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For environmental concerns, food packaging must be reinvented 

One solution: using more bioplastics and/or recycled and 
recyclable material with the help of new technologies

= objective of the MYPACK H2020 project by taking into account the consumers 
acceptance 

Different polymers under studies:
- PLA for biscuit and salad packagings (gas barrier properties optimization)
- Recycled Polypropylene for baby food packagings
- New PEF from AVA-Biochem, a new promising biobased polymer

Different processes to reach the objectives:
- A blow device for salad breathing
- An original layer multiplier coextrusion device
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PEF

- higher gas barrier properties / PET and PLA*

- good processability 
- and good toughness

- Brittleness when crystallized* 
- expensive (4 to 5 €/kg)

Burgess, S. K., Karvan, O., Johnson, J. R., Kriegel, R. M., & Koros, W. J. (2014). Oxygen sorption and transport in amorphous poly (ethylene furanoate). Polymer, 

55(18), 4748-4756. 

Difficult to apply PEF alone in food packaging applications 
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Association in low proportion (5 to 10 w/w %)

by classical coextrusion with another polymer, 
biobased and/or compatible for recycling = polyester

Example : thin lid films for trays

PET/PEF films:

Replace harmful coatings (PVDC) for high 
gas barrier PET (factor 10 needed)

Series gas permeability law:
P: Permeability, : volumic fraction

PEF

PEF

PET

PET

film PPP


+=

1

PET

PEF

Need to improve 
the PEF oxygen 

permeability by 15 
PO2: 0.06 0.004

E-18 m3.m/m2.s.Pa 



Introduction

PPS 2021, A. Guinault

Improvement of the PEF gas barrier 
properties

Different ways:

Classical 
crystallization

Factor 1.9 to 2.9
/ temperature*

Biaxial stretching
and crystallization

Factor 1.9 to 2.9
/ stretching ratio**

A new method: 
crystallization 

under geometrical 
confinement

Factor for PEF ??

* S.K. Burgess, G.B. Wenz, R.M. Kriegel, W. J. Koros, Penetrant transport in semicrystalline poly(ethylene furanoate), 

Polymer 98 (2016) 305-310 

** J.G. van Berkel,* N. Guigo, J.Kolstad, and N. Sbirrazzuoli, Biaxial Orientation of Poly(ethylene 2,5-furandicarboxylate): 

An Explorative Study, Macromol. Mater. Eng. 2018, 303, 1700507
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⇨ geometrical confinement for restricting the space for the molecules and modifying
the crystallinity and finally the gas permeability

Lin  Y., Hiltner A., Baer E, Effect of layer thickness on the oxygen permeability of the PEO layers – PP/PEO, Polymer 2010

AFM micrograph

30 to 100 nm

confined PEO 

thick layers

Confined

polymer:

30 to 

100 nm

Classical

3 Layers

structure

Factor 10 to 100
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→ orientation of the crystalline phase by decreasing the layer thickness

J M. Carr, D S. Langhe, M T. Ponting, A Hiltner and E Baer (2012). Journal of Materials Research, 27, pp 1326-1350

Permeability divided by about 10 to 100

→ Major effect with ideal in-plane lamellaes

→ Only few polymers related in the litterature: PE0, PCL, PVDF, PEF not already studied

→ Different strategies to confine and align the lamellaes

PPS 2021, A. Guinault



⇨ 2 strategies to confine PEF 

The layer multiplication co-extrusion (Dow Chemical patent)
Used to create multinanolayer films with 3 to 500 confined continuous layers
sufficiently thin (until few nanometers thick) and numerous to be measured by 
the classical thermal, physical and permeability method

Calculation of 
the theoretical
layers
thickness:
Film: 100 µm
90%A-10%B
→ 10 µm B
and 8 M: 250 
layers B
→ theoretical
thickness layer 
= 40 nm

1st strategy
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PET

PEF

Flat die

Multipliers (0 to 8)

n= 0  3 layers

n= 6  128 layers

n= 8  512 layers
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2 to 3 steps process:

1. Layer multiplication co-extrusion⇒ thick film (500 µm) with thick PEF layer in 
order to support biaxial stretching

2. Biaxial stretching (3x3 to 5.5x5.5) to reduce the film thickness and reduce the 
PEF layer thickness

3. Annealing @ given temperature and duration / polymer

⇨Must help to align the crystalline phase*

Combination of layer multiplication co-extrusion
and biaxial stretching 

2nd strategy

M. Mackey ,L. Flandin ,A. Hiltner, E. Baer, Confined crystallization of PVDF and a PVDF-TFE copolymer in nanolayered

films, Polymer Physics, vol49, issue 24, 2011



1st strategy

Layer multiplication
+ crystallization
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Fabrication of 100 µm thick PET (as reference) and PET/PEF films with different
PEF layer thickness and crystallinity degree

