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Symbols 

 

A cross section, breaking elongation, area 

B rotation constant 

C capacitance  

c concentration, speed of light 

Cf quartz sensitivity factor 

D spring constant 

d thickness, piezoelectric tension module 

E voltage, absorbance 

Eloc electromagnetic field 

e Euler constant 

F force 

F(J) rotation term 

f frequency 

h Planck constant, height 

I current, intensity of light 

Icorr corrosion current 

J rotation quantum number 

k absorption factor 

L elongation, length, induction 

m mass  

N number of molecules 

n harmonic number 

P power of ion beam 

R resistance 

Re elastic limit of deformation 

Rp polarisation resistance 

Rp,0.2 0.2 % plastic deformation 

Rm maximum strength during deformation 

r radius 

t time 

w width 
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x extension, length 

Z impedance 

 

∆m mass change 

∆f frequency change 

∆J quantum number of rotation 

∆T temperature difference 

∆v quantum number of vibration 

Φ phase shift 

 

α polarisability  

βa anodic coefficient 

βc cathodic coefficient 

ε decade absorption coefficient 

ε0  dielectric constant in vacuum 

εr dielectric constant of a certain material 

εel sum of plastic and elastic deformation 

εus area of uniform deformation 

εH2O dielectric constant of water 

κ thermal conductivity 

λ wave length 

µ reduced mass, dipole moment 

µq effective piezoelectric stiffened shear modulus 

ν frequency 

π Pi 

ρ solution resistivity  

ρq quartz density 

φ logarithmic forming degree, water uptake 

ω radial frequency 
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1 Motivation 

Coil coated steel is a composite material of a normally galvanised steel coated with one or 

more organic layers. It is one of the premium products of the steel industry and gives large 

benefits to the costumer like the effort reduction in their paint shops and further 

improvements in corrosion resistance. Furthermore the coil coating facilities are equipped 

with comprehensive waste water recycling and exhaust gas cleaning systems which allow a 

much more environmentally friendly production than the coating of bulk goods.  

The continuous production process is based first on an alkaline cleaning step to provide an 

optimal surface of the galvanised steel coil. Afterwards the pretreatment and the organic 

lacquer layers are applied by roll coaters in the thickness of some nm for the pretreatment and 

some µm for the organic coating. The cross linking of the coating can be done by classic 

thermal curing or in recent times by radiation curing where e.g. UV or IR radiation is used. 

Finally the coated steel is coiled again and ready for the further production steps at the 

customer facilities.  

The flexible lacquer choice allows the production of optimised products for the different 

demands which find a wide use in the household, building and automobile industry. Typical 

household products that are made of coil coated steel are so called white goods (named 

according to their colour) such as dish washers, refrigerators and washing machines. The 

building industry uses pre-coated steel for the construction of dividing walls, cladding and 

roof elements. In both industries, household and building, the colour appearance, corrosion, 

UV and chemical resistance are the major demands.   

The automotive industry uses coil coated material mainly in the form of corrosion protection 

primers. These are thin pigmented, organic coatings (about 2 – 4 µm) which are applied on 

galvanised steel and give a further improvement of the corrosion protection properties of the 

substrate by the formation of a barrier layer. This allows the improvement of guaranteeing or 

the reduction of secondary corrosion protection measures for the built cars. Next to the good 

corrosion properties the coatings have to be weldable, glueable, must show good forming 

features and must not disturb the further production steps during the car manufacturing 

process, like phosphating and ED-paint application. Fig. 1 shows the typical production cycle 

of coil coated material by the example of corrosion protection primers.    
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Fig. 1. Production and application way of weldable corrosion protection primers for the automotive 

industry 

 

 

The formability of organic coatings on steel is a precondition for the application of pre-coated 

(coil-coated) steel in various technical applications. Especially at high forming degrees or at 

cut edges, defects appear within the organic coating. These defects influence the ensuing 

processing technology as well as the long-term stability of the material. 

The mechanical stress induced by the forming process leads to a reduction of the coating 

thickness and the formation of cracks inside the organic matrix as well as at the 

pigment/binder interfaces [1, 2]. This induces a loss of barrier properties [3, 4].  The loss of 

corrosion protection of the layered material depends on the defect size, location, change in the 

adhesion to the substrate and also on the surface modification steps applied subsequently. 

It is therefore extremely important to correlate the forming degree with the change in the 

barrier and structural properties of the coating. 

Methods of investigating these barrier properties are common industrial tests like salt-spray or 

cyclic corrosion tests, during which the lifetime of the coating is investigated in relation to the 

forming degree [5]. These tests have the disadvantage of a long testing period and high rates 

of systematic errors resulting from the visual evaluation by the operator.  

Another well established way of monitoring the barrier properties of organic coatings in 

contact with corrosive solutions is Electrochemical Impedance Spectroscopy (EIS) [6-28].  

Recently Bastos et al. were able to show that ex-situ EIS is a powerful tool for correlating the 

barrier properties of an organic coating with the local degree of forming [29]. 

Dynamic Electrochemical Impedance Spectroscopy was used by Darowicki et al. for the in-

situ monitoring of the passive layer cracking on 304L stainless steel and for evaluating the 

performance of organic coatings under periodical stress [30, 31]. 
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The aim of the present work was to investigate and understand the defect formation and self-

healing properties of organic coatings like corrosion protection primers. Therefore, a new 

electrochemical setup had to be established that allows the monitoring of electrochemical 

impedance spectra with a common three electrode arrangement during the uniaxial forming of 

a miniaturised model sample. This setup should allow a detailed correlation between the 

forming degree and the barrier properties of the organic coating. The correlation is necessary 

for predicting the maximum forming degree suitable for an organic coating during the 

construction.  

Furthermore, new setups for the combined spectroscopic and electrochemical analysis should 

be developed which allow investigating the formation and characterisation of corrosion 

products and the absorption kinetic of inhibitors used in organic coatings. This allows a fast 

and comprehensive analysis of the efficiency and reactivity of new inhibitors and helps to 

follow the self-healing potential of polymeric coatings.  

Finally a new coating system the so called polyelectrolytes were investigated with respect to 

their formability and curing state in order to understand the defect formation of lower cross 

linked coatings which should be highly flexible. They are promising lacquer systems that 

could provide huge benefits for corrosion protection as they can be specially tailored to the 

different applications [32-46]. These flexible coatings should lead to a reduced defect 

formation within the coating and thereby increase barrier properties. 

The electrochemical measurements will be complemented by the Field Emission Scanning 

Electron Microscopic (FE-SEM) and Focused Ion Beam (FIB) analyses to visualise the 

location and size of the formed defects. The local reactivity should be correlated with the 

formation of defects by means of a phosphating process and the common corrosion test.  
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2 Fundamentals 

2.1 Forming of polymer coated metals  

2.1.1 Forming of metals 

In the solid state metal atoms are regularly arranged and form a lattice of close-packed balls. 

Within the material the atoms form small crystals (grains); these grains have slightly different 

orientations to each other. The size of grains can vary from some micrometres up to some 

millimetres. During the forming process the atoms move against each other within the lattice. 

At grain boundaries between the single crystals the movement is hindered and requires a 

much higher strength. Therefore, micro crystalline materials show a much higher maximum 

strength.  

The mechanical properties of metals can be evaluated by so-called elongation-strain diagrams. 

The amount of elongation in the different directions in space is expressed by the forming 

degree which is furthermore used to define the forming limit expressed in the forming 

limiting curve (FLC) of the material under investigation [47, 48]. 

 

2.1.1.1 Stress-Strain diagram 

Forming is the shape change of a material induced by an external force. Forming of metals 

can be divided into a reversible, elastic and irreversible plastic deformation. The mechanical 

properties of a material are shown in a Stress-Strain diagram. Fig. 2 shows the strain-

elongation diagram of a DC 06 ZE 75/75 steel sheet (thickness 0.8mm), a typical material 

used for deep drawing. The diagram can be separated into the following parts: 

 

• Hook’s straight, area of elastic tension. The material behaves like a spring and returns 

to its original form according to Hook’s law  

 

lDF ∆⋅=   (eq. 1) 

with F the force, D the spring constant and ∆l the elongation. 

 

• The end of Hook’s straight is called elastic limit Re. At this point the plastic 

deformations starts and the material will get a permanent shape change.  
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• Most metals don’t show a defined elastic limit. Therefore, a limit at the 0.2 % plastic 

deformation will be defined (Rp0.2). The overall elongation is thereby the sum of the 

elastic elongation (εel) and the plastic deformation. At the point Rp0.2 the elastic 

elongation can be calculated accordingly. 
 

∆εel = εRP 0.2
− 0.2%  (eq. 2) 

 

• The maximum in the diagram is called tensile strength (Rm). Until Rm the sample will 

be formed without constriction and the area is called uniform strain (εus). 

 

• Beyond Rm the samples constrict and the further forming until breaking elongation (A) 

only appears in that area.  

 

Typical mechanical properties for different deep drawing steel grades are given in Tab. 1.  

 
Tab. 1. Mechanical properties of typical deep drawing steel grades according to DIN EN 10130 

Steel grade 
Rp0.2  

/ MPa 

Rm 

/ MPa 

A 

/ % 

DC 01 140 - 280 270 - 410 ≥ 28 

DC 03 140 - 240 270 - 370 ≥ 34 

DC 04 140 - 210 270 - 350 ≥ 38 

DC 05 140 - 180 270 - 330 ≥ 40 

DC 06 140 - 180 270 - 350 ≥ 38 
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Fig. 2. Stress-Strain diagram of a tensile tested DC 06 ZE 75/75 sample (sheet thickness 0.8mm) 

 

2.1.1.2 Elastic and plastic deformation of single crystals 

The deformation of metals can happen in an elastic and inelastic way. During the elastic 

deformation the induced stress leads according to Hook’s law to a linear translation (eq. 1). In 

the case of a single crystal the induced stress causes deformation in the lattice. The 

deformation is so small, that after removing the external force the atoms return to their origin 

(Fig. 3). 

 

 
Fig. 3. Elastic deformation of a single crystal lattice during application of external stress  

(according to [48]) 

 

With increasing strain the elastic deformation leads to the plastic deformation of single 

crystals which consist of two mechanisms, the formation of twins and the sliding.  

The formation of twins appears along the twin plane, thereby a part of the lattice will be 

transformed into a mirror image of the original one (Fig. 4).  
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Fig. 4. Formation of twins in single crystals due to external stress (according to [48]) 

 

 

Sliding can be separated into the fixed sliding and the sliding by moving of dislocations. 

Fixed sliding only appears if all atoms on both sides of the sliding plane are simultaneously 

moved (Fig. 5).  The length of one step is similar to the lattice constant (b). 

 

 
Fig. 5. Fixed sliding along the sliding plane by the length of the lattice constant b (according to [48]) 

 

Technical materials differ from ideal crystals by the formation of lattice defects. The 

reduction of bonds between the atoms leads to a decrease of the force which is necessary for 

moveing the atoms along the sliding plane (Fig. 6).   

 

 
Fig. 6. Defect migration during the formation of non-ideal crystals (according to [48]) 
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This explains the 100 – 1000 times smaller value found for the shear stress of materials 

containing dislocations [48]. 

 

2.1.1.3 Forming of zinc and electrogalvanised zinc surfaces 

Zinc crystallises into a hexagonal lattice structure with a height to edge ratio (c/a) of 1.856 

[49]. Due to the complex and high anisotropic structure hexagonal systems show only 6 basal 

slip systems [48]. These preferred sliding planes (in direction c) can be activated by a tension 

of at least 0.3 MPa. For the activation of non-basal sliding (pyramidal sliding or twinning) a 

shear stress which is 30 times higher has to be applied perpendicular or parallel to the basal 

plane. During the uniaxial elongation a heterogeneous forming with sliding on the grains, 

recrystallisation and the formation of twins occur [49].  

The electrogalvanised zinc coating of steel shows the formation of parallel terraces with a 

0001 orientation. Two cases of microstructure can be divided depending on the deposition 

conditions. For hot electrolytes and low current densities the basal plane of the zinc lattice are 

tilted between 35 – 55° to the steel substrate. In contrast to that for low temperatures and high 

current densities the basal planes are mainly parallel to the substrate. Due to the crystal 

structure and the ductility mainly basal plane slipping appears during plastic deformation. 

Here the orientation of the sliding planes to the direction of strain is of great importance. 

Grains with their basal planes in the direction of the strain can undergo a much higher local 

forming than the global forming degree. The zinc coating shows no formation of defects 

during the forming until the rupture of the steel substrate [50].    

 

2.1.1.4 Forming degree 

The shape change of a body by deformation is quantified by the deformation degree. Two 

deformation degrees can be separated. First the logarithmic forming degree ϕ  and second the 

based forming degree ε which is normally written as a technical deformation in percent. In 

this work only the logarithmic forming degree will be used. 

In eq. 3 and 4 the derivation of the logarithmic deformation degree is shown. The change of 

ϕ  is based on the actual dimensions of a body l and the length change dl. By solving the 

integration of eq. 3 ϕ  is defined as the logarithm of the ratio before (l0) and after deformation 

(l1).  
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l
dld =ϕ        (eq. 3) 

 

0

1ln
1

0
l
l

l
dll

l

== ∫ϕ       (eq. 4) 

 

For the description of a forming process three forming degrees are defined (one for each 

direction in space). The different degrees are marked by the index 1, 2 and 3. Index 1 

indicates the major strain, this is the direction in which the highest dimension change 

happens. In case of a simple tensile test it is the direction of the elongation. Index 2 displays 

the minor strain which is the width change of the sample. The last deformation degree with 

index 3 describes the thickness change of the sheet. 

Using the logarithmic deformation degree leads to certain advantages. The sum of the 

deformation degrees is independent of the numbers of deformation steps (eq.5).  Due to the 

fact that the volume of the formed body is constant the sum of all three forming degrees is 

zero (eq. 6) [48]. 

 

ϕ tot = ϕ i
i=1

n

∑        (eq. 5) 

 
ϕ1 + ϕ2 + ϕ3 = 0       (eq. 6) 

 

 

2.1.1.5 Forming-limiting-diagram  

The forming of metal sheets can be divided into four major groups: uniaxial, biaxial, plane 

strain and deep drawing. These are separated by the different interconnections of the 

deformation degrees.  

The simplest way of forming is the uniaxial deformation. It appears during tensile testing. 

Thereby the sample will be elongated in the direction of 1ϕ  while the width 2ϕ  decreases. In 

eq. 9 the interaction between the major and the minor strain is given. Uniaxial forming often 

appears during the production of real automotive parts. 

 

21 2ϕϕ −=        (eq. 7) 
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Biaxial forming is also known as stretch-forming. The sample will not only be elongated in 

one direction as known from the uniaxial forming but in two directions 1ϕ  and 2ϕ  (eq. 8). 

Biaxial forming leads to high stresses in the material and is unusual for most automotive 

parts. This way of deformation is used for material investigations and needs especially shaped 

samples like Marciniak or Nakajima specimen where the material is hindered by the blank 

holder from flowing into the form [48]. 

 

21 ϕϕ =        (eq. 8) 

 

Plane strain deformation is often found in real automotive parts. The forming only appears in 

direction of the major strain 1ϕ  and by a change in the sheet thickness 3ϕ . The minor strain 

2ϕ  remains constant during the whole process (eq. 9). In this forming process the material 

flow is similar to the biaxial forming which is hindered by the blank holder. 

 
ϕ2 = 0         (eq. 9) 

 

During deep drawing the metal sheet will be formed by a stamp similar to the biaxial and 

plane strain forming. The difference is that the blank holder force is negligible or adjusted to 

such small forces that the material flow is not hindered. Thereby the width 2ϕ  will be reduced 

by the same amount as the length 1ϕ  will be increased (eq. 10). The thickness of the sheet 

will be constant during the forming procedure. 

 
ϕ1 = −ϕ2        (eq. 10) 

 

The whole forming process is described by three deformation degrees and the connection 

between them is completely different for the four major forming procedures. This makes it 

extremely difficult to compare different deformations just by a look at the deformation 

degrees. Therefore von Mises defined the equivalent strain (eq. 11) which allows an easy 

comparison of the forming processes [47, 48]. 

 

ϕv = 2
3

ϕ1
2 + ϕ2

2 + ϕ3
2( )     (eq. 11) 
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For the forming process it is of great interest to get detailed information about the maximum 

strain that can be applied to the material before it breaks. In the forming limiting diagram the 

major strain 1ϕ  is plotted versus the minor strain 2ϕ  and the forming limiting curve shows the 

maximum strain before rupture (Fig. 7).  
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Fig. 7. Forming limiting diagram indicating the maximum forming degrees possible for the material 

(black line) and the major forming operations 

 

During the production of formed parts it is important to be 10 % below this curve to guarantee 

the necessary process reliability.  
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2.1.2 Forming of polymers and thin polymer films 

2.1.2.1 Molecular understanding 

In contrast to metals that consist of single atoms which form a crystalline grid, polymers 

consist of long molecule chains. Depending on the chemistry and the production parameters 

of the polymer these chains can also form partly crystalline areas. Molecules with only few 

branches have a high tendency to form crystalline areas while strongly cross-linked and 

branched molecules are mainly amorphous. Furthermore the cooling speed after the 

production influences the arrangement of the molecules. Low cooling rates strongly increase 

the number of crystalline areas in the polymer. The different crystalline structures of polymers 

show also different behaviours during forming. On the one hand they can be brittle and break 

already at small elongations on the other hand they behave elastically and can be highly 

elongated. The forming behaviour is strongly dependent on temperature and can change from 

brittle at low degrees to elastic at higher degrees [51]. 

Brittle polymers show just a linear increase in the strain until they break. Partly crystalline 

polymers show a high stretch ability before rupture due to the intricate structure of the 

molecules. During elongation the molecule fibres orient themselves into the direction of the 

applied force and reach a stress maximum (Fig. 8).  

 

 
Fig. 8. Stress-strain diagram of a polymer under tensile stress showing the different areas of elastic and 

plastic deformation until rupture (according to [51]) 
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With further elongation the sample starts to constrict and the stress decreases until it reaches a 

plateau. Further elongation doesn’t lead to an increase in the stress over a large strain range. 

In this region the crystalline parts break up and the molecule fibres become parallel. When all 

fibres are arranged in parallel the strain strongly increases again until the polymer ruptures. 

Elastomeres don’t show a specific maximum and only a slightly defined plateau. The strain 

increases nearly continuously until the rupture.  

 

2.1.2.2 Relevance of interfaces 

Beside the formability of the polymer itself the interface between the coating and the metallic 

substrate is of great importance. The interface is responsible for the adhesion of the coating to 

the substrate. Weak adhesion leads to detachment or the delamination of the organic layer and 

thereby to a loss of the barrier properties which accelerate corrosion. Typical industrial tests 

for analysing the adhesion after forming are the Erichsen cupping and the ball impact [52]. 

Both lead to a biaxial forming of the specimen and an adhesive tape is used for testing the 

adhesion. 

A lot of work was done to stabilise the coating / substrate interface. One of the best-known 

and widely used processes is phosphating [53]. Hereby the etching attack of the metallic 

surface leads to a precipitation layer of phosphate crystals with a thickness between 1 and 50 

µm. The micro rough surface structure of the phosphate layer allows a good mechanical 

interlocking with the following coating and thereby increases the adhesion. The phosphate 

crystals also act as a further barrier and thereby improve the corrosion resistance of the 

system. Commonly this effect is increased by a passivation step after phosphating. Recently it 

was changed from Cr (VI) passivation to Chromium free passivation. 

In the case of coil coatings the pretreatment consists of ultra thin layers in the range of some 

nm, which allows a Chromium free passivation of the substrate and increases the paint 

adhesion [54-58] (Fig. 9).  

 



Fundamentals 

 26 

 
Fig. 9. Schematical illustration of the pretreatment (Granodine 1456) layer formation on a zinc surface 

including an organo silane adhesion promoter  

  

For the surface passivation mainly salts of Manganese, Titanium and Zirconium in 

combination with complexing agents and phosphoric acid are used. Together they form with 

the dissolved zinc ions a protective precipitation layer on the zinc surface. The adhesion 

promotion is achieved by chemical bonding of bi-functional organo silanes between the 

organic coating and the zinc substrate. 

