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List of symbols

Greek letters

4 Thermal conductivity (Wm'K™")

¢; Mass flux density of gas i (kgs™')

II; Permeance to the gas i (kgm2s~'Pa™')
p  Density (kgm™2)

Other symbols
#  Defect diameter (m)

Physical constants
ks Boltzmann’s constant (1.381 x 102 JK™1)
i Specific gas constant of gas i Jkg ' K1)

Roman letters

Ci Concentration of a gas i (kgm™2)

Cp Specific heat capacity Jkg ' K™)

Dx  Knudsen coefficient (m?s~1)

D;;  Diffusion coefficient of gas i in material j
(m*s™)

epoly ~ Polymer thickness (m)

FSD  Surface fraction of defects (%)

k Scale factor (-)

L Distance between defects (m)

l Barrier complex’s thickness (m)

m;  Molecular mass of gas i (kg)

pi Partial pressure of gas i (Pa)

Sij  Solubility coefficient of gas i in material j
(kgmS3Pa )

T Temperature (K)
Introduction

When they are used for building thermal insulation,
VIPs require long service life. Requirements for other
applications like cold shipping boxes, refrigerators or
freezers are in comparison very limited. Tempera-
ture-controlled transportation and pharmaceutical,
aerospace and automotive industries expect a service
life ranging from month to years. For typical building
insulation it should be significantly larger and reach
up to 50 years [1-3]. This performance relies both on
the nanoporous property of the core material and on
the barrier envelope that prevents the increase in
moisture and internal pressure. The use of VIPs for
building thermal insulation requires films with
extreme barrier properties [1, 4, 5].
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The current study especially concerns the 3D
modelling of the gas diffusion through VIPs’ enve-
lope. Two types of envelopes can be used: laminated
aluminium foils, or high barrier metalized polymer
membranes. Only the second type is considered here.
In practice, the appropriate level of barrier perfor-
mance can only be reached by stacking two to three
coated polymer films [6]. A sealing layer of PE or PP
is generally added to this complex (cf. Fig. 1).

The barrier performance of VIPs’ envelopes basi-
cally relies on the thickness of the coating layers [7].
Nevertheless the high thermal conductivity of the
metal layer makes aluminium foil or thick aluminium
layer nonacceptable for the application. A good
compromise has actually to be found between barrier
performance and thermal bridges. Coated polymeric
films are a good solution because very thin metallic
layer can be deposited with great care. The physical
vapour deposition (PVD) process generally induces
very homogeneous and well-controlled layers.
However, a close analysis with a high-resolution
microscope always reveals the presence of pinholes
[7]. Although very small (in the submicron scale) and
representing a very small fraction of the film surface
(far below 1%), these defects are held responsible for
the flux of molecules through within the VIP. The aim
of this paper is to explain the relationship between
the coating layer defect characteristics and its per-
meation performance.

Monolayer film configurations are studied first. It
is composed of three materials: the polymer sub-
strate, the aluminium coating and the material which
might fill the defects. In a second step, multilayer film
configurations are studied to evaluate the impact of
stacking. The current study is focused on the water
vapour permeation, but the same evaluations could
be carried out for any other gas permeation. For
water vapour diffusion, a partial pressure difference
of 2000 Pa is imposed. This value is usually used for

Coating layer

(Al —80 nm) Polymer substrate layer

(PET - 12 um)

Adhesive layer
(3 pm)

Sealing layer
(PP or PE - 50 um)

Figure 1 Typical composition of a barrier complex for VIP’s
envelope.
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experimental permeance measurements at ambient
temperature.

As presented in the literature [8-11], simulations
were performed to understand the relationships
between defect characteristics and gas permeation
through the entire coated layer. The significant
characteristics of the defects should first be deter-
mined experimentally. The polymer permeance also
needs to be considered.

The paper is split into 6 parts. In the first two parts
physical phenomena, modelling methodology and
modelling tools are described. The third part is
devoted to the presentation of simulation results. In
the fourth part, the experimental results are intro-
duced and the models relevancy is discussed. And
then, the two final parts are devoted to the discussion
and the conclusion about the results and the mod-
elling approach.

Gas dissolution and diffusion phenomena
in metallized polymer membranes

Gas dissolution and diffusion
into the polymers

The gaseous flux results from a gas pressure differ-
ence imposed between the sides of the polymer. This
flow is the result of three phenomena: gas dissolution
on one side of the membrane, gas diffusion through
the polymer layer and desorption on the other side.
The sorption phenomenon (adsorption and desorp-
tion) is described by Henry’s law [12-14]. At the
equilibrium, the concentration ¢; of a gas i in a
polymer j is linked to the gas partial pressure p; on its
surface by the solubility coefficient S;;.

