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Abstract

:

The biaxial behavior of PEF has been analyzed for equilibrated and simultaneous biaxial stretching. The ability of PEF to develop an organized microstructure through strain induced crystallization (SIC) has been described. Upon biaxial stretching, SIC can be difficult to perform because the stretching is performed in two perpendicular directions. However, thanks to the time/temperature superposition principle and an accurate heating protocol, relevant stretching settings have been chosen to stretch the material in its rubbery-like state and to reach high levels of deformation. By the protocol applied, the mechanical behavior is easily transposable to the industry. This work has shown that PEF can, as in uniaxial stretching, develop well-organized crystals and a defined microstructure upon biaxial stretching. This microstructure allows the obtention of improved mechanical properties and thermal stability of the biaxially stretched samples. The crystals induced upon biaxial stretching are similar to the one that has been developed and observed after uniaxial stretching and upon static crystallization. Moreover, the furan cycles seem to appear in a state similar to the one of a sample crystallized upon quiescent condition. The rigidity is increased, and the α-relaxation temperature is increased by 15 °C.
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1. Introduction


Poly(ethylene 2,5-furandicarboxylate), PEF, is a biobased polymer which has gained more and more interest over the last decade [1,2,3,4,5,6,7,8,9]. This polyester remains one of the best solutions to offer a biobased alternative to PET in food packaging, or other applications that require a fibre texture [10,11,12]. PET mainly comes from petroleum resources and exhibits good mechanical, thermal and barrier properties. Accordingly, the processes of bottle blowing or thermoforming have evolved thanks to PET features [13,14]. PEF and PET are structurally similar excluding the presence of a furan cycle in PEF, composed of four carbons and 1 oxygen atom with two non-binding electrons, which leads to a hindered chain mobility for PEF [15,16].



For implementing a new material in the market, it is important to understand the way of processing it, and to determine its barriers properties, as well as its mechanical and thermal behaviors upon quiescent conditions. It has been mainly reported that PEF is more rigid than PET, exhibits a slower crystallization rate and presents better barrier properties [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. From this understanding, and to fit with industrial processes, such as bottle blowing, the mechanical behavior and the associated microstructural development upon uniaxial and biaxial stretching have been explored recently [31,32,33,34,35,36,37,38,39,40]. The correct monitoring of the stretching test is crucial to ensure the development of a stable and crystalline microstructure upon stretching and industrial process. This phenomenon is known as strain induced crystallization, or “SIC”. When PEF and PET were compared upon uniaxial stretching, the investigation revealed that PEF, like PET, was able to develop a well-organized microstructure, only if relevant stretching conditions were selected [35,38]. The PET chain is composed of ethylene glycols in gauche or trans conformations. When PET is uniaxially stretched, the chains are extended and the ethylene glycols in trans conformations are getting more numerous, while the number of ethylene glycols in gauche conformation is decreasing [41]. On the other side, PEF chains are composed of ethylene glycols in gauche and trans conformations, but also in furan cycles in syn and anti conformations. Upon PEF stretching, as in PET, the number of ethylene glycols in trans conformation is increasing, but additionally there is also an increase of furan cycles in syn conformation [30]. After the reaching of a certain level of deformation, crystals appear [42,43]. An annealing step is helpful to improve the microstructural development for PET. Moreover, upon uniaxial stretching PEF forms crystals before the occurrence of the strain hardening, while PET develops firstly an intermediary phase named “mesophase” [37]. The presence of this mesophase leads to more diversity in the microstructure developed, in comparison to PEF which exhibits a really similar structure without a strong impact of the stretching settings [35].



Then, this paper explores the PEF mechanical behavior upon biaxial stretching with the objective of developing a microstructure that will lead to an improvement of the properties of the amorphous sample. PET biaxial stretching has been widely explored over the last years [14,42,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59]. PET induces an organized microstructure upon biaxial solicitation that is equivalent to what can be observed after uniaxial stretching [60]. Upon biaxial elongation, the phenyl rings can organize themselves in the plane of the film, building up a packed and arranged microstructure in the thickness of the specimen [52]. Because of this arrangement, barrier properties are then improved.