 

2.1.2.3 Theory of crack formation in polymers and at polymer / oxide 

interfaces    

The defect formation within polymers or at the polymer / oxide interface strongly depends on 

the adhesion along the interface. In the case of a weak adhesion the coating delaminates from 

the substrate and an adhesive failure is formed. If the adhesion between the coating and the 

substrate is good the stress inside the coating can reach high values until the polymer cracks 

by cohesive failure. If the load is applied uniaxially to the system the cohesive defects will 

grow perpendicular to the stress direction and new cracks appear mainly in the middle of 

existing fragments [59].   

In the case of welded polymers the crack formation mechanism depends strongly on the 

interface width between the polymers. For most polymers three regimes were found which 

can be attributed to different failure mechanisms. For small interface widths the interdiffusion 
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of polymer chains is only very weak and they are pulled out of the opposite polymer. With 

increasing interface widths the separation is done by pull out and by chain scission of the 

polymers. For high values of interdiffusion the main mechanism is the chain scission and the 

force reaches the value of the bulk adhesion [60].  

Moloney et. al. show that in front of the crack tip propagating within a highly crosslinked, 

unfilled epoxy resin a zone of micro cracks is formed [61]. The filling of polymers can lead to 

a toughening of brittle polymers. Thereby the particles initiate a high number of very small 

local yield events. Examples are inorganic particles which lead to a large number of 

microcracks and a reduction of the local stress. Another way is the implementation of ductile 

particles which are plastically formed by the crack tip and help bridging the two sides of the 

crack [62]. 

The propagation of a crack can be stopped if the crack hits e.g. a local volume of higher 

strength, a weak second phase or another microcrack and the propagation into an unloaded 

region between other cracks or strong fibres [62].  

    

2.1.3 Repair mechanisms of defects in protective coatings 

The repair mechanisms of defective coatings can be divided into two major groups. On the 

one hand are the traditional ways of repairing the defects by e.g. welding and patching, on the 

other hand are the recently developed self-repair systems that heal the defects without 

external support [63-73]. The traditional repair processes are mainly used for macroscopic 

defects while the self-repair focuses on the healing of microscopic defects as they might occur 

during forming [74]. 

Self-healing can appear if the two sides of a defect are still in contact with each other and the 

system is above its glass temperature. Than the crack heals due to molecular diffusion across 

the interface [75]. Other mechanisms are the recombination of chain ends by the catalytic 

redox reaction under oxygen atmosphere, the use of living polymers with radical functions at 

the chain end and the inclusion of reservoirs that contain a healing agent [75]. 

Two different approaches were developed as reservoirs, the hollow fibre and the 

microencapsulation. In the first case the glass fibres ranging from of 15 to 60 µm in diameter 

were filled with a healing agent and embedded into the coating. If a defect hits such a fibre it 

breaks and the crack will be filled with the healing monomer that cures within. The 

microencapsulation works similar to the hollow fibre but instead of a fibre micro capsules are 

used which are embedded together with a catalyst into the coating. The propagating crack 
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front ruptures the microcapsules and the released healing agent reacts with the embedded 

catalyst and seals the defect [63, 74, 76-78]. 

A further recently described method for healing defects in protective coatings is the use of 

expandable materials like phyllosilicates (clays) [79]. If they are exposed to air inside a crack 

these materials will absorb moisture and implement the water into their crystal structure. This 

leads to a lattice growth and allows the defect to be filled.  

Another approach is the intelligent and controlled release of inhibiting agents into defects to 

passivate these corrosion sites. Shchukin et. al. describe the pH controlled release of 

benzotriazol from nano particles and tubes due to the response of polyelectrolytes to a pH 

shift. At low or high pH, as they appear at the cathodic or anodic corrosion sites, the 

polyelectrolytes become permeable for the inhibitor. The release rate can be adjusted by the 

properties of the used polyelectrolytes [80]. Paliwoda-Porebska et. al. show that the inhibitor 

[PMo12O40]3- can be potentially released from conductive polymers (polypyrrole) [71] and 

leads to a reduction of the cathodic delamination of coatings. Thereby the reduction of the 

polymer film due to the corrosive reaction leads to the release of the inhibitor. 
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3 Fundamentals of applied microscopic, spectroscopic and 

electrochemical methods 

3.1 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) is widely used in material and surface science 

to investigate the properties of e.g. metallic substrates, batteries and fuel cells [81-95]. A 

special focus is thereby set on the characteristics of polymer coatings. One of the key features 

is the barrier properties of coatings over time which are in contact with a corrosive electrolyte 

on order to gain information about the corrosion protection. Mansfeld describe in detail the 

used equivalent circuit and the interpretation of data [96]. Further focus was laid on the 

evaluation of the water uptake of organic coatings [19, 97-102]. In recent times EIS was used 

to investigate ultra thin conversion coatings [55, 58] and zinc rich coatings [103-105]. The 

combination of EIS with spectroscopic tools like FTIR to observe the water uptake was also 

developed by different groups [106-108].    

 

3.1.1 General description of the impedance 

The behaviour of an ideal resistor which hinders the current flow in a circuit is described by 

Ohm’s law (eq. 12). The resistor R follows the law at all currents I and voltages E and its 

value is independent of the applied frequency. The current answer to an applied AC voltage is 

always in phase [109-111]. 

 

IRE ⋅=        (eq. 12) 

 

The description of Ohm’s law can only be used in the case of the ideal resistor. A much 

broader approach to handle the resistance of a circuit is the impedance which is not limited to 

the simplifications mentioned above. The electrochemical impedance is measured by applying 

a sinusoidal potential excitation to an electrochemical cell. The current answer will be 

analysed and the impedance can be calculated.  

The frequency f in Hz used for the voltage modulation can also be written by the radial 

frequency ω in radians / second (eq. 13). 

 

f⋅= πω 2        (eq. 13) 
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The applied excitation voltage Et has as a sinusoidal function of time and can be described by 

eq. 14. 

 

)sin(0 tEEt ω=       (eq. 14) 

 

 

The response of the current I0 will be shifted in phase by a certain angle φ  (eq. 15). 

 

)sin(0 φω += tII t       (eq. 15) 

The dependence between the applied voltage and the phase shifted current answer is shown in 

Fig. 10. 

 
Fig. 10. Phase shift between a sinusoidal excitation voltage and the current response (taken from [112]) 

 

The impedance can be described similar to Ohm’s law with the time dependent voltage and 

current. The magnitude of the impedance is expressed by Z  (eq. 16). 
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The Euler relation allows the transformation of the voltage and current into a complex 

function (eq. 17-20). It can be described by a real and an imaginary part.  
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)(
0

φω +⋅= ti
t eII       (eq. 18) 

 

)sin(cos)( )( φφω φ iZeZZ i +=⋅=     (eq. 19) 

 

ZiZZ ImRe)( +=ω       (eq. 20) 

 

The real part Re and the imaginary part Im are given by eq. 21 and 22. 

 

φcos)Re( ZZ =       (eq. 21) 

 

φsin)Im( iZZ =       (eq. 22) 

 

3.1.2 Plotting of impedance data 

Two ways of plotting the impedance data are common in electrochemistry. The Nyquist plot 

displays the imaginary part on the y-axis and the real part on the x-axis (Fig. 11). The plot is 

based on a simple vector plot; every impedance data on the semicircle can be displayed by a 

vector. The length of the vector is the impedance Z  while the angle between the x-axis and 

the vector is the phase shift φ . The major disadvantage of the Nyquist plot is that the 

frequency at any data point can not be taken from the diagram. 

 

-Im Z

Re Z

|Z|

ω=0φ

 
Fig. 11.  Schematical Nyquist plot of a metal electrode indicating the phase shift (φ ) and the impedance 

shown as vector ( Z ) 

 

Another way of presenting the impedance data is the Bode plot (Fig. 12).  
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Fig. 12. Schematical Bode plot of metallic substrate showing the impedance (black) and 

 the phase shift (red) 

 

The logarithm of the impedance Z  is plotted on the y-axis while the logarithm of the 

frequency is plotted on the x-axis. The phase shift φ  is thereby plotted on a second y-axis. 

The Bode plot allows an easy interpretation of the electrolyte resistance (at high frequencies) 

and the polarization resistance (low frequencies) in simple equivalent circuits.   

 

3.1.3 Pseudo-Linearity of the system 

The measurement of impedance spectra can take hours depending on the selected frequency 

range. During the whole measurement it is necessary that the system is in a steady state and 

will not change with time. Changes in the system can be caused by temperature changes, 

adsorption of molecules, degradation of the coating and so on. These effects might lead to 

misinterpretations of the results. 

A further quite important point is the linearity of the system under investigation. In the case of 

an ideal ohmic resistor the current increases linearly with the applied voltage. For an 

electrochemical cell this linearity is not strictly given (Fig. 13). Therefore it is necessary to 

create a pseudo linear system [112].  
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Fig. 13. Pseudo linearity of an electro chemical system if a small excitation voltage is used  

(taken from [112]) 

 

If the excitation of the system is very small (1-10 mV) the system can be supposed as pseudo 

linear. 

 

 

3.1.4 Elements of the equivalent circuit 

For the interpretation of impedance data commonly known electrical elements are taken and 

an equivalent circuit will be modelled. Each element stands for a certain electrochemical 

property. The most common properties are described in Tab. 2 [112, 113]: 

   
Tab. 2. Common electrical element 

Component Current vs. Voltage Impedance 

Resistor R IRU ⋅=  RZ =  

Capacitor C 
dt

dUCI =  
Ci

Z
ω
1=  

Inductor L 
dt
dILU =  LiZ ω=  

 

3.1.4.1 Electrolyte resistance 

Even by the use of Haber-Luggin-Capillaries, which allow the positioning of the reference 

electrode directly in front of the working electrode, the resistance of the electrolyte between 

the reference and the working electrode cannot be completely eliminated. This impedance is 

found in the spectra as an ideal ohmic resistor which dominates at high frequencies and 
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ranges from 10 - 100 2cm⋅Ω for common setups. The uncompensated electrolyte resistance Ru 

is defined as  

 

A
lRu ρ=        (eq. 23) 

 

With ρ  the solution resistivity, A the area and l the length. 

 

3.1.4.2 Double layer capacitance 

If an electrode is in contact with an electrolyte, ions from the solution can stick to the 

electrode surface by van der Waals or Coulomb forces. The charges in the electrolyte and at 

the electrode boundary are of opposite sign and form a capacitor. Due to the small distance of 

just a few Ångström between the charge carriers extremely high capacitances of 10 to 40 

µF/cm² can appear.   

 

3.1.4.3 Polarisation Resistance 

Whenever an electrode is polarised a current flow at the electrode surface can occur due to an 

electrochemical reaction. This leads to either an anodic or cathodic current whose density is 

controlled by the kinetics of reaction and diffusion of the reactants. In case of a metal 

electrode that corrodes at the open circuit potential two electrochemical (a cathodic and an 

anodic) reactions appear at the electrode surface. At the open circuit potential the current of 

both reactions are equal and it is known as the corrosion current. The current of a kinetically 

controlled reaction can be described by the Butler-Volmer equation. In the case of a mixed 

electrode it can be written as eq. 24. 
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    (eq. 24) 

 

With I the cell current, Icorr the corrosion current, Eoc the open circuit potential, aβ  the anodic 

coefficient and cβ  the cathodic coefficient. 

If only a small potential signal is applied to the cell the eq. 24 can be simplified to eq. 25 with 

Rp the polarisation resistance. 
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3.1.4.4 Coating capacitance 

The capacitance of a coating can be described by a plate condenser. The condenser consists of 

two plates formed by the surface or the electrode and the electrolyte. Between these two 

plates the coating exists as a dielectric. The capacity C of the condenser is proportional to the 

plate area A, the dielectric constant of the vacuum ε0, the dielectric constant of the material 

between the plates εr and inverse proportional to the thickness of the dielectric d (eq.26). 

  

d
A

C r ⋅⋅
=

εε 0       (eq. 26) 

 

3.1.5 Modelling of equivalent circuits 

For the interpretation of impedance data so-called equivalent circuits are built from simple 

electrical elements like resistor, capacitor and inductor. The equivalent circuits reflect the 

physical properties of the electrode under investigation. Some of the most common circuits 

are shown in the following chapters [8, 13, 28, 111-118]. 

 

3.1.5.1 Ideal coating 

A metal electrode covered by an ideal coating without any defects can be described by a pure 

capacity Cc. In contact with an electrolyte an ohmic resistor for the electrolyte resistance Ru 

must be added in series to the capacitor (Fig. 14). 

  

RuCC  
Fig. 14. Equivalent circuit for an ideal coating in contact with an electrolyte 
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At high frequencies the impedance of the capacitor can be neglected and the cell impedance is 

just dominated by the ohmic resistance of the resistor (parallel to the x-axis, phase shift 0)  

(Fig. 15).  
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Fig. 15. Bode plot of an ideal coating with a capacity of 10 nF and an uncompensated electrolyte resistance 

of 100 Ohm 

 

In the medium and low frequency the capacitor dominates and the impedance of the cell 

increases linearly with a slope of -1 in the bode plot. The phase shift of an ideal coating is 

90°. 

 

3.1.5.2 Metal electrode 

Metal electrodes are described by a parallel circuit of an ohmic resistor that reflects the 

polarisation resistance RCt and a capacitor which describes the double layer capacity CDl of 

the electrode. Furthermore, the uncompensated electrolyte resistance Ru is added in row. 

 

Ru
RCt

CDl

 
Fig. 16. Equivalent circuit of a metal electrode in contact with an electrolyte 

 

In the bode plot the domination of the electrolyte resistance is shown as a parallel to the x-

axis at high frequencies (Fig. 17).  
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Fig. 17. Bode of a metal electrode with CDl = 30 µF, RP = 5000 Ohm and Ru = 100 Ohm 

 

At the medium range the double layer capacitance shows a straight line with a slope of -1 

while at low frequencies a series connection of the electrolyte and the polarisation resistance 

prevails. 

 

3.1.5.3 Non-ideal coating 

For a defective coating the equivalent circuit for an ideal coating can no longer be taken. 

Defects occur by pores within the coating and allow the electrolyte to penetrate and reach the 

surface of the metal electrode. The penetrating electrolyte is reflected similar to the 

uncompensated electrolyte resistance Ru by an ohmic resistor RC that is parallel to the coating 

capacitance Cc. If the electrolyte reaches the metal surface it will react like an electrode in 

contact with an electrolyte and can be described by a normal metal electrode circuit with 

double layer capacitance CDl and polarisation resistance RCt. This sub-circuit is in series with 

the pore resistance and parallel to the coating capacitance (Fig. 18). 

 

Ru

RC

RCt

CDl

CC

 
Fig. 18. Equivalent circuit of a non-ideal coating in contact with an electrolyte 
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The bode plot shows two time constants at high and medium frequencies displaying the 

coating and the double layer capacitance (Fig. 19).  
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Fig. 19. Bode plot of non-ideal coating with CC = 10 nF, RPore = 10000 Ohm,  CDl = 30 µF, RP = 5000 Ohm 

and Ru = 100 Ohm 

 

The two time constants are separated by the ohmic behaviour of the pore resistance while at 

low frequencies a series circuit of the polarisation, the pore and the electrolyte resistance 

dominates. 
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3.2 Quartz crystal mircobalance 

The quartz crystal microbalance is a sensor that allows the detection of mass changes within a 

few ng/cm2. It has been used for over 40 years for measuring the deposition of materials 

within gas and liquid phases.  

The system is based on the piezoelectric effect found by Pierre and Jacques Curie [109]. If a 

piezoelectric material is deformed by an external force the charge carrier will be dislocated 

and the material will be polarised which leads to an electrical charge at the surface. A dipole 

moment along the polar axis appears which is proportional to the applied force. For the QCM 

the inverse piezoelectric effect is used. In that case an external voltage will deform the 

material. For small amplitudes the extension is proportional to the applied voltage (eq. 27). 

 
x = dE        (eq. 27) 

With x the extension, d the piezoelectric tension module and E the applied voltage 

 

The quartz used for the QCM setup is so-called AT-cut quartz [119, 120]. The advantage of 

these special cuts is the small temperature dependence of the resonance frequency in the range 

from 0 – 50 °C. Metal electrodes applied by physical vapour deposition cover the parallel 

surfaces of the quartz. These electrodes are used for applying the external AC voltage and for 

the detection of the quartz vibration.  

During the measurement the quartz is driven at its resonance frequency. At this frequency a 

stationary wave orthogonal to the electrode surface appears. The condition for the wave 

length λ  is given by the thickness of the quartz d (eq. 28). For n = 1 the quartz is driven at its 

fundamental mode while higher numbers lead to overtones which don’t have the same 

frequency stability. 

λ = 2d
n

       (eq. 28) 

 

The first to describe the principle of the QCM was Sauerbrey in 1959 [121]. The resonance 

frequency of an oscillating quartz is proportional to its mass. Sauerbrey described the change 

in resonance frequency by the deposition of a film on the quartz surface. He pointed out that 

the frequency change ∆f  is directly proportional to the applied mass change ∆m  (eq. 29). 

 

mCf f ∆⋅−=∆       (eq. 29) 
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Cf  is the quartz sensitivity factor which can be calculated from the quartz density ρq , the 

number of harmonic n, the resonance frequency f and the effective piezoelectric stiffened 

shear modulus µq  according to eq. 30. 

 

qq
f

fnC
µρ ⋅

⋅=
22

      (eq. 30) 

 

The mass change can be calculated after eq. 31 if eq. 30 will be inserted into eq. 29. 
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    (eq. 31) 

 

Van Dyke and Butterworth showed that the oscillating quartz can be described by a simple 

equivalent circuit (Fig. 20) [122]. The setup is a parallel coupling of a capacitor and a 

vibration branch. R, C and L describe the ideal resonance of the pure quartz. Here R 

represents the energy lost by friction, L represents the mass load (inductance) and C the 

mechanical elasticity of the material (capacitance). Cs represents the capacity of the two gold 

electrodes and the quartz as dielectric in between.  

 

RC

CS

L  
Fig. 20. Van Dyke and Butterworth equivalent circuit of an oscillating quartz crystal 

 

The impedance Z of L and C is given by 

 

C
LZZZ CL ω

ω 1+=+=      (eq. 32) 

 

At the resonance frequency both impedances compensate each other (eq. 33).  Therefore the 

resonance frequency can be calculated according to eq. 34. 
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CL ZZ =        (eq. 33) 

 

f0 = 1
2 ⋅ π ⋅ L ⋅ C

      (eq. 34) 

 

At frequencies below the resonance frequency the capacitive part of the circuit dominates and 

the phase shift of the current is positive. At higher frequencies the inductance dominates and 

the phase shift becomes negative. 

 

The mission of the QCM setup is to keep the quartz at its resonance frequency while the load 

changes and to transfer the measured frequency to a computer for storage. This is done by the 

so-called Phase Lock Oscillator (PLO) which uses an internal voltage controlled oscillator to 

drive the crystal. The PLO also includes a phase detector continuously monitoring the phase 

differences between the crystal’s current and voltage. The output of the phase detector is 

connected to an integrator.  The integrator summarizes the phase error a positive phase shift 

causes the output to climb and a negative phase shift to fall. If no phase error occurs the 

integrator output holds steady. The integrator output is connected to the voltage controlled 

oscillator and changes the frequency of the oscillator until the phase error becomes zero at the 

resonance frequency. 
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3.3 Vibration spectroscopy for thin film analysis 

In recent times the classical spectroscopic methods like Raman and IR have often been used 

for in-situ experiments. Especially Surface Enhanced Raman Spectroscopy (SERS) came into 

focus as it allows to investigate even mono layers on the SERS active substrate. Furthermore, 

Raman and IR spectroscopy are combined with other investigation methods to gain a more 

comprehensive knowledge of the system under investigation. A widely used setup is ATR 

FT-IR which allows an easy combination with liquid or electrochemical cells.  

Different authors used ATR to study the diffusion of water through polymer film [123, 124]. 

Wapner et. al. used it to investigate the water transport along an adhesive / metal interface 

[125]. The combined Impedance and FT-IR spectroscopic analysis of the water uptake were 

carried out by Ohman et. al. on a metal / polymer while Vlasak et. al. used it on a 

semiconductor / polymer interface [106-108]. 