- Fabrication of 3-layers (0 multiplier), 128-layers (6 mutipliers)and 512-layers (8 
multipliers) films

- Annealing step for optimizing the crystallinity

Relationship between structure, crystallinity and final properties and PEF 
confinement effect

- Observation of the PEF distribution in the films

- Measurements of the Crystallinity degrees of PEF

- Measurement of the films Oxygen Transmission Rate (OTR) and calculation of film 
permeability (PO2 film) and PEF permeability (PO2 PEF) (with series rule)
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PEF is confined by PET (weight ratio 10-15%/85-90%)

- PET Indorama 101

- PEF from AVA Biochem

PET

PEF
Flat die

Multipliers (0, 6 et 8)

PET

PEF

PET

With 8M

Expected: 

256 continous

40 nm PEF 

layers

between 360 

nm PET layers

100 µm films

n= 0  3 layers

n= 6  128 layers

n= 8  512 layers



Fabrication of the multilayered films
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film Total 

thickness

(µm)

PEF 

proportion

(%)

PEF 

layer 

number

PEF 

theoretical 

thickness

(nm)

Film 

fabrication

And aspect

PET 100 0 0 0 +++

PET/PEF

3-layer

100 10 1 10 000 +++

PET/PEF

128-layer

100 15 64 230 ++

PET/PEF

512-layer

100 10 256 40 X

100 µm films produced only with 3 and 128 layers: good aspect as PET

not possible with 512 layers: too fine PEF layers ?



Observation of the cross-section of the films
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3-layer film

Method:

- Incorporation in thermoset resin

- Polishing

- Observation by SEM

Well continuous microlayer structure in 3 and 128-layer 100 µm films

Measured PEF layer thickness 250 nm in accordance with theoretical one

PEF

PET 128-layer film

Method:

- Observation by AFM
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▪ OTR (Oxygen Transmission Rate) measured 23°C and 0%RH with an Oxtran ML 2/21

film Total film 

thickness

(µm)

PEF 

theoretical 

thickness

(nm)

PEF 

crystallinity 

degree

(%)

OTR

(cc/m2.day

@23°C/0

%RH)

Calculated PO2 PEF

(E-18 m3.m/m2.s.Pa)

PET 100 0 0 38 -

PET/PEF

3-layer 100 10 000 0

PET/PEF

128-layer 100 230 8

25

25

0.06

Same values of PO2 for PEF whatever the thickness: value of amorphous PEF
So no confinement effect: too thick layer with 128-layer or crystallinity ?

0.06
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Annealing for improving crystallinity

Higher but low crystallinity in 128-layer film: Xc = 8% (max measured
on pellets 30%) perhaps due to confinement ⇨ too low crystallinity ?

128-layer films

PEF amorphous in 3-layers film, as waited (slow crystallization) 

3-layer film



Annealing of the films 
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▰ Between
heated plates 
in a 
compression 
device

▰ Conditions 
140°C / 2 
hours: 
determined by 
an analysis of 
the bulk PEF 
crystallization

Xc = 16.5%
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Annealing:
 Whitening of the films due to PET crystallization
 Higher crystallinity than the virgin films (mostly for 3-layer film)
But low compare to the maximum crystallinity of the pellets (30%)

Film thickness

(µm)

And aspect

PEF 

crystallinity 

(%) before

annealing

PEF 

crystallinity 

(%) after

annealing

PET 100

white

PET/PEF

3-layer

100

white

0 10

PET/PEF

128-layer

100

white

8 14



Oxygen permeability measurement
after annealing
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film Total film 

thickness

(µm)

PEF 

theoretical 

thickness

(nm)

PEF 

crystallinity 

degree

(%)

OTR

(cc/m2.day

@23°C/0%

RH)

PEF 

crystallinity 

degree

(%)

OTR

(cc/m2.day

@23°C/0%

RH)

PET 100 0 0 38 26

PET/PEF

3-layer 100 10 000 0 25 10

PET/PEF

128-layer 100 230 8 25 14

After annealing, permeability of the 3-layer film ↗ despite the PET OTR ↘, 
the same for the 128-layer film
⇨ Surprisingly, ↗ PEF crystallinity = OTR and so PO2 PEF permeability ↗ !! : 
formation of RAF (Rigid Amorphous Fraction)* ??

