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Abstract:

The mechanical behavior of Poly(ethylene 2,5-furandicarboxylate) upon biaxial stretching and the
associated strain-induced structural evolution is studied in the light of its molecular weight. Besides it
is shown that the increase of molecular weight favors strain-induced crystallization (SIC) and that SIC
in PEF occurs when a critical molecular orientation ratio is achieved. The earlier occurrence of SIC in
the case of the higher macromolecular weight is explained by the faster macromolecular orientation
due to a more robust entanglement network.

Regarding the mechanical behavior, it appears that a strain-hardening stage is observed whatever
the molecular weight, this stage originates from both macromolecular orientation and formation of
crystals upon stretching. Finally, it is shown that biaxial orientation (BO) has a positive effect on both
oxygen barrier properties and mechanical properties. Particularly it was highlighted that, while as-
cast PEF is brittle, BO PEF films are ductile when a critical biaxial draw ratio is achieved.

Keywords: biaxial stretching, Poly(ethylene 2,5-furandicarboxylate), macromolecular
orientation, crystallization, barrier properties.

Introduction:

Poly(ethylene 2,5-furandicarboxylate) (PEF) knows an increasing interest due to, on the one hand its
bio-based nature and, on the other hand, its interesting properties that could allow it to be used in a
large field of applications such as packaging®. Due to their similar chemical nature, PEF is often
compared to poly(ethylene terephthalate) (PET). Several studies have been carried out regarding the
characterization of the PEF physical properties. These works have shown that PEF exhibits similar
thermal properties as PET, i.e., a glass transition temperature (Tg) around 80°C, a melting
temperature (Tm) in the 220-250°C temperature range and slow thermal crystallization
kinetics***>67  The same can be said about the mechanical properties®, which are somewhat
equivalent between the two polymers. However, as a main feature, PEF exhibits significantly better

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0032386121000641
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0032386121000641

water and gas barrier properties in comparison with PET, which is explained by the reduced chain
mobility of PEF as compared to PET.>10

Several studies have been published regarding the mechanical behavior of PEF upon uniaxial
stretching in the rubbery statel?!31415161718 They underlined the fact that the microstructure
induced upon stretching is strongly dependent on the stretching conditions and that the strain-
hardening of the material, observed for some stretching conditions, is linked to the formation of an
ordered structure (crystalline or mesomorphic) upon stretching!''2. These studies also showed that
the content of ordered structure induced by uniaxial stretching could reach 35% ® and that the
crystalline structure involved is different from the one induced by thermal crystallization®?. Regarding
the relationships between mechanical behavior and structural evolution, Mao et al. have shown that
local ordering of the chains occurs before the occurrence of strain-induced crystallization (SIC). They
also pointed out that the onset of strain-hardening occurs in the meantime that strain-induced
crystallization® suggesting a link between these two phenomena. On the other hand, in a recent
study, Forestier et al. clearly demonstrate that PEF crystals are formed before the occurrence of
structural hardening and that the PEF strain-induced crystallization process exhibits a “simple” two-
steps path with no intermediate phases stable with no formation of intermediate order phase?®,

Beyond uniaxial stretching, biaxial stretching is also of prime interest as it allows to simulate
industrial processes such as bottle stretch-blow molding, biaxial film drawing or thermoforming.
Regarding biaxial stretching of PEF, only an explorative study from van Berkel et al. has, to date,
addressed this topic. In their work, van Berkel and his coworkers compared the mechanical behavior
and the structural evolution in the rubbery state of PEF with that of PET'. They observed that strain-
hardening and strain-induced crystallization appear at higher stretching ratios for PEF than for PET.
This retarded occurrence of strain-hardening in the case of PEF is ascribed to its higher mass between
entanglements, as compared to PET. Besides they assume that in order to achieve the same amount
of entanglement per chain, and consequently a comparable network of entanglements, a higher
molecular weight for PEF is needed to meet the behavior of PET. In addition they also observe that,
in like for uniaxial stretching®?, the content of the crystalline phase induced upon stretching in the
case of PEF is low (around 10% maximum). Finally, they observed that biaxial orientation has a
beneficial impact on both mechanical and gas barrier properties of PEF, although the impact on
barrier properties is significantly lower than in the case of PET. In particular they noted an increase of
tensile modulus and tensile strength for the biaxially oriented films as well as some decrease of both
0O and CO; permeability, even if limited.