In the past SERS was used to study the adsorption of organic molecules on coin metals and 

the inhibition effect of these layers [126-130]. Recently Gu et. al. showed that SERS can also 

be extended for the use with zinc surfaces [131]. Furthermore, the combination with 

electrochemical methods for comprehensive in-situ investigations came into focus analysing 

the potential dependence of the adsorbed films [132, 133].    

 

3.3.1 DRIFT and FTIR-ATR spectroscopy 

3.3.1.1 Fundamentals 

IR spectroscopy allows the detection of rotation and vibration transitions of molecules by the 

adsorption of light within the range of 4000 to 400 cm-1. Only transitions of molecules with a 

permanent dipole are IR active or those where the dipole moment changes during the 

transition.  The periodic change of a dipole moment can only happen at discrete frequencies. 

The adsorption intensity depends on the dipole moment change and on the orientation of the 

dipole to the light vector. Maximum adsorption appears with maximum dipole change and if 

the dipole and the light vector are parallel.  

Every molecule has about 3N degrees of freedom with N the number of atoms. These degrees 

are separated into vibration, rotation and translation. Every molecule has 3 translation degrees 

one for each direction in space independent from the shape. Linear molecules have 3N-5 

vibrations while non-linear molecules have 3N-6. The remaining degrees of freedom belong 

to the rotations of the molecule [134-136]. 
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If light interacts with material the intensity will be weakened by the absorption, reflexion and 

scattering. The loss of intensity –dI is proportional to the intensity of the beam I, the 

absorption factor k and the length dx and the concentration c of the illuminated material 

[137]. 

 

dxcIkdI ⋅⋅⋅=−       (eq. 35) 

 

The vibrations of a molecule can be divided into two classes. First the valance vibration ν  

which leads to deformations along the bonding axis of the atoms. On the one hand this 

vibration can be symmetric and on the other hand asymmetric. The second class is the 

deformation vibration δ which can be separated in the rocking, twisting and waging vibration. 

Further details concerning IR spectroscopy can be found in the general literature [135, 136].  

 

3.3.1.2 DRIFT 

During classic infrared reflection absorption spectroscopy the infrared beam hits the flat 

sample in a certain angle of incidence and is reflected with the same angle. In the case of 

rough surfaces or powders the light is scattered in all directions which means that it can also 

be reflected a few times inside the sample before it returns to the surface. The angle of 

reflection at which the light leaves the sample is hardly the same as the angle of incidence.  

Large spherical mirrors are therefore necessary for collecting the light from the sample and 

focusing it to the inlet of the detector. The high number of reflections that occur before the 

light hits the detector leads to a loss in the signal intensity. For a standard analysis the sample 

needs no special preparation but has to be comparable for the quantitative analysis of the 

roughness or the particle size of the samples. Most often the semi-quantitative Kubelka-Munk 

equation is used for analysing the spectrum [138].    

 

3.3.1.3 FTIR-ATR spectroscopy  

Attenuated Total Reflection (ATR) FTIR spectroscopy is a versatile tool to investigate 

gaseous, liquid and solid specimen without special preparation steps. The ATR setup consists 

of a crystal (often ZnSe, Ge, Si or diamond) which is pressed against the sample. If the 

medium in contact with the crystal has a lower refractive index the incident light will be 

totally reflected under certain angles. Depending on the angle of incident and the size of the 

crystal the light can be more than one time reflected which improves the signal from the 
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sample. Behind the reflective interface an evanescent wave penetrates the sample and 

interacts with it, leading to a frequency dependent absorption as it is known from transmission 

spectroscopy. The penetration depth depends on the angle of incident and the wave length of 

the used light. In a rough estimation the penetration depth d can be seen as in the order of the 

incident light but can be calculated in detail with eq. 36. 

 

2
2

22
1 sin2 nn

d
−Θ⋅⋅

=
π

λ
     (eq. 36) 

 

With λ the wave length, n1 the refractive index of the ATR crystal, n2 the refractive index of 

the material under investigation and Θ the angle of incidence [138-140]. 

 

3.3.2 Raman spectroscopy 

For the detection of an IR spectrum a change of the dipole moment during the adsorption of 

light is necessary. In the case of a Raman spectrum the sample is irradiated with 

monochromatic light and the scattered light is detected. The frequency of the light can vary in 

wide ranges but it mustn’t be adsorbed by the sample. The demand for the Raman Effect is 

the polarisability of the molecule. This means the repositioning of the electron hull. The 

influence of the electromagnetic field Eloc induces a dipole moment µ to a molecule with the 

polarisability α (eq. 45) [134-136, 141].  

 

locE⋅= αµ        (eq. 37) 

 

Light with the frequency υ0 causes a periodic change of the dipole moment and the molecule 

emits light with the same frequency (Rayleigh scattering) (eq. 38). 

 

tE 00 2sin πναµ ⋅=       (eq. 38) 

 

Rotation and vibration of the molecule in the electromagnetic field cause a periodic change of 

the polarisability. 

 

For vibration: tvvvv πααα 2sin10 +=    (eq. 39) 

For rotation: tvrrr 22sin10 πααα +=    (eq. 40) 
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with α0 the average and α1 the maximum polarisability, υv the vibration frequency and υr the 

rotation frequency.  

Combining the equation for vibration and rotation with equation 38 leads to the expression for 

the vibration and rotation transition. 

  

[ ]tvvtvvEtvE vvvovi )(2cos)(2cos
2
12sin 000100 +−−+= ππαπαµ   (eq. 41) 

[ ]tvvtvvEtvE rrrori )2(2cos)2(2cos
2
12sin 000100 +−−+= ππαπαµ   (eq. 42) 

 

From equation 41 and 42 the quantum number for the vibration and rotation follows: 

 

1±=∆v  

2;0 ±=∆J  

 

3.3.2.1 Surface Enhanced Raman Spectroscopy (SERS) 

The Raman scattering width of a molecule is normally very small so that either a high number 

of molecules or a high laser power is necessary to get an adequate signal. In 1974 

Fleischmann et al. [142] found an increased signal during their investigations of pyridine 

adsorped on a rough silver sample. They attributed this effect to the increase of the active 

surface by the roughening. Later on other researchers realised that the significant signal 

increase cannot only result from the larger sample surface. 

The so-called Surface Enhanced Raman Spectroscopy (SERS) is based on the effect that the 

signal of molecules in contact or close to SERS active material undergoes an enhancement by 

up to 8 orders of magnitude. SERS active substrates are certain metal substrates (e.g. gold and 

silver) which show a nano rough or island structure with a size between 5 and 100 nm. Mainly 

two models which are also complementary to each other are used to explain this effect, the 

electromagnetic enhancement and the chemical enhancement [143-145].  

During the electromagnetic enhancement the molecule comes close to the hemispheric nano 

structure of the metallic substrate. The molecule thereby influences the electric field of 

incident light and the induced dipole field of the sphere. Both fields add each other and lead to 

a magnification of the signal by up to 8 orders of magnitude. 
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For the chemical enhancement the molecule needs to have direct contact with the metal 

sphere. The incident light can create an excited electron and a corresponding hole. If the 

Fermi level is in between the HOMO and the LUMO of the adsorbed molecule the electron 

can transfer into the LUMO of the molecule, resulting in an exited charge transfer state. The 

electron-hole recombination leads to the emission of light of a certain frequency. This effect 

should lead to a lower magnification of the signal than the electromagnetic enhancement but 

this has not yet been clarified. 
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3.4 Scanning electron microscopy 

The scanning electron microscope (SEM) allows a detailed surface analysis of condensed 

materials. During the analysis a focused electron beam that is formed by the interaction with 

the surface secondary and back-scattered electrons scan the specimen. These electrons are 

detected and used for imaging. Two main classes of SEMs exist which are separated by the 

electron formation. The conventional SEM uses a hot cathode for the electron generation 

while the latest Field Emission devices use either cold or Schottky Field Emission [146, 147]. 

After the generation the electrons are accelerated with up to 50 kV through the vacuum 

column of the SEM where they are focused by electro-magnetic lenses.  

Depending on the acceleration voltage ∆E the theoretical resolution can be calculated with the 

de-Broglie wavelength of the electron λ (eq. 51). 

 

λ = h
m ⋅ v

= h
2me ⋅ e ⋅ ∆E

     (eq. 51) 

 

with λ the de-Broglie wavelength, h the Planck constant, m the mass, v the speed, me the 

electron mass, e the electron charge and ∆E the acceleration voltage. 

 

The theoretical resolution for electrons accelerated with 1 kV is 38 pm. Due to the fact that 

the energy source is not infinitely small and by lens errors the real resolution is about 10 nm. 

When the electrons hit the sample surface they can interact elastically or inelastically with the 

material. The interaction area and depth depends on the acceleration voltage and the atomic 

number of the sample material. From the sample surface emitted electrons are separated by 

their energy into secondary electrons (below 50 eV) and back-scattered electrons (50 eV up to 

the acceleration voltage). Secondary electrons are formed by the inelastic interaction 

(ionisation) of surface atoms. Further reactions of the electron beam with the sample are the 

formation of Auger-electrons and X-Rays, both are not used for the standard SEM imaging. 

Either a chamber or an in-lens detector can perform the detection of secondary electrons. 

Chamber detectors mainly consist of an Everhart-Thornley detector that uses a grid with an 

applied voltage between -200 V to +200 V to collect the electrons. The electrons hit the 

scintillation counter and generate photons, which are amplified by a photomultiplier. The 

signal is converted into an electrical signal and used by the image processor. High electron 

yields thereby lead to lighter and lower electron yields and to darker pixels in the image.  
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In-lens detectors also collect the electrons by an applied voltage but the detection of the 

electrons happens by a semi-conductor. When an electron hits the detector it generates 

electron-hole pairs that lead to an electric signal. In-lens detectors allow a much smaller 

working distance and collect the electrons at the point of impact. These advantages lead to 

higher resolutions in contrast to the chamber detectors. 
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3.5 Focused Ion Beam (FIB) 

The Focused Ion Beam (FIB) is very similar to the scanning electron microscope mentioned 

above, except that the beam scanning the sample surface consists of ions rather than of 

electrons. The FIB can be either used to image the sample surface or to process the surface by 

sputtering it with ions. Secondary ions are generated during the scanning by the interaction of 

the ions with the sample atoms and can be detected in a similar way as in the SEM.  

In most commercial FIBs Gallium is used as ion source for the beam. The low melting point 

of Ga allows the easy setup of liquid metal ion sources based on a tungsten needle from where 

the Ga is extracted by field emission (1010 V/m) with a current of up to 2 µA. Similar to the 

SEM the columns in which the ion beam is accelerated by 5 – 30 kV consist of lenses which 

focus the ion beam. Due to the fact that the focusing strength of electromagnetic lenses is 

directly related to the charge / mass ratio electrostatic devices are used to reduce the weight.  

During the investigation the ion beam scans over the sample and interacts by different 

processes like ion backscattering, electron emission, sputtering, sample damaging and heating 

[148, 149].  

As already mentioned the formation of secondary electrons can be used to image the surface 

but thereby the sample will be contaminated by Ga-ions. This effect can be used to investigate 

non-conductive samples as they are plated by a conductive Ga layer. 

Highly accelerated ions can be used to sputter the surface and thereby create structures in the 

micro and nano meter scale. Sputtering is often used to prepare lamellae for TEM 

applications. During the milling the sample is heated due to the current flow by the ion beam. 

The maximum power reached by commercial systems is in the range of 1 mW. Depending on 

the thermal conductivity of the material negligible or significant temperature changes appear. 

The temperature increase can be calculated accordingly eq. 52. 

 

( )κπ ⋅⋅
=∆

r
PT           (eq. 52) 

 

with T∆  the temperature change, P the power of the ion beam, r the radius of the ion beam 

and κ the thermal conductivity of the sample. 

In commercial FIB P/a values of 1 W/m up to 1000 W/m can be archived, causing a T∆  for 

iron (κ = 80 W/mK) to be about 4°C while for polymers (κ = 0.2 W/mK) T∆  can reach up to 

1600°C. 
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4 Experimental 

4.1 Materials, Electrolytes and Parameters 

4.1.1 Substrate and sample preparation 

4.1.1.1 Preparation of corrosion protection primer samples 

The material used for coating applications consists of ductile electro-galvanised steel 

recommended for high forming degrees (DC 06 ZE 75/75, thickness 0.8mm), coated with a 

7.5 µm zinc layer on both sides. Before coating with organic layers, the steel sheets (500 x 

200 mm) were cleaned using an alkali brush cleaning line (Wesero, Germany) and rinsed with 

deionised water.   

Afterwards all steel samples were first treated with a chromate-free conversion layer 

(Granodine 1456, Henkel, Germany). Additionally, the metal substrates were coated with a 

3.5 µm thick primer containing microscopic zinc particles and corrosion inhibition pigments 

(Granocoat ZE, Henkel, Germany) and applied using a lab roller coater (Mathis, Switzerland). 

The coating was cured in a continuous furnace at the peak metal temperature of 260 °C.  

In-situ uniaxial forming was applied to specially shaped, miniature stretching samples. The 

samples were cut from the coated steel sheets using a pulsed 300 W YAG laser (Lasag Vega, 

Switzerland). 

For the open circuit measurements during the phosphating step, ex-situ stretched samples (see 

below) were cut to 50 x 30 mm and sealed in the non-coated areas with a corrosion protection 

lacquer. The laquer was dried at room temperature for 24 h. 

 

4.1.1.2 Preparation of polyelectrolyte coated samples 

Steel substrate used for the preparation of polyelectrolyte (PET complex synthesised by O. 

Seewald, University of Paderborn) coated samples are similar to those used for the 

preparation of corrosion protection primer samples (DC 06 ZE 75/75, thickness 0.8 mm). The 

laser cut miniature stretching samples and the manually cut samples (20 x 40 mm) were first 

cleaned by a three step solvent cleaning and afterwards by an alkaline cleaning bath. 

The solvent cleaning consists of ultra sonic cleaning in “pro analysis” tetrahydrofuran, 

isopropanol and ethanol (Merck, Germany). The alkaline cleaning was undertaken in a mild 
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alkaline bath at 55 °C (Ridoline 1553, Henkel, Germany), afterwards the samples were rinsed 

with ultra-purified water (Elga Purelab, Germany) and dried in a nitrogen stream.  

The coating procedure took place with a home-built dip coater at a dipping speed of 2 mm / s. 

The PET complex was diluted 1:3 by weight with butylglycol. The curing of the coating was 

carried out at room temperature (24h and 30d), 130 °C and 230 °C (both 2h) under standard 

and nitrogen atmosphere. 

 

4.1.2 Forming of samples 

4.1.2.1 Forming for Ex-Situ Analysis 

Biaxially formed, so-called Marciniak samples were prepared from 225 x 225 mm coated 

steel sheets using a hollow round shaped stamp with a diameter of 100 mm on an Erichsen 

deep drawing machine (Erichsen, Germany). The blank holder was adjusted to maximum 

force and forming degrees of φv = 0.10, 0.15 and 0.25 were prepared. 

Plane strain formed samples were prepared from round shaped steel sheets (diameter 200 

mm) with special laser cut-outs at the edges (Fig. 22). The same setup as for Marciniak 

samples was used and forming degrees of φv = 0.10, 0.15 and 0.25 were prepared. 

Uniaxial forming with elongations between 5 and 20 % was performed by means of a Z 100 

(Zwick, Germany) tensile testing device using 500 x 80 mm organically coated steel strips. 

The positions of the odometer were marked on the strips and the samples were cut from 

between the marks to guarantee reproducible forming.  

These samples were used for FE-SEM investigations, focused ion beam cross section 

measurements and open circuit potential measurements during phosphating. 

 

4.1.2.2 GOM® Grid Evaluation 

Forming degree evaluation of the stretched samples was performed using an optical grid 

evaluation system (GOM®, Gesellschaft für Optische Messtechnik, Germany). An 

electrochemically etched grid with equidistant spots (1 mm distance) was applied to the 

sample surface and optically analysed with a digital camera after forming. Following the grid 

detection, all three forming degrees can be calculated using the PC-based software when 

comparing the original with the formed grid.  
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4.1.2.3 Finite Element Simulation  

The different elongations of the miniature stretching sample were also analysed with regard to 

homogeneity and forming degree by means of finite element simulation (INDEED®, 

Gesellschaft für numerische Simulation, Germany). For easier analysis, the three forming 

degrees (ϕ1, ϕ2, ϕ3) were combined to the equivalent strain. 

 

4.1.3 Preparation of biaxial formed samples for corrosion testing 

For the phosphating, ED-paint application and finally corrosion testing of biaxially formed 

samples a special mounting was constructed (Fig. 21). First the samples were formed like a 

standard Marciniak sample with a defined forming degree (φv = 0.25). Afterwards the round 

shaped, flat middle part was cut out with a diameter of 75 mm by a 300 W Nd:YAG laser 

(Lasag Vega, Switzerland).  

 

 
Fig. 21. Sample mounting for corrosion testing of formed corrosion protection primers 

 

The circular blank was perforated at one edge and mounted to a carrier sheet (100 x 200 mm). 

These carrier sheets fit into the mountings of the phosphating and ED-paint station. After the 

phosphating and ED-paint application the samples were placed in racks inside the corrosion 

chamber. 

 

4.1.4 Preparation of plane strain formed samples for scanning in-situ 

Raman / EIS investigation 

For the scanning in-situ Raman / EIS investigation plane strain formed samples were 

prepared. Before the forming operation round shaped specimen with defined cut-outs were 

prepared from the coated samples by laser cutting (Fig. 22).  
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Fig. 22. Preparation of plane strain formed samples for in-situ Raman / EIS analysis 

 

Afterwards the samples were mounted in an Erichsen device and formed similar to the 

Marciniak samples. Again the round shaped middle part of the sample was cut out with a laser 

and used for further investigations. The circular blanks were cut into three pieces with the 

middle part orthogonal to the homogeneously formed area of the sample (see forming of plane 

strain samples for details). 

 

4.1.5 Phosphating and ED-paint application of formed corrosion 

protection primer coated samples 

The phosphating of the stretched SEM samples was performed in a car phosphating simulator 

based on the real automotive process with cleaning, activation and phosphating steps at 55°C 

(Chemetall, Germany). If applied the ED-paint application followed the phosphating step. The 

paint was applied in a laboratory scale by cathodic deposition (Cathoguard 310, BASF, 

Germany). 

The in-situ open circuit potential measurement during phosphating was conducted after 

activation in a standard phosphating bath at 55 °C (Henkel Surface Technologies, Germany).  

 

4.1.6 FE-REM investigations and FIB preparation 

FE-SEM pictures of surfaces and cross sections were taken for different forming degrees 

using a LEO-Zeiss 1530 Gemini (Germany). The acceleration voltage was set at 0.5 kV and 

the in-lens detector was used to achieve a high surface resolution and to monitor the 

formation of cracks in the organic coating. Focused ion beam (FIB) cross sectioning was 

prepared on a LEO-Zeiss 1540 XB. The cut was milled by a gallium ion beam with a current 

of 30 nA. Finally surface images of ex-situ stretched, phosphatised samples and of 



Experimental 

 54 

polyelectrolyte samples were taken by a LEO-Zeiss 1550 VP with a secondary electron 

detector using different acceleration voltages.    

 

4.1.7 Raman and IR spectroscopy 

Raman spectroscopy was carried out using a Raman microscope system (Dilor, LabRAM, 

ISA Instruments, France). It consists of a red HeNe laser (632.8 nm) with 20 mW power and a 

green Ar+ laser (514.5 nm) with adjustable output power. Four objectives with 10x and 100x 

magnification were selectable.  During the measurements the laser power was set at 2 mW for 

the adsorption measurements of MBT (Ar+ laser) and 20 mW (HeNe laser) for the corrosion 

product identification of CPP.  The pinhole was set to 1000 µm and the size of the slit to 100 

µm. The integration time was set to 10 seconds and 10 spectra were taken to optimize the 

signal to noise ratio. 

 

For the IR spectroscopy a Fourier transformation infrared spectrometer (Biorad, USA) was 

used with a microscope ATR unit. A liquid nitrogen cooled MCT detector was used and the 

spectra were acquired with 512 scans at a resolution of 4 cm-1. 

