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1 Introduction 

Plasma is often referred to as the fourth state of 

aggregation. If energy is continuously supplied to a 

solid, the solid melts and then becomes a gas. 

Finally, the gas converts into a plasma, if the 

ionization energy of the gas particles is reached. 

Plasma thus consists of a gas or a gaseous mixture 

with a large number of neutral and charged particles 

in different excitation states. The lifetime of the 

charged particles in the plasma depends on the 

number of collisions between them. Low pressure 

conditions are therefore advantageous for many 

plasma processes in order to reduce the collision 

frequency. In addition, low-pressure processes 

prevent contamination, thus enabling high-quality 

layers to be deposited. 

In plasma-assisted chemical vapour deposition 

(PECVD), the chemical reaction is supported by 

plasma. Using plasma, the surface temperature of the 

substrate can be significantly reduced and even 

temperature-sensitive materials can be coated 

without any thermal damage. The process uses gases, 

liquids or solids that can easily be evaporated under 

low pressure. These gaseous substances are 

introduced into the vacuum vessel, excited by the 

plasma, radicalized and deposited reactively on the 

substrate surface [1]. 

 

 

Figure1: Schematic sketch of a coaxial microwave plasma source (Plasmaline) 
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PECVD processes differ in the energy source 

used to generate the plasma. If microwaves are used 

as an energy source, plasmas are generated with very 

low ion and high electron energy. Such plasmas are 

cold (<100 °C) and have a high reactivity, which 

enables a high coating rate of up to 20 µm/min and 

more without surface damage. These plasmas are 

ideal for coating temperature-sensitive materials 

such as plastics. 

This process is also economically competitive 

with established coating methods, because of very 

high coating rates, short process times and the 

possibility to coat very large surfaces instantly. Both 

compensate for the higher investment costs of the 

plasma system. The low-cost consumables silicone 

oil and oxygen additionally improve the economic 

efficiency. The coated areas do not have to be 

reworked [2,3]. Plasma systems essentially consist of 

an evacuated recipient, a vacuum pump, a plasma 

source and a gas inflow. The working pressure and 

gas composition are adjusted to requirement using 

the vacuum pump and the gas inflow. The plasma 

can be ignited and maintained by microwaves. By 

coaxially guiding the microwaves, linear plasma 

sources of several meters can be created, which 

ensure a homogeneous plasma density over their 

entire length (Fig. 1). If several sources are combined 

in parallel, the result is two-dimensional plasma 

sources that generate a homogeneous aerial plasma 

(Fig. 2). 

 

 

Figure 2: Aerial plasma array with burning plasma 

The diversity of possible layers will be 

demonstrated using the precursor 

hexamethyldisiloxane (HMDSO) and oxygen as 

examples. 

 

(CH)3Si-O-Si(CH)3 (g) + n O2 (g) 

 

                                    plasma energy (1) 

 

x SiO2 (s) + y H2O (g) + z CO2 (g) 

 

Under the influence of the plasma, the 

HMDSO precursor and the working gas oxygen, a 

transparent glass layer is deposited onto the substrate 

surface. If only the precursor HMDSO is exposed to 

a plasma, the monomers produced polymerize on the 

substrate to form a soft silicon-like layer. A glass 

layer or silicon-like layer can be continuously 

deposited during the process by varying the gas 

composition. This flexible process design can 

produce layers with very different properties, e.g. 

hard/soft, hydrophilic/hydrophobic, to be combined 

to complex layer systems. Gradient layers are 

necessary to level out different properties between 

the substrate and layer e.g. a hard coating on a soft 

substrate like plastic. The gradient layers avoid 

damage to the layer from point loads, or a 

detachment due to stresses. 

 

2 Applications 

All coating results presented in this study were 

obtained using laboratory systems at Fraunhofer 

ICT. The systems have a coating area of up to 0.5 m² 

and 8 microwave sources with a maximum pulse 

power of 4 kW. The systems are equipped with 

evaporators and dosing systems for siloxanes and 

gases controlled by mass flow controllers. The 

temperature of the front and rear side of the substrate 

is measured with thermocouples and can thus be 

controlled. This is particularly important for coating 

temperature-sensitive materials, e.g. plastics.  

The coating systems are equipped with 

powerful root pumps and dry-running screw pumps 

that allow high gas flows at working pressures of 

around 0.5 mbar [5]. The pre-pumping system is 

insensitive to dust generated in the process. The 

process parameters, e.g. gas composition, 

microwave power and working pressure, can be 
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continuously changed, allowing layers to be 

deposited whose properties change gradually and can 

be adjusted over a wide range (Fig. 3). 

