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Poly(ethylene 2,5-furandicarboxylate), referred to as PEF, was uni-axially stretched for temperatures above glass
transition temperature. This bio-based polymer is considered as a serious competitor for the petroleum analogous
poly(ethylene terephthalate), named PET. To replace PET in bottle forming, PEF has to be deformed to large
strains which are only reachable when it is in its rubbery state. In the present work, the stretching conditions
have been chosen by determining precisely the range of temperature and strain rate where PEF exhibits a
rubbery-like state. This was feasible through the building of a master curve at a reference temperature. Local
strain field measurements allow the description of PEF intrinsic mechanical behaviour. Above a draw ratio of
around 6 to 8, the mechanical response presents an impressive strain hardening whereas a well-defined crys-
talline phase with a high orientation is formed. Diffraction peaks were indexed and compared to previous papers.
Only one crystalline phase was observed either under mechanical loading or during static crystallization. Me-
chanical loading significantly speeds up crystallization.

1. Introduction

The so-called strain-induced-crystallization (SIC) of amorphous
polymers was described by Katz in 1925 [1] and further characterized
over the years [2,3] in the case of rubbers.

This ability to develop a specific semi-crystalline microstructure
from amorphous state under mechanical loading above glass transition
has been the basis of important applications such as film biaxial
stretching, fiber spinning and stretch-blow moulding for bottles in the
case of poly(ethylene terephthalate) (PET).

Nowadays, PET owns a leading place with respect to its remarkable
thermal, mechanical and barrier properties as well as its dimensional
stability and its transparency. Over the last decades, “strain induced
crystallization” in PET has been widely documented in the literature
[4-17] since the crystalline phase of PET has been described in 1954
[18]. This effort in research allowed optimizing industrial processes.
However, in the current context, where the global trend is to decrease
the petroleum dependence, bio-based polymers such as poly(ethylene 2,
5-furandicarboxylate) (PEF) could be an important competitor for PET.

* Corresponding author.
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Indeed, this polymer is sometimes considered as the PET furan-derived
chemical analogue.

PEF results from condensation of ethylene glycol and furan di-
carboxylic acid (FDCA) instead of terephthalic acid in the case of PET.
The only difference between the two repeat units (Fig. 1) is the presence
of a furan ring with an oxygen atom instead of the benzene one. The
furan introduces a pentahedral cycle with 4 carbons smaller than the
benzene ring.

Even if PET and PEF appear at a first glance chemically close to each
other, they are significantly different. For example, PEF exhibits a higher
rigidity and better barrier properties compared to PET, presumably
because of differences in chain mobility [19-22]. This justifies specific
efforts to be put on PEF to understand its stretch ability and its SIC. As
PEF is a relatively new material, only few descriptions of its physical
properties exist. Nevertheless, thermal crystallization and melting be-
haviours were investigated in quiescent conditions [23-28].

Because of its relative novelty as well as its rarity, few studies deal
with the mechanical behaviour and with SIC of PEF under uni-axial
stretching [29-31] or under bi-axial stretching [32]. Considering the
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Fig. 1. Repeat units of PET (left) and PEF (right).

“state of the art”, it appears that PEF should exhibit SIC as PET does, but
a simple transposition of stretching conditions cannot be successful.
Stretching temperature and strain rate must be adjusted to PEF to ac-
count for specific glass transition temperature and chain dynamics.
Based on the assumption that stretching of an amorphous polymer is
efficient when the material is in its rubber-like state, Menager et al. [31]
successively used an approach based on the time (or frequency)/-
temperature superposition principle to select relevant stretching con-
ditions for PEF (temperature and strain rate). It was then demonstrated
that a range for draw ability of PEF could be defined in terms of
equivalent strain rate at a reference temperature deduced from linear
visco-elastic analysis, as for PET and other materials (for more infor-
mation see Refs. [33-35]).