According to the authors knowledge, only two papers deal with PEF biaxial stretching [32,40], and report that the stretching of PEF in biaxial conditions is possible even if its strain hardening is difficult to occur. Upon biaxial stretching, PEF strain hardening starts at higher strains in comparison to what is observed for PET [40]. This feature has also been reported for PEF towards uniaxial stretching tests [37,38]. Moreover, the impact of the molecular weight of PEF upon biaxial stretching has been studied by Stoclet et al. They concluded that PEF strain induced crystallization upon biaxial stretching is easier when the molecular weight increases, and that a sufficient orientation level must exist. A high molecular weight favors strain induced crystallization. However, a low crystallinity ratio is reported upon biaxial stretching in this work. These authors suggest that the extension of the chains leads to the strain hardening occurrence [32].



In the work described in this paper, an approach that relies on simultaneous and balanced tests has been proposed: the elongation is applied in the two orthogonal directions until the same final stretching ratios. An original protocol that is based on the construction of master curve to select relevant stretching settings has been applied for PEF biaxial stretching. This efficient protocol, validated for PEF uniaxial stretching, allows the selection of stretching settings that consider the mobility of the chains, in relation with the physical state of the material [38]. Then, the induction of a stable and well-defined microstructure, which is of prime interest for the further commercialization of PEF, is expected. Additionally, to perform isothermal biaxial stretching tests, the heating protocol was carefully settled. The control of the temperature during the test is of prime importance when SIC is researched. Two different post-stretching treatments have been performed on the stretched samples: a quenching step and an annealing step during 3 min at the temperature of elongation. The post stretching properties, both issuing from the quenching or annealing steps, were then investigated. The microstructure developed after biaxial stretching tests is compared to what is reported after an efficient uniaxial stretching.




2. Materials and Methods


2.1. Materials


The synthesis of poly(ethylene 2,5-furandicarboxylate) was performed from direct esterification. The molecular weight was increased, by Avantium Renewable Polymers, by a two steps process of melt-state followed by solid-state polycondensation of monoethylene glycol and 2,5-furandicarboxylic acid (FDCA). The sheets were extruded, and the thickness was 700 μm. Samples were taken off in the extrusion direction. Samples were stored under vacuum, in an aluminum coated bag, in the freezer (−18 °C) to avoid water absorption and physical aging. Consequently, the polymer was tested dry as processed, without any pre-conditioning.




2.2. X-ray Scattering


Wide-angle X-ray scattering (WAXS) experiments were conducted in order to describe the “organized” or crystalline phases. Debye–Scherrer patterns (2D), with the flat-film camera technique under vacuum at ambient temperature, have been acquired. The sample-screen distance was set to 75 mm. The exposure time was of 45 min. 1D scans, I(2θ), are also performed at room temperature, in transmission and reflexion mode (from 10° to 50°), using a diffractometer Philips X’Pert PRO supplied by Panalytical. For the transmission, the scan intensities were normalized by the sample thickness. In both cases, the CuKα radiation (λCuKα = 1.54 Å) was used.




2.3. DMTA Measurements


DMTA experiments were conducted in tension mode, using a Mettler-Toledo® DMA 1 (Zurich, Switzerland). The sample dimensions were 5 mm, 4 mm, and 0.7 mm, respectively, for the length, the width, and the thickness for the non-stretched amorphous sample. In the case of the biaxially stretched samples, the dimensions were approximately 5 × 10 × 0.3 mm3. The preload applied was of 1 N. Temperature scans were realized at a frequency of 1 Hz from −150 °C and 200 °C, at a heating rate of 1 °C/min, with a displacement amplitude of 5 μm (i.e., strain of 0.1%), in Auto-Tension mode.



Upon heating, thermal dilatation or shrinkage can occur, resulting from a change in the sample length. These changes can be estimated by DMTA by measuring the evolution of the static displacement (ΔL) through the calculation of the thermal deformation (Equation (1)).


  D e f o r m a t i o n   %   =   Δ L     L   0     × 100  



(1)




with L0 the initial sample length, and ΔL the length variation.




2.4. DSC Measurements


By using a Mettler Toledo DSC 1 equipped with the STAR® software, DSC measurements were carried out in crucibles made of aluminum (40 µL). Biaxially stretched samples are extremely thin, so the sample weight was approximately 1 mg. The enthalpy uncertainness is then evaluated at around 5%.



