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Abstract

:

Aluminum coatings applied to polymer films by physical vapor deposition should be defect-free for applications such as packaging and electronic devices. However, cracks can appear in the aluminum coating as the polymer film stretches, becoming manifest as an increase in resistance. We evaluated the effect of different aluminum thicknesses (10–85 nm), polymer films (polyethylene terephthalate or polypropylene), and corona doses (0–280 W∙min/m2) on the relative increase in resistance during stretching (strain = 0–100%). We found that the thickness of the aluminum coating was inversely related to the increase in resistance. Corona pretreatment led to an increase in surface energy (≤40 mN/m for polypropylene; ≤50 mN/m for polyethylene terephthalate) although high corona doses resulted in overtreatment, which limited the adhesion of aluminum to the substrate and led to a greater increase in resistance. Varying the coating thickness had a much greater effect than the corona pretreatment, suggesting that thicker aluminum coatings are more effective than corona pretreatment as a strategy to increase coating stability. The effect of aluminum thickness and strain on resistance was described using a fit function containing three fit factors.
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1. Introduction


Polymer films coated with aluminum by physical vapor deposition (PVD) are used as packaging materials and in flexible and stretchable electronic devices. In packaging applications, the thin aluminum layer massively reduces the gas permeability through the polymer film, thus protecting the packaged product. In electronic devices, a coherent and defect-free layer is necessary for optimal electrical conductivity and signal processing. In both cases, the measurement of electrical resistance provides indirect information about the density of defects in the material.



Coating defects appear due to imperfect process conditions (e.g., dust particles present on the substrate falling from the surface after PVD coating, leaving pinholes behind), substrate roughness, scratches on the surface before or after coating, or the expansion of the substrate [1,2]. The expansion of polymers in roll-to-roll processes and final applications occurs due to web tension and web tension undulations [3,4]. In packaging applications, aluminum-coated polyethylene terephthalate (PET) films are crushed during transport and use, leading to defects caused by local bending and expansion of the aluminum coating [5].



Substrate roughness and aluminum thickness are major factors influencing the strain sensitivity of aluminum coatings, thus determining the crack density [6,7,8]. The extent of defects caused by strain can be evaluated by measuring the increased resistance of thin metal coatings on polymer substrates. Therefore, different values are presented: R0 being the resistance when no strain is applied, R being the measured resistance at a certain strain; and ΔR being the difference between R and R0. For example, a strain of 20% was shown to increase the resistance of thin coatings of copper (R/R0 = 1.4 [9]; ΔR/R0 = 15% [10]; R/R0 = 1.4 [11]), silver (R/R0 = 2.2 [12]) and aluminum (ΔR/R0 = 15,000 [13]), the latter depending on strain speed and aluminum thickness. This behavior was time-dependent [13] and influenced by the adhesion of the metal to the polymer substrate [11].



One easy method to vary the adhesion of metals to polymer substrates is corona pretreatment [14,15,16] which is used to increase the polarity of surfaces for industrial processes [17,18,19,20,21]. The pretreatment is based on corona discharge, which forms a plasma comprising ions, free radicals and reactive ozone that breaks H–C bonds on the polymer surface [17,22], converting them into polar carbonyl and carboxyl groups, among others [18,22,23,24,25,26,27,28,29,30,31]. This increases the polar part of surface energy and thus the overall surface energy. A high-energy impact during corona treatment yields a higher surface energy, although saturation occurs at the maximum radical concentration and further increases in corona dosage do not elevate the surface energy any further [32,33].



It is not clear how combinations of different coating thicknesses and corona pretreatments affect the sensitivity of aluminum coatings on standard packaging substrate materials such as PET and polypropylene (PP) films used for PVD, when such materials are subjected to uniaxial strain. We therefore set out to evaluate various combinations of aluminum coating thickness, corona pretreatment, and polymer substrate on the relative increase in resistance during stretching (strain = 0–100%).




