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Kurzfassung 

Das Verhalten Nanometer-dünner Aluminiumschichten auf un- und 

polymerbeschichtetem Papier wurde untersucht. Die Defekt-Flächendichte in der 

Aluminiumbeschichtung wurde indirekt durch deren effektiven elektrischen Widerstand 

beschrieben, welcher mit steigender Aluminiumdicke abnahm, und mit der Hygroexpansion 

und Rauheit des Papiers stieg. Die Hygroexpansion nahm durch eine Polymer-

Vorbeschichtung zu und führte zu Rissen in der Aluminiumschicht. Nur auf 

polymerbeschichteten Papieren, deren Oberfläche nicht porös ist, konnten 

Aluminiumschichten (>35nm) der Hygroexpansion standhalten.  

 

 

 

Abstract 

This study addresses the behavior of thin (nanoscale) aluminum coatings on 

uncoated and polymer coated papers. The area number density of defects in the aluminum 

coating was described indirectly by the effective electrical resistivity, which increased with 

thinner aluminum coatings, hygroexpansion and greater substrate paper roughness. 

Hygroexpansion was promoted by polymer pre-coating, and caused cracks in the aluminum. 

Aluminum coatings (>35 nm thick) could withstand hygroexpansion only on polymer pre-

coated (non-porous) substrates. 
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1. General introduction 

1.1. Physical vapor deposition-coated paper substrates as packaging materials 

As fossil based resources decline, biobased materials are gaining more importance. 

One large market for fossil-based polymers is packaging, particularly flexible packaging 

materials combining low costs and low material usage [1]. Packaging must also fulfil other 

requirements, such as containment, convenience, communication and, most importantly, 

protection. For example, packaging must protect goods against permeating gases that could 

reduce the shelf life of the product. This protection can be achieved by combining different 

polymers that build a physical barrier against different gases (Figure 1a, b). One efficient 

strategy to increase the performance of a gas barrier is by applying nanoscale thickness 

inorganic silicon oxide, aluminum oxide or aluminum coatings by physical vapor deposition 

(PVD) onto polymeric substrate films (Figure 1c). Such coatings can increase the gas barrier 

by approximately two orders of magnitude as long as the coatings are virtually defect-free 

[2]. However, in real applications, such inorganic coatings always contain some defects, 

which allow the permeation of small quantities of gas (Figure 1d). 

 

Figure 1: Permeation through organic and inorganic materials (adapted from [2]): a) pure polymer; b) bilayer 

material comprising two different polymers; c) multilayer material with additional, idealized inorganic 

coating; d) realistic aluminum coating with defect; e) part of the base polymer is replaced by a paper substrate. 

The concept of biobased packaging materials, in which paper replaces the fossil-based 

polymer substrates for PVD, has existed for decades. In this approach, paper is pre-coated 

with a thin layer of polymer that smoothens the paper surface (Figure 1e). Indeed, PVD is 

already widely used with paper substrates, but only for decorative purposes [3]. Gas barrier 

improvement is not achieved when applying a coating to paper by PVD, and the reasons for 

this have yet to be understood [4].  
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1.2. Scientific questions and research approach 

Reasons for the lack of barrier performance of PVD inorganic coatings on paper have 

yet to be investigated in detail, in order to find suitable approaches for overcoming this 

challenge. What is known thus far is that the barrier performance of aluminum coatings on 

polymers is dependent on the aluminums chemical composition, the microstructure and area 

number density of defects [5,6]. The chemical composition is affected mainly by the nature of 

the aluminum raw material and the residual oxygen content in the evaporation chamber 

(recipient). Given that both are kept constant, any investigation of the lack of barrier 

performance must focus on the microstructure of the coating and the area number density 

of defects.  

Despite efforts to minimize the area number density of defects, it is not yet possible to 

produce a defect-free inorganic coating even on the best available polymer substrates by 

PVD according to the current state of the art [7]. Such defects increase gas permeability and 

thus limit the applications of the coated polymer as a barrier packaging material. The 

mechanisms by which gases permeate through inorganic coatings on polymer substrates 

depend on the defect size [8]. The major mechanism is diffusion through macroscopic defects 

(>100 nm), where permeation continues just as it would in the absence of a coating [9]. For 

technically relevant substrate thicknesses and defect sizes, permeation through defects in 

inorganic coatings can be modeled approximately using Equation (1) [10]. Herein, the 

permeability of the substrate with the inorganic coating Qsub+coat depends only on the 

permeability coefficient (P) of the polymeric substrate, the number of defects per unit area 

(nd) and the effective average defect area (a) [11]. 

𝑄𝑠𝑢𝑏+𝑐𝑜𝑎𝑡 ≈ 2 ∙ 𝑃 ∙ 𝑛𝑑 ∙ √𝑎 (1) 

This equation emphasizes the negative influence of defects in the aluminum coating, 

when a gas barrier is required. Thus far it remains unclear which factors influence the defect 

density in the aluminum when a paper substrate is used. Moreover, no method is yet 

available to quickly gain information about the area number density of defects in the 

aluminum on paper based substrates due to the opacity of the paper in contrast to 

transparent polymer substrates. In order to reduce the quantity of these defects and 

produce more effective packaging materials, the following scientific questions have to be 

answered.  
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1) Which key factors influence the extent of defects in the inorganic coating? 

To answer this question, the converting process was screened for key parameters, 

revealing that aluminum thickness, hygroexpansion and paper roughness are 

critical factors. This work is described in Chapter 1, Section 1.3.  

2) How can such defects in an aluminum coating be detected?  

In the case of polymeric substrates, defects in the aluminum coating can be detected 

by microscopy. This is not the case for paper substrates due to massive light 

scattering of paper substrates. The electrical resistance and effective resistivity were 

identified as suitable parameters to describe the appearance of defects indirectly. 

The electrical resistance is the property of a substance to resist the flow of current 

through it, whereas the electrical resistivity is the electrical resistance per unit 

length and per unit of cross-sectional area of the substance. Both values describe 

defects indirectly because defects reduce the electrical conductance and increase the 

resistance of aluminum coatings. This work is described in Chapter 3. 

3) How can factors that cause defects in an aluminum coating be influenced?  

The roughness of the paper substrate can be reduced by adding a polymer coating 

and the aluminum thickness can easily be controlled during PVD, so these 

approaches were tested as potential strategies to reduce the area number density of 

defects (Chapters 5 and 6). In the case of hygroexpansion, influencing factors 

remain unclear. Therefore, several potential triggers were evaluated, revealing that 

hygroexpansion is affected by polymer pre-coatings and chemical treatments such 

as grafting (Chapter 2).  