The stretched samples were heated from 70 °C to 250 °C at a heating rate of 10 °C/min. Crystallinity ratios have been calculated according to Equation (2):


    χ   S I C   =     Δ H   m   -   Δ H   c       Δ H   m   0      



(2)




where χSIC is the crystallinity ratio induced by the stretching, ΔHm the melting enthalpy, ΔHc the cold crystallization enthalpy, and ΔHm0 the equilibrium melting enthalpy, taken at 140 J·g−1 for PEF and PET as used elsewhere [25,27,38].




2.5. FT-IR Measurement


A Bruker TENSOR 27® spectrophotometer in ATR (absorbance mode) with a diamond crystal was used in a range varying from 4000 cm−1 to 600 cm−1, 64 scans were cumulated, and the resolution is of 4 cm−1. A normalization of the spectra by the maximum of the band localized at 1216 cm−1 was applied. This band is related to the ester groups of the amorphous sample.




2.6. Stretching Protocol


By firstly using an analysis of PEF mechanical behavior in the low deformation domain by DMTA, accurate stretching parameters (strain rate/temperature) can be found. The efficiency of this protocol has already been presented in a previous paper [38]. The maximum of the Tan δ peak gives the α-relaxation temperature which is reported at 92 °C for a measurement performed with 1 Hz frequency, while the cold crystallization starts around 155 °C.



Then, according to the stretching protocol used, the PEF master curve is built for a reference temperature chosen close to the α-relaxation temperature, here 100 °C (Figure 1). More details relative to the building of the master curve can be found in the following papers [38,39].



The mechanical response of the material upon stretching is governed by the choice of the localization on the master curve. This position determines the existing gap from the α-relaxation transition, and then the physical state of the samples and the mobility of the chains. This gap is represented by the equivalent strain rate, that lead to the determination of a couple strain rate/temperature [38]. In this work, the chosen localization is in the middle of the rubbery plateau where chains have a high mobility, and can be stretched up to high deformations, if the stretching settings are accurately chosen. Figure S1 in Supporting Information depicts the geometry and features of the biaxial samples.



The biaxial stretching tests were performed on a homemade device, with controlled temperature and strain rate. This device allows to reproduce precisely the thermomechanical solicitations that exist in industrial conditions, such as bottles blowing. A deeper description of the device can be found in [61]. The device is designed with four independent, motor-driven arms, each coupled to a displacement sensor and a 500 N force transducer. The tests were conducted to keep the strain rate, ἐ0, constant in the process zone of the samples. An exponential velocity was applied to control the displacement of each arm.



To measure the evolution of the specimen surface temperature upon stretching, the oven is composed of a window made with zinc selenide (ZnSe), which is partially transparent to infrared radiation. The second window is made with borosilicate glass, with the aim of measuring the second side of the sample that is painted with a speckle. Local measurements of strain fields using DIC (2D Digital Image Correlation) were then possible. For each measurement, an infra-red pyrometer and a CCD camera were synchronized to the other analogic signals (force, displacement…). Then, true stress/strain curves can be obtained. It was checked that a speckle of a thickness of around 40 µm did not impact the force measurement. The local Hencky’s strain was measured on the sample diagonal (εdiagonal) with DIC2D.



The deformation is homogeneous on the diagonal of the sample because the loading is balanced. By this way, the Hencky’s strain is averaged on the diagonal. Figure S2a shows the evolution of the strain on the two diagonals with time, while Figure S2b represents the evolution of the typical Hencky’s strains during the test. The values are also gathered it Table 1. It was checked that the material was mechanically isotropic. Then, both force measurements were equivalent in both directions. Equation (3) displays the calculation of the true stress.


  σ   t   =    2  F ( t )     e   0   ∗   L   d i a g o n a l   ∗   e   -   ε   d i a g o n a l        



(3)




with σ(t) the true stress, F(t) the force measured in one direction, e0 the initial thickness, Ldiagonal the diagonal length, and εdiagonal the Hencky’s strain on the diagonal.



To obtain biaxial specimens that can be microstructurally analyzed, it has been decided to not continue the tests up to the rupture of samples. The values of the global stretching ratio (λbiaxial) and local strain measurements are calculated from the values of the Hencky’s strains, as described in Equations (4) and (5), and gathered in Table 1.



To perform microstructural analysis in the process zone after the biaxial elongation, the speckle was mechanically removed. As a reminder, the local stress and strain were measured in this area.