2. Materials and Methods


2.1. Corona Treatment


We used two polymer films: (1) a biaxial-oriented PET film (HostaphanRN 12) with a thickness of 12 µm, supplied by Mitsubishi (Wiesbaden, Germany); and (2) a biaxial-oriented PP film (TNS) with a thickness of 20 µm, supplied by Taghleef Industries (Dubai, UAE). The films were treated on both sides at a Type CLNE corona station (Softal, Hamburg, Germany). The corona dosage E was calculated from the generator power P divided by the web velocity v and corona electrode width l as shown in Equation (1) [17,34]. After evaluation experiments, we applied corona dosages of 0, 70, 140, 210, and 280 W∙min/m2 for the PET film and 0, 10, 20, 30, 40, and 50 W∙min/m2 for the PP film. The relative humidity during the trials was 50% and the temperature was 23 °C. Following corona treatment, the film reels were stored under these same conditions.


  E =  P  l × v    



(1)








2.2. Measurement of Surface Energy


The surface energy σ was measured according to DIN 55660-2 using a DSA 100 system (Krüss, Hamburg, Germany) up to 3 days after corona treatment. The polar and dispersive parts of the surface energy were determined using the Owens, Wendt, Rabel, and Kaelble (OWRK) data evaluation method [35,36,37,38], which is an extension of the Fowkes method [39]. The test liquids were water, diiodomethane and ethylene glycol. The contact angles were measured in equilibrium. Tests were carried out five times and mean values are presented.




2.3. Physical Vapor Deposition


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 cooled with water. We used 99.98% pure K135 aluminum (Drahtwerk Elisental W. Erdmann, Neuenrade, Germany). The coating thickness was varied by changing the web speed from 0.5 to 3.0 m/min in steps of 0.5 m/min at an evaporation rate of 2–3.5 nm/s. Further process details are provided elsewhere [40]. Aluminum thickness was calculated as previously described [40]. We deposited aluminum coatings of 10, 12, 14, 23, 35, and 69 nm on the PET films and 10, 12, 14, 23, 35, and 85 nm on the PP films.




2.4. 180° Ethylene Acrylic Acid Copolymer Peel Test Applied to PET Samples


The 180° ethylene acrylic acid copolymer (EAA) peel test was used to assess the adhesion of aluminum coatings to the polymer substrates. Primacor 1410 EAA film (DuPont, Wilmington, DE, USA) was heat-sealed onto the metal layer at 105 °C for 20 s at 4 bar and peeled off under defined conditions using a Type RM 50 universal tensile testing device with a 50 N load cell (Schenck-Trebel, Deer Park, New York, NY, USA). The initial sample distance between the upper and lower clamps of the tensile tester was 50 mm, and the sample width was 15 mm. The test speed was 5 cm/min up to 0.5 N and 50 mm/min thereafter. EAA adheres strongly to aluminum, so the multilayer material delaminates at the interface between the aluminum and polymer substrate. The adhesion force between the aluminum and substrate can thus be determined indirectly as shown in Figure 1. Although the measurement is affected by many factors (including substrate stiffness, EAA coating thickness, and test speed), we varied only the aluminum thickness and the corona dosage while keeping all other parameters constant, allowing us to generate comparable results [41,42]. Each combination of corona dosage and aluminum thickness was tested five times, and the mean values are presented.




2.5. Tensile Test and Measurement of Electrical Resistance


The electrical resistance R under strain ε was measured as shown in Figure 2. Insulating paper was glued to the clamp jaws in the Type RM 50 universal tensile testing device. Aluminum foil was fixed in place with double-sided adhesive tape. The aluminum foil was then connected to a True RMS UT71E digital multimeter (UNI-Trend Technology, Dongguan, China). The aluminum coated sample (100 mm × 15 mm) was then placed between the clamp jaws (crosshead distance L = 50 mm) with the aluminum side facing the aluminum foil. The aluminum foil (thickness = 25 µm) has a negligible electrical resistance compared to the aluminum coating (thickness = 10–69 nm for PET and 10–85 nm for PP) so its influence was considered insignificant. The tensile test was performed at 5 m/min. The maximum strain was 100% on PET and 50% on PP. Five samples per aluminum thickness d and corona dosage E were measured, and the mean values are presented.



