation, the CLEARER2 software package was employed
[36]. Fibre WAXS patterns can be simulated from user-input atomic
coordinates and unit cell parameters. The flexibility of CLEARER2,
allowing any orientation of the fibre axis and of the incident beam,
is most valuable for the determination of the axis of symmetry in
uniaxial systems, as will be shown below.

3. Results and discussion
3.1. Influence of layer thickness on the glass transition temperature

Fig. 4 illustrates the variation of the T of PET, determined by
means of DSC, as a function of nominal layer thickness for the
multilayered materials. The Ty value for the PET homopolymer is
also plotted as ‘non-confined’. The T values of PC within the PET/PC
multilayered materials could not be determined by means of DSC
because the glass transition takes place at temperatures where the
crystallization of PET already starts (Tg of PC = 150 °C). Results
show a clear T increase for all the multilayered samples with
respect to the PET homopolymer. This upwards Ty shift could be
explained as due to, at least, one of the two following reasons: i) the
diffusion of PC molecules into the PET layers: previous work in
multilayered glassy polymers explained the progressive conver-
gence of the T of the two homopolymers to a single value observed
for ultra-thin layers as due to the diffusion of molecules of one
polymer pair into the other [9]; ii) hindered molecular mobility due
to the interaction between the PET molecules and the interphases.
In supported thin polymer films, the polymer—substrate interac-
tion often retards chain mobility due to an increased mass density
at the interface [29]; similarly, in multilayered materials, the pol-
ymer—interface interaction could lead to an enhancement of T,. At
present we are unable to discern the predominant mechanism
responsible for the observed T, shift. It is noteworthy that

©
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Fig. 4. Plot of Ty as a function of nominal layer thickness for the PET/PC multilayered
series. The Ty value for the PET control material is included as ‘non-confined’.
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preceding published work on freely standing films suggests that
chain confinement effects turn out in a T decrease with decreasing
thickness [37]. Such decrease is not clearly observed in our multi-
layered PET/PC series (see Fig. 4), hence, chain confinement does
not seem to play a predominant role in the material average
molecular dynamics for the range of layer thicknesses investigated.

3.2. Changes in the crystallization behaviour by means of
calorimetric data

Fig. 5 (top) illustrates the values of the crystallization temper-
ature, T, of PET determined from DSC measurements, as a function
of nominal layer thickness within the PET/PC 50/50 multilayered
materials. Starting from the non-confined value, a significant T.
increase is observed when reducing the size of the layers down to
a layer thickness of 63 nm. However, for layer thicknesses of 50 nm
and below, the T values are again comparable to that found for the
non-confined material. Fig. 5 (bottom) illustrates representative
DSC scans for the multilayered samples with layer thicknesses in
the range 20—80 nm. It is seen that samples with PET layer thick-
nesses of 20, 30, 37 and 50 nm exhibit a well-defined and narrow
crystallization peak in the DSC scan, similar to that observed for the
PET homopolymer. In contrast, the materials with layer thicknesses
of 63 and 80 nm display a broad crystallization peak shifted
towards higher temperatures (T, = 173 °C). It is noteworthy that
the same crystallization behaviour was found for both, the freshly
quenched samples and the aged materials. This result is in agree-
ment with preceding studies revealing that polymer ultra-thin
layers exhibit a broad relaxation distribution as compared to the
bulk [17,38,39]. It seems that the finite size effects effectively
hamper the crystallization behaviour of PET for layer thicknesses of
63 and 80 nm. What could be the reason for the sudden drop of the
crystallization temperatures below 63 nm? Fig. 6 illustrates the
AFM images of the 80 nm and the 30 nm layered material, i.e.,
above and below the threshold for the change observed in crys-
tallization behaviour. A layered structure is observed for both

180+
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Fig. 5. (Top) Plot of T. as a function of nominal layer thickness for the PET/PC series.
(Bottom) Representative DSC scans of the PET/PC multilayered materials with layer
thicknesses indicated in the figure (20—80 nm).

materials, however the 30 nm one exhibits layer instability; adja-
cent layers even seem to nearly connect at certain locations. This
layer waving could be further deteriorated upon heating above the
glass transition temperature of PET resulting in regions where finite
size effects are limited and the crystallization behaviour would
approach that of bulk PET. In addition, one cannot ignore the fact
that as the layer thickness decreases approaching the radius of
gyration of PET (of 4—9 nm [40,41]), chain confinement effects
could play a significant role in the crystallization behaviour, leading
to a reduction in the T; values.