 

 

Figure 3: PCVD-system at Fraunhofer ICT  

 

2.1 Transparent scratch protection on plastics  

Plastic can be produced easily and inexpensively in 

almost any shape. It is light and often transparent. 

The major disadvantage is its soft and often sensitive 

surface, which can be protected with a glass-like 

layer (1). In order to achieve good scratch protection 

on a soft polymer substrate, a glass-like hard material 

layer with a thickness of at least 3 µm is required.  

On uncoated polycarbonate discs, 5 µm thick 

scratch-resistant layers were deposited. At coating 

rates of more than 200 nm/s, the process takes less 

than 25 s. In order to achieve these rates, a reasonable 

amount of gas (HMDSO, oxygen) must be converted 

into the deposited glass layer. Because the working 

pressure is then relatively high, sufficient microwave 

energy is required to generate the large number of 

reactive species necessary for the high deposition 

rate. 

The layers show high transparency (> 88 % 

transmission, approx. 0.5 % scattered light) and good 

adhesion under a temperature change treatment in ice 

water and boiling water. The standardized Taber 

Abraser test (DIN 52347 or 53754) leads to slight 

changes (1 to 5 %) in haze (after 1000 rotations with 

friction wheel CS 10 F) - see Fig. 4.  

 

 

Figure 4: Taber-Abraser test results for different 
polycarbonate coatings 

 

2.2 Transparent corrosion protection of metals 

The glass-like layer is also suitable for the corrosion 

protection of metals. In most cases, a layer thickness 

of 1 µm is sufficient. To ensure that the layer adheres 

very well to the metal surface even at high 

temperatures of up to 500 °C, the surface must be 

subjected to a special plasma treatment immediately 

prior to coating. This pre-treatment is carried out in 

the PECVD system with the adapted gas 

composition. The gas composition is continuously 

adjusted to the composition required by the coating 

process. The pre-treatment is effective as the vacuum 

is not interrupted, and thus atmospheric 

contaminations are prevented.  

Table 1 lists the main test results for 

aluminium, copper and steel. The corrosion 

protection of the coatings exceeds most standards for 

use in many applications. 

This layer is suitable for damask knives (Fig. 

5), protecting their blades against corrosion. The 

layer is transparent and reproduces the original 

structure of the damask steel. 
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Table 1: Test results for metal coats 

Test Test 
procedure 

Aluminium Copper Steel 

Adhesion Tape  
Cross Cut 

✅ ✅ ✅ 

Climate Salt spray 
test 
without 
crack 

672 h -- 500 h 

Heat dry,  
16 h  

-- 340 °C 500 °C 

CASS with 
crack, 48 h 

✅ -- ✅ 

Hardness 
Abrasion 

Steel wool 
100 strokes 

✅ ✅ ✅ 

 

Corrosion protection also plays an important 

role in metal-plastic composite components. In 

particular, the combination of light, high-strength 

aluminium alloys with carbon-fiber-reinforced 

composites (CFRPs) immediately leads to contact 

corrosion and thus to component failure. Pure 

aluminium is coated with a thin inert oxide layer 

formed by atmospheric oxygen. In the case of high-

strength aluminium alloys, such as those used in 

aircraft construction, this protective layer hardly 

forms [4]. The direct material connection between 

aluminium and CFRP is usually avoided with 

expensive connecting elements made of titanium, or 

weakening barrier elements made of glass or 

polymers. In this study, CFRPs were applied directly 

to plasma-coated and uncoated aluminium sheets. 

The prepared samples were salt spray tested. Four 

cycles were carried out. One cycle consisted of two 

hours of spraying 5 % NaCI with a pH value of 6.5 

to 7.2 at a temperature of 35 °C. The samples were 

then sprayed for 1 hour with a degree of sharpness of 

1. After this, the samples were stored for 166 hours 

at elevated temperature and humidity (T = 40 °C and 

93 % humidity) for a total time of four weeks. 

The results are shown in Fig. 6. It can be clearly 

seen that the glass-like layer protects the aluminium 

very well against corrosion. The aluminium/CFRP 

composite component adheres very well to the 

coated aluminium after 28 days (Fig. 6), while 

uncoated aluminium corrodes after a few days and 

the bond is dissolved. A direct connection between 

the metal and CFRP is possible with the PECVD 

corrosion protection coating. 

 

 

Figure 5: Damask knives, blade coated with the PECVD 
corrosion protection layer (©Nesmuk) 

 

 

Figure 6: Alu-CFK sample coated (left) und not coated (right) 
after SST 

 

2.3 Nanoporous adhesion layer 

By varying the plasma parameters (working 

pressure, microwave power, gas flow, etc.), the glass 

layer can also be deposited porously. The porous 

structure forms independently of the substrate 

material and adheres very well to metal, glass, 

ceramic and many polymer surfaces. Figure 9 shows 

a scanning electron image of the porous layer. The 

porous layer grows in columns, and the distance 

between the columns is in the nanometer range. The 

individual columns are also porous.   