Basically, this work of van Berkel et al. is the first one giving information about i) the mechanical
behavior of PEF upon biaxial stretching and ii) the influence of biaxial orientation on the structure of
PEF. However, in their study, only PEF samples with high biaxial orientation degrees, comparable to
the ones encountered in industrial conditions, have been characterized. Consequently the whole
process of strain-induced structural evolution during biaxial stretching remains unaddressed. In
particular the origin of the strain-hardening upon biaxial stretching in the case of PEF remains
unclear. Several studies dealing with the link between strain-hardening and SIC have been carried out
in the case of other polymers?0:21:2223.21,22,23.2425 Eor example, Chandran et al. carefully analyzed the
influence of the stretching conditions on both strain-hardening and strain-induced crystallization?* of
PET and directly linked both phenomena. Similar studies carried out with PLA, an aliphatic
crystallizable bio-based polyester, lead to the same conclusions®?2, In other words these studies
indicate that strain-hardening originates from SIC. Nevertheless, on the other hand, studies carried
out on atactic polystyrene (i.e. which is not able to crystallize) demonstrate that strain-hardening
results from the extension of the entanglement network?”?, Consequently, even if PEF seems to



have a behavior close to the one of PET, determining the origin of PEF’s strain-hardening, and the
respective contribution of amorphous orientation and SIC on the mechanical behavior, could be of
prime interest.

Another unaddressed point regarding the PEF mechanical behavior and associated structural
evolution is the effect of molecular weight. As suggested in [16], the later occurrence of strain-
hardening in the case of PEF as compared to PET is due to its higher Me. As suggested by van Berkel
et al., this should be balanced by the achievement of a comparable network of entanglements (i.e.
the achievement of the same amount of entanglements per chain) by increasing the molecular
weight as already shown in the case of PET?.

As a consequence, this study is devoted to determine the structure — mechanical behavior
relationships of PEF upon biaxial stretching above T in order to determine the origin of the strain-
hardening. In addition, the influence of molecular weight on mechanical behavior of PEF and on the
associated strain-induced structural evolution will be studied in order to determine if this parameter
allows to tune the mechanical behavior of PEF towards the one of PET.

Experimental:

v" Materials and elaboration

Three different neat Poly(ethylene 2,5-furandicarboxylate) polymer samples with different
molecular weights, supplied by Corbion, have been used. The polyesters were made by classical
esterification-polycondensation in the presence of a Sb,0s catalyst and SSP was applied when
needed to increase Mw. Their respective molecular weight values are listed in Table 1.

I My Muw Average number of
Abbreviation (kg/mol) (kg/mol) Mu/Mn entanglements per chain
LMW-PEF 23 39 1.7 = 6.5
MMW-PEF 32 54 1.74 =9
HMW-PEF 51 89 1.76 =145

Table 1 : Molecular characteristics of the PEF resins used.

The average number of entanglements per chain has been calculated as Mn/Me with Me the average
molecular weight between entanglements, taken equal to 3500 g/mol from [15].

For sake of clarity the PEF exhibiting the lowest molecular weight will be denoted LMW-PEF, the one
having the intermediate molecular weight will be denoted MMW-PEF and finally the material having
the highest molecular weight will be denoted HMW-PEF.

Resins were dried before extrusion below a moisture content of 50 ppm, as determined Karl Fischer.
Extruded cast films of the three resins have been elaborated using as single screw extruder. The melt
temperature was maintained at 255 °C for the LMW and MMW samples, for the HMW sample a melt
temperature of 280 °C was applied. The obtained cast was cooled using a 30 °C cooling drum. The
average obtained sample width was 14 cm, and the thickness was around 400 microns.

Biaxial stretching

A Brickner Karo IV laboratory biaxial stretcher was used for the biaxial drawing of the specimens.
Experiments were carried out on 10x10 cm? squares cut from the extruded films (thickness from 300



to 500um). Simultaneous biaxial stretching was carried out at drawing temperatures (Tq) of 100 °C

deformation rate

using an initial stretching speed (& = ) of 200%.s. Viscoelastic properties

initial length
measurements have been carried out in order to ensure that, for these stretching conditions, the
material is in its rubbery state (see Fig SI.1)

Finally elongation ratios Awp X Ao up to 4.5x4.5 were tested.
The mechanical behavior is represented by:

- The elongation ratio : Ay = zio with [° the initial length of the sample

Fux . . . N
- The true stress calculated as: g, = % with F. the applied force in the xx direction and S the

cross-section calculated assuming the hypothesis of constant volume deformation.

Prior to biaxial stretching the samples were heated during 30 s at T4 in order to reach thermal
equilibrium. The three principal axes of the films are defined as the machine direction (MD) which
correspond to the extrusion direction, the transverse direction (TD) which corresponds to the
direction perpendicular to the extrusion direction in the film plane and the normal direction (ND)
which is the direction perpendicular to the film place. Regarding the mechanical behavior during
biaxial stretching, for sake of clarity, only the stress recorded along the machine direction (MD) will
be reported in the mechanical behavior plots. However, it was ensured for each test that the same
behavior was recorded along the machine and the transversal direction (MD and TD). Finally, in order
to ensure that stretching is homogeneous, an ink grid composed of 1x1cm? squares has been printed
onto the film and analyzed after the film stretching.

