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ABSTRACT: Poly(vinylidene fluoride-co-tetrafluoroethylene)
(PVDF-TFE) is confined between alternating layers of
poly(ethylene terephthalate) (PET) utilizing a unique multi-
layer processing technology, in which PVDF-TFE and PET are
melt-processed in a continuous fashion. Postprocessing
techniques including biaxial orientation and melt recrystalliza-
tion were used to tune the crystal orientation of the PVDF-
TFE layers, as well as achieve crystallinity in the PET layers
through strain-induced crystallization and thermal annealing
during the melt recrystallization step. A volume additive model
was used to extract the effect of crystal orientation within the PVDF-TFE layers and revealed a significant enhancement in the
modulus from 730 MPa in the as-extruded state (isotropic) to 840 MPa in the biaxially oriented state (on-edge) to 2230 MPa in
the melt-recrystallized state (in-plane). Subsequently, in situ wide-angle X-ray scattering was used to observe the crystal structure
evolution during uniaxial deformation in both the as-extruded and melt-recrystallized states. It is observed that the low-
temperature ferroelectric PVDF-TFE crystal phase in the as-extruded state exhibits equatorial sharpening of the 110 and 200
crystal peaks during deformation, quantified using the Hermans orientation function, while in the melt-recrystallized state, an
overall increase in the crystallinity occurs during deformation. Thus, we correlated the mechanical response (strain hardening) of
the films to these respective evolved crystal structures and highlighted the ability to tailor mechanical response. With a better
understanding of the structural evolution during deformation, it is possible to more fully characterize the structural response to
handling during use of the high-barrier PVDF-TFE/PET multilayer films as commercial dielectrics and packaging materials.

KEYWORDS: in situ deformation, thin films, mechanical properties, multilayer coextrusion, confined crystallization, biaxial orientation,
isothermal recrystallization

■ INTRODUCTION

Confinement of semicrystalline polymers has been widely
investigated with respect to the induced morphological
changes, which significantly affect their mechanical,1−6

electrical,7−9 and gas-barrier properties.10−12 Traditional
confinement methods include spin coating,2,3 template
wetting,13,14 electrospinning,15,16 and block copolymer syn-
thesis.17 Spin coating, template wetting, and electrospinning all
require the use of solvents, which limits the application of these
techniques.2,3 Block copolymers containing at least one
semicrystalline segment have also been utilized to produce
confined systems; however, synthetic complexity and compat-
ibility limit the possible combinations of polymers.11 One of the
most successful and promising methods for producing confined
systems is forced-assembly, multilayer coextrusion. This process
uses layer-multiplying dies that consecutively split, spread, and
then stack immiscible polymer layers in an ABABAB
configuration for a two-component system. It is also possible
to introduce an additional polymer layer to produce a three-
component system in an ABCABC configuration or use it as a
tie layer in an ATBTA configuration. This process is capable of
producing layered films containing from 2 to 4096 layers, and

eliminates exposed (free) surfaces in the confined polymer with
specific control of the confined layer thickness.18,19 Therefore,
multilayer coextrusion provides an opportunity for one-
dimensional (1D) semicrystalline polymer confinement that
controls surface energetics, eliminates solvents, and is easily
scaled to industrial levels.
Because of its resolution scale and fast scan times,

synchrotron radiation has proven to be an invaluable tool for
studying in situ polymeric structures.20 For instance, near the
glass transition temperature (Tg) of poly(ethylene terephtha-
late) (PET), this method has been utilized to probe its crystal
structure development because of its fast exposure times and
detailed resolution.21−23 Confinement-induced crystallization of
poly(vinylidene fluoride) (PVDF) has also been studied using
this technique, which allowed researchers to observe nanoscale
PVDF structures.24 Previously, we reported coextrusion
processing of PET and poly(vinylidene fluoride-co-tetrafluoro-
ethylene) PVDF-TFE, a copolymer similar to PVDF, and its
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subsequent biaxial orientation and melt recrystallization in
multilayer films. In the as-extruded state, PVDF-TFE layers
showed a random crystal orientation, and the PET layers
formed an amorphous phase. In the biaxially stretched state, the
PVDF-TFE layers exhibited an on-edge crystal orientation,
while PET layers underwent strain-induced crystallization,
exhibiting a stacked-oriented fibrillar structure. Following
melt recrystallization, the PVDF-TFE layers exhibited an in-
plane crystal orientation, while the PET layers were further
crystallized.25,26

