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Abbreviations 

MNL MultiNanoLayering 

Ca, Cac Capillary number, critical Capillary number  

(LD)PE (Low Density) Polyethylene 

PA Polyamide 

PE-g-MAH Polyethylene grafted Maleic Anhydride 

PET Polyethylene Terephthalate 

SEBS-g-MAH Styrene-Ethylene-Butylene-Styrene grafted Maleic Anhydride 

TSE or TS Twin Screw Extruder 

SSE or SS Single Screw Extruder 

L/D Length/diameter (used to qualify an extrusion screw) 

WVTR Water Vapor Transmission Rate 

OTR Oxygen Transmission Rate 

MD or TD Machine Direction or Transverse Direction 

DSC Differential Scanning Calorimetry 

MFI Melt Flow Index 

OIT Oxidation Induction Time 

DFS Dynamic Frequency Sweep 

DTS Dynamic Time Sweep 

SR Strain Relaxation 

PIR Post-Industrial Recyclate 

PCR Post-Consumer Recyclate 
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Executive summary 

In this deliverable, IPC aims to demonstrate the efficiency of two innovative 
processes for polymer recycling: the MultiNanolayering (MNL) process its 
elongational flow mixer called METEOR®.  

In the first step, several virgin material blends were studied, according to the 
sorting families developed in the project: PE/EVOH, PE/PA and PE/PET. From the 
METEOR® study, all virgin materials blends revealed particularly promising 
mechanical results (see Figure 13 of this deliverable). 

Indeed, the properties reach the level of a twin-screw extruder, and thus using 
single-screw extruder coupled with METEOR® process. The rheological analysis 
indicated improved  interfacial energies for PE+PA and PE+EVOH blends: either 
the dispersion is thinner, or some interactions are created at the interface. Thus, 
METEOR® might be a good way to reduce the compatibilizer content for such 
blends.  

With the MNL process, the structure PE/PA, an extensive study was conducted, 
comparing different numbers and positions of LMEs within the MNL modules (see 
Figure 21 and Figure 26).  

From the first graph, it can be concluded that the MNL structure was efficient up 
to 129 layers. However, with a higher number of layers (ranging from 513 to 1025 
layers), both mechanical properties, such as tensile modulus, and the Oxygen 
Transmission Rate (OTR) showed degradation. The second figure examined the 
influence of LME positioning. It was assumed that the relation with the viscosity 
ratio was significant. This structure likely requires layers to be multiplied at the 
beginning of the process (as in configuration 1) because the viscosity ratio 
between PE and PA is close to 1 at this stage.   

When the recycled materials are processed (Post-Industrial Recyclates (PIR) and 
Post-Consumer Recyclates (PCR)), with MNL or METEOR® processes, a decline in 
mechanical properties was observed, as well as a degradation.  

For all the blends, virgin and recycled ones, the Water Vapor Transmission Rate 
were satisfying, but the Oxygen Transmission Rate were higher than the industrial 
target. Unfortunately, the attempt of stretching of METEOR® films at VTT did not 
improve these properties. Although a deeper study of the stretching parameter 
would be highly beneficial, it was not within the scope of the CIMPA project. 
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Deliverable report 

1. Introduction 

This deliverable aims to present the work done on the METEOR®  and MNL (Multi 
NanoLayering) processes at IPC as mechanical recycling methods for multilayer 
films. METEOR® is a unique process developed and patented by IPC 
(FR3054159A1), that utilizes elongational mixing, instead of the conventional shear 
mixing found in standard extruders. MNL is a process available at Nordson, which 
aims to multiplying the layer of a structure (up to more than 4000 layers), while 
keeping the thickness of the film unchanged. The layers are thus of nanometric 
size, giving interesting properties, especially with respect to oxygen or water 
barrier performance. 

An extensive review of the state of the art is included in this deliverable to explain 
why elongational mixing and MNL are studied in the CIMPA project.  
In the first stage, the trials made conducted using virgin materials are presented. 
Three types of blends were tested, PE+EVOH, PE+PA and PE+PET, following the 
classification by families established within CIMPA (see Table 1). This table 
examines “simple multilayers” through the lens of mechanical recycling.  

 
Table 1: Proposed classification by CIMPA. Extracted from the Grant Agreement, part B, Figure 4 

A focus was made on PE+EVOH blends processed through METEOR® and PE/PA 
structures processed through MNL. To characterize such blends, mechanical, 
rheological and barrier properties were investigated.  

In the last stage, real wastes (post-industrial and post-consumer) were processed. 
These wastes came from the partners (Paprec for post-consumer waste, and 
Leygatech, Barbier and Eversia for post-industrial wastes). After a recompounding 
step at VTT, using the VAREX technology (see deliverable 5.1), the blends arrived 
additivated and in a pellet form at IPC. A final dilution was made at IPC, directly 
during the METEOR® or MNL processes, adding PE and barrier material, to meet 
the target of recycled content in packaging.  
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2. The METEOR® Concept 

To gain a comprehensive understanding of the METEOR® mixing technology 
from both operative and conceptual perspectives, it is highly recommended to 
review some fundamental concepts of polymer mixing.  Key concepts such as 
capillary number (Ca), and especially mixing efficiency within the context of shear 
and/or elongational flow fields should be revisited. 

a. Capillary number 

The mixing process, in big lines, rests on the competence of two opposing forces: 
viscous vs interfacial or cohesive forces. On the one hand, the viscous forces tend 
to deform the dispersed domains and, ultimately, lead those to break-up 
conditions and, on the other hand, the interfacial or cohesive forces tend to keep 
the domain, i.e., droplet, at its original size and shape in order to minimize the 
interfacial energies. Based on these opposing phenomena, a dimensionless 
indicator called capillary number (Ca) is able to describe quantitatively the state 
of a determined mixing process in terms of dispersive and distributive character 
and, overall, mixing quality or efficiency. Accordingly, Ca is mathematically 
represented as: 

𝐶𝑎 =  𝜏 𝑅
𝜎 ⁄ =  𝜂𝑚𝛾̇𝑅/𝜎    (1)   

Where, 

𝜏 = Shear stress (Pa); 𝜂𝑚= Viscosity of the major phase (Pa.s); 𝛾̇ = Shear rate (s-1)  

R = droplet radius (m) 

𝜎 = Surface tension (N/m) 

 

At the earlier stages of a mixing operation, since the system is rather constituted 
of large components’ domains, deformation readily occurs because of the little 
opposition of interfacial forces, which are largely surpassed by the viscous ones 
(shear or elongational stress) at this point. One can thus say that this initial mixing 
regime is more characterized by a distributive mixing mechanism, where the 
interfacial area increases under the deformation process. Progressively, Ca 
continues to increase by virtue of the increase of the stress trying to overcome a 
more opposing interfacial forces as long as the dispersed domain reaches higher 
deformation (Figure 1a). At a critical balance in the competition between the 
stress and the interfacial energy, dispersion mechanisms start to dominate based 
on the appearing of interfacial instabilities. From these, mainly Rayleigh-type 
disturbances1 finally lead to the drop break-up phenomenon (Figure 1b). At this 
point, Ca is rather known as critical Ca (Cac). 

 

                                                   
1 Ica Manas-Zloczower, E. (2009). Mixing and compounding of polymers. Vienne: Hanser. 
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Figure 1 a) Evolution of Ca as deformation increases and, b) deformation and break-up 

phenomenon in the vicinities of Cac3 

Cac depends on the viscosity ratio (λ) of the system, which is defined as: 

 

𝜆 =  𝜂𝑑 /𝜂𝑚    (2) 

Where, 𝜂𝑑 = Viscosity of the dispersed phase; 𝜂𝑚 = Viscosity of the major phase 

 

Grace2, depicted the referred dependency, in his well-known work on the matter, 
in the framework of two major types of flow fields, simple shear and extensional 
one. The next Figure presents an adaptation of this central contribution: 

 
Figure 2: Critical capillary number, Cac as function of the viscosity ratio for two flow field regimes 

during the mixing of two immiscible fluids. 

From Figure 2, several fundamental facts can be highlighted: 
1. In the practical range of λ, Cac values for simple shear are always higher 

than those for elongational flow. The difference is noteworthy at low λ. 
2. For both flow regimes, Cac decreases in a quasi-linear fashion as function 

of λ until around λ=2, where simple shear fails to generate dispersion any 

                                                   
2 Grace, H. P. (1982). Dispersion phenomena in high viscosity immiscible fluid systems and 

application of static mixers as dispersion devices in such systems. Chem. Eng. Commun., 14, 225-

277. 
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longer (asymptotic trend). On the other hand, elongational flow is able to 
promote dispersive phenomena after that point. 

3. Around λ=1, both simple shear and elongation present the minimum Cac. 

It is important to point out that Grace’s work and, thus, the precedent statements 
are circumscribed to dispersive mixing since Cac characterizes only dispersion 
phenomena. This is in fact the central scenario when it comes to blends of 
immiscible polymers because it is related, from the practical point of view to the 
concept of mixing efficiency, primarily characterized by the dispersion quality. 
Particularly, the facts about Grace results point to the higher efficiency of 
elongational flow fields to sustain dispersive mixing in comparison to shear flow, 
especially when λ > 2. Indeed, a basic explanation for this within a spatial context 
is that, whereas shear involves a significant rotational component, in the z 
direction, which does not contribute to strain, elongation acts in only one axial 
direction, contributing entirely to strain and dispersive effect. 

b. Batch mixers and/or attachments units with predominantly 
elongational flow fields 

The difficulty to generate striking elongational flow effects in traditional mixer 
systems lies in: 

1) The prohibitive axial dimension needed to generate enough dispersed 
droplet elongation leading to break-up. 

2) The limited residence time or number of passages of the material through 
points of relatively intense elongational stress.  

The descriptions of several developments in batch elongational mixers can be 
found in literature in the last decades (Figure 3)3. 

 
Figure 3: Schematics of extensional mixers: (a) Extensional Flow Mixer4; (b) RMX®mixer5; (c) Son’s 

internal mixer 6; (d) Ferrás et al7 

                                                   
3 L.L. Ferrás, C. F. (2021). Dispersion of graphite nanoplatelets in polypropylene by melt mixing: the 
effect of hydrodynamic stresses and residence time. Polymers, 13, 102-116. 
4 Bourry, D., Godbille, F., Khayat, R., Luciani, A., Picot, J., & Utracki. (1999). Extensional Flow of 
Polymeric Dispersions. Polym. Eng. Sci, 9, 1072-1086. 
5 J. Rondin, M. B. (2014). Dispersive mixing efficiency of an elongational flow mixer. Polym. Eng. Sci., 
54, 1444-1457. 
6 Son, Y. (2009). Development of a novel microcompounder for polymer blends and nanocomposite. 
J. Appl. Polym. Sci., 112, 609-619. 
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In the devices of Figure 3, there is a common approach to generate elongational 
flow and compensate for the lack of dimensions: the application of 
contraction/expansion or converging/diverting flow to maximize accelerated 
flows in reduced spaces. On the other hand, in order to increase the contact of the 
material with the points of elongational stresses, a and d, in Figure 3, uses multiple 
contraction/expansion elements which number is limed by the overall size of the 
device. In the case of b and c, RMX® and Sons’, respectively, the multiple passage 
is obtained by a back-and-forth movement of pistons, forcing the mass to go 
through the contraction/expansion zone repeatedly. The obvious advantage of 
the latter systems in comparison to fixed elongational elements is the control of 
the number of cycles or passages, which can be as high as desired. Nevertheless, 
when envisaging the implementation of these principles to continuous mixing 
operations the back-and-forth approach presents more significant technical 
difficulties and the multiple fixed elements option becomes, by far, more 
compatible, as it will see in further sections. 

c. Continuous elongational flow mixer METEOR® 

IPC METEOR® design was inspired by the high dispersive mixing efficiency 
originally found in the elongational batch-type mixer RMX® (Figure 3b) developed 
by Muller et al9. As briefly described in the referred Figure, the RMX®  is  based on 
a simple geometric approach involving abrupt flow contractions and forced 
passage of the mixture through the convergent/divergent zones by means of 
pistons exerting a back-and-forth displacement.  In this way, the mixing sequence 
efficiency is mainly characterized by the linear speed of the piston (directly related 
to shear and elongational rates) and the number of back-and-forth passages 
(cycles) across the converging/diverging zone. Accordingly, the RMX® is able to 
generate quite fine morphologies in polymer blends even at mild mixing 
conditions i.e., low number of cycles and low pistons’ speed. However, as also 
aforementioned, the batch character of some highly efficient elongational mixers 
like the RMX® limits their employment at large scale, particularly preventing a 
potential use in industrial environment where continuous operation is quite the 
privileged scenario. Based on this premise, METEOR® was designed and 
developed aiming to provide the industry with a continuous elongational mixer 
equipment making use of the strong mixing efficiency principles found in the 
RMX® (Figure 4). For this to happen, a screw with a series of axial 
convergent/divergent elements were designed, exerting accelerated flow and 
keeping the shear component as low as possible. In this way, besides privileging 
the elongational mixing action, it is possible to prevent the excessive viscous 
heating inherent to shear flow mixings. In shear flow, perpendicular friction 
effects are implied in the driving force for shear deformation to happen, whereas 
in elongational flow the entire axial deformation does not involve other stress 
components. 
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Figure 4: METEOR® design and development following transposing of elongational mixing 

principles of batch-type mixers. 