¢i = Sijpi (1)

In polymers, the gas flow can be represented with the
Fick’s law [12, 13, 15]. The gas flow depends on the
concentration gradient and the diffusion coefficient
DiJ‘.

0 = —Di,]vci (2)

In the case of a two-layer polymer assembly, it is
possible to observe that the concentration gradient of
the gas is not continuous when the nature of the
polymer changes at the interface, because their solu-
bility coefficients are different. For example, Fig. 2
represents the static equilibrium in a PET/PE bilayer.
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Figure 2 Gas sorption and diffusion across a PET/PE bilayer.

It is possible to obtain a continuous potential by
combining both Henry’s and Fick’s laws. The poten-
tial c;/S;; can be studied preferably.

Ci
pi = S, (3)

This potential is defined as the ratio between the gas
concentration ¢; at a point of the polymer and the
solubility coefficient S;; of this gas into the polymer j.
It is continuous throughout the sample and dimen-
sionally homogeneous with a pressure. Fick’s law can
be written as below:

.
9} = —DijSiiV ¢~ (4)
i,

Gas dissolution and diffusion
into the defects

Defects in coating layer can be considered as pinholes
which are filled either with dry air, pure water
vapour or glue. When they are filled with glue, the
gas transfer phenomena are exactly the same as those
presented above. When they are filled with gas (dry
air or pure water vapour), the sorption and diffusion
phenomena are quite different.

First, the relationship between the gas concentra-
tion and the gas partial pressure is no more given by
Henry’s law but by the perfect gas law. The solubility
coefficient has to be replaced by the inverse of the
product of the specific gas constant r; and the tem-
perature T.
pi = Cﬂ’iT = %
riT

(5)

Second, in small size defects, collisions between gas
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molecules and inner walls of defects can be more
frequent than collision between gas molecules. This
happens when the defects diameter (f)) is smaller
than the mean free path of gas molecules. In such
conditions the diffusion takes place according to the
Knudsen process [16]. This phenomenon strongly
reduces the diffusion phenomena and also explains
the low thermal properties in VIPs. The diffusion
coefficient in gas is replaced by the Knudsen coeffi-
cient which can be written as a function of the tem-
perature (T), the Boltzmann constant (kg), the
molecular mass (m;) and the defect diameter (().

Dx = (6)

Q 8kgT
3 T

Apparent gas permeance of a membrane

Experimental data rarely use diffusion and solubility
coefficients but represent gas permeation through a
macroscopic quantity which is the apparent perme-

ance IT; 4pp.
(I).
Miapp = Klp, (7)

The apparent permeance can be calculated from the
apparent diffusion and solubility coefficients. The
product of the diffusion and the solubility coefficient
is defined as permeability.

Di,apl:}si,app (8)

Thermo-activation of the permeance is neglected, and
simulations are made at constant temperature.

Miapp =

Modelling methodology and modelling
tools

The study concerns a gas diffusion problem, through
a 3D material and at the nanoscale. The polymer
substrate layer is meshed. The aluminium is consid-
ered as perfectly impermeable to gases. All defects on
the coating layer are filled either with dry air, pure
water vapour or glue. So, the mesh of the films can be
simplified. The aluminium does not need to be
meshed, and the defects are represented by filled
cylinders.

An example of a meshed barrier envelope close to a
defect is represented in Figs. 3 and 4. Its geometric
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parameters can be varied: the defect diameter ((}), the
section side length (L) and the polymer thickness
(époty). We can also vary the number of defects and
their position. Tetrahedral meshing is used. Only one
part of the film is meshed; by symmetry and fixing
boundary conditions the entire film is represented.

Analogy between heat conduction transfer
and gas permeation through polymer
membranes

Thermal conduction is a diffusion process very sim-
ilar to the permeation problem. It is in fact possible to
solve permeation problems with the thermal transfer
simulation tools. The analogy between heat conduc-
tion and gas permeation equations is described in
Table 1.

Temperature is replaced by the potential c;/S;;,
while thermal conductivity is replaced by the gas
permeability, and the product of the heat capacity
and the density has to be substituted by the solubility

Y 2l Air / Glue

\{ Distance between the defects (L)

il PET

Diffusivity and solubility coefficients
(D, s)

Defects size (diameter @)

Polymer substrate thickness (ey,),)

v
—

@ Impermeable surface

Figure 3 Schematic of the meshed pattern of PETMIF (section
view), with identical and homogeneously distributed defects.

c/S

2.000e+03
1.500e+03
1.000e+03

5.000e+02
1.681e-23

Figure 4 Mesh of the pattern of PET layer metallized on one
face, with identical and homogeneously distributed defects.