    λ   b i a x i a l   =   λ   d i a g o n a l 1   ∗   λ   d i a g o n a l 2    



(4)






    λ   d i a g o n a l 1   =   exp  ⁡      ε   d i a g o n a l 1        



(5)




where λdiagonal1 and λdiagonal2 represent the draw ratio on each diagonal, and εdiagonal1 the Hencky’s strain on one diagonal. The same calculation is made on the other diagonal.



According to the high biaxial draw ratio obtained, it can be observed that PEF is able to be highly stretched upon biaxial solicitation before rupture. The Hencky’s strains appear relatively similar in all the directions, supporting the good monitoring of the mechanical tests performed.




2.7. Heating Protocol and Post-Stretching Treatment


Because of the shape of the biaxial samples and the clamps (Figure S1), an homogeneous heating by convection is not easy to impose. Indeed, it can lead to a localization of the deformation close to the clamping zones that are designed with smaller cross-sections. To localize the deformation in the central zone, it is then necessary to weaken it. According to previous work [43], a thermal weakening has been applied. By this way, a heating pinch was used at a temperature Tpinch, for 3 min, to ensure a more local heating of the specimen by conduction. After this step, the pinch is removed and a hot oven, at a temperature Toven (Toven < Tpinch), is positioned above the sample. Thanks to this heating protocol, the center of the sample is heated up until a temperature higher than the glass temperature one, while the clamping zones remain glassy. The process zone is then submitted to local and uniform deformation while avoiding the stretching of the specimen arms. During all the tests, the surface temperature was recorded in the center of the sample. As a result, the equivalent strain rate at a reference temperature, which is the controlling parameter of this protocol, can be known in real time.



To analyze the microstructural changes due to the mechanical tests, two post-stretching treatments were conducted: one sample is quenched with cold-air (the quenching rate is approximatively of −1000 °C/min), while the second one is annealed during 3 min at 140 °C, which corresponds to the oven temperature.




2.8. Evolution of the Strain Rate, the Temperature and the Equivalent Strain Rate


The following paragraphs are describing the mechanical analysis, to clarify the plotting curves only the “quenched test” is presented. The “annealed test” is mechanically equivalent to the previous one, proving the good reproducibility of the tests performed.



The evolution of the temperature, the strain rate, and the equivalent strain rate during the biaxial tests is represented in respectively Figure 2a–c.



In the previous figures, it can be observed that the temperature and the strain rate can remain relatively constant during biaxial tensile tests, up to the onset of strain hardening. The values for the strain rate and the temperature are respectively of 0.065 s−1 and of 105 °C. The equivalent strain rate appears relatively constant (it remains in the same decade), and is of 0.02 s−1 for a reference temperature of 100 °C. The measured value is the one expected, as presented in Figure 1 by the black line. By this way, the stretching parameters selected are fitting with a stretching performed in the middle of the rubbery plateau. An increase of the temperature is observed for a true strain of 0.9. As proposed in a previous work focused on uniaxial stretching, this increase can be due to crystallization, which is an exothermic phenomenon, or to self-heating, or to a combination of both phenomena [35]. The previous observation explains the evolution of the equivalent strain rate (Figure 2c) defined at the reference temperature of 100 °C. With the strain-hardening occurrence, the material becomes harder and harder to deform, which may explain the slight decrease of the equivalent strain rate during the last stages of the stretching.



Finally, the temperature of the biaxial tests presented in this work is higher in comparison to what has been tested in previous works made by other groups [32,40]: it should have an influence on the microstructural development. The parameters chosen in the presented work allow the polymer to optimize the chain mobility, while permitting experiments that can be transposed to the industry because of the stretching protocol defined.





3. Results and Discussion


3.1. Analysis of the Mechanical Behavior


In the two previous works focused on PEF biaxial stretching [32,40], the applied settings did not allow a well-marked strain hardening development. Figure 3 represents the true stress/strain curves of the test performed in this work. The associated deformation fields for several positions along the curve have been added.



