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Goal :

Optimizing the structure of the envelope (polymer + metal)

" Initial state

" After aging

G. Garnier, Y. Brechet, et al., J Mater Sci , 44 (2009)(17) :4692

G. Garnier, B. Chehab, et al., J Mater Sci , 44 (2009)(20) :5537

G. Garnier, B. Yrieix, et al., J Appl Polym Sci , 115 (2010)((5)) :3110

G. Garnier, B. Yrieix, et al., Polym Adv Technol , 22 (2011)(6) :847
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surface test tube (m2), DP is the difference of water vapor
pressure (Pa), DP� 2500 Pa in the present study.
The measurement detection limit was estimated at 0.01 g/

(m2 day). For the best composites, the results were found close to
this experimental limit, which leads to a large uncertainty
(accounted for in the error bars).

RESULTS AND DISCUSSION

Multilayer films properties in their initial state

The Figs. 2–5 present a summary of the experimental results
concerning the initial permeation measurement. Overall the data
indicate that:

(i) Water vapor flux decreases exponentially with aluminum

thickness.
(ii) Water vapor flux decreases exponentially when the number

of layer of PET metallized one side with 20 nm of aluminum

increases.
(iii) Among the surface treatments studied, only chemical treat-

ment applied on PETTCF/PET film tends to increase barrier

properties. In the literature, Lewis[50] explains that the acry-

late layer act as smoothing layer, shown to be effective at

reducing defects related to surface flaws.

In the literature concerning barrier films, the water vapor flux is
usually reported in grams per square meter and per day (g/m2/
day). In order to discuss the properties of barrier film materials, it
seems, however, of interest to convert the units of flux into
intrinsic material properties such as permeability. In other words
one needs to account for the thickness of the sample and the
vapor pressure difference between the two specific surfaces in
order to get comparable results. Figure 6 shows the permeability
results and highlights the influence of both aluminum thickness
and number of metallized layer. An increase in the quantity of
metal deposited on the PET improves the intrinsic barrier
properties of the studied material. The literature[51,52] reports that
the improvement of barrier performance reciprocally pro-
portional to the layer thickness until reaching a steady state.
In addition, a reduction of barrier performance is observed due to
microcracking and intrinsic stress in the layer. For our
experimentation, the permeability values for films covered with
20 and 80 nm of aluminum are, respectively, of 2.92� 10�17 and
9.48� 10�18 kg/(m sec Pa), i.e. the permeability drops by a factor
of 3 between the two samples. Felts[53] noticed the same trends,
the apparent permeability P of the coated film decreases with

Table 1. Designation and characteristics of the model films used

Films Abbreviations
Aluminum

thickness (nm) Treatment
Schematic
representation

PET reference (12mm of thickness) PET 12mm — —

PET metallized on one side with
20 nm of aluminum

PETM1F 20 —

PET metallized on one side with
20 nm of aluminum (chemical treatment)

PETTCF 20 Chemical

PET metallized on one side with
20 nm of aluminum (chemical treatment)

J231 20 Chemical

PET metallized on one side with
20 nm of aluminum (corona treatment)

J201 20 Corona

PET metallized on one side with
30 nm of aluminum

PETM1FRO 30 —

PET metallized on one side with
40 nm of aluminum

PETM1F400 40 —

PET metallized on one side with
80 nm of aluminum

PETM1F800 80 —

PET metallized on two sides with
40 nm of aluminum

PETM2F400 2� 40 —

All these materials were based on bi-oriented thin films of poly(ethylene terephthalate) (PET) (12mm thick). The polymer substrate
was metallized by vacuum evaporation with different aluminum thicknesses to 20 nm until 80 nm.

Polym. Adv. Technol. 2011, 22 847–856 Copyright � 2009 John Wiley & Sons, Ltd. View this article online at wileyonlinelibrary.com/journal/pat
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Warning

The aluminum layer might present many pinholes a

a. The �lm quality has now been improved a lot

Question

How do they alter the initial properties ?

How do they age ?

10 / 31
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Method :

1 Count the number pinholes, their sizes and surface fraction.

2 Measure the barrier properties

3 Compare the two

11 / 31
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Conclusions :

" The series + parallel model describes the results
" The pinholes are primarily responsible for permeation
X The time to make the measurements is very long

G. Garnier, Y. Brechet, et al., J Mater Sci , 44 (2009)(17) :4692

G. Garnier, B. Yrieix, et al., Polym Adv Technol , 22 (2011)(6) :847
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®Another approach :
Try and estimate the permeation (gas or water) by measuring the

amount of light that may go through the sample.

G. Garnier, Y. Brechet, et al., J Mater Sci , 44 (2009)(17) :4692

A. Combessis, C. Mazel, et al., J Appl Polym Sci , 130-3 (2013) :1778

14 / 31

Degradations of barrier multilayer �lms exposed to high temperature and/ or humidity



Introduction Initial Structure Illumination Ageing Glue PET Conclusions

Question

The optical density is commonly employed to estimate the aluminum

thickness

Does it correlate to the permeation ?

15 / 31
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Practical applications :
The measurement of the optical density with an OM may help reveal

the permeation.

Is it also useful for characterizing the aging ?

G. Garnier, Y. Brechet, et al., J Mater Sci , 44 (2009)(17) :4692

A. Combessis, C. Mazel, et al., J Appl Polym Sci , 130-3 (2013) :1778
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Conclusions :

With 20 nm Al a 192 days at

70 oC-90% RH dramatically

reduces the optical density
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Practical applications :

The "mean illumination" (OD) increases like t
1
2

"This is a simple way to probe the degradation

"One may compare the slopes between samples (sensitivity parame-

ter)
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Conclusions :

Thicker Al layer improves the durability a

a. K. Rao, K. Rao, Trans Indian Instit Met, 57 (2004) :593,

G. Garnier, B. Yrieix, et al., Polym Adv Technol , 22 (2011)(6) :847
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Conclusions :

The chemical nature of the interface strongly alters the degradation

mechanism

Presence of chlorine ? a

a. K. Rao, K. Rao, Trans Indian Instit Met, 57 (2004) :593

21 / 31
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point of view, Fig. 13 shows that PETM1F/LDPE film is four times
more sensitive to ageing than the PETM1F counterpart, according
to the illuminating measurements.

