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Abstract 

Uniaxial deformation of amorphous poly(ethylene furanoate) (PEF) was studied in situ using 

synchrotron-based simultaneous wide- and small-angle X-ray scattering (WAXS/SAXS) techniques, at 

four temperatures, namely, 90 ℃, 100 ℃, 110 ℃, and 120 ℃. Local ordering of the chains with a 

preferred orientation occurred before onset of strain-induced crystallization. The ordered domain in the 

amorphous phase displayed two characteristic length scales (~4 Å and ~2 Å), associated with the lateral 

inter-chain distance and staggering along the polymer chain direction, respectively. Fibrillar crystal 

morphology was induced, containing ∼2-3 unit cells on average in the direction of each lattice primitive 

basis, due to crystallization from highly-oriented polymer chains in amorphous phase. Time-resolved in-

situ scattering studies have allowed direct correlations between structure and stress-strain behavior. In the 

early stage of deformation, stress increased slowly with strain, leading to a degree of orientation in the 

amorphous phase reaching ∼ 0.3 before strain induced crystallization was first observed. The onset of 

strain-hardening occurred immediately after crystallization occurred, which could be explained by the 

reinforcement of material due to small amounts of crystals serving as physical cross-linking points. 
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Introduction 

Poly(ethylene furanoate) (PEF) has been attracting increasing attention from researchers in recent years, 

partly because the feedstocks for the monomer are completely based on renewable biomass, which has 

significant environmental advantages over traditional synthetic polymers based on petroleum sources.1 

The primary chain structure of PEF is similar to that of the widely used poly(ethylene terephthalate) 

(PET), except that the benzene group in PET is replaced by a furan group in PEF.2,3 This seemingly minor 

change does however, have dramatic effects on the polymer properties, in particular the gas barrier 

properties, which are far superior in PEF as compared to PET. Therefore, PEF is generating great interest 

to industrial communities involved in beverage/food packaging.4–9  

There are only a limited number of published studies on the physical properties of PEF, including its 

mechanical properties2, thermal behavior, and classical quiescent crystallization behavior.10 Koros and co-

workers have recently undertaken a series of studies on the absorption and transport properties of various 

gases and also water, through PEF films.4-9 Following a different line of research, we have carried out a 

series of synchrotron-based X-ray scattering studies, to explore structural aspects of PEF material.  

Recently using X-ray fiber diffraction a greatly refined crystal structure of PEF has been proposed, 

consisting of a monoclinic unit cell with 𝑎 = 5.784 Å, 𝑏 = 6.780 Å, 𝑐 = 20.296 Å, and 𝛾 = 103.3o.3  The 

space group was 𝑃21. The unit cell contained two PEF chains, with one located at the corner along the c-

axis, and the other in the center of ab-plane.  

In this paper, we report results from in situ experiments exploring the structural development during 

uniaxial deformation of PEF. Taking advantage of the high photon flux achievable at synchrotron X-ray 

scattering beamlines in addition to versatile sample environment equipment that can be used, a precise 

mapping of structural information to mechanical performance could be achieved. 2D detectors were used 



in these measurements (WAXS/SAXS), so that preferred orientation during uniaxial stretching could be 

examined in detail.  

Experimental 

Materials 

The PEF was provided by Coca-Cola Company. The Mw and Mn values were previously determined to be 

87,000 and 66,000 g/mol using MALLS and 110,000 and 47,000 g/mol using RI, respectively, using 

PMMA standards. The glass transition and melting temperature of raw PEF pellet as measured using 

Differential Scanning Calorimetry (DSC) were 83.6 oC (30 ℃/min cooling from melt) and 219.2 ℃ 

(endothermic peak position, heating rate was 10 ℃/min), respectively (see Fig. S1 in the Supporting 

Materials).  Before making films, the PEF pellets were vacuum dried at 140 ℃ for 3 days to remove 

residual moisture.  

Sample preparation 

PEF films used for all uniaxial deformation experiments were prepared using hot-pressing method. The 

dried PEF pellets were first melted at 240 ℃, and were then hot pressed into films with a uniform 

thickness of 0.8 mm. The film was held at 240 ℃ for 2 min, after which it was then taken off the press 

and allowed to naturally cool down to room temperature. The films obtained using this procedure were 

visually transparent. They were cut into 6 mm × 26 mm rectangular bars to be mounted on the Linkam 

TST350 tensile machine.  

In situ WAXS/SAXS experiment 

Simultaneous WAXS/SAXS experiments were performed at the DuPont-Northwestern-Dow 

Collaborative Access Team (DND-CAT) beamline located at Sector 5-ID of the Advanced Photon Source 

(APS), Argonne National Laboratory (ANL). Three Rayonix CCD cameras were installed successively to 



collect small- (SAXS), mid- (MAXS) and wide-angle (WAXS) X-scattering data simultaneously. 

Sample-to-detector distances (SDDs) for the three detectors were 197 mm, 1012 mm, and 7496 mm, 

respectively. The X-ray beam energy was set at 17 keV, corresponding to 0.7293 Å wavelength. Typical 

exposure time was 2 s.  

The Linkam TST350 tensile, temperature controlled stage was mounted at the beam line so that the 

stretching direction was vertical, and the sample was perpendicular to the incident X-ray beam. The 

stretching speed of the samples in all experiments was 50 μm/s, thereby avoiding non-centered necking of 

the film. Scattering experiments were carried out at 90 ℃, 100 ℃, 110 ℃, and 120 ℃.  