The stretching protocol based on the analysis of the master curve allows to stretch PEF up to high local strains. As can be obviously observed in the pictures, the central zone is the one that is the most deformed (Figure 3). This confirms that the heating protocol applied was efficient, allowing a weakness of the hotter central process zone. The areas close to the clamps remained colder in comparison with the central zone (Figure 3). The strain hardening confirms that the chains have been stretched (final stress values superior to 55 MPa). The onset and the slope of the strain hardening appear to be more progressive compared to what has been reported for PEF uniaxial loading performed with the same stretching protocol [35,36,37,38,39]. Compared to uniaxial conditions, simultaneous biaxial stretching in both directions is clearly less efficient regarding chain orientation and stretching in one specific direction [13].




3.2. Crystalline Phases Analysis


Figure S3 depicts the Debye–Scherrer pattern of an unstretched PEF sample. Before the stretching, the sample was completely amorphous: no spots or rings are observable. Accordingly, this means that all the microstructural changes observed thereafter will result only from the stretching.



Figure 4 shows the pictures of the quenched (Figure 4a) and annealed (Figure 4b) tests analyzed thanks to the Debye–Scherrer technique.



After biaxial stretching, rings are observable on the Debye–Scherrer patterns. However, this is different from the intense spots that appear after uniaxial stretching: the orientation of the crystals is less obvious in biaxial conditions. The patterns appear more similar to what is usually observed after static crystallization [39]. Even if biaxial stretching leads to a structure that can be rather assimilated to quiescent conditions, there are some differences due to the way of crystallization, such as shorter test duration, lower temperature of the test, stretching of the chains that make a quantitative comparison difficult. Nevertheless, fewer diffraction rings are present. The main hypothesis that can be proposed is the lower degree of crystallinity compared to static conditions. As less crystalline planes are present, the missing families of planes were not numerous enough to allow their observation. Crystals have been developed upon biaxial stretching, no matter the post-stretching treatment applied. The annealing step does not seem to influence the microstructure of the sample, which appears already well-defined with intense rings after the stretching end. It reveals the efficiency of the stretching settings chosen.



To obtain more descriptive data relative to the existence of crystalline phases, the Debye–Scherrer measurements were completed by DSC analyses. The DSC scans are shown in Figure S4 (in Supporting Information). The values of the recrystallization temperature (Tc) and crystallinity ratio (χc) are gathered in Table 2.



Relatively high crystallinity ratios (19%) were measured in the biaxially stretched specimens for both post-stretching treatments (quenching or annealing). The crystallinity ratios reported in this work are superior to the values reported in literature [32,40] for PEF and appear comparable to what may exist for PET [50].



By performing DSC measurements at a heating rate of 1 °C/min, the maximum of the cold crystallization temperature of an amorphous sample is usually reported around 160 °C and starts around 120 °C [25]. In the case of the PEF non-stretched sample, a heating rate of 10 °C/min does not permit enough time for the chains to organize themselves in a periodic structure in the amorphous specimen: no clear crystallization or melting are visible in Figure S4. On the contrary, the cold crystallization of the stretched samples starts at lower temperature (around 100 °C), as shown in Figure S4, in relation to what is usually reported [62]. This anticipated crystallization is due to the presence of oriented areas created by the stretching that can be turned to crystalline phases. This confirms that the elongation process has an influence on the microstructural development: biaxal loading paths have allowed the chains to be extended, and oriented in the sample thickness. The furan cycles are oriented and aligned face to face with the creation of weak interactions between them, stabilized by hydrogen bonding. This bonding is going to rule and improve the order created by the stretching in the thickness of the sample.



It can be observed that for the quenched sample, the cold crystallization takes place at a lower temperature than for the annealed specimen. This feature could be due to slight relaxation occurring in some pre-ordered areas where the thermal energy provided by the heating allows for relaxation phenomena of chains that have been locally oriented upon stretching. Nevertheless, another explanation could be that the occurrence of crystallization at lower temperature is due to the presence of crystals formed upon stretching that nucleate new crystals, favoring the crystallization process. Similar conclusions were reported by van Berkel et al. [40]. Additionally, upon stretching, the melting occurs through only one single endothermal peak. This observation is different from quiescent conditions where PEF exhibits multiple melting peaks due to the presence of different crystal stabilities, or due to reorganization phenomena [24,25,29,38,62,63,64].



In order to have a deeper understanding of the crystal definition and of the post-stretching treatment impact, WAXS measurements were performed. Radial scans in transmission (Figure 5a) and reflexion (Figure 5b) are observable. These two scans are profiles issuing from the reading of the Debye–Scherrer patterns presented in Figure 4. Only one radial profile has been performed in one direction, and on the same sample used for the Debye–Scherrer analysis.