Origin of the degradation

This strong divergence between very similar samples was very
surprising at a first glance, it was thus necessary to try and find
out the microstructural reasons for it. Aluminum is sensitive to
oxidation and rapidly covered with a dense oxide layer when
submitted to oxidative environment (air, water). On aluminum
bulk, the oxide layer represents a natural corrosion protection
against aggressive environments.[37] Pits could, however, be
initiated at weak sites of the oxide, especially by chlorine or
chloride attacks.[67,68] Looking more closely to the chemical
synthesis of the PU glue revealed that the isocyanate groups may
commonly be synthesized in the presence of phosgene (COCl2) or
Tosyl chloride (TsCl) molecules. The subsequent elemental
chemical analysis performed on the glue employed in this study
provided a detailed information on the presence of trace
elements. Table 5 shows that the amount of chlorine was indeed
revealed in non-negligible proportion.
In order to overcome this issue, a better adhesive system, free

of chlorine element, was requested to various suppliers. Seven
samples were analyzed by two different techniques, namely: (i)
by elemental chemical analysis, (ii) by simply storing models films
with a small drop of glue deposited on the aluminum layer in a
humid vessel put in an oven at 708C for 1 month so in fact at a
humidity very close to 100% RH. Table 6 shows the results of
these series of experiments.
Among tested products, two systems were identified as being

chlorine free, mainly the F and G products. However, the
aluminum layer was damaged in the latter case, showing that the
presence of chlorine next to the aluminum is not necessary to
damage aluminum layer. In addition, the B product, contained
45 ppm of chlorine, but did not lead to the destruction of the
aluminum layer.
In conclusion, the degradation of the barrier layer is strongly

correlated with the presence of chlorine, but the latter is neither
necessary nor sufficient to promote the process. Looking at the

literature[68–71] confirmed that other factors may affect the
stability of the aluminum oxide and thereby cause further
corrosion of the aluminum:

� The oxide is not stable in acidic (pH< 4) or alkaline (pH> 9)

environments.
� Aggressive fluoride ions may attack the oxide locally.
� Some elements (Ga, Tl, In, Sn, Pb) may become incorporated in

the oxide and destabilize it. In order to develop durable

products, one would need to rely on longstanding aluminum

layers, both D and F systems appear to be good candidates,

with a preference for the latter that does not contain chlorine.

CONCLUSION

Experimental results with permeability cup measurements
showed that the permeability decreases exponentially with the
aluminum thickness but was not altered much by the number of
layers of a given film of PET metallized. In other words piling up
layers is not useful to improve the initial barrier performance of
VIP envelopes; and the consequence is that each PET metallized
add to the complex is less efficient for its permeance than the
previous one.
In addition a geometric model was proposed to predict the

permeability of multilayer films, which contains holes in
aluminum barrier layer without using free parameters. Its validity
was verified with the help of experimental data related to careful
image analysis.
Concerning the adhesive commonly employed between to

glue several layers together, it was shown that it may severely
affect the durability of the envelopes through a corrosion
mechanism of the aluminum layer that can even lead to a
complete removal. It was further demonstrated that the
degradation was strongly correlated with the presence of
chlorine. The latter was, however, neither sufficient nor necessary
to promote the degradation. A couple of new adhesive system
was proposed for production of durable multilayer envelopes
that will be tested in the next future.

Table 6. Results of elementary chemical analyses realized on seven different adhesive systems in order to verify that there is no
chlorine into products

Products

Elementary chemical analyses

Degradation of aluminum layer after
an ageing of 1 month at 708C – 100% RHCl (ppm) C (%) H (%) N (%) O (%)

A 30 58.68 5.74 10.16 25.03 Yes
B 45 63.34 6.11 8.91 21.46 No, but a delamination between

glue and aluminum layers is observed
C 25 61.50 7.26 <0.30 31.13 Yes
D 17 61.89 9.04 2.34 25.19 No
E 34 58.94 5.75 9.87 25.56 Yes
F <10 70.04 8.08 4.46 15.02 No
G <10 61.68 7.03 <0.30 29.23 Yes

In parallel, a simply storingmodels films with a small drop of glue deposited on the aluminum layer in a humid vessel put in an oven at
708C for 1 month so in fact at a humidity very close to 100% RH was conducted. The aim of these experiments was to detect a
degradation of the aluminum layer.

Polym. Adv. Technol. 2011, 22 847–856 Copyright � 2009 John Wiley & Sons, Ltd. View this article online at wileyonlinelibrary.com/journal/pat
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Conclusions :

"The presence of chlorine favors the degradation

X It is however not necessary nor su�cient

G. Garnier, B. Yrieix, et al., Polym Adv Technol , 22 (2011)(6) :847
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Conclusions :

The �rst and second ramps are di�erent (Biaxially stretched)

Aging alters the crystallinity in second heating ramp (polymer)

25 / 31
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Conclusions :

The molecular weight of PET is reduced by about 20 % (chains scissions)

No di�erence in IR and Raman spectra
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Conclusions :

Metalized PET may contain pinholes

Permeation may be followed with light

The Al degradation is favored by :

X temperature,

X humidity

X chlorine

X thin Al layers

PET itself degrades (chains scissions) evidenced in the molten state

28 / 31
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