Regarding the processing set up Meteor®, the mixer was thought to be attached 
downstream a single-screw extruder or a twin-screw extruder at mild mixing 
capacity. Figure 5 and Figure 6 presents the processing configuration of the 
METEOR® employment, particularly for cast film production, objective of the 
CIMPA project.   

 
Figure 5: Diagram of the METEOR® processing set up in the CIMPA project. 

 
Figure 6: Actual METEOR® processing set up for the CIMPA project: a) single-screw extruder, b) 

METEOR®, c) cast film die head, d) film cooling and wind-up unit. 
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d. Role of METEOR® in the development of functional morphologies in 
polymer blends and recycling  

METEOR® is designed to enhance the dispersive mixing of polymer blends, 
particularly those derived from the recycling sector. This sector is characterized 
by a wide range of viscosity ratios among plastic wastes due to the inherent 
heterogeneity of their thermomechanical histories and sources. METEOR®, with 
its predominance of elongational flow mixing, surpasses the deformation and 
dispersion limits of shear flows. This capability enables the creation of added value 
by achieving fine nodular dispersions and fine elongated morphologies. Fine 
nodular morphology generally contributes to homogeneous physical bulk 
properties while fine elongated morphologies enhance gas barrier properties, 
which are highly valued in packaging applications. This is well illustrated by 
Banerjee et al7 in Figure 7. The primary goal of achieving fine dispersions is 
demonstrated in the case A. Furthermore, the process can create very small 
dispersed domains and fine elongated structures as shown in Figure 7b. 

 
Figure 7: Schematic of the possible mechanism of the droplet-to-fibril transition in immiscible 
blends subjected to elongational flow: (a) deformation of the original particles of the dispersed 

phase and (b) formation of microfibrillar structures29 

This concludes the state-of-the-art of elongational flow mixing and its interest in 
polymer recycling. The following paragraphs present the trials made within the 
CIMPA project. 

 
  

                                                   
7 R. Banerjee, S. S. (2023). Role of Rheology in Morphology Development and Advanced Processing 
of Thermoplastic Polymer Materials: A Review. ACS Omega, 8, 27969-28001. 
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3. PE/EVOH virgin materials blends through METEOR® 

a. Materials and Formulations 

The materials were chosen in collaboration with WP5 trials, and sent by 
Leygatech, due to availability, delays and prices.  

For the LDPE, Leygatech uses several equivalent grades, with the same density, 
the same Melt Flow Index (2.0g/10min), and all polymerized using radical 
polymerization.   

The four grades of LDPE used during these trials are: DOW 352E, SABIC NC1013, 
REPSOL ALCUDIA 2320FG and BASELL LUPOLEN 2426H. 

The EVOH was also supplied from Leygatech: KURARAY EVAL J171B, as well as the 
compatibilizer, a PE-g-MAH from SK, OREVAC 18300, typically used as a tie-layer 
in multilayer films.  

All the technical data sheets can be found in Annex1.  

For the formulations tested (see Table 2), the standard composition of a PE/EVOH 
packaging film was taken as a basis: 5 wt.% EVOH, 8 wt.% tie layer (which is the 
same as the compatibilizer, i.e., PE-g-MAH), and 87 wt.% LDPE., corresponding to 
the formulation n°3.   

 

  Formulation 

  1 2 3 4 

PE wt.% 100 95 87 80 

EVOH wt.% 0 5 5 7 

OREVAC wt.% 0 0 8 13 
Table 2: Formulations of PE/EVOH blends 

For these formulations, trials were made using a single-screw extruder (SS) Collin 
E45E (L/D=25), the same single-screw extruder followed by the METEOR® process 
(SS+METEOR), a twin-screw extruder (TS) Coperion ZSK 32 MC (L/D=40) and the 
same twin-screw extruder followed by the METEOR® process (TS+METEOR).  The 
flat die used was the Scamex 350, giving films of 350mm width. The extruders and 
METEOR® temperatures were between 210 and 230°C (viscosity ratio EVOH/PE = 
1.4-1.7, ratio of complex viscosities between 6 and 10 rad/s from Dynamic 
Frequency Sweep tests, see Annex 2), and the throughput was 5kg/h.  

b. Mechanical properties 

The results of tensile measurements can be found in Table 3. The entire test 
method can be found in Annex 2.  

The measured tensile moduli iare all in the same range, whatever the direction 
(transverse and machine ones), and whatever the set-up (single-screw versus 
twin-screw extruders, with and without METEOR®). The same goes with the stress 
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at break property. There was no yield in machine direction for almost all the 
blends. In the transverse direction, elongation and stress at yield are also in the 
same range.  

 

Table 3: Mechanical properties of PE/EVOH films 

The most interesting property is the elongation at break. In the machine direction, 
this property seems to be a bit lower when the blends were made using the twin-
screw extruder (from around 400 to 600% to 300-400%), but they remain quite 
satisfying, being in the same range of the pure LDPE (see first 4th row). In the 
transverse direction, when the single-screw extruder is used without METOER® 
(see Figure 8, the solid pink bars), the elongation at break is quite low as soon as 
EVOH is introduced. This indicates that the dispersion is probably poor. This 
property increases a bit when compatibilizer (OREVAC) is added, showing its 
efficiency. When METEOR® is used after the single-screw extruder (solid blue 
bars), the elongation at break increases a lot, reaching the properties observed 
with the twin-screw process (TS: dotted pink bars). However, the use of METEOR® 
process after a twin-screw extruder (TS+METEOR: dotted blue bars) shows no 
improvement. At this stage, the hypothesis is that the twin-screw extruder 
dispersed the EVOH into the PE efficiently, and thus, the METEOR® process 
makes no real added-value, while following a single-screw extruder, the added-
value is obvious, given the elongation at break observed. 

Tensile 

Modulus 

(MPa)

Stress at 

yield 

(MPa)

Elongation

 at yield

 (%)

Stress at 

break 

(MPa)

Elongation

 at break

 (%)

Tensile 

Modulus 

(MPa)

Stress at 

yield 

(MPa)

Elongation

 at yield

 (%)

Stress at 

break 

(MPa)

Elongation

 at break

 (%)

SS 311 ± 8 / / 17.5 ± 1.8 600 ± 30 341 ± 8 9.14 ± 0.12 14 ± 0 14.9 ± 1.3 600 ± 40

SS+

METEOR
299 ± 22 8.92  ± 0.52 15 ± 4 16.1 ± 4.4 470 ± 190 311 ± 11 8.75 ± 0.25 15 ± 1 15 ± 1.4 600 ± 50

TS 280 ± 8 / / 15.9 ± 1.5 430  ± 30 331 ± 8 8.27 ± 0.26 11 ± 1 12.8 ± 0.6 540 ± 20

TS+

METEOR
329 ± 13 / / 16.1 ± 1.5 360 ± 60 362 ± 5 8.78 ± 0.15 9.8 ± 0.2 12.7 ± 0.3 530 ± 20

SS 409 ± 16 10.1 ± 0.1 16 ± 1 17.8 ± 0.8 560 ± 20 443 ± 16 10.2 ± 0.3 8.8 ± 0.3 8.53 ± 1.06 11 ± 1

SS+

METEOR
400 ± 25 9.87 ± 0.5 15 ± 1 18.6 ± 0.6 540 ± 20 333 ± 5 8.54 ± 0.05 12 ± 0 9.97 ± 0.32 430 ± 10

TS 335 ± 27 / / 13.4 ± 2.3 390 ± 60 350 ± 11 8.58 ± 0.12 11 ± 0 10.5 ± 1.3 470 ± 50

TS+

METEOR
381 ± 90 / / 16.1 ± 2.2 340 ± 90 390 ± 40 9.19 ± 0.21 9.9 ± 0.2 9.4 ± 1.13 390 ± 40

SS 369 ± 10 / / 15.4 ± 0.6 470 ± 20 411 ± 30 9.62 ± 0.57 11 ± 0 9.19 ± 0.58 170 ± 60

SS+

METEOR
317 ± 2 / / 18.2 ± 0.9 480 ± 20 316 ± 9 8.64 ± 0.17 15 ± 1 12 ± 1.1 460 ± 50

TS 319 ± 9 / / 15.6 ± 2 440 ± 50 603 ± 32 13.4 ± 0.5 11 ± 0 19.8 ± 1.8 520 ± 40

TS+

METEOR
292 ± 13 / / 15.1 ± 1.9 400 ± 30 352 ± 7 8.78 ± 0.1 12 ± 0 13.2 ± 1 500 ± 40

SS 374 ± 19 9.72 ± 0.76 20 ± 2 15.5 ± 1.1 410 ± 20 450 ± 27 9.86 ± 0.49 9.8 ± 0.2 9.79 ± 0.44 230 ± 40

SS+

METEOR
395 ± 3 / / 18.1 ± 0.6 450 ± 20 433 ± 5 9.8 ± 0.07 11 ± 0 12 ± 0.2 440 ± 10

TS 318 ± 22 / / 16.3 ± 1.3 400 ± 50 417 ± 11 9.01 ± 0.18 10 ± 0 15.1 ± 1 550 ± 30

TS+

METEOR
315 ± 16 / / 13.3 ± 1.2 350 ± 30 365 ± 12 8.69 ± 0.28 11 ± 0 12.3 ± 1.4 440 ± 60
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Figure 8: Elongation at break in transverse direction (%) for PE/EVOH films 

With this scenario, the property of high interest becomes the study of the 
degradation: indeed, the elongational mixing advantage is that there is a limited 
shear, thus less degradation. 

c. Degradation study 

To measure the degradation, several tests have been done: Melt Flow Index 
measurements, Oxidation Induction Times, and finally Dynamic Time Sweep 
(DTS) tests. The methods used can be found in Annex 2. Both MFI and OIT values 
measured are so low that no conclusions can be made. For DTS, the modulus (G’ 
and G’’) crossover times are compared: they are very close to each other, and very 
comparable to the PE one.  

Unfortunately, the main advantage of the use of an elongational mixer like 
METEOR®, i.e., avoid the degradation occurring with shear during mixing, is not 
proven. This might be due to the residence time of the METEOR® process, which 
is very long compared to an extruder (30-40 min with METEOR® versus 15-20 min 
without). However, the use of METEOR®, even with these high residence times, 
does not seem to degrade the material.  

An update of this process, aiming to reduce the residence time, could give a very 
nice improvement in the matter of material degradation.  

d. Barrier properties 

The methods used to measure the Water Vapor Transmission Rate and the 
Oxygen Transmission Rate can be found in Annex 2, and the results are 
summarized in Figure 9.  

For the water permeability (Figure 9a), all results are satisfying, being below 
10g/m².day, as set by the industrial partners. However, the METEOR® process does 
not seem to improve this property, whether it is used in combination with a 
single-screw or a twin-screw extruder. 