Results and Discussion 

Low to Intermediate Strain Regimes 

The crystallization kinetics of PEF is known to be very slow.10 Consequently even though the PEF films 

were allowed to cool down naturally from its molten state (i.e. 240 ℃) back down to room temperature, 

no crystallinity developed in the sample and it remained fully amorphous. This can be evidenced from the 

WAXS data, where no crystalline peaks were observed for films prepared using the above mentioned 

protocol (see Fig. 1 for example). Although the in situ experiments were carried out at four different 

temperatures, in the following text, we discuss the detail of the analyses of the structural development of 

the sample measured at 90 ℃, and then using the same methodology discuss the influence temperature 

has on structure and mechanical properties. 

Figure 1 shows WAXS data of a PEF film before undergoing deformation (Fig. 1a) compared to that 

collected in the strain region where crystallization was observed to take place (Fig. 1b). Before stretching, 

the WAXS pattern for the as made sample was isotropic, indicating the chains had no preferred 

orientation. The pattern consists of two obvious halos, where the positions of their maxima correspond to 

d-spacings of ∼ 4 Å and ∼ 2 Å, respectively (as shown in Fig. 1c).  In the early stages of stretching, 



before development of a crystalline structure, the amorphous chains clearly orient, as indicated by the 

anisotropic scattering pattern shown in Fig. 1b. In these anisotropic patterns, halo 1, at the lowest 

scattering vector corresponding to length scale of ∼ 4 Å becomes focused around the equator and is 

associated with an average lateral distance between the chains that are becoming closely packed. This 

interchain packing is a precursor for the strain induced crystals that form, in which the inter-chain 

distance along the 𝑏-axis, namely, the distance between planes containing furan groups, is 3.39 Å (half of 

the unit cell dimension along 𝑏-axis).3 The lateral inter-chain distance in the pre-ordered amorphous 

phase is clearly slightly larger than that in the resulting crystal, which is reasonable as polymer chains are 

close-packed in unit cells. 

Interestingly, the second amorphous halo at a higher scattering vector, labeled halo 2, becomes localized 

in the meridian direction in the early stages of stretching, as shown in Fig. 1b. The position of this halo 

suggested a characteristic distance of ∼ 2 Å along the chain direction, which will ultimately become the 

c-axis direction in the crystals that form., We have previously shown that in the crystalline state, the 

absence of the (006) plane in fiber diffraction pattern of PEF is associated with a chain-staggering of 

𝑐/12, namely, a ∼ 1.69 Å shifting between the corner-chain and central-chain along the c-axis direction.3 

Given the localization of amorphous halo 2 into the strain direction and its length scale we tentatively 

suggest that the oriented amorphous chains are also taking on a particular arrangement ahead of the 

crystallization, which is effectively a pre-cursor to the final crystalline structure.  

 



 

Figure 1. 2D scatterring patterns of amorphous PEF film uniaxially stretched at 90 ℃ at strain = 0 (a), 

and strain = 1.14 (b). The 1D integrated scattering intensity as a function of scattering vector from the 

unstretched PEF is shown in (c). 2D patterns are shown in logarithmic scale. Stretching direction is 

vertical. 

It should be pointed out that the molecular arrangement of PEF in the amorphous state has implications 

for the strain induced crystal structure. Chain staggering causes furan groups to be ‘inter-locked’, which 

might play a role of effectively blocking the diffusion pathways of small molecules, i.e. in gas permeation. 

Previous studies conducted by Koros group6 revealed the slow chain dynamics of PEF, especially the 

suppression of furan ring-flipping, as probed by 13C Nuclear Magnetic Resonance Spectroscopy (NMR).6 

Our results from X-ray scattering suggest that in addition to the molecular dynamics there is also a 

structural component to the superior gas barrier properties of PEF compared to PET. 

After the amorphous phase becomes oriented, further stretching of the polymer induces crystallization. It 

is possible to quantify the orientation state of both the amorphous and crystalline phases by carefully 

examining the 2D WAXS patterns. For systems with fiber symmetry, orientation of the scattering units in 

real space can be characterized by an ODF, as frequently denoted as 𝑔(𝛽), with 𝛽  being the angle 

between the reference axis (fiber axis) and characteristic axis of scattering units (also called the 

misorientation angle). In reciprocal space, the scattering intensity distribution along the so-called polar 

angle 𝜙  (as defined in Fig. 2), can be correlated to 𝑔(𝛽) using a kernel 𝐹(𝜙, 𝜙′), with 𝜙′ being the 



angular position where the peak intensity is found. It has been shown that by using an Onsager-type ODF, 

a kernel such that: 

𝐹(𝜙, 𝜙′) =
𝑝

sin(𝑝)
cosh(𝑝 cos 𝜙 cos 𝜙′) I0(𝑝 sin 𝜙 sin 𝜙′) (1) 

can be used to model 𝜙-dependence of scattering intensity.11–13  In Eq. 1, I0(𝑥) is the modified Bessel 

function of the first kind of order zero with respect to the function 𝑥. The scattering intensity contains 

contributions from both the amorphous and crystalline phases. For crystalline diffraction spots, 𝜙′ ≡ 𝜙ℎ𝑘𝑙, 

is the position of a given ℎ𝑘𝑙 reflection plane. For the oriented amorphous phase, 𝜙′ ≡ 𝜋/2, associated 

with the intensity focussed around the equator.  Consequently, the entire 𝐼(𝜙) ∼ 𝜙 curve can be fitted 

using these two terms, giving: 

