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ABSTRACT: Defects in aluminum films deposited on PET substrate by a 
vacuum web coater were investigated to clarify their formation mechanisms. 
The defects detected by optical transmission equipment were taken from 
a plastic web, and then observed with optical and scanning electron 
microscopes (SEM). Subsequently, the shapes were classified into four types: 
teardrop, splashing, scattered dots and round. However, the features of the 
microstructure were classified as follows: Clear boundary line without films; 
Unclear boundary line with transparent films; Unclear boundary line with 
transparent films and residual particles at the center and thermally damaged 
and penetrated. It has been suggested that the defect formation mechanisms 
are as follows: (a) splashing of molten aluminum droplets, (b) oxidation of 
aluminum due to oxygen-containing substances such as water and oil and (c) 
oxidation of aluminum due to the adhesion of polymer lint.  
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1.0  INTRODUCTION 

 

Aluminum-coated plastic films (ACPFs) have been widely utilized as 
packaging materials in the medical, electronics, and foods industries 
because of their high gas barrier properties [1]. For example, PET 
films have an oxygen transmission rate (OTR) of around 0.25 
[cc/m2/24 h], whereas ACPFs have a much lower OTR of less than 
0.005 [cc/m2/24 h] [2]. Furthermore, the water vapor transmission rate 
(WVTR) of ACPFs is less than one tenth of that of uncoated PET films 
[3]. Therefore, ACPFs have been used for packaging of potato crisps 
to prevent them from becoming oxidized, moist, or flavorless, 
resulting in a long freshness period [4].  
 
ACPFs have been produced by the vacuum deposition of aluminum 
on a plastic film with a thickness of 12–30 μm using a large-scale 
vacuum system called a web coater or metallizer [5]. A plastic web 
having a width of 1–3 m and a rolled length of several thousand 
meters is used as the substrate and then passed through a cooled 
drum with a diameter of 0.5–1 m to wind up after vacuum deposition 
at the cooled drum [5]. The reason for employing a cooled drum is 
that the plastic film is heated up by heat radiation from the crucible 
and the latent and sensible heat of the aluminum vapor, resulting in 
the formation of stripes in the plastic substrate due to permanent 
thermal deformation or meltdown [6].  
 
There are roughly three types of evaporation source: direct heating, 
where an aluminum wire is continuously melted in a ceramic 
composite boat heated with direct electric heating [7]; indirect 
heating, where an aluminum melted pool is created in a cylindrical or 
rectangular graphite crucible by heating the crucible with an 
induction coil [8-10]; and electron beam heating, where aluminum is 
melted in a water-cooled copper or ceramic crucible by a high-power 
electron gun [11]. In all types of evaporation, it is widely recognized 
that so-called “splashing” occurs under inadequate conditions and 
causes holes in the plastic substrate, resulting in a poor barrier 
property. Degassing by vacuum melting of evaporation materials and 
the removal of oxide films on the melting pool are effective in 
reducing splashing. However, there are few reports or systematic 
analyses of the defects formed on ACPFs [12].  
 
In the present study, several types of defects formed on aluminum-
coated films have been analyzed by optical and electron beam 

Journal of Advanced Manufacturing Technology (JAMT) 
 

microscopes as reported in a nickel coating [13], and further 
fundamental verification test has been conducted to clarify the defect 
formation mechanisms. 
 
2.0  METHODOLOGY 

 
Aluminum coating was performed on a PET substrate with a 
thickness of 25 μm after surface pretreatment by corona discharge. An 
air-to-air vacuum deposition system was employed to deposit a 50 
nm aluminum film at an evaporation temperature of 1693 K and a 
web traveling speed of 200 m/min [9]. The defects were detected by 
optical transmission equipment. As the defects were not always 
formed, the positions detected were recorded, and then the detected 
areas of the web were cut off for detailed analysis when the web was 
used in the subsequent process. The cut substrates were examined by 
an optical microscope and scanning electron microscopes (SEM; JEOL, 
JSM-631F), further a part of the defects was analyzed by X-ray 
photoelectron spectroscopy (XPS; PHI, ESCA 5400 MC).  
 