4) What is the effect of different combinations of aluminum thickness, 

hygroexpansion and paper roughness on the area number density of defects and 

electrical resistance of aluminum coatings?  

Greater hygroexpansion and substrate roughness were expected to lead to more 

defects in the aluminum coating and thus to a higher electrical resistance. 

Moreover, the following was found: When an exceptionally thin aluminum coating 

is applied on an exceptionally rough surface, this combination enhances the effect 

of hygroexpansion on the area number density of defects and thus on electrical 

resistance (Chapters 5 and 6). 
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5) What is the main factor leading to defects in the aluminum coating?  

In order to most effectively reduce the number and extent of defects in the 

aluminum coatings, it was necessary to determine the relative importance of the 

different critical parameters. The most important factor was found to be substrate 

roughness, followed by hygroexpansion and aluminum thickness (Chapters 5, 6 

and 7). 

1.3. Factors leading to defects in inorganic coatings 

In order to determine the factors that lead to defects in the inorganic coating, the 

converting process was screened for critical parameters that might affect the area number 

density of defects. This density of defects of aluminum applied to paper was found to be 

mainly affected by paper roughness, aluminum thickness and paper hygroexpansion (Figure 

2). Each factor is addressed in turn in Sections 1.3.1–1.3.5 and the effects of these factors are 

summarized in Section 1.3.6.  

 

 

Figure 2. Accumulation of effects that might trigger defects in PVD aluminum coatings on paper during the 

converting process: substrate roughness, aluminum thickness and hygroexpansion.  
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1.3.1. Vacuum during the PVD process and paper hygroexpansion 

PVD is a vacuum-based coating process, in which the evaporated material, such as 

aluminum, aluminum oxide or silicon oxide, is physically heated before it condenses on the 

cooler substrate, which is passed by unwinding and rewinding using the equipment shown 

in Figure 3 [12]. Given that only aluminum is used in the present study, the treatment of 

metal oxides and ceramics is excluded from the discussion below. 

A high vacuum is needed because it increases the mean free path length and 

enhances the quality of the aluminum coating [3]. This is because high stoichiometric purity 

and high aluminum coating quality can only be achieved by a low particle collision rate in 

the interval between the evaporator and substrate. A high residual gas concentration leads to 

a higher inter-atomic collision rate and the formation of undesirable molecules. The vacuum 

avoids the scattering of aluminum atoms and their reaction with gas atoms or molecules (e.g. 

with oxygen to form aluminum oxide). Therefore, a minimal vacuum pressure must be 

ensured in order to avoid a heterogeneous aluminum coating.  

 

Figure 3: Physical vapor deposition vacuum chamber (schematic). 

Although the vacuum increases the quality of the aluminum coating on polymeric 

substrates, it is also a hindrance during the formation of closed aluminum layers on 

hygroscopic substrates such as paper. As described in Chapter 2, paper absorbs moisture 

from the atmosphere and thus expands. Consequently, it also shrinks under vacuum, as the 

moisture content is released. The aluminum is then evaporated and deposited on the 
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shrunken paper. Once the process is finished, the paper is removed from the vacuum 

chamber and re-humidified, undergoing ~1-2% re-expansion. The aluminum coating thus 

experiences tension and eventually cracks. The effect of aluminum cracking was described 

earlier for aluminum-coated polymers, where the area number density of defects and gas 

permeability increased due to mechanical stretching [13]. The effect of hygroexpansion is 

described in more detail in Section 1.3.3. 

1.3.2. Aluminum layer growth and substrate surface: effect of debris, pores and roughness 

After evaporation, aluminum condenses on the cooler substrate (Figure 3). Layer 

growth starts with the first nuclei of condensed atoms that are deposited on the surface, and 

these define the subsequent layer structure. The arriving atoms lose kinetic energy, and are 

loosely bound as adatoms on the surface. Those adatoms predominantly bind to existing 

material clusters or to other energetically favorable sites, such as steps, edges or cavities in 

the surface topography. If the residual energy is sufficient, the atoms can diffuse across the 

substrate surface, allowing single adatoms to form stable or metastable clusters [5,14]. 

Three models have been proposed covering a variety of potential interactions 

between substrate and adatoms (Figure 4), with the models in (a) and (c) representing the 

extremes and (b) a combination of them [5,14-16]. In the model of Frank-van der Merwe 

(Figure 4a), the cohesion between adatoms is weaker than their adhesion to the substrate. A 

monolayer grows, which is fully closed, before the next layers grow. The Stranski-Krastanov 

model (Figure 4b) begins in a similar manner, but islands start to appear on the initially 

closed monolayer. In contrast, the Volmer-Weber model (Figure 4c) goes to the other extreme 

and assumes that cohesion between adatoms is stronger than their adhesion to the substrate. 

Following the nucleation of small clusters, these grow to form small three-dimensional 

islands. A closed coating is achieved only when the layer grows [16-19] to more than two 

atomic monolayers [17]. 

 

Figure 4. Models for layer growth: a) Frank-van der Merwe; b) Stranski-Krastanov; c) Volmer-Weber. Black 

shape = substrate; gray shape = aluminum. 
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The exact process of layer growth and thus the appearance of defects in the 

aluminum coatings is dependent on many factors including the evaporation and substrate 

temperature, the pressure during PVD and the substrate morphology [20]. The substrate 

surface morphology is characterized by three main parameters, which can affect the integrity 

of the aluminum coating (Figure 5). 

 Parameter 1 (Figure 5a): Macroscopic defects may appear due to contamination with 

dust before the PVD process. These dust particles can stick to the substrate surface while 

they are coated with aluminum but may fall off afterwards because they are only loosely 

bound, leaving a defect in the coating. Such debris can be removed using hydrostatic web 

cleaning devices [21]. 

  

Figure 5. Factors affecting surface morphology: a) dust on the substrate surface; b) rough surfaces; c) porous 

surfaces. Black shape = paper; gray shape = aluminum.  

Parameter 2 (Figure 5b): Imperfections might appear due to substrate roughness. 