𝐹(𝜙, 𝜙′) = 𝐹𝑎(𝜙, 𝜋/2) +  ∑ 𝐹𝑐(𝜙, 𝜙ℎ𝑘𝑙) (2) 

In Eq. 2, 𝐹𝑎(𝜙, 𝜋/2) produces one bell-shaped profile to model the oriented amorphous phase, whilst a 

summation of 𝐹𝑐(𝜙, 𝜙ℎ𝑘𝑙) accounts for contribution from all of the reflection peaks appearing at 𝜙ℎ𝑘𝑙. In 

Eq. 1, 𝑝 is the fitting parameter characterizing the width of the peak, which is mathematically related to 

the Hermans’ orientation degree 〈𝑃2〉 by: 

〈𝑃2〉 =1- 
3

𝑝
[coth 𝑝 −

1

𝑝
] (3) 

An example of fitting of 𝐼(𝜙) ∼ 𝜙 profiles of amorphous PEF film stretched at 90 ℃ at different strains 

are shown in Fig. 2. In low- and mid-strains, a single broad peak due solely to scattering of oriented 

amorphous chains can be fitted using the simple bell-shaped kernel only (see Eq. 2). However, at high 

strains, due to the appearance of diffraction spots, the contribution from the crystalline phase needs to be 

added to fit the entire curve accurately. For example, in Fig. 2, at 𝜀 = 1.41,  besides equatorial excesses 

scattering indicated by the arrow at 𝜙 ∼1.5 rads, two extra peaks (shown by the arrows at 𝜙 ∼0.9 and 1.3 

rads) associated with PEF crystals also needs to be taken into account.  



 

Figure 2. WAXS intensity distribution along 𝜙-angle (near the amorphous halo, as indicated in Fig. 

1a) for initially amorphous PEF stretched at 90 ℃. Curves at four strains are shown, with the solid lines 

fits to the data using Eq. 2.  

One of the advantages of in situ experiment WAXS/SAXS is that structure development can be precisely 

mapped to mechanical properties recorded by the tensile machine. Figure 3 shows the engineering stress-

strain curve overlaid with the degree of orientation of the amorphous and crystal phases derived using the 

fitting method described above, for the sample stretched at 90 ℃. By examining the stress-strain curve, 

the deformation process can be divided into three regimes. When 𝜀 is lower than ∼1.0 the stress only 

increases a small amount and no distinct yielding could be identified, with only is a change in the gradient 

of the curve at 𝜀 ∼0.1. When the strain reaches ∼1.1 to ∼1.4, the onset of strain-hardening is observed 

with stress beginning to increase at a higher rate with strain. In the last strain regime, when 𝜀 exceeds ∼

1.6, stress continues to increase non-linearly until the sample fails.  

This deformation behavior with three strain regimes is similar to what had previously been observed in 

uniaxial stretching of PET above its glass transition temperature.14–20 However, various conflicting 

explanations have been proposed as to the structural origin for these three regimes. For example, Billon et. 

al. attributed the first regime to orientation of polymer chains, followed by crystal nucleation in the 

second regime (strain-hardening), with the high strain regime thought to be due to continuous crystal 

growth.18 By contrast, Hsiao et. al. suggested the first regime was a feature of the formation of a so-called 

mesomorphic phase, and that the strain-hardening took place along with development of a cross-linked 



network consisting of imperfect crystals and mesomorphic chains. Their model also assumed that crystal 

growth continued and became stable in the final high strain regime.19,20 The common character of both 

structural models, also consistent with our results of PEF, is the occurrence of chain orientation before 

crystallization, though we believe it is still too early to claim that these oriented chains belong to liquid-

crystal-like mesomorphic phase in PEF. 

 

Figure 3. Change of orientation degree, 〈𝑃2〉 (left y-axis), and stress, 𝜎 (right y-axis), as a function of 

strain, 𝜀, during stretching amorphous PEF at 90 ℃. The degree of orientation of the amorphous and 

crystalline phases were derived separately (see text for details). 

Further analysis of these data reveals more details. As seen from Fig. 3, the degree of orientation of 

amorphous phase continues to increase until the sample fails. For the sample at 90 ℃, the Hermans’ 

orientation function, 〈𝑃2〉 , when it is first measurable has a value of ∼0.15 in the early stages of 

deformation and increases to a terminal level of ∼ 0.6 when the sample fails. By contrast, when the 

crystalline phase is first observed it shows a high degree of orientation with a value of 〈𝑃2〉 ∼ 0.9, and 

quickly reaches its maximum value, where the crystals were almost completely oriented.  

These observations show that a critical strain, 𝜀0  (and correspondingly, a critical stress, 𝜎0 ), can be 

defined. For example, for the sample deformed at 90 ℃, as shown in Fig. 3, when the strain reaches a 

critical value of ∼ 1.0, the crystalline phase started to appear. The strain-hardening occurred almost 

immediately after this critical strain was reached. This observation strongly suggests a complex 



relationship between amorphous chain alignment, crystallization onset and strain-hardening. Chain 

orientation, and consequently, an increased chance of segmental close packing must play a key role in 

inducing crystallization. Once crystals have formed, they could effectively serve as physical cross-links, 

which in turn, lead to the onset of strain-hardening. A schematic illustrating this process is shown in Fig. 

4.  

 

Figure 4. Schematic illustrating chain alignment and formation of small crystal domains due to 

uniaxial stretching of amorphous polymer. 

Without stretching, temperatures used in this study were too low for amorphous PEF to crystallize. 