 

4.1.8 Glow Discharge Optical Emission Spectroscopy (GDOES) 

The Glow Discharge Optical Emission Spectroscopy (GDOES) was performed with a LECO 

GD-OES 750 (LECO, USA) system. The system was driven with a current of 20 mA at 700 V 

DC voltage and a sampling rate of 20 Hz. 

 

4.1.9 Laser Optical Emission Spectroscopy (Laser-OES) 

Laser Optical Emission Spectroscopy (Laser-OES) was conducted with a home-built scanning 

spectrometer which allows scanning the sample surface. The sample size was chosen to be 5 x  

5 mm and scanned with 500 x 500 spots. For the pretreatment distribution only titanium was 

taken as tracer element. 
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4.1.10 Electrochemistry and electrolytes 

During the in-situ impedance analysis the whole setup was placed in a Faraday cage and 

connected to a highly sensitive potentiostat (Gamry Femtostat FAS2, USA) with an 

implemented frequency analyser.  

The in-situ Raman / EIS measurements were also done with a Gamry Femtostat. 

All measurements were performed at room temperature between 100 kHz – 0.1 Hz (or 1 Hz) 

using 0.05 M NaCl or borate buffer as electrolyte. 10 points per decade were recorded at open 

circuit potential. 

Pro analysis grade chemicals (Merck, Germany) and ultra-purified water (Elga Purelab, 

Germany) were used for the preparation of the borate buffer electrolyte (pH 8.3) and the 0.05 

M NaCl solution. 

For the open circuit measurements during the phosphating step the ex-situ stretched samples 

were measured versus a 3 molar Ag/AgCl reference electrode (Metrohm, Switzerland). 

 

4.1.11 Corrosion Testing 

Two accelerated corrosion tests were used to investigate the protective properties and the 

corrosive behaviour of the formed corrosion protection primers. The first test in the common 

salt spray test according to DIN 50021-SS due to the continuous load with corrosive medium 

galvanised samples undergoes a fast attack (metal removal of ≈ 1µm Zn / 10h). The following 

conditions are given during the testing: 

 

• Salt concentration: 50 ± 5 g/l NaCl 

• Amount of salt solution: 1.5 ± 0.5 ml/h 

• pH-value of the salt solution: 6.6 – 7.2 

• Temperature: 35 ± 2 °C 

• Sample orientation: 60 – 70 °  

 

The salt spray test shows a strong corrosive attack which is uncommon for the corrosive load 

appearing during the use of an automobile. Cyclic corrosion tests show a much better 

correlation between the field results and the laboratory testing. The standard test for cyclic 

corrosion testing is the VDA 621-415. It is a combination of salt spray testing, wet and dry 

periods. The testing details are given below and in Tab. 3: 
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• 24 h salt spray testing according to DIN 50021-SS 

• 8 h at 40 ± 3 °C with 100 % relative humidity, 16 h at 18 – 28 °C  with 55 – 65 % 

relative humidity according to DIN 50017 

• 24 h at 18 – 28 °C with 55 – 65 % relative humidity according to DIN 50014 

 
Tab. 3. One cycle (one week) of the accelerated corrosion testing according to VDA 621-415 

Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

Salt spray 

testing 

DIN 50021 

Climate change testing DIN 50017 
Constant climate testing 

DIN 50014 
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4.2 In-situ Electrochemical Impedance Spectroscopy (EIS) and Forming 

Setup  

The major disadvantage of the ex-situ EIS of formed materials is the time-consuming sample 

preparation and experiment procedure. Each sample has to be prepared and measured 

individually for each forming degree.  

A much faster approach is measuring the impedance at the same time as the forming of the 

sample. Capillary cells provide a useful electrochemical technique for reducing the sample 

preparation time and achieve a high local resolution [150-152]. Pilaski et al. show that they 

are also suitable for EIS experiments on metal substrates [153].  

During the process, a glass capillary is pressed to the sample surface. The inner area forms the 

working electrode. The sample needs no special preparation or handling and due to this fact, 

the capillary diameter can range from millimetres to micrometres. The sample size can be 

much smaller and the required quantity of material is reduced. One limiting factor for the 

reduction of the capillary tip is the input impedance and resolution of the potentiostat (Gamry 

Femtostat FAS2, USA), which works in the femto ampere range and therefore restricts the 

total maximum detectable impedance of the system to about 1012 Ω (with 10 mV amplitude) 

[154]. The capacity of the wires used becomes more and more important as the working 

electrode area is reduced, since it reaches the same range as the monitored signal and the two 

values can no longer be distinguished. The capacity of 50 cm long connection wires can be 

calculated to be nearly 50 pF. This means that the lowest detectable capacity must be larger 

than 50 pF in order to remain separate.  

A few disadvantages arise as a result of combining capillary cells with standard stretching 

devices. The sample holder is mainly erected vertically, which leads to problems when 

positioning the capillary. Moreover, the advantage of the smaller sample size is invalidated 

since the sample holder is too large to handle these small samples. Custom-built miniature 

stretching devices avoid these problems and allow horizontal sample mounting. Furthermore, 

the setup size can be reduced to take advantage of the sample size reduction achieved by the 

use of a capillary cell. Such devices need specially shaped, smaller samples to avoid an 

overload and to enable homogeneous material flow over a wide forming range. A special 

point of interest is the formed area in the middle of the sample where the measurement data 

for the electrochemical experiment is obtained. Here it is crucial to have a uniform strain 

distribution in order to achieve high reproducibility for the experiments.  
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For the in-situ measurment of EIS during tensile testing, a new setup was designed, which 

combines the advantages of localised electrochemistry with those of miniature stretching 

samples. The setup consists of three main parts:  

− Custom-built, miniature tensile testing device with home-made, isolated sample holder 

− Home-made three-electrode electrochemical capillary cell  

− Home-made mounting for capillary cell and stretching device 

 

The miniature tensile testing device is a custom-built setup (Kammrath & Weiß, Germany) 

which allows the uniaxial forming of samples with a load of up to 5 kN. The sample holder is 

specially designed (home-made) in order to allow the electrical isolation of the sample from 

the device (Fig. 23).  

 

 
Fig. 23. Miniature stretching device with isolated sample holder and mounted sample; (right) detailed 

view of a capillary cell positioned on a sample during in-situ EIS analysis. 

 

The external controller displays the elongation and stretching force and can send the data to a 

personal computer for storage and further processing. A new stretching sample was designed 

which features both a small size and a homogeneous forming characteristic over a large 

elongation range (Fig. 24).  
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Fig. 24. Specially designed miniature stretching sample 

 

For highly reproducible spectra during EIS analysis, it is important to measure in an area with 

a homogeneous forming degree. This requires a special sample geometry and a high local 

resolution. The high local resolution was achieved by means of a capillary-based cell where 

the working electrode is formed by the inner area of the capillary. The cell setup used is 

related to one described by Lohrengel et al. [155]. It consists of a Plexiglas® carrier including 

a reference electrode, gold counter electrode and a glass capillary which forms the junction 

between the counter/reference and the working electrode (sample surface). The area of the 

working electrode is formed by the inner area of the capillary and was calculated to be 8 ⋅ 10-3 

cm2. To avoid leaking and evaporation of the electrolyte and to form a reproducible working 

electrode area, the capillary tip is equipped with a flexible silicon gasket. The gasket is 

pressed against the sample surface during the measurement process. A force sensor measures 

the level of contact and allows the force between the capillary and the sample to be 

controlled. Two different kinds of reference electrodes can be used depending on the 

electrolyte: mercury electrodes such as mercury/mercury sulphate electrodes or 

environmentally friendly silver/silver chloride or silver electrodes. 

The mounting consists of a stainless steel tripod and z-axis stage (Owis-Staufen, Germany) 

with 3 µm resolution and a maximum lift of 30 mm. The stretching device is placed on top of 

the stage. The electrochemical cell is fixed to the mounting and the stretching unit, and with 

the sample in place, is pressed against the capillary tip during the measurement process. Fig. 

23 shows the complete setup with tripod, capillary cell and stretching device. 
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4.3 In-situ Quartz Crystal Microbalance / Raman Setup 

The adsorption kinetics of monolayers is of great interest for the effectiveness of inhibitors 

and conversion layers and for the crystal growth in general. A perfect tool that has enough 

sensitivity for detecting mass changes in the ng/cm² range is the Quartz Crystal Microbalance 

(QCM). The QCM consists of quartz oscillating at its resonance frequency, additional load to 

the quartz leads to a frequency shift that is proportional to mass changes (eq. 31). The QCM 

can be used either in a gas or in a liquid environment where it can be combined with 

electrochemical tools for detecting the mass change under potential control.  

Raman Spectroscopy on the other hand gives information about the structure of molecules 

and can be used to identify them. In the case of monolayers the Raman signal is weak and 

cannot be detected by common systems. Fleischmann et. al. [142] show that certain metal 

nano particles can lead to an amplification of the signal. The so-called Surface Enhanced 

Raman Spectroscopy (SERS) allows the detection even of monolayers attached to the nano 

porous material. The combination of both tools allows the in-situ investigation of the 

adsorption process of molecules. 

For the combined in-situ measurement a new QCM flow cell was designed which allows the 

simultaneous Raman investigation of the quartz crystal surface. The used QCM (Maxtek 

RQCM, USA) is specially designed to work with high mass loads and in a liquid 

environment. The setup consists of an oscillation circuit, a Teflon quartz holder and a 

polished gold coated 5 MHz quartz. The holder of the quartz crystal was extended by the 

newly designed and home-built flow cell. 

The flow cell consists of a circular Teflon® body which is pressed against the quartz crystal 

by an o-ring. The setup forms a volume of about 100 µl between the quartz and the Teflon® 

body. For a constant electrolyte flow an in-let and out-let are adapted and connected by 

Teflon® tubes to a computer controlled pulsation free syringe pump (MDSP3f, Micro 

Mechatronic GmbH, Germany). The electrolyte can either flow from a beaker through the 

pump and the cell back to the beaker, or from a reservoir beaker through the setup into a 

waste compartment. The middle of the cell consists of an 11 x 11 mm quartz glass window to 

couple the laser beam from the Raman microscope (Dilor, LabRAM, ISA Instruments. SA, 

INC, France). The laser is focused on the surface of the quartz crystal and the emitted 

radiation of the molecules is scattered back to the spectrometer. To allow the detection of 

adsorbed monolayers the SERS effect is used. Therefore the gold electrode of the quartz was 
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covered by a nano porous SiO2 and a 100 nm thick silver or gold layer [156]. Fig. 25 shows a 

schematic sketch of the measurement setup. 

 
Fig. 25. Schematic sketch of the in-situ Raman / QCM flow through concept. The electrolyte cycles 

through the system and the inhibitor under investigation can be added after the system comes to a steady 

state 

 

The cell can be used in two configurations on the one hand just for in-situ Raman / QCM 

measurements and on the other hand for in-situ Raman / QCM measurements under potential 

control. For investigations under potential control the cell body can be further equipped with a 

counter and a reference electrode (Fig. 26). As reference electrode a micro silver / silver 

chloride electrode similar to the one described by Hassel et. al. [157] can be connected.  

 
Fig. 26. Photo of the newly developed in-situ Raman / QCM flow cell, showing the electrolyte inlet / outlet 

and the connections for the counter and reference electrode 

 

The counter electrode consists of a gold wire which is mounted around the Raman window in 

the middle of the cell. The working electrode will be in this case formed by the gold electrode 

of the quartz crystal.  

Beaker 
with stirrer 

PC controlled 
syringe pump 

Ar or He/Ne laser 
beam from Raman 

spectrometer 

Quartz crystal with SERS 
active layer 

Quartz glass 
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Electrolyte flow 
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4.4 Scanning in-situ Raman / Electrochemical Impedance spectroscopy 

Setup 

The investigation of localised corrosion phenomena appearing on organically and / or 

metallically covered substrates is of great interest for understanding the corrosion mechanism 

in small defects and on impurities. In this case investigation methods confined to small areas 

allow gaining detailed information about the processes. The demand of high local resolution 

is fullfilled by both Raman spectroscopy and electrochemical capillary cells. While Raman 

spectroscopy delivers detailed information about the corrosion products formed, 

electrochemistry and in particular impedance spectroscopy can give detailed information 

about the protective properties of organic and metallic coatings. 

The combination of both techniques delivers a detailed view of the processes that occur 

during corrosion. Therefore an electrochemical capillary cell was designed which can be 

mounted into a Raman microscope (Dilor, LabRAM, ISA Instruments, France) and allows the 

spectroscopic and electrochemical investigation in the same area of the sample surface. The 

basic cell used is related to the capillary cell described in chapter 4.2. It consists of a 

Plexiglas® carrier including a reference electrode, gold counter electrode and a glass capillary 

which forms the junction between the counter/reference and the working electrode (sample 

surface). The area of the working electrode is formed by the inner area of the capillary and 

was calculated to be 8 ⋅ 10-3 cm2. The sample is placed on a special stage equipped with a 

force sensor which measures the level of contact between the capillary and the sample. The 

reference electrode can either consist of a mercury electrode like e.g. a mercury/mercury 

sulphate electrode or silver/silver chloride electrode. The complete capillary cell is mounted 

as an exchange for one of the objectives in the Raman microscope and is connected to a 

potentiostat (Gamry Femtostat FAS2, USA) (Fig. 27).  
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Fig. 27. Photo of the in-situ Raman / impedance setup showing the capillary cell mounted to the Raman 

spectrometer and in touch with a formed sample 

 

During the analysis the same spot on a sample can be investigated by either Raman 

spectroscopy or electrochemistry just by turning the objective holder of the microscope.  

 



Results 

 64 

5 Results 

5.1 Characterisation of corrosion protection primers (CPP) 

Corrosion protection primers (CPP) are applied on all grades of electrogalvanised steel which 

are covered by 5 or 7.5 µm zinc. The zinc layer leads to a homogeneous, micro-structured 

surface without the typical grain boundaries known from hot dip galvanised steel. Fig. 28 

shows the undirected terrace structure of the zinc layer on high ductile steel (DC 06). The 

layered structure leads to a good paint adhesion and thereby in a macroscopic view to an 

excellent formability of the applied CPP. 

 

0411A01752     1000 : 1 20 µm 0411A01755     3000 : 1 5 µm

Fig. 28. FE-SEM image of an unstrained DC 06 ZE 75/75 (electro-galvanised steel) used for the coil 

coating application showing the parallel layers of the tilted zinc crystals 

 

Before CPP application the sample was coated with a chromium free pretreatment containing 

silane, Zirconium and Titanium which increases the paint adhesion and leads to a reduction of 

the under paint corrosion by a passivating layer. The pretreatment (8 mg/m2 Titanium) forms 

a thin layer of some nano meter on top of the zinc structure which is visible by the roughening 

of the terraces (Fig. 29). Furthermore, the zinc layer edges are rounded by etching attack of 

the pretreatment.     
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Fig. 29. FE-SEM image of an unstrained DC 06 ZE 75/75 (electro-galvanised steel) used for the coil 

coating application covered with a chromium free pretreatment of few nm thickness. The detailed view 

(right) shows only a very thin roughening by the layer 

 

For an optimal adhesion of the corrosion protection primer to the steel substrate the uniform 

application of the pretreatment with an average amount of 6 – 10 mg/m² Titanium as trace 

element is necessary. The distribution profile acquired by Laser-OES of a 5 x 5 mm sample 

shows a homogeneous surface coverage of the pretreatment applied by the roll coater. The 

average Titanium amount taken as indicator for the pretreatment is about 8 mg/m².   

 

  
Fig. 30. Laser-OES measurement of the lab coil coated pretreatment distribution on a 5 x 5 mm electro 

galvanised steel sample using titanium as tracer element. The measurement shows a homogeneous 

coverage of the complete sample 

 

The top view SEM picture of an unstrained CCP sample with a layer thickness of 3.5 µm is 

shown in Fig. 31. The coating shows a rough surface caused by the mostly spherical zinc 

particles with a size of 2 – 7 µm. These particles are homogenously distributed in the organic 

0606A04033     10000 : 1     5 µm 0606A04041     50000 : 1     500 nm
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matrix. Furthermore, angularly shaped silicate pigments are visible which are also distributed 

within the organic binder system.  

The detailed view indicates that the particles are mainly embedded within the resin matrix, 

only a small hemispheric part sticks out of the coating and is covered by a porous oxide film. 

 

0508A00864     3000 : 1 10 µm 0508A00871     10000 : 1 2 µm

Fig. 31. FE-SEM image overview (left) and detail view (right) of an unstrained zinc pigmented coil coating 

primer, showing round shaped zinc particles mainly embedded in the organic binder matrix 

 

The cross section shows the steel substrate covered with the electro galvanised zinc layer (7 

µm thickness) and the CPP layer on top (Fig. 32). The boundary between the organic binder 

of the CPP and the resin for the cross section preparation is clearly visible. 

The cross section of the CPP displays the roundly shaped zinc particles and the angularly 

shaped corrosion inhibition pigments already known from the top view. Most of the zinc 

particles are completely covered and float within the organic matrix. Only very few have 

contact with the underlying zinc coating, but none of them leads to a direct conducting path 

from the base material to the coating surface. 
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0508A01511     5000 : 1 5 µm  
Fig. 32. FE-SEM cross section of an unstrained zinc pigmented coil coating primer, showing roundly 

shaped zinc particles and angularly shaped corrosion inhibition particles 

 

The cross section prepared by the Focused Ion Beam (FIB) has the advantage of sample 

preparation without the smearing effect of the resin known from the preparation of a 

metallographic cross section. Here, the occurrence of defects within the coating can be 

studied. Unfortunately the gallium ion beam can locally lead to a high thermal influence 

within the coating which might result in a local shrinking of the polymer film. External force 

during the handling of the coated steel (coiling, cutting etc.) can cause a stretching of the 

polymer film and thus an energetically non-optimised molecule orientation. At higher 

temperatures the molecule chains can reorient due to the higher mobility and might form a 

closer, energy optimised package. The calculated local heating of the sample according to eq. 

52 (chapter 3.5) can increase by up to 1600 K for a pure polymer coating. Due to the good 

thermal conductivity of the steel substrate (maximum heating of steel ∆T = 4 K, see chapter 

3.5) the heating of the applied polymer film should be lower than 1600 K but cannot be 

clearly calculated. 

The FIB cross section shows the steel matrix covered by the electro galvanised zinc layer and 

the CPP on top (Fig. 33). The roundly shaped zinc particles are distributed within the organic 

binder. Small defects are visible in the higher magnification at the pigment / binder interface 

which can be caused by the heating of the ion beam. At the substrate / binder interface no 

defects are visible which proves the good paint adhesion. 
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Fig. 33. Focused ion beam cross section of an unstrained zinc pigmented coil coating primer, indicating a 

good adhesion of the coating to the substrate and just local detachment from the zinc particles 

 

The GDEOS depth profile of a CPP covered steel substrate is shown in Fig. 34. Up to three 

µm the profile is dominated by the ingredients of the CPP and the pretreatment. Due to the 

inhomogeneous sputtering of materials with different atomic numbers the maximum of C, O 

and P is at about 200 nm while Si and Ca have their maximum at 1.2 µm. Ti and Mn are 

found in the pre-treatment and show their highest value at 2.2 µm.  

 

 
Fig. 34. GDOES element and depth profile analysis of a corrosion protection primer 

 

As the two pretreatment atoms Ti and Mn have the maximum at nearly the same sputtering 

depth the pre-treatment can be well distinguished from the CPP. The galvanised zinc layer 

dominates from 3 to 10 µm with an increasing amount of iron for longer sputter times. The 

non-uniform sputtering leads furthermore to a fluent crossover between the different layers 

(CPP, galvanised zinc and steel) and the sputter depth can only be used as a rough orientation. 
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5.2 Uniaxial, biaxial and plane strain forming of corrosion protection 

primers 

5.2.1 Strain evaluation of formed samples 

Uniaxially, biaxially and plane strain stretched samples were used to study the behaviour of 

CPPs during forming. The homogeneous forming in the whole sample area is crucial for a 

reproducible sample preparation. Therefore a set of model samples was formed and 

afterwards analysed with respect to their forming state. 