The relative increase in resistance γ was calculated from the measured resistance R at a given strain ε (ε = x) divided by the initial resistance measured when no tensile strain was applied (ε = 0%) as shown in Equation (2). The theoretical increase in resistance γtheo due to the uniaxial expansion of aluminum without any damage was estimated by assuming the volume of aluminum (aluminum cross-section A × specimen length L) remains constant under strain, such that A × L = A0 × L0. Under strain, the material expands in length, but also thins. Accordingly, A decreases and L increases through plastic deformation. These assumptions allow the derivation of Equations (3)–(5) [11].


     R  ε = x      R  ε = 0     = γ  



(2)






     R  ε = x      R  ε = 0     =   (   L   L 0     )  2   



(3)






     R  ε = x      R  ε = 0     =   (   L   L 0     )  2  =     1 + ε    2   



(4)






   γ  t h e o   =    R  ε = x      R  ε = 0     − 1 =     1 + ε    2  − 1  



(5)








2.6. Atomic Force Microscopy


The sample surface was scanned over an area of 50 µm × 50 µm with an alpha500 atomic force microscope (WITec GmbH, Ulm, Germany) in pulsed force mode, with 256 points per line and 265 lines per image, with data acquired from forward and backward scans. Height profiles were extracted for the surface at random positions perpendicular to the direction of tensile testing (Project Four software version 4.0; WITec GmbH). The geometrical data were then exported to OriginPro 2016 v2018.b (OriginLab, Northampton, MA, USA).




2.7. Statistical Methods


Means and standard deviations were calculated and graphs created using OriginPro. Error bars are omitted from some graphs and data points are joined by lines to improve visual clarity.





3. Results and Discussion


3.1. Surface Energy of PET and PP after Corona Treatment


PET was initially exposed to corona dosages of 52, 105, 210 and 280 W∙min/m2, but we observed no further increases in surface energy for dosages >50 W∙min/m2, with the maximum at ~50 mN/m (Figure 3) in agreement with previous reports [32,33]. PP has a lower initial surface energy than PET and was exposed to lower corona dosages, but still reached maximum surface energy of ~40 mN/m at a dosage of 10 W∙min/m2. We carried out further investigations first on the PET films and then on the PP films before comparing the results, as discussed below.




3.2. Effect of Corona Dosage on the Adhesion of Aluminum to PET


The adhesion of aluminum to PET became weaker with increasing corona dosage (Figure 4). This probably reflects polymer chain scission (breaking of C–C bonds) on the polymer surface as a side effect of corona treatment [17,23]. This produces short-chain molecules that are only loosely bound to the surface, reducing the adhesion to aluminum [17,23].




3.3. Effect of Corona Dosage on the Percentage Increase in Resistance of Aluminum-Coated PET under Strain


Strain increases the resistance of aluminum-coated PET films by promoting the formation of cracks. We investigated the effect of corona dosage on the response (increase in resistance) of PET films coated with different thicknesses of aluminum (Figure 5). Each graph represents a different thickness of aluminum and presents data for corona dosages of 0, 70, 140, 210, and 280 W∙min/m2. The different aluminum thicknesses shown in the individual graphs are (a) 10; (b) 12; (c) 14; (d) 23; (e) 35; and (f) 69 nm.



Generally, increasing the strain induced the formation of cracks in the aluminum coating, thus increasing the resistance by more than the theoretical value (γtheo) based on zero damage (Figure 5a–e). In each graph, this theoretical value is indicated by a black line. Exceptionally, the increase in resistance observed for the thickest coating (69 mm) was lower than the theoretical value (Figure 5f). This possibly reflects the low initial resistance at zero strain, which would increase sensitivity to experimental variations. A closer look shows that γ started to increase at 10% strain, suggesting the samples were not fully straightened before positioning between the clamps, allowing ~5 mm of movement before the samples were under tension (5 cm cross head distance L × 10% strain ε). This is likely to be the case for all samples, but becomes more obvious for thick coatings due to the relatively low initial resistance R.



Comparison of data points within each graph in Figure 5 shows that increasing the corona dosage tends to produce higher increases in resistance. As stated above, overtreatment at the corona station promotes the formation of short-chain molecules that reduce adhesion, which may contribute to a non-uniform strain distribution in the aluminum and the formation of cracks and delamination hotspots in regions without adhesion [11]. The weaker and heterogeneous adhesion between the substrate and coating may decrease the mechanical resistance of thin films exposed to tension, ultimately resulting in more defects and a higher increase in resistance.