Uniaxial stretching is able to orient polymer chains, as well as force chains to re-organize, which 

increases the chances of local close packing of chain segments. Consequently, small crystal domains are 

able to form. Since there is no spatial correlation among these crystal domains, no scattering maximum 

due to interference of scattering from lamellae is observed in the SAXS data (see below).  

Critical strain/stress has been observed in stretching of amorphous PET as well.21–24 The degree of 

orientation of the amorphous phase at the critical strain is dependent on temperature and deformation rate. 

LaBourvellec et. al. found that by increasing temperature from 80 ℃ to 103 ℃, amorphous degree of 

orientation decreased from ∼ 0.37 to ∼0.12,24 which was also observed in our experiment, as will be 

discussed later. 



A question arises as to why highly-oriented crystalline phase can grow from amorphous phase with much 

less degree of orientation (〈𝑃2〉 ≈ 0.35 in Fig. 3). To answer this, a semi-quantitative analysis can be 

carried out as follows. The ODF, 𝑔(𝛽), describes the orientation distribution of scattering entities with 

respect to a reference direction (stretching direction) in real space. It is easy to verify, that for 〈𝑃2〉 of 0.35, 

there are still ∼10% of scattering entities that are oriented with misorientation angle 𝛽 being less than 5° 

(reconstructed ODF with various 〈𝑃2〉 values can be found in Fig. S3 in the Supporting Materials, and 

details of the calculations can be found elsewhere13). That is to say that since 〈𝑃2〉 is a statistical measure 

of the average orientation, although 〈𝑃2〉 remains low, there is still a small population of polymer chains 

(or segments of chains) that are highly aligned. These highly aligned chains eventually transform in to the 

crystalline phase despite the overall apparent low value of 〈𝑃2〉. This is consistent with the fact that the 

overall degree of crystallinity remains very low (see Fig. 5). A recent molecular dynamics simulation also 

indicated that in a pre-deformed polyethylene (PE) melt, the degree of orientation differs significantly 

between the crystalline and amorphous phases, with the former almost entirely oriented, whilst the latter 

was at a much lower level.25 Due to the fact that polyethylene has much higher crystallinity and 

crystallization kinetics, the simulation result is actually not consistent with some existing data for PE, in 

terms of difference in degree of orientation for amorphous and crystalline phases,26,27 but agrees well with 

our current results for PEF. 

Despite the amount of stretching that the PEF chains experience it only induces a fairly small amount of 

crystals.  This is shown by the 1D WAXS profiles for PEF at selected strains stretched at 90 ℃ as shown 

in Fig. 5. The WAXS profile at 𝜀 = 1.14 corresponds to the regime at the onset of crystallization, and 

only very weak diffraction peaks can be discerned for samples measured at higher strains. It is evident 

that even at the highest strains, the degree of crystallinity remains low. Quantitative determination of its 

value turns out to be rather challenging, not only because intensity from the diffraction spots are weak, 

but they are also severely broadened due to small grain size and disorder effect (see discussion below). 

This makes the classical way of deriving crystallinity from diffraction data, by taking the ratio of 



integrated intensity from diffraction spots to that of the total integrated intensity ambiguous. Nevertheless, 

despite large errors in estimated values this introduces, we have used this method to estimate the 

percentage of crystallinty. From the first observation of crystallinity at the critical strain, there is only a 

slight increase of crystallinity, and at failure still only reaches ∼ 5% for the sample at 90 °C. 

 

Figure 5. 1D WAXS profiles of PEF stretched at 90 ℃, at selected strains. 

 

High Strain Regime 

Besides providing information about preferred chain orientation, WAXS/SAXS techniques can help in 

understanding strain-induced morphology over multiple length scales. Figure 6 shows WAXS/SAXS 

patterns of PEF in the late stage of deformation, at 𝜀 = 1.91 (see Fig. S2 in Supporting Materials for 

WAXS/SAXS patterns at different strains). In the WAXS pattern, the Bragg diffraction peaks along 

distinct fiber layer lines can be clearly identified (see Fig. 6a). The inter-layer distance determined from 

the scattering vector at 𝑠 = 0.049 Å−1(where 𝑠 = (2/𝜆) sin 𝜃, 𝜆 is the X-ray wavelength and 𝜃 is half the 

total scattering angle), corresponds to a d-spacing of 20.3 Å, i.e., the c-axis dimension of the unit cell of 

crystalline PEF. Notice that (00𝑙) peaks with 𝑙 equaling odd numbers are absent due to the existence of a 

21 screw axis.3 The position of the (002) peak was too close to the central cone of the wide-angle detector 

to observe properly, but it was captured by the mid-angle detector. The absence of the (006) peak is due 



to fractional chain-staggering. It is also clear that only a limited number of diffraction peaks were visible, 

indicating that crystals were far from being perfect. In our previous fiber diffraction work, PEF film was 

first stretched at 90 ℃, then was annealed at high temperature (180 ℃) for 4 h, to allow for crystallinity 

development and crystal perfection. After this thermal treatment, more diffraction peaks were observable 

and could be indexed. However, as has been pointed out earlier, the diffraction peaks were severely 

broadened due to small crystal size and effect of crystalline disorder.3 This is because that PEF has very 

poor intrinsic crystallization capability, which is consistent with its slow chain dynamics.6  

 

 

(a) (b) 

Figure 6. 2D WAXS (a) and SAXS (b) patterns of amorphous PEF film stretched at 90 ℃. 

The strain was 1.91. Both images are shown on a logrithmic scale. 

