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Abstract: When aluminum is applied to paper by physical vapor deposition, substrate roughness
contributes to the defect density and hygroexpansion can cause defects that impair the aluminum
coating. Both effects can manifest as an increase in electrical resistance. We quantified the effect
of substrate paper hygroexpansion (0–95% relative humidity) and paper surface roughness on the
effective resistivity (ρEFF) of aluminum coatings. To create different degrees of roughness, five different
papers were used. Each of them had one pigment coated side and one side without pigment coating.
These different rough paper surfaces were pre-coated with ethylene vinyl alcohol co-polymer (EVOH).
Hygroexpansion was promoted by pre-coating and increased more when the coating was applied on
rough and porous surfaces. Simultaneously, the pre-coating reduced surface roughness; especially
porosity. The reduction of porosity decreased effective resistivity (ρEFF). Based on these results, an
aluminum thickness of ≥35 nm is recommended to ensure maximum mechanical stability during
hygroexpansion in combination with minimum material usage. Moreover, the resistivity did not
regain its initial value when the paper substrate shrank during re-drying.

Keywords: resistivity; physical vapor deposition; sheet resistance; ethylene vinyl alcohol; paper
coating; penetration; porosity; sorption; humidity

1. Introduction

When nanometer thin coatings of aluminum are deposited on paper substrates, the substrate
roughness determines its electrical resistance; and hygroexpansion manifests as an increase in electrical
resistance and resistivity (compared to bulk aluminum) [1]. These phenomena reflect the greater
number of defects in the aluminum layer. Defects triggered by hygroexpansion and roughness are
relevant in various applications, such as packaging, paper electronics and flexible electronics.

In the case of packaging, aluminum coatings are used to create high gas barriers on polymer
substrates. However, it is not yet possible, to achieve such gas barriers on paper substrates, because
the aluminum coatings contain defects, which let gas permeate. In the case of paper electronics, such
defects increase the resistance of the aluminum conductor coating. Although in the case of packaging
applications, the effect of aluminum defects is a higher gas permeability, in both cases—packaging and
paper electronics—defects can manifest as an increase in electrical resistance and resistivity. Two known
reasons for such defects are substrate hygroexpansion and substrate roughness [1,2]. Hygroexpansion
is the moisture-induced swelling of paper. Hygroexpansion and paper roughness can be altered by
various methods during [3–10] or after [11–14] paper production. In the present case, the effect of
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a polymer coating on both parameters—roughness and hygroexpansion—was evaluated. Previous
studies [1,2] have shown that the effective resistivity ρEFF (defined by the measured resistance, coating
weight of aluminum and ideal density; compare Equations (2)–(4) of such thin aluminum layers is not
constant but decreases with increasing thickness (d) and decreasing substrate roughness (RZ) [15,16].
The correlation can be described using Equation (1), which includes two fit factors (k and c) and the
literature resistance value for bulk aluminum (ρlit) [1].

ρEFF = RZ·c· 1d + ρlit·(1 + RZ·k)

ρlit = 27 Ω·nm k = 0.5/µm c = 2964 Ω·nm2/µm
(1)

Even though the relationship between roughness and resistivity can be well described, as in
Equation (1), this is not yet the case for hygroexpansion and resistivity. The effect of hygroexpansion
on electrical resistivity is much more complex, because the effect of hygroexpansion itself is also
affected by the substrate roughness. As both processes are relevant for packaging and paper electronic
applications, the current study investigates in depth the effect of substrate roughness on the increase in
electrical resistivity during hygroexpansion. Different degrees of roughness were created by using
different substrate papers with different rough back and front surfaces, either with a pigment coating
(PC) or without (noPC), and by pre-coating the surfaces with ethylene vinyl alcohol co-polymer (EVOH)
before aluminum deposition. The electrical resistivity of the aluminum coatings was then determined
at different levels of relative humidity (RH). The aluminum thickness was varied to define the influence
of this parameter.

2. Materials and Methods

2.1. Used Papers

The paper substrates were chosen as they are typically applied for metallization processes in the
packaging industry. They are listed in Table 1. Each of the papers had one side, which is pigment
coated (PC) and one side, which has not been pigment coated (noPC).

Table 1. Paper and polymer substrates.