Thermal properties and Crystallization kinetics analyses

Thermal properties of the materials were determined by means of Differential Scanning Calorimetry
(DSC) analyses. A DSC Q20 (TA Instruments) apparatus was used. Temperature and heat flow were
calibrated with a high purity indium sample using standard procedures. Experiments were carried out
under nitrogen flow on about 10mg samples placed in aluminum crucibles. Isothermal crystallization
kinetics from the melt at 165°C of the PEF films were determined using the following thermal cycle:

- Holding the sample at 280°C during 2min.
- Cooling down to 165°C at 50K/min.

- Isothermal during 120min.

- Cooling down to 25°C at 50K/min.

- Isothermal during 1min at 25°C

- Heating up to 280°C at 10K/min

Viscoelastic properties measurement

Dynamic Mechanical Analyses were carried out on a RSA Ill apparatus from TA Instruments operated
in tensile mode. Experiments were performed at the frequency of 1Hz, between 25°C to 180°C at a
heating rate of 5°C.min. Rectangular shaped samples with length and width of 20 x 6 mm?
respectively were cut from PEF films.

Macromolecular orientation: Trichroic Infrared Analyses




The Fourier Transform Infrared (FTIR) spectra were collected in transmission mode on a Bruker
VERTEX 70v spectrometer equipped with a DTGS detector and a rotating polarizer. Every FTIR
spectrum consisting of 64 scans was recorded over the wavenumber range 550-3500 cm™ with a
resolution of 2 cm™. In our study trichroic infrared measurements were adopted to assess the
orientation functions for biaxially stretched samples with a 3D texturing nature. For spectra along
stretch axis, Syy and Sy were measured with the polarization parallel to the M and T directions
respectively where reduced absorbance were recorded.

In order to obtain the spectrum Sy through the film thickness, trichroic analysis was carried out by
tilting the films about the T axis at 45° with respect to the IR beam, and the spectrum Sun was
measured with the polarization in the MN plane. Then, the Sy spectrum corresponding to a
polarization through the thickness was computed from the following relation

1
SN=(2n2) l_ﬁXSMN_(ZnZ_l)XSM

Where n is the effective refractive index of the polymer in the direction of the beam propagation.
Due to the lack of data regarding the refractive index of PEF, the value of PET (i.e. n = 1.58) has been
used®.

Then, the So spectrum for biaxially drawn samples was calculated from the equation
1
SO =§(SM +ST +SN)

Based on the calculated So spectra, a quantification of the macromolecular orientation degree has
been performed. The orientation of a molecular chain axis i is usually described by three Herman's
orientation functions f; where j = M, T or N holds for the directions defined above. The three
orientation functions must obey the relationship

fim+fin+fir=0

For a transition moment of an infrared vibration along the molecular axis i, the Herman’s orientation
function can be calculated by means of the following equation
1 A;

fy =5 A—O—l)

Where Ajand Ag are the band intensities in the S;and So spectra respectively and j=M, Tor N

For sake of accuracy, the vibration bands used in the calculations should be distinct bands with
absorbance below the saturation. In addition, these bands should be sensitive to orientational
change, i.e., showing trichroic behavior when 3D texturing is present. In our study, the eligible band
showing trichroic behavior is the band at 619 cm™, assigned to amorphous phase in PEF as once
reported in [25].

Structural characterization

WAXS and SAXS measurements were performed on a Xeuss 2.0 apparatus (Xenocs) equipped with a
micro source using a Cu Kq radiation (A= 1.54 A) and point collimation (beam size: 300x300um?). The



sample to detector distance, around 12 cm for WAXS and 2.5m for SAXS, is calibrated using silver
behenate as standard. Through view 2D diffraction patterns are recorded on a Pilatus 200k detector
(Dectris). Integrated intensity profiles are computed from the 2D patterns using the Foxtrot®
software.

SAXS experiments were carried out to determine the nature of the plastic deformation mechanism(s)
involved during cold drawing. To achieve this goal a homemade stretching device adaptable on the
apparatus was used in order to analyze the sample during stretching. Besides, these tensile tests
were carried out at room temperature (i.e. 20°C) using an initial stretching speed ¢ = 103 s%. For the
determination of the nature of the plastic deformation mechanism(s) involved, stretching is stopped
just before sample’s break and the acquisition is done on constrained sample.