The 2D SAXS pattern at 𝜀 = 1.91 is shown in Fig. 6b. The strong equatorial (horizontal) streaks observed 

are due to the fibril-like structure, either from polymer chain bundles or fibrillar crystals. The narrow 

meridional (vertical direction) streaks can be attributed to formation of micro-cracks, because unlike the 

equatorial streak scattering intensity, these only appear in the SAXS patterns at high strains when the 

sample was observed to be stress whitened. No intensity maxima in the meridian direction was observed, 

indicating there was no periodic lamellar stacking perpendicular to the strain direction, which is often 

found semi-crystalline polymers even those with a relatively low percent crystallinity. Collectively, the 

𝑆3 

 

𝑆12 

 



WAXS and SAXS data from the sample at high strain provide a qualitative picture of a small, fibril-like, 

and disordered crystal morphology. 

Two distinct shapes of diffraction peaks can be distinguished in Fig 6a. Peaks in the lower layer lines, 

especially those from (ℎ𝑘0) planes, are spot-like, whilst those close to the meridian, for instance, the 

(00𝑙) planes, appear planar. Before discussing in detail the implication of this difference with regard to 

the crystal morphology and disorder, it is important to note that a 2D diffraction pattern from an aligned 

system is influenced by the degree of orientation of the scattering entities. For fiber diffraction, the 

preferred orientation, as quantified by the orientation distribution function (ODF) tends to smear 

scattering intensity circularly.11 The broad line shapes observed in the 𝑠12 direction (Fig. 6a) indicated 

that PEF crystals were almost perfectly aligned perpendicular to the stretching direction. Similar line 

shapes can be found, for examples, in WAXD patterns of some other rigid-chain polymers such as poly 

(p-phenylene benzobisoxazole) (PBO)28,  Poly-(p-phenylenebenzobisthiazole) (PBZT)29, poly (p-

phenylene terephthalamide) (PPTA)30, and in the SAXS patterns of collagen, such as seen from a rat-tail 

tendon13, a material widely used for SAXS instrument calibration. 

When orientation effects have been ruled out, diffraction line shape is mainly influenced by the effects of 

size and also crystalline disorder. Using 2D fiber diffraction, it is possible to study the magnitude and 

directionality of these factors. The width of the line profile along the 𝑠12 direction provides information 

about the lateral dimension of the fibrillar crystals, whilst the line profile along the 𝑠3 direction allows 

determination of the crystal domain size (in the c-axis direction). The intensity and shape of the 

diffraction patterns, especially at high angles, were also influenced by disorder effects. However, this type 

of analysis was challenging for the current data set for the following reasons. Firstly, since a flat detector 

was used, for (00𝑙)  planes, high angle peaks were severely distorted due to Fraser correction.31 

Furthermore, given the 𝑠-range the data were able to be collected over, there were only a limited number 

of (ℎ𝑘0) peaks that could be identified.  



However, it is still possible to examine the size and disorder effects in a semi-quantitative way, by 

analyzing the low-angle diffraction peaks, which are less influenced by Fraser correction. Figure 7a 

shows the 𝑠12- and 𝑠3-dependence of the scattering intensity of the (002) peak, which occurs at 𝑠 =

0.098 Å−1 (𝑠 = √𝑠12
2 + 𝑠3

2). The intensity distribution along 𝑠12 and 𝑠3 were fitted using a Gaussian and 

a Lorentzian function, respectively, plus a linear background. The integral line widths derived from these 

fits were 𝑏12 = 0.065 Å−1 , and 𝑏3 = 0.019 Å−1 , corresponding to real space dimensions of ∼ 15  Å 

(1/𝑏12), i.e. the size in the lateral direction, and ∼ 54 Å (1/𝑏3) the length of fibrillar crystals, respectively. 

As an estimation, one fibril crystal consists of  ∼2-3 unit cells in the directions of primitive basis of lattice.  

 

(a) 

 

(b) 

Figure 7. Intensity distribution along 𝑠12 and 𝑠3 (inset) directions for (a) the (002) plane, and (b) the 

(ℎ𝑘0) planes on the equator from WAXS images measured at 𝜀 = 1.91. Intensity summation schemes 



are annotated on the 2D scattering patterns. For 𝑠12-dependence of intensity, scattered X-ray counts 

between two horizontal lines that enclose the diffracion peaks were summed up along 𝑠3 direction. 

Similar summation along 𝑠12 direction produces 𝑠3-dependence of scattering intensity. Data points are 

from experimental data, and solid lines are fitting results. (002) peak was collected by mid-angle 

detector, the missing region in meridian direction is due to Fraser correction. Fitting details can be 

found in the text. 

 

Similar analysis were be applied to the (11̅0) and (020) planes along the equator, as shown in Fig. 7b. 

Diffraction peaks line profiles in this case were both fitted using Lorentzian functions. Integral peak 

widths along the 𝑠12 direction for (11̅0) and (020) peaks were 0.097 Å−1 and 0.076 Å−1, corresponding 

to real space dimensions of ∼ 10 Å and ∼ 13 Å. Experimental and fitted intensity distributions along the 

𝑠3 direction for (020) peak is shown in the in-set of Fig. 7b. A Gaussian-shaped background was added 

to the fit to account for scattering from the amorphous phase. The line width was determined to be 0.079 

Å−1, indicating that line profiles along the 𝑠3 direction of (ℎ𝑘0) planes produced a characteristic length 

along the fibril long axis direction of ∼ 13 Å. The (11̅0) peak was not used for line shape analysis in 𝑠3 

direction, as it was overlapped by diffraction peaks from other layers, which overly complicates the 

analysis.  