For the oxygen permeability (Figure 9b), the first thing to be explained it that the 
results with twin-screw extruder (TS and TS+METEOR) exceeded the sensor IPC 
had at this time (the limit was 500mL/m².day). Given resources needed, and 
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especially that the results will not be below the target set by the industrial 
partners (i.e., 3mL/m².day), the measurements were not done with the new sensor 
able to reach up to 4000mL/m².day. Thus, only the results for the trials made using 
the single-screw extruder (SS and SS+METEOR) are available. 

The second point to be highlighted is that the EVOH does not seem to act like an 
efficient barrier in these samples: adding EVOH does not improve the OTR. 
Usually, EVOH is very efficient in a multilayer structure to obtain good oxygen 
barrier properties. But here, the structure is not a multilayer but a blend, and the 
EVOH is not present in a layer form but dispersed in a matrix. The aim of 
METEOR® was to disperse this phase in a fibrillar shape, or even better, form 
plaques of EVOH that could increase the diffusion path, and thus, decrease OTR. 
But, given the poor OTR results: 

- Either the dispersion is not in the preferred shape, despite the good 
elongation at break obtained,  

- Or the plaques are formed, but they are not big enough to increase the 
diffusion path of oxygen in the film. 

  
Figure 9: a) Water-vapor transmission rate (g/(m².day)) and b) Oxygen transmission rate 

(mL/(m².day)) for PE/EVOH films 

In order to improve these results, attempts of biaxial stretching of the films were 
made at VTT, as proposed in the Grant Agreement. The hypothesis is that if the 
fibril or plaque are stretched even more, then the diffusion path of oxygen could 
be increased, and thus OTR decreased. The bi-axial stretching method used is 
available in Annex 3.  

For the first test, a full study was conducted: all films made using twin-screw with 
and without METEOR® (TS and TS+METOR) were stretched, and then observed 
through SEM at VTT, with an analysis of the average size of EVOH domains and 
tested with DSC at VTT.  

Every film was stretchable at ratio 1.5x1.5 at 145°C reaching films of thickness 
between 40 and 50µm. More details about the stretching process can be found 
in Annex 3. 
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The SEM pictures after bi-axial stretching can be found in Figure 10.  

When pictures taken from films processed by twin-screw extruder are compared 
to ones processed by twin-screw extruder + METEOR®, the dispersion of EVOH 
does not seem to be in fibrillar or plaques form. But, from the mechanical property 
results, it was concluded that METEOR® does not show a great effect after a twin-
screw extruder, probably because the dispersion after the twin-screw extruder is 
so good that METEOR® does not improve it more. The effect of OREVAC as 
compatibilizer is clearly seen, because the films containing it are more 
homogeneous, and the EVOH domains are smaller.  

When the films processed by single-c=screw extruder are observed by SEM, the 
average size of particles is better when using METEOR with a high amount of 
compatibilizer, but worse when no compatibilizer is added. The conclusion are 
then unclear regarding the improvement of dispersion induced by METEOR after 
a single-screw extruder.  

 
Figure 10: SEM observations of the samples after bi-axial stretching from the PE/EVOH films (x2500) 

The barrier properties were measured after bi-axial stretching to see if this 
treatment decreases the transmission rates. The OTR (Oxygen Transmission Rate) 
data could not be compared due to insufficient data from IPC. However, the 
results are unsatisfactory compared to the industrial partners’ target of 
50mL/m².day target. The WVTR are, on the contrary, all good and below the target 
(10g/m².day). 

The bi-axial stretching can be a powerful tool to use to increase barrier properties, 
but it needs a full study to establish the right temperatures and the right 
stretching parameters, which was not the purpose of the project. LDPE and EVOH 
have differing melting points, and a compromise in the biaxial stretching 
temperature must be made to be able to stretch a film comprising of PE matrix 
and a dispersed EVOH phase. Hence, the stretching temperature of 145 °C 
(dictated by the LDPE matrix phase) might be too limited to achieve proper 
elongation of the EVOH droplets during biaxial stretching. Thus, due to resources 
constraint, the full study cannot be made within CIMPA.  
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e. Rheological properties 

For the rheological properties, IPC made Dynamic Frequency Sweep (DFS) and 
Stress Relaxation (SR) tests. The methods are available in Annex 2.  

From the Dynamic Frequency Sweep tests, the frequency at which the storage 
modulus G’ and the viscous modulus G’’ cross over is studied (see Figure 11). At a 
first sight, all the cross over frequencies are very close to each other. The crossover 
seems to happen at a bit lower frequency when the twin-screw extruder is used 
with and without METEOR® (dotted bars), especially for the blend 
PE+EVOH+OREVAC 87+5+8%. The opposite of the frequency corresponds to the 
relaxation time of a blend. So, it seems that when the twin-screw extruder is used, 
the relaxation time are higher. Either more interactions are created at the 
interface (chemical reactions) or there is more interface (dispersion improved). In 
both conclusions, the blending seems to be more efficient with a twin-screw 
extruder than a single-screw one.  

 
Figure 11: G' and G'' crossover frequency during Dynamic Frequency Sweep (DFS) test for PE/EVOH 

films at 220°C 

In order to study more deeply the relaxation of the different blends, Strain 
Relaxation (SR) tests were made (see the method in Annex 2). All the curves are 
displayed in Figure 12.     

For the blend without compatibilizer (first graph), the trial made with twin-screw 
extruder and METEOR® (dark green) show a bump at the end of the curve, 
especially compared to the one without METEOR® (light green). This bump 
usually means that there is more interfacial energy than in the blends. Again, 
there might be two reasons explaining this: either the blend is better dispersed, 
creating more surface of interface, or some chemical bonding happened. In both 
cases, the blend is stronger, showing an effect of METEOR®. For the single-screw 
extrusions, with and without METEOR®, this effect is not as clear.  

When a compatibilizer is added (second graph), then the METEOR® effect after 
the twin-screw extrusion is not as clear. The compatibilizer probably worked 
efficiently, and no more interface energy was created through the METEOR® 
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process. With the single-screw extrusion, the effect of METEOR® is shown: again, 
a bump appeared, showing more interfacial energies.  

Finally, when more compatibilizer and EVOH are introduced (third graph), the 
effect is hidden by the strong interactions created by both process (twin-screw 
and single-screw extruder) and with or without METEOR®.  

In that sense, and for this type of blend, the use of METEOR® might reduce the 
need of compatibilizer. 

 

 
Figure 12: Strain relaxation (SR) curve for PE/EVOH films at 220°C 

f. Conclusion for PE/EVOH blends with METEOR® 

In this study, several PE/EVOH blends were made: 
- With and without compatibilizer  
- Using a twin-screw extruder, without and with METEOR®  
- Using a single-screw extruder without and with METEOR® 

From mechanical properties, the elongation at break in the transversal direction 
show the effect of METEOR® after a single-screw extruder for all the formulations, 
but no improvement after a twin-screw extruder. 

The barrier properties were satisfying for water-vapor transmission rates, but 
exceeded the target set up by the industry for oxygen transmission rates. The bi-
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axial stretching attempt show no real improvement of the barrier properties. The 
observation of the structures does not show elongation of the dispersed phase.  

The degradation study fails to prove that METEOR® degrades less the materials 
than a twin-screw extruder. But however, even though the residence time is 
much increased, the materials are not degraded more than the same trial without 
METEOR®. 

Finally, the rheological properties show that up until a compatibilizer content, the 
interfacial energy is increased (either by a better dispersion, or the creation of 
reaction at the interface). When the compatibilizer percentage is higher, then the 
effect is not seen anymore. In that sense, METEOR® could be used in such blends 
to reduce the proportion of compatibilizer.  

4. Summary of results obtained with PE/PA and PE/PET with 
METEOR® 

All the results of the following trials are available in deliverable 3.3. Only a summary 
is presented here.  

a. PE/PA blends 

Several PE/PA blends were prepared with different ratios of PA and 
compatibilizer. All blends were processed using a single-screw extruder, both with 
and without the addition of METEOR® 

From the mechanical properties analysis, it was observed that the elongation at 
break in the transversal direction demonstrated the impact of METEOR® 
following a single-screw extrusion for all formulations containing compatibilizer. 
This impact was not confirmed with the optical microscopies couples with Infra-
Red, which did not show a clear trend. 

While the barrier properties met satisfactory levels for water-vapor transmission 
rates, they exceeded the industry-established target for oxygen transmission 
rates. Bi-axial stretching experiments revealed no significant improvement in 
barrier properties.  

Observation of the bi-axially stretched structures indicated elongation of the 
dispersed phase post-stretching, though this might be attributed to the 
stretching process rather than the METEOR® treatment itself.  

The degradation study did not conclusively demonstrate that METEOR® results 
in lesser degradation compared to a twin-screw extruder. However, employing 
METEOR®, despite its longer residence times, did not appear to introduce 
additional degradation to the material. 

Furthermore, rheological analysis revealed that at lower compatibilizer 
proportions, there was an increase in interfacial energy, possibly due to improved 
dispersion or formation of reactions at the interface. However, this effect was not 
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observed at higher compatibilizer percentages. Thus, METEOR® could potentially 
be utilized in such blends to reduce the requirement for compatibilizer. 

The conclusion for this blend was very close to the PE+EVOH’s one. This might be 
due to the very similar viscosity ratios (PA/PE = 1.7). 

b. PET/PET blends 

For PE/PET blends, the study utilized only single-screw extruders (SS and 
SS+METEOR). Various blends were created, with different ratio of PET and a 
compatibilizer was introduced. Two PET drying methods were tested, including a 
standard method and a specialized one. 

Regarding mechanical properties, the elongation at break in the transverse 
direction demonstrated the impact of METEOR® following single-screw extrusion 
accross all formulations, particularly with standard drying conditions. 

While the barrier properties proved satisfactory for water-vapor transmission 
rates, they surpassed the industry’s target for oxygen transmission rates. 
Attempts at bi-axial stretching did not significantly enhance barrier properties. 
Observation of the bi-axially stretched structures revealed no elongation of the 
dispersed phase post-stretching, due to insufficient temperature to melt the PET 
phase.  

The degradation study did not definitively establish that METEOR® results in less 
degradation compared to twin-screw extrusion. However, the use of METEOR®, 
despite its extended residence times, did not appear to introduce additional 
degradation to the material. 

Analysis of rheological properties did not provide conclusive evidence regarding 
the efficiency of METEOR®. This ambiguity may stem from differences in viscosity 
behaviours between PE and PET. The viscosity ratio transitioned from 0.3 in the 
extruder to 100 in the METEOR® process, resulting in a challenging-to-predict 
behaviour.   

c. Conclusion on virgin material METEOR® blends 

For all the virgin blends tested, METEOR® proves its efficiency, with the favorable 
elongation at break shown in the Figure 13.  

Indeed, the properties reached the level of a twin-screw extruder (standard 
extrusion in the graph), and thus using single-screw extruder coupled with 
METEOR® process.  

The extensive rheological study showed that the interfacial energy increased 
when METEOR® was used for virgin PE/PA and virgin PE/EVOH blends. This 
indicated that the dispersion was thinner, or that some interactions were created 
at the interface. In that sense, METEOR® process could be used to reduce the 
compatibilizer content in such blends. 
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Figure 13: Elongation at break in TD for all the virgin material METEOR® blends 

For virgin PE/PET blends, the conclusion was unclear. This was probably due to 
the high differences in viscosities between these two materials, leading to 
difficulties to blend efficiently.  

However, the study failed to prove that METEOR® gave less degradation than 
twin-screw extruder. On the other hand, despite its high residence time (30-40 
min), the materials were not degraded more than when a twin-screw extruder 
was used.  

For all the blends, the Water Vapor Transmission Rate were satisfying, but the 
Oxygen Transmission Rate were higher than the industry’s target. Attempts at bi-
axial stretching did not significantly enhance barrier properties. A deeper study of 
the stretching parameter would be highly beneficial, but was not the objective of 
the CIMPA project. 