23

40

30

*: G. Stoclet, G. Gobius du Sart, B. Yeniad, S. de Vos, J.M. Lefebvre, Isothermal crystallization and structural 

characterization of poly(ethylene-2,5-furanoate)Polymer Vol 72, 2015, p165 



Summary

• Possible to fabricate PET-PEF films with good quality and continous microlayer
structure (3 and 128-layers structure) but impossible with 512 layers

• PEF not confined by using this process

• Slight PEF crystallinity increase with layer multiplication and/or annealing

• Unclassical negative effect of crystallinity on gas barrier properties due to a 
unclassical behavior of the AVA Biochem’s PEF against crystallization
perhaps due to RAF formation at too low Tc < 170°C

⇨ Biaxial stretching of the film to:
- create thinner layer 
- and induce a more oriented structure

PPS 2021, A. Guinault



2nd strategy

Layer multiplication
+ biaxial stretching

+ annealing
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Fabrication of the biaxially stretched PET (as reference) and nanolayered PET/PEF 
films with different PEF crystallinity degree

- Fabrication of the thick films

- Biaxial stretching of the thick films: optimization of the conditions

- Annealing step for optimizing the crystallinity: optimization of the conditions

Relationship between structure, crystallinity and final properties and PEF 
confinement effect

- Measurement of the films Oxygen Transmission Rate (OTR) and calculation of film    
permeability (PO2 film) and PEF permeability (PO2 PEF) (with series rule)

- Observation of the PEF distribution in the film: very difficult on thin films

- Measurement of the crystallinity degrees of PEF



PET

PEF
Flat die

Multipliers (6)

n=6 128layers

Methodology

PEF is confined by PET (weight ratio 7%/93%)

- PET Indorama 101

- PEF from AVA Biochem

With 6M

Expected: 

64 continous

550 nm PEF 

layers between

64 7.2 µm thick

PET layers

PET

PEF

PET

500 µm films
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500 µm thick PET and 128-layers PET-PEF films

Biaxial stretching 
3x3, 4.5x4.5 and 5.5x5.5

(110⁰C, 90s, 150% s-1)
and annealing (180⁰C, 15 min)*

High quality film
with a good 

transparency even
with annealing
(no whitening)

*: G. Stoclet, G. Gobius du Sart, B. Yeniad, S. de Vos, J.M. Lefebvre, Isothermal crystallization and structural 

characterization of poly(ethylene-2,5-furanoate)Polymer Vol 72, 2015, p165 
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Biaxially stretched 3x3 and 5.5x5.5 PET-PEF 128-layers films

Materials

Theoretical PEF 

layer thickness

(nm)

Film OTR 

cc/m2.day

Calculated PO2 film

(E-18 m3.m/m2.s.Pa)

Calculated PO2 PEF

(E-18 m3.m/m2.s.Pa)

PET 3x3 

60 µm
- 61 0.36 -

PET/PEF 128-

layers 3x3 60 µm
65 45 0.27

PET 5.5 x5.5 

16 µm*
- 160 0.25 -

PET-PEF 128-

layers 5.5 x5.5 

16 µm* 

127 0.26

0.06

- For biaxially stretched 3x3, PEF oxygen permeability equal to this one of the 
amorphous bulk : no confinement effect on permeability

↗

0.55

- For biaxially stretched 5.5x5.5, dramatic increase of PEF oxygen permeability: 
certainly layer break-up for such too low layer thickness (18 nm) 

18

*: thickness estimated by calculation due to very heterogeneous films
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Biaxially stretched 4.5x4.5 and annealed 180⁰C/15 min PET-PEF 128-layers films

Materials

Theoretical PEF 

layer thickness

(nm)

Film OTR 

cc/m2.jour

Calculated PO2 film

(E-18 m3.m/m2.s.Pa)

Calculated PO2 PEF

(E-18 m3.m/m2.s.Pa)

PET 3x3 

60 µm
- 61 0.36 -

PET/PEF 128-

layers 3x3 60 µm
65 45 0.27

PET 4.5 x4.5 

annealed 20 µm
- 115 0.24 -

PET-PEF 128-

layers 4.5 x4.5 

annealed 20 µm

27 60 0.12

0.06

⇨ Decrease by a factor 4 of the PEF oxygen permeability by confinement, 
stretching and annealing effect:

÷4

0.015

÷1.5

- More than oberved on PET with our experiments (1.5)
- More than observed in the literature for PEF but low for confinement: why ?



Thermal analysis
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Factor 4 only due to the amorphous phase: confinement and/or orientation ?
Layer continuity: to be analysed to conclude 
Longer annealing time needed for improving crystallinity

But for 4.5x4.5 with annealing: PEF always amorphous ! 

Probably no effect of the annealing: crystallization rate ↘ with confinement

Xc=0

PET 4.5x4.5 180°C 15 min
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- AVA-Biochem PEF: oxygen permeability in accordance with the literature in the 
amorphous state but an unusual behaviour with crystallinity: P ↗ when Xc↗
perhaps due to RAF formation

- Confinement at the nanometric scale (20 to 40 nm): need to combine layer 
multiplication co-extrusion and biaxial stretching

- AVA Biochem PEF permeability divided by a factor 4 with a sufficient stretching 
ratio without crystallization: orientation and confinement of the amorphous
phase only

Perspectives

- Optimization of the process (stretching ratio, annealing conditions, etc …)

- Better understanding: layer continuity and structural analysis (DSC, XRD, etc …)
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