Oxygen Transmission Rate measurement

Oxygen transmission rate (OTR) has been analyzed according to the ASTM D3985-17 norm and
F1927-14. The film sample was analyzed in duplicate with the Mocon Oxtran 2/22L equipment. When
the amount of sample area allowed it, the maximum sample area of 50cm? was used for the OTR
measurement. A smaller film area of 5.64cm? was used for other foil samples. The OTR analysis was
directly measured with 100% oxygen concentration as permeant gas. Analyses were performed at
23°C and 80% relative humidity. Enough conditioning time was applied to allow the sample to adjust
to the relative humidity condition. Test was automatically stopped when the difference between the
last 4 cycles of the measurement series showed less than 1% relative difference.

Mechanical properties of biaxially drawn samples

Mechanical properties of biaxially drawn samples were determined via tensile tests upon uniaxial
stretching. The tests were performed on an Instron 4466 apparatus at room temperature (i.e. 20°C)
using an initial stretching speed £ = 102 s. For each set of material, at least three dumbbell
specimens having 22 mm and 6 mm in gauge length and width respectively were tested.

Results:

Initial materials characterization

Thermal behavior of the three PEF samples has been investigated by means of DSC. Analysis showed
that all the cast films are amorphous with a glass transition temperature (Tg) around 84°C +1°C
revealing no significant effect of molecular weight. To complete the potential influence of molecular
weight was also investigated regarding its effect on crystallization kinetics and viscoelastic
properties. Figure 1 depicts the isothermal DSC thermograms recorded at 165°C after cooling of the
samples from the molten state.
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Figure 1: Thermograms recorded during isothermal crystallization from the molten state at T,
=165°C of LMW-, MMW- and HMW-PEF (endo up).

As can be seen, the crystallization kinetics are roughly similar for both LMW-PEF and MMW-
PEF samples, while the one of HMW-PEF is significantly slower. While the crystallization half-
time is around 20 and 30 minutes for LMW- and MMW-PEF, respectively, it is around 65
minutes for HMW-PEF. This retarded crystallization for HMW-PEF can be attributed to its
higher molecular weight, which involves a decrease of the molecular mobility and thus
slower macromolecular rearrangements required for crystal formation under these steady
conditions. Even if the molecular weight influences the crystallization kinetics, no differences
were observed regarding the crystallinity degree achieved, around 34% +2% (standard
melting enthalpy taken equal to 140 J/g [31]), as well as the melting temperature, around
205°C (DSC thermograms are depicted in Fig SI.2).

Finally the viscoelastic properties of the different materials have also been compared. The
evolution of the storage modulus E’ for the three different materials is shown in Figure 2.



1e+10

1e+49

1e+8

E' (Pa)

1e+7

1e+6

1e+45 —r— T T r 1 r [ fr 1 T T [ T T T’ T [ T T T T [ T T T T
25 50 75 100 125 150 175

Temperature (°C)

Figure 2: Evolution of the storage modulus E’ as a function of the temperature for LMW-,
MMW- and HMW-PEFs (heating rate 5°C/min, f = 1Hz)

In the glassy state, the molecular weight has no significant influence on E’ as all the materials
exhibit a storage modulus around 3GPa. A sharp decrease of E’, characteristic of the a
relaxation, is also observed around 75°C for the three materials. On the other hand, an
influence of the molecular weight can be observed in the rubbery state where a short
rubbery plateau is observed for both LMW- and MMW-PEF while it spans a larger
temperature range for HMW-PEF. Finally, the terminal transition characterized by the
flowing of the sample involving a sharp drop of E’ at the end of the rubbery plateau happens
at much higher temperature for HMW-PEF due to its much higher molecular weight. On the
other hand, LMW- and MMW-PEF have a higher ability towards disentanglement. Indeed for
these two materials, the molecular weight is only 3 times higher than the critical mass (Mc =
2Me, with Me = 3500 g/mol?32?) to form entanglements while it is 7 times higher for HMW-
PEF.

In summary, the characterization of the initial sample materials revealed that LMW- and
MMW-PEF exhibit similar thermal and viscoelastic properties, while HMW-PEF differs
strongly, as a direct result of its significantly higher molecular weight. Particularly this higher
molecular weight leads to a higher number of entanglements per chain and consequently a
slower disentanglement rate which explains the larger rubbery plateau.



Mechanical behavior of PEF upon biaxial stretching and associated strain-induced structural
evolution

The mechanical behavior upon simultaneous biaxial stretching of LMW-, MMW- and HMW-
PEFs has been studied on a wide range of stretching conditions. For sake of clarity, the
purpose of the paper being to determine the relationships between the structure and the
mechanical behavior of PEF, only the mechanical behavior for some sets of conditions will be
presented and discussed here. Figure 3 depicts the mechanical behavior of PEF biaxially
stretched according to the stretching conditions for which i) a biaxial stretching ratio of
4.5x4.5 could be achieved whatever the molecular weight and ii) the strain-hardening slope
is the higher.