Product Name Grammage [g/m2] Supplier

Metalkote 65 Ahlstrom-Munksjö
Algro Finesse T 70 Sappi Europe SA

Adicar WS HGM 80 Cham Paper Group
Adicar 2 80 Cham Paper Group

Labelcar MTS 65 Cham Paper Group

2.2. Preparation of Aqueous EVOH Solutions

EVOH is known to be a water sensitive polymer and is often used to reduce the oxygen permeability
of coated papers [17]. The required amount (15% w/w) of EVOH granulate (AQ4104, Kuraray, Frankfurt
am Main, Germany) was mixed with the required amount of deionized water in a high-performance
disperser (Thermomix TM 31, Vorwerk Deutschland, Wuppertal, Germany) at low stirring speed
(40 rpm) for 15 min. Then, the disperser was set to 100 rpm for 90 min, heating up continually to
90 ◦C. Afterward the solution was stirred at 40 rpm for 120 min, while cooling to room temperature.
The solution was then filtered and filled into a glass bottle, which was sonicated at 37 kHz and 10 ◦C
for 10 min to remove air bubbles. The ethylene content of this EVOH grade was ~8 mol% [18].

2.3. Laboratory-Scale EVOH Coating

The paper types Adicar 2, Adicar WS HGM, Algro Finesse T and Labelcar MTS were only available
as sheets, and were, therefore, coated using laboratory-scale equipment (CUF 5, Sumet Systems GmbH,
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Denklingen, Germany). Each paper was coated once on PC and once on noPC (Figure 1). The substrate
sheet was fixed with a clamp on a horizontal slide and a wired rod—with a theoretical wet coating
thickness of 19 µm—was positioned on the top of the sheet and forced onto the sheet by applying a
force of 40 N. Approximately 5 mL of the EVOH solution was applied with a syringe into the gap
between the rod and the substrate across the width of the sheet. The slide was then moved horizontally
below the rod (40 mm/s) to ensure even distribution across the paper sheet. The slide was then passed
through a drying section to dry the coated paper by air convection at 85 ◦C for 90 s.
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Figure 1. A schematic description of the samples that were produced, as described in the
previous enumeration.

2.4. Pilot-Scale EVOH Coating

Metalkote paper was coated in a reel-to-reel process using the lacquering and lamination plant at
Fraunhofer IVV. It was coated once on PC and once on noPC. The coating width was 210 mm at a web
speed of 5 m/min, with an anilox ceramic roll (40 lines/cm, 45◦ pattern, theoretical pick-up volume
45 mL/m2) and a convective air drying temperature of 85 ◦C, with an air flow rate of 8000 m3/h.

2.5. EVOH Coating Weight Determination

Samples were stored at 23 ◦C, 50% RH for 48 h. Then, five circles with an area of 50 cm2 were
cut from the EVOH-coated and non-coated papers. Subsequently, the weight of the samples was
determined (Mettler AT261 DeltaRange, Mettler-Toledo, Gießen, Germany). The coating weight was
determined as the weight difference between EVOH-coated and non-coated papers, normalized to an
area of 1 m2.

2.6. Physical Vapor Deposited (PVD) Aluminum Coating

The following samples were produced by PVD coating (Figure 1).

1. PC/Al: Aluminum was deposited on the paper side, that has been pigment coated;
2. PC/EVOH/Al: The paper was first coated with EVOH on the paper side, that has been pigment

coated, and then aluminum was deposited on top of the EVOH;
3. noPC/Al: Aluminum was deposited on the paper side, which has not been pigment coated;
4. noPC/EVOH/Al: The paper was first coated with EVOH on the paper side, that has not been clay

coated, then aluminum deposited was on top of the EVOH.

Paper samples were cut to 105 × 148 mm2 sheets and taped along all four edges onto a paper
carrier roll using thermally stable adhesive tape (Kapton, DuPont, Neu-Isenburg, Germany). In order
to achieve a high vacuum during PVD, it was necessary to reduce the moisture content (mc) of the
paper substrate. Therefore, the carrier roll containing all the samples was dried at 70 ◦C for 9 days in a
Heratherm oven (Thermo Fisher Scientific, Munich, Germany) prior to metallization, which is not an
industrial process but necessary in pilot plant scale.
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PVD was carried out using the electron beam heating method. Moisture remaining in the chamber
was extracted using a Meissner cold trap and the deposition roll was water cooled. The aluminum
was 99.98% pure (K135 from Drahtwerk Elisental W. Erdmann GmbH & Co., Neuenrade, Germany).
The coating thickness was varied by changing the web speed from 0.5 to 3.5 m/min at steps of 0.5 m/min
at an evaporation rate of 2–3.5 nm/s. Further process details can be found elsewhere [19].