The shift in crystal orientation is analogous to the shift
observed by Wang et al. in multilayer films of poly(ethylene
oxide) (PEO) and poly(ethylene-co-acrylic acid) (EAA) strictly
through confinement. In thick layers, PEO formed randomly
oriented crystals, similar to the as-extruded PVDF-TFE; as the
layer thickness decreased, the PEO crystal orientation shifted to
a single-crystal-like, in-plane structure, similar to the melt-
recrystallized PVDF-TFE.27 As a result of this similarity, we will
draw a number of comparisons between our PET/PVDF-TFE
composite and this examination of the same EAA/PEO
composite films to elucidate the effect of postprocessing
techniques on the observed mechanical response of the PET/
PVDF-TFE composite system.10,27

The controlled morphology of the PVDF-TFE layers
confined between PET in multilayer systems was found to
dramatically impact both oxygen and water permeability
properties in addition to energy storage and dielectic
properties.28 By utilizing the PET/PVDF-TFE system with
these postprocessing techniques, we have distinct control over
the morphology of the system compared to the reported
examination of the EAA/PEO system, where single-crystal-like
morphology was achieved strictly through confinement. Lai et
al. demonstrated that, as thick PEO crystals deformed, on-edge
120 crystals were formed and the thin PEO in-plane single
crystals underwent recrystallization during deformation.10 An
understanding of the effect of postprocessing techniques on the
mechanical properties of these complex systems is crucial to
optimization of the biaxial orientation and melt recrystallization

to tune the mechanical properties of confined crystallization
systems; the mechanical response of these films will directly
impact their use (e.g., permeability, breakdown) as dielectric
materials. Using wide-angle X-ray scattering (WAXS) powered
by synchrotron radiation, this study further probes these PET/
PVDF-TFE multilayer films by examining their mechanical
properties and the unique confined crystal structure of PVDF-
TFE during deformation to provide insight into the observed
mechanics.

■ EXPERIMENTAL SECTION
Materials. PET, commercially known as Polyclear 1101q (inherent

viscosity = 0.83), was obtained from Invista Polymers and Resins and
dried at 80 °C for 24 h before melt processing. PVDF-TFE, known as
Neoflon VP-50, was obtained from Daikin Industries, Ltd., and
contains 20 mol % TFE. Multilayer films were produced at an
extrusion temperature of 260 °C with a cooled steel chill roll
temperature of 70 °C using previously reported techniques.29 A skin
layer of polyethylene (PE; Dow Chemical, DOW LDPE 5005) was
laminated on either side of the PET/PVDF-TFE multilayer films to
protect against damage and was subsequently delaminated before
testing and postprocessing.26

Postprocessing Techniques. The films in the as-extruded state
remained unmodified after the multilayer coextrusion process. Films in
the biaxially stretched state were stretched to a 4.5 × 4.5 ratio at a rate
of 100% s−1 at a temperature of 105 °C on a Brückner (Greenville, SC,
and Siegsdorf, Germany) Karo IV laboratory-scale stretcher to produce
on-edge PVDF-TFE crystals, with the same layer and overall film
thickness as those of the as-extruded films.26 This temperature was
chosen because it is above the Tg value of PET at 75 °C but below the
melting temperature (Tm) of PVDF-TFE. In order to produce the
melt-recrystallized system, the biaxially stretched films were heated to
140 °C (between the Tm values of PVDF-TFE and PET) in a mineral
oil bath for 20 min, then cooled to 120 °C, and held isothermally for 3
h to produce in-plane PVDF-TFE crystals. During the melt
recrystallization procedure, the multilayer films were placed in an
open fixture and held under tension.