Given that roughness may exist simultaneously on several size scales, the aluminum 

coatings exhibit superimposed shadow growth boundaries, each associated with a size scale 

of substrate roughness [22]. For rough substrates, three film growth processes have been 

described (Figure 6). First, valleys in the surface will lead to preferential nucleation and 

epitaxy because these valleys are energetically favorable for aluminum atoms (Figure 6a).  

 

Figure 6. Possible effects of substrate roughness on thin film growth. Black shape = paper; gray shape = 

aluminum.  
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Second, shadows cast by nuclei during the early stage of film deposition inhibit 

growth in the projected source direction (Figure 6b) [23]. Third, the roughness itself casts a 

shadow, which leads to slower-growing areas in the shadow (Figure 6c). If the deposition 

time is short, the shadowed areas may not form a fully-closed surface, thus leaving defects in 

the aluminum coating. 

Parameter 3 (Figure 5c): Porous substrates emphasize the shadowing effect. The 

shadowing effect becomes even more pronounced because little of the aluminum vapor will 

flow into the pores during the PVD timeframe. It is more likely that aluminum deposits on 

the surface and pores will remain uncoated. 

On polymeric and paper substrates, parameter 1 (i.e. dust on the surface) can be 

addressed by cleaning. Parameter 2 (roughness) can be reduced to the nanometer scale by 

the biaxial orientation of polymer films such as biaxially oriented polyethylene terephthalate 

(boPET). Substrate roughness has been shown to increase the area number density of defects 

and thus the gas permeability [24]. Parameter 3 (substrate porosity) is not relevant on 

polymeric substrates. However, it is important to consider the impact of both roughness and 

substrate porosity of paper substrates because they are present at the micrometer scale, can 

affect coating integrity [12], and can only be reduced partially by polymeric coating. 

However, the extent to which these two factors affect the appearance of defects in 

aluminum coatings on paper is not year clear (see Chapters 5 and 6).  

1.3.3. Intrinsic and external stresses  

In addition to the built-in defects discussed above, the integrity of aluminum coatings 

is also threatened by stress that may lead to defects in the form of cracks. The forms of stress 

that affect inorganic coatings on polymer substrates have been investigated, but this is not 

the case for paper substrates. Known sources of stress for aluminum coatings on polymer 

substrates are summarized in the first and second columns of Table 1 and their potential 

effect on aluminum coatings on paper substrates is inferred in the third column.  

External stresses are expected to vanish once the load is removed, both for paper and 

polymer films. But in the case of tensions due to expansion mismatch and intrinsic tensions, 

the substrate material is expected to play a major role. 
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Stresses due to expansion mismatch can appear due to thermal expansion and 

contraction of aluminum and polymers during and after aluminum deposition. The thermal 

expansion coefficients of polymers and aluminum differ by a factor of 10 (23·10-6/°C at 20°C, 

37·10-6/°C at 627°C for aluminum [25]; 10·10-5/°C at 20–60°C for polypropylene [26]). 

Assuming a temperature change of 0–30°C for a 1 m wide sheet of metallized polypropylene 

film, this leads to a difference in expansion between polypropylene and aluminum of 0.3% 

vs. 0.07%, or 2.3 mm over the width of the sheet. The influence is likely to be negligible 

because a strain of up to 6% could be tolerated without the formation of defects in the 

aluminum layers in laminated PVD coated films [13]. The thermal expansion of pure 

cellulose is in the same range as aluminum (4.3·10-5/°C [27]). However, this value is valid 

only for pure cellulose, not taking into account hemicellulose, lignin and the adverse effect of 

humidity. In literature no values were found for the thermal expansion of cellulose fibers or 

paper.  

Table 1: Major forms of stress in PVD coatings on polymer and paper substrates. 

 Polymeric substrates Paper substrates 

External 

stresses 

Common for both types of substrates: Applied forces such as web tension 

during conversion lead to deformation and thus to external stresses [28,29]. 

Expansion 

mismatch 

Temperature changes and different 

coefficients of thermal expansion in the 

coating and substrate material lead to 

an expansion mismatch [30]. 

Hygroexpansion of the paper 

substrate stresses the aluminum 

coating (see Chapter 2). 

Intrinsic 

stresses 

The accumulation of crystallographic 

flaws that are built into the coating 

during deposition leads to intrinsic 

stresses [31].  

Crystallographic flaws are 

triggered by increased substrate 

roughness (Section 1.3.2). 

 

In the case of paper, the major expansion appears as hygroexpansion, which refers to 

moisture-induced dimensional changes. Hygroexpansion is critical because PVD takes place 

under a high vacuum of ~10−6 mbar (Section 1.3.1) so the water evaporates in the course of 

the process and the paper shrinks. After metallization, the paper is transferred to humid air 
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and subsequently expands by ~1–2% as water enters from the uncoated side. Again 

assuming a 1 m wide sheet of metallized paper, this leads to a difference in expansion of 2% 

versus 0%, or 2 cm over the width of the sheet. Due to this high expansion mismatch, the 

aluminum coating is strained and is expected to crack. 

Intrinsic stresses are present in a body when no external tensions or expansion 

mismatch are applied. They can arise due to crystallographic flaws and defects. In the case of 

crystallographic flaws, some extra atoms are introduced midway through a crystal, 

distorting nearby planes of atoms (Figure 7). These extra atoms break existing bonds and 

form new ones, leading to local compression and tension. Such flaws are triggered by factors 

such as nanoscale substrate surface roughness. In the case of polymers, inorganic coatings 

are applied onto very smooth, partially biaxial-oriented, stretched polymeric films, which are 

characterized by nanoscale roughness. In contrast, paper substrates are characterized by 

nanoscale and microscale roughness. Flaws cannot be fully avoided in either case, but the 

microscale roughness of paper further triggers defects in the aluminum coating such as those 

as described in Section 1.3.2. Such defects lead to local stress concentrations that encourage 

localized damage and lead to crack initiation and propagation (Figure 7b, Figure 8b) [32,33]. 

These factors indicate that even more flaws and heterogeneities are present in aluminum on 

paper substrates, thus the intrinsic stress on paper substrates is expected to be much 

higher. 

 

Figure 7. a) Crystallographic flaws. b) Stress distribution around defects in aluminum coatings. 

 

Whether these stresses ultimately lead to cracks depends on the mechanical 

properties of the aluminum coating. This factor is described in the next chapter.  
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1.3.4. Mechanical properties and fracture mechanisms 

The mechanical properties of metals such as aluminum differ from those of ceramics 

and polymers. Metals are more ductile than ceramics, but more brittle than polymers. Thus, 

aluminum has a higher fracture stress but a lower fracture strain than polymers (Figure 8a). 