Upon stretching above its glass transition, and for appropriate tem-
perature and strain rate conditions, PEF strain-induced crystallization
has been proven [29-32]. Nevertheless, none of the previous studies
allowed to unambiguously relate local mechanical loading to local
microstructure, due to the use of engineering data. Finally, only few
studies on the nature of strain-induced crystalline structure are available
in the literature [36,37]. The very first PEF structure proposed by
Kazaryan et al. [36] belonged to the triclinic system with the following
unit cell parameters: a = 4.56 f\, b=5.94 f\, ¢=10.75 A, a=98.5° =
118°, y = 112°. This structure has been recently revisited by Mao et al.
[37]. In consequence, a monoclinic unit cell with two repeat units along
c-axis instead of one (a = 5.78 A, b= 6.78 A, ¢ = 20.296 A, a = f = 90°, y
=103.3°), could be more appropriate to optimize chain packing. In both
cases c-axis, is parallel to chain skeleton.

Present study aims at contributing to analyze SIC in PEF. First, the
induced crystalline phase is characterized and compared to that ob-
tained in quiescent conditions to validate previous data. WAXS is used to
that purpose and all diffraction peaks are indexed according to mono-
clinic system proposed by Mao et al. [37].

To avoid any ambiguity and complete previous study [31], specific
efforts are devoted to the control of both local loading path and local
thermo-mechanical history. Doing this, draw ability and correlation
between drawing conditions and final microstructure will be addressed.
Drawing conditions are chosen thanks to time/temperature super-
position principle in order to be representative for stretch blow
moulding, which is one of the targeted processing for PEF. For this
purpose, linear visco-elastic analysis is performed thanks to DMTA
(Dynamical Mechanical and Thermal Analysis).

2. Material and methods
2.1. Material

Poly(ethylene 2,5-furandicarboxylate) was synthetized from the
direct esterification and melt- and solid state polycondensation (SSP) of
2,5-furandicarboxylic acid FDCA produced by Avantium and mono-
ethylene glycol. Extruded PEF sheets with a thickness of 700 pm have
been provided. Samples were extracted in the extrusion direction and
analyzed “dry as processed” without additional conditioning.

2.2. D.M.T.A measurement

DMTA experiments were conducted on a Mettler-Toledo DMA 1 in a
tensile mode. The sample dimensions were 5 x 4 x 0.7 mm?>. Before any
test, the sample undergoes a preload of 1 N. For each measurement, the
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Fig. 2. Uni-axial tensile specimen geometry (mm). Thickness is 0.7 mm.

sample is in the low deformation domain. Temperature and frequency
scans were carried out in Auto-Tension mode and with a displacement
amplitude of 5 pm (i.e., a strain amplitude of 0.1%). Temperature scans
were performed between 25 °C and 210 °C at 1 °C/min, and with a
frequency of 1 Hz, whereas frequency scans were conducted from 0.1 Hz
to 100 Hz for constant temperatures between 85 °C and 135 °C with 5°C
step.

2.3. Uni-axial stretching set-up

Uni-axial tensile tests have been performed on a lab device designed
for film stretching in controlled temperature conditions. It reproduces
the industrial uni-axial and bi-axial stretching conditions. It is composed
of four independent motor-driven arms, each of them coupled to a
displacement sensor and a 500 N force transducer. For uni-axial
stretching, only two arms are used. The arm displacement can be
controlled thanks to arm velocity, position or force regulations. To keep
the strain rate ¢y as constant as possible in the central zone of the
samples and considering that the specimen length increases, the arms
have been controlled in velocity, with an exponential evolution with
time (Equation (1)).

v(t) = € Loexp(€ot) and t= ln(éo(t)) = éln <%> (@D)]

where Ly and L(t) are the initial and current length of the specimen, A(t)
is the draw ratio.

The sample can be heated and annealed or quenched after drawing
with several convection ovens. The heating oven has two transparent
windows: one of zinc selenide (ZnSe), which is partially transparent to
infrared radiations, the other of borosilicate glass which is transparent to
visible light. By this way, the experiments can combine both thermal
optical measurements (ZnSe glass) and deformation field measurements
(borosilicate glass). For each measurement, an IR pyrometer and a CCD
camera are used and are synchronized to the other analogic signals
(force, displacement ...). The specimen geometry is presented on Fig. 2.
A speckle is painted on the sample surface for DIC (Digital Image Cor-
relation) purpose. Painting layer is 40 pm thick.

Thanks to Digital Image Correlation in two dimensions (DIC 2D), the
longitudinal (exy) and transverse (eyy) strains have been measured all
along the stretching. The true stress (in MPa) is then calculated as fol-
lows (Equation (2)).