@ Springer



9080

Table 1 Analogy between heat conduction transfer and gas per-
meation through polymer membranes

Heat conduction Mass diffusion

Temperature T Concentration/solubility &2
ij

:

a — 42T 0 (&) — 2.6
ot~ pep 5 ?I, —D,;J-V ?I,

G =—2V(T)

/1‘—>Di,jsi‘j and pCp<—>Si7j

coefficient. We have decided to use SYRTHES® [17]
which is a finite element software developed by EDF
R&D, initially created for solving 3D thermal con-
duction problems.

Scaling

The typical size of the studied defects is 10 nm. The
meshing software does not allow the treatment of so
small elements. The space variables have to be
expanded, and the model physical parameters have
to be adapted accordingly. For a uniform expansion
by a scale factor k, the permeability (product of the
diffusion and solubility coefficients) has to be multi-
plied by k and the solubility coefficient has to be
divided by k.

Simulation results: homogeneous
configurations with identical
and equidistant defects

For the first simulations we assume that all the film
defects can be represented with identical circular
defects which are homogeneously distributed on the
coating layer. The geometric parameters which can be
varied are: the defect diameter (§)), the distance
between them (L) and the polymer thickness (eply)-
Surface fraction of defects (FSD) which is often an
experimental characteristic can be calculated from the
defect diameter and the distance between them
(Eq- 9). In this study we will only use § and L
parameters.

0
FSD = 75 ©)
The physical parameters which can be varied are: the
diffusion (D) and solubility (S) coefficients of the
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polymer substrate layer and those of the material into
defects (dry air, pure water vapour or glue).

Simulation for monolayer films

Simulations carried out here concern monolayer of
polyethylene terephthalate metallized on one face. It
is usually called PETM1F.

Impact of the polymer permeance

Aluminium has much better gas barrier properties
than polymers. So it could be supposed that the
permeance of a PETMI1F film is only driven by the
metallization quality. In order to evaluate this
hypothesis, simulations are carried out with the same
defect configuration but with different polymer per-
meance. We vary only the polymer diffusion coeffi-
cient. The distance between defects is fixed at 200 um.
First, we make simulations by fixing the defects
diameter at 2.257 pm.

Figure 5 shows that in the value range of diffusion
coefficient of PET (10~ m?s~! [18-22]), the perme-
ance is proportional to the coefficient. Beyond a cer-
tain threshold of diffusion coefficient, the permeance
tends to approach a limiting value because it is no
more managed by the polymer diffusion coefficient
but the defects’ surface.

Second, we make the same simulations by fixing
the defects diameter at 50 nm. Figure 6 shows that
when the defects size decreases, the threshold is
lowered and the limit too. However, even modelling
a PETMITF film with very few defects and as small as
possible, while ensuring that their diameter is higher

L B o e B BN 1
I -~ ©=2.257 ym - L=200 pm 7

10°F
10°F
10°F
10712 L

105F

-18 [,

Cpoy=12 um
| I I S

1000 10°

| I RSN SRR B
1010 10 10° 10° 10° 1

Apparent permeance (kg.m”.s" Pa™)

D (m’s™)

Figure 5 Theoretical apparent permeance as a function of
polymer diffusion coefficient on PETMIF (epoy = 12 pm — () =
2.257 pm — L = 200 pm).
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Figure 6 Theoretical apparent permeance as a function of
polymer diffusion coefficient on PETMIF (epory = 12pum —0) =
2.257 um and ) = 50nm — L = 200 pm).

than the one of water vapour molecule, the threshold
stays several orders of magnitude higher than the
diffusion coefficient of PET. The results are the same
when we vary the solubility coefficient. For all the
next simulations, the diffusion and solubility coeffi-
cients will be, respectively, fixed to 3.80 x
107 ¥ m?s! and 2.50 x 103 kgm~>Pa~! [18-20].

Hanika [9] suggested that the permeance of a
polymer decreases with the thickness of the film. This
result was obtained by modelling, and it was decided
to perform a numerical simulation to confirm it. We
varied the polymer thickness for a given number and
size of flaws (cf. Fig. 7). Our simulation shows that
the apparent permeance is not altered much by the
polymer thickness. Only for the largest pinhole tested
was the change substantial.

For all other simulations presented in this paper,
the polymer thickness will be fixed to 12 pm, because
it corresponds to our experimental thickness.