Uniaxial Mechanical Analysis. Uniaxial tensile deformation was
performed on a Zwick/Roell mechanical testing instrument with a 500
N load cell at room temperature and a constant strain rate of 10%
min−1. Samples were cut from 8 μm-thick films using a dog-bone (16

Figure 1. Atomic force microscope images of (a) as-extruded, (b) biaxially stretched, and (c) melt-recrystallized 50:50 PET/PVDF-TFE 32-layer
composites, with red arrows indicating PVDF-TFE layers. Schematic representations of the crystal structures formed in (d) as-extruded, (e) biaxially
stretched, and (f) melt-recrystallized systems. Reprinted with permission from ref 26. Copyright Elsevier 2013.
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mm × 2.08 mm) steel die according to ASTM D638 with a minimum
of five samples per layer thickness and volume composition.30 The
samples were placed between Mylar sheets during cutting to relieve
stress concentration at the edges of the die and then smoothed with a
polishing cloth to remove defects.
In Situ Deformation Analysis. Synchrotron measurements were

carried out at Brookhaven National Laboratory (BNL) National
Synchrotron Light Source (NSLS) at the X27C beamline. The two-
dimensional (2D) WAXS patterns were recorded on a Bruker Smart
1500 X-ray CCD detector (resolution 1024 × 1024 pixels) at a
wavelength of 0.1371 nm. The sample-to-collector distance was
calibrated using an Al2O3 standard with an 012 reflection at 2θ =
22.70° and a 104 reflection at 2θ = 31.14° to yield a final sample-to-
collector distance of 126.2 mm. In situ deformation studies were also
conducted at a strain rate of 10% min−1 on a tensile stage. Images were
collected every 1 min to allow for adequate exposure time while
minimizing stress relaxation effects, with the beam striking
perpendicular to the layers (normal direction). All X-ray images
were processed using “POLAR” software (Stonybrook Technology
and Applied Research, Inc.).

■ RESULTS AND DISCUSSION

The layer integrity and structure within the as-extruded,
biaxially stretched, and melt-recrystallized PET/PVDF-TFE
films have been previously examined26 and are reviewed in
Figure 1. The layer integrity is maintained during the
postprocessing biaxial stretching, as well as in subsequent
melt recrystallization (Figure 1a−c). It should also be noted
that it is possible to observe high-aspect-ratio in-plane single-
crystal-like structures in the PVDF-TFE layers in the melt-
recrystallized system (Figure 1c). The schematics in Figure 1d−
f represent the crystal structures formed at each stage of
processing. The randomly oriented PVDF-TFE crystal
structure is depicted in Figure 1d, and Figure 1e represents
the on-edge crystal structure in the PVDF-TFE layers and the
development of a stacked fibrillar crystal structure in the PET
layers. Figure 1f shows the formation of high-aspect-ratio, in-
plane crystals developed in the melt-recrystallized system.
Mechanical testing was performed on as-extruded, biaxially

stretched, and melt-recrystallized PET/PVDF-TFE multilayer
films at 50:50 and 70:30 volume compositions with 32 and 256
layers, respectively, to correlate the mechanical response of the
films to the confined crystal structure developed in the PVDF-
TFE layers. There was no significant shift in the mechanical
properties as the layer thickness and the number of layers were

changed; this comprehensive mechanical investigation is
tabulated in Tables S1−S3 in the Supporting Information
(SI) and shown in Figures S1−S3 in the SI. Because the PVDF-
TFE crystal structure did not change with the layer thickness in
the as-extruded state, as evidenced by our previous permeability
study, this result is to be expected.26 As a result, we chose to
focus on the mechanical response of the 256-layer, 70:30
system (Figure 2 and Table 1).