These scans agree with the results and conclusions already drawn with the Debye–Scherrer and DSC analyses. Whatever the post-stretching treatment (quenching or annealing), some crystalline families of planes have scattered, as shown in Figure 5.



These families of planes have been indexed by following the existing indexation of stretched PEF [33,39] (Figure 5). The structural definition of PEF monoclinic unit cell published by Mao [33,34] is the basis of the indexation protocol, arguing that PEF forms the same type of crystals both upon uniaxial and quiescent crystallization, as well as upon biaxial stretching.



Moreover, the indexation proposed in this paper fits with the angular position found in the work of Stoclet et al. for biaxially stretched sample [32]. The authors have also found the existence of the same families of planes for crystals induced upon biaxial stretching or after static crystallization.



In addition, the way of analyzing the samples (transmission or reflexion) does not allow the same families of planes to be detectable. This has been reported too in another work focused on free-blown bottles made with PET [60]. Thanks to the reflexion mode, (hk0) families of crystalline planes are observable, as these planes are parallel to the plane of the stretched film. Indeed, for PEF, the family (020) is only observable on the reflexion scan (Figure 5b), as its orientation is in the plane of the film. When the measurement is performed in transmission mode, the crystalline planes that are observed are those that are perpendicular to the specimen surface. On the other side, for a measurement performed in the reflexion mode, the planes that are parallel to the surface of the sample become visible. Mao et al. reported that the (020) family of planes could be assigned to the furan cycles that are facing each other in the stretching plane of the specimen [33,34]. As these cycles are becoming aligned in this plane, it can allow them to intensely scatter with a measurement in reflexion. The observation of different families of planes in reflexion and transmission is directly linked to the biaxial conditions that promotes stretching of the chains in two perpendicular directions at the same time. It is conceivable that the different chemicals groups are not oriented in the same direction in the thickness.



Finally, the sample that has been annealed has likely developed better defined crystalline periodicities for each of all the families referred on the graphs. Indeed, the intensity of the peaks increases, and the peaks become narrower. In comparison with uniaxial stretching conditions [33,34,39], less crystalline families are diffracted in these scans, which could be due to a lower number of crystalline planes giving diffraction. A measurement performed with a higher energy beam, e.g., Synchrotron, should reveal the existence of all the families usually reported [33,34,39].




3.3. Conformational Changes Observed


It has been found by Araujo et al. that the transition from amorphous PEF to crystalline PEF is associated to two conformational changes: gauche to trans for the ethylene glycol groups, and anti to syn for the furan moieties [30]. Additionally, a recent study on SIC proved the same conformational changes (i.e., gauche to trans and anti to syn) during uniaxial stretching [36]. The authors also highlighted the fact that the aliphatic part of the chain was strongly constrained after a uniaxial stretching, in comparison with crystallization in quiescent conditions [36].



Figure 6 depicts the FTIR spectra of the annealed and quenched samples and the impact of the biaxial stretching on the conformational changes. Figure 6a focuses on the ethylene glycols vibrational zone, Figure 6b depicts rather the region of the furan cycles, while Figure 6c,d show respectively the aliphatic part (ethers and esters) and the carbonyl group stretching. Table S1 gathers the position of the vibrational bands of the associated chemical groups explored.



In the amorphous domain, the main existing conformation for the ethylene glycols is the gauche one, while for the furans it is the anti one. In comparison with the amorphous sample, the vibrational band relative to ethylene glycols in trans conformation increases in Figure 6a, for both quenched and annealed stretched samples, whereas the signal of the gauche conformation decreases with the stretching. As shown in Figure 6b, in comparison with amorphous PEF, there is a shift of the maximum of the band that represents the furan in anti conformation (1580 cm−1) to the band relative to the furans in syn conformation (1575 cm−1). It was also noticeable for cold crystallized PEF samples [30,36].