     

 

Figure 7: SEM image of the breaking edge of a substrate 
coated with a nano porous layer 
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The porous layer can be used as an adhesion-

promoting layer between metals, glasses or ceramics 

and polymers. A liquid polymer, e.g. a molten 

thermoplastic or resin, is applied to the nanoporous 

surface, infiltrates the pores, solidifies and hooks 

there. Hooking the polymer into the porous structure 

significantly increases the adhesive strength of the 

compound. A glass sample was coated with a 

nanoporous adhesive layer and then infiltrated with 

liquid polypropylene (PP). A subsequent tensile test 

showed that the polypropylene (PP) breaks 

cohesively (Fig. 8).  

  

 

Figure 8: SEM image of the breaking edge of a nano porous 
layer infiltrated with PP after peeling  

 

This nanoporous layer is also ideally suited for 

bonding plastic-metal components.  A study 

confirmed the very good adhesive effect of the 

nanoporous layer compared to other surface 

pretreatment methods. For this purpose, aluminium, 

steel and brass plates with an area of 100 x 100 mm² 

and a thickness of 3 mm were produced.  All the 

metal surfaces were blasted or coated with a 

nanoporous adhesive layer. Glass balls (70 µm in 

size) were used for the blasting, accelerated with an 

air pressure of 6 bar (~ 340 l/min). In addition, the 

aluminium plates were etched with phosphoric acid 

in accordance with DTD915B, and the steel surface 

was etched at 65 °C. The surface of the aluminium 

plates was then polished using a specially developed 

process. The coating formed on the steel surface was 

brushed off under clear water and the sample then 

dried in the oven at 120 °C for one hour. The brass 

surface was not etched because sodium dichromate 

which is usually used for etching brass, is toxic. 

Polyphenylsulfide platelets (PPS) were welded 

directly onto the samples prepared without any 

further adhesion promoter, and the tensile adhesion 

strength was then determined in accordance with 

DIN EN 24624 [7]. Figure 9 shows the results of the 

tensile adhesion tests for the various surfaces and 

pre-treatments.  

  

 

Figure 9: Results of the tensile test  

 

As shown in Figure 9, adhesive strengths of 

about 22 MPa can be achieved with the nanoporous 

adhesive layer. This clearly exceeds the values of the 

other pretreatment processes. For example, 12 MPa 

were measured for etched aluminium and 10 MPa for 

brass. Blasting results in adhesive strengths of 5 to 6 

MPa. It is particularly interesting that these high 

adhesive strengths are independent of the type of 

metal. This suggests that the adhesive strength is 

essentially based on the mechanical interlocking of 

the plastic in the pores, and less on chemical 

interactions at the interfaces. In contrast, the 

adhesive strength depends decisively on how well 

the plastic infiltrates the nanoporous layer. This is 

suggested by the results of a further study in which 

steel samples were coated with a nanoporous 

adhesive layer, placed in a injection moulding 

machine and overmolded with PPS. The achieved 

tensile strength of 47 MPa is significantly higher 

than in the previous welding tests, indicating that the 

injection moulding process leads to a better 

infiltration. Further investigations are necessary to 

clarify the complex interactions of the nanoporous 

layer with the infiltrated plastic and thus to optimize 

the tensile bond strength.  
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3 Summary 

Glass layers, applied with the microwave-generated 

PECVD process, refine surfaces and change their 

properties. By extending the pumping station, 

increasing the gas flow and microwave power, very 

high coating rates and thus short coating times of less 

than 1 min can be achieved for layer thicknesses of 

about 5 µm, even on large surfaces. The quality of 

the coating is superior in comparison to lacquered 

protective coatings. Since the economic efficiency of 

PECVD coatings essentially depends on the coating 

time, these processes offer an economical and 

environmentally friendly alternative to conventional 

coating processes.  

The glass layers protect metals very well 

against corrosion and are used industrially to protect 

damask knives. Even at very high temperatures of up 

to 640 °C, they exhibit good adhesion and excellent 

oxidation protection. They also provide very good 

electrical insulation and prevent contact corrosion in 

aluminium-CFRP composite components. This 

enables the simplified, direct and permanent joining 

of such composite components. Nanoporous glass 

layers are suitable for bonding materials such as 

glass, metal or plastics to polymers with high 

strength. In combination with the scratch and 

corrosion protection layers, these can be used to 

produce particularly adhesive, multifunctional 

coating systems.  
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