Figure 2a details the entire stress−strain tensile response of
the 256-layer, 70:30 composition system, while Figure 2b
highlights the same curves in the region of strains less than 50%
for clarity in the biaxially stretched and melt-recrystallized
states. Because both the biaxially stretched and melt-recrystal-
lized systems have been drawn to a 4.5 × 4.5 ratio (well past
the linear elastic region) as a result of postprocessing, they do
not achieve a strain-at-break (εb) as high as the as-extruded
state (340 ± 20%), only stretching to 46.1 ± 5.9% and 53 ±
15%, respectively. In the linear elastic region, it is possible to
directly observe the enhancement in rigidity that accompanies
the morphological shift from randomly oriented crystals to on-
edge crystals to in-plane, pseudo-single-crystal structures in the
PVDF-TFE layers as well as the oriented fibrillar structure in
the PET layers developed during postprocessing. The elastic
modulus (ET) of the composite multilayer film increases from
1800 ± 120 MPa in the as-extruded state (randomly oriented
PVDF-TFE crystals/amorphous PET) to 2660 ± 110 MPa in
the biaxially stretched (on-edge PVDF-TFE crystals/oriented

Figure 2. Representative stress−strain curves for the 256-layer, 70:30 volume composition PET/PVDF-TFE multilayer films and controls for the as-
extruded, biaxially stretched, and melt-recrystallized systems: (a) entire stress−strain response; (b) low-strain response (<50%) shown for clarity in
the postprocessed systems.

Table 1. Tabulated Mechanical Properties of the Selected
256-Layer, 70:30 Volume Composition Multilayer Films and
Controls in the As-Extruded, Biaxially Stretched, and Melt-
Recrystallized Systems

sample ET (MPa) UTS (MPa) εb (%)

as-extruded PVDF-TFE 730 ± 40 48.8 ± 2.3 330 ± 10
as-extruded PET 1860 ± 130 57.7 ± 6.4 340 ± 30
biaxially stretched PET 3440 ± 210 190 ± 16 67.4 ± 2.1
melt-recrystallized PET 4160 ± 320 170 ± 14 53 ± 13
as-extruded PET/PVDF-TFE 1800 ± 120 75.2 ± 1.2 340 ± 20
biaxially stretched PET/PVDF-
TFE

2660 ± 110 168 ± 15 46.1 ± 5.9

melt-recrystallized PET/
PVDF-TFE

3580 ± 290 147 ± 3 33.7 ± 5.2
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PET fibrils) state and increases even further to 3580 ± 290
MPa in the melt-recrystallized (in-plane, single-crystal PVDF-
TFE layers/stacked-oriented PET fibril crystals) state. Post-
processing effects the morphologies of both the PET and
PVDF-TFE layers, which causes this dramatic shift in the
mechanical properties; the effect of postprocessing on the
modulus of the PVDF-TFE layers will be isolated and discussed
in detail later. However, both the biaxially stretched and melt-
recrystallized films achieve an ultimate tensile strength (UTS)
approximately twice as high as that of the as-extruded films
because of postprocessing-induced on-edge and in-plane
morphologies, respectively. It should be noted that after
deviating from linear elastic deformation, the force (stress)
required to continually deform the melt-recrystallized, single-
crystal-like system is higher than that of the biaxially stretched
on-edge crystal system. Thus, the similarity in the UTS arises
from the difference in εb between the biaxially stretched and
melt-recrystallized systems. It is also noted that all of the PET/
PVDF-TFE multilayer systems exhibit characteristic strain-
induced hardening phenomena. In the as-extruded composite,
there is a distinct cold-drawing region where the sample begins
to neck before the observed strain-hardening region, which has
an onset of around 200% strain, while the biaxially stretched
and melt-recrystallized composites begin strain hardening
immediately after yielding. These phenomena will be discussed
with more detail in a later section.

φ
φ

=
−

‐
‐

E
E E

PVDF TFE
composite PET PET

PVDF TFE (1)

Because it was possible to obtain biaxially stretched and melt-
recrystallized PET controls, an additive model (eq 1) was used
to isolate and determine the modulus of the PVDF-TFE layers
and to investigate the effect of the PVDF-TFE crystal
orientation in accordance with the work of Lai et al.11 To
determine whether this model properly fits the system, as-

extruded controls of both PET and PVDF-TFE were used to
calculate a theoretical ET of approximately 1520 MPa, which
was then compared to the experimentally obtained modulus of
1800 ± 120 MPa. When the error in the control measurements
is considered, these values are within reasonable agreement,
allowing this additive model to be extended to the biaxially
stretched and melt-recrystallized films, using the respective
biaxially stretched PET (EPET = 3440 ± 210 MPa) and melt-
recrystallized PET (EPET = 4160 ± 320 MPa) controls. As such,
the influence of the PET layers, and their corresponding
morphologies, on the modulus can be extracted, which allows
evaluation of only the relationship between the crystal
orientations within the PVDF-TFE layer and observed
modulus. This volume additive model approach has also been
used with success in determining the permeability of the
individual PVDF-TFE layers in our previous work.26