In comparison to brittle PVD materials such as silicon oxide or aluminum oxide, more 

ductile materials such as aluminum become thinner or form necks when strained beyond the 

yield point. At higher strains, these thinned regions become cracks (Figure 8b). The fracture 

stress of inorganic materials can be extremely high when they are pure and possess a perfect 

inner structure, such as pure crystals. However, the fracture stress declines rapidly in the 

presence of crystalline flaws or defects. In the case of paper substrates, roughness and 

substrate porosity can increase the area number density of defects in the aluminum 

coatings as described in Sections 1.3.2 and 1.3.3. Those defects may lead to local stress 

concentrations and thus reduce the mechanical stability of the aluminum, which is 

particularly critical during hygroexpansion.  

  

Figure 8. a) Comparison of the mechanical properties of metals, polymers and ceramics. b) Visualization of 

different fracture modes. 

1.3.5. Effects of aluminum coating thickness 

Thicker aluminum coatings are more resistant towards mechanical deformation [34], 

which is especially relevant with respect to the stresses caused by hygroexpansion. 

Moreover, thicker aluminum coatings could presumably also overgrow defects in the 

coatings caused by substrate roughness (Section 1.3.2). However, thicker aluminum coatings 

also increase the intrinsic stress due to the increased probability of lattice mismatches [35,36] 

and can thus lead to cracks, when those stresses exceed adhesion forces. The critical 
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thickness at which a thin film starts to crack due to intrinsic stress can be as low as several 

tens of nanometers [31], which is the thickness of typical aluminum PVD coatings.  

Concluding, it is unclear whether thicker layers could help to overcome the causes 

of defects in aluminum coatings, namely the defects due to substrate roughness, intrinsic 

stresses, or expansion mismatch. 

1.3.6. Conclusion 

This chapter summarized the factors responsible for defects in inorganic coatings, 

such as aluminum. The following parameters were found to be most critical (Figure 9).  

1) Aluminum thickness: Thicker aluminum coatings are more resistant towards 

mechanical stresses, but also trigger intrinsic stresses and may therefore lead to 

more defects.  

2) Hygroexpansion of the paper: A high vacuum is necessary during the PVD 

process which leads to drying and shrinkage of the paper. When the PVD process is 

finished, the paper is re-humidified and thus re-expands, and the aluminum on top 

eventually cracks.  

3) Substrate roughness: Substrate roughness induces defects in the aluminum coating 

itself and also reduces the mechanical stability of the aluminum coating during 

hygroexpansion.  

  

Figure 9: a) Paper with aluminum coating and a high area number density of defects in the aluminum. b) 

Increasing defect density due to hygroexpansion. c) Paper with polymer pre-coating and aluminum coating, 

with few defects. d) Increasing defect density due to hygroexpansion. 
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Based on this conclusion, the remaining questions were elaborated as described in 

Table 2. 

Table 2: Overview over scientific questions and the relevant publications.  

1) Which key factors influence the extent of defects in the inorganic coating? 

 Chapter 1 page 12 Conclusion 

2) How can such defects in an aluminum coating be detected? 

 Chapter 3 page 43 Review:  

Thickness measurement methods for physical vapor deposited 

aluminum coatings in packaging applications: A review. 

3) How can factors that cause defects in an aluminum coating be influenced? 

 Chapter 2 page 16 Review:  

Factors affecting the hygroexpansion of paper 

 Chapter 5 page 87 Research paper:  

Hygroexpansion and surface roughness cause defects and 

increase the electrical resistivity of physical vapor deposited 

aluminum coatings on paper 

 Chapter 6 page 107 Research paper:  

Hygroexpansion, surface roughness and porosity affect the 

electrical resistance of EVOH-aluminum-coated paper 

4) What is the effect of different combinations of aluminum thickness, hygroexpansion 

and paper roughness on the area number density of defects and electrical resistance 

of aluminum coatings? 

 Chapter 5 page 87 Research paper:  

Hygroexpansion and surface roughness cause defects and 

increase the electrical resistivity of physical vapor deposited 

aluminum coatings on paper 

 Chapter 6 page 107 Research paper:  

Hygroexpansion, surface roughness and porosity affect the 

electrical resistance of EVOH-aluminum-coated paper 

5) What is the main factor leading to defects in the aluminum coating? 

 Chapter 5 page 87 Research paper:  

Hygroexpansion and surface roughness cause defects and 

increase the electrical resistivity of physical vapor deposited 

aluminum coatings on paper 

 Chapter 6 page 107 Research paper:  

Hygroexpansion, surface roughness and porosity affect the 

electrical resistance of EVOH-aluminum-coated paper 

 Chapter 7 page 123, 

page 128 

Discussion, outlook and conclusion 
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2. Review:  

Factors affecting the hygroexpansion of paper 

Paper is a network of fibers, and hygroexpansion is therefore influenced by the 

swelling behavior of individual fibers as determined by their polymer composition and 

ultrastructure. The three main polymers in fibers are cellulose, hemicellulose and lignin, 

among which hemicellulose shows the highest increase in volume. The polymers form 4–5 

hollow, concentric structures stabilized by microfibrils that wind around them. A steeper 

winding angle of the microfibrils in fibers and the presence of curled fibers in paper 

increases the degree of hygroexpansion of paper.  

Because the swelling of paper depends on the absorbance of water by single fibers, 

the swelling can be influenced by altering the chemical composition of the fiber surface. 

Chemical treatments such as poly-electric multilayers, crosslinking, grafting and the addition 

of lignin and fillers can reduce hygroexpansion.  

During pulp and paper production, the different pulp fractions, processes like 

beating, refining and drying can have an effect on paper sheet hygroexpansion. Moreover, 

hygroexpansion is higher in the cross-machine direction but lower in the machine direction, 

reflecting the degree of fiber orientation in a paper sheet. Although more inter-fiber contacts 

promote hygroexpansion, the effect of paper density (pore volume and fiber content) is 

disputed. Only one study was found1 dealing with the effect of polymeric coatings on the 

hygroexpansion of paper, and it concluded that coating paper with polyethylene reduces 

hygroexpansion in the machine direction. 

In summary, hygroexpansion is mainly influenced by the processing and chemical 

and morphological structure of the paper, which can be adjusted during paper production 

only. In processes following the paper production, these factors cannot be influenced and 

only methods like grafting, corona treatment, and coating with polymers can subsequently 

be applied to affect paper hygroexpansion.  