5. MultiNanolayering (MNL) Concept 

Regarding both material eco-design and processing, adaptation of existing 
plastic conversion methods to meet the recycling purposes is currently the main 
applied approach; particularly aiming to take advantage of the enormous and 
evolving polymer processing techniques. In this regard, MNL is a relatively recent 
and powerful extrusion technique for the production of structured polymer films 
envisaging for the most part the packaging sector. As it is known, plastic 
packaging applications demands a series of physical properties, particularly food 
packaging, which should reunite principally strength and barrier properties. 
Although, traditional cast or blown co-extrusion is extensively present in the 
packaging sector as main multilayer film production techniques, these require 
well-defined material characteristics meeting specific functions in the film. 
Subsequently, a successful film performance is entirely based in the actual 
component’s physicochemical properties. Regarding MNL, although it is also true 
that the physical properties of the individual layers play a significant role, the final 
film characteristics are also dictated at a great extent by the dynamics of the layer 
multiplying process. As illustrated in Figure 14, the MNL, in its basic configuration, 
involves initially the same procedure as cast film coextrusion, merging two 
different materials, coming each from one extruder, into a feed block. Afterwards, 
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the resultant bilayer system is leaded to a multiplier unit, consisting of a series of 
multiplier elements (LME) each one being capable of splitting the incoming flux 
and remerging it, and thus, increasing the number of layers in an exponential way 
along the whole unit, according to: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟𝑠 =  2𝑛+1                 (1) 

Where, n is the number of multiplier elements.  

 
Figure 14: Schematic illustration of the multilayer coextrusion process8 

Once the desired theoretical number of layers obtained, depending on the 
number of multiplier elements, the final film is shaped by a die head at the end of 
the MNL unit and recovered as usual. From a structural point of view, MNL allows 
targeting layers’ thickness depending on both the polymer mass ratio and the 
number of layers or multiplication steps. By controlling and making interact these 
parameters in the right balance, the system is capable to attain layers’ dimensions 
in the orders of nanometres. In the proximities of those dimensions, when using 
semi-crystalline polymers, the quite thin and adjacent layers do not allow the 
crystallites to grow in the perpendicular direction any longer because of the 
generated structural hindrances. Therefore, the only available direction for the 
spherulitic and/or lamellar evolution is along the layer, i.e., the planar direction. 
This phenomenon is called confinement and represents one of the highest 
potentials of MNL since it promotes a high density of anisotropic crystalline 
regions, which favours the gas barrier resistance in the application plane of the 
film. On the other hand, the same phenomenon may also enhance the 
mechanical behaviour of the film.  

It can be observed that, higher layer thickness (in the order of nanometric scale 
though) at low Tx allows enough room for isotropic lamellar growing of crystalline 
regions. When thickness is reduced while Tx is increased, more spherulitic grow 

                                                   
8 Bo Lu, Pierre Alcouffe, Guillaume Sudre, Sébastien Pruvost, Anatoli Serghei, Chuntai Liu, 
Abderrahim Maazouz, Khalid Lamnawar (2020). Unveiling the Effects of In Situ Layer–Layer Interfacial 
Reaction in Multilayer Polymer Films via Multilayered Assembly: From Microlayers to Nanolayers. 
Macromol. Mater. Eng, 2000076 
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is favoured and, at very thin layer thickness the in plane lamellar crystalline 
growing is practically the solely route since other dimensions are no longer 
available.  

Baer et al9 emphasize the morphology changes in the crystallinity scale and 
patterns as the layer thickness allows for confinement phenomenon. This is 
illustrated in Figure 15, where, as approaching critical layer thickness of PCL 
(nanometric order in dimensions), by increasing the number of layers, crystalline 
arrangements change from spherulites to lamellae and finally to single crystals at 
a thickness well within nanometric scales.  

 

 
Figure 15: Evolution of the crystalline layer morphology toward highly confined structures as its 

thickness decreases as function of layers multiplication. 

From the same authors as in Figure 15, the impact of the confinement 
phenomenon in the barrier properties of the multilayer films seems to be obvious 
in Figure 16. As the layer’s thickness of the semi-crystalline component in any of 
the three polymer pairs of the Figure 16 reaches nanometric dimensions, the 
permeability significantly decreases because of the homogeneous crystalline 
barrier built as a result.  

 

   
Figure 16: Normalized permeability as function of the semi-crystalline layer in a multilayer film by 

MNL. 

                                                   
9 Zhenpeng Li, Andrew Olah, Eric Baer (2020). Micro- and nano-layered processing of new polymeric 

systems. Progress in Polymer Science, 102, 101210. 
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At higher dimensions, less compact and homogenous structures, including 
amorphous zones, allows for a higher perpendicular diffusion of gas molecules. In 
addition, it is interesting to observe that, in the opposite direction, as layer’s 
thickness increased beyond 1 µm, the permeability tends to reach constant values 
and dimensions are no longer a factor affecting this property.  

Other attracting approaches in MNL targeting at the same level both barrier 
properties and mechanical properties are characterized by the inclusion of fillers 
or reinforcing charge in one of the components of the film. Rivollier et al10 
exfoliated and compatibilized montmorillonite in LLDPE, which subsequently 
was shaped into film by MNL along with non-filled LLDPE layer as a second 
component. In addition, bi-axial stretching was carried out on the resultant films.  
Multilayer films from 17 to as much as 1025 layer were produced just by MNL, 
reaching for the latter a layer thickness of about 100 nm. Although, 
montmorillonite platelets were not fully aligned “in plane” into the filled layer 
during the MNL processing, the auxiliary bi-axial stretching complemented this 
target, getting in the end highly oriented nanoplatelets at even lower layer’s 
thickness.  

Although the potential of the MNL processing technique in the tailor-made 
elaboration of multilayer film is well documented, essential requirements 
regarding raw material properties should not be overlooked in order to ensure an 
efficient process and targeting the desired films characteristics. In this matter, a 
central aspect concerns the rheological properties of the individual components 
to be shaped into a multilayer film by MNL. For a successful processing, it is 
recommended that the viscosity ratio between the film components be kept 
around 1. The farther the viscosity ratio from this value, either upwards or 
downwards, the higher the risk of failing the multilayer structure. Particularly, 
high difference of viscosities leads to what is known as “encapsulation”, where the 
most fluid phase tends to encapsulate the more viscous one, preventing layer-to-
layer mechanisms. The described undesired phenomenon is clearly shown in the 
work by Huang et al11, Figure 17, where viscosity ratio around 1 (matched) promotes 
multilayer configuration whereas high viscosity ratio (mismatched) generates 
kind of mixing patters, including encapsulation phenomenon, which lead to a 
failed film.  

                                                   
10 N. Rivollier, R. Schwiddessen, G. Cabrera, C. Combeaud, S. Schorr, G. Dennler (2024). 
Montmorillonite Exfoliation in LLDPE and Factors Affecting Its Orientation: From Monolayer to Multi-
Nano-Layer Polymer Films. Polymers, 16, 200. 
11 R. Huang, J. Silva, B. A. Huntington, J. Patz, R. Andrade1, P. J. Harris, K. Yin, M. Cox, R.T. 
Bonnecaze, J.M. Maia (2015). Co-Extrusion Layer Multiplication of Rheologically Mismatched 
Polymers: A Novel Processing Route. Intern. Polymer Processing, 3, 317 - 330. 
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Figure 17: Progression of viscosity matched (A to D) and mismatched (E to H) flow along multiplier 

die for 32 layer extrudates. 

Other important physicochemical factors to take into account for successful films 
point to the interface stability between adjacent layers. Firstly, poor compatibility 
between constituents, even at the right viscosity balance, may lead to kind of 
phenomena known as interfacial slippage12. This undesirable condition can be 
translated into either processing troubles or later when the poor adhesion favours 
the readily delamination of the film. As suggested for polymer blends in general, 
the use of compatibilizers suppresses interfacial issues and ensures the 
structured building of the multilayer. In this regard, works by Lu et al6 and Lozay 
et al13 analysed the effect of compatibilizers in the elaboration of multilayer films 
by MNL. On the other hand, it is certain that the MNL technique focuses on a great 
extent in the development of interfaces in non-compatibilized systems by various 
mechanisms of intermolecular diffusion, thus, favouring stables interfaces13. 

This concluded the state-of-the-art MNL study, and its interest in polymer 
recycling. The following paragraphs present the trials made within the CIMPA 
project.  
  

                                                   
12 Khalid Lamnawar, Abderrahim Maazouz, Huagui Zhang (2013). Encyclopedia of Polymer Science 
and Technology. John Wiley & Sons. 
13 Quentin Lozay, Quentin Beuguel, Nadège Follain, Laurent Lebrun, Alain Guinault, Guillaume 
Miquelard-Garnier, Sylvie Tencé-Girault, Cyrille Sollogoub, Eric Dargent, Stéphane Marais (2021). 
Structural and Barrier Properties of Compatibilized PE/PA6. Membranes, 11(75). 
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6. PE/PA virgin materials MNL structures  

a. First campaign summary 

The materials were chosen in collaboration with WP5 trials, and sent by 
Leygatech, due to availability, delays and prices.  

For the LDPE, Leygatech uses several equivalent grades, with the same density, 
the same Melt Index (2.0g/10min), and all polymerized using radical 
polymerization.  

The four virgin LDPE grades used during these trials are: DOW 352E, SABIC 
NC1013, REPSOL ALCUDIA 2320FG and BASELL LUPOLEN 2426H. 

The PA was a PA6/6.6 (film grade) also supplied from Leygatech: UBE NYLON 
5033B.  

All the technical datasheets can be found in Annex 1.  

For the first PE/PA campaign, two formulations were tested across four layer 
configurations: 0 LME (3 layers), 4 LME (33 layers), 8 LME (513 layers), and 9 LME 
(1025 layers). Based on IPC’s experience, the addition of a compatibilizer tends to 
disrupt the MNL structures. Therefore, it was decided not to introduce a 
compatibilizer during the virgin polymer trials. 

Regarding mechanical properties, the elongation at break in the transversal 
direction decreased when LMEs were introduced. Conversely, the barrier 
properties, particularly the Oxygen Transmission Rate (OTR), showed an 
improvement. Notably, a satisfactory OTR value was achieved with 33 layers, i.e., 4 
LME. 

This specific configuration was selected to reach the 100 kg production milestone. 
The same process parameters were maintained, with the only change being the 
width of the flat die. Unfortunately, the OTR obtained from this production 
exceeded the industrial target. 

Attempts to biaxially stretch the MNL structure revealed that MNL films are not 
suitable for this process. The layers delaminated due to the absence of a tie layer 
and a mismatch between the melting temperatures of LDPE and PA, resulting in 
the formation of voids during biaxial stretching. 

After this initial campaign and the production of 100 kg of film using the MNL 
process, IPC decided to further study two parameters of the PE/PA 85/15 
structures: 

- The number of LMEs and consequently the number of layers in the final 
films 

- The position of the LMEs in the MNL process, as well as the rolling speed 
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b. PE/PA 85/15 MNL structure: LME number influence 
Materials and Formulations 

The formulation chosen was PE/PA 85/15, due to the good OTR result obtained 
during the first campaign. The point of this trial is to add the data for 5 and 6 LME. 
The trial of 4 LME was done again, but with a different localization of the LME. The 
extensive study of the influence of the localization of the LME is examined in the 
next paragraph (c.). 

These trials were made using 2 single-screw extruders:  
- Collin E45E (L/D=25) for the layer A, i.e., PE at 220°C  
- Collin E30E (L/D=25) for the layer B, i.e., PA at 270°C 

The throughputs of both extruders were set to respect the proportion and the 
throughput of 5kg/h. The flat die used was the Scamex 350, giving films of 350mm 
width. The MNL temperature was set at 250°C. The chill roll speed was set 
between 1.5 to 2.0m/min, to obtain films with thickness between 200 and 250µm.  

The LME were located as indicated in Table 4.  

 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

4 LME                     

5 LME           

6 LME                     

Table 4: LME position for PE/PA 85/15 structures, 4, 5 and 6 LME. Green square indicates that the 
LME is positioned, grey square that it is not 

The viscosity ratio of the materials was 0.4 at the beginning of the MNL process 
(extruders temperatures) and 1.17 at the MNL temperature.  