3.3. Real time SAXS experiments

Fig. 7 illustrates the azimuthally integrated SAXS patterns of
selected layered structures, recorded in-situ at 150 °C, as a function
of crystallization time (from left to right): PET, PET/PC with 63 nm
layer thickness and PET/PC with 37 nm layer thickness. It is clearly
seen that crystallization starts at a later stage in the sample with
63 nm layer thickness, in agreement with the delayed crystalliza-
tion process found for this material by means of DSC. In addition, no
significant difference is found between the induction period for PET
and that for the 37 nm thickness material, within the resolution of
the experiment (the accumulation time was set to 29 and 59 s
respectively).

3.3.1. Analysis of the lamellar structure during crystallization

In order to further understand the effect of finite size in the
development of the lamellar structure, we have next analyzed the
SAXS crystallization experiments of the PET/PC material with layer
thickness of 63 nm and the PET control sample by means of the
intensity profile analysis described in the Experimental section.
Fig. 8 illustrates the lamellar long period, crystal thickness and
amorphous thickness as a function of crystallization time at 150 °C
for both materials. For the sake of clarity, error bars are only
included for the PET/PC sample. It can be observed that, in both
cases, the long period decreases as isothermal crystallization
proceeds. A similar behaviour has been previously observed in PET
crystallized from the glassy state and from the melt [42—45]. This
experimental fact has been a subject of controversy for the last
years, especially because the criterion used in the SAXS analysis to
attribute one layer thickness, or the other, to the lamellar crystals
has given rise to different interpretations in the development of the
lamellar structure upon isothermal crystallization [42—46]. In case
of melt crystallized material, crystal and amorphous thicknesses
are found to decrease or remain constant as crystallization
proceeds [44,45]. These observations are usually explained as
arising from the progressive insertion of lamellae between the
existing ones, or due to changes in the distribution and number of
the amorphous layers. In contrast, cold crystallization studies
suggest that [, decreases and [. remains constant or slightly
increases upon crystallization, although the precise mechanism
associated has not been discussed in detail [26,43]. The results
shown in Fig. 8 for the PET control material are in agreement with
preceding experiments. However, most interesting is the fact that
for the layered material the crystallization process is delayed; here,
the crystal thickness values clearly increase in the first stages of
crystallization, while the amorphous layer thickness decreases. This
result suggests that the crystallization process cannot be simply
explained by a lamellar insertion model (supported by the fact that
the L values decrease with increasing crystallization time) but some
crystal thickening should also take place. The discussion is now
opened as to whether the initial I.-rise observed for the layered
material is not detected in case of the PET control due to the time
scale of the experiment. Indeed, recent SAXS experiments on the
same PET control sample, with the incident beam perpendicular to
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0 1.25 um

0 1.25 um

Fig. 6. Height (left) and phase (right) atomic force microscopy images of: (top) 80 nm and (bottom) 30 nm layered PET/PC samples.

the surface layers, carried out at a lower crystallization temperature process, compared to those of the PET control sample. This is
of 117 °C, suggest that crystal thickness effectively increases during a consequence of the larger amorphous layers between crystal
the early stages of crystallization. lamellae. It is noteworthy that both I and [, of the layered material

The results of Fig. 8 also show that the multilayered material differ significantly from those of the PET control sample in the first
exhibits larger long period values at all stages of the crystallization stages of crystallization while for long crystallization times only

241 277
PET/PC PET/PC
7.0 63 nm 37 nm
=
o 4.2
B \
@ 3.1
c
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= 1.9
1.4
0.2 min 0.2 min 0 min
1 1 1 1 1
04 06 08 04 06 0.8 04 06 08 1.0
-1 -1
g [nm] g [nm’] g Inm]