Moreover, when the amorphous and biaxially stretched samples are compared in the region of the ether and ester groups (Figure 6c), it appears that the stretching has led to a high constrain of these groups: their vibration is occurring at highest wave numbers for the biaxially stretched specimens. It is associated to a highest energy. Figure 6d points out some differences in the position of the maximum of the carbonyl groups band for the stretched samples in comparison to the amorphous one: there is a shift to the right part of the spectra, which is associated to a higher vibrational energy of this group. This shift testifies that the carbonyl groups were mainly in anti conformation before the stretching and are in syn conformation after the biaxial loading. Moreover, the apparition of a pronounced shoulder around 1740 cm−1 for all the stretched samples confirms the highest constraint of this group in comparison with an amorphous sample. In a nutshell, SIC occurrence upon biaxial stretching leads to similar changes of conformation as the ones reported over uniaxial stretching. This feature can show that the crystals induced by a mechanical stretching are equivalent for biaxial and uniaxial tests, but also the same as the one induced during quiescent crystallization [30,36].



Stoclet et al. have proposed that the orientation degree of the chains is the parameter that is controlling the strain induced crystallization upon biaxial stretching. On the other side, the extension of the amorphous chain monitors the mechanical behavior [32]. They claim that the slope of the strain hardening is governed by the orientation of the amorphous domain. The chain extension would be the parameter controlling the strain hardening. Our results do agree with these conclusions, where biaxial stretching promotes the extension of the chains (change from gauche to trans conformations) which may have induced strain-hardening of the material upon stretching. A high level of constraint consequently does exist in the amorphous phase.



If the annealed and quenched samples are compared, the wave numbers remain the same for all the explored bands but for some groups the height is changing. The annealed sample exhibits, most of the time, the highest height (Figure 6a,b,d). This could be a proof of a more stabilized microstructure due to the annealing step. This feature appears only for the groups localized in the aliphatic part, while the furan seems to not be impacted by the annealing, having already been stabilized by the stretching.




3.4. Amorphous Phase Mobility


The post-stretching stiffness, α-relaxation temperature, and thermal stability of the stretched samples were analyzed by DMTA measurements, as displayed in Figure 7.



The DMTA scan of the amorphous sample (blue line) reveals an α-relaxation around 80 °C, and the occurrence of the cold crystallization around 150 °C. The cold crystallization is observable in DMTA (Figure 7) and not in DSC (Figure S4) because the heating rate is slower in DMTA (1 °C/min). With DSC, the heating rate is faster (10 °C/min) so that the chains do not have enough molecular mobility to develop crystallization processes.



The comparison of the DMTA scans of the amorphous and the biaxially stretched samples confirm what has been found with DSC analysis. Indeed, the amorphous phase of the stretched samples has a different mobility than the amorphous sample, as it is visible reflected in the higher α-relaxation temperature and the better thermal stability. The absence of cold crystallization for the biaxially stretched samples in comparison with the amorphous sample is due to the stretching that has already induced a strong crystal upon stretching (there is less amorphous domain in the stretched sample), and a high rigidity of the amorphous domain. Additionally, the cold crystallization of the stretched samples is visible in DSC (Figure S4), but not with the DMTA measurement (Figure 7). DSC and DMTA are two measurements that are complementary in polymer sciences, but they do not measure the transition on the same basis. DSC measurement relies on thermal exchange, while DMTA reports the evolution of the rigidity for a certain frequency and during a temperature scan. As the stretched samples are already crystalline and stiff, the occurrence of cold crystallization could not induce a noticeable change in the sample rigidity. On the other side, with DSC the exothermic phenomenon is detected.



A similar thermo-mechanical behavior exists for the two biaxially stretched samples, whatever the post-stretching treatment (quenching or annealing). The stretching has clearly promoted an increase of the elastic modulus, in both the glassy and rubbery plateaux. The obvious increase of Tα testifies the presence of the crystalline phases induced upon biaxial tests. The low magnitude of the Tan δ peak of the two biaxially stretched specimens confirms that the amorphous domain of these two samples does not have a high mobility because of the presence of the crystallinity.



Additionally, the annealed sample appears more stable, as its α-relaxation temperature is reported at 108 °C, while the other one occurs at 103 °C. The annealing step has led to an amorphous domain that present chains with restricted motions. These α-transition temperatures are similar to what has been reported for PEF loaded under biaxial conditions [40], and to what has been reported after an efficient uniaxial stretching [35].