The GOM® evaluations of uniaxial stretched samples (5, 10, 15 and 20 % elongation) show at 

all elongations a homogeneous strain distribution over the complete sample area (Fig. 35). 

Even at high forming degrees the sample is still in the range of uniform strain and has no 

tendency for constriction. The forming degrees range from φv = 0.05 for 5 % elongation to φv 

= 0.18 for 20 % elongation.  
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Fig. 35. GOM® analysis of uniaxial stretched steel samples with 5 % (upper left), 10 % (upper right), 15 

% (lower left) and 20 % elongation (lower right hand side) showing a homogeneous strain distribution 

over the complete sample 

 

The forming degrees of the biaxially stretched Marciniak samples were investigated by finite 

element simulation and by in-situ GOM® analysis during forming in the Erichsen device. The 

same stamp way was used in both the experiment and the simulation. Three forming degrees 

φv = 0.10, 0.15 and 0.25 were chosen for evaluation from the experiment. All samples show 

in the middle part a flat area with a homogeneous strain distribution. At the outer rounding the 

forming degrees are significantly higher. The simulated samples show a slightly lower 

forming degree especially at the highest forming degree (∆φv ≈ 0.2). This difference might 

come from an inaccuracy of the position encoder in the experimental system but all formed 

φv φv 

φv φv 
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samples showed a reproducible forming. Due to the constant strain in the inner part of the 

sample this area was cut out and used for further investigations.  

 

 

 

Fig. 36. Optical evaluation (left) and FEM-simulation (right) of a Marciniak samples; top φv = 0.10, middle 

φv = 0.15 and bottom φv = 0.25 indicating a homogeneous strain distribution in the middle area of the 

sample 
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φv 

φv 

φv φv 
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In-situ analysis of plane strain samples shows significant differences in contrast to the 

biaxially formed samples (Fig. 37). The area of homogeneous forming is limited to a stripe in 

the middle of the round shaped, flat area of the specimen. The samples were formed with an 

equivalent forming degree (φv) of 0.10, 0.15 and 0.25 in the middle part of the sample. 
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Fig. 37. Optical evaluation of plane strain formed samples (φv = 0.10 top, φv = 0.15 middle, φv = 0.25 

bottom), left hand side the equivalent forming degree φv right hand side the forming degrees φ1 and φ2. 

The analysis shows only a small area in the middle with a homogeneous strain distribution 
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Close to the edges where the cut-outs are located (top and bottom of the sample), the major 

forming degree 1ϕ decreases, while the minor forming degree 2ϕ  rises from zero indicating 

non-plane strain forming. Also on the left and right sides of the sample the forming becomes 

inhomogeneous, which becomes visible by the increase of the major forming degree. With 

higher deformations the transition from the homogeneously to the inhomogeneously formed 

area becomes more defined and the area of plane strain forming decreases. 

 

5.2.2 Forming behaviour of the electro galvanised steel substrate 

The forming behaviour of the electro galvanised steel substrate is of great importance for the 

corrosion resistance of the complete sample system including the CPP. Defects within the 

zinc layer lead to conduction pathways and a much faster occurrence of red rust during 

corrosion tests. Furthermore, defects in the metal coating can result in defects within the 

organic coating due to an inhomogeneous strain distribution. Therefore, the most demanding 

forming operation (biaxial forming) was used to investigate the forming performance of the 

steel substrate.  

The SEM images (Fig. 38) of biaxially formed samples (φv = 0.10, 0.15 and 0.25) show no 

damages within the zinc layer.  
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0601A04127     3000 : 1     5 µm 0601A04136     3000 : 1     5 µm

0601A03604     3000 : 1     5 µm 0601A03610     10000 : 1     2 µm

Fig. 38. FE-SEM images of the biaxially formed sample; top left φv = 0.10, top right φv = 0.15 and bottom 

φv = 0.25 (overview and detail). The images show no damages of the zinc layer due to the forming even for 

high forming degrees 

 

With increasing strain the surface looks smoother due to the sliding along the terraces of the 

electrogalvanised zinc structure. 

 

5.2.3 Uniaxial forming of dry corrosion protection primers 

The surface morphology of a dry, ex-situ uniaxially stretched corrosion protection primer was 

studied by FE-SEM (Fig. 39). The samples were elongated to 5, 10, 15 and 20 % (ϕv,max = 

0.18). Even at very low extensions small defects occur within the organic matrix. These 

defects mainly arise perpendicular to the elongation direction at the interface between the 

binder and the zinc particles. With increasing strain the defect size rises from a few hundred 

nm at 5 % elongation to about some µm at 20 % elongation. Furthermore, the number of 
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defects rises with increasing strain and provides conduction pathways for the electrolyte 

through the coating.  

 

0508A02426     3000 : 1 10 µm 0508A02446     3000 : 1 10 µm

0508A02455     3000 : 1 10 µm 0508A02474     3000 : 1 10 µm

Fig. 39. FE-SEM images of uniaxially formed coil coated electrogalvanised steel samples; top left 5% (φv = 

0.05), top right 10% (φv = 0.08), bottom left 15% (φv = 0.15) and bottom right 20% elongation (φv = 0.18). 

Crack formation occurs already at the lowest forming degree. The defect size increases with increasing 

forming 

 

The FIB cross section of 20 % elongated sample shows the steel substrate covered with the 

electrogalvanised zinc layer and the corrosion protection primer on top (Fig. 40). The 

elongated sample not only shows defects at the surface between the particles and the binder 

but also within the coating. Most of the zinc particles are mainly detached from the binder and 

float in the organic matrix. Some of these defects might arise by the shrinking of the binder 

system caused by the thermal input from the gallium ion beam (compare FIB cross section of 

an unformed sample) but most of them are generated by the sample forming. Apart from the 

defects visible inside the coating, the binder locally detaches from the zinc surface and forms 

caverns underneath the coating.    
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Fig. 40. Focused ion beam cross section of a uniaxially (20% elongation, φv = 0.18) formed primer on 

electrogalvanised steel, indicating the formation of defects along the particle / binder interface and the 

binder / substrate interface 

 

In case of good adhesion forces at the particle / binder and the binder / substrate interface 

some strain might be still unloaded and keep the coating under tension. This could lead to a 

fast formation of further defects if some external force will be applied as the interface is 

already weak. 

    

5.2.4 Uniaxial forming of wetted corrosion protection primers 

For further in-situ electrochemical investigations during stretch forming it is of great 

importance that the forming behaviour of a wetted corrosion protection primer is similar to a 

dry one. Therefore a sample was stored in wet conditions (wrapped in wet tissues and sealed 

with a plastic foil) for 48 h and was elongated under these wet conditions to 20 %. Afterwards 

the sample was dried and FE-SEM images were taken (Fig. 41). 

 

    

3 µm 1 µm 
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0509A04855     3000 : 1 10 µ m  
Fig. 41. Uniaxially stretched (20 % elongation, φv = 0.18) corrosion protection primer  

stored for 48 hours under wet conditions. The primer shows the same defect formation as a dry one (see 

Fig. 39) 

 

The sample shows the same defect formation at the particle / binder interface in the range of 

some µm which is also visible for a dryly formed CPP. The highly cross linked binder seems 

to show only a very low water uptake and swelling of the organic film which would cause a 

softening of the coating and lead to less or no defect formation. Instead the coating shows 

similar forming properties even under wet conditions. This allows the estimation that the 

much shorter electrolyte contact (some minutes) during in-situ EIS / stretch forming will have 

no influence on the forming behaviour of the coated sample. 

 

5.2.5 Biaxial forming of corrosion protection primers 

The biaxial forming (Marciniak sample) of corrosion protection primers to ϕv = 0.10, 0.15 

and 0.25 leads to similar defects at the pigment binder interface as already known from the 

uniaxial forming (Fig. 42).  
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0601A04472     3000 : 1 10 µm 0601A04499     3000 : 1 10 µm

0601A04510     3000 : 1 10 µm  
Fig. 42. FE-SEM images of a biaxially formed primer; top left ϕv = 0.10, top right ϕv = 0.15 and bottom 

 ϕv = 0.25. The formed defects show no preferred orientation and grow with increasing strain 

 

The size of the defects increases with the level of strain applied to the sample and reaches up 

to 15 µm at an equivalent strain ϕv of 0.25. In contrast to the uniaxial forming the defects 

don’t show a preferred orientation anymore as the biaxial strain forces the coating to elongate 

in equal amounts into the x and y direction. The coating failures lead to partly uncoated zinc 

particles and to the formation of electrolyte pathways directly to the zinc coated substrate 

underneath (compare cross section of phosphated sample 5.2.7). 

 

5.2.6 Plane strain forming of corrosion protection primers 

Plane strain is the forming step that is placed between the biaxial and uniaxial forming in the 

forming limiting curve. This means that there is a major forming direction ϕ1 in which the 

material flows. Unlike the uniaxial forming the minor forming degree ϕ2 is in this case zero. 



Results 

 80 

The only elongation along the major forming degree leads to the formation of cracks 

perpendicular to the forming direction which reduces the strain within the coating.  

The FE-SEM images show for an equivalent strain of ϕv = 0.10 initial defects at the particle 

binder interface in a range of up to one µm (Fig. 43).  

 

 
Fig. 43. FE-SEM images of plane strain formed primer, top left ϕv = 0.10, top right ϕv = 0.15 and bottom 

ϕv = 0.25. The images show the formation of defects along the particle / binder interface which combine at 

high forming degrees to large defects of some 10 µm 

 

With increasing elongation (ϕv = 0.15) the number and size of the cracks rises until the 

separated defects are combined and form large valleys with a size of some 10 µm (ϕv
 = 0.25).       

 

5.2.7 Cleaning and phosphating of biaxially formed primers 

The automotive tri-cation phosphating is used to increase the paint adhesion on galvanised 

steel and to passivate the surface. It leads to the homogeneous formation of phosphate crystals 

on top of the metal surface. The formation of crystals is coupled to an etching process of the 
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free zinc and the resulting pH-shift of the solution in front of the surface. This leads to a 

precipitation layer on the metal. 

On corrosion protection primers the deposition of phosphate crystals can only happen in areas 

where the zinc particles of the coating or the zinc layer of the steel substrate are in contact 

with the phosphating solution to provide the necessary reaction sites. Another important point 

for the reactivity of the activator (titanium phosphate) and thereby the nucleation of crystals is 

the surface morphology and the oxide thickness of the zinc. The cleaning procedure 

(commonly an alkaline cleaning) before the phosphating influences the zinc oxide layer and 

maybe the morphology of the particles. Therefore, the influence of benzene, mild alkaline and 

strong alkaline cleaning to the surface structure and the phosphate crystal appearance on 

formed CPPs was investigated. 

The FE-SEM images of the biaxially formed and differently cleaned samples (Fig. 44) show 

no visible change of the surface structure. The forming induced defects still have a similar 

size and direction compared to the non-cleaned (see above). The free zinc area of the particles 

shows a smooth surface and no influence due to the cleaning procedure. Changes in the zinc 

oxide thickness cannot be assessed by the FE-SEM investigation.    
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0602A01221     3000 : 1 10 µm 0602A01238     3000 : 1 10 µm

0602A01256     3000 : 1 10 µm  
Fig. 44. SEM images of benzene (top left), mild alkaline (top right) and strong alkaline (bottom) cleaned 

coil coated samples. The cleaning procedure shows no visible influence on the formed primer 

 

The images of the formed and phosphated samples show influences due to the different 

cleaning procedures (Fig. 45). The benzene cleaning leads to the formation of large phosphate 

crystals on top of the zinc particles and inside the forming-induced defects. The crystal 

formation only occurs on free zinc surfaces and defects are partly sealed by the crystals. The 

mild alkaline cleaning leads to the formation of smaller crystals inside the defects, while the 

crystals on top of the particles still have the same size compared to benzene cleaning. For the 

strong alkaline cleaning the crystals inside the defect areas are comparable to the mild 

alkaline cleaning but in contrast to that the crystals on top of the particles also become much 

smaller.  

First the alkaline treatment seems to influence the free zinc area in the formation induced 

defects and with increasing pH also attacks the partly organically covered top of the zinc 
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particles. The reduction of the oxide layer by the alkaline treatment seems to increase the 

number of nucleation sites resulting in the formation of smaller crystals.  

 

0602A01232     3000 : 1 10 µm 0602A01243     3000 : 1 10 µm

0602A01270     3000 : 1 10 µm  
Fig. 45. SEM images of phosphate crystal nucleation on benzene (top left), mild alkaline (top right) and 

strong alkaline (bottom) cleaned coil coated samples. Slight differences in the crystal formation for the 

benzene and alkaline cleaned sample re visible 

 

In the FE-SEM cross section the formation of phosphate crystals on free zinc surfaces is 

visible. The forming induced defects that occur along the pigment / binder interface lead to 

additional uncovered zinc areas and thereby to the formation of phosphate crystals not only on 

top but also on the side of the pigments (Fig. 46).  
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0602A03019     3000 : 1 10 µm  
Fig. 46. FE-SEM cross section of a formed and phosphatised corrosion protection primer indicates that 

the defect formation goes down to the zinc layer and leads to the precipitation of phosphate crystals 

 

Some large defects form conductive pathways through the coating to the zinc layer on top of 

the steel and enable the crystal growth at the bottom of the defect. The crystal formation leads 

to a partial sealing of the forming induced defects. 

 

5.2.8 Open Circuit Potential during Phosphating 

Unformed and ex-situ stretched samples were phosphated in accordance with a standard 

automotive process and the open circuit potential (OCP) was measured simultaneously. Fig. 

47 displays the development of the OCP during the phosphating step. The coated samples 

initially show a drop of the OCP to a minimum value between -964 mV and -970 mV (vs. 

Ag/AgCl) followed by a sharp increase with a maximum value between -905 mV and -892 

mV. Finally, the potentials undergo a slight negative shift until they reach a plateau at -920 

mV after about 250 s. For more highly strained samples, the slope after the first minimum 

value rises and the peak OCP is reached in shorter time. In comparison with the coated 

samples, the uncoated electrogalvanised steel sheet shows a more negative starting potential 

of -990 mV, followed by a sharp rise with a maximum of -450 mV. The maximum value and 

the plateau potential of -575 mV are achieved in even shorter times. 

The increase of the OCP during phosphating is an indicator of the increasing surface coverage 

of the metal surface with blocking phosphate crystals similar to the CV experiments 

conducted by Losch et. al. [158]. 

When comparing the slope and the peak potential of the uncoated and coated samples, it is 

important to remember that the phosphating rate depends on the free zinc area. During the 
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phosphating the zinc surface is etched which leads to a dissolution of zinc ions and a pH-shift 

in front of the surface. Due to the increase of the zinc concentration and the change in the pH-

value the solubility product of the phosphate crystals is quickly achieved and the precipitation 

starts. 

The change in the slope and the peak potential shift for the formed coated samples indicate 

that the phosphating speed increases at higher elongations due to the quicker achievement of 

the maximum solubility of the zinc phosphate. As the increase is related to the uncoated zinc 

surface formed by the uncovered zinc particles in the coating and the free sample surface, an 

acceleration of precipitation can be correlated with an increase of the free zinc surface by the 

formation of defects. The differences in the plateau potential arise from an unclosed 

phosphate crystal layer on top of the coated samples. No dense packing of phosphate crystals 

occurs within the defect because in most cases only one crystal fits into a defect and it does 

not completely cover the defect area. The remaining zinc surface is still reactive, which leads 

to the more negative potential in comparison with the phosphated zinc coated steel substrate. 

The acceleration of the phosphating process with increasing strain and therefore increasing 

defect size is a synergistic effect. The increased amount of reactive zinc surface and the 

improved adsorption of the activated Ti-phosphates due to the zinc oxide removal by the 

alkaline cleaning lead to a faster nucleation of crystals.  
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Fig. 47. Open circuit potential of Zn particle containing organically coated and uncoated electrogalvanised 

steel at different forming degrees during tri-cation phosphating. With increasing strain the phosphating 

kinetic is accelerated and the final potential is shifted to more positive values 
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The uniaxially formed and phosphated sample shows phosphate crystal growth only on free 

zinc surfaces (Fig. 48).  

 

Fig. 48. Overview (right) and detailed top view (left) of a 20 % elongated, organically coated electro-

galvanised steel sample after phosphating. The phosphate crystals grow on the free zinc area of the 

particles (on top and inside the defects) 

 

These surfaces are formed on top of large zinc particles that protrude from the coating and by 

the formation of cracks at the pigment / binder interface. The SEM pictures clearly support 

the OCP transient evaluation by illustrating that the remaining defect-free areas range around 

the formed 3 to 5 µm phosphate crystals. 

 

5.2.9 ED-paint application on corrosion protection primers 

The application of corrosion protection primers may allow the reduction of ED-paint 

thickness while achieving the same corrosion resistance. For the application on outer body 

parts it is essential that the appearance of the ED-paint is smooth and without defects. 

Biaxially formed CPPs (φv = 0.25) with reduced ED-paint thickness (11 and 6 µm) were 

investigated concerning their surface morphology and the defect formation (Fig. 49). The top 

view shows for both thicknesses a rippled surface. The sample with a thicker ED-paint layer 

shows a much smoother surface but the structure of the CPP is still visible while the thinner 

coated sample clearly badges the roughness of the zinc particles. 

The uncovered zinc surfaces lead to a local increase of the current density during ED-paint 

application which increases the deposition rate in these areas. The phosphate crystals on the 

other hand act as an isolator and hinder the paint deposition. Both effects induce an 

inhomogeneous thickness distribution of the ED-paint (see cross section Fig. 49).  
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0607A06222     3000 : 1     10 µm 0607A06256     3000 : 1     10 µm  
Fig. 49. FE-SEM top views and cross sections of a 12 µm (left) and a 6 µm (right) thick ED-painted primer 

showing a flattening of the rough surface structure and an inhomogeneous paint thickness 

 

The cross sections show that the inhomogeneous ED-paint thicknesses flatten the surface of 

the CPP and heal the forming induced defects. But both ED-paint thicknesses still show a 

very structured surface which might affect the appearance of the following processes. 

0607A06050     500 : 1     50 µm
0607A06045     500 : 1     50 µm
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5.3 Corrosion of corrosion protection primers 

5.3.1 Corrosion of formed and unformed primers during standard 

corrosion testing 

The influence of cleaning and forming the corrosion resistance of CPPs was investigated by 

standard corrosion testing according to the VDA 621-415. The biaxially formed samples were 

benzene, mild alkaline or strong alkaline cleaned and compared with an unformed mild 

alkaline cleaned sample. Photos of the sample after different cycles in the corrosion chamber 

are shown in Fig. 50. The quantitative analysis of the red rust formation is given in Fig. 51. 

The optical investigation shows no differences between the differently cleaned, formed 

samples concerning the white rust formation after one cycle and the red rust formation after 5 

and 9 cycles. In contrast to the formed samples the unformed sample shows less formation of 

white rust after 1 cycle and less red rust after 5 cycles of VDA 621-415 testing. After 9 weeks 

in the testing chamber the corrosive load was so high that the differences between the formed 

and the unformed sample are no more visible. 
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Cycle 
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cleaned  

φv = 0.25 

Mild alkaline 

cleaned  
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cleaned  

φv = 0.25 

Mild alkaline 
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9 

  
Fig. 50. Biaxially formed and unformed corrosion protection primers after VDA 621-415 testing. The 

different cleaning procedures show no differences in the formation of white and red rust. The forming of 

the CPP shows an acceleration of corrosion in comparison to the unformed sample 

 

The quantitative analysis of the red rust formation of the corroding samples confirms the first 

impressions from the visual interpretation (Fig. 51). The red rust formation is not influenced 

by the cleaning procedure of the formed samples and already starts after 3 VDA 621-415 

cycles. After 5 cycles the maximum of the red rust formation is achieved which means that 

nearly the complete zinc layer on top of the steel is dissolved. For the unformed sample the 

first appearance of red rust is also after 3 weeks, but the amount is much less than for the 

formed samples. Over the whole examination time the amount is clearly less than for the 

formed sample and only reaches similar values after 8 weeks.  