250
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Figure 3: Influence of the molecular weight of PEF on the mechanical behavior during simultaneous biaxial stretching
(Td = 100°C, € = 2571, for sake of clarity only the stress recorded along MD is depicted,
however it was ensure that oy p = orp)

The mechanical behavior observed is typical of an initially amorphous polymer stretched in the
rubbery state such as PET and similar to the one reported by van Berkel et al in the case of PEF®. For
all PEF samples, whatever their molecular weight, an elastic region at low strains is observed
followed by a deformation zone where stress slowly increases finally followed by a strain-hardening
stage where stress rapidly increases with strain. Contrary to the results reported for compression



molded PEF plaques in [16], even if stretching conditions are comparable, a marked strain-hardening
is observed in the case of each PEF for A > 4, comparable to the one reported in PET.

Regarding the effect of the molecular weight, it appears that the increase of the molecular weight
involves an increase of the applied stresses. This could be ascribed to the increase of the number of
entanglement per chain with the increase of molecular weight which leads to a more robust
entanglement network. However, the effect of molecular weight on the onset of strain-hardening
appears limited even if a slightly earlier occurrence of strain hardening is observed with the increase
of the molecular weight. Nevertheless, even if the effect on the onset of strain-hardening is limited,
the increase of molecular weight involves an increase of the strain-hardening slope. Indeed the slope
in that region, taken for 4.2 < A <4.5, increases from 0.9 MPa/% to 1.39 MPa/% for MMW-PEF and to
2.14 MPa/% for HMW-PEF. This more pronounced strain-hardening with the increase of the
molecular weight has already been reported in the case of PET** and PEN3*, but comparisons are
difficult as units are not the same or as viscosity values are given rather than molecular weight data.
The origin of the effect of molecular weight on the strain-hardening slope will be discussed later in
the manuscript.

In order to determine the structural origin of strain-hardening in PEF, and also in order to determine
the origin of the molecular weight effect, a particular attention has been paid to the characterization
of the biaxially stretched samples.

Indeed, as previously mentioned, strain hardening can have two origins:

- strain-induced crystallization as demonstrated in the cases of PET or PLA
- high extension and solicitation of the entanglement network as for PS, i.e. macromolecular
orientation

Structural characterization

The strain-induced structural characterization has been assessed by means of WAXS. Figure 4 depicts
the integrated intensity profiles calculated from 2D (face-on) WAXS patterns for the three PEF resins
biaxially stretched at different elongation ratios.
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Figure 4: WAXS Integrated intensity profiles as a function of the elongation ratio for
(a) LMW-PEF, (b) MMW-PEF and (c) HMW-PEF

It first appears that all the films are initially amorphous whatever the molecular weight which
indicates the quenching speed of the cast film during production was sufficient to prevent
crystallization. Regarding LMW-PEF, it appears that for these biaxial stretching conditions, the film
remains fully amorphous whatever the elongation ratio, even in the strain-hardening region. In the
case of MMW-PEF, the appearance of diffraction peaks at 20 = 16.5° and 20 = 20.9° is noted for
stretch ratios AxA > 4x4, attesting of the occurrence of a strain-induced crystallization. The intensity
of these peaks slightly increases between stretch ratios of 4x4 and 4.5x4.5 even if it remains low,
indicating only modest levels of crystallinity. Finally for HMW-PEF, the appearance of diffraction
peaks is noted for a stretch ratio of AxA = 3.5x3.5. The intensity of these peaks drastically increased in
the stretched film with areal stretch ratio 4x4 and then remains roughly constant at 4.5x4.5.
Consequently, results indicate that the increase of molecular weight allows for, and even favors, the
strain-induced crystallization process of these cast PEF films.

It can be noted that for MMW- and HMW-PEF the onset of strain-induced crystallization roughly
corresponds to the onset of the strain-hardening. However, even if a strain-hardening stage is
observed for LMW-PEF, no strain-induced crystals were detected. To go further, the crystalline
structure induced by biaxial stretching has been analyzed by means of 2D-WAXS and 2D-SAXS.
Regarding SAXS (data not shown here) no scattering characteristic of the presence of stacked crystals
was observed whatever the sample.

As an illustration, Figure 5 depicts the 2D face- and edge-on WAXS patterns obtained on HMW-PEF
biaxially stretched up to AxA = 4.5x4.5.

HMW-face (beam along ND) HMW-edge (beam along MD)




Figure 5: (a) face-on and (b) edge-on WAXS patterns of HMW-PEF biaxially stretched up to AxA = 4.5x4.5.