Comparison of data points between graphs in Figure 5 reveals that the effect of corona treatment is dependent on the aluminum thickness. For the medium-thickness coatings of 12 and 14 nm, the lines representing different corona dosages are well separated (Figure 5b,c), whereas the lines overlap for thinner and thicker coatings (Figure 5a,d–f). The scaling of the y-axis confirms that thinner aluminum coatings (10 nm) lead to much higher electrical resistance (y-axis scaling up to 105), whereas thicker coatings (69 nm) lead to a lower increase in electrical resistance (y-axis scaling up to 102). This phenomenon warranted further investigation, as discussed below.




3.4. Effect of Aluminum Thickness on the Percentage Increase in Resistance of Aluminum-Coated PET under Strain


Next we investigated the effect of aluminum thickness on the response (increase in resistance) of PET films treated at different corona dosages (Figure 6). Here, each graph represents a different corona dosage and presents data for aluminum thicknesses of 10, 12, 14, 17, 23, 35, and 69 nm. The different corona dosages shown in the individual graphs are (a) 0; (b) 70; (c) 140; (d) 210 and (e) 280 W∙min/m2.



Whereas thick coatings (69 nm, yellow lines) showed a behavior close to the theoretical increase in resistance (γtheo) represented by the black lines, thinner coatings (especially those thinner than 23 nm) were much more sensitive to strain, regardless of the corona dosage, as also indicated by our atomic force microscopy data (Figure 7 and Figure 8). This contrasts with previous reports in which thinner coatings showed higher stability [13], but agrees with our earlier results from experiments with aluminum coatings on paper [1].



Figure 7 and Figure 8 show the effect of increasing the corona dosage (left column, compare to Figure 5c at 20% strain) and decreasing the aluminum thickness (right column, compare to Figure 6a at 20% strain) on the density of coating defects. No difference in defect density was observed when comparing images representing different corona dosages at a constant aluminum thickness, suggesting differences might become visible for strains >20%. However, an increase in defect density was apparent when comparing images representing different aluminum thicknesses at the same corona dosage, in line with the observed increase is resistance for thinner coatings.




3.5. Effect of Corona Dosage on the Percentage Increase in Resistance of Aluminum-Coated PP under Strain


Next we investigated the effect of corona dosage on the response (increase in resistance) of PP films coated with different thicknesses of aluminum (Figure 9). Each graph represents a different thickness of aluminum and presents data for corona dosages of 0, 10, 20, 30, 40, and 50 W∙min/m2. The different aluminum thicknesses shown in the individual graphs are (a) 10; (b) 12; (c) 14; (d) 23; (e) 35; and (f) 85 nm.



The results were similar to those observed for the PET films. Generally, the resistance increased with strain and the values were higher than the theoretical value representing zero damage (γtheo) indicating that the additional resistance reflects the appearance of cracks (Figure 9a–e). Again, the thickest coating behaved in an exceptional manner, with the measured increase in resistance lower than the theoretical value (Figure 9f). We offer the same potential explanation as proposed for the PET film. Comparing the different graphs in Figure 9, we observe that the crack onset strain (where the measured curve starts to deviate significantly from γtheo) increases with thicker aluminum coatings and higher corona dosages.



Comparison of data points within each graph in Figure 9d indicates that higher corona dosages tend to limit the increase in resistance on PP. On PET films, the effect of corona dosage was most visible for medium thickness coatings of 12–14 nm (Figure 5b,c), and medium thickness coatings on PP (14–35 nm) behaved in a similar manner (Figure 9c–e). This leads to the following three assumptions: (1) thin coatings (~10–12 nm) are too fragile, so that corona treatment cannot increase their stability; (2) medium thickness coatings (~12–35 nm) are less fragile, and stability can therefore be influenced by corona treatment; and (3) thick coatings (~85 nm) are already stable, and corona treatment offers no further improvement.