4x10° !
~ @=039nm ~ @=2,49nm
-~ ©=0,79 nm @=5,58 nm
3x107" 0=1,76nm ~ ©=1763 nm
L=200 nm

rTTr T T 70T

10 P I S I I I Bt

2x107"
10" o . .
5x107 L :
e ey e by Iy 0 d
5 10 15 20 25 30

Apparent permeance (kg.m>.s”.Pa™)

Polymer substrate thickness €pory (1tm)

Figure 7 Theoretical apparent permeance as a function of
polymer thickness for 6 defect diameters on PETMI1F.
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Impact of the coating layer

The following section relates the effect, on the per-
meation, of the nature of the material within the
pinhole.

No glue in defects Several series of simulation have
been carried out on PETMIF films with various
density of defects, for different defect diameters and
distances between defects. First, there is no glue into
defects. The ranges of values chosen include the
experimental data values from the bibliography [7, 9].
In Fig. 8, each continuous colour curve is an isovalue
of distance between defects.

The results show that a decrease by 2 of the defect
diameter and the distance between them causes a
higher increase in the permeance than an increase by
2 of the defect diameter for a constant distance
between them. In both cases total surface of defects is
the same, but defects are not similarly distributed. In
addition, when the defects become very small and
close, the permeance of the PETM1F film tends to that
of an uncoated PET film (represented by the red line
at 7.92 x 101 kgrrf2 s 1Pa~!). In other words, in a
constant surface of defects, the smaller and the more
numerous the defects are, the higher the permeance
is. Below a certain defect diameter (around 1 nm), the
mass flow is slowed so much by the Knudsen effect
in the defects that the permeance does not increase
anymore, but decrease.

Glue in defects Adhesive polyurethane is used to
make multilayer film. The coefficient of water vapour

10—10 = =
E HPET=7.92E-11 E
ol 4
10k ‘V ~ 3
ﬂ.: & ]
T (gt 11110 e 03 S -
R ~ z
éﬂ 107" :_ \ X —:
8 F
5 1044’_ i
£ €poy=12 pm
by losL " L=390.625nm  — L=12500nm ]
g L=781.25 nm L=25000 nm 3
=5 [ —~ L=1562.5 nm L=50000 nm ]
< 10— L=3125nm  — L=100000nm
F —— L=6250 nm —— L=200000 nm 7
ST I ...
10* 1000 100 10 1 0,1

O (nm)

Figure 8 Calculated apparent permeance on PETMIF as a
function of the defects size for 10 distances between defects.
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10-—10

HPET=7.92E- 11

10711

T T T
T R

10~12

10713

T T T T T Ty

Apparent permeance (kg.m”.s" . Pa™)

14 ]
10 " epoy=12 pm
108 —— L=390.625 nm —— L=12500 nm ]

. L=781.25 nm L=25000 nm g
——  L=1562.5 nm L=50000 nm ]
10°C ~ L=3125nm = L=100000 nm -
F — L=6250 nm ——  L=200000 nm 1
SR, .
10* 1000 100 10 1 0,1
@ (nm)

Figure 9 Calculated apparent permeance on PETMIF as a
function of the defects size for 10 distances between defects, no
glue in defects (continuous curves) and glue in defects (dotted
curves).

in polyurethane adhesive is much lower than the self-
diffusion of water vapour. If PETMIF films are
modelled with adhesive in defects, the first impres-
sion is that the permeance would be lower. The
simulations realized produce the results expected.
Figure 9 shows that for defect diameters greater than
20 nm, the permeance values in case of adhesive in
defects are very close to those without adhesive.
However, for defect diameters well below 20 nm, the
permeance values seem to tend towards a limit below
the permeance of an uncoated PET film.

£ c/S
2.000e+03
Y 1.500e+03
3 1.000e+03
5.000e+02
5.561e-11

Figure 10 View of a mesh of a multilayer film, at the interface
between two layers.
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Simulations for multilayer films

The aim of this part is to check the validity of the
ideal laminate theory (ILT). This theory has been
used by several authors [23, 24] to calculate the
apparent permeance Il,,, of a multilayer film from
the individual apparent permeance II;.,, of its
monolayer components (Eq. 10). It is classically based
on the fact that the mass transfer resistances in series
can be added.

1 1

= (10
Happ Z H]}app )

Simulations are carried out by stacking several
PETMI1F which can be identical or not. Consequently,
the defects can be aligned from one layer to another,
or not. Figure 10 shows an example of a multilayer
film mesh. At the interface between two monolayers,
the defects into the aluminium coating layer have to
be modelled in order to connect the two polymer
substrate layers.

The simulation results for 2 PETMI1F or 3 PETM1F
films show that the calculated permeances respect the
ILT, whatever the flow direction and the defects of
the coating layers.