To understand the implication of Fig. 7, one needs to be aware of how two types of size effects manifest 

themselves in the scattering pattern. Essentially, the crystal domain size is determined by the extent over 

which the translational order of the crystal persists.32 Polycrystals formed from small molecules provide a 

simple example. In this case, although the molecules are usually highly crystalline within any individual 

domain, diffraction line broadening is observed due to convolution of infinitely large single crystal with a 

shape factor defining the finite crystal boundaries, from which crystal grain size can be derived — this is 

the underlying principle of the classical Debye-Scherrer method. For polymers, when the crystal disorder 

plays an important role, we also need to consider the length-scale beyond which crystals lose coherence. 



In a fiber diffraction pattern from fibrillar crystals, two types of disorder conditions can be considered as 

illustrated in Fig. 8. In the first case, each fibrillar crystal consists of smaller crystal units, aligned along 

the c-axis (i.e. in the polymer chain direction). However, there is a 1D translational disorder along the c-

axis between the small crystal units. This situation is shown in Fig. 8a, where the rectangular-shaped 

blocks represent small crystals, each consisting of only a few unit cells (in the extreme case, only one unit 

cell). In this case, in a diffraction pattern, the (00𝑙) peaks would lose coherence ‘faster’ in the 𝑠12 

direction than the (ℎ𝑘0) peaks do. In other words, the lateral size derived from the (00𝑙) peaks should be 

much smaller compared to that derived from the (ℎ𝑘0) peaks. This is not the case in the current situation 

for amorphous PEF being stretched uniaxially. 

 

 

(a) (b) 

Figure 8. Illustration of two types of disorder in fibrillar crystals. (a) Disorder along the c-axis. Each 

rectangular-shaped block represents a small crystal, with the c-axis vertical and 1D translational 

disorder occurring along c-axis direction; (b) Disorder in ab-plane; Red spots represent the 

crystallographic motifs in an ideal lattice, and the grey spots represent positions that deviated from the 

ideal lattice. 

In the second case, we consider translational disorder occurring in the ab-plane, as shown in Fig. 8b. 

Since crystallographic motifs in this case deviate from the ideal lattice, it is expected that the length of the 

fibril crystal (in c-axis direction) derived from a (00𝑙) peak should be larger, compared to that derived 



from (ℎ𝑘0) peaks (along the 𝑠3 direction). This is what is been observed (see Fig. 7), where the length 

derived from the (002) peak is much larger (∼ 54 Å), compared to that derived from the (020) peak (∼

13 Å). In other words, the (ℎ𝑘0) plane, which is parallel to the c-axis, loses its coherence in a shorter 

distance. Clearly, uniaxial stretching induces a fibrillar crystal morphology. Under these circumstances, 

the fibrillar crystals contain ∼2-3 unit cells both in the lateral direction (ab-plane) and also along the fibril 

direction (c-axis), with the majority of the crystal disorder found to be mainly in the ab-plane.  

 

Effects of Temperature 

Stress-strain curves of PEF stretched at 100 ℃, 110 ℃, and 120 ℃ are shown in Fig. 9. In general, as 

temperature increases, the PEF polymer softens, and the tensile stress at any given strain decreases. 

Intriguingly, at 90 ℃, the stress at break was about 15 times higher than that at 120 ℃. The same data 

analysis discussed above with respect of the sample deformed at 90 °C was also carried out on samples 

stretched at other temperatures. Analyzed data are summarized and shown in Fig. S4 in the Supporting 

Materials. Key parameters such as critical strain (𝜀0) and stress (𝜎0), 〈𝑃2〉 of amorphous phase at critical 

strain (〈𝑃2〉0), and at terminal strain ( 〈𝑃2〉𝑡), that were obtained from this analysis are summarized in 

Table 1. At higher temperatures, the expected increase in polymer chain mobility will lead to an increased 

ability of the stretched chains to relax. Therefore, higher strains are required for the amorphous chains to 

reach the same level of orientation as observed at lower temperatures. Despite this, at all the temperatures 

measured once the orientation reaches a value of 〈𝑃2〉 ≈ 0.3, the onset of crystallization is observed 

followed immediately afterwards by strain-hardening. Clearly an orientation of 〈𝑃2〉 ≈  0.3 is a pre-

requisite for ordering for strain induced crystallization and knock on increase in mechanical strength. 



 

Figure 9.  Stress-strain curves of PEF stretched at 100 ℃, 110 ℃, and 120 ℃. 

Table 1. Critical strain (𝜀0), critical stress (𝜎0), orientation degree of amorphous 

phase at critical strain (〈𝑃2〉0) and at break (〈𝑃2〉𝑡). 〈𝑃2〉 values of the crystalline 

phase are all close to 1, hence are not tabulated. 

Temperature (℃) 𝜀0 𝜎0 (MPa) 〈𝑃2〉0 〈𝑃2〉𝑡 

90 1.0 6.0 3.5 6.1 

100 1.2 2.7 3.1 4.1 

110 1.4 1.6 3.0 3.9 

120 1.6 0.8 2.9 3.6 

 

 

Moreover, at all temperatures, the percent crystallinity induced by stretching remained at a low level. 