F(1)

_ Fy 2
eoWwoexp (25;;\-0)) @
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Fig. 3. X ray diffracted beam and geometry associated with Bragg’s law, in transmission mode.

where F(t) is the force (N), eq the initial thickness (mm), wq the initial
width (mm) and eyy (t) the evolution of the strain in the transversal
direction.

2.4. X-ray techniques

To analyze the induced microstructure, wide-angle X-ray scattering
(WAXS) experiments are conducted, after stretching and subsequent
quenching by cold air. The sample process zone, where mechanical
behaviour is also analyzed, is the zone where microstructural charac-
terizations are performed. 2D Debye-Scherrer patterns using the flat-
film camera technique under vacuum at ambient temperature are
recorded as a first experiment to observe the possible crystalline orien-
tation. Two sample-screen distances OE (Fig. 3) have been chosen to
detect a larger range of crystal lattice planes (75 mm and 30 mm).
Exposure time was 45 min.

1D scans 1(20) were also carried out at room temperature, in trans-
mission mode (from 5° or 10°-50°), using a diffractometer Philips X’ Pert
PRO supplied by Panalytical. As for Debye-Scherrer experiments, the
CuKa radiation (A = 1.54 f\) was used. As experiments were performed
in transmission, scan intensities where divided by the sample thickness.
Azimuthal scans I(¢) for a constant 6 were conducted on the same de-
vice. Calibration is performed with a silicon standard. Three silicon
diffractions peaks are taken as reference and then, the offsets are fixed.

2.5. Identification of Miller’s indices (hkl)

In this study, as all angular positions (260) of diffraction peaks are not
yet known for PEF, a specific protocol was developed to extract the
Miller indices (h k 1) of diffracting planes from scattering patterns.

The distance between the diffracted spot and the centre of the film
OR was measured. Then, the angular position of the spot (6) can be
determined as explained on Fig. 3. Nypy represents the normal to dif-
fracting plane.

In a second time, an azimuthal scan from O to 360° is performed for
each angular position 20 found to estimate the angular position ¢
associated to the maximal intensity of this angular position 20. By this
way, all the diffracted spots have been referred in terms of 26 and ¢
angles.

Once the crystalline positions have been localized and associated to a
possible interreticular spacing through Bragg law, and assuming the
monoclinic crystalline structure proposed by Mao et al. [37], diffraction
spots can be associated to crystallographic planes using a commercial
software called CaRIne®.

3. Results and discussions
3.1. Mechanical behaviour analysis

3.1.1. Uniaxial stretching protocol
Drawing must be performed above glass transition temperature for
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Fig. 4. Viscoelastic properties analyzed by DMTA, from 25 °C to 210 °C, for a
heating rate of 1 °C/min and a frequency of 1 Hz, in a tension mode. E’ is the
elastic modulus, E” the loss modulus and Tan delta the damping factor.

the material to exhibit stretch ability and below cold crystallization
temperature to promote SIC. From 1 Hz temperature scan in DMTA
(Fig. 4), temperature should then range between 92 °C and 150°.
However, SIC cannot be induced for easily accessible natural draw ratio
(NDR) at any strain-rate. From experience [31,35], we know that sets of
temperature and strain-rate that are relevant are those for which the
material exhibits a rubber-like behaviour remaining close to o
transition.

So as to design the experimental campaign at large deformations, this
combined dependency of the behaviour with the temperature and with
the strain-rate has to be investigated. To achieve that point, frequency
scans were conducted at different temperatures to build up the so-called
master-curve (Fig. 5) at an arbitrary reference temperature (here 100
°C). In the case of this PEF, it was possible to define such a curve using
only “horizontal” shift factors (i.e., no density adjustment was needed).

Rubbery-like behaviour can be expected for equivalent frequency
ranging from 0.1 to 0.001 [33-35]. The crosshead motion during tensile
tests was controlled with an exponential velocity (Equation (1)) which
ensures a quasi-constant strain rate during the test in case of uniform
deformation along the sample. Samples were stretched up to rupture and
then air-quenched. By this way, the microstructure is frozen at a state
induced by the final stretching.