Following their removal from the box coater, the rolls were transferred to an polyethylene drum
containing 1 kg Perlform silica gel (orange, 2–5 mm, with an indicator; Carl Roth, Karlsruhe, Germany)
to reduce the RH to 0%. As such, the unwanted water uptake and hygroexpansion of the paper before
the experiments was kept to a minimum. The drum was then stored at 23 ◦C.

2.7. Aluminum Coating Weight Determination

The coating weight (cwNOMINAL) and thickness (dNOMINAL) of aluminum applied to the surface of
each sample was calculated based on a previously described model [19]. Both values are linked by the
literature value for aluminum density (δLIT) as shown in Equation (2).

cwNOMINAL = dNOMINAL·δLIT. (2)

2.8. Scanning Electron Microscopy (SEM)

Images were acquired using a JSM-7200F scanning electron microscope (Jeol, Peabody, MA, USA)
at 1–4 kV. The working distance was maintained at 9.1–10.0 mm. The samples were sputtered with gold.

2.9. Determination of Sheet Resistance via Eddy Currents at Different Relative Humdities

Prior to re-humidification of the aluminum-coated samples, rigid frames were produced to which
the samples were loosely attached to avoid curling. In the next step, the plastic frames, the silica pouches,
a dish containing 500 g silica gel, a pair of scissors, pressure lock bags, adhesive tape, a testostor 175
hygrometer (Testo SE & Co. KGaA, Lenzkirch, Germany), and Fibox oxygen concentration measuring
points (PreSens Precision Sensing, Regensburg, Germany) were placed into a glove box (Mecaplex
Metall, Grenchen, Switzerland). Finally, the roll with the aluminum-coated samples was placed into
the glove box, which was immediately closed and flushed with pure nitrogen to remove moisture.
Flushing was assumed to be complete when a constant, minimal RH value of <3% (determined using
the hygrometer) was reached. The paper samples were then removed from the carrier roll and attached
to the frames with adhesive tape. The samples were transferred into the pressure lock bags. After
transferring all samples into these bags, the glove box was opened and the pressure lock bags were
placed in the plastic drum with fresh silica gel.

The samples were then taken one by one from the drum and the sheet resistance was measured at
five predetermined points on each sample. After this first measurement at 0% RH, the samples were
immediately transferred to a KBF720-230V climate chamber (Binder, Tuttlingen, Germany) set to 23 ◦C,
with humidity values of 35%, 50%, 70%, 85% and 95% RH. The samples were stored in each climate
for 24 h before the next measurement of sheet resistance. After each measurement, the samples were
placed back into the climate chamber. Excessive air convection in the chamber was avoided by using
additional plastic curtains placed inside the chamber.

The sheet resistance (R�) was measured using the eddy current method (EddyCus TF lab 4040,
Suragus, Dresden, Germany). The skin depth was >8 µm [20,21], which ensured full penetration of the
aluminum layer by the magnetic field. The area captured by the measurement was approximately
5 × 5 mm2. The sheet resistance (R�) of a resistor with thickness d and resistivity ρ is defined as shown
in Equation (3).

R� =
ρ

d
(3)
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The effective resistivity (ρEFF) was then calculated from the thickness (dNOMINAL) and the measured
sheet resistance (R�) as shown in Equation (4).

ρEFF = dNOMINAL·R� (4)

The relative effective resistivity increase (γ) was calculated from the effective resistivity at an RH
of 0% and at a given RH of x%, where x = 35%, 50%, 70%, 85% or 95% RH, as shown in Equation (5).