Figure 10 shows 1D WAXS profiles of PEF stretched at four temperatures measured at maximum strain 

just before the films failed. It can be seen that as temperature increases, diffraction peak intensities 

decreases and consequently even at failure the maximum percent crystallinity achieved at 100 ℃, 110 ℃, 

or 120 ℃, are less than ∼ 5%, even though the crystals that do exist are perfectly oriented. As has been 

discussed above, orientation of amorphous phase is critical for chain segments to close pack and 

crystallize, which helps forming network due to physical cross-linking produced by small crystals. This 

process needs to compete with the disentanglement of chains in the amorphous phase. As temperature 



increases, chains are more mobile to relax and are therefore able disentangle more readily during 

stretching and loose orientation. Consequently, fewer crystals can be formed, which in turn weakens the 

reinforcement effect imparted by the crystals. As a result, PEF films failed at lower stress at higher 

temperatures.   

 

Figure 10. 1D WAXS profiles of PEF before the failure due to stretching at 90 ℃, 100 ℃, 110 ℃, and 

120 ℃. 

 

Conclusion 

The uniaxial deformation of amorphous poly(ethylene furanoate) (PEF) was investigated at four different 

temperatures, namely, 90 ℃, 100 ℃, 110 ℃, and 120 ℃, using synchrotron X-ray scattering techniques. 

Stretching was able to induce ∼ 5%  of crystalline grown from oriented amorphous phase. Before 

crystallization, PEF chains were oriented first, reached an orientation degree of 0.3, followed by growth 

of crystals with much higher orientation degree of ∼ 0.9. The stretching-induced crystals had fibrillar 

morphology, as revealed by WAXS line profile analysis.  

Strain-hardening occurred at all temperatures, immediately after onset of crystallization. After that, 

orientation degree of crystalline phase quickly reached maximum value close to 1.0, whilst that of 

amorphous phase kept increasing slowly until sample was failed. Both critical and terminal tensile stress 



were temperature dependent; and was related to the ability of orientation of amorphous phase. Stresses 

were higher at lower temperatures, where amorphous phase could reach a higher degree of orientation.  

Acknowledgements 

We gratefully acknowledge funding for this work from the Coca-Cola Company. DND-CAT is supported 

by Northwestern University, E.I. DuPont de Nemours & Co., and The Dow Chemical Company. This 

research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of 

Science User Facility operated for the DOE Office of Science by Argonne National Laboratory under 

Contract No. DE-AC02-06CH11357. Data was collected using an instrument funded by the National 

Science Foundation under Award Number 0960140. 

Reference 

(1)  Davis, M. E. Heterogeneous Catalysis for the Conversion of Sugars into Polymers. Top. Catal. 

2015, 58 (7), 405–409. 

(2)  Knoop, R. J.; Vogelzang, W.; Haveren, J.; Es, D. S. High Molecular Weight Poly (Ethylene-2, 5-

Furanoate); Critical Aspects in Synthesis and Mechanical Property Determination. J. Polym. Sci. 

Part Polym. Chem. 2013, 51 (19), 4191–4199. 

(3)  Mao, Y.; Kriegel, R. M.; Bucknall, D. G. The Crystal Structure of Poly (Ethylene Furanoate). 

Polymer 2016, 102, 308–314. 

(4)  Burgess, S. K.; Karvan, O.; Johnson, J. R.; Kriegel, R. M.; Koros, W. J. Oxygen Sorption and 

Transport in Amorphous Poly(ethylene Furanoate). Polymer 2014, 55 (18), 4748–4756. 

(5)  Burgess, S. K.; Kriegel, R. M.; Koros, W. J. Carbon Dioxide Sorption and Transport in 

Amorphous Poly(ethylene Furanoate). Macromolecules 2015, 48 (7), 2184–2193. 

(6)  Burgess, S. K.; Leisen, J. E.; Kraftschik, B. E.; Mubarak, C. R.; Kriegel, R. M.; Koros, W. J. 

Chain Mobility, Thermal, and Mechanical Properties of Poly(ethylene Furanoate) Compared to 

Poly(ethylene Terephthalate). Macromolecules 2014, 47 (4), 1383–1391. 

(7)  Burgess, S. K.; Mikkilineni, D. S.; Daniel, B. Y.; Kim, D. J.; Mubarak, C. R.; Kriegel, R. M.; 

Koros, W. J. Water Sorption in Poly (Ethylene Furanoate) Compared to Poly (Ethylene 

Terephthalate). Part 1: Equilibrium Sorption. Polymer 2014, 55 (26), 6861–6869. 



(8)  Burgess, S. K.; Mikkilineni, D. S.; Daniel, B. Y.; Kim, D. J.; Mubarak, C. R.; Kriegel, R. M.; 

Koros, W. J. Water Sorption in Poly (Ethylene Furanoate) Compared to Poly (Ethylene 

Terephthalate). Part 2: Kinetic Sorption. Polymer 2014, 55 (26), 6870–6882. 

(9)  Burgess, S. K.; Mubarak, C. R.; Kriegel, R. M.; Koros, W. J. Physical Aging in Amorphous Poly 

(Ethylene Furanoate): Enthalpic Recovery, Density, and Oxygen Transport Considerations. J. 

Polym. Sci. Part B Polym. Phys. 2015, 53 (6), 389–399. 

(10)  Stoclet, G.; Sart, G. G. du; Yeniad, B.; Vos, S. de; Lefebvre, J. M. Isothermal Crystallization and 

Structural Characterization of Poly(ethylene-2,5-Furanoate). Polymer 2015, 72, 165–176. 

(11)  Burger, C.; Zhou, H.; Sicŝ, I.; Hsiao, B. S.; Chu, B.; Graham, L.; Glimcher, M. J. Small-Angle X-

Ray Scattering Study of Intramuscular Fish Bone: Collagen Fibril Superstructure Determined from 

Equidistant Meridional Reflections. J. Appl. Crystallogr. 2008, 41 (2), 252–261. 