Further evaluation of the multilayer PET/PVDF-TFE films
via the additive model revealed significant modulus changes
with PVDF-TFE crystal orientation. Compared to the
randomly oriented, as-extruded multilayered systems, the
biaxially stretched films with on-edge orientation exhibited an
incremental enhancement (15%) in the PVDF-TFE layer
modulus, increasing from 730 MPa in the as-extruded films to
840 MPa for the biaxially stretched film in the 70:30
composition, 256-layer system. A much more dramatic
modulus increase was observed for the melt-recrystallized
PVDF-TFE films, which exhibited in-plane, high-aspect-ratio
crystals. This highly oriented PVDF-TFE crystal structure
resulted in an effective PVDF-TFE layer modulus of 2230 MPa,
which is an increase of approximately 205% compared to the
random orientation exhibited in the as-extruded system. We
propose that this remarkable enhancement of the PVDF-TFE
layer modulus can be attributed to the increased interchain
interactions and pseudo-single-crystal orientation of the PVDF-
TFE crystal structure. This result is in agreement with that
previously observed in confined PEO, the modulus of the PEO

Figure 3. (a) Low-strain (less than 60%) stress−strain curve with corresponding WAXS patterns every 10%. (b) Entire stress−strain curve with
WAXS patterns every 50%. (c) Initial and final collected at 0% and 380% elongation.
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layers significantly increased as the crystal orientation in the
PEO layers shifted from a random isotropic orientation to in-
plane crystals. In the bulk with randomly oriented PEO crystal
layers, the PEO modulus was 428 ± 38 MPa. By forming single-
crystal-like, oriented PEO crystals, the PEO layer modulus
increased to 1450 ± 99 MPa, an increase of approximately
240%.10

To examine the role of the crystal structure and molecular
arrangement on the mechanical properties of the PET/PVDF-
TFE films, in situ X-ray studies were performed during the
deformation process. While both PVDF-TFE and PET are
capable of crystallizing during drawing, it is widely known that
PET crystallizes following drawing at elevated temperatures
above its Tg, while stretching below the Tg value of PET forms
an amorphous glass phase.31 Our studies were conducted at
ambient conditions, which did not allow PET to alter its crystal
structure during deformation. This approach allowed us to
examine the evolution of unique confined crystal structures in
the PVDF-TFE layers during in situ deformation studies, while
the PET layers remained amorphous in the as-extruded study
and were held in an oriented fibril crystal structure in the melt-
recrystallized study similar to observations in bulk PET (both
as-extruded and melt-recrystallized states). For the purpose of
this study, the as-extruded and melt-recrystallized samples were
examined using in situ WAXS to allow examination of the
extremes of the postprocessing conditions on the crystal
structure of the PVDF-TFE and PET layers.
In the as-extruded state, we observed an isotropic scattering

pattern (Figure 3), consistent with results obtained in our
previous work focused on the barrier properties, and
confirming that the sample being studied had the same random
crystal orientation in the PVDF-TFE layers, with a significant
amorphous halo attributed to the PET layers.26 The isotropic
pattern appears at 2θ = 17.7° and represents the 200 and 110
crystal reflections for PVDF-TFE. Consequently, we are able to
isolate this reflection to probe the crystal structure evolution of
only the PVDF-TFE layers.
The PET/PVDF-TFE multilayer films achieved an elonga-

tion-at-break of 383% during the deformation study and
exhibited the same characteristic stress−strain response as
those tested during the mechanics study, allowing a direct
correlation of the results. Figure 3a shows the low-strain region
(less than 60%) of the as-extruded film along with the WAXS
pattern obtained at these low strains. It can be seen that the
scattering pattern remains isotropic, but following the first
stress relaxation event at approximately 60% strain, the