Interaction between defects

The independence of defects could be assumed when
their size is much smaller than the distance between
them. In order to confirm this intuition, the change of
calculated permeance when several defects converge
has been studied. As it can be imagined through the
calculations carried out in paragraph 3, the flux

(a) (b)

Figure 11 Schematic representation of the pattern meshed of
PETMIF, with identical defects (a) and when several defects
converge (b).
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Apparent permeance (kg.m”.s".P

Figure 12 Theoretical apparent permeance on PETMIF as a
function of the defects position.

through small defects that draw nearer and nearer
should diminish to tend to that which passes through
an isolated big defect that would have the accumu-
lated size of the small defects. This part of the study
is based on a new mesh for which defects can be
narrowed or taken away, while the defects size and
surface fraction are maintained faithfully identical
(cf. Fig. 11).

Results are given in Fig. 12 which represents the
apparent permeance decrease when the defects are
drawing near. The simulations confirm that when the
defects are very close without touching each other,
the permeance is close to that obtained with an iso-
lated big defect which has the same total area
(1.10 x 1002 kgm™2s7'Pa"!). When the distance
between the defects is divided by four, the perme-
ance falls under 1.7%.

SEM observations in the perspective
of the monolayer model validation

Scanning electron microscope (SEM) was used to take
pictures of the coating layer surface of the films.

SEM observations

The films studied are PETM1F 12 pm Mylar with
several coating layer thickness. The SEM used to
observe the defects was a Zeiss Ultra 55 SEM and a
Zeiss GeminiSEM 500 (CMTC, 38, France). The pur-
pose is to determine which PETM1F film we can use
to validate the models.
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Figure 13 SEM secondary electron images of PETMI1F, with Al
thickness: 40 (a), 50 (b), 60 (c), 70 (d), 80 (e), 90 (f) and 100 nm
(g), at magnification x20K.

Impact of the coating layer thickness

Seven different levels of coating layer thickness have
been chosen: 40, 50, 60, 70, 80, 90 and 100 nm. For
each thickness, a decade of images were made at four
magnifications: 2Kx, 5Kx, 10Kx and 20Kx. These
observations were obtained with the Zeiss Ultra 55
SEM. In order to prevent the charging of the sample,
sputter coating of gold/palladium (Au/Pd) for SEM
is realized. Only the SEM images of PETMIF at
magnification 20K x are presented in Fig. 13.

For the PETM1F 40 and 50 nm (Fig. 13a, b), the
pinholes on the aluminium coating layer are clearly
visible and numerous (black spots). We can distin-
guish several sizes of defects. The bigger ones
(> 50nm) seem to be further away from each other
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than the smaller ones (<50nm). Unlike some of the
authors [7, 25-27] who have observed macrodefects
(> 1pum), all the defects observed are of submicron
size. This can be explained by the enhancement of
films and the improvements in the production
process.

For the PETM1F 60 and 70 nm (Fig. 13c, d), it is
very difficult to observe the smaller defects, and the
bigger ones are fewer. From 80 nm of aluminium
thickness (Fig. 13e-g), it is no longer possible to
observe any defects at this magnification. We can see
white spots which can be considered as alumina
particles.

In view of the SEM observations, the PETM1F
40 nm is chosen to be the support of the model val-
idation. The image processing is explained in “Image
processing” section.

Because the PETMI1F film with 80, 90 and 100 nm
of aluminium coating is not perfectly impermeable to
the water vapour, we can suppose that there are still
small defects. These defects are not visible either
because the magnification is not high enough, or
because the sputter coating prevents to observe them.
The purpose of the second series of simulations is to
try to observe defects on films with high metalliza-
tion thickness and with higher magnification and
resolution.

Impact of the sputter coating thickness

During the sputter coating process, we apply an
ultra-thin coating of gold/palladium which permits
to increase the amount of secondary electrons that
can be detected in the SEM and the signal-to-noise
ratio. But this Au/Pd coating could fill the very small
defects of the Al coating and therefore prevent their
observation, more specifically with larger metalliza-
tion thicknesses.

The SEM images of Fig. 14, obtained with the Zeiss
GeminiSEM 500, show the PETMI1F 80-nm surface
with 1 nm (a) and 0.7 nm (b) of Au/Pd and without
Au/Pd (), at magnification 100Kx. Other observa-
tions with an ESEM were made, but the resolution is
not of sufficiently high quality.