3.6. Effect of Aluminum Thickness the Percentage Increase in Resistance of Aluminum-Coated PP under Strain


Next we investigated the effect of aluminum thickness on the response (increase in resistance) of PP films treated at different corona dosages (Figure 10). Here, each graph represents a different corona dosage and presents data for aluminum thicknesses of 10, 12, 14, 23, 35, and 85 nm. The different corona dosages shown in the individual graphs are (a) 0; (b) 10; (c) 20; (d) 30; (e) 40; and (f) 50 W∙min/m2.



As was the case for the PET films, thick coatings (85 nm, pink lines) showed a behavior close to the theoretical increase in resistance (γtheo) represented by the black lines, whereas thinner coatings were much more sensitive to strain. This effect appeared to be independent of the corona treatment, given the similar appearance of all the graphs in Figure 10.




3.7. Combined Effect of Aluminum Thickness and Corona Dosage the Percentage Increase in Resistance of Aluminum-Coated PET and PP Films under Strain


Finally, we combined the analysis of three parameters (corona dosage E, aluminum thickness d, and strain ε) for PET (Figure 11a) and PP (Figure 11b). On both substrates, aluminum thickness affected the increase in resistance significantly, whereas the effect of corona dosage was limited. The thicker aluminum coating was more stable, resulting in a lower increase in resistance. Generally, the values were higher on PET than PP, perhaps due to differences in corona (over)treatment, substrate roughness, surface energy or molecular interactions. Furthermore, the curve shapes for PET and PP were distinct, especially taking into account the different maximum strains of 100% on PET and 50% on PP.



The lines representing the different thicknesses of aluminum on PET were well aligned in the logarithmic graph (Figure 11a). This suggests that the increase in resistance increases exponentially, so we fitted the lines to a linear function describing the logarithmic correlation in Equations (6) and (7). This allowed us to deduce two new parameters: m describing the slope, and t describing the y-axis intersection (Table 1). Both values correlated with the aluminum thickness d (Figure 12), but m showed a linear correlation with d whereas there was an inverse correlation between t and d shown in Equations (8) and (9). We extracted three fit factors (a, b, and c) from these graphs (Table 2) allowing us to combine Equations (7)–(9) to derive Equation (10). The latter describes the correlation between strain ε, aluminum thickness d and the increase in resistance γ on the PET substrate in the 30–100% strain range (Figure 13).


   log γ  = m × ε + t  



(6)






  γ =   10     m × ε + t      



(7)







Figure 13 shows that a strain ε of ~30% causes a relative increase in resistance γ of 10% to 100,000%, depending on aluminum thickness d. In comparison, increases in resistance of ~40% (R/R0 = 1.4 at 200 nm thickness [9]), ~15% (ΔR/R0 = 15% at 700 nm thickness [10]) and ~40% (R/R0 = 1.4 at 10 nm thickness [11]) were reported for copper coatings, with equivalent values of ~120% (R/R0 = 2.2) for silver coatings [12] and 1,500,000% (ΔR/R0 = 15,000) for aluminum coatings, depending on the strain speed and aluminum thickness (all values represent a strain of 20%) [13]. It is therefore clear that the substrate, coating material, and experimental setup all contribute to the increase in resistance, whereas the corona pretreatment has only a marginal effect.


  m = a × d + b  



(8)






  t =    c d    + 1  



(9)






  γ =   10   (  m × ε + t  )   =   10   (  (  − 1.1591 ×   10   − 4   × d + 0.01744  ) × ε +   36.31374  d  + 1  )    



(10)









4. Conclusions


Aluminum-coated polymers are gaining importance as packaging and flexible electronics become part of everyday life, and it is therefore necessary to understand how process parameters affect the material properties and failures of such composites. We have shown that the thickness of the coating has a much more significant effect on the increase of resistance than the corona treatment of the substrate, suggesting that thicker coatings can be used to overcome the challenges of sensitive aluminum-coated materials. Further experiments are required to determine the effect of corona dosages in the 0–10 W∙min/m2 range, especially on polymers like PP with a low initial surface energy. These measurements should be combined with atomic force microscopy to evaluate the crack density under different combinations of coating thickness, corona treatment, and strain.
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Figure 1. Schematic representation of the 180° EAA peel test. 
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Figure 2. Measurement of increase in resistance γ during the tensile test. 
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Figure 3. Surface energy of polyethylene terephthalate (PET) and polypropylene (PP) before and after corona treatment at various dosages. Each value is a mean of n = 5 measurements. 
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Figure 4. Effect of corona dosage on the peel force of aluminum-coated PET films. The thickness of the aluminum coating was 14 nm (also see Figure 5c). Each value is a mean of n = 5 measurements ± standard deviations. 