Strain was measured by means of digital image correlation (com-
mercial software VIC 2D®). Temperature of the sample was measured
during the entire test and remained constant at least until the strain
hardening occurrence. In consequence, it was possible to analyze final
microstructure as a function of local strain for a given strain rate and a
given temperature.
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Fig. 5. PEF elastic and loss moduli master curves for a reference temperature of 100 °C.
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Fig. 6. True stress/strain curves of uniaxially stretched PEF for two couples of
strain rate/temperature.

In this paper, one example is chosen in the middle of this range,
which is associated to an equivalent strain rate of 0.01 s~ and is
representative for injection stretch blow moulding [38]. At this position
on the master curve, the material is supposed to be in a certain state
which is related to its “distance” from the « transition. By this way, no
matter the couple of strain rate/temperature chosen for this equivalent
strain rate, the mechanical response is supposed to be the same. Two
couples of strain rate and temperature have been investigated to test the
validity of this hypothesis and are represented on Fig. 6 (curves drawn in
true stress vs. true strain). It can be seen on the graph that the two curves
are well superimposed even though a difference of one decade is used for
the strain rate. It validates the time (strain rate)/temperature super-
position principle. According to this principle, the transposition of lab-
oratory experiments, where only low velocities are reachable, to
industrial experiments which deal with high velocity is easier.

Finally, a strain rate of 0.07 s ! at a temperature of 105 °C was
chosen for the microstructural analysis.

3.1.2. Mechanical results
The true stress vs. strain curve of uniaxially stretched PEF is pre-
sented on Fig. 7 together with the associated strain fields, for different

strains. Fig. 8 shows the variation of stress and strain rate with draw
ratio.

As it is depicted on the strain fields, the maximum of deformation is
localized in the process zone during the entire test. Deformations
involved are homogeneous and averaged in a rectangular zone in the
centre of the specimen.

In this condition of strain rate and temperature, the material presents
the expected hyper-elastic behaviour up to a natural draw ratio (NDR) of
around 6 (the dashed line represents the strain hardening beginning).
This result validates the way conditions were defined using DMTA
master curve. The value of 6 is higher than classical NDR obtained for
PET whose order of magnitude is 2-3 [4,5,35,39]. Above this NDR, PEF
exhibits an impressive strain hardening which can be the witness of a
strong chains microstructural organization thanks to the stretching
process. In previously reported results on PEF [29-31,37], hardening
was not so important. This difference can be attributed to the differences
in stretching conditions, especially the fact that our protocol allowed to
keep strain rate constant up to strain hardening instead of decreasing it
and, the use of true stress and strain. These results confirm that PEF can
strain harden to a large extent, which is associated to SIC (see following
section). At that moment, central zone of the sample stop deforming as
revealed by the evolution of local strain rate (Fig. 8).

The local evolution of strain-rate along tensile sample is not intrinsic
to the material alone. It depends to a large extent on the geometry of the
specimen and on the loading path. Thus, in the initial stages of our
tensile tests on the amorphous material, the deformation is not perfectly
uniform as in any such test. By this way, € is almost constant during the
beginning of the test (up to a draw ratio of almost 4). A localization area
is formed. We measure mechanical characteristics in this zone on pur-
pose. The rate of deformation increases naturally (from a draw ratio of
4) because of the decreasing of the section which induces an increase in
stress, according classical scheme. However, when the material experi-
ences SIC, this area will obviously be the first to crystallize. The asso-
ciated structural hardening is opposed to the localization of the
deformation. When the hardening is efficient enough, the deformation
moves on both sides of the central zone in a zone of larger section but of
weaker consistency. The local strain rate in the central zone decreases,
sometimes to zero (stable necking).

Further on, the deformed zones apart from central zones will also
harden and gradually the deformation reaches the shoulders of the
specimen whose very large sections do not allow deformation. As the
crosshead still moves up, the central zone deforms again and the
measured local strain rates increases. This is related to increase in local
strain rate above draw ratio of 6.3, which is controlled by the shape of
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the specimen as much as SIC in material.

Increase in stress related to SIC requires a minimum level of crys-
tallinity to exist, either to promote hardening through “blending” effects
due to crystalline phase itself, or to entropic elasticity that could be
promoted between crystallites. It can be suggested that first stage of
crystallization can occur before stress increases significantly, i.e. below
but close to technological natural draw ratio as usually defined.