Fig. 7. Azimuthally integrated SAXS patterns versus q recorded at various crystallization times during an isothermal crystallization experiment at 150 °C for (from left to right): PET,
PET/PC with 63 nm layer thickness and PET/PC with 37 nm layer thickness. The crystallization time corresponding to each intensity curve is included in the figure. Curves are shifted
for the sake of clarity.
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Fig. 8. Lamellar long period (@, O), crystal thickness (A, A) and amorphous thick-
ness (M, () as a function of crystallization time at 150 °C for PET (solid symbols) and
the PET/PC sample with 63 nm layer thickness (open symbols).

a moderate difference in the I; values of both materials is observed.
In other words, finite size effects delay the crystallization process
but have little effect in the final lamellar structure, a result that has
been previously suggested [26]. It should be noted that PET lamellar
crystals are usually constituted by only a few monomer units,
typically 3—4. Hence, thinner crystals are probably unstable for
thermodynamic considerations.

It is noteworthy that the L, I. and [, values for the PET control
sample at the end of the crystallization process are in good agree-
ment with preceding data for cold crystallized PET at 150 °C, which
were analyzed using the correlation distribution function [46]. It
should also be mentioned that, based on the intensity profile
analysis of the SAXS curves, lamellar coherence length values are
found to be ~30 nm suggesting that an average of ~3 lamellar
crystals constitute the lamellar stacks. Finally, we have found that
the lamellar coherence length values exhibit a tendency to increase
with increasing crystallization time, in accordance with lamellar
insertion as a relevant mechanism during the crystallization
process.

3.3.2. Development of lamellar orientation

Fig. 9 shows the orientation distribution function obtained for
the PET lamellar crystals within the 63 nm layers in the course of
the isothermal crystallization process at 150 °C. It is seen that the
lamellar orientation appears at the early stages of crystallization,
immediately after reaching 150 °C and decreases afterwards as
crystallization proceeds. It is noteworthy that the changes in the
orientation function during crystallization coincide with the
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Fig. 9. Orientation distribution function versus crystallization time at 150 °C.
A guide-line is shown.

changes in the structural parameters (see Fig. 8), both levelling-off
after ~20 min of crystallization time. The broadening of the
orientation distribution function in the first stages of the crystal-
lization process, reflected as a decrease of the f~parameter in Fig. 9,
should be associated to the appearance of new lamellae with the
direction normal to the basal surface slightly away from the
N-direction of Fig. 1. We wish to remark that an inclination of the
lamellar surface is frequently observed in case of cold-drawn PET,
where the parallelization of the neighbouring molecules prior to
crystallization seems to be associated with the consequent lamellar
inclination [47]. In the 63 nm layered material, lamellar crystals
develop in the first stages of crystallization with their surfaces
being preferentially aligned perpendicular to the N-direction, as
suggested by the broad maximum centred on the meridian (see
Fig. 1 as an example, see also the azimuthal scan of Fig. 2). After the
development of the first crystals, the interlamellar amorphous
regions retain some residual stress that could lead to inclined
lamellae upon further crystallization. Fig. 10 schematically depicts
this idea. Here, insertion of new lamellae with their basal surfaces
slightly away from the plane defined by the layer stacking could
explain the changes observed in the orientation distribution
function.

3.4. Room temperature SAXS studies

After the isothermal crystallization process, room temperature
SAXS measurements taken in the F and T directions revealed
weakly anisotropic patterns, as shown in Fig. 11 (left). In contrast,
an isotropic broad ring was observed when the film was positioned
perpendicularly to the X-ray beam (N-direction). The SAXS pattern
of Fig. 11 resembles those obtained in the same sample at the end of
the crystallization process (see for example Fig. 1). Similarly, the
maximum intensity is concentrated on the meridian suggesting
that lamellar surfaces are preferentially aligned parallel to the layer
stacking (flat-on lamellae). Analysis of the corresponding orienta-
tion distribution function yields f = 0.49, a value slightly larger than
the plateau value shown in Fig. 9. In addition, the SAXS pattern of
Fig. 11 (left) was azimuthally integrated and further analyzed by
means of the intensity profile method yielding L = 9.7 nm,
l; = 4.5 nm and [ = 5.2 nm. Comparison of these values with those
shown in Fig. 8 for long crystallization times(L = 10.0 + 0.1 nm;
I =4.0 &£ 0.4 nm, I. = 6.0 + 0.6 nm) suggests that slightly thinner
crystals (unstable at higher temperatures) separated by larger
amorphous regions are generated during the cooling process to
room temperature. Results also suggest that these thinner crystals

te
_—

i
il

Fig. 10. Schematic representation of the insertion of new lamellae. Note that the
perpendicular to the basal surfaces is slightly inclined with respect to the N-direction.
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Fig. 11. Room temperature SAXS (left) and WAXS (right) patterns of the 63 nm PET/PC
multilayered material crystallized at 150 °C. The incident beam was directed parallel to
the layer stacking.