γ =
ρRH=x

EFF

ρRH=0%
EFF

− 1 (5)

The theoretical increase in resistivity γ due to the mono-axial expansion of aluminum without any
damaging effect can be estimated by the following assumption: The volume of aluminum (cross-section
A × length L) is constant under strain ε, namely A · L = A0 · L0. Under strain, the material expands in
length but also thins. Thus, A decreases and L increases due to plastic deformation. Based on that
assumption, Equations (6)–(8) can be derived [22].

R�
R�0

= (
L
L0

)
2

(6)

ρEFF

ρEFF,0
= (

L
L0

)
2
= (1 + ε)2 (7)

γ =
ρEFF

ρEFF,0
− 1 = (1 + ε)2

− 1 (8)

2.10. Sorption Isotherm

Sorption isotherms for the paper substrates were recorded at 0%, 35%, 50%, 70%, 85% and 95%
RH using SPSx-1µ (ProUmid GmbH & Co. KG, Ulm, Germany). The temperature was set to 23 ◦C.
For each humidity increase, the weight was measured until equilibrium was reached. The minimum
time for each RH increase was set to 2 h, and the maximum to 48 h. The measurements were done once
on the pure papers and twice on the EVOH-coated papers.

2.11. Hygroexpansion

The hygroexpansion measurement was carried out on three samples (288 × 200 mm2) from
each paper. The samples were dried for 20 days in silica gel at 23 ◦C. Then, each was stored in the
KBF720-230V climate chamber (Binder, Tuttlingen, Germany) at 23 ◦C for 24 h, with sequentially
increasing humidity values of 35%, 50%, 70%, 85% and 95% RH. The samples were taken one by one
from the drum/climate chamber and their size was scanned at a resolution of 1200 dpi (CanonScan
LiDE 700F, Canon, Nürnberg, Germany). Images were saved as jpg files. Subsequently, the distance
(L0,CD) between certain reference points in CD (cross direction) was measured threefold, using LAS
v4.0 software (Leica Microsystems GmbH). Measurements were only performed in CD because
hygroexpansion is dominant in this direction. From these data, the percentage length increase ε at
increasing RH values was calculated by setting L0,CD in relation to the increased lengths LCD as shown
in Equation (9).

εCD =
LCD − L0,CD

L0,CD
(9)

2.12. Surface Roughness

The roughness was determined five-fold using the mechanical profile method (Hommel Etamic
W55, Jenoptik, Jena, Germany). The roughness term RZ was taken according to DIN EN ISO
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4288:1998 [16] and DIN EN ISO 3274:1998 [15]: The traversing length LN is divided into five equal-sized
subsections LR (in this case, LN = 4 and LN = 12.5, respectively). In the single subsections, the single
roughness (ZN) was determined. The single roughness is the difference between the highest and lowest
points in one subsection LR [23]. From ZN, RZ is determined as their arithmetic average. The value RZ

was used, as the graphs do not significantly change when other roughness values such as Ra and Rq

are used. The usage of RPc was evaluated but was found to lead to inconsistent results because of the
necessary adaption of the counting threshold.

2.13. Statistical Methods

The data points represent median values for resistances and average values for roughness.
The statistical differences were evaluated with a u-test from Wilcoxon, Mann and Whitney, with the
level considered significant when equal to 5%. Graphs were designed using OriginPro 2016 (version
2018.b) and statistical evaluations were carried out with Visual-XSel (CRGRAPH) (version 12.0).

3. Results and Discussion

3.1. Effect of Polymer Coatings on Paper Hygroexpansion

In the first set of experiments, we determined the effect of EVOH coatings on paper hygroexpansion
and water absorption using five different papers, which were EVOH coated either on the side with
pigment or without pigment coating (PC vs noPC). Initially, we measured the coating weight. Although
in each case the same EVOH coating and the same rod was used, the coating weight of the EVOH
coating was higher on noPC paper (Figure 2). This reflected the fact that noPC paper is rougher and
more porous, so the EVOH could penetrate into the paper more easily (Figure 3) [24–27]. However,
the coating weight did not show a linear correlation with roughness (RZ), probably because the
roughness value does not sufficiently describe the porosity of the paper sample.
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Figure 2. Coating weight at 50% relative humidity. Although in each case the same EVOH coating
and the same rod was used, the weight of the EVOH coating was higher on the rougher noPC surface.
Roughness values RZ before EVOH coating are shown as numbers above the columns. PC/noPC = paper
surface with/without pigment coating. EVOH = ethylene vinyl alcohol lacquer.