(12)  Mao, Y.; Burger, C.; Zuo, F.; Hsiao, B. S.; Mehta, A.; Mitchell, C.; Tsou, A. H. Wide-Angle X-

Ray Scattering Study on Shear-Induced Crystallization of Propylene-1-Butylene Random 

Copolymer: Experiment and Diffraction Pattern Simulation. Macromolecules 2011, 44 (3), 558–

565. 

(13)  Burger, C.; Hsiao, B. S.; Chu, B. Preferred Orientation in Polymer Fiber Scattering. J. Macromol. 

Sci. Part C Polym. Rev. 2010, 50 (1), 91–111. 

(14)  Jabarin, S. A. Strain-Induced Crystallization of Poly (Ethylene Terephthalate). Polym. Eng. Sci. 

1992, 32 (18), 1341–1349. 

(15)  Zaroulis, J.; Boyce, M. Temperature, Strain Rate, and Strain State Dependence of the Evolution in 

Mechanical Behaviour and Structure of Poly (Ethylene Terephthalate) with Finite Strain 

Deformation. Polymer 1997, 38 (6), 1303–1315. 

(16)  Llana, P.; Boyce, M. Finite Strain Behavior of Poly (Ethylene Terephthalate) above the Glass 

Transition Temperature. Polymer 1999, 40 (24), 6729–6751. 

(17)  Boyce, M.; Socrate, S.; Llana, P. Constitutive Model for the Finite Deformation Stress–strain 

Behavior of Poly (Ethylene Terephthalate) above the Glass Transition. Polymer 2000, 41 (6), 

2183–2201. 

(18)  Gorlier, E.; Haudin, J.-M.; Billon, N. Strain-Induced Crystallisation in Bulk Amorphous PET 

under Uni-Axial Loading. Polymer 2001, 42 (23), 9541–9549. 

(19)  Kawakami, D.; Ran, S.; Burger, C.; Fu, B.; Sics, I.; Chu, B.; Hsiao, B. S. Mechanism of Structural 

Formation by Uniaxial Deformation in Amorphous Poly (Ethylene Terephthalate) above the Glass 

Temperature. Macromolecules 2003, 36 (25), 9275–9280. 



(20)  Kawakami, D.; Hsiao, B. S.; Ran, S.; Burger, C.; Fu, B.; Sics, I.; Chu, B.; Kikutani, T. Structural 

Formation of Amorphous Poly (Ethylene Terephthalate) during Uniaxial Deformation above Glass 

Temperature. Polymer 2004, 45 (3), 905–918. 

(21)  Misra, A.; Stein, R. Stress-Induced Crystallization of Poly (Ethylene Terephthalate). J. Polym. Sci. 

Polym. Phys. Ed. 1979, 17 (2), 235–257. 

(22)  Matsuo, M.; Tamada, M.; Terada, T.; Sawatari, C.; Niwa, M. Deformation Mechanism of Poly 

(Ethylene Terephthalate) Film under Uniaxial Stretching. Macromolecules 1982, 15 (4), 988–998. 

(23)  Terada, T.; Sawatari, C.; Chigono, T.; Matsuo, M. Oriented Crystallization of Poly (Ethylene 

Terephthalate) under Uniaxial Stretching. Macromolecules 1982, 15 (4), 998–1004. 

(24)  LeBourvellec, G.; Monnerie, L.; Jarry, J. Amorphous Orientation and Induced Crystallization in 

Uniaxially Stretched Poly (Ethylene Terephthalate Glycol). Polymer 1986, 27 (6), 856–860. 

(25)  Dong, X.; McDowell, D. L.; Kalidindi, S. R.; Jacob, K. I. Dependence of Mechanical Properties 

on Crystal Orientation of Semi-Crystalline Polyethylene Structures. Polymer 2014, 55 (16), 4248–

4257. 

(26)  Pazur, R. J.; Ajji, A.; Prud’homme, R. E. X-Ray and Birefringence Orientation Measurements on 

Uniaxially Deformed Polyethylene Film. Polymer 1993, 34 (19), 4004–4014. 

(27)  Hong, K.; Strobl, G. Network Stretching during Tensile Drawing of Polyethylene: A Study Using 

X-Ray Scattering and Microscopy. Macromolecules 2006, 39 (1), 268–273. 

(28)  Takahashi, Y. Neutron Structure Analysis and Structural Disorder of Poly (P-Phenylene 

Benzobisoxazole). Macromolecules 1999, 32 (12), 4010–4014. 

(29)  Takahashi, Y.; Sul, H. Crystal Structure and Structural Disorder of Poly-(P-

Phenylenebenzobisthiazole). J. Polym. Sci. Part B Polym. Phys. 2000, 38 (3), 376–382. 

(30)  Gardner, K.; English, A.; Forsyth, V. New Insights into the Structure of Poly (P-Phenylene 

Terephthalamide) from Neutron Fiber Diffraction Studies. Macromolecules 2004, 37 (25), 9654–

9656. 

(31)  Fraser, R.; Macrae, T.; Miller, A.; Rowlands, R. d. Digital Processing of Fibre Diffraction Patterns. 

J. Appl. Crystallogr. 1976, 9 (2), 81–94. 

(32)  Guinier, A. X-Ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies; Courier 

Corporation, 1994. 

Table of Contents Graphics 

Change of orientation degree of amorphous and crystalline phase of PEF during the process of uniaxial 

stretching at 90 ℃. 

 



 

 

 