exhibit an enhanced orientation with respect to those developed
during the isothermal crystallization process. This is possibly due to
the fact that the lamellar crystals generated at 150 °C induce an
additional confinement effect on the development of the thinner
crystals arising upon cooling leading to an enhanced average
orientation.

3.5. Development of crystal orientation as revealed by WAXS at
room temperature

Fig. 11 (right) illustrates the room temperature WAXS pattern
along the T direction of the 63 nm sample after the isothermal
crystallization experiment at 150 °C. This diffraction pattern was
taken on the same sample as that used for the SAXS pattern of
Fig. 11 (left). Diffraction patterns in the F direction yield similar
WAXS results. In contrast, continuous diffraction rings were found
when the beam was directed perpendicularly to the surface of the
film (N-direction). The WAXS pattern of Fig. 11 indicates prefer-
ential orientation of the lamellar crystals. On the other hand, the
SAXS pattern on the left-hand side of the same figure suggests the
appearance of flat-on lamellae, as discussed in the preceding
section. Hence, one would expect a WAXS pattern in agreement to
those well-known for uniaxially oriented PET [48], with the c-axis
parallel to the vertical direction (N-direction) or with a small tilting
angle. Strikingly, the WAXS pattern of Fig. 11 has no similarity with
those of uniaxially oriented PET, in fact, it is indeed very similar to
the patterns associated to lamellae having edge-on orientation
[49,50]. The Bragg spacings associated to the main (hkl) reflections
were determined and agree well with the unit cell published by
Bunn, as shown in Table 1 [51]. Aiming at acquiring a detailed
knowledge of the precise crystal orientation of the edge-on
lamellae, we have used the CLEARER2 program to simulate uniaxial
diffraction patterns with different axis of symmetry. The simulated
pattern is found to approach the experimental one when the axis of
symmetry is a few degrees away from the a—b plane of the unit cell,
more precisely, when the (i, j, k) coordinates of the axis of
symmetry (with reference to the unit cell) take values of: i = 0.4,
j = 0.7 and k = 0.1. As an example, Fig. 12 illustrates the WAXS
pattern simulated using a fibre axis of (0.37, 0.73, 0.09). The
orientation of the unit cell with respect to the axis of symmetry is
schematically depicted in the figure. It should be noted that the
c-axis lays in the plane of the layer stacks, characteristic of edge-on
lamellae.

3.6. Coexistence of two lamellar populations

WAXS results suggest the presence of edge-on lamellae, with
the c-axis randomly oriented in the plane of the layers. This finding
is in agreement with the occurrence of flattened spherulites,
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Table 1
Experimental values of the (hkl) plane spacings, dexp, and calculated ones according

to the PET unit cell published by Bunn, dgynp [51].

Plane (hkl) dexp[nm] dgynn[nm]
(011) 0.534 0.540
(010) 0.513 0.506
T11) 0413 0.417
(110) 0.394 0.394
(100) 0.344 0.347

schematically depicted in Fig. 13 (top), similar to those suggested
for PET thin films [50]. Such lamellar arrangement would explain
the isotropic SAXS pattern found when the beam is applied in the
N-direction. However, it cannot substantiate the preferential SAXS
orientation found when the beam was directed parallel to the F and
T directions (see Fig. 1 and left-hand side of Fig. 11). In this case, the
maximum of intensity found in the meridian suggests the presence
of flat-on lamellae, as mentioned in the preceding sections. Hence,
we envisage the presence of two different lamellar populations:

- Edge-on lamellae give rise to well-defined diffraction arcs in
the WAXS pattern of the multilayered film when the beam is
directed along F or T (see Fig. 11, right). Isotropic WAXS and
SAXS rings are expected for this lamellar orientation when the
film surface is perpendicular to the incident beam, in agree-
ment with the experimental results. It is noteworthy that the
SAXS patterns obtained in the F and T directions do not show
equatorial maxima (see Figs. 1, 2 and 11 left). The twisting,
bending and small number of edge-on lamellae possibly
preclude any SAXS orientation along this direction.