Coatings 2019, 9, 295 7 of 14

Coatings 2018, 8, x FOR PEER REVIEW  7 of 14 

 

in the case of Adicar WSHGM, as the differences in roughness and coating weight between noPC and 

PC was low. The hygroexpansion was higher for the EVOH-coated papers than for the pure paper, 

but highest when EVOH was applied to the noPC side ( ). This indicated that the EVOH penetrated 

further into the noPC side of the paper because the surface contained more pores and channels (see 

images presented in [1]). EVOH thus fills the voids in the noPC paper and occupies space that the 

fibers would otherwise fill during expansion. This interpretation is supported by reference [28]. 

Because this space between the fibers is now occupied by EVOH, the paper expands further, 

particularly on the noPC side where more EVOH has penetrated between the fibers. This is because 

EVOH does not prevent water molecules from permeating towards the fibers, but it allows water 

molecules to permeate towards the fibers, which leads to fiber hygroexpansion. Moreover, the EVOH 

itself absorbs water and swells, which further intensifies the effect (lacquer hygroexpansion of ~5% 

and moisture content of 30% at 100% RH at 23 °C).  

 Without EVOH With EVOH 
P

C
 

  

n
o

P
C

 

  

Figure 3. Scanning electron microscope images at 1000 times magnification of Metalkote paper. The 

EVOH-coated paper shows lower roughness and lower porosity. 

  

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

m
o

is
tu

re
 c

o
n

te
n

t 

m
c 

[-
]

relative humidity RH [-]

 Adicar 2, with EVOH, noCC

 Adicar 2, with EVOH, CC

 Adicar 2

Figure 3. Scanning electron microscope images at 1000 times magnification of Metalkote paper.
The EVOH-coated paper shows lower roughness and lower porosity.

Next, we measured the moisture sorption and hygroexpansion of the coated and non-coated
papers. We found that EVOH increased the water absorption (Figure 4, left column) compared to the
pure paper (
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). This reflected the relatively low coating weight (~1–3 g/m2)
compared to the paper grammage (65–80 g/m2). In contrast, hygroexpansion (Figure 4, right column)
was strongly affected by the side to which the EVOH was applied. The effect was not visible in the case
of Adicar WSHGM, as the differences in roughness and coating weight between noPC and PC was
low. The hygroexpansion was higher for the EVOH-coated papers than for the pure paper, but highest
when EVOH was applied to the noPC side (
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). This indicated that the EVOH penetrated further
into the noPC side of the paper because the surface contained more pores and channels (see images
presented in [1]). EVOH thus fills the voids in the noPC paper and occupies space that the fibers would
otherwise fill during expansion. This interpretation is supported by reference [28]. Because this space
between the fibers is now occupied by EVOH, the paper expands further, particularly on the noPC side
where more EVOH has penetrated between the fibers. This is because EVOH does not prevent water
molecules from permeating towards the fibers, but it allows water molecules to permeate towards
the fibers, which leads to fiber hygroexpansion. Moreover, the EVOH itself absorbs water and swells,
which further intensifies the effect (lacquer hygroexpansion of ~5% and moisture content of 30% at
100% RH at 23 ◦C).
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Figure 4. Moisture content (mc) and hygroexpansion (ε) increase with relative humidity (RH). The 

EVOH coating increased moisture content and hygroexpansion. Hygroexpansion increased more 
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Figure 4. Moisture content (mc) and hygroexpansion (ε) increase with relative humidity (RH). The EVOH
coating increased moisture content and hygroexpansion. Hygroexpansion increased more when the
EVOH was applied to the noPC surface. PC/noPC = paper surface with/without pigment coating.
EVOH = ethylene vinyl alcohol lacquer.
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3.2. Effect of EVOH Pre-coating on Effective Resistivity of the Aluminum Coating