 

Mechanical properties 

The results of tensile measurements can be found in Table 5 (for the methods 
used see Annex 2).  

 
Table 5: Mechanical properties of PE/PA 85/15 structures (0, 8 and 9 LME from first campaign, and 

4, 5 and 6 LME from second campaign) 

Tensile 

Modulus 

(MPa)

Stress at 

yield (MPa)

Elongation

 at yield

 (%)

Stress at 

break (MPa)

Elongation

 at break

 (%)

Tensile 

Modulus 

(MPa)

Stress at 

yield (MPa)

Elongation

 at yield

 (%)

Stress at 

break (MPa)

Elongation

 at break

 (%)

0 LME 

3 layers
531 ± 13 13.1 ± 0.1 13 ± 0 16.6 ± 1 550 ± 40 483 ± 51 16.4 ± 0.9 14 ± 1 33.5 ± 3.2 390 ± 20

4 LME 

33 layers
329 ± 15 9.97 ± 0.52 15 ± 0 28.7 ± 1.7 530 ± 10 301 ± 20 8.86 ± 0.56 13 ± 0 19.5 ± 1.1 420 ± 20

5 LME

65 layers
338 ± 22 10.4 ± 0.6 16 ± 0 29.6 ± 1.9 520 ± 10 328 ± 29 9.77 ± 0.36 11 ± 1 17.7 ± 1.1 360 ± 20

6 LME

129 layers
261 ± 14 8.55 ± 0.6 16 ± 1 21.7 ± 2.3 460 ± 20 291 ± 6 8.23 ± 0.2 11 ± 2 7.8 ± 3.64 90 ± 47

8 LME

513 layers
354 ± 47 10.6 ± 1.5 14 ± 2 19.6 ± 4.7 460 ± 50 196 ± 22 1.64 ± 0.4 2.1 ± 0.6 1.38 ± 0.44 2.8 ± 1.1

9 LME

1025 layers
378 ± 30 11.1 ± 1.4 13 ± 2 19.4 ± 5.8 430 ± 60 330 ± 37 / / 3.29 ± 1.14 1.9 ± 0.4

P
E/

P
A

 8
5

/1
5

Machine direction Transversal direction
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All properties seem to be impacted by the introduction of LME in the process. 
They all decrease, a bit for the machine direction, and more in the transversal 
direction. The most impacted is the Elongation at break (see Figure 18). An abrupt 
loss of elongation is observed from 5-6 LME.  

 
Figure 18: Elongation at break (%) in transversal direction for PE/PA 85/15 structures (0, 8 and 9 

LME from first campaign, and 4, 5 and 6 LME from second campaign) 

Barrier properties 

The methods used to measure the Water Vapor Transmission Rate (WVTR) and 
the Oxygen Transmission Rate (OTR) can be found in Annex 2, and the results are 
summarized in Figure 19.  

 
Figure 19: Water-vapor transmission rate (g/(m².day)) and Oxygen Transmission Rate 

(mL/(m².day)) for PE/PA 85/15 structures (0, 8 and 9 LME from first campaign, and 4, 5 and 6 LME 
from second campaign) 

All the WVTR values are below the target set by the industrial partners in D1.1. For 
the OTR, the values are satisfying, being under the target set by the industrial in 
D1.1 (50mL/m².day) until 8 LME (513 layers). When the elongation at break and the 
OTR are superposed, it seems that between 6 and 8 LME (129 and 513 layers), the 
structure broke, and the confinement effect is lost, as well as the barrier 
properties. The loss in mechanical properties is likely due to the absence of 
compatibilizer between PE and PA phases.  
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Optical microscope coupled with InfraRed detection 

The methods used to see the MNL structures can be found in Annex 2, and the 
pictures are gathered in Figure 20. 

 
Figure 20: Optical microscopies coupled with Infra-Red detection of PE/PA 85/15 MNL structures. 

the PE phase is in red in the first column, and in green in the second column 

As suspected from mechanical and barrier properties discussions, the structure 
seems to be regular with a nice stacking of layers until 6 LME (129 layers). With 6 
LME, one can see that on the left, the layers broke and start to recombinate. In the 
middle of the film, layers still appears. At 8 LME (513 layers), one can see few layers 
are seen in the middle of the film’s thickness, but on the right and left side, the 
structure is completely broken. Finally, with 9 LME (1025 layers), no layers are seen 
anymore.  

This is perfectly in line with the mechanical and barrier properties.  

 

Conclusions for PE/PA MNL structures: influence of LME number 

For the LME number influence trial, only one formulation was tested (PE/PA 85/15), 
with three different amounts of LMEs: 4 LME (33 layers), 5 LME (65 layers) and 6 
LME (129 layers). These results were combined with those obtained in the first 
campaign, featuring 0 LME (3 layers), 8 LME (513 layers) and 9 LME (1025 layers).  

In Figure 21, elongation at break in the TD, OTR and optical microscopies are 
overlaid. From this graph, the hypothesis, supported by the optical microscopies, 
suggests that the layer multiplication was effective up to 6 LME (129 layers). 
Indeed, the elongation at break is favorable for 0, 4 and 5 LME (3, 33 and 65 layers), 
but diminishes at 6 LME (129 layers). Conversely, the OTR property follows the 
opposite trend.  
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From 8 LME (513 layers) onwards, it appears that the multi-nanolayer structure 
faltered, leading to layer recombination and a subsequent loss of OTR and 
mechanical properties. 

It is noteworthy that WVTR properties are satisfactory for every structure, even for 
8 and 9 LME (513 and 1025 layers). 

 
Figure 21: Superposition of Elongation at break (%, TD) and OTR for PE/PA 85/15 structures in 

function of the LME number 

c. PE/PA virgin materials structures: LME’s position influence 
Materials and Formulations 

The formulation chosen was PE/PA 85/15, to pursue the analysis of this structure. 
The point of this trial is to study the influence of the LME position in the MNL 
modules. The number of layers chosen is 33 layers (4 LME), due to the good results 
obtained in both elongation at break (TD) and OTR.  

These trials were made using 2 single-screw extruders:  
- Collin E45E (L/D=25) for the layer A, i.e., PE at 210°C  
- Collin E30E (L/D=25) for the layer B, i.e., PA at 270°C 

The throughputs of both extruders were set to respect the proportion and the 
throughput of 5kg/h. The flat die used was the Scamex 350, giving films of 350mm 
width. The MNL temperature was set at 250°C. The chill roll speed was set 
between 1.5 to 2.0m/min, to obtain films with thickness between 200 and 250µm.  

The LME were located as indicated in Table 6.  

 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

Config 1                     

Config 2           

Config 3           

Table 6: LME position for PE/PA 85/15, 4 LME (33 layers) with different configurations. Green square 
indicates that the LME is positioned, grey square that it is not. 
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The viscosity ratio of the materials remains 0.3 at the beginning of the MNL 
process and 1.17 at the MNL temperature. 

The 4 LME trial made in the first campaign corresponds to the Configuration 2 
and is added to the results table for comparison purpose. 

The influence of rolling speed was also studied (speed of the chill roll after the 
MNL process). This speed influences the final thickness of the films, but also the 
orientation of the polymer chains within the layers.  

Mechanical properties 

The results of tensile measurements can be found in Table 7 (for the methods 
used see Annex 2). To complete the study, the 4 LME trial made during the first 
campaign is included in the table, and corresponds to the Config 2, 1.6m/min (4th 
row).  

 
Table 7: Mechanical properties of PE/PA 85/15 structures, 4 LME (33 layers) with different 

configurations and rolling speeds 

The properties in machine direction does not seem to be affected by the different 
configuration, or the rolling speed: they remain stable. In the transversal direction, 
they follow a U shape: they are good for the first rows, decrease and then increase 
again. For the visual, Elongation at break is shown in Figure 22.  

 
Figure 22: Elongation at break of PE/PA 85/15 structures, 4 LME (33 layers) with different 

configurations and rolling speeds 

Tensile 

Modulus 

(MPa)

Stress at 

yield (MPa)

Elongation

 at yield

 (%)

Stress at 

break (MPa)

Elongation

 at break

 (%)

Tensile 

Modulus 

(MPa)

Stress at 

yield (MPa)

Elongation

 at yield

 (%)

Stress at 

break (MPa)

Elongation

 at break

 (%)

Config 1 

1.5m/min
329 ± 15 9.97 ± 0.52 15 ± 0 28.7 ± 1.7 530 ± 10 301 ± 20 8.86 ± 0.56 13 ± 0 19.5 ± 1.1 420 ± 20

Config 1 

1.7m/min
327 ± 12 10 ± 0.3 15 ± 0 30.6 ± 0.9 520 ± 10 324 ± 9 9.64 ± 0.27 13 ± 1 22.1 ± 0.7 420 ± 20

Config 1 

2.0m/min
257 ± 23 8.42 ± 0.64 15 ± 1 24.3 ± 1.5 470 ± 20 247 ± 29 6.71 ± 0.75 7.9 ± 1.7 12.3 ± 1.2 320 ± 20

Config 2

1.6m/min
400 ± 35 12.5 ± 0.7 15 ± 0 28.2 ± 1.8 520 ± 20 408 ± 27 9.96 ± 0.65 6.2 ± 0.1 6.87 ± 0.66 13 ± 3

Config 2

2.0m/min
232 ± 46 7.31 ± 1.44 12 ± 3 18.6 ± 4.9 420 ± 70 223 ± 76 3.62 ± 1.54 3 ± 1.1 3.43 ± 2.75 33 ± 22

Config 3

2.0m/min
285 ± 35 9.16 ± 1.09 16 ± 0 24.2 ± 2 470 ± 20 322 ± 17 9.66 ± 0.59 13 ± 0 17.6 ± 0.7 360 ± 20

Machine direction Transversal direction

P
E/

P
A

 8
5

/1
5

4
 L

M
E 

: 
3

3
 l

ay
e
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At a first sight, it seems that the Config 2 is not favourable to the mechanical 
properties: the elongation at break in TD are very low. The Config 1 with the 
highest rolling speed (2.0m/min) is a bit affected too, but this might be due to the 
thickness of the film, which decreases when the rolling speed increases.   

To see if the MNL structure is affected, barrier properties are studied. 

Barrier properties 

The methods used to measure the Water Vapor Transmission Rate and the 
Oxygen Transmission Rate can be found in Annex 2, and the results are 
summarized in Figure 23). 

 
Figure 23: Water-vapor transmission rate (g/(m².day)) and Oxygen Transmission Rate 

(mL/(m².day)) for PE/PA 85/15 structures, 4 LME (33 layers) with different configurations and rolling 
speeds 

The WVTR are, as usual, all satisfying. For the OTR values, with Config 1, the OTR 
are increasing with the rolling speed. Since the thickness of the film decreases, 
the Figure 24 shows the OTR multiplied by thickness result, in order to take into 
account this factor.  

 
Figure 24: Oxygen Transmission Rate x thickness (mL.cm/(m².day)) for PE/PA 85/15 structures, 4 

LME (33 layers) with different configurations and rolling speeds 

In this figure, the config 2 is not very favourable to the barrier properties, especially 
at 2.0m/min. The config 3 presents also high values.  

To respect the target set by the industrial partners, the config 1 and 4 are the most 
suitable. Taking into account mechanical properties results, the config 2 and 3 are 
probably showing broken layers, which compromise the confinement effect and 
the good barrier properties.  
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Optical microscope coupled with InfraRed detection 

The methods used to see the MNL structures can be found in Annex 2 and the 
pictures are gathered in Figure 25. 

 
Figure 25: Optical microscopies coupled with Infra-Red detection of PE/PA 85/15 MNL structures, 

influence of LMEs’ positions. The PE phase is in red. 

Conversely to what was seen in mechanical and barrier properties, no real 
differences are seen between these structures. In all images, the external layers 
seems to be more fragile for configuration 2 and 3, starts to broke and recombine. 
But this is seen for the 2 external layers only, in the core of the film, the layers 
seems regular and homogeneous.  