We can clearly see the aluminium grains. The
lower the Au/Pd thickness is, the better the recog-
nition is. The average size of grains is about
30-50 nm. In Fig. 14a, b, the sputter coating corre-
sponds to the very small grains which are much
smaller than the aluminium grains. In Fig. 14c, it is
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' Aluminium grain —»O

v 47 Artefacts *
: . 100 nm

(©)

Figure 14 SEM secondary electron images of PETMIF 80 nm,
with Au/Pd thickness: 1 nm (a), 0.7 nm (b); without Au/Pd (c), at
magnification x 100K.

possible to distinguish some very small black pin-
holes between the aluminium grains, but it is difficult
to state with certainty that these are really defects.
Furthermore, the white spots could be an artefact due
to the surface geometry of the aluminium.
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" Algorithm = f{f

Figure 15 Binarized image of PETMIF 40 nm (magnification
x 10K, 11.77 x 7.70 um?) and application of the algorithm which
calculates the distances between the defects.

Image processing

An image processing tool has been used to analyse
the defects and the distance between them in order to
construct a statistic distribution of defects. The image
processing of SEM images of PETM1F 40-nm films
with magnification 5Kx and 10Kx has been carried
with the Image]® software.

It is possible to split the image processing into
different steps. The initial step consists of preparing
the images: cut them, calculate the scale, harmonize
the brightness and the contrast, reduce the image
noise, and then realize the binarization. With these
binarized images we apply algorithms to determine:
the surface of each defect, its position and the dis-
tance which separates it from the others. Figure 15
shows the calculated distances between one defect
and its neighbours from one binarized image.

From this image processing, the surface distribu-
tion and the distance distribution have been esti-
mated for 9 SEM images at magnification 5Kx and
10K x. Only the results with magnification 10Kx are
presented (cf. Figs. 16 and 17). The mean defect size
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Figure 16 Defects surface distribution, on PETM1F 40 nm with
magnification x 10K.
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Figure 17 Distance between defects distribution, on PETM1F
40 nm with magnification x 10K.

is around 47 nm, and the mean distance which sep-
arates them is around 1.40 um.

Nevertheless, 3 populations of defect sizes about
20, 30 and 56 nm of diameter can be determined. The
proportions of these populations are, respectively,
4.3, 4.1 and 91.6%. Regarding the distances between
the defects, we can only select 2 mean values: 0.41 pm
for the smaller populations 1 and 2, and 1.75 pm for
the bigger population 3. The total surface fraction of
defects is equal to 0.12 £ 0.03%. The image resolution
induces a large uncertainty on the size of the pin-
holes. The results are recapped in Table 2 in the next
paragraph.

The algorithms also permit to determine the size of
each defect and its exact position on the coating layer.

Model validation

The experimental permeances are compared to the
calculated permeances from the model with identical
and equidistant defects. The defect characteristics are
those that have been determined in the previous
paragraph from the SEM images with magnification
10K x. The mean defect diameter is 47 nm, and the
mean distance which separates them is 1.40 um. The
comparison between experimental and calculated
values of permeances is presented in Table 3.

It can be seen that the calculated values are about
60 times higher than the experimental values. It can
be suspected that the coating defects cannot be rep-
resented by a homogeneous distribution of pinholes,
and that a more realistic distribution should be
adopted in order to take into account more accurately
the interactions between defects.
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Table 2 Analysis results of
the image processing on
PETMIF 40-nm film, with

Analysis Mag. 10K x Diameter () (nm) Distance L (um) Proportion (%)

maenification 10K x Pop. 1 20 £ 19.5 041 £19.5 4.3
& Pop. 2 30 £ 195 041 £ 19.5 4.1
Pop. 3 56 £ 19.5 1.75 £ 195 91.6

Table 3 Calculated permeance of PETMI1F 40 nm, from the model with identical and equidistant defects

Model validation on PETMIF 40 nm Mag.10K x

Experimental permeance [7, 9]
(kgm2s'Pal)

Calculated permeance
(kgm2s'Pat)

Model 1 Identical and equidistant defects () = 47 nm,
L =1.40 pm)

9.00 x 107 <T1<1.36 x 10712

6.11 x 10711

Image processing

Figure 18 Modelling of PETM1F 40 nm with real population of
defects: image processing, meshing and simulation.

Model with several classes of defects In a second
attempt, it is proposed to calculate the permeance by
meshing 3 classes of defects defined by their size and
the distance which separates them as a function of the
statistic distributions given in Figs. 16 and 17.

Model with real population of defects In the third
attempt, the coating defects have been meshed as
they appeared on the SEM images (cf. Figs. 18
and 19).

The comparison between the new calculated per-
meances and the experimental ones is presented in
Table 4.