Regarding the WAXS pattern recorded along ND, isotropic diffraction rings are observed. On the
other hand diffraction arcs are observed on the pattern recorded along MD. This clearly shows that
the crystalline structure induced upon biaxial stretching is orthotropic, i.e., PEF crystals lie parallel to
the film plane. This particular crystalline orientation, often encountered in the case of biaxially
oriented polymer, should probably play a role in the improvement of barrier properties previously
reported?®, by restricting segmental motion of amorphous chain parts arrested by microcrystals.

The type of crystalline structure involved by biaxial stretching has been also assessed. Figure 6
depicts the comparison between thermally crystallized PEF and PEF having crystallized upon biaxial
stretching.
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Figure 6: integrated intensity profiles of thermally crystallized PEF and biaxially oriented HMW-PEF
(sample biaxially stretched up to AxA = 4.5x4.5 at 100°C and ¢ = 200%/s, the indexation of the diffraction peaks has been
made on the basis of the results from [17] ).



The comparison seems to show a satisfactory agreement between the position of the diffraction
peaks of the thermally crystallized and “biaxially crystallized samples” indicating that it is the
“standard” a or a’ crystalline form which is induced upon biaxial stretching. For uniaxial stretching,
on the contrary it has been reported that the crystalline structure differs from the o or a’ structure??,
Indeed the two characteristic peaks observed at 26 = 3.2° and 2 8 = 6.4° in uniaxially stretched PEF
are not seen in this biaxially oriented sample. This shows that the nature of the molecular orientation
process, i.e., uniaxial or biaxial, indeed plays a key role on the nature of the crystalline phase
induced.

In order to complete this study, the evolution of the amorphous microstructure upon biaxial
stretching has also been assessed using FTIR measurements. In order to determine the contribution
of the macromolecular orientation of the amorphous chains to the mechanical behavior, the
Herman’s orientation parameter of the amorphous macromolecules has been determined for the
three biaxially stretched materials up to different elongation ratios. Figure 7 depicts the Wilchinksi
diagrams of the orientation functions of the PEF with different molecular weights and the evolution
of the orientation parameter as a function of the elongation ratio.
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Figure 7: Wilchinski diagrams of the orientation function for biaxially stretched (a) LMW-PEF, (b) MMW-PEF, (c) HMW-PEF
and (d) evolution of the orientation parameter f.y as a function of the elongation ratio
(The line represents the critical value of the orientation parameter above which SIC is observed).

Figure 7 (a)-(c) reveal that the evolution of the orientation parameter is similar irrespective of
molecular weight. The vibration band characteristic for the amorphous phase of PEF at 619 cm™
tends to orient towards the normal direction (ND) to the film plane with the increase of the
elongation ratio. Since the vibration band considered at 619 cmis perpendicular to the chain axis®,
the evolution tendency towards ND indicates in fact that the macromolecules tend to orient in the
MT plane during biaxial stretching. In addition the fact that all points fall upon the median of MT
plane suggests an equiaxial orientation parameter along MD and TD, however combing the former
2D-WAXS results the overall texture should be “isotropic” in the plane of film.

A quantitative analysis of the evolution of the orientation parameter as a function of strain (Figure
7.d) indicates that the molecular weight has no significant effect until an elongation ratio of 3x3. Up
to this areal stretch ratio the orientation parameter monotonously increases with strain. This can be
ascribed to the fact that, in this deformation range, the macromolecular network is slightly
constrained and plastic deformation rather occurs by chains unfolding and reorganization.
Consequently, at this point the fact that LMW-PEF, which exhibits less entanglements per chain, than
HMW-PEF does not infer on the mechanical behavior observed. Above this 3x3 elongation ratio
indeed significant differences are observed between the PEF samples of different Mw. Especially the
orientation parameter strongly increases with strain for HMW-PEF, while it increases slowly with
strain for LMW-PEF. This trend is in line with the mechanical behavior of the materials where an
increase of the strain-hardening slope was observed with the increase of the molecular weight. This
slower orientation for LMW-PEF than for HMW-PEF can be ascribed to the fact that, due to the lower



number of entanglements per chain, the macromolecules have the possibility to slip and to
disentangle, which disadvantages macromolecular orientation. In other words, the increase of the
molecular weights involves a decrease of the disentanglement rate upon stretching which favors the
macromolecular orientation. A comparison with WAXS data also showed that the onset of strain-
induced crystallization is observed at the same orientation parameter for both MMW- and HMW-PEF
(fon = 0.18). This result is of prime interest as it tends to prove the existence of a critical amorphous
orientation for the beginning of crystallization, as for PET*. This conclusion seems to be confirmed by
the behavior of LMW-PEF for which no crystallization was observed and which also exhibit an
orientation parameter foy < 0.18 over the entire studied areal stretch ratio range.