Figure 4. Effect of corona dosage on the peel force of aluminum-coated PET films. The thickness of the aluminum coating was 14 nm (also see Figure 5c). Each value is a mean of n = 5 measurements ± standard deviations.



[image: Coatings 10 01245 g004]







[image: Coatings 10 01245 g005 550] 





Figure 5. Increase in resistance under strain for PET films coated with aluminum layers of different thicknesses: (a) 10; (b) 12; (c) 14; (d) 23; (e) 35; and (f) 69 nm. Colored lines in each graph represent different corona dosages ranging from 0 to 240 W∙min/m2 as shown in the key. The y-axis scales vary by a factor of up to 103. Each value is a mean of n = 5 measurements. Error bars are omitted and data points are joined by lines for visual clarity. 
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Figure 6. Increase in resistance under strain for PET films pretreated with different corona dosages: (a) 0; (b) 70; (c) 140; (d) 210 and (e) 280 W∙min/m2. Colored lines in each graph represent different aluminum thicknesses ranging from 10 to 69 nm. The y-axis scales vary by a factor of up to 103. Each value is a mean of n = 5 measurements. 
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Figure 7. Atomic force microscopy images of PET samples coated with aluminum and subjected to 20% strain for (a) different corona dosages of 0–280 W∙min/m2 at a constant thickness of 14 nm and (Refers to Figure 5c at 20% strain) (b) different aluminum thicknesses of 14–69 nm at a corona dosage of 0 W∙min/m2 (Refers to Figure 6a at 20% strain). The vertical lines indicate cracks in the aluminum. 
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Figure 8. Atomic force microscopy cross sections of PET samples coated with aluminum and subjected to 20% strain for (a) different corona dosages of 0–280 W∙min/m2 and (b) different aluminum thicknesses of 12–69 nm. The troughs indicate cracks in the aluminum. 
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Figure 9. Increase in resistance under strain for PP films coated with aluminum layers of different thicknesses: (a) 10; (b) 12; (c) 14; (d) 23; (e) 35; and (f) 85 nm. Colored lines in each graph represent different corona dosages ranging from 0 to 50 W∙min/m2 as shown in the key. The y-axis scales vary by a factor of up to 10. Each value is a mean of n = 5 measurements. 
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Figure 10. Increase in resistance under strain for PP films pretreated with different corona dosages: (a) 0; (b) 10; (c) 20; (d) 30; (e) 40 and (f) 50 W∙min/m2. Colored lines in each graph represent different aluminum thicknesses ranging from 10 to 85 nm. Each value is a mean of n = 5 measurements. 
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Figure 11. Effect of corona dosage E, aluminum thickness d and tensile strain ε on the increase in resistance γ of aluminum-coated polymer films under strain. Lines of same color represent the various different corona dosages. (a) PET films. (b) PP films. 
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Figure 12. Fit factors for (a) slope m and (b) intercept t depend on the thickness of the aluminum coating. 
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Figure 13. Effect of aluminum thickness d and tensile strain ε on the increase of resistance γ in aluminum-coated PET films. 
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Table 1. Slope m and y-axis intercept t for Figure 11a, deduced from Equations (6) and (7).
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	Aluminum Thickness d (nm)
	Slope m
	Intercept t





	10
	0.017
	5.0



	12
	0.016
	4.2



	14
	0.016
	3.5



	17
	0.015
	3.0



	23
	0.015
	2.0



	35
	0.013
	1.7



	69
	0.010
	1.4










[image: Table] 





Table 2. Fit factors a, b, and c for Equation (8) and Equation (9).
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	Fit Factor
	Value





	a
	1.11591 × 10−4



	b
	0.01744



	c
	36.31374
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