isotropic peak begins to shift to a well-defined equatorial
reflection, shown in Figure 3b and in greater detail in Figure 3c,
where the reflection is clearly seen within the PET amorphous
halo. This observed sharpening of the PVDF-TFE crystal
reflection is indicative of a higher ordering of the PVDF-TFE
crystals into an on-edge structure oriented in the stretching
plane, quantifiable using the Hermans orientation function, fH
(eq 2). In understanding f H, values range from −0.5 for crystals
oriented perpendicular to the c axis (extrusion direction) to
unity for crystals oriented parallel to the extrusion direction.32

ϕ
=

−
f

3 cos 1

2H

2
c

(2)

The azimuthal angle, ϕ, is defined with respect to the meridian
of the WAXS pattern. In order to utilize the major 110 and 200
reflections, ⟨cos2ϕ⟩c is calculated using eq 3, where
perpendicular reflections along the hk0 axis are used.33

ϕ ϕ⟨ ⟩ = − ⟨ ⟩cos 1 2 cos hk
2

c
2

0 (3)

To determine this hk0 cosine value, eq 4 is used, where I(ϕ)hk0
is the intensity of the hk0 reflections at each azimuthal angle,
ϕ.32,33
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Shown in Figure 4a are select offset azimuthal scans from 0° <
ϕ < 180°. It can be seen that the intensity along the equator for
the 110 and 200 reflections sharpens at strains of approximately
200%. The mechanical response of the as-extruded multilayer
film obtained during the in situ deformation study is then
overlaid with the calculated f H values from the WAXS profiles
obtained during the experiment in Figure 4b. The increasing
orientation along the extrusion/stretching direction is clearly
visible, as the values for fH begin at 0.02, corresponding to an
isotropic reflection pattern (Figure 3c, left) and slowly increase
to a final value of approximately 0.56 at a strain of 370% prior
to sample failure. This observation indicates that, during the
uniaxial deformation process, PVDF-TFE crystals are oriented
along the drawing (extrusion) direction.32 Although both the
PVDF-TFE and PET as-extruded controls exhibit a strain-
hardening phenomena, the magnitude of strain hardening in
the multilayer film is much more pronounced than either
control, as shown in Figure 2a. As a result of this study, we
attribute the enhanced strain-hardening behavior of the PET/

Figure 4. (a) Azimuthal intensity scans of the PVDF-TFE crystal peak. (b) Breadth taken from the full width at half-maximum of the azimuthal scan.
(c) Height of the azimuthal peak.
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PVDF-TFE multilayer films to the increased chain alignment
along the extrusion direction because the PET layers remained
amorphous during deformation with a structure similar to that
of bulk PET.
This result is in agreement with the prior art using PEO/

EAA multilayer films. In films with thick layers (>510 nm),
PEO formed random spherulites, analogous to the randomly
oriented PVDF-TFE crystals in the as-extruded state. Upon
uniaxial deformation, a progression was observed from isotropic
PEO crystal to oriented crystals along the drawing axis, as
evidenced by a sharpening of the 120 PEO crystal reflections.10

A graphical representation of the progression from randomly
oriented 110 and 200 PVDF-TFE crystals in the undrawn as-
extruded state to on-edge crystals oriented in the drawing
direction is shown in Figure 5.
The melt-recrystallized PET/PVDF-TFE multilayer films,

which contain in-plane-oriented PVDF-TFE crystals and

oriented PET fibril crystals, were then evaluated as an extreme
comparison to the as-extruded PET/PVDF-TFE films. As the
melt-recrystallized sample is deformed, strain hardening occurs
(Figures 2 and 6a) immediately after plastic deformation
begins, compared to the as-extruded state where strain
hardening does not occur until almost 250% strain. During
tensile deformation, real-time crystallographic information on
the PVDF-TFE and PET crystals (Figure 6a) was obtained.
Peak deconvolutions were performed using a Gaussian fit with
nonlinear least-squares regression (Figure S4 in the SI).
While both PVDF-TFE and PET crystals are present, the