In parallel to that assumption, some uploading-unloading tests, not
presented here for simplicity, allowed complementary conclusions
[Forestier et al. submitted soon for publication]:

e tests interrupted before mechanical strain hardening (draw ratio of
4.5) significantly showed that polymer remains amorphous before
that moment. Referring to Fig. 8, it means before strain-rate
increases;

o tests interrupted after stress hardening (draw ratio higher than 6.05)
evidenced crystallization at 6.05 but no further change in crystalline
phase.

In conclusion and from the material point of view, one can suggest
that SIC is initiated somewhere between draw ratios of 4.5 and 4.9, i.e.:

o After the moment where strain rate increases, for which material is
still amorphous;

e Before the moment where strain-rate decreases later on as material
has obviously hardened.

Crystallization develops between 4.9 and 6.05 draw ratios according
to complementary analysis.

The onset of strain hardening is thus postponed in PEF compared to
PET and its easier chain mobility but crystallization could be more rapid.
This has to be confirmed and validated via interrupted tests in further
steps.

However, as soon as the material has reached a given NDR, apparent
strain hardening can clearly take place suddenly. It is then possible that
a new deformation process related to perfecting of crystal is involved.

To finish with, let us stress on the fact that our protocol allowed us to
reinforce PEF up to a stress of 300 MPa whereas other authors only
reached [29,30,37] a value of 10 MPa. This demonstrates the relevance
of our stretching protocol and the ability of PEF to significant strain
hardening. This does not necessitate to use very specific conditions but
only to adjust tension conditions accounting for time/temperature
dependence of behaviour.
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Fig. 9. Debye-Scherrer patterns for (a) amorphous PEF, (b) stretched PEF using an imaging plate-sample distance of 75 mm. MD is the stretching direction whereas

TD is the transverse direction.

Meridian

Fig. 10. Debye-Scherrer pattern for stretched PEF using an imaging plate-
sample distance of 30 mm. MD is the stretching direction whereas TD is the
transverse direction.

3.2. Microstructural analysis

3.2.1. Strain-induced microstructure

The microstructure induced by stretching has been analyzed thanks
to X-ray diffraction. At the end of the tensile test, the specimen has been
air-quenched to freeze the microstructure after it has been stretched up
to a draw ratio of 8. Fig. 9 (a,b) depicts Debye-Scherrer patterns of both
amorphous and stretched PEF, respectively, with a distance between the
sample and the imaging plate of 75 mm.

A clear fiber-like texture can be observed after stretching whereas
initial PEF only exhibits an amorphous halo. On Fig. 9 b, both the
crystalline character of the material and the crystal orientation are
obvious. Crystalline indexation has been reported. Assuming the fact
that the material should develop a fiber texture with the chain axis ¢

25000

Meridional direction

(008)
20000 4

15000

002)

10000 (004)

5000 4 (0010)

Normalized Intensity (counts)

e e LIS B p e S
5 10 15 20 25 30 3B 40 45 50

26(°)

Fig. 11. Radial scan diffractogram obtained in transmission mode, in the
meridional direction.

along the stretching direction, the more intense spots which appear in
the transverse direction TD (equatorial direction) are supposed to be
associated with crystalline planes with (hk0) Miller’s indices. These
planes contain the chain axis. Moreover, in the meridional direction, the
presence of two spots far less intense as the spots in the equatorial di-
rection is observed. They have to do with reflections of the (001) type
which correspond to crystalline planes oriented perpendicularly to the
chain axis and consequently to the stretching direction.

Other spots, less intense, are visible in other positions. They are
associated to (hkl) planes. In total, eight spots are visible on this picture:
three associated to the equatorial direction, two related to the meridi-
onal direction and three others corresponding to other directions.

Figs. 10 and 11 represent respectively a Debye Scherrer pattern ob-
tained for a lower distance between the sample and the imaging plate
(30 mm) and a radial scan diffractogram in the meridional direction.