Finally, a remaining question is the origin of the strain-hardening stage. At this point one can
state that both amorphous orientation and presence of crystals are at the origin of the phenomenon.
However, later results also show that the presence of crystals involves — and perhaps even facilitates
- an increase of the amorphous orientation parameter. Therefore, one can wonder if the slope of the
strain-hardening is determined, by the high rigidity of crystals or rather by the fact that the
amorphous chains are highly oriented and arrested in a constantly increasing network of crystals. In
an attempt to answer this question, the evolution of the slope in the strain-hardening region has
been plotted as a function of f., as depicted in Figure 8.
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Figure 8 : Evolution of the strain-hardening slope as a function of the orientation parameter f.n for LMW, MMW- and HMW-
PEF (the slope of the strain hardening was determined in the 3x3 < AxA <4.5x4.5 region)



A reasonably good correlation is observed between f.y and the slope of the strain-hardening except
for high fov values (i.e., for high elongation ratios). This suggests that, in the case of PEF, strain-
hardening mainly originates from the extension of the macromolecular network. Particularly, the
increase of the amorphous phase orientation leads to an increase of the strain-hardening slope. This
conclusion seems in opposition with the observations of PET where SIC is believed to be the
predominant phenomenon at the origin of strain-hardening. However one have to keep in mind that
in PEF the crystallinity achieved upon biaxial stretching is very low and that’s why crystals play a
modest role regarding the material stiffening. However, even if low crystal contents are induced, it
can be seen that they play a role on macromolecular orientation as shown by the deviation from the
two last point representing the higher orientation values. Particularly it can be assumed that, the
strain-induced crystals plays the role of crosslinking/entanglement points which favor/force the
amorphous macromolecular orientation.

Properties of BO films

The influence of molecular weight and biaxial stretching on some end-to-use properties of PEF have been determined. The
oxygen permeability as a function of the biaxial elongation ratio are displayed in
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Figure 9.c depicts the effect of molecular weights on this property.
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Figure 9 : (a) Oxygen Transmission Rate for cast and biaxially oriented PEF samples determined at equilibrium permeation at
23°C and 80%RH, (b) evolution of OTR as a function of the amorphous orientation parameter
and (c) evolution of OTR as a function of molecular weight

Regarding the effect of the biaxial stretching ratio no significant effect is observed for draw ratios up
to 3x3 while the OTR value decreases for higher elongation ratios. This stretching range where a
decrease of the OTR value is measured corresponds to the range where strain-hardening is observed
on the mechanical curves. To go further, the OTR values have been plotted as a function of the

macromolecular orientation degree (
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Figure 9.b). It appears that there’s a good correlation between OTR value and macromolecular orientation. Considering that
very low crystallinity is achieved in that case, it can be assumed that the improvement of barrier properties observed
originates from macromolecular orientation.
Regarding the effect of molecular weight,
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Figure 9.c shows that at A x A =4.5x4.5 there are no significant difference between LMW-PEF and
MMW-PEF while HMW-PEF exhibits a lower value of OTR by 25%. Based on the WAXS analyses it has
been shown that, at this draw ratio, both LMW-PEF and MMW-PEF exhibit no or very low crystallinity
while a higher crystallinity degree was observed for HMW-PEF. This is confirmed by results from
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Figure 9.b. Indeed a linear correlation is observed between OTR and orientation parameters for
samples exhibiting no or low crystallinity (i.e. LMW- and MMW-PEF). However, a strong deviation is
observed for HMW-PEF which exhibits are moderate crystallinity degree. Consequently these data
indicate that even if molecular orientation participates to the decrease of the oxygen permeability,
crystallinity is a key parameter to improve the gas barrier properties of PEF.

Finally, the mechanical properties of cast-and BO films were tested through uniaxial tensile tests at
room temperature. Both stress and strain at break of the as-cast and biaxially oriented films have
been determined and are summarized in Figure 10.a and Figure 10.b respectively.
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Figure 10 : Evolution of the (a) stress and (b) strain at break of as-cast and biaxially stretched PEF

Regarding stress at break, the trend is similar to what was observed for OTR measurements: there is
no significant effect up to AxA = 3x3, while an increase of the stress at break is observed for higher
values. In addition this increase is fairly higher for HMW-PEF, probably due to the presence of a
significant amount of crystal. On the other hand, an interesting feature is observed regarding the
effect of biaxial stretching on the stretchability of PEF. Indeed, while the as-cast films are brittle,
whatever the molecular weight, a ductile behavior is observed for elongation ratios above 2x2.
Particularly, a strain at break as high as 170% can be achieved for LMW- and MMW- PEF when they
are biaxially stretched at AxA = 2x2. This brittle to ductile transition induced by biaxial stretching is of
prime interest as it drastically improves the toughness of the PEF films. Finally it appears that, for AxA
> 2x2, the strain at break decreases with the increase of the biaxial draw ratio. This is explained by
the fact that the macromolecular orientation induced by biaxial stretching limits further elongation
of the macromolecules during the uniaxial stretching test.