PVDF-TFE 200 and 110 reflections are clearly distinguishable
in the 2D WAXS pattern. Thus, we are again able to isolate and
examine the effect of deformation on the PVDF-TFE crystal
structure of the melt-recrystallized multilayer films. The melt-
recrystallized multilayer film examined in this study exhibited
equatorial reflections for the 110 and 200 reflections in a four-

Figure 5. Schematic representation of the progression from randomly oriented PVDF-TFE crystals confined by amorphous PET layers in the as-
extruded state to on-edge PVDF-TFE crystals oriented in the drawing direction (applied force).

Figure 6. (a) Stress−strain curve of the melt-recrystallized PET/PVDF-TFE multilayer film with the obtained WAXS pattern every 10% strain. (b)
Calculated percent crystallinity plotted against strain. (c) Initial and final WAXS pattern collected with clearly visible four-point 200 PVDF-TFE
reflections present.
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point pattern at all strains during deformation up to an εb of
64% (Figure 6a,c), implying that the crystals maintained a
single-crystal-like, in-plane morphology during deformation.
This is in contrast to the equatorial reflections observed during
deformation of the as-extruded films, which transformed from
an isotropic ring (in the unstretched state) to a distinct, sharp
equatorial reflection upon deformation. This would imply that,
unlike the as-extruded multilayer film where the PVDF-TFE
crystals shifted from a random orientation to align as on-edge
crystals in the stretching direction during deformation, the
orientation of the PVDF-TFE crystals in the melt-recrystallized
state is static during deformation. The calculated crystallinity
(Figure 6b) decrease at 60% strain is most likely due to
incomplete collection of the sample scan, resulting from data
collection parameters.

=
+

×
A

A A
% crystallinity 100%c

a c (5)

It is possible to integrate the deconvoluted peaks from the 1D
WAXS pattern to obtain the contribution to the total scattering
from both the crystal (Ac) and amorphous (Aa) regions, which
can be utilized to determine the relative percent crystallinity
according to eq 5. The crystallinity of the film increases upon
deformation from 56% in the initial state, up to 64% on the
same sample before failure (Figure 6b). Because the crystal
structure did not change during deformation, we propose that
an overall increase in the crystallinity is responsible for the
observed strain-hardening behavior, as shown in Figure 7. It is

widely known that as the crystallinity of a material increases, so
does the force required to deform the sample, correlating to a
strain hardening phenomena.34,35 Thus, we attribute the strain
hardening phenomena observed to this increase in crystallinity
in the melt-recrystallized system.
Again, we find that our results agree with the previous study

of PEO/EAA multilayer films with thin (<125 nm) layers,
where the PEO layers formed single-crystal-like in-plane
morphologies. A strain-induced recrystallization phenomenon
was observed with the PEO single-crystal system, while
retaining a high proportion of in-plane crystal orientation
during deformation.10 With individual PVDF-TFE layer

thicknesses of approximately 20 nm, we also attribute the fact
that the crystals remain in-plane to spatial restriction and
mechanical reinforcement from the crystals during deformation.

■ CONCLUSION
Through confinement of PVDF-TFE between alternating layers
of PET and utilization of biaxial orientation and melt
recrystallization, the modulus of confined PVDF-TFE increases
15% and 200%, respectively. Using PET as a confining layer
allows for visualization of the crystal structure of PVDF-TFE via
real-time in situ deformation in the as-extruded as well as melt-
recrystallized state, and it is shown that a sharpening of the
PVDF-TFE crystal peak correlates to the strain-hardening
behavior of the multilayer films in the as-extruded state.
Subsequently, it is shown that an overall increase in strain-
induced PVDF-TFE crystallization is responsible for the strain-
hardening phenomenon in the melt-recrystallized films.
Postprocessing techniques have proven valuable for tuning
the mechanical response of multilayer films, and in situ WAXS
analysis has allowed us to probe structural development during
deformation of confined semicrystalline polymers to explore
these structure−property relationships.
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