Conclusions for LME position influence 

For the LME’s position influence trial, only one formulation was tested (PE/PA 
85/15), with the number of layers set at 33 (4 LME).  

The LME were inserted either at the beginning of the process (Config 1), at the end 
(Config 2) or dispersed all along the modules (Config 3).  

In the Figure 26, elongation at break in the TD, OTR and optical microscopies are 
overlaid. From this graph, the hypothesis, sustained by the results, suggests that 
the multiplication of the layers did not work for Config 2 and 3. Indeed, the 
elongation at break is very low for these configurations, as well as the OTR. From 
the first 3 bars, one can see the influence of the rolling speed. If the elongation at 
break drop can be explained by the reduction of film thickness, the OTR were 
multiplied by the film thickness. The increase is then limited for these trials.  
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Figure 26: Superposition of Elongation at break (%, TD), OTR x thickness and optical observations 

for PE/PA 85/15 structures with different configurations and rolling speeds 

To conclude, it seems favourable for the MNL structures to have the LME placed 
at the beginning of the MNL process (Config 1). This might be due to the viscosity 
ratio or the material temperatures of this trials: when the PE arrived in the MNL 
process, it is at the extruder temperature (210°C), and the PA at 270°C. The 
viscosity ratio is then of 0.3. But as the MNL process temperature is set at 250°C, 
the viscosity ratio increased all along the modules to reach the 1.17 value. The 
favourable viscosity ratio being 1 (see the state-of-the-art), it seems that this ratio 
is achieved at the beginning of the MNL process. This might explain the influence 
of the LME position for the PE/PA 85/15 structures. 

 

7. Summary of results obtained  for PE/EVOH and PE/PET virgin 
materials MNL structures  

All the results of the following trials are available in deliverable 3.4. Only a 
summary is presented here.  

a. PE/EVOH MNL structures 

For PE/EVOH structures, two formulations were tested across three different layer 
configurations: 0 LME (3 layers), 8 LME (513 layers) and 9 LME (1025 layers).  

In terms of mechanical properties, the elongation at break in the transversal 
direction decreased with the introduction of LME.  

Conversely, the barrier properties, particularly the Oxygen Transmission Rate, 
exhibited an opposite trend. However, the melt flow index indicated no evidence 
of polymer degradation.  

It appears that the number of LMEs tested (or the targeted number of layers) was 
too high for this structure, considering the outcomes.  
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Ideally, the study should have been conducted with a lower number of layers.  

Unfortunately, due to a equipment breakage, and the extensive study already 
conducted with the elongational flow mixer on PE+EVOH blends (as detailed in 
deliverable 3.3), this adjustment will not be feasible within the CIMPA project.   

b. PE/PET MNL structures 

For PE/PET structures, two formulations were tested across three different layer 
configurations: 0 LME (3 layers), 4 LME (33 layers) and 8 LME (513 layers). Notably, 
for the virgin polymer trials, the decision was made not to introduce a 
compatibilizer. 

Regrettably, these trials failed. Inhomogeneous films were obtained, with light 
and opaque areas visible with the naked eye. 

Laboratory investigations conclusively revealed that these opaque and light 
regions did not conform to the intended layering specifications. Furthermore, 
infrared spectroscopy confirmed that the opaque areas exhibited a higher 
concentration of PET chemical functionality, while the lighter areas were enriched 
with PE functions. This stark differentiation strongly indicates the occurrence of 
PET layer breakage and subsequent recombination, leading to segregation on 
one side of the film at a macroscopic level.  

Analysis of the rheological properties of PE and PET revealed markedly disparate 
behaviors. Coupled with the evident lack of compatibility between the two 
polymers, it became evident that the MNL process and design should be 
optimized for such complex structures. 
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8. Post-industrial and post-consumer wastes blends 

a. Materials and Formulations 

For this trial, IPC received from VTT the materials resumed in Table 8. VTT analysed 
the composition after their recompounding (see deliverable 5.1). 

 Code Description Composition (wt.%) from VTT analysis  

P
E+

P
A

 

PIR   LDPE+tie PA6-66 Compatibilizer Stabilizer 

CIMPA-095 Upgraded r-PE/PA  75.70 15.90 8.00 0.40 

PCR   LDPE+tie PA6-66 Compatibilizer Stabilizer 

CIMPA-063 Upgraded r-PE/PA  93.32 2.68 3.6 0.4 

P
E+

 

EV
O

H
 PIR   LDPE+tie EVOH Compatibilizer Stabilizer 

CIMPA-102 
Upgraded r-

PE/EVOH 88.10 5.80 5.80 0.30 

P
E+

P
ET

 

PIR0   LDPE PET Compatibilizer Stabilizer 

CIMPA-105 Upgraded r-PE/PET 85 15.00 0.00 0.00 

PIR1   LDPE PET Compatibilizer Stabilizer 

CIMPA-107 Upgraded r-PE/PET 89.4 7.50 2.50 0.60 

PIR2   LDPE PET Compatibilizer Stabilizer 

CIMPA-108 Upgraded r-PE/PET 87.20 9.00 3.00 0.80 

PIR3   LDPE PET Compatibilizer Stabilizer 

CIMPA-109 Upgraded r-PE/PET 81.95 12.75 4.20 1.10 

PCR   LDPE+tie PET Compatibilizer Stabilizer 

CIMPA-068 Upgraded r-PE/PET 94.24 2.96 2 0.8 
Table 8: Blends received from VTT (PIR: post-industrial recyclates, PCR: post-consumer recyclates) 

IPC then diluted these recyclates with 2 targets in mind: the final recycled content 
(12 wt.% for METEOR® blends and 10 wt.% for MNL structures), and the barrier 
material content (5 wt.% for EVOH and 15wt.% for PA6/6.6) following the RecyClass 
guidelines for recyclability. For PET, the target was set at 10 wt.%. The virgin 
materials used are the same as the ones used in the previous trials, sent by 
Leygatech (see the Technical Data Sheet in Annex 1).  

For the METEOR® blends formulations (see Table 9), the barrier contents were 
multiplied by 2, in order to enhance their effect. 

For the METEOR® formulations, trials were made using a single-screw extruder 
Collin E45E (L/D=25) followed by the METEOR® process (corresponding to the 
process referred as SS+METEOR in the virgin materials trials). The flat die used was 
the Scamex 350, giving films of 350mm width. The extruder and METEOR® 
temperatures were set at 240°C, and the throughput was comprised between 3.5 
and 4kg/h. 
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Table 9: Compositions blended in METEOR® process 

For the MNL structures, virgin LDPE and barrier materials (EVOH, PA and PET) 
were added by IPC for the process, following the formulation in Table 10. PE was 
added in layer A, alone, and the layer B consisted in a blend of the barrier materials 
and the compounds from VTT. The final composition of each blend (taking into 
account the composition of the blends from VTT) is also indicated in this table. 

 

 
Table 10: Compositions processed through MNL 

Code
Target % 

Waste % Barrier

Layer A

PE CIMPA-095 PA

0.748 0.118 0.134 0.837 0.153 0.009 0.000 0.15

Layer A

PE CIMPA-063 PA

0.608 0.25 0.142 0.842 0.148 0.009 0.001 0.15

Layer A

PE CIMPA-102 EVOH

0.839 0.118 0.043 0.943 0.050 0.007 0.000 0.05

Layer A

PE CIMPA-105 PET

0.813 0.1 0.087 0.898 0.102 0.000 0.000 0.10

Layer A

PE CIMPA-107 PET

0.72 0.2 0.08 0.899 0.095 0.005 0.001 0.10

Layer A

PE CIMPA-108 PET

0.744 0.167 0.089 0.890 0.104 0.005 0.001 0.10

PE CIMPA-109 PET

PE CIMPA-109 PET

0.797 0.117 0.086 0.893 0.101 0.005 0.001 0.10

Layer A

PE CIMPA-068 PET

0.658 0.25 0.092 0.894 0.099 0.005 0.002 0.10

PE/PET

PIR3

PE/PET

PCR

PE/PA

PCR

PE/EVOH

PIR

PE/PET

PIR0

PE/PET

PIR1

PE/PET

PIR2

LDPE​ PA6-66 Compatibilizer Stabilizer PA6-66

LDPE​ EVOH Compatibilizer Stabilizer EVOH

Stabilizer PET

LDPE​ PET Compatibilizer Stabilizer PET

Stabilizer PET

LDPE​ PET Compatibilizer Stabilizer PET

LDPE​ PET Compatibilizer Stabilizer PET

Layer B

LDPE​ PET Compatibilizer

LDPE​ PET Compatibilizer

Layer B

Layer B

Layer B

Layer B

Layer B

P
E/

P
A

P
E/

EV
O

H
P

E/
P

ET

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Layer B

PA6-66

Layer composition Final Composition (wt.%)

LDPE​ PA6-66 Compatibilizer StabilizerPE/PA

PIR
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These trials were made using 2 single-screw extruders:  
- Collin E45E (L/D=25) for the layer A, i.e., PE at 215°C  
- Collin E30E (L/D=25) for the layer B, i.e., PA at 270°C, EVOH at 215°C and PET 

at 280°C, as virgin material trials 

The throughputs of both extruders were set to respect the proportion and the 
throughput of 5kg/h. The flat die used was the Scamex 350, giving films of 350mm 
width. The MNL temperature was set at 250°C for PA and PET trials, and 220°C for 
EVOH one. The chill roll speed was set between 3.1 to 3.3m/min, to obtain films 
with thickness around 100µm.  

The LME were located as indicated in Table 4.  

 

 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

4 LME                     

Table 11: LME position for MNL recyclates. Green square indicates that the LME is positioned, grey 
square that it is not 

b. Mechanical properties 
METEOR® blends 

The results of tensile measurements of METEOR® blends can be found in Table 
12. The test method can be found in Annex 2. 

For comparison purposes, the properties of virgin material blends are reported in 
the Table 12 in blue. They are coming from the previous section of this deliverable 
(PE+EVOH+OREVAC 87+5+8%, PE+PA+OREVAC 80+15+5% and PE+PET 90+10% 
with the standard drying protocol). 

 
Table 12: Mechanical properties of recyclates materials METEOR® films. The values in blue were 

taken from the previous trials with virgin materials 
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When analysing the results, several tendencies can be found:  
- In machine direction, the properties are maintained. This is due to the cast 

film process just after SS+METEOR: the materials are oriented during this 
process, orienting the materials in the machine direction.  

- In transversal direction, elongation at break and at yield decrease when PIR 
are processed, and even more when PCR are (see Figure 27 for an example). 
Meanwhile, tensile modulus and stresses (at break and at yield) increase, 
especially for PE/PA and PE/EVOH materials. The final film is then stiffer, 
with a probable degradation of the material during its lifetime. For PE/PET 
blends, all the properties decrease when recyclates are introduced: the final 
film is more fragile. This might be due to the poor compatibility between 
PET and PE.  

 
Figure 27: Elongation at break for PE/PA recyclates films 

MNL structures 

The results of tensile measurements can be found in Table 13. The test method 
can be found in Annex 2. 

For comparison purposes, the properties of virgin material blends are reported in 
the Table 13 too (in blue). They are coming from the previous trials. 
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Table 13: Mechanical properties of recyclates MNL structures. The values in blue were taken from 

the previous trials with virgin materials 

For the PE/PA recyclates, the stresses at break and at yield, as well as the 
elongation at break (see Figure 28) decrease. The tensile moduli remained stable. 
This shows the degradation of the recycled materials, which might have 
happened during its lifetime or the recycling processing (decontamination, 
VAREX, MNL...).   

For the PE/EVOH recyclates, the conclusion is quite the same: all mechanical 
properties decreased. The main difference is for elongation at break, which 
increased (see Figure 28). This confirms that 8 LME (i.e., 513 layers) were too much 
for this type of blends, as indicated in the conclusion of the paragraph 7a.  

 
Figure 28: Elongation at break of PE/EVOH and PE/PA recyclates MNL structures 

For the PE/PET recyclates, since the trial with virgin materials failed, the only 
conclusion that can be made is that the mechanical properties are quite 
equivalent between post-industrial (PIR) and post-consumer (PCR) recyclates.  