The forming induced defects allow an easier penetration of the corrosive electrolyte and lead 

to a reduction of the protective properties of the CPP by 3 weeks in the VDA 621-415 test. 
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Fig. 51. Amount of red rust formed on a formed corrosion protection primer sample in VDA Test. The 

unformed sample shows a later and slower formation of red rust, while the different cleaning procedures 

show no influence  

 

For the use of CPPs with reduced ED-paint thickness especially on the outer body parts it is 

of great interest when the first blistering appears. Biaxially formed samples were benzene, 

mild or strong alkaline cleaned and reference samples consisted of unformed mild alkaline 

cleaned CPP samples and of unformed electro galvanised steel samples. All samples were 

coated with different ED-paint thicknesses (4, 12, 17 and 22 µm for the CPP samples and 4, 

10, 15 and 20 µm for the steel samples). For very low ED-paint thicknesses of 4 µm the 

unformed CPP and the electrogalvanised sample show in contrast to the formed samples a 

slightly better resistance with two weeks VDA testing before blistering (Fig. 52).  
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Fig. 52. Blistering of ED-paint applied on corrosion protection primers in dependence on the thickness 

 

At higher thicknesses the results are no more consistent and a strong scattering is visible. This 

may be caused by the thin CPP layer (3 - 4 µm) in relation to the ED-paint layer (10 – 22 µm) 

which is thus no more the time limiting step of the blistering. This leads to a strong 

dependence of the barrier properties on the ED-paint thickness and the homogeneous 

application.   

 

5.3.2 Salt spray testing of formed primers 

For a fast investigation of the corrosion mechanism of formed corrosion protection primers, 

coated electrogalvanised steel salt spray tests according to DIN 50021 were performed. Due 

to the high corrosion load the samples were only stored for 24h inside the salt spray chamber. 

In Fig. 53 the FE-SEM top view of a uniaxially formed (20% elongation, φv = 0,18) and 

phosphatised CPP is shown. Already after 24 h the surface is covered with thin corrosion 

products (white rust). These precipitations don’t form a compact film on top and show a 

porous structure at the island edges. The corrosion products mainly appear at areas where 

defects were formed at the particle / binder interface. Furthermore, the phosphate crystals 

covering the defects and the top of the zinc particles show a corrosive attack. The smooth, 

roundly shaped particles undergo an etching attack which leads to a rough and porous surface. 
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0602A04094     1000 : 1 20 µm 0602A04100     3000 : 1 10 µm

Fig. 53. FE-SEM images of uniaxially formed (20% elongation, φv = 0.18), phosphatised sample after 24h 

of salt spray testing. The sample is partly covered by corrosion products and the phosphate crystals 

undergo a corrosive attack 

 

The cross section underlines the corrosion of the phosphate crystals and the formation of 

corrosion products on top of the CPP (Fig. 54 left). At certain local areas the corrosive attack 

after 24 h of salt spray testing lead to a completely dissolved zinc layer (Fig. 54 right). For 

macroscopic investigations the average loss of a blank electrogalvanised sample is about 1 

µm zinc / 10 h [159]. In both areas the zinc particles within the coating are mainly intact 

while the steel zinc layer is strongly corroded. As the particles float within the coating they 

have no conductive connection to the substrate underneath and can thereby not support the 

cathodic protection properties of the zinc layer. The local formation of defects and therefore 

conductive pathways through the coating seems to simplify the corrosive attack and leads to a 

local increase of the corrosion rate by the creation of sheltered corrosion sites. These 

corrosion sites can galvanically couple and act either as anode or cathode. The one acting as 

cathode locally reduces oxygen to hydroxide and significantly increases the pH-value inside 

the defect. With high pH-values the formation of stable zinc corrosion products is not possible 

which could passivate the zinc layer and reduce the corrosion rate [160].  
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0602A04581     3000 : 1 10 µm 0602A04585     3000 : 1 10 µm

Fig. 54. Cross sections of uniaxially formed (20% elongation, φv = 0.18), phosphatised and 24h exposed in 

salt spray test corrosion protection primer. In both areas corrosion occurs while in some areas the strong 

corrosive attack leads to a degradation of the complete zinc layer, 

 

The FIB cross section supports the impressions of the metallographic cross section (Fig. 55). 

Corrosion products are formed on top of the CPP, while the zinc particles are mainly intact.  

 

Fig. 55. FIB cross section of uniaxially formed (20% elongation, φv = 0.18) corrosion protection primer 

after 24h of exposition to a salt spray test. The images indicate the local detachment of the primer from 

the sample surface and the corrosion of the zinc layer. Most of the embedded zinc particles show no 

corrosive attack 

 

The coating is detached from the steel substrate in large areas and forms caverns underneath 

the coating. In the area where large caverns are formed the degradation of the zinc layer is 

much faster (left side of the image) than in comparison to the smaller caverns (middle part of 

the image). The corrosive attack of the zinc layer after 24 h in the salt spray chamber leads to 

a complete removal of the typically tilted electrogalvanised zinc structure.   
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5.4 In-Situ Electrochemical Impedance Spectroscopy during stretch forming 

5.4.1 Forming characteristics of miniature stretching samples 

The evaluation of the uniaxially stretched miniature samples by means of optical grid 

measurements (GOM®) for 5 and 15 % elongation shows a homogeneous strain distribution in 

the area of analysis (Fig. 56). The major strain ϕ1 induced by 15% elongation increases up to 

0.16. Even at such high forming degrees, no necking in the middle of the sample becomes 

obvious. The resulting changes in the minor and equivalent strain can be calculated in 

accordance with equation 2 and 4 as -0.08 for ϕ2 and 0.15 for ϕv. 

Furthermore, the forming characteristics of the specimen used were analysed by means of the 

finite element simulation. For 5, 10, 15 and 20 % uniaxial elongation, the corresponding 

equivalent strain ϕv is plotted in Fig. 57. In addition to that ϕv also shows a uniform 

distribution here, especially in the middle of the sample where the working electrode of the 

electrochemical setup is positioned. 

 

 
Fig. 56. Major strain distribution of miniature stretching samples measured by GOM® grid evaluation for 

5% and 15 % elongation. The sample shows a homogeneous forming especially in the middle where the 

capillary will be placed 

 

15%ln ϕ1 5% 
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Fig. 57. Finite element simulation of equivalent strain distribution for 5% (top left), 10% (top right), 15% 

(bottom left) and 20% (bottom right) elongation of miniature stretching sample. Also the simulation 

indicates a homogeneous forming in the middle of the sample 

 

Both independent investigation methods indicate a uniform elongation with a homogeneous 

strain distribution for up to 20% stretching.  

The comparison of the strain values at 5% strain and 15% elongation shows that the FE 

simulation and the GOM® grid evaluation concur. For 5% elongation, a ϕv of 0.07 was found 

for the GOM® evaluation whereas 0.06 was determined for the FE simulation. At high 

forming degrees, the equivalent strain was calculated to be 0.15 for the GOM® evaluation and 

0.16 for the FE simulation. 

 

5.4.2 In-Situ Electrochemical Impedance Analysis during tensile testing 

Prior to the in-situ forming experiment, the electrochemical impedance spectra of the 

uncoated and organically coated substrate in the non-stretched state were measured by means 

of the capillary cell (Fig. 58).  
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Fig. 58. Uncoated and primer-coated electrogalvanised steel sample in the unformed state, measured by 

the in-situ EIS setup 

 

The impedance spectrum of the corrosion protection primer sample could be analysed using 

the equivalent circuit of a defect containing polymer coated metal (Fig. 59). The circuit 

reflects the properties of the coating by the coating capacitance CC and the resistance of the 

coating RC which is affected by nano and micropores. The double layer capacitance CDL and 

the polarisation resistance RP display the properties of the metal electrode underneath the 

coating that gets into contact with the electrolyte due to the penetration of the electrolyte 

through the coating defects. The coated galvanised steel showed a capacitive behaviour in the 

high frequency range between 100 KHz and 100 Hz dominated by the coating capacitance CC. 

In the unformed state the delaminated coating area which is responsible for the double layer 

capacitance is small. This leads to capacitance in the range of the weldable primer (some 

nF/cm2). Furthermore, the metal electrode within the equivalent circuit is in series with the 

high pore resistance of the coating which becomes only dominant at low frequencies due to 

the parallel connection to the coating capacitance. It is thus not possible for this system to 

separate the capacitance of the coating (CC) from that of the double layer capacitance (CDL). 

At low frequencies the resistance of the coated sample becomes nearly 100 times larger 

compared to the uncoated sample. In this range the two capacitive terms show extremely large 

impedance values resulting in the dominating influence of the resistive terms. This leads to a 

series connection of the coating resistance (RC), the polarisation resistance (RP) and the 

uncompensated electrolyte resistance (RU) with the dominating influence of RC as the 

delaminated area is small.  
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During the measurement of the high absolute impedance values of the coated sample (up to 

250 MΩ for a 1 mm in diameter capillary) the potentiostat showed some scattering when 

switching the amplifier ranges. Furthermore, the potentiostat showed a phase shift in the low 

frequency range of about 10° due to the high impedance. The uncoated galvanised steel was 

used as reference indicating the typical behaviour of a metal in contact with an electrolyte 

represented by an equivalent circuit without the coating elements represented by CC and RC 

[96]. The measurement indicated that the capillary cell setup is suitable for both the uncoated 

and even the high impedance of the coated metal substrate.  

 

 
Fig. 59 Equivalent circuit of an organically coated metallic sample 

 

The in-situ EIS evaluation during the stretching of the primer-coated substrate in borate buffer 

is shown in Fig. 60. In the unformed state and for small forming degrees (≤5 % elongation), 

the coating shows good barrier properties with an almost capacitive behaviour above 100 Hz 

and a phase angle of 70 to 80°. In the low frequency range the coating shows resistive 

behaviour by the combination of RU, RC and RP. At these small forming degrees the 

delaminated area is still small and the system is dominated by the coating capacitance and the 

high coating / pore resistance. With increasing strain, the barrier properties of the coating 

decrease due to the formation of cracks and new electrolyte pathways. Furthermore, the 

delaminated area at the coating substrate interface increases. These effects lead to a decrease 

of the coating resistance (RC) and due to a rise in the contact area of the metal electrode with 

the electrolyte to an increase of the polarisation resistance (RP), the double layer capacitance 

(CDL). These result in an increase of the phase shift at high frequencies reaching 0° for an 

equivalent strain of 0.22. At this forming degree the delamination and the defect formation of 

the coating lead to a nearly complete breakdown of the barrier properties. The measured 
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impedance and phase values thus become comparable to those of the bare zinc coated 

substrate elongated to 25%. For all elongation degrees, the low frequency resistance at 0.1 Hz 

shows a resistive behaviour by a combination of RU, RC and RP which decreases by two 

orders of magnitude for high strain values. The small final impedance value indicates that the 

dominating influence of the coating resistance in the equivalent circuit decreases and the 

overall impedance is mainly dominated by the polarisation resistance. 
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Fig. 60. In-situ EIS evaluation during stretch forming of a Zn particle containing coating in borate buffer 

(impedance (top) and phase shift (bottom)) 

 

The same in-situ experiment using 0.05 M NaCl as electrolyte shows similarly shaped 

impedance spectra for the unstrained sample (Fig. 61) which can be interpreted by the same 
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equivalent circuit as for the borate buffer experiment. Differences appear in the shift of the 

capacitive behaviour to higher frequencies between 100 kHz and 1000 Hz and by total 

impedance which is one order of magnitude smaller. These differences seem to arise as a 

result of the strong corrosive effect of the chloride ions causing a fast attack on the passive 

film on zinc and a faster delamination of the coating. Even at elongations of about 5-10 %, a 

significant decrease in the coating barrier properties becomes obvious with a drop in the low 

frequency resistance by one order of magnitude. At high forming degrees, the decay of 

impedance becomes slower until it reaches about 3000 Ω cm2 at 1 Hz, which is again a value 

close to that for the bare galvanised substrate at this forming degree. 
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Fig. 61. In-situ EIS evaluation during stretch forming of a Zn particle containing coating in 0.05 M NaCl 

(impedance (top) and phase shift (bottom)) 
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A complete evaluation cycle between 0 and 25 % elongation takes about 30 min during which 

the sample is stretched and the impedance spectra are analysed. During the whole 

measurement process the sample is in contact with the electrolyte and can undergo a corrosive 

attack even without forming. For this reason, the impedance spectra of an unformed, 

organically coated specimen were measured in borate buffer and 0.05 M NaCl over a period 

of 30 minutes to obtain a reference measurement.  

The low frequency impedance at 1 Hz is characterised by the series of the uncompensated 

electrolyte, the coating resistance and the polarisation resistance. The electrolyte resistance 

can be regarded as constant. While the coating resistance decreases during the degradation of 

the coating and the polarisation resistance increases with the amount of delaminated area. The 

coating resistance is in the initial state about 2 orders of magnitude larger than the polarisation 

resistance. Thus, significant changes of the cumulated resistance should be mainly caused by 

a change of the coating resistance. Therefore the impedance at 1 Hz was plotted as a function 

of time and elongation (Fig. 62).  
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Fig. 62. Decrease of the resistance at 1 Hz for primer-coated samples in relation to the forming degree and 

for unformed samples in relation to the electrolyte contact time 

 

Due to the corrosive properties and the delamination, the sample in contact with sodium 

chloride electrolyte showed a slight decrease in the combined resistance after 30 min of 
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immersion. The immersion in the chloride-free borate buffer leads to a nearly constant value 

of the low frequency resistance over time.  

Furthermore, Fig. 62 shows the decrease of the coating resistance as a function of the induced 

strain. For both electrolytes, the forming induced changes of the impedance values are much 

more significant than the corrosive and delaminating attack of the sodium chloride over time. 

At high forming degrees, the coating loses almost completely its protective properties due to 

the formation of defects. In the case of the NaCl electrolyte, the contribution of the corrosive 

attack leads to a slightly increased degradation of the coating performance. Thus, the 

corrosion and delamination of the coating and the forming induced defects cannot be clearly 

separated, while the change in borate buffer is caused by the increase of the defect size and 

density. For the in-situ measurements of the forming-induced defect formation and growth the 

measurements should be carried out in chloride-free environments. 
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5.5 Scanning In-situ EIS / Raman investigations of formed corrosion 

protection primers 

The simultaneous analysis of Raman and impedance spectra generates information about the 

barrier properties and the formation and change of corrosion products. The combination of an 

electrochemical capillary cell with a confocal Raman spectrometer allows the switching 

between the two investigation methods on the same sample spot.  

 

5.5.1 Scanning In-Situ EIS / Raman investigation of corrosion products on 

plane strain formed primers 

The new setup was used to investigate the barrier properties and the corrosion formation of a 

plane strain formed (φv = 0.25) corrosion protection primer. The Raman spectra were taken 

before and after 150 min of impedance analysis (electrolyte 0.5 M NaCl) with a HeNe Laser 

(Fig. 63). 
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Fig. 63. Raman spectra of a plane strain formed (φv = 0.25) corrosion protection primer before and after 

impedance measurements in 0.5 M NaCl 

 

The CPP shows strong fluorescence in the complete range from 4000 to 250 cm-1 with two 

maxima at about 2400 and 1100 cm-1 and were baseline corrected for further investigation. 
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However, peaks of the organic binder matrix and zinc are still visible and are assigned in Tab. 

4. The implemented zinc particles and / or the electrogalvanised zinc layer underneath the 

coating which might be visible through the forming-induced defects already show the 

formation of corrosion products before electrolyte contact. For both spectra (before and after 

impedance measurement) the same signals appear indicating no significant change in the 

formed corrosion products. The signal intensity on the other hand shows a small decrease in 

intensity after the impedance measurement which might occur due to the dissolution and 

formation of soluble corrosion products by the chloride containing electrolyte. For the 

formation and precipitation of significant amounts of corrosion products the corroding time of 

2.5 hours seems to be too short. 

 
Tab. 4. Assignment of signals gained by Raman spectroscopy of a plane strain formed (φv = 0.25) 

corrosion protection primer before and after impedance measurements in 0.5 M NaCl 

Wave number / cm-1 Assignment 

3055 C-H 

2875 CH2 

2280 N=C=O 

1529  

1452 C-C 

1341 N-H 

1145 Zn-O 

750  

681 O-H 

595 Zn-O 

485 Zn-O 

 

In contrast to the Raman spectra the impedance measurement shows dramatic changes over 

the investigation time (Fig. 64). Starting with an already low frequency impedance of 2000 Ω 

cm2 due to the forming induced defects the value drops by nearly one order of magnitude 

during the measurement. In the range from 100000 to 200 Hz the coating shows especially at 

the beginning a strong capacitive behaviour with a phase shift of -65 ° decreasing down to  

-20 ° over time. The double layer capacitance visible with its phase minimum at 60 Hz is 

overlaid by the coating capacitance at the beginning and later on shows only a phase shift of  

-20 ° due to the corrosive attack of the zinc layer. 
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Fig. 64. Combined Electrochemical Impedance / Raman spectroscopy of plane strain formed (φv = 0.25) 

corrosion protection primer showing a fast decrease of the impedance with time 

 

The strong loss of barrier properties of the corrosion protection primer can only be explained 

by the penetration of the electrolyte into the coating and consequently the corrosive 

deadhesion along the binder / zinc particle interface which leads to the formation of new 

electrolyte pathways. Such a deadhesion is a very fast process which can reach a speed of up 

to 100 µm / h [161] and is thereby visible in the time scale of the experiment. 

Combined Raman / EIS measurements provide complementary information about the barrier 

and corrosion properties of coatings and enable a comprehensive view of the system.    
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5.6 Modification of corrosion protection primers 

5.6.1 Organo silane surface modification of zinc particles implemented in 

corrosion protection primers 

The impedance spectra and SEM images of formed corrosion protection primers indicate the 

formation of defects within the forming process. These defects occur mainly at the binder / 

zinc particle interface. One way to reduce the amount and size of defects is to increase the 

adhesion force of the particle / binder interface. A surface modification of the zinc pigments 

with a bi-functional organo silane should increase the stability of the interface. The organo 

silane bonds on one side with the silane function to the oxide covered metal surface and with 

the organic group to the binder. 

Before modification, the particles were investigated concerning their surface morphology. 

The FE-SEM images (Fig. 65) show a homogeneous size distribution between 2 and 6 µm.  In 

the detailed view the pigments show differences in the surface structure. Some show a very 

smooth surface while others are covered by a rough, amorphous layer. This structure can lead 

to either a better bonding of the binder to the metal surface or to a preferred defect area if the 

amorphous layer breaks.  

  

Fig. 65. FE-SEM image of zinc particles implemented into corrosion protection primers, showing a rough 

and amorphous layer on top 

 

In order to reduce the influence of the porous layer the particles were cleaned for one minute 

with a strong alkaline cleaner before the surface modification for the reduction of the oxide 

scale and for the preparation of a homogeneous, fresh surface (Fig. 66).  
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Fig. 66. Schematic drawing of the zinc oxide scale on implemented particles before and after alkaline 

cleaning 

 

The FE-SEM images of the cleaned particles (Fig. 67) mainly show a much smoother surface 

which shows only a nano rough structure. As the alkaline solution mainly removes the zinc 

oxide the roughness of the particles seems to reflect the thickness of the zinc oxide layer on 

top.  

Fig. 67. Alkaline cleaned and organo silane modified zinc particles for implementation in corrosion 

protection primers. Most of the rough oxide film on top of the particles is removed 

 

The particles were modified with 3-Glycidyloxypropyltrimethoxysilane (Glymo) a bi-

functional organo silane. The silane part allows the bonding to a metal oxide surface [162-

164] while the epoxy function can bond to the organic binder system. The Si-O function 

furthermore leads to the formation of a network covering the oxide surface (Fig. 68). 