Origin of the brittle to ductile transition

Recently Xu et al. report a similar brittle to ductile transition induced by biaxial stretching in the case
of Polylactide (PLA)¥. In their study, authors show that this behavior transition is linked with a
transition of the elementary plastic deformation mechanisms involved. Particularly they observed
that the brittle behavior arises from the occurrence of crazing during stretching in the glassy state
while shear banding is involved when the material is ductile. In addition they put in evidence that this
brittle to ductile transition occurs when a critical molecular orientation parameter is reached, i.e.
fou=fen=0.07 for PLA. In order to try to understand the origin of this brittle to ductile transition in the
case of PEF, BO samples have been analyzed by means of SAXS (Figure 11).
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Figure 11 : (a-e) SAXS patterns of as-cast and BO MMW-PEF samples taken just before breaking during the uniaxial tensile
test at room temperature (stretching axis is horizontal)

The SAXS pattern recorded for the cast-film (a) uniaxially drawn at room temperature clearly
indicates that crazing is involved which explains the brittle behavior of the PEF cast-film. In
opposition, for a MMW-PEF film biaxially drawn up to AxA = 2x2 (e), there’s no more evidence of the



presence of crazes. In addition, optical microscopy analyses revealed the presence of shear bands at
the surface sample, explaining the ductile behavior observed (Figure 12). In order to assess the origin
of this transition of plastic deformation mechanisms, MMW-PEF films were biaxially drawn at
intermediates draw ratios between 1x1 and 2x2. The corresponding SAXS patterns (b-d) show a
decrease of the scattered intensity with the increase of the draw ratio which is explained by a
decrease of the crazes density. Consequently macromolecular orientation has an inhibiting or at least
a restricting effect on the formation of crazes at the benefit of shear banding. Further investigations
are under progress in order to determine how macromolecular orientation infers on the crazing
mechanism.

500um
-

Figure 12. Optical observation of a MMW-PEF film pre-oriented at 2x2 after rupture upon uniaxial deformation.

Conclusion

The influence of the molecular weight on the mechanical behavior and associated structural
evolution of PEF has been investigated. The influence of molecular weight on the mechanical
behavior is limited as almost the same behavior is observed whatever the molecular weight.
Particularly a strain-hardening stage is observed under appropriate biaxial stretching conditions, only
the slope of strain hardening increases when increasing molecular weight. However, the molecular
weight strongly influences the strain-induced structural evolution. Indeed while the low molecular
weight PEF remains amorphous whatever the biaxial draw ratio, a strain-induced crystallization
process is observed for higher molecular weights. This explains the higher slope of strain-hardening
observed. To go further, the orientation degree of the macromolecules upon BO has been measured.
Results indicate that strain-induced crystallization is driven by the orientation degree of the
macromolecules. Particularly, a critical value of 0.18 has to be reach in order to initiate SIC. Even if
SIC occurs, it was also shown that the mechanical behavior is mainly governed by the
macromolecular orientation of the amorphous chains, due to the limited content of crystal induced.
This faster macromolecular orientation kinetics for high molecular weight PEF is explained by the fact
that long chains support more entanglements than small one, leading to a more constrained
macromolecular network. Particularly, the disentanglement of the macromolecules is disfavored
when the molecular weight increases.
The effect of biaxial stretching on the resulting properties has also been analyzed. On the one hand it
was shown that strain-induced crystallization leads to better oxygen permeation properties. On the
other hand it has been evidenced that, whatever the molecular weight, biaxial stretching at sufficient
draw ratios (i.e. when a critical macromolecular orientation degree is attained) leads to ductile films.
This brittle to ductile transition has been explained by a transition in terms of elementary plastic



deformation mechanisms from crazing to shear banding. Particularly, the increase of the orientation
degree, limits or avoids crazing. Still regarding end-use properties, it has been shown that biaxial
stretching has a positive effect on oxygen permeability. This improvement of barrier properties has
been linked, on the one hand to the macromolecular orientation and, on the other hand, to the
formation of crystals during stretching which strongly infers on this parameter.

Another result of this work is that while the increase of the molecular weight has a positive effect on
SIC, the opposite is observed for thermally induced crystallization were the increase of the molecular
leads to a decrease of the crystallization speed.

Finally, from a practical point of view, this work shows that a critical molecular weight has to be used,
not for observing strain-hardening, but rather to allow strain-induced crystallization in order to
improve the end-to use properties of the material.
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