As we previously reported in reference [1], the effective resistivity ρEFF decreased with aluminum
thickness and increased with substrate roughness, which was also confirmed in Figure 5. There,
we found that curves—as in Figure 5—showed a characteristic minimum resistivity value ρOFFSET
[Ω·nm] when the aluminum layer was thickest, overlaid by a variable resistivity ρn [Ω·nm] when the
layer was thinner. Even for the thicker coatings, the minimum resistivity ρOFFSET would not achieve
the literature values for bulk aluminum ρlit. In the same previous study [1], this minimum resistivity
ρOFFSET decreased with decreasing substrate roughness, possibly because less roughness led to smaller
defects, which were easily filled with aluminum. In comparison, defects on very rough papers were too
large to be filled, thus increasing the resistance R and minimum resistivity ρOFFSET. For thin coatings,
the resistivity was higher on rough substrates, and the variable resistivity ρn, therefore, also depended
on paper roughness RZ. Moreover, thinner coatings led to higher variable resistivity ρn because less
aluminum was available to fill the defects. These observations have been combined with the simple
descriptive approach shown in Equation (1).
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Figure 5. Increasing roughness increased the effective resistivity at 0% relative humidity (RH) due to
defects in the aluminum coating. Although EVOH coating only had a minor impact on roughness (RZ)
values, the resistivity decreased massively due to the reduction of the areal density of micropores and
channels. Results were generated on Metalkote paper. PC/noPC = paper surface with/without pigment
coating. EVOH = ethylene vinyl alcohol lacquer.

However, the present study shows that substrate roughness cannot be the only influencing factor
and the following conclusions can be drawn from Figure 5:

1. The resistivity of aluminum applied to EVOH-coated surfaces was lower than on surfaces without
EVOH. This supports the observation described previously [1];

2. However, the roughness of noPC with EVOH (
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, RZ = 9.5 µm) was much higher than PC (
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);
3. This indicates that, not only the roughness, but also the precise morphology—including pores

and microchannels—were decisive factors. EVOH coatings may fill up pores and microchannels,
but they did not affect the micrometer-scale roughness significantly (compare Figure 3);

4. This filling up of voids facilitated the formation of a closed aluminum layer because it reduced
the severity of defects in the aluminum coating. As shown in Section 3.1, the filling up of voids
promoted hygroexpansion and EVOH should, therefore, be applied on the PC side of the paper.
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3.3. Effect of EVOH Pre-Coating on the Increase in Resistivity during Hygroexpansion

It is likely that the aluminum coating forms cracks when the underlying paper expands, thus
increasing the resistivity, and that greater substrate roughness leads to more cracks and thus to a higher
increase in effective resistivity (γ). In order to show the effect of hygroexpansion and roughness in
isolation from the effect of aluminum thickness, the relative effective resistivity increase γ (rather than
resistance R� or effective resistivity ρEFF) was considered, as shown in Figure 6.Coatings 2018, 8, x FOR PEER REVIEW  11 of 14 
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Figure 6. Increasing roughness RZ and porosity of the substrate paper Metalkote increased the effective
resistivity ρEFF due to defects in the aluminum coating. Although the EVOH coating only had a minor
impact on roughness values RZ, the resistivity was lower due to the lower porosity. PC/noPC = paper
surface with/without pigment coating. EVOH = ethylene vinyl alcohol lacquer.

We found that the difference between the EVOH-coated and non-coated surfaces subsequently
affects the relative effective resistivity increase γ during hygroexpansion. The increase in resistivity
for PC and noPC paper surfaces with and without EVOH, and with aluminum layers differing in
thicknesses, is summarized in Figure 6. The comparison of the different samples allows the following
conclusions to be drawn:

1. The relative effective resistivity increase γ correlated with hygroexpansion ε;
2. The maximum relative effective resistivity increase γmax at 95% RH was partially higher on

EVOH-coated surfaces (Figure 6). This was because the initial effective resistivity values ρEFF
(Figure 5) were much lower; probably due to fewer initial defects. Therefore, the addition of
only a few more defects increased the resistivity by a much greater degree. This means that
γmax also depended on the initial ρEFF before hygroexpansion, which was higher on rough and
porous surfaces;
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3. In the ideal case (smooth substrate surface, low hygroexpansion, and thick coatings) γ was equal
to the value expected, according to the geometrical deformation model in Equation (8). This
indicated that no additional defects occurred during hygroexpansion and that no additional
defects should be expected in the case of smooth substrates and thick coatings (>35 nm);