The pigments were immersed in a 1 % Glymo solution for 1h, afterwards rinsed with ethanol 

and dried at room temperature or 60 °C for 1h.   
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Fig. 68. Structure and network formation of 3-Glycidyloxypropyltrimethoxysilane (Glymo) on a zinc 

surface 

 

The layer formation was analysed on the dried powder using DRIFT (Diffuse Reflectance 

Infrared Fourier Transform spectroscopy). The spectra of the modified particles dried at room 

temperature and 60 °C are shown in Fig. 69.  
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Fig. 69. FT-IR DRIFT spectra of 3-Glycidyloxypropyltrimethoxysilane (Glymo) modified zinc particles 

used in corrosion protection primers dried at room temperature and 60 °C. Only at 60 °C the formation of 

Si-O-Si bond becomes visible while the epoxy ring seems already to be opened 

 

The RT dried layer only shows a signal of the epoxy ring at 910 cm-1 while the 60 °C dried 

layer shows the formation of Si-O-Si bond with two broad peaks at 1050 and 1200 cm-1. The 

IR spectra reveal that the formation of a Si-O-Si network needs a curing temperature of 60 °C 

while at this temperature the epoxy ring already seems to open. Due to the different curing 

temperatures needed to get either the network formation or an intact epoxy ring the bi-

functionality of Glymo is limited. Anyhow the modified particles were implemented as 

substitution for the unmodified zinc particles in a CPP. 

 

5.6.2 In-Situ Electrochemical Impedance Analysis during tensile testing of 

a modified primer 

 

The Glymo modified particles were used as substitute for the ordinary zinc particles in the 

corrosion protection primer. After application of the coating the formability was tested by 

means of in-situ EIS during tensile testing.  

In the unformed state and for small forming degrees (≤10 % elongation), the coating with the 

particles dried at room temperature shows capacitively dominated behaviour above 100 Hz 

with a phase angle of -70 to -80° (Fig. 70). With increasing strain, the barrier properties of the 
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coating decrease due to the formation of cracks as indicated by the phase shift at high 

frequencies, reaching 0° for an equivalent strain of 0.18. At this forming degree, the measured 

impedance and phase values reach those of the bare zinc coated steel elongated to 25% (φv = 

0,22). For all elongation degrees, the low frequency resistance at 0.1 Hz shows ohmic 

behaviour and decreases by two orders of magnitude for high strain values. The forming 

behaviour shows no significant differences to the unmodified coating. 
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Fig. 70. In-Situ impedance spectra during forming of 3-Glycidyloxypropyltrimethoxysilane (Glymo) 

(dried at room temperature) modified corrosion protections primers, showing a fast reduction of the 

barrier properties with increasing strain 
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The coating with particles dried at 60 °C shows a similar behaviour as with the particles dried 

at room temperature (Fig. 71). In the forming state between 0 and 10% the impedance above 

100 Hz is capacitively dominated by a phase shift of -70 to -80°. With increasing strain the 

coating shows crack formation indicated by the decrease of the phase angle shift to 0° in the 

high frequency range and a strong drop of the ohmic resistance at low frequencies. Again at 

high forming degrees the impedance spectrum of the blank steel substrate is measured and the 

coating shows nearly no more protective properties. 
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Fig. 71. In-Situ impedance spectra during forming of 3-Glycidyloxypropyltrimethoxysilane (Glymo) 

(dried at 60°C / 1h) modified corrosion protections primers, showing similar behaviour to the one with 

particle dried at RT a fast reduction of the barrier properties with increasing strain 
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The formed samples were further investigated by means of FE-SEM to follow the crack 

formation at different elongation steps. The images (Fig. 72) show the formation of initial 

small cracks in the range of some nm already at 5 % stretching. With increasing strain the 

crack size and amount rise with cracks of up to 5 µm. The defects mainly occur at the 

interface zinc particle / binder similar to the unmodified coating. The interface is obviously 

still the weakest part of the system and cannot withstand the force applied to the coating by 

the uniaxial forming procedure.    

 

Fig. 72. SEM images of formed corrosion protection primers with 3-Glycidyloxypropyltrimethoxysilane 

(Glymo) modified particles (organo silane dried at room temperature on top and at 60°C for 1h on the 

bottom, 5% elongation left and 20% elongation right). A similar crack formation for both modified 

particles is visible 
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For a better comparison between the coatings and in order to avoid mistakes from the 

scattering of measurement points the impedance spectra for each elongation step were fitted 

by a polynomial curve. Afterwards the low frequency (ohmic) resistance was calculated from 

the fit and is plotted in Tab. 5. 

 
Tab. 5. Resistance at 0.1 Hz taken from non-linear impedance fit  

 

CCP in  

borate buffer  

/ Ω cm² 

CCP in 

NaCl 

/ Ω cm² 

Modified CPP 

(Particles dried  

at RT)  

in borate buffer 

/ Ω cm² 

Modified CPP 

(Particles dried 

 at 60 °C) 

in borate buffer 

/ Ω cm² 

0 % elongation 2211210 100168 4096909 4102455 

5 % elongation 1169940 18568 826994 1653030 

10 % 

elongation 
247783 5032 104900 206309 

15 % 

elongation 
75052 859 53916 44212 

20 % 

elongation 
34793 447 22611 12801 

25 % 

elongation 
20096 273 14095 7261 

 

The resistances calculated for the different forming steps are plotted in Fig. 73 versus the 

different elongation steps. The direct comparison of the modified and unmodified coatings 

show a slight increase of the barrier properties for the modified coatings at small elongations 

due to the higher coating thickness (5µm instead of 3.5µm).  
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Fig. 73. Comparison of corrosion protection primers with organo silane modified and unmodified zinc 

pigments 

 

The primer shows with particles dried at 60 °C a slightly better performance as the one dried 

at room temperature. The differences between the modified coatings indicate that the 

formation of a Si-O-Si network is of great importance for the performance of the organo 

silane at the particle / binder interface while the reaction of the epoxy ring shows no visible 

influence on the impedance spectra. The performance loss between the unmodified and the 

modified CPP at elongations ≥5 % can be traced back to the fact that the cleaning procedure 

leads to a much smoother surface of the particles and thereby to a worse connection between 

the particle and the binder. Even the interface stabilisation by the particle modification can 

not equalise this disadvantage.  
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5.7 Corrosion model of formed and unformed corrosion protection primers 

The impedance spectra of formed and unformed CPP in NaCl electrolyte show a fast 

degradation of the coating barrier properties. This can be caused by the corrosive deadhesion 

along the particle / binder interface which is a very fast process [161]. These new pathways 

allow the electrolyte to penetrate the coating and thereby reduce the resistance and the 

corrosion protection properties.   

In the case of formed CPP the major loss of the corrosion protection results from forming-

induced defects that open new penetration ways for the electrolyte. Further on the coating 

detaches from the electrogalvanised steel substrate underneath, which leads to the formation 

of small caverns. These caverns act as initial sites for corrosive deadhesion along the binder / 

zinc layer interface and lead thereby due to the oxygen reduction to a local, alkaline pH shift 

(Fig. 74). Furthermore the coupling of defects leads to separated defects that act as anode and 

cathode and can thereby also reduce the local pH value. 
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Fig. 74. Model of the corrosion process occurring at formed and unformed corrosion protection primers. 

In formed areas the defects act as initial corrosion sites and lead to a fast delamination and corrosion at 

the binder / zinc interface. In the unformed state a fast delamination along the particle / binder interface 

occurs which leads to new conductive pathways through the coating 

 

This is also visible by the strong etching attack of the phosphate crystals which are not stable 

in alkaline and acidic solutions. The shift in the pH accelerates local corrosion of the zinc 

layer as the formation of protective precipitation layers is not possible [159, 160]. The 
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Pourbaix diagram shows that at high pH-values (> pH 11) the formation of soluble zincate or 

bizincate becomes possible while at low pH-values the formation of Zn2+ occurs (Fig. 75).  

 

 
Fig. 75. Theoretical conditions of corrosion, immunity and passivation of zinc (taken from [160]) 

 

In chloride containing electrolytes as used for the salt spray testing the formation of insoluble 

Simonekolleite (Zn5Cl2(OH)8·H2O) is possible at intermediate pH and high Cl- concentrations 

according to eq. 43 [165, 166]. These would form a passivating precipitation layer which 

reduces the corrosive attack. 

 

5 Zn2+ + H2O + 8 OH- + 2 Cl- → Zn5Cl2(OH)8·H2O   (eq. 43) 

 

At high or low pH or at low Cl- concentrations the Zn5Cl2(OH)8·H2O becomes unstable and 

dissolves under the release of chloride (Fig. 76). In case of the caverns that act as cathode the 

high pH due to oxygen reduction and the reduced OH- diffusion leads to the formation of ZnO 

or zincate. In the caverns acting as anodic sites the diffusion of chloride into them is hindered 

and thereby falls below the critical concentration necessary for the formation of 

Simonkolleite. In both cases the formation of passivating layers is not possible.  
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Fig. 76 Stability diagram of simonkolleite in aerated solutions with varying pH and Zn2+

 concentration of 

0.1 M at 25 °C (taken from [165]) 

 

The high corrosion rate is visualised by the strong local corrosion found already after 24 

hours of salt spray testing in the FE-SEM cross section. Furthermore, the FIB cross sections 

show a fast dissolution of the zinc layer and precipitation layers of corrosion products only on 

top of the CPP where the OH- concentration is lowered by the exchange of the electrolyte.  
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5.8 In-situ QCM / Raman investigations of the inhibitor adsorption on 

metals 

Organic and inorganic inhibitors are widely used to improve the protective properties of 

organic coatings. Inhibitors can act either by the formation of barrier layers on top of the 

surface or by precipitation of low soluble products. In both cases the detection of corrosion 

and precipitation products, the kinetic of the inhibiting effect and the concentration 

dependence are of great interest. The newly developed in-situ QCM / Raman cell allows the 

simultaneous detection of the frequency change of a sample which is caused by a dissolving 

or precipitation reaction and the measurement of the Surface Enhanced Raman Spectrum of 

the sample (see 4.3). In this case the adsorption of the inhibitor Mercaptobenzothiazol (MBT) 

onto a silver and a gold sample was studied as a model system but the method can be 

expanded to all SERS active substrates. 

 

5.8.1 Ex-situ SERS analysis of Mercaptobenzothiazol (MBT) adsorption  

Prior to the in-situ experiments the spectral properties of Mercaptobenzothiazol (MBT) were 

investigated ex-situ. First tests on a flat non-SERS active silver substrate immersed in an 

MBT / ethanol solution showed no measurable peaks. In Fig. 77 the powder spectrum and the 

spectrum of a SERS active silver sample after immersion into a 10-3 M MBT / ethanol 

solution are shown. Nearly all peaks that are found in the powder spectrum are also present in 

the SERS spectrum, mainly with slight changes in the peak position and intensity. The most 

significant peak at 1254 cm-1 in the spectrum b) strongly decreases in intensity in the SERS 

spectrum while the one at 1395 cm-1 shows a strong increase. Further differences are the 

peaks of the benzene ring at 397 cm-1, 1076 cm -1 and 3070 cm-1 which show much higher 

intensities in the powder spectrum than in the SERS spectrum. This might be a consequence 

of the preferred orientation of the MBT molecule during the adsorption. Known from 

literature is that the non-cyclic sulphur atom bond to the sample which leads to a 

perpendicular orientation of the molecule to the surface and can thereby lead to a reduction of 

the Raman absorption of the benzene bonds. In contrast to that the powder displays a random 

distribution of molecule orientations.  

In Tab. 6 the peak positions and assignment of the powder and SERS spectrum are given. 
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Fig. 77 Ex-situ SERS spectrum of (a) MBT adsorbed on the quartz crystal-based SERS-active substrates 

and (b) normal Raman spectrum of MBT powder, showing the amplification of the spectrum by the 

change of the substrate structure 

 
Tab. 6. Assignments of the Raman peaks of MBT powder and MBT adsorbed on quartz crystal-based 

SERS-active substrates 

Peak position /cm-1 

Powder SERS 
Assignment 

3070 3070 CH stretching in Bz ring 

2645  SH stretching 

1600 1590 Bz ring stretching 

1585 1564 Bz ring in plane stretching 

1498  N-C=S stretching 

1460 1459 C-C stretching 

1425 1395 NCS ring stretching 

1320 1315 NH bending  

1273 1281 CH in-plane bending 

1254 1246 CH bending  or CN stretching 

1133 1135 CH in-plane bending 

1076  Bz ring or SCS antisymmetric stretching 

1031  CH in-plane deformation 

1011 1013 C-C-C bending 

 867 CH out-of-plane bending 

705 717 C-S stretching 

663  NH deformation 

607 602 CS stretching in heterocyclic ring system 

 527 Bz ring deformation 

501 508 Bz ring deformation 

397 396 Bz ring deformation 
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5.8.2 Combined in-situ Raman / QCM measurement of the adsorption of 

MBT on silver 

The in-situ MBT adsorption study started with a reference measurement of pure ethanol 

running through the setup (first spectrum in Fig. 78). After the system reached the equilibrium 

the injection of MBT happened and spectra were taken every 10s in the initial state. The 

pumping and tube system lead to a delay of nearly 40s before the first MBT reaches the 

sample and forms a peak at 1395 cm-1 (Fig. 78). With an increasing measurement period the 

intensity of the peak rises and new peaks at 396, 717, 1315, 1564 and 1593 cm-1 appeared. 
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(a) 0-100 seconds (b) 100-240 seconds 
Fig. 78. In-situ SERS spectra of adsorbed MBT as a function of adsorption time: (a) from the beginning to 

100 s with an interval of 10 s; (b) from 100 to 240 s with an interval of 30 s. The spectra show an increase 

of absorbed MBT with time 

 

The intensity of a Raman peak is proportional to the number of molecules illuminated by the 

laser and thereby reflects the amount of molecules adsorbed to the SERS substrate. Hence the 

peak at 1395 cm-1 was chosen for the MBT adsorption and the ethanol peak at 887 cm-1 as 

reference for controlling the focus of the system. 

The intensity shows after the initial delay of about 1 min a strong increase which takes nearly 

2 min until it passes over to a plateau value for longer times (Fig. 79). The ethanol peak stays 

nearly constant over the whole experiment, indicating a focused sample and a uniform laser 

power.  
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Fig. 79. Evolution of Raman intensity of ethanol and MBT adsorbed on SERS-active silver as a function of 

time, indicating a constant signal for the ethanol while the MBT signal rises for some minutes until it 

reaches a plateau value 

 

The combined plotting of the Raman and QCM data (Fig. 80) shows a similar delay before 

the MBT adsorption starts. In the beginning both show a steep slope with a change after about 

one minute. In the case of the Raman measurement the turning point indicates the change for 

reaching the final plateau while for the QCM measurement the linear decrease just gets a 

different slope and further decreases linearly.  
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Fig. 80.  In-situ QCM / Raman measurement of MBT adsorption on SERS-active silver. The Raman signal 

reaches a plateau value after a few minutes while the QCM signal decreases further due to the ageing 

effects of the silver substrate 
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As the frequency shift in the QCM measurement continued even after the Raman intensity 

became constant the data acquisition was continued until a plateau value was also observed 

(Fig. 81). The frequency shift became constant after nearly 48 hours with a final value of  

-200 Hz.  

   

 
Fig. 81. Long time QCM experiment of the MBT absorption on SERS-active silver to investigate the 

maximum frequency shift. After about 24 hours the systems become stable with a frequency shift of about 

200 Hz 

 

The long adsorption time indicated by the QCM experiment is contrasts with the Raman data 

and the calculation for the frequency shift of a monolayer of MBT (see 5.8.4). The strong 

decrease might occur by some ageing effects that occur on the silver surface in the ethanol / 

MBT solution. 

 

5.8.3 Combined in-situ Raman / QCM measurement of the adsorption of 

MBT on gold 

The adsorption of MBT on a silver layer shows discrepancies between the Raman and the 

QCM data which might arise from aeging effects of the silver surface. These effects could be 

avoided by using gold as SERS substrate. Therefore gold SERS active samples were prepared 

in the same manner as the silver ones.  

The SERS spectra of MBT on a silver and gold based sample are compared in Fig. 82. Both 

spectra show similar peak formations of the adsorbed MBT which allows to analyse the gold 

spectrum in a similar way as already undertaken with the silver based one. 
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Fig. 82. Spectra of MBT adsorbed on SERS-active gold (a) and on silver (b). Both substrates show a 

strong amplification of the characteristic peaks 

 

During the in-situ experiment the Raman signal at 1395 cm-1 (MBT) again showed a delay of 

a few seconds before the MBT solution reached the cell (Fig. 83). Then a strong increase of 

the peak intensity for about 6 minutes took place. Finally the intensity reached a constant 

plateau value. Also in this experiment the ethanol reference value stayed constant over the 

complete measurement time. The adsorption kinetic is in the case of gold three times slower 

as on silver where the plateau value is reached after 2 minutes.  
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Fig. 83. Evolution of Raman intensity of ethanol and MBT adsorbed on SERS-active gold as a function of 

time, indicating a constant signal for the ethanol while the MBT concentration grows for some minutes 

until it reaches a plateau value  

 



Results 

 123 

The combined QCM and Raman data show in the case of gold a consistent behaviour with an 

inverted slope of the two curves, indicating that both analytical tools enable the correct 

identification of the kinetic of the adsorption process (Fig. 84). In contrast to the silver 

experiment also the QCM data show a plateau after 6 minutes at about -10 Hz indicating that 

no further reactions on the gold surface take place. As already mentioned the gold based 

experiment shows a three times slower rate of the MBT adsorption than for silver which 

might be due to a different adsorption mechanism on gold surfaces which was already 

discussed in the literature [167]. 
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Fig. 84. In-situ QCM / Raman measurement of MBT adsorption on SERS-active gold. Both signals reach 

a plateau value after a few minutes and show a consistent curve progression 

 

A comparison of the gold and silver based SERS active surfaces shows for the adsorption 

kinetics measured by Raman spectroscopy comparable results, while the QCM data 

completely differ. The QCM measurement gives integral information for the mass change of 

the surface while the selected Raman peak is sensitive to the adsorption of the MBT. It seems 

that the contact of the silver surface with the MBT solution leads to further changes of the 

SERS substrate which are not detected by the Raman measurement. Therefore the optimal 

substrate for an in-situ investigation is a gold coated quartz.  
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5.8.4 Theoretical calculation of the frequency shift by a monolayer 

It is known from literature that Mercaptobenzothiazol forms a monolayer during the 

adsorption process on the substrate. The frequency shift of a monolayer can be calculated 

theoretically and compared to the experimental data of the adsorption on silver and gold.  

For the calculation of the frequency shift the amount of molecules that adsorb per cm2 is 

necessary which can be calculated from the three dimensions of the MBT molecule. The ideal 

molecule structure was simulated with Gaussian [168] and is shown in Fig. 85 indicating a 

completely flat structure.  

 

S

N

SH

 
 

Fig. 85. Chemical and 3D structures (simulated with Gaussian) of Mercaptobenzothiazol indicating MBT 

as a planar molecule 

 

The length, width and height of the molecule were calculated to be l = 7.6 Å, w = 5.0 Å and h 

= 2.0 Å. These dimensions can be used to describe the MBT molecule as a brick which can 

either adsorb with the front face (A1), the long side (A2) or planar (A3) on the sample surface 

(Fig. 86). The different orientations of the adsorbed molecule lead to a different mass load on 

the surface and thereby to differences in the frequency shift. 

 

  
Fig. 86. Schematic drawing of the MBT adsorption planes taken from the 3D simulation 

 

The covered surface areas for the different absorption orientations were calculated to be:   

 
2152201010

1 1011010102105 cmmmmhwA −−−− ⋅=⋅=⋅⋅⋅=⋅=   (eq. 44) 

A1 A3 

A2 

7.6 Å 

5.0 Å 

2.0 Å 
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215

2 1052.1 cmhlA −⋅=⋅=      (eq. 45) 

 
215

3 108.3 cmlwA −⋅=⋅=      (eq. 46) 

 

With the assumption that the molecules adsorb in a closed package without any free volume 

the number of molecules and with the Avogadro constant (6.022 · 1023 molecules / mol) and 

the molar mass of MBT (167.24 g / mol) the mass for a monolayer per cm2 can be calculated 

(done here exemplarily for orientation A1) : 

 

Number of molecules per cm²: 

2
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1
1 1011

cm
molecules

A
N ⋅==      (eq. 47) 

 

Mol per cm²: 

2
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1
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Nn −⋅=
⋅

=     (eq. 48) 

 

Mass per cm²: 
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9

11 27724.1671066.1
cm
ng

mol
g

cm
molMnm MBT =⋅⋅=⋅= −    (eq. 49) 

 

Sauerbrey [121] shows that the frequency change of the QCM is proportional to the mass load 

change of the quartz crystal. Using this equation with the known mass change for a monolayer 

MBT and the proportional factor cf for the used quartz crystal allows the calculation of the 

theoretical frequency change for the different orientations (A1, A2 and A3). 