The samples which deposited aluminum films on PEN substrate were 
cut then adhered on a sample holder with an electronic conductive 
tape. Secondary electron images were mainly used for the surface 
observation. XPS analysis was conducted in a wide scan to investigate 
the elements on the coating surface with an analyzing diameter of 0.5 
mm after ion beam cleaning on the surface. 
 
Fundamental verification experiments were conducted to investigate 
the causes of the defect formation. Water was added in the deposition 
room of the web coater by injecting a total amount of 2 cm3 using a 
vacuum valve and a medical syringe in an interval of one minute for 3 
times, then the affected regions of PET web were sampled after 
deposition. Machine oil and silicon grease were added by using a 
small brush at the inlet of the Air-to-Air vacuum pumping system. A 
piece of plastic sheet having a dimension of 200 mm x 200 mm was 
kept the deposition plane upside in the operation room where the 
vacuum web coater has been installed, in order to investigate the 
effect of dusts, fibers or lint from the environment since the operation 
room is not a clean room.   
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microscopes as reported in a nickel coating [13], and further 
fundamental verification test has been conducted to clarify the defect 
formation mechanisms. 
 
2.0  METHODOLOGY 

 
Aluminum coating was performed on a PET substrate with a 
thickness of 25 μm after surface pretreatment by corona discharge. An 
air-to-air vacuum deposition system was employed to deposit a 50 
nm aluminum film at an evaporation temperature of 1693 K and a 
web traveling speed of 200 m/min [9]. The defects were detected by 
optical transmission equipment. As the defects were not always 
formed, the positions detected were recorded, and then the detected 
areas of the web were cut off for detailed analysis when the web was 
used in the subsequent process. The cut substrates were examined by 
an optical microscope and scanning electron microscopes (SEM; JEOL, 
JSM-631F), further a part of the defects was analyzed by X-ray 
photoelectron spectroscopy (XPS; PHI, ESCA 5400 MC).  
 
The samples which deposited aluminum films on PEN substrate were 
cut then adhered on a sample holder with an electronic conductive 
tape. Secondary electron images were mainly used for the surface 
observation. XPS analysis was conducted in a wide scan to investigate 
the elements on the coating surface with an analyzing diameter of 0.5 
mm after ion beam cleaning on the surface. 
 
Fundamental verification experiments were conducted to investigate 
the causes of the defect formation. Water was added in the deposition 
room of the web coater by injecting a total amount of 2 cm3 using a 
vacuum valve and a medical syringe in an interval of one minute for 3 
times, then the affected regions of PET web were sampled after 
deposition. Machine oil and silicon grease were added by using a 
small brush at the inlet of the Air-to-Air vacuum pumping system. A 
piece of plastic sheet having a dimension of 200 mm x 200 mm was 
kept the deposition plane upside in the operation room where the 
vacuum web coater has been installed, in order to investigate the 
effect of dusts, fibers or lint from the environment since the operation 
room is not a clean room.   
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3.0  RESULT AND DISCUSSION 
 

3.1  Analysis of the defects obtained 
 

Observation with Optical Microscope 
 

The defects detected by optical transmission while traveling at a 
speed of 200 m/min exhibited white color recognized as windows. 
These cut-off defects were observed with the optical microscope and 
it was clearly confirmed that the optical transmittance was much 
higher than that of normal area, though the defects had different 
shapes. The shapes were classified into four types by the optical 
microscopy: teardrop, splashing, small dots and string as shown in 
Figure 1. It was uncertain at this stage whether or not the white 
windows ha d aluminum films. 
 