Author contributions: Martina Lindner: writing, outline, editing, revision, 

visualization.  

                                                      

1 Paunonen, S. Influence of moisture on the performance of polyethylene coated solid fiberboard and 

boxes. Disssertation, Norwegian University of Science and Technology, Trondheim, 2010. 
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3. Review:  

Thickness measurement methods for physical vapor deposited aluminum coatings in 

packaging applications: A review 

Typical systems used to determine the thickness of aluminum on polymer substrates 

are often based on indirect measurements and are therefore not straight forward to apply for 

aluminum thickness measurements on paper substrates. Such methods include the use of 

quartz microbalances (QCM), and the measurement of optical density (OD) or electrical 

resistance (ER; as the inverse value of conductance). They can be compared to direct 

measurements using methods such as atomic force microscopy (AFM) for the geometric 

thickness, and inductively coupled plasma mass spectrometry (ICP-MS) for determining the 

area density (i.e. mass thickness) by quantitative analysis of dissolved aluminum ions.  

Mass thickness is measured in µg/cm2 and is not altered by the coatings’ micro 

structure or surface morphology. For calculations used to determine mass thickness (based 

on ICP-MS and QCM), all the aluminum in the sample is assumed to have properties 

equivalent to bulk aluminum. Defects or irregularities in the atomic lattice, or aluminum 

converted to aluminum oxide can thus not be detected. 

Nanoscale materials can be assumed to show different chemical and mechanical 

behavior compared to ideal bulk material. These differences can affect the values derived 

from AFM, OD and ER measurements. Aluminum coatings may not be completely closed 

due to the presence of pores or defects in the coatings. Those defects may lead to significant 

variations in AFM readings, and may reduce the OD and increase the ER. This effect is 

apparent when aluminum coatings on polymer and paper surfaces are compared. This leads 

to higher sheet resistance. Accordingly, effective resistivities are approximately one order of 

magnitude higher on paper substrates compared to polymer substrates such as polyethylene 

terephthalate.  

These observations indicate that (i) the interpretation of measured and derived 

thickness values is critical, and (ii) electrical resistance and resistivity can be used to 

detect defects in aluminum coatings.  

Author contributions: Martina Lindner: original manuscript, outline, editing, 

revision, completion. Markus Schmid: outline, revision, completion, editing. 
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4. Research paper:  

Comparison of thickness determination methods for physical-vapor-deposited 

aluminum coatings in packaging applications 

Different methods used to determine the thickness of aluminum coatings do not 

necessarily agree on the same result. However, there are indications2 that more information 

about the aluminum coating can be obtained by combining different thickness determination 

methods. Common methods include the determination of evaporation rates using a quartz 

crystal microbalance (QCM) and the quantitative analysis of dissolved aluminum ions by 

inductively-coupled plasma mass spectrometry (ICP-MS), which provide mass thickness 

values. Alternatively, atomic force microscopy (AFM) and interference provide geometrical 

values. Optical density (OD) and electrical resistance (ER) measure other properties.  

The ability of these methods to determine the thickness of aluminum coatings applied 

to polyethylene terephthalate (PET) and paper by physical vapor deposition (PVD) was 

compared. When the aluminum was applied to paper, only the indirect mass thickness 

determination by ICP-MS generated reliable results. The observed differences between ICP-

MS and other methods mainly resulted from the assumption that the relevant material 

constants are equal to their bulk values, but this is not the case: the microstructure of the 

deposited layer has an important effect and material constants depend on the film thickness. 

On polymer substrates, the electrical resistivity declines with increasing coating weight. But 

on paper substrates, the substrate porosity prevents the formation of a closed layer and 

introduces additional defects in the aluminum coatings. When ER is measured by eddy 

currents, such defects increase the ER and the effective resistivity by restricting the domains 

for eddy current formation. Accordingly, the measured effective resistivity of aluminum 

coatings on paper as reported here is approximately one order of magnitude higher than the 

same coatings on polymers due to the formed defects in the aluminum coating. 

A physical model is needed to understand the relationship between substrate and 

resistivity and this offers the opportunity to characterize the aluminum structure in more 

detail. A particularly interesting question is how the resistivity is related to the substrate 

roughness, which could reveal information about defects in the aluminum structure. 

                                                      

2 Lindner, M.; Schmid, M. Thickness measurement methods for physical vapor deposited aluminum 

coatings in packaging applications: A review. Coatings 2017. 
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5. Research paper:  

Hygroexpansion and surface roughness cause defects and increase the electrical 

resistivity of physical vapor deposited aluminum coatings on paper 

Previous reports3 showed that substrate roughness seems to introduce defects in the 

aluminum coating, which is reflected as an increase in the effective resistivity of the 

coating. However, it is unclear whether the effect of roughness and also hygroexpansion (see 

Sections 1.3.1 and 1.3.3) can be quantified by measuring resistivity. Therefore, the sheet 

resistance of aluminum coated onto four different rough paper surfaces was measured by the 

induction of eddy currents at different relative humidities (0–95%). The mass of aluminum 

per unit area was indirectly determined by inductively-coupled plasma mass spectrometry. 

The effective resistivity was calculated based on the measured resistance and aluminum 

mass per unit area, combined with a value for bulk aluminum density.  

The effect of substrate roughness and aluminum thickness on electrical resistance and 

effective resistivity could be mathematically described. The substrate roughness showed a 

linear relationship with effective resistivity. Relative humidity correlated with the moisture 

content of the paper substrate according to the Guggenheim, Anderson and De Boer sorption 

isotherm, whereas the moisture content was proportional to hygroexpansion. When paper 

expands due to the uptake of water, the aluminum coating is stretched so that the effective 

resistivity increases. At relative humidities of up to ~50%, hygroexpansion was proportional 

to the increase in effective resistivity, which is related to the mechanical straining and 

deformation of aluminum. When humidity exceeded ~50%, the aluminum already started to 

crack at a relatively low hygroexpansion on rough substrates. When the substrate surface 

was smoother, aluminum started to crack at a relatively higher hygroexpansion. 

Hygroexpansion led to a lower increase in effective resistivity than substrate roughness did.  

These findings highlight the need for information about substrate roughness, 

humidity, and hygroexpansion when we compare the results of eddy current measurements. 