 

mcf f ∆⋅−=∆        (eq. 29) 

ng
cmHzc f

2

056,0 ⋅−=       (eq. 50) 

 

Hz
cm
ng

ng
cmHzf A 5,15277056.0 2

2

1
−=⋅⋅−=∆    (eq. 51) 
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Hzf A 3.10
2

−=∆       (eq. 52) 

 

Hzf A 04.4
3

−=∆       (eq. 53) 

 

This calculation shows that the frequency change of a monolayer MBT is found for the gold 

substrate in the range of the experimental data. The orientation A2 already discussed in 

literature [167] as the preferred adsorption orientation comes close to the measured value. The 

results show that the frequency shift found for the adsorption on silver with about 200 Hz has 

to be influenced by parallel processes which were already indicated by the slope change 

observed after a few seconds.   
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5.9 Forming and water uptake of polyelectrolyte layers  

5.9.1 Molecular composition of polyelectrolytes  

Polyelectrolytes are polymers with ionisable groups that can dissociate in a polar solvent to be 

either positively or negatively charged. Due to the mixture of oppositely charged polymers the 

formation of networks connected by coulomb forces between the dissociated groups is 

possible. This allows a layer by layer formation of polymers which can attach to a charged 

sample surface. Due to the non-covalent bonding between the groups highly flexible layer 

systems are formed. In the case of e.g. carboxylic and amino groups they can be transferred 

by heating into covalent bonded systems [36, 169]. The layer formation of oppositely charged 

polyelectrolytes with carbonyl and amine functions before heating is schematically given in 

Fig. 87.  
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Fig. 87. Schematic drawing or the layer formation of oppositely charged polyelectrolytes 

 by coulomb forces 

 

Equation 54 shows the amidation reaction of the carboxylate and ammonium function. 

 

R-NH3
+ + R-COO- → R-NH-CO-R + H2O    (eq. 54) 

 

For the further forming investigations especially by Wolfgang Bremser and Oliver Seewald 

(University of Paderborn) synthesised polyelectrolytes were used. They consisted of the 

functional groups already mentioned above. The schematic composition of the molecules is 
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given in Fig. 88. In contrast to the commonly used layer by layer formation the two 

components were already mixed during application.  
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Fig. 88. Schematic drawing of the polyelectrolytes (polyanion left and polycation right) used  

for forming experiments 

 

The amount of polycation groups (amine functions) was thus chosen twice as high as the 

number of polyanion groups (carboxylic functions), Butlyglycol and Methylisobutylketon 

were used as solvent. The layers were applied on electrogalvanised steel by dip-coating and 

afterwards dried at room temperature, 130 °C and 230°C for 2h using standard or nitrogen (N2 

stream) atmosphere. 

 

5.9.2 FT-IR analysis of the curing state of polyelectrolyte layers 

The influence of different temperatures and the storing of the coated samples on the curing 

state were monitored by Infrared Attenuated Total Reflection spectroscopy (ATR). 

Furthermore, the effect of modified atmospheres on the coating properties was studied. First 

of all, a freshly prepared PET sample which was dried for 24h at room temperature was 

compared to the solvent spectra (Fig. 89). The spectra indicate that already after 24h hours of 

drying most of the solvent is evaporated which is furthermore indicated by a coating, that is 

no longer sticky. The PET system shows characteristic peaks at 830 (C-O), 1037 (C-O), 1180 

(C-O), 1246 (-O-H), 1458 (C-H), 1508 (-NH3
+), 1730 (C=O), from 2872 – 2958 (CH2 and 

CH3) and from 3080 – 3900 cm-1 (-OH).  
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Fig. 89. Comparison of freshly prepared PET complex dried at room temperature for 24 hours vs. the 

used solvents (Butylglycol and Methylisobutylketon). The spectra show the nearly complete removal of the 

solvents after 24 hours 

 

The spectra of PET films dried at room temperature for 24 hours and 30 days were compared 

with respect to their curing states. Both coatings showed the characteristic peaks already 

mentioned before. Furthermore, the coatings which were dried for 30 days showed the 

formation of new peaks at 1419 (N-H stretching), 1577 and 1604 cm-1 (amide peaks) (Fig. 

90). This indicates that the cross linking reaction between the anionic and cathodic groups 

took already place after the evaporation of the solvent and doesn’t necessarily need a thermal 

step.  
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Fig. 90. Comparison of PET films dried at room temperature for 24 hours and for 30 days. The spectra 

show the formation of amide bonds after 20 days of storage  

 

The coatings dried at room temperature, 130 °C and 230 °C show all the characteristic peaks 

of the PET complex (Fig. 91). Additional peaks appear for the two coatings cured at higher 

temperatures which show the formation of amide bonds. With increasing temperature also this 

peak intensity increases indicating a higher cross linking of the applied film. It seems that at 

high temperatures of 230 °C the coatings degrade by a saponification according to eq. 54 and 

leads to more reactive groups. 

 

R1-COOR2 + H2O → R1-COOH + R2-OH    (eq. 55) 

 

This is visible by the further increase of the amide peak which needs more carboxylate groups 

to form amid bond. The necessary water for the reaction can be provided either from humidity 

or from the water formed by the amide formation.  
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Fig. 91. Comparison of polyelectrolyte coated samples dried at different temperatures. Rising curing 

temperature leads to an increase in the number of amide bonds  

 

For the film preparation it is of great interest if the curing under standard atmosphere leads to 

a degradation of the applied coating. Fig. 92 and Fig. 93 show the comparison of films cured 

at 130 °C and 230 °C under air or nitrogen atmosphere. For the medium temperature the 

coatings show no difference in peak formation and thereby no influence of the curing state or 

higher decomposition in one of the atmospheres. In contrast to that the high temperature cured 

systems show differences for the one cured under air atmosphere as already mentioned before. 

The amide peak (1604 and 1577 cm-1) for the air cured system is much higher than for the one 

under nitrogen. This is a result of the decomposition of the ester functions within the coating 

by the formed water. In case of the N2 system a continuous nitrogen stream flowed over the 

samples and immediately removed the developed water. Thus the decomposition reaction 

cannot proceed. The complete list of the peaks appearing for the different curing conditions is 

given in Tab7. 
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Fig. 92. Comparison of polyelectrolyte coated samples dried at 130 °C (under air and N2) and room 

temperature. The curing conditions do not lead to changes in the polyelectrolyte film 
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Fig. 93. Comparison of polyelectrolyte coated samples dried at 230 °C (under air and N2) and room 

temperature. The curing under air increases the amount of formed amide bonds 
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Tab. 7. Assignment of the absorption peaks of the PET complexes dried at different temperatures 

PET dried  

at RT (24h) 

/cm-1 

 

PET dried  

at RT (30d) 

/cm-1 

PET dried  

at 130 °C 

/cm-1 

PET dried  

at 230 °C 

(under air) 

/cm-1 

PET dried  

at 230 °C 

(under 

nitrogen) 

/cm-1 

Vibration 

3080 - 3900 3080 - 3900 3080 - 3900 3080 - 3900 3080 - 3900 O-H 

2872 - 2958 2872 - 2958 2872 - 2958 2872 - 2958 2872 - 2958 CH2 and CH3 

1730 1730 1730 1730 1730 C=O 

 1604 1606  1600 Amide 

 1577 1577 1577 1570 Amide 

1509 1509 1509 1509 1509 -NH3
+ 

1457 1457 1457 1450 1448 C-H 

 1419 1419 1419 1419 N-H 

1246 1246 1246 1236 1239 -O-H 

1182 1182 1182 1180 1181 C-O 

1043 1037 1043 1083 1037 C-O 

833 833 833 832 832 C-O 

 

5.9.3 Hardness of polyelectrolyte layers 

From the FT-IR measurements it is already visible that variations in curing temperature lead 

to differences in the forming of amide bonds and thereby to cross linking of the polymer film. 

Changes in the number of cross links should influence the hardness of the coating. The 

coating hardness was studied at curing temperatures of 130, 180 and 240 °C under air 

atmosphere (Fig. 94).   
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Fig. 94. Hardness of polyelectrolyte layers cured at different temperatures [taken from I. Klueppel, O. 

Seewald, R.Regenspurger, W. Bremser, G. Grundmeier, to be submitted] 

 

With increasing curing temperature the coating hardness rises from 115 N/mm2 at 130 °C to 

165 N/mm2 at 240 °C. The temperature dependence of the hardness underlines the FT-IR 

measurements and indicates the differences in the amount of amide bonds formed during the 

curing process. This should also influence further physical properties of the coating like 

formability and water uptake.  

Further on the time dependent FT-IR measurements for room temperature cured 

polyelectrolyte layers show an increase of amide bonds even without heating. The ability of 

post curing of polyelectrolyte layers was also studied by hardness measurements over time at 

a layer cured at 130 °C (Fig. 95). 
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Fig. 95. Post curing of polyelectrolyte layer cured at 130 °C [taken from I. Klueppel, O. Seewald, 

R.Regenspurger, W. Bremser, G. Grundmeier, to be submitted] 

 

The already cross linked system shows a further increase of hardness from about 107 N/mm2 

to about 155 N/mm2 after 300 hours. The final hardness correlates with a coating cured at  

220 °C (compare Fig. 94). The increase shows that the curing at 130 °C still leaves some 

reactive groups which can lead to a further cross linking with time.    

 

5.9.4 Water uptake of polyelectrolyte layers dried at different 

temperatures 

The protective properties of organic coatings against corrosion are based mainly on barrier 

properties blocking the transport of corrosive media. These barrier properties depend on the 

organic structure of the polymer and also on the cross linking state of the macro molecules 

within the coating. With increased cross linking the water uptake decreases and the barrier 

properties increase. Electrochemical Impedance Spectroscopy allows to follow the water 

uptake of organic coatings based on the Brasher-Kingsbury equation (eq. 56) using the 

coating capacitance as a function of immersion time in an electrolyte [28, 97, 98, 101, 170]. 

 

100
log

loglog

2

0 ⋅
−

=
OH

t CC
ε

ϕ      (eq. 56) 
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With ϕ the water uptake in percent, Ct the coating capacitance at time t, C0 the initial coating 

capacitance and OH2
ε  (78.5) the dielectric constant of water. 

The impedance spectra of PET complex coated samples dried at different temperatures and 

under different atmospheres were recorded for some hours and afterwards used for the water 

uptake calculation. 

 

The impedance spectrum of a PET coated sample dried at room temperature shows in the high 

frequency range from 100 kHz to 100 Hz a capacitive behaviour while at low frequencies the 

ohmic resistance of the coating is predominant (Fig. 96). After 20 hours of immersion in a 

borate buffer solution a change in barrier properties became visible by an increase of the 

resistance by nearly one order of magnitude in the low frequency range. Furthermore, the 

capacitively dominated range extended down to 10 Hz while the impedance in this range is 

significantly lower than in the initial state.  
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Fig. 96. Impedance spectra of PET complex dried at room temperature and immersed in borate buffer for 

different times, indicating a strong change in barrier properties over time 

 

The PET coating dried at 130 °C shows a capacitive behaviour down to 10 to 1 Hz (Fig. 97). 

Only at very low frequencies a change in the ideal coating behaviour becomes visible. Over 

the immersion time the coating resistance only slightly increases indicating a well cross 

linked coating.  
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Fig. 97. Impedance spectra of PET complex dried 130 °C under standard atmosphere and immersed into 

borate buffer for different times, indicating only slight changes of the barrier properties over time 

 

The coating dried at 230 °C shows an ideal behaviour over the complete frequency range with 

a phase shift of 90 ° (Fig. 98). The immersion for 9 hours leads to no significant changes in 

the coating properties indicating a highly cross linked polymer.  
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Fig. 98. Impedance spectra of PET complex dried at 230°C under standard atmosphere and immersed 

into borate buffer for different times, indicating nearly no change of the barrier properties over time 

 

The coating dried at 230 °C under nitrogen atmosphere shows differences in the low 

frequency resistance in comparison to the one dried under air atmosphere. At frequencies 
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below 10 Hz the coating changes from a purely capacitive behaviour to one with a clearly 

ohmic behaviour. Long time immersion leads to only slight changes in the phase shift ranging 

to higher frequencies and a less dominant ohmic behaviour. The barrier property indicated by 

the low frequency resistance seems not to be affected.  
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Fig. 99. Impedance spectra of PET complex dried at 230°C under nitrogen and immersed into borate 

buffer for different times, indicating nearly no change of the barrier properties over time 

 

The water uptake calculated from the time dependent impedance spectra taken for the 

differently cured coatings shows significant differences (Fig. 100). The coating dried at room 

temperature shows a high water uptake of about 19.5 % indicating just a low cross linking 

with only weak barrier properties. With increasing curing temperature a clear change in the 

coating properties becomes visible. At 130 °C the water uptake strongly decreases to 5.5 % 

and the initial slope increases very strongly leading to a quicker achievement of the plateau. 

The further increase of temperature to 230 °C leads to even less water uptake in the range of 

1.5 % with a similar slope like the one dried at 130 °C.       

 



Results 

 139 

0 5000 10000 15000 20000 25000 30000 35000
0

1

2

3

4

5

6
15

16

17

18

19

20

 dried at room temp.
 dried at 130 °C under air
 dried at 230 °C under air

w
at

er
 u

pt
ak

e 
/ %

t / s  
Fig. 100. Water uptake of a polyelectrolyte film dried at room temperature, 130°C and 230°C under air. 

The water uptake decreases with increasing curing temperature and cross linking of the system 

 

The comparison of the two coatings dried at 230 °C but under different atmospheres (air and 

nitrogen) shows nearly no differences in the slope and total amount of water uptake (Fig. 

101). 
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Fig. 101. Water uptake of a polyelectrolyte film dried at 230°C under air and nitrogen. The different 

atmospheres show no influence on the water uptake of the system 

 

The water uptake for the systems cured under air atmosphere was plotted versus curing 

temperature and is given in Fig. 102.  
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Fig. 102. Water uptake versus curing temperature for PET system cured under standard atmosphere. The 

water uptake follows an exponential decay with increasing curing temperatures 

 

The reduction of the water uptake with increasing temperature follows a 1st order exponential 

decay indicating a strong cross linking during drying even for medium temperatures.  

 

5.9.5 FE-SEM investigation of formed polyelectrolyte layers 

The formed and unformed polyelectrolyte coated samples were analysed by FE-SEM to 

identify the formation of defects. The images of the unformed samples show a formation of 

compact films that follow the surface roughness of the electrogalvanised substrate (Fig. 103). 

The sample dried at room temperature (24h) shows certain pores within the coating while the 

two other films are free of defects. The defect formation might occur due to the brittle 

properties of the coating if the solvent is evaporated while no bond formation between the 

polymer chains happens. 
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Fig. 103. SEM image of unformed polyelectrolyte coated samples dried under standard atmosphere at 

room temperature (top left), at 130 °C (top right) and 230 °C (bottom). At room temperature the 

formation of certain pores is visible while at higher temperatures smooth films are formed 

 

The elongated samples show formation of defects perpendicular to the direction of the major 

strain (Fig. 104). There were no favourite defect sites as in the pigmented coatings and the 

defects are statistically distributed over the complete sample.  
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Fig. 104. SEM image of 20 % elongated polyelectrolyte coated samples dried under standard atmosphere 

at room temperature (top left), at 130 °C (top right) and 230 °C (bottom). For all curing temperatures the 

forming leads to defects within the coating 

 

The defects size allows a ranking of the different curing conditions with 130 °C on top 

showing on average the smallest defects, the RT dried sample with larger defects and finally 

the sample cured at 230 °C. The last one shows a homogeneous distribution of large defects 

that would dramatically reduce the barrier properties of the coating. 

 

5.9.6 In-situ Electrochemical Impedance Spectroscopy during stretch 

forming of polyelectrolyte layers 

The in-situ Electrochemical Impedance Spectroscopy during the stretch forming of the 

polyelectrolyte coated samples were performed with similar miniature stretching samples as 

already described for the testing of corrosion protection primers. The samples were cut out by 

a laser, three step solvent cleaned and afterwards alkaline cleaned by a coil coating cleaner. 

The coating was applied by dip coating with a home-built dip coater (dipping speed 2 mm/s). 
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The samples were dried / cured at different temperatures (RT 24 h drying, 130 °C and 230 °C) 

and under standard or nitrogen atmosphere. 

 

5.9.6.1  Formability of a polyelectrolyte layer dried at room temperature 

The room temperature dried polyelectrolyte coating shows in the unformed state a broad 

capacitive behaviour from 100000 Hz down to 10 Hz (Fig. 105). The low frequency resistance 

reaches 1 MΩ / cm2 indicating high barrier properties. At an elongation of 5% the separation 

into two time constants becomes visible. In the high frequency range the capacitive 

characteristic ranges from 100000 Hz down to 1000 Hz. The low frequency part has a 

capacitive part from 10 to 0.1 Hz. The first range has its minimum at 10000 Hz while the 

second one shows a minimum between 2 and 3 Hz. With increasing elongation the 

distribution into the two time constants becomes more and more dominant. In the high 

frequency area the minimum in the phase shift changes from -75° to -40° while the low 

frequency minimum increases from -30° to -50°. The low frequency resistance decreases by 

one order of magnitude due to an elongation to 20%. 
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Fig. 105. In-situ EIS during the forming of PET layer on electrogalvanised steel  

dried at room temperature for 24 h. The forming leads to a decrease in the barrier properties of the 

coating by the formation of defects 

 

The thickness reduction of the coating seems to lead to a separation of the two time constants 

(organic coating and double layer). The increase of the low frequency minimum can be 

caused by the easier diffusion of water molecules through the coating and the formation of a 

more significant double layer. 
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5.9.6.2 Formability of a polyelectrolyte layer dried at 130°C 

The polyelectrolyte layer shows capacitive behaviour in the range of 10000 to 10 Hz in the 

unformed state with a minimum for the phase shift of -75° at 1000 Hz (Fig. 106). The low 

frequency resistance shows good barrier properties with a value of about 1 MΩ / cm2. The 

increase of the forming degree leads to a shift of the capacitive range to 1000 and 1 Hz and 

also to a shift of the phase minimum to 50 Hz at 20% elongation. At higher elongations the 

minimum of the phase shift drifts from -75° to -65° and shows a lesser broad structure. The 

loss in low frequency resistance is less significant than for the room temperature dried sample 

with just half an order of magnitude.   



Results 

 146 

 

0.1 1 10 100 1000 10000 100000
100

1000

10000

100000

1000000

 0% elongation
 5% elongation
 15% elongation
 20% elongation

|Z
| /

 Ω
 c

m
2

f / Hz  

0.1 1 10 100 1000 10000 100000
-90

-80

-70

-60

-50

-40

-30

-20

-10

0  0% elongation
 5% elongation
 15% elongation
 20% elongation

Ph
as

e 
/ °

f / Hz  
Fig. 106. In-situ EIS during forming of PET layer on electrogalvanised steel dried at 130 °C. The forming 

leads to a decrease in the barrier properties of the coating by the formation of defects 

 

The slight change in the low frequency resistance even at high forming degrees indicates a 

good formability of the coating with excellent barrier properties. The shift of the capacitive 

range and the absolute minimum is caused by the thickness reduction of the coating during 

the forming process. 
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5.9.6.3 Formability of a polyelectrolyte layer dried at 230°C 

The system dried under standard conditions shows capacitive properties in the range from 

1000 Hz down to 0.1 Hz with a low frequency resistance of 400000 Ω / cm2 for the unformed 

state (Fig. 107). The phase shift shows a broad distribution with a minimum of -80°at 10 Hz. 

Elongation of only 5% leads to a dramatic loss of the barrier properties by nearly two orders 

of magnitude. The capacitive area decreases to the range of 400 to 3 Hz with a sharp 

minimum of -65° at 40 Hz. With further elongation the minimum shifts to -50° at 50 Hz, 

simultaneously the low frequency resistance decreases further to 2000 