Tensile 

Modulus 

(MPa)

Stress at 

yield 

(MPa)

Elongation

 at yield

 (%)

Stress at 

break (MPa)

Elongation

 at break

 (%)

Tensile 

Modulus 

(MPa)

Stress at 

yield (MPa)

Elongation

 at yield

 (%)

Stress at 

break (MPa)

Elongation

 at break

 (%)

4 LME Config 1

2.0m/min
257 ± 23 8.42 ± 0.64 15 ± 1 24.3 ± 1.5 470 ± 20 247 ± 29 6.71 ± 0.75 7.9 ± 1.7 12.3 ± 1.2 320 ± 20

PIR 201 ± 32 / / 10.9 ± 4.6 320 ± 100 189 ± 19 / / 3.44 ± 0.46 7.3 ± 2.4

PCR 315 ± 23 9.48 ± 0.07 18 ± 1 20.9 ± 2.1 390 ± 20 332 ± 27 8.17 ± 0.6 9.8 ± 0.9 7.22 ± 0.83 12 ± 1

PE/EVOH 90/10 

0 LME
698 ± 48 16.1 ± 0.5 14 ± 0 24.4 ± 2.6 280 ± 10 829 ± 30 16.5 ± 0.3 6.3 ± 0.2 13.6 ± 0.9 55 ± 17

PE/EVOH 90/10 

8 LME
412 ± 37 / / 10.5 ± 1.4 170 ± 60 424 ± 27 / / 4.19 ± 0.55 1.4 ± 0.3

PE/EVOH

PIR
299 ± 16 / / 17.2 ± 1.1 440 ± 20 291 ± 13 7.4 ± 0.31 12 ± 1 11.3 ± 1.0 500 ± 50

PIR0 371 ± 250 8.64 ± 1.07 11 ± 1 15.9 ± 1.7 520 ± 20 419 ± 53 8.37 ± 1.2 4.7 ± 1.1 7.84 ± 0.93 9.3 ± 5.1

PIR1 349 ± 26 8.54 ± 0.74 13 ± 1 15.9 ± 1.8 520 ± 30 315 ± 31 7.28 ± 0.63 8.4 ± 2.2 7.98 ± 0.76 220 ± 20

PIR2 369 ± 32 8.33 ± 0.73 11 ± 1 13.2 ± 2.7 430 ± 40 302 ± 36 5.41 ± 0.78 3.5 ± 0.4 5.55 ± 0.88 13 ± 7

PIR3 368 ± 21 8.59 ± 0.42 12 ± 1 14.8 ± 1.6 490 ± 40 326 ± 16 6.18 ± 0.41 4.8 ± 1.1 6.19 ± 0.72 36 ± 25

PCR 398 ± 15 9.10 ± 0.52 12 ± 1 15.8 ± 0.7 510 ± 20 350 ± 17 8.15 ± 0.43 7.8 ± 0.8 7.58 ± 0.21 210 ± 50

P
E/

P
ET

Machine direction Transversal direction

P
E+

P
A

P
E/

EV
O

H
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c. Barrier properties 
METEOR® blends 

The methods used to measure the Water Vapor Transmission Rate and the 
Oxygen Transmission Rate can be found in Annex 2, and the results are displayed 
in Figure 29. 

The results are presented in comparison with virgin materials from previous 
campaign (PE+EVOH+OREVAC 87+5+8%, PE+PA+OREVAC 80+15+5% and PE+PET 
90+10% with the standard drying protocol). For the PE/PA blends, all the WVTR 
value are below the target. For OTR, they are all way higher than the target. The 
same conclusions can be made for PE/EVOH blends and PE/PET blends. 

 

 
Figure 29: a) Water-vapor transmission rate (g/(m².day)) and b) Oxygen transmission rate 

(mL/(m².day)) for recyclates films 

As for PE/EVOH and PE/PA films, attempts of biaxial stretching of the films were 
made at VTT, as proposed in the Grant Agreement following the same hypothesis 
of increasing the diffusion path (the methods used is available in Annex 3). 

Every film was stretchable at ratio 1.5x1.5, and pictures of the films can be found in 
Annex 3. On this bi-axially stretched films, observations were made, using optical 
microscope (see Figure 30a) and SEM (see Figure 30b). 

From the optical microscopies, several observations can be made. For PE/PA 
blends, the one containing PIR seems to be more homogeneous than the one 
with PCR. This seems understandable, because PIR commonly present less 
pollution and inks than PCR. For the PE/PET blends, a lot of dark spots are visible. 
They are printing residues from the PIR received from Eversia. Again, the 
PE+PET+PCR blend seems to be rougher than the PIR ones.  

This is confirmed by the SEM observations, all at the same scale (x5000). Bigger 
particles can be seen when PCR are used, demonstrating a worse dispersion 
probably due to pollution from the consumer waste which is not present in the 
PIR.  
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Figure 30: Optical microscopies (a) and SEM observations x5000 (b) of the recyclates METEOR® 

films after bi-axial stretching 

For comparison purpose, the WVTR and OTR measured after bi-axial stretching 
were multiplied by the thicknesses of the films (see Table 14). Indeed, after the 
stretching, the films were thinner, and so the rates were bigger. Taking into 
account this factor, the OTR and WVTR are improved by bi-axial stretching.  

  

WVTR x thickness 
(g.cm/(m².day)) 

OTR x thickness (mL.cm/(m².day)) 

  Before 
stretching  

After stretching 
Before 

stretching  
After stretching 

P
E+

P
A

 SS+METEOR 0.052 0.045 NA 11.44 

PIR 0.049 0.038 13.13 9.16 

PCR 0.043 0.05 8.38 7.98 

P
E+

EV
O

H
 

SS+METEOR 0.04 0.035 15.36 NA 

PIR 0.061 0.024 15.94 10.42 

P
E+

P
ET

 

SS+METEOR 0.019 0.039 NA 11.81 

PIR1 0.038 0.034 14.41 10.84 

PIR2 0.042 0.038 14.08 14.21 

PIR3 0.043 0.039 15.35 14.02 

PCR 0.028 0.023 NA NA 

Table 14: WVTR and OTR values multiplied by film thickness for recyclates blends. The values in 
blue were taken from the previous trials with virgin materials 
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But the values of OTR are still very high. To reach the target of 50mL/m².day, the 
thickness of the film would be 2mm for an value equal to 10 mL.cm/m².day. 

MNL Structures 

To see if the MNL process was well adapted to the recyclates used, barrier 
properties are studied (see Figure 31).  

 
Figure 31: Water-vapor transmission rate (g/(m².day)) and Oxygen Transmission Rate 

(mL/(m².day)) for recyclates MNL structures. The grey bars were taken from the previous trials 
with virgin materials 

The WVTR are, as usual, all satisfying, even though an increase is observed 
between virgin material and PIR, and then PIR and PCR, indicating the 
degradation of the barrier material during its lifetime and its recycling. This might 
also be due to a higher level of impurities in PCR, such as other polymers (for 
example PP).  

The OTR of the recyclates are not satisfying. But one can see that they are better 
when EVOH or PET are involved. Indeed, this material present a higher oxygen 
barrier intrinsic property than PA. The PIR present lower OTR values than the PCR: 
the materials are less degraded, given they did not age during their lifetime.  

Some adjustments are needed to achieve satisfying barrier properties, but due to 
the limited availability of recycled materials, and a breakage of the equipment, 
the investigation could not go further.  

 

d. Conclusion for recyclates films production 

To process the recyclates, IPC diluted the batches received from VTT with two 
specific targets in mind:  

- Recycled content of 10wt.% for MNL structures, and 12wt.% for METEOR® 
blends, to follow the target set by PPWR at that time. 

- Barrier content of 5wt.% for EVOH, 15wt.% for PA and 10wt.% for PET with 
Post-Industrial Recyclates (PIR). This target doubled when utilizing Post-
Consumer Recyclates (PCR) blended with METEOR®. 

Regarding mechanical properties, for PE/PA and PE/EVOH blends, the elongation 
at break and at yield in the transverse direction decrease when PIR is processed, 
further decreasing with PCR. Meanwhile, tensile modulus and stresses (at break 
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and at yield) increase. This results in a stiffer final film, indicating probable material 
degradation over its lifetime. For PE/PET blends, all properties decrease when 
recyclates are introduced, rendering the final film more fragile, possibly due to  
poor compatibility between PET and PE. 

For the MNL structures, in terms of mechanical properties, a decrease was 
observed in PE/PA and PE/EVOH structures when PIR or PCR were processed. 
However, for PE/PET structures, since IPC lacked a virgin reference, it can only be 
stated that properties were comparable between PIR and PCR. 

While the barrier properties were satisfactory for water-vapor transmission rates, 
they exceeded the industry-set target for oxygen transmission rates. Although bi-
axial stretching attempted on METEOR® blends to improve the barrier properties, 
it fell short of the target set by industrial partners.  
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Conclusion and next steps  

For all the virgin blends tested, METEOR® proves its efficiency, with the excellent 
elongation at break shown in the Figure 13.  

Indeed, the properties reach the level of a twin-screw extruder (standard 
extrusion in the graph), and thus using single-screw extruder coupled with 
METEOR® process.  

Extensive rheological studies indicate that the interfacial energy increases when 
METEOR® is applied to virgin PE+PA and virgin PE+EVOH blends. This suggests 
that the dispersion is finer, or that some interactions are created at the interface. 
Therefore, the METEOR® process could potentially reduce the amount of 
compatibilizer needed in these blends. If IPC did not manage to prove that 
METEOR® coupled with a single-screw extruder degrades less the material than 
a twin-screw extruder, despite the METEOR® process having a high residence 
time (30-40 minutes), materials are not more degraded compared to those 
processed with a twin-screw extruder due to the lower shear during the process. 

An extensive study was conducted on virgin PE/PA structures, focusing on the 
influences of LME number and position. A notable formulation (PE/PA 85/15) was 
established, depicted in Figure 21 and Figure 26. 

It appears that introducing 6 to 8 LMEs (129 to 513 layers) led to the breaking of 
the multi-nanolayered structure: elongation at break decreased while OTR 
increased. Optimal results were observed when LMEs were positioned at the 
beginning of the process (Configuration 1), possibly due to viscosity ratio proximity 
to unity at that process location. 

When recycled materials are processed (Post-Industrial Recyclates (PIR) and 
Post-Consumer Recyclates (PCR)), with MNL or METEOR® processes, a loss in 
mechanical properties and some degradation are observed.  

For all blends, virgin and recycled, the Water Vapor Transmission Rate is 
satisfactory, but the Oxygen Transmission Rate is higher than the industrial target. 
Unfortunately, attempts to improve these properties by stretching the METEOR® 
films at VTT were unsuccessful. A deeper study of the stretching parameters 
would be beneficial but was not within the scope of the CIMPA project. 

In conclusion, the elongation flow mixer METEOR® presents a promising 
opportunity for blending recycled materials. The controlled degradation in the 
METEOR® module by reducing the residence time will allow greater flexibility in 
mixing parameters. Since recyclates are already degraded from their first life, this 
process might enable effective mixing at low shear rates, thereby protecting 
these highly sensitive materials.  

On the other hand, the potential of layer multiplication to achieve nanolayer 
structures holds promise for multilayer film recycling. However, due to equipment 
malfunction and limited availability of recycled materials, not all parameters, such 
as layer number or LME position, could be fully explored when processing 
recyclates.   