The calculated permeance with the more realistic
configurations is closer to the experimental result, but
remained significantly higher. This means that

@ Springer
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2.000e+03
1.500e+03
1.000e+03
5.000e+02
3.182e-11

Figure 19 Mesh of PETMIF, with not identical and not
homogeneously distributed defects.

interaction between defects has a significant impact,
but that modelling hypothesis adopted here fails to
accurately estimate the actual PETM1F permeance.

Discussion about results

SEM observations The SEM observations enabled us to
see the real defects of a PETM1F-coated layer. Obvi-
ously, the increase in the aluminium thickness leads
to smaller and less numerous defects. The coating of
gold/palladium can be observed but does not disturb
the observation of the defects. It is possible to dis-
tinguish the aluminium grains, but the observation is
more complicated and has to be done with high
magnification and without sputter coating process.



J Mater Sci (2018) 53:9076-9090

- 9087

Table 4 Calculated permeance of PETM1F 40 nm, from the model with several classes of defects and the model with real population of

defects

Model validation on PETM1F 40 nm Mag. 10K x

Experimental permeance [7, 9]
(kgm2s71Pa")

Calculated permeance
(kgm2s7'Pal)

Model with 3 populations of defects () = 20 nm,

9.00 x 107 B <T1<1.36 x 10712 55.9 x 10712

Ly =041 pm @, =30nm, L, = 0.41 pm ()3 = 56 nm, L3 = 1.75 pm)

Model with real population of defects

16.1 x 10712

In practice, beyond 70 nm of aluminium, no defect
can be observed by SEM observation. But the per-
meance of these films being not equal to zero, the
defects cannot totally explain the mass flows which
pass through the films. So, a diffusion phenomenon
between the grain boundaries could be possible.

For small coating thicknesses (below 50 nm), image
processing allows the determination of defect char-
acteristics (diameter and mean distance between
them). Nevertheless, the calculation of the mean size
of defect is less precise due to the resolution limita-
tion. The margin of error can be up around + 97%.

Simulations The simulations have demonstrated
that the permeance of a PETM1F depends both on the
defects in the coating layer and on the gas transfer
properties of the polymer substrate. As mentioned in
the literature [8, 9], simulations confirm that the
permeance is proportional to the diffusion and solu-
bility coefficients and is inversely proportional to the
polymer thickness.

The simulations carried out with homogeneous
defect distributions on PETM1F confirmed that the
permeance depends more on the number of defects
than on the cumulated surface of defects. This can be
explained by the fact that with narrow pinholes, the
mean distance that gas molecules have to go through
the polymer is close to the polymer thickness. At the
limit, the permeance tends to that of the uncoated
film. However, if defects are smaller than 1 nm, the
permeance is limited by the Knudsen effect in the
defects. When defects are filled with glue, for defect
diameters well below 20 nm, the permeance values
seem to tend towards a limit below the permeance of
an uncoated PET film.

Nevertheless, due to the high viscosity of glue, it is
unlikely that it can enter into defects of a few tens of
nanometre size. So, the permeance values from sim-
ulations without adhesive in defects are potentially
closer to real values.

Validation attempts show that calculated perme-
ances are significantly over estimated. Even for the
more favourable configurations the calculated per-
meances are more than 10 times too high. Several
hypothesis could explain that difference. They are
listed and discussed below.

e The first hypothesis is that the measured perme-
ances are systematically underestimated. Gas
leaks in the upstream chamber of the permeame-
ter would cause an increase in the total pressure,
and a not perfect degassing of the sample, before
the measurement, would let dry air molecules in
it. The sample would be not only in water vapour
but also in dry air. Therefore, it has been shown
that the permeance of each gas decreases with
increasing the other gas due to a coupling
between gases. So if the measurements are not
realized in perfect conditions and in pure gas, the
measurement is underestimated. On the other
hand, the measurements were taken very care-
fully. Leaks would be detected by a pressure
increasing, and the degassing is realized at least
long enough. So, it is very unlikely that this
hypothesis would be the explication.

e Another hypothesis is that the polymer transfer
characteristics change because of coating. Indeed,
the diffusion and solubility coefficients put in the
models are those measured on the polymer
substrate uncoated, but not directly on the met-
allized film. The values of these coefficients could
be different. However, some measurements of the
crystallinity and the solubility coefficient realized
on PETMIF films do not show any difference. We
can conclude that it is unlikely that the diffusion
coefficient would be different, while the crys-
tallinity remains the same.