Flat-on lamellae are associated to the meridional maxima
observed in the SAXS patterns along the Fand T directions (see
Fig. 11 left). Such lamellar arrangement would not contribute to
the SAXS pattern in the N-direction. On the other hand, there is
no indication of flat-on lamellar orientation by means of WAXS.
This is possibly due to the short lateral coherence length and
the imperfect lamellar crystals produced under confinement
effects.

Fig. 13 (bottom) schematically depicts a lamellar arrangement in
agreement with our SAXS and WAXS results. In this scheme, edge-
on lamellae are proposed to appear close to the interfaces, while
flat-on lamellae should grow in the layer cores. It is suggested that
flat-on lamellae are generated in the central part of the layers
because preliminary SAXS studies in the PET/PC layered materials
with different layer thicknesses (results not shown here) indicate
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Fig.12. (Left) Simulated room temperature WAXS pattern of the 63 nm PET/PC sample
crystallized at 150 °C. The predicted pattern was simulated with the help of the
CLEARER?2 program, using a uniaxial symmetry axis of (0.37, 0.73, 0.09) as depicted in
the right-hand side of the figure; the (i, j, k) coordinates are referred to the PET unit cell
published by Bunn [51].
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Fig. 13. Schematical representation of: (top) flattened spherulites, similar to those
suggested for PET thin films [50]; (bottom) a proposed lamellar arrangement in
agreement with SAXS and WAXS results: edge-on lamellae appear close to the inter-
faces while flat-on lamellae grow in the layer cores.

that the distribution of orientations along the N-direction
substantially narrows as the layer thickness decreases. A result that
cannot be explained if flat-on lamellae were generated at the
interfaces.

4. Conclusions

Finite size effects are explored in ultra-thin layers of PET within
PET/PC multilayered films. Calorimetric measurements reveal that
the glass transition temperature of the nanolayered PET is higher
than that of the bulk material. The result is attributed to the
diffusion of PC molecules into the PC layers and/or the interaction
between the PET molecules and the interphases. In addition, it is
further observed that the crystallization exotherm substantially
broadens and shifts towards higher temperatures when the size of
the layers is reduced up to 60 nm. This result is associated to the
heterogeneity of the system, with regions of different dynamics at
a local level.

Real time SAXS studies during the initial stages of crystallization
at 150 °C of nanolayered PET reveal that lamellae oriented with the
basal surface parallel to the layer stacking (flat-on lamellae) appear.
The orientation distribution broadens as crystallization proceeds up
to a crystallization time of =20 min. This broadening could be
associated to new lamellae with slightly inclined surfaces that are
inserted between the first developed crystals. Analysis of the SAXS
profiles reveals that nanolayered PET exhibits larger long period and
amorphous layer thickness values for the first stages of the crystal-
lization process than that of the PET control material. Results suggest
that not only lamellar insertion but also some lamellar thickening
takes place during crystallization. Finite size effects are found to

delay the crystallization process. However, the final lamellar struc-
ture is similar for both, nanolayered and bulk material.

Room temperature SAXS measurements reveal that the prefer-
ential orientation of the lamellae is retained upon cooling. More-
over, an enhanced orientation of the flat-on lamellar crystals is
observed at room temperature with respect to that determined at
the end of the isothermal crystallization at 150 °C. In addition,
thinner crystals separated by larger amorphous regions are gener-
ated during the cooling process.

Room temperature WAXS measurements of the crystallized
multilayered materials reveal uniaxial symmetry and indicate that
edge-on lamellae are also generated upon crystallization. The
simulation of uniaxially oriented patterns reveals that the c-axis of
the edge-on lamellae lies parallel to the layer surfaces. It is
proposed that two lamellar populations develop: edge-on lamellae
appear close to the interphases while flat-on lamellae are prefer-
entially located in the layer core.
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