 
Figure 1: Schematic illustrations of the observed defects by optical 

microscope 
 

Observations with SEM 
 

Four types of defects were observed by SEM. It was found that the 
teardrop shape could be divided into two types, one with a clear 
boundary line and the other with a vague boundary line and cracks in 
the defect. As shown in Figure 2, regarding the teardrop shape with 
clear boundary line (Type A-1) having a long axis of 4 mm and a short 
axis of 2 mm, the aluminum films appeared to become lost or peeled-
off in the shape of a teardrop and further peeling was clearly 
observable at the boundary line. There were no particles or thermal 
damage on the surface of the substrate. Figure 3 shows the second 
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type of drop shape (Type A-2) with no clear boundary for example, 
the optical transmittance was gradually increased from the normal 
area to the defect and neither delamination nor peeling-off was 
observed by SEM. However, the deposited films were partially 
cracked and removed at the center of the defect and further 
concavities, which may have been created by thermal damage were 
found near the cracks on the substrate. It has not been clarified if the 
defects were formed by oxidation of the deposited aluminum to 
aluminum oxide or by decreasing the thickness of the aluminum 
films. 
 

Figure 2: SEM images of a tear drop shape defect (Type A-1): (a)-(e) Defects 
which observed using secondary electron images and (f) Defects which 

observed using a reflected electron image 
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Figure 3: SEM images of a tear drop shape defect (Type A-2): (a)-(d) Defects 
which observed using secondary electron images 

 
Figure 4 shows an example of splashing shape (Type B). It was 
suggested that a molten droplet had been hit perpendicularly onto the 
substrate, and the center area had a round shape and was radially 
spread outside in many lines. Aluminum was not detected in the 
defect by XPS as shown in Figure 5 therefore, the aluminum film was 
either lost or had not formed in the area. Figure 6 shows an example 
of the small dots shape (Type C). Each dot observed with the optical 
microscope had a diameter of around 0.5 mm however, it was found 
that there was a string shape or some other shape possessing length at 
the center of the dot.  
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Figure 4: SEM images of a splashing shape defect (Type B): (a)-(f) Defects 

which observed using secondary electron images 
 

Aluminum was detected by specific X-ray analysis showed that there 
was no delamination of the deposited aluminum. Some of the defects 
had particles with diameters of the order of μm at their centers. 
Figure 7 shows the penetrated shape (Type D). This defect had a hole 
penetrating the PET substrate or concavities, which could have been 
formed by heat damage due to colliding particles. The causes for Type 
A-1 and B, which did not contain aluminum in the defects were 
supposedly that the aluminum film formation had been prevented, 
counter-printed, or delaminated because of poor adhesion by the 
deposition of water or oil on the substrate or by removal resulting 
from the occurrence of aluminum droplets. With regard to the Types 
A-2 and C, which contained aluminum in the defects but exhibited 
transparency, it has been suggested that the aluminum vapor arriving 
or aluminum deposited was oxidized to alumina films, thus showing 
transparency.  
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Figure 5: XPS spectrum in wide scan analyzed in the area of a tear drop 

shape defect (Types A-1 and A-2 in Figure 1) 

 
Figure 6: SEM images of a scattered dots shape defect (Type C): (a)-(c) 

Defects which observed using secondary electron images 

Figure 7: SEM images of a scattered dots shape defect (Type D) 
 

The origin of oxidation was suggested to be the deposition of organic 
particles or fibers, or the deposition of liquid such as water or oil. The 
origin of the oxidation of aluminum will be deduced to substances 
existing in the vacuum coater and substances in taking from 
environment. Thus water from the leak of cooling water, oils from 
bearing, organic and inorganic dusts including fibers on plastic 
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substrate are the possible sources for the oxygen. The deductions will 
be endorsed by a cause investigation experiment in Section 3.2. 
Furthermore, the thermal damage created by incidental hot materials 
(shown in Types A-2 and D) and the removal by molten droplets 
(Types A-1, B, and D) might be caused by splashing from evaporation 
sources. 