4. On EVOH-coated surfaces, the effect of the aluminum thickness (d) was more explicit. Thinner
coatings (<35 nm) led to a higher relative effective resistivity increase γ. Coatings >35 nm are,
therefore, recommended;

5. On surfaces without EVOH, the effect of the aluminum thickness was less explicit. On non-EVOH
coated surfaces, the effect of aluminum thickness on the increase in γ was lower because the
aluminum already contained many defects before hygroexpansion, due to its roughness and
porosity (Figure 3). Hence the additional defects due to hygroexpansion did not significantly
affect the resistivity value. The EVOH decreased the roughness (RZ) and the areal density of
pores and microchannels. For practical applications, this means that even by applying thicker
aluminum coatings, the negative effect of roughness and pores during hygroexpansion cannot be
reduced. Thus, a polymer pre-coating such as EVOH is indispensable;

6. The effect of aluminum thickness on the maximum relative effective resistivity increase γmax

(at 95% RH) is shown in Figure 7. When the paper was coated with EVOH, γ is affected to
a greater degree by aluminum thickness. When the aluminum thickness was approximately
30–40 nm on EVOH-coated surfaces, γmax did not decrease any further. For practical applications,
this means that the maximum resistance against hygroexpansion was reached at this thickness;

7. Accordingly, the crack onset strain (COS) increased with aluminum thickness and decreasing
substrate roughness;

8. Although the hygroexpansion was higher in the presence of EVOH than in its absence, γmax

on EVOH coated paper was only a little higher. The increase in hygroexpansion due to the
EVOH coating was, therefore, not a major hindrance to the production of flexible and closed
aluminum coatings.
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Figure 7. When the Metalkote paper was coated with EVOH, the maximum relative effective resistivity
increaseγmax was much more dependent on aluminum thickness. PC/noPC = paper surface with/without
pigment coating. EVOH = ethylene vinyl alcohol lacquer.

3.4. Effect of Drying Contraction on Electrical Resistivity

Inorganic brittle coatings can recover a part of their characteristic properties, such as conductivity
after relaxation, when the applied strain or hygroexpansion, respectively, is removed [29]. In order
to determine whether aluminum on paper behaves in a similar manner, the electrical resistivity was
compared before and after humidification at 95% RH. Before and after humidification, the relative
humidity was set to 50% (Figure 8).
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Figure 8. After humidification and subsequent drying, the differently coated Metalkote paper samples
did not regain their initial resistivity values. PC/noPC = paper surface with/without pigment coating.
EVOH = ethylene vinyl alcohol co-polymer lacquer coating as basis for aluminum coating.

The resistivity values were compared by assigning a reference value (=1) at 95% RH. We found
that the resistivity after drying did not recover its original value, regardless of the substrate roughness,
polymer coating or aluminum thickness. We, therefore, anticipate that the gas barrier performance
would not be regained once the aluminum has cracked due to moisture uptake and hygroexpansion.

4. Conclusions

In this study, we showed that lacquer coating weights were higher when the lacquer was applied
on paper surfaces, which were not pigment coated. This probably reflected the porous surface of the
paper and its microchannels, which let the lacquer flow into and fill up pores and microchannels.
This promoted hygroexpansion, because the lacquer occupied the space that otherwise could be filled
by expanding fibers. Alternatively, hygroexpansion could be avoided by using wet-strength paper,
which is hydrophobized and where fibers are cross-linked.

When pure paper or paper covered with lacquer was coated with aluminum via PVD, the effective
resistivity increased with the roughness, hygroexpansion and the thinness of the aluminum layer.
The crack onset point (COS) decreased with increasing substrate roughness and aluminum thinness.
The relative effective resistivity increase only depended on aluminum thickness when the substrate was
smooth and free of pores. Regardless of the substrate, we found that an aluminum thickness
of >35 nm did not further improve the mechanical stability of the aluminum coatings under
hygroexpansion-induced tension. For practical applications, this means that ~35 nm is the aluminum
thickness that achieves the greatest avoidance of hygroexpansion and roughness induced defects while
using the minimum amount of coating material. However, cracked aluminum barrier coatings
did not regain their initial resistivity during re-contraction. This means it is critical to avoid
hygroexpansion-induced defects.
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