On Fig. 10, all the spots as well as (hkl) indices are reported (the low
intense spots are designated with arrows to make the reading easier). As
classically for a fiber texture, the (hkl) reflections are organized into
hyperbolic layers, each layer being labelled by the value of 1. For the
positive values of 1, nine layers can be observed in Fig. 10. For each
reflection, 26 positions have been proposed using the method previously



E. Forestier et al.

Table 1
Identification of crystalline planes for stretched PEF: angular position 20 (°),
Miller indices and interreticular spacing.

Localization 20 (°) (hkl) duia (A)
Meridian 8.70 002 10.148
16.34 101 5.421
Meridian 17.46 004 5.074
Equator 18.20 110 4.869
20.52 103 4.325
Equator 23.00 110 3.864
23.60 104 3.768
Equator 27.00 020 3.299
29.66 016 3.010
30.82 106 2.900
Meridian 35.34 008 2.537
36.02 117 2.491
38.92 108 2.313
43.18 109 2.093
Meridian 44.60 0010 2.030

described and still in agreement with the fact that PEF crystallizes in a
monoclinic unit cell [37]. Table 1 reports the values for 26 (°) we found,
the (hkl) planes identified and the interreticular spacing dpx (A). For
each (hkl) proposal, we have checked that the 1-value corresponds to the
layer line on which the reflection is located and that the azimuthal angle
(¢p) corresponds to the theoretical one calculated from the structure
proposed by Mao et al. [37].

Many spots are revealed by our analysis. Most of them are in
agreement with results of Mao et al. [29]. This is the signature of a
strong crystalline organization and of the presence of a fiber texture with
a high scale periodic order. It can be noticed that, contrary to previous
work [29,30,37], no need of synchrotron beam to observe crystalliza-
tion. This does confirm that PEF can develop a well-defined SIC provided
that stretching protocol is relevant. As a reminder, this textured and
organized microstructure was induced thanks to the stretching of PEF in
its rubbery state. When PEF is in this state, chains have enough mobility
to undergo a deformation up to high deformations. They are oriented
towards the stretching direction and can arrange themselves in the
space. Then, the crystallization in an extended oriented configuration
occurs as explained in the previous part.

Some families of planes were not visible in Mao’s indexation in
Ref. [29], such as (002) (first meridional spot on Fig. 9 b and first
diffraction peak on Fig. 11). On the other hand, in the equatorial
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direction, the second spot associated to (110) family is missing of Mao’s
observations. This family can be superimposed to the (110) family when
the crystal structure is not well-defined and perfectioned. Nevertheless,
these two reflections are present in another publication of Mao et al.
[37]. Once again, during tensile tests presented in this study, high local
uni-axial draw ratios leading to impressive development of strain
hardening have been observed. It could explain, the high definition of
the crystal obtained in this work. The loading paths and mechanical
energy imposed to the material are efficient enough to allow
well-defined microstructural organization. The lower strains reported by
Mao et al. could explain the apparent merging of (110) and (110)
families. The last difference concerns (019) and (0110) families of
planes which cannot be observed in Debye-Scherrer patterns of this
study because of the higher wavelength used in the lab (1.54 A instead of
0.7293 A for Mao et al. [29]). (0010) family of planes is hardly detected
on some Debye-Scherrer patterns but clearly identified on the radial
scan diffractogram. Moreover, it is possible that using synchrotron ra-
diation, other families might be detectable in this sample.

In the previous Debye-Scherrer patterns, it was noticeable that many
families appear rather as arcs than as spots, especially when the angular
position increases. Stoclet et al. [30] have also reported the presence of
arcs with low intensity close to the meridional direction. They
mentioned the presence of spots with higher intensity in the equatorial
direction. The authors related the meridional arcs to a mesophase and
the spots to a crystalline structure. They conclude that, contrary to PET,
it seems that PEF mesophase is still present, even after an annealing step,
and thus, is able to coexist with crystalline form. As a consequence, PEF
mesophase would not be a crystal precursor as it is in PET [30]. Our
results are more consistent with the existence of a unique highly defined
crystal phase with more or less intensity in the diffraction by the families
of crystalline planes. This will be discussed in the following part.

3.2.2. Comparison with thermo-activated crystallization

A comparison between the crystalline phase induced after an
isothermal quiescent cold crystallization (160 °C during 2 h from the
solid state) and the one induced by the stretching has also been per-
formed. Fig. 12 shows the pattern obtained for the isothermal quiescent
cold crystallization as well as the associated radial scan performed in
transmission.