e About the diffusion coefficient, we have consid-
ered in the models, the polymer as isotropic. But
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some authors [28-30] have observed an aniso-
tropy in Bi-oriented PET or PET. We have made
simulations by varying the diffusion coefficients
in both directions. The results show that the
diffusion coefficient in the plane has to be around
100 times lower than that of transverse, to
decrease the permeance by a factor 10. These
results lead us to disprove this hypothesis.

e It has also been suggested the hypothesis that all
the black spots observed with SEM would not be
real defects through the coated layer. The bina-
rization and the image processing are manually
realized, and this induces uncertainties on the
number of defects and their size. Furthermore, it
was difficult to observe with accuracy the defects
due to the compromise between resolution and
observed area. Some black spots are darker than
others, and it is not possible to identify with
certainty that the brightest ones are real defect
through the coated layer. But we can remark the
good correlation between the observation and the
permeances measured. The lower we observe
defects on PETM1F with different coated layer
thickness, the lower the permeance is.

e The last hypothesis, but not least probable, sug-
gests a potential interaction between the water
vapour and the aluminium. The water vapour
flow passing thought the defects or the grain
boundaries of aluminium would be slowed down
by a physical or chemical interaction. We can
suppose that this interaction could be altered by
changing the metal.

Several of these hypothesis combined would
explain the difference between the permeances cal-
culated by the developed models and measured.

Coupling between water vapour and dry air permeance
The aim of this part is to study the hypothesis of
coupling between water vapour and dry air perme-
ance. Water vapour permeance measurements were
realized by varying dry air pressure, and then, dry air
permeance measurements were realized by varying
water vapour partial pressure. Coated and uncoated
PET films have been studied.

First, water vapour permeance measurements were
realized on PET Mylar M841 12 um films uncoated
and metallized on one face with 100 nm of alu-
minium, at 50°C and 40% RH (water pressure Pv =
4933 Pa) and at different dry air upstream pressures.
A Deltaperm from Technolox [31] was used. The
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measured permeances values are presented in
Figs. 20 and 21.

We can observe that for both films, the water
vapour permeance decreases and is inversely pro-
portional to the dry air pressure increases.

For the uncoated PET film, the water vapour per-
meance decrease is important and varies from 3.05 x
10712 t0 8.50 x 10" kgm~2s~! Pa~! when the dry air
pressure increases from 14665 to 97325 Pa. The
measured values are from 10 and 100 times lower
than the permeances usually measured for pure
water vapour. For the coated film, the decrease is less
obvious and the measured values are in the same
order of magnitude as that of measured for pure
water vapour. The water vapour permeance decrea-
ses from 5.30 x 10713 to 2.67 x 10" ¥ kgm 25~ Pa”"
when the dry air pressure increases from 13865 to
91192 Pa.

Measurements have been realized in order to study
the impact of the water vapour pressure on the dry
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Figure 20 Water vapour permeance (at 50 °C) regarding the dry
air pressure, for the uncoated PET 12 pm film.
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Figure 21 Water vapour permeance (at 50 °C) regarding the dry
air pressure for the PET 12 um MI1F 100-nm film.
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Figure 22 Dry air permeance (corrected at 50 °C) regarding to
the water vapour partial pressure, for the uncoated PET 12 um
film.

air permeance. As air permeances are much smaller
than water vapour permeances, the tests were only
carried out with uncoated PET film, with several
upstream water vapour partial pressures and at dif-
ferent temperatures varying from 30 to 60°C. Fig-
ure 22 shows the dry air permeance values rectified
at 50°C.

We note that the dry air permeance also depends
on the water vapour partial pressure. The dry air
permeance decreases from 3.76 x 107* to 1.83 x
10~ kgm2s7'Pa~' when the water vapour partial
pressure increases from 20 to 440 Pa. It is also pos-
sible to fit the curve with a power law. Obviously,
water vapour and dry air transfer characteristics
cannot be considered as independent.

Conclusion and outlooks

All simulations and experimental work presented in
this paper aim at improving our understanding of the
mass transfer phenomena through the VIPs barriers.
The numerical model could not be quantitatively
validated. But the qualitative results highlight the
impact of the defects distributions and characteristics
on the films’ permeance. We were able to better
understand the different mechanisms and diffusion
regimes involved.

The SEM observations enabled us first of all to
detect defects on the coated layer and aluminium
grains. The increase in the aluminium thickness leads
to smaller and less numerous defects. Beyond 70 nm
it was not possible to detect defects with the SEM on
the films studied. This could be in favour of the
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hypothesis of a diffusion phenomenon through the
grain boundaries. In any cases, the diffusion does not
take place without interaction with the aluminium
coating.

The results lead us to become quite involved in the
interaction between the gases and the coated layer on
the one hand and the coupling between these gases
on the other hand.
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