 
3.2  Defects Formation Mechanism  

 
The possible origins are as follows: (1) the deposition of silicon grease 
used in roll bearings in the vacuum system; (2) the deposition of 
machine oil used outside the vacuum system; (3) the deposition of 
water or ice on the cooled drum and (4) the deposition of suspended 
particles in the room while using or handling the web or on the 
arrival of molten aluminum droplets from the crucible. In (4), a plastic 
film placed in the operation room for 24 h was used as the substrate, 
and aluminum was deposited using bell-jar-type vacuum deposition 
equipment. Other test specimens were reproduced by the practical 
metalizer. 
 
The results obtained are shown in Figures 8-12. In Figure 8, the 
defects that were produced by adding water droplets onto the PET 
web are shown. Although the shape was neither teardrop nor dot 
splashing, the defects showed transparency with vague boundaries 
and cracks. In addition, it was found that the defects contained 
aluminum by specific X-ray analysis. These features were similar to 
those of Type A-2 and Type C.  
 
Figures 9 and 10 show the defects created by the addition of 
mechanical oil and silicon grease. Both showed transparency and 
finely cracked films, and the shapes were neither teardrops nor dots, 
but were of relatively large size. The result of the sample kept in the 
operation room is shown in Figure 11. Large transparent areas were 
created, the boundaries were not clear, and particles of 1 μm were 
recognized at the center of the defects. Therefore, it has been 
suggested that their features were significantly similar to Type C. 
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Figure 8: SEM images of a defect produced by adding water droplets onto 

the PET web: (a)-(c) Defects which observed using secondary electron images 
and (d) Defects which observed using a reflected electron image 

Figure 9: SEM images of a defect created by the addition of mechanical oil 
onto the PET web: (a)-(c) Defects which observed using secondary electron 

images and (d) Defects which observed using a reflected electron image 
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Figure 10: SEM images of a defect created by the addition of silicon grease 
onto the PET web: (a)-(d) Defects which observed using secondary  

electrons image 
 

To investigate the effect of splash, molten aluminum droplets or 
aluminum oxide from the crucible, the relative height of the induction 
coil to evaporation crucible was varied. It was expected that a higher 
positioning of the coil would provide a higher temperature at the top 
of the molten pool than that at the bottom, resulting in a low 
splashing rate, whereas lower positioning of the coil would result in 
heavier splashing because of the higher aluminum vapor pressure at 
the bottom than at the top, resulting in a gaseous phase in the 
aluminum molten pool. Furthermore, the higher positioning of the 
coil could cause greater stirring of molten aluminum at the surface 
area, which could reduce the amount of floating aluminum oxide 
film, resulting in reduction of splashing.  
 
The defects shown in Figure 12 were obtained with lower positioning, 
and these results are almost the same as Type A-1. On the other hand, 
no defects were found with higher coil positioning. These results lead 
to the following conclusions. Types A-1 and B were created by molten 
aluminum droplets arriving from the crucible. It has been suggested 
that the droplets removed the deposited aluminum films or reduced 
their adhesion to the substrate, resulting in their being transcripted to 
the backside of the rolled film. Type A-2 was created by the oxidation 
of aluminum due to the deposition or adhesion of an oxygen-
containing substance such as water, silicon grease, mechanical oil, or 
polymer fiber. Type C was created by the oxidation of aluminum due 
to the adhesion of polymer fiber. Type D was probably formed by 
molten aluminum or solid hot particles arriving from the crucible, 
resulting in thermal damage to the substrate. 
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Figure 11: SEM images of a defect formed on the substrate kept in the 
operation room before deposition: (a)-(d) Defects which observed using 

secondary electron images 
 

Figure 12: SEM images of a defect obtained with lower positioning of the  
coil resulting in heavier splashing 

 
 
4.0  CONCLUSION 
 

The defects formed on aluminum coated polymer web were 
investigated to clarify the defect formation mechanism, including 
fundamental verification experiments. It has been concluded that the 
defects are formed by (a) splashing of molten aluminum droplets, (b) 
oxidation of aluminum due to the oxygen-containing substances such 
as water and oil and (c) oxidation of aluminum due to the adhesion of 
polymer lint. 
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