Cold crystallization leads to an isotropic well-defined crystalline
phase whose signature is continuous diffraction rings. It is worth
noticing that thermal crystallization required 2 h at 160 °C whereas SIC
only took a few seconds at 105 °C. This underlines the efficiency of
mechanical loading to promote crystallization as it orients the chains
prior crystallization.

— Static crystallization

(017)
(008) (108) (109) (7070)

26 (°)

Fig. 12. (a) Debye-Scherrer pattern of a thermally crystallized sample, at 160 °C during 2h, using an imaging plate-sample distance of 75 mm (b) radial scan, in

transmission mode, of static crystallized PEF.
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Table 2

Comparison of the crystalline families between SIC and static

crystallization.

SIC Static Crystallization
(hkl) 26 (°) (hkl) 260 (°)
002 8.70 Too low intensity
101 16.34 101 16.00
004 17.46 004 17.87
110 18.20 110 19.20
103 20.52 103 20.55
110 23.00 110 22.40
104 23.60 104 23.37
020 27.00 020 26.77
016 29.66 016 29.33
106 30.82
017 32.89
008 35.34 008 35.20
117 36.02
108 38.92 108 39.67
109 43.18 109 43.20
0010 44.60
1010 47.60

The peaks indexation between thermal and strain induced crystalli-
zation has been conducted. Table 2 gathers the indexation of the crys-
talline families found in SIC and in static crystallization.

According to the results showed in Table 2, one can conclude that we
observe the same crystalline phase either during static crystallization or
during SIC. Additionally, this phase is equivalent to that suggested by
Stoclet et al. for the crystallization in the defective o’-form (crystalli-
zation temperature below 170 °C) [26].

But some angular positions can be slightly different between SIC and
static crystallization even though the crystalline families remain the
same. These differences can be associated to the crystallization in an
extended conformation in SIC compared to the static crystallization
where more packing can occur. The (002) family is not discernible on
the static crystallization scan. Because of its too low intensity it can not
be dissociated from the signal noise.

The indexation of (110) and (110) reflections, which are among the
most intense in stretched specimens, raises some problems:
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- in the indexation of Fig. 12, (110) is the third peak at a 20 angle close
to 19.2°, far from the theoretical one of 18.2. (110) appears as a
shoulder on (104) peak;

- one can also consider that the second peak results from the over-
lapping of (004) at 17.5° and (110) at 18.2°. In such a case, the third
peak remains unexplained.

Bumps for 260 above 28°, detectable on Fig. 12, for the static crys-
tallized sample, could be the diffuse arcs observed on Debye-Scherrer
patterns of stretched sample. The same indexation protocol is possible
for many bumps. The two bumps with italic indexes ((017) and (0110))
might not be detectable on the stretched sample because of a too low
intensity for the (017) family and a too high wave length for (0110). The
presence of these bumps above 28° confirms the same microstructural
organization of the thermally crystallized sample than of the stretched
one.

Finally, PEF in our case might not be a polymorph material and it
does not have a coexistence of a mesophase and a crystal but only a
strong and well-defined crystalline organization.

4. Conclusion

This work highlights PEF ability to be stretched at high draw ratio
and by this way, to exhibit a really impressive strain hardening, signa-
ture of a strong microstructural organization. This mechanical response
has been investigated with the certitude of PEF rubbery-like state and
with the choice of a relevant strain rate/temperature set thanks to
master curve building and reading. Local strain measurements have
described intrinsic mechanical behaviour of the material. These mea-
surements reinforced the fact that PEF can strain-harden efficiently, as
soon as a draw ratio in the order of magnitude of 5-6 has been reached,
for appropriate conditions of temperature and strain rate. The time/
temperature superposition principle has been applied and validated for
PEF. The resulting microstructure analysis describes the presence of a
crystalline phase, clearly well-defined and ordered. Arguing on the fact
that PEF crystallizes in a monoclinic unit cell and using a crystallo-
graphic software, (hkl) families of crystalline planes have been identi-
fied for all the scattered signals caught on Debye-Scherrer patterns or
diffractometry. Indeed, thermo-activated crystals formed present the
same organization as strain induced ones.
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