Moreover, it can be noticed that the annealed sample is more rigid than the quenched one, as the glassy plateau is localized above that of the quenched sample. After the annealing step, the thermal stability is improved in comparison with the sample quenched (Figure 7c). In fact, the imposed annealing step has authorized the chains to release mechanical stresses. By the way, during DMTA measurement, the chain relaxation is visible at higher temperatures for the annealed samples, in relation to the chains of the quenched specimens that have been frozen in the state induced by the stretching.



All these results confirm that PEF can develop a microstructure with a high stability and a well-organized microstructure after biaxial stretching. The stretchability of the material upon large deformations, and especially in blowing processes such ISBM, appears promising.





4. Conclusions


This work has shown that the protocol defined, based on time/temperature equivalence principle, was efficient to identify stretching conditions suitable for biaxial tests. The tests performed were simultaneous and balanced. Moreover, thanks to the master curve building, the stretching was performed on samples that were in a rubbery-like state. By the way, the reaching of high draw ratios was possible. A strain hardening was observed. The samples exhibit high crystallinity ratios and a good stability of their microstructure. This work proves that crystals have been created upon PEF biaxial stretching thanks to strain induced crystallization in a control way. The stretching and the presence of crystals have an influence on the mobility of the amorphous domain that is more rigid. The influence of an annealing step after the stretching was observed. The annealing step induces the formation of a higher amount of organized phase whose thermal stability is enhanced. Nevertheless, once the crystals are built, the same families of crystalline planes exist as those reported for uniaxial stretching and quiescent crystallization. This reveals that the polymer crystallizes in the same crystalline structure whatever the type of stretching performed (uniaxial and biaxial). The crystalline structure developed upon mechanical solicitation and strain induced crystallization also seems to be similar to that induced upon quiescent conditions. However, the conformational changes occurring upon biaxial stretching are similar to those that exist upon uniaxial stretching, and the aliphatic part of the chain remains highly constrained by the mechanical loading.
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Figure 1. PEF master curve obtained for a reference temperature of 100 °C. The stretching settings have been selected from a equivalent strain rate of 10−2 s−1 represented by the black line. 
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Figure 2. Evolution of (a) the temperature, (b) the strain rate and (c) the equivalent strain rate at a reference temperature of 100 °C, in equilibrated biaxial conditions. 
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Figure 3. True stress strain curve of PEF upon equilibrated and balanced biaxial stretching, at a temperature of 105 °C, a strain rate of 0.05 s−1 (equivalent strain rate of 0.02 s−1) and until stretching ratios of 4.76 × 4.22. The 2D strain fields for different positions along the curve have been added. 
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Figure 4. Debye-Scherrer patterns performed on PEF biaxially stretched in simultaneous and balanced conditions, followed by a quenching (a) or annealing (b) step. 
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Figure 5. WAXS radial scans in (a) transmission and (b) reflexion mode for PEF biaxially stretched in simultaneous and balanced conditions, followed by a quenching (lines) or annealing (dots) step. 
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Figure 6. FT-IR spectra of amorphous PEF (blue line), biaxially stretched and quenched PEF (purple lines), biaxially stretched and annealed PEF (purple dots) for wave numbers associated to different chemical groups: (a) ethylene glycols (1320 cm−1 to 1500 cm−1), (b) furan cycles (1560 cm−1 to 1600 cm−1), (c) ether and ester groups (1050 cm−1 to 1320 cm−1), and (d) carbonyl area (1630 cm−1 to 1800 cm−1). 
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Figure 7. DMTA run of amorphous and biaxially stretched PEF carried out at 1 °C/min and 1 Hz, depicting the evolution of (a) the elastic modulus (E′), (b) Tan δ for temperatures ranging from −125 °C to 210 °C and (c) the thermal deformation for temperatures varying from 25 °C to 200 °C. 
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Table 1. Biaxial draw ratio and values of the evolution of the true longitudinal (εxx), transversal(εyy), major (ε1), and minor (ε2) strains.
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	εxx
	εyy
	ε1
	ε2
	λdiagonal1
	λdiagonal2
	λbiaxial





	1.52
	1.48
	1.56
	1.44
	4.71
	4.66
	21.97
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Table 2. χc and Tc of biaxially stretched specimens.
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	Samples
	χc (%)
	Tc (°C)





	Amorphous PEF
	0
	



	A-quenched
	19
	111



	A-annealed
	19
	120
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