Deliverable D3.5: Publishable report on production of multilayered films from 
mechanically recycled ML films   

Version VF Dissemination level: Public 

17 June 2024                                                        PUBLIC                      CIMPA Grant N° : 101003864  

 48 

Annex 1: TDS of virgin materials used 

LDPE DOW 352E 
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LDPE SABIC NC1013 
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LDPE REPSOL ALCUDIA 2320FG 
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LDPE BASELL LUPOLEN 2426H 
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EVOH KURARAY EVAL J171B 
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PE-g-MAH compatibilizer SK OREVAC 18300 
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PA6/6.6 UBE NYLON 5033B 
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PET RAMAPET N1S 
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SEBS-g-MAH compatibilizer KRATON FG1901 G 
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Annex 2: Tests methods 

Tensile properties 

The tensile tests were performed with an electromechanical testing machine 
(ZwickRoell, Germany), following the ISO 527-3/2 at IPC. The specimens used had 
a rectangular shape with dimensions of 15 mm in width, and 150 mm in length. As 
shown in the scheme below, each sample was clamped into the machine with 
one end held at a fixed position and the other end displaced at a constant rate of 
100 mm/min, using a load cell of 1 kilo Newton (kN). Data was collected with a 
chart that monitored the force as a function of the displacement. 

 

This experiment gives the tensile modulus, the elongation and stress at yield and 
finally the elongation and stress at break for every sample.  

Barrier properties: WVTR 

Water Vapour Transmission Rate (WVTR) were performed at IPC according to the 
standard ASTM F1249. Samples were studied using the PERMATRAN® model 3/38 
H (Mocon, USA).  

 

Distilled water is poured into a glass, leaving a small air gap between the sample 
and the water. The container is then sealed, except for the test sample, to prevent 
vapour loss. The instrument is initially weighed, then at regular intervals before 
the effects become linear. The experiment must be carefully monitored to ensure 
that any weight loss is due to water vapour passing through the sample. 
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Therefore, the sample cell is constantly flushed by a stream of 6.0 purity nitrogen. 
The water vapour transmitted through the film is analysed by the specific IR (Infra-
Red) detector instrument. The results are expressed in (mL)/(m².day). 

The following testing conditions were applied: 

- The surface area analysed: 50 cm² 

- Relative humidity: 90% 

- Temperature: 38°C 

 

Barrier properties: OTR 

Oxygen Transmission Tests were performed at IPC according to the standard 
ASTM D3985. Samples were studied using the OX-TRAN® model 2/28H (Mocon, 
USA).  

 

When gaseous oxygen enters the nitrogen carrier gas through the film, it is 
transported to the coulometric detector, where it generates an electric current 
whose magnitude is proportional to the quantity of oxygen entering the detector 
per unit of time. Gaseous oxygen works as a “test gas”, and gaseous nitrogen is 
used as a “carrier gas”. Since there is a concentration difference between the two 
sides of the sample, the concentration of gaseous oxygen in the upper chamber 
is higher than that in the lower chamber. During the conduction process, gaseous 
oxygen is transmitted from the upper chamber to the lower chamber through 
the sample. 

Temperature and humidity are critical parameters that affect the final test data. 
Therefore, the cell is conditioned at 23°C. The results are expressed in (ml)/ 
(m².day).  

The following testing conditions were applied:  

- The surface area analysed: 50 cm² 

- Test gas used: 100% O2  

- Carrier gas used: a mixture of H2/N2 (5/95) 
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Rheological measurements  

The rheological studies were performed using a stress-controlled AR2000ex 
rheometer (TA instruments) with a parallel plate geometry of 25 mm in diameter. 
In case of the neat polymers, sample's disks were prepared by compression 
moulding process at 210°C for 3 minutes. For the films, samples were cut out and 
put directly on the rheometer without additional preparation. Several films were 
tacked to obtain a suitable thickness (16 layers).  

In a first step, dynamic strain sweep tests were made to choose a deformation at 
which the samples remain in the linear viscoelastic region, and wheres the 
thermal stability was validated. The strain chosen must be in the plateau of the 
curve, indicating that the measures are independent of the strain applied.  

Then, several tests were made:  
- Dynamic time sweep (DTS) tests: the sample is put under fixed strain 

(depending on the sample 3% for PE/EVOH and PE/PA blends, and 1% for 
PE/PET blends) and frequency (1Hz) and its response is recorded over time 
(3600s). The cross over between the G’ (storage modulus) and G’’ (viscous 
modulus) is noted, as it is an indication of the thermal stability of the film. 
When G’ modulus becomes higher than the G’’ modulus, the material starts 
to degrade.  

-  Dynamic frequency sweep test (DFS): the sample is put under fixed strain 
(the same as for the DTS) and temperature, and the frequency varies from 
0.05rad/s to 628 rad/s. The modulus G’ and G’’ as well as the intrinsic 
viscosity are monitored: their evolution allows to draw conclusions on the 
viscoelastic behaviour of the blends, and thus, the quality of the dispersion 
and interfacial interactions. The DFS was used to determine the viscosity 
ratio of the virgin materials (average between 5 and 10rad/s at extrusion 
temperature). 

- Stress Relaxation (SR) tests: the sample is put under a strain (the same as 
for DTS) at a constant frequency of 1Hz, and the modulus G (t) is recorded 
during 3600s. The difference with DTS is that the strain is not maintained 
over time, therefore the way the material relaxes over time is observed.  

Melt Flow Index  

The Melt Flow Index (MFI) is measured using a GOTTFERT mi40 equipment, 
according to the NF EN ISO 1133-1, method B standard.  

This test measures the quantity of material flowing through a 2mm diameter die 
under a weight and a temperature depending on the material tested.  
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Oxidation Induction Time 

The Oxidation induction time was measured using a DSC Q100 TA Instrument 
equipment. The test measures the time within the sample is stable to oxidation 
when it is maintained under a specific temperature in a flow containing oxygen.  

The oxidation is monitored by measuring the heat flow difference between the 
sample cell and a reference cell and by recording it over time.  

The material is put in the equipment under N2 and then heated up to 200°C. Then 
the atmosphere is changed from N2 to Air (N2/O2 80/20) at t1 and the Oxidation 
induction time is the time t2 when the material changes its mass (increase or loss). 
It is an indication of the stability overheat and oxidation of the material. 

 

 

FTIR analysis 

Infra-Red analysis was performed using a FTIR iS10 Thermo Nicolet, with the 
SMART ITX ATR accessory and the diamond crystal.  

The spectra was obtained with absorbance method, 32 scans and a resolution of 
4 cm-1.  

The wave numbers went from 525 cm-1 to 4000 cm-1.  

The film samples analysis was compared to neat polymer.  
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Optical microscope analysis 

The equipment used is a Keyence VHX7100.  

The samples were cut using a scalpel and then observed through the film 
thickness.  

The magnification used were from x300 to x700.  

Optical microscopy coupled with FTIR  

The study of the multilayer film’s morphology was performed using optical 
microscopy.  

These observations were studied at IPC using the Spotlight 400 FT-IR Imaging 
System, as shown in the figure below. This system is a binocular magnifier linked 
to image processing software, M80 ergonomic (LEICA, Germany). Additionally, the 
microscope is linked to an Infrared micro spectrometry Spectrum 3_Spotlight 400 
(PERKIN ELMER, USA), which allow us to measure the thickness and identify the 
materials at the same time. 

  
Spotlight 400 FT-IR Imaging System at IPC 
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Annex 3: Bi-axial stretching at VTT 

The biaxial stretching took place at VTT using a Brückner KARO IV laboratory 
sheet stretching equipment.  

METEOR® blends  

Due to resources available, a priority needed to be set because all samples could 
not be tested. The list of the samples tested is in the following table:  

 

 
 

 

 Formulation Extruder Sample Code Cast thickness [um] 

R
o

u
n

d
 1

 

PE 
100% 

TS PE TS  119 ± 10 

PE+EVOH  
95+5% 

TS 
PE/EVOH 95/5 

TS 
 111 ± 18 

PE+EVOH+OREVAC 
87+5+8% 

TS 
PE/EVOH/OREVAC 87/5/8 

TS 
113 ± 3  

PE+EVOH+OREVAC 
80+7+13% 

TS 
PE/EVOH/OREVAC 80/7/13 

TS 
108 ± 6  

PE 
100% 

TS+METEOR PE METEOR 73 ± 3  

PE+EVOH  
95+5% 

TS+METEOR 
PE/EVOH 95/5 

METEOR 
 95 ± 9 

PE+EVOH+OREVAC 
87+5+8% 

TS+METEOR 
PE/EVOH/OREVAC 87/5/8 

METEOR 
 106 ± 10 

PE+EVOH+OREVAC 
80+7+13% 

TS+METEOR 
PE/EVOH/OREVAC 80/7/13 

METEOR 
 115 ± 9 

R
o

u
n

d
 2

 

PE+EVOH  
95+5% 

SS+METEOR Sample 3 111 ± 8 

PE+EVOH+OREVAC 
87+5+8% 

TS+METEOR Sample 5 109± 14 

PE+EVOH+OREVAC 
87+5+8% 

SS+METEOR Sample 7 95 ± 7 

PE+PA+OREVAC 
80+15+5% 

SS+METEOR Sample 9 123 ± 8 

PE+PA+OREVAC 
70+22,5+7,5% 

SS+METEOR Sample 11 122 ± 16 

PE+PET  
90+10% 

SS+METEOR Sample 15 110 ± 9 

PE+PET+KRATON 
94+5+1% 

SS+METEOR Sample 17 112 ± 12 

PE+PET  
95+5% 

SS+METEOR Sample 19 116 ± 13 
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R
o

u
n

d
 3

 

PE+PA PIR SS+METEOR Trial 1  103 ± 10 

PE+PA PCR SS+METEOR Trial 8 122 ± 9  

PE+EVOH PIR SS+METEOR Trial 2  87 ± 12 

PE+PET PIR1 SS+METEOR Trial 5  117 ± 18 

PE+PET PIR2 SS+METEOR Trial 6  123 ± 17 

PE+PET PIR3 SS+METEOR Trial 7  126 ± 12 

PE+PET PCR SS+METEOR Trial 9 152 ± 34  

Square-shaped specimens (dimensions 90 x 90 mm2) were cut from the cast films 
and biaxially stretched (simultaneous stretching) at 145 °C. This temperature 
range was selected after optimization, being an intermediate temperature 
between the melting points of PE vs. melting points of PA, EVOH and PET. Pre-
heating time of 20 s (before stretching), stretching ratio of 1.5x1.5 and stretching 
speed of 417 %/s were used, unless otherwise stated. For the 1.5x1.5 stretched films 
the final dimensions were approximately 129mmx129mm and the film thickness 
was in the range of 40-60 µm.  

All the samples were able to be stretched in a smooth process. Machine 
directional and transverse directional forces recorded during the stretching were 
low, in the range of ~0…0.7 N; the low force levels indicate that the PE phase was 
completely molten during stretching. 

 

Round 2:  

 

Round 3:  
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The observation through optical microscope and SEM are presented in the main 
part of the deliverable. OTR and WVTR measurements were made on the biaxially 
stretched samples as described in Annex 2.  

 

MNL structures 

Due to resources available, a priority needed to be set because all samples could 
not be tested. The list of the samples tested is in the following table:  

 

Formulation 
Cast 

thickness 
[um] 

Fi
rs

t 
ca

m
p

ai
gn

 

PE/PA 90/10 
227 ± 46 

4 LME – 33 layers 

PE/PA 85/15 
238 ± 45 

4 LME – 33 layers 

1
00

kg
 p

ro
d

u
ct

io
n

 

Beginning Day 1 203 ± 31 

Middle Day 2 207 ± 27 

Square-shaped specimens (dimensions 90 x 90 mm2) were cut from the cast films 
and biaxially stretched (simultaneous stretching) at 145 °C. This temperature 
range was selected after optimization, being an intermediate temperature 
between the melting points of PE and of PA. Pre-heating time of 20 s (before 
stretching), stretching ratio of 1.5x1.5 and stretching speed of 417 %/s were used, 
unless otherwise stated. For the 1.5x1.5 stretched films the final dimensions were 
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approximately 129mmx129mm and the film thickness was in the range of 80-100 
µm.  

Pictures of the films show inhomogeneous surfaces. The films present holes and 
rough surfaces.  

 

The observations through high resolution optical microscope are displayed below. 
The layers are not clearly seen.  

 

The observations through SEM are presented in the main part of the deliverable. 
OTR and WVTR measurements were made on the biaxially stretched samples as 
described in Annex 2.  

 

 
 