Furthermore, the increase in effective resistivity can be used to learn more about the 

development of defects and the underlying effects of roughness, hygroexpansion and 

aluminum thickness.  

                                                      

3 Lindner, M. et al. Comparison of thickness determination methods for physical-vapor-

deposited aluminum coatings in packaging applications. Thin Solid Films 2018. 
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6. Research paper:  

Hygroexpansion, surface roughness and porosity affect the electrical resistance of 

EVOH-aluminum-coated paper 

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. 

The effect of substrate paper hygroexpansion (0–95% relative humidity) and paper surface 

roughness on the effective resistivity (ρEFF) of aluminum coatings was quantified. 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).  

It was shown 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 effect also promoted hygroexpansion, because the lacquer occupied 

the space that otherwise could be filled by expanding fibers.  

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 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, it 

was 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 roughness induced defects and hygroexpansion 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. 

Author Contributions: Martina Lindner: conceptualization, methodology, formal 

analysis, data curation, visualization, original draft preparation, review and editing. 
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7. Discussion, outlook and conclusion 

Gas barrier improvement is not achieved when applying a coating to paper by PVD. 

Reasons for the lack of barrier performance of PVD inorganic coatings on paper had yet to be 

investigated in detail, in order to find suitable approaches for overcoming this challenge. 

The area number density of defects in aluminum coatings is a key parameter because 

it affects the gas barrier properties of a physical vapor deposited (PVD) coating. The area 

number density of defects is affected by the aluminum thickness, hygroexpansion, and 

substrate roughness. At it is currently not possible to directly measure the area number 

density of defects in aluminum coating on paper by simple means, the observation of defects 

was done by using the aluminums’ electrical resistance as a surrogate parameter. 

Answers and explanation to the scientific questions in Section 1.2 were given in the 

previous sections 2-6. In the following, the relevant information from those chapters is 

summarized.  

7.1. Factors leading to defects in aluminum coatings 

The first scientific question addressed in this thesis was to determine which factors 

might lead to defects in the aluminum coating (Section 1.2, p. 2). The results indicated that 

paper roughness, aluminum thickness and hygroexpansion are decisive factors that affect the 

area number density of defects in aluminum coatings applied by PVD (Figure 10, p. 124).  

An aluminum thickness of >35 nm was found to confer sufficient mechanical 

stability to prevent additional cracking during hygroexpansion (Figure 6, p. 118). A critical 

thickness, above which mechanical stability declines again, was not observed. However, 

reducing the aluminum thickness increased the effective resistivity, indicating and increase 

in the area number density of defects (Figure 13, p. 84; Figure 4-5, p. 96; Figure 5, p. 117).  

In addition to substrate roughness, the substrate porosity was also included in 

Figure 10 because this was found to have an even more decisive impact, leading to defects in 

the aluminum coating (Figure 3, p. 115; Figure 6, p. 118). However, substrate porosity can 

only be measured indirectly (e.g. via air permeability [1]) and partially with high technical 

effort (optical coherence tomography [2]).  

Paper hygroexpansion itself was also shown to be influenced by polymer pre-

coating (Figure 4; p. 116). In the present study, the chosen coating was ethylene vinyl alcohol 
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co-polymer (EVOH) with 8% ethylene, because it possesses a high surface tension and is 

water soluble making it suitable for paper recycling processes. A more hydrophobic coating 

may help to reduce hygroexpansion, but this would limit the surface tension and may be 

incompatible with paper recycling and adhesion of aluminum on the coating.  

 

Figure 10. Interplay between the effects that appear during the PVD coating of paper. Compared to the 

preliminary diagram (Figure 2) additional found explanations have been included. 

7.2. Detection of defects via electrical resistivity  

The second scientific question addressed in this thesis was how to measure defects in 

aluminum coatings (Section 1.2, p. 2) on paper substrates. It is currently not possible to 

directly measure the area number density of defects that arise due to substrate roughness 

and hygroexpansion by simple means. However, electrical resistance was found to be 

suitable for this purpose. The electrical resistance of an aluminum coating is typically used to 

determine its thickness because there is an inverse relationship between these parameters. 

However, the electrical resistance was also found to increase in a monotonic, non-linear 

manner with substrate roughness, which is assumed to lead to defects in the aluminum 
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coating. Therefore, the electrical resistance and effective resistivity were used as an 

indication for the area number density of defects (Equation 2, p. 92) and the area mass 

density of aluminum applied to the surface (Equation 3-4, p. 80) was used as a reference. 

Although the effective resistivity reveals information about the appearance of defects, 

the correlation of effective resistivity with a definitive value for the area number density of 

defects underlies even more influencing factors, such as the geometry of defects and the 

properties of the applied electromagnetic field. The same applies for the correlation between 

effective resistivity and oxygen transmission. These complex interrelations are not yet 

clarified and should be the subject of further research. 

7.3. Reduction of defect-triggering factors and their interactions 

The third scientific question addressed in this thesis was to determine how defect 

generating factors or their effects can be reduced, and the fourth was to understand the effect 

of different combinations of aluminum thickness, hygroexpansion and paper roughness on 

the area density of defects and electrical resistance of aluminum coatings (Section 1.2).  

Roughness of paper substrates can be reduced by an additional polymer coating, and 

that aluminum thickness can easily be adjusted during PVD. This allowed both parameters 

to be tested to determine their effect on the area number density of defects in aluminum 

coatings (Sections 7.3.2–7.3.4). However, factors that influence hygroexpansion were only 

partially understood, and it was therefore necessary to review these factors to conclude how 

to reduce hygroexpansion (Section 7.3.1).  

7.3.1. Modification of paper hygroexpansion 

Hygroexpansion was anticipated to increase the area number density of defects in 

aluminum coatings and was therefore reviewed in order to understand its impact. However 

the main factors found in literature to influence the hygroexpansion of the substrate were 

single-fiber hygroexpansion and the inter-fiber contacts, which can only be controlled during 

paper manufacturing (Figure 9, p. 32).  

The influence of a polymer pre coating – applied on the paper surface after paper 

manufacturing and before PVD coating – on hygroexpansion has only been evaluated once 

[3]. When now paper was pre-coated with the polymer EVOH, hygroexpansion (and thus the 
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external stress) increased, particularly when the coating was applied to rough and porous 

surfaces (Figure 4; p. 116). The explanation could be that fibers expand into the inter-fiber-

voids during hygroexpansion, but those voids are not accessible when they are already filled 

with a polymer coating, thus increasing the degree of hygroexpansion.  

The polymer coating used in this study was EVOH with a high content of polyvinyl 

alcohol (~92 mol%), which absorbs moisture and thus acts like a flexible matrix. In contrast to 

the hydrophilic EVOH coating used herein, a polyethylene coating used elsewhere was 

found to reduce paper hygroexpansion by ~25% [3]. In this case, polyethylene may provide a 

stable hydrophobic matrix that limits the expansion of fibers. Therefore, one future option 

would be to use EVOH grades with increasing proportions of ethylene, in order to achieve a 

suitable balance between low hygroexpansion and high surface tension. Low surface tension 

leads to poor adhesion but this could be partially overcome by corona treatment.  

7.3.2. Effect of substrate hygroexpansion on electrical resistance of aluminum  

The relative humidity was found to correlate with the moisture content of the paper 

substrate according to the Guggenheim, Anderson and De Boer sorption isotherm (Equation 

6, p. 93; Figure 9, p. 99). Furthermore, the moisture content was proportional to 

hygroexpansion in cross direction (Figure 10, p. 100). When paper expands due to the uptake 

of water, an increase in effective resistivity was observed, indicating that defects in the 

aluminum coating are formed (Figure 12, p. 101). The increase in effective resistivity 

remained proportional to hygroexpansion up to the crack-onset strain. At higher degrees of 

hygroexpansion/humidity, a sudden increase in resistivity indicated that the aluminum 

started to crack. When paper contracted during drying, the effective resistivity did not fall to 

its original levels, indicating that the aluminum does not reform a closed layer (Figure 8, p. 

120). The effect of hygroexpansion on the effective resistivity increase is also affected by 

substrate roughness and aluminum thickness, so those factors were also examined.  

7.3.3. Reduction of substrate surface roughness and substrate porosity 

Both substrate roughness and substrate porosity were anticipated to affect the 

integrity of the aluminum coating because they induce imperfections that reduce the 
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mechanical stability of the coating during hygroexpansion. Due to these built-in defects in 

the aluminum coating, the intrinsic stress is presumably much higher on paper substrates. 

A polymer pre-coating was found to reduce paper surface roughness and especially 

substrate porosity (Figure 3, p. 115), with particularly the latter causing a lower effective 

resistivity indicating and lower area number density of defects in the aluminum coating 

(Figure 5, p. 117). Smooth substrates were therefore anticipated to reduce the intrinsic stress 

and increase mechanical stability. Moreover, the substrate roughness limits the positive 

effect of thicker aluminum coatings. Only on very smooth substrates can thick aluminum 

coatings achieve higher mechanical stability, as indicated by a lower increase in effective 

resistivity (Figure 7, p. 119). Smoother substrates presumably lead to a lower crack-onset 

strain, as indicated by a sudden increase in effective resistivity. However, it remains unclear 

whether preferential nucleation in valleys, self-shadowing by nuclei, or shadowing by 

surface roughness is the most important determinant.  

The correlation between substrate roughness and effective resistivity can now be 

described by a simple linear relationship (Figure 7, p. 98; Equation 15, p. 98). However, the 

effect of roughness on the relative increase in effective resistivity during hygroexpansion 

cannot yet be described by such a simple mathematical model. This is due to additional 

complex effects in the case of hygroexpansion, which cannot yet be entirely overviewed. This 

is for example the appearance of new breaking edges in the aluminum during 

hygroexpansion, which are then prone to oxidation. Such additional aluminum oxide layers 

could further increase the effective resistivity. This should be the subject of future research.  

7.3.4. Effect of increasing aluminum thickness on the area number density of defects in 

aluminum coatings 

Thicker aluminum coatings were anticipated to show greater mechanical resistance 

towards external stresses, but also to trigger intrinsic stresses and might therefore to lead to 

more defects in the aluminum coating. Indeed, thicker aluminum coatings were shown to 

partially overcome hygroexpansion, with no further raise in resistivity for aluminum 

coatings >35 nm thick when they were applied to polymer pre-coated, pore-free paper 

substrates (Figure 6, p. 118). This indicates that aluminum on pre-coated paper confers 

mechanical resistance during hygroexpansion, but even very thick aluminum coatings will 
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not form closed layers when the substrate is rough (Figure 5, p. 117). Because thick 

aluminum coatings did seemingly not crack on smooth substrates, a critical aluminum 

thickness leading to extremely high intrinsic strains was not yet reached, even at the 

maximum applied thickness of 69 nm (Figure 6, p. 118). 

One further option for further research is the testing of corona treatment as a means 

to increase adhesion between the pre-coated polymer and aluminum layer. The scientific 

question would be to determine whether the recommended coating thickness of 35 nm 

could be reduced any further due to increasing corona dosages.  

7.4. Conclusion: Main factor leading to defects in aluminum coatings 

The final scientific question addressed in this thesis was to determine the main factor 

leading to defects in aluminum coatings (Section 1.2), which were indirectly described via 

electrical resistance measurements. The results indicated that all of the evaluated factors 

affect each other. To determine the most important factor it was therefore necessary to 

compare the effective resistivity under a range of selected conditions. In each condition, the 

effect of one single factor is considered in isolation (Table 3, p. 129): 

Condition 1)  Isolated consideration of aluminum thickness: Thin aluminum coating 

that leads to a higher resistivity compared to thicker coatings (but no 

hygroexpansion and low substrate roughness); 

Condition 2)  Isolated consideration of hygroexpansion: High degree of 

hygroexpansion that increases resistivity (but thicker aluminum 

coating and low substrate roughness); 

Condition 3)  Isolated consideration of substrate roughness: High substrate 

roughness that leads to a higher resistivity compared to smoother 

substrates (but thicker aluminum coating and no hygroexpansion). 

Table 3 summarizes the effective resistivity (column 2) achieved under the named 

conditions (column 1, column 4-6). This table of course can only give an overview within the 

tested conditions, namely an aluminum thickness of 10–69 nm, hygroexpansion of 0–1.6% 

and a substrate roughness of 0–11.9 µm. From Table 3 it can be seen, that the minimum 

reached resistivity value on PET (50 Ω‧nm) is twice as high as the literature value for bulk 
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aluminum (27 Ω‧nm). Thus, the value on PET is the best achievable value with the 

equipment used in this study.  

Assuming, that a higher effective resistivity indicates a higher area number density of 

defects, the importance of each factor can now be estimated by taking the effective resistivity 

on PET (50 Ω‧nm) as a reference value and by taking the effective resistivity caused by a high 

substrate roughness, hygroexpansion and thin aluminum coatings as multiples of the PET-

value.  

Within the evaluated boundaries, the overview shows that substrate roughness has 

the highest impact (higher resistivity by a factor of 16.3 compared to the lowest reached 

value on PET), hygroexpansion has a medium impact (higher resistivity by a factor of 3.3 

compared to the lowest reached value on PET) and aluminum thickness the lowest (higher 

resistivity by a factor of 2.5 compared to the lowest reached value on PET). 

Table 3: Overview over the effect of aluminum thickness, hygroexpansion and substrate roughness 

on effective resistivity under isolated conditions.  

Selected conditions 

with focus on factor: 

Effective 

resistivity 

Factor * Nominal 

aluminum 

thickness 

Hygro-

expansion 

Substrate 

roughness 

Graph 

 [Ω‧nm] 

[µΩ‧cm] 
[-] [nm]  [%] [µm] 

[Figure; 

page] 

3: Substrate 

roughness 

816  

 81.6 
16.3 

 

>35 0 11.9 Fig. 5, p. 117 

2: Hygroexpansion 
**166 

**16.6 
3.3 35 1.6 2.8 

Fig. 5, p. 117 

Fig. 6, p. 118 

1: Nominal aluminum 

thickness 

125  

12.5 
2.5 10 0 0 Fig. 13, p. 84 

Minimum reached  

effective resistivity 

on PET 

50 

5.0 
1.0 160 0 0 Fig. 13, p. 84 

Bulk material 
27 

2.7 
0.5 ∞ 0 0 

Bulk 

material 

 

* Factor: effective resistivity ρEFF as a multiple of the minimum effective resistivity reached on PET, which is set as 

reference value (=1) 

** 166 Ω‧nm calculated from A) Fig. 5, p. 117, PC, with EVOH, hygroexpansion ε=1.6 %, 35 nm aluminum: 

maximum relative effective resistivity increase γ=4%; and B) Fig. 6, p. 118, PC, EVOH, RH=0%; 35 nm aluminum: 

effective resistivity ρEFF=160 Ω‧nm. The combination of A) and B) leads to 160 Ω‧nm‧(1+4%)=166 Ω‧nm=16.6 
µΩ‧cm. 
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8. Summary 

As fossil based resources decline, renewable materials are gaining more importance 

in the packaging industry and oil-derived polymers could partially be replaced with paper. 

Packaging materials require an effective gas barrier. One possibility to enhance the gas 

barrier of packaging materials is the application of nanometer-scale aluminum layers by 

physical vapor deposition (PVD). However, gas barrier improvement is not achieved when 

applying a PVD coating to paper. Reasons for the lack of barrier performance of PVD 

inorganic coatings on paper had yet to be investigated in detail, in order to find suitable 

approaches for overcoming this challenge. Therefore, the following scientific questions were 

addressed:  

1) Which key factors influence the extent of defects in the inorganic coating?  

Low aluminum thickness, large paper hygroexpansion and large paper roughness 

were found as main factors to increase the area number density of defects.  

2) How can such defects in an aluminum coating be detected?  

Defects cannot be detected directly with a simple method. However, it was shown 

that various methods currently used (quartz micro balances, optical density, electrical 

resistance, atomic force microscopy and mass spectrometry) to determine the thickness of 

aluminum coatings are at least partially affected by the material morphology. This was 

particularly noticeable in the case of electrical resistance which is highly sensitive to the area 

number density of defects in aluminum coatings as shown on reference coatings on PET. The 

effective resistivity can be determined to gain indirect evidence for the appearance of defects. 

3) How can factors that cause defects in an aluminum coating be influenced?  

Substrate roughness can be reduced by applying a polymeric pre-coating and 

aluminum thickness can be controlled during PVD. Hygroexpansion in cross direction was 

proportional to the moisture content, which in turn correlated with humidity. 

Hygroexpansion behavior is mainly influenced by processing and chemical and 

morphological structure of the paper, which can be adjusted during paper production. 

However, the present study was limited to parameters that can be changed during 

converting processes following paper production, such as polymer pre-coating. 

Hygroexpansion was found to be promoted by polymer pre-coating and increased more 

when the coating was applied to rough and porous surfaces. 
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4) What is the effect of different combinations of aluminum thickness, 

hygroexpansion and paper roughness on the area number density of defects and 

electrical resistance of aluminum coatings?  

The relationship between substrate roughness, aluminum thickness and effective 

resistivity was described using a mathematical equation. When the substrate paper 

expanded due to the uptake of moisture, the aluminum coating was more prone to cracking, 

as indicated by an increase in effective resistivity. Hygroexpansion was proportional to the 

increase in effective resistivity up to the crack-onset strain. This was related to the 

mechanical straining and deformation of the aluminum layer. The aluminum started to crack 

at higher strains and humidity, as reflected by a sudden increase in effective resistivity. 

These cracks seem to appear at lower degrees of hygroexpansion (~0.5%) when the substrate 

is rougher, because substrate roughness and substrate porosity presumably trigger defects in 

the aluminum. A polymer pre-coating reduced the roughness (e.g. from 11.9 to 9.5 µm) and 

especially the porosity of the paper surface, thus reducing the area number density of defects 

in the aluminum. This confirms that smooth substrates increase the mechanical stability of 

aluminum. Thick coatings achieved a higher mechanical stability but only on very smooth 

and non-porous substrates. On such smooth substrates, aluminum coatings >35 nm thick did 

not undergo further cracking during hygroexpansion. Furthermore, coatings up to 69 nm 

thick were not observed to lead to a critical degree of intrinsic strain. Aluminum coatings 

will not build closed layers even at thicknesses of ~100 nm when the substrate is rough 

(minimum applied paper roughness was RZ=2.8 µm). 

5) What is the main factor leading to defects in the inorganic coating? 

Within the range of conditions tested in this investigation, substrate roughness had 

the greatest impact on effective resistivity and thus on the appearance of defects in the 

aluminum coating (higher resistivity by a factor of 16.3 compared to the lowest reached 

value on PET), hygroexpansion had a medium impact (factor of ~3.3), and aluminum 

thickness has the lowest impact (factor of ~2.5). Further research has to correlate electrical 

resistance with a definitive value for the area number density of defects and with the oxygen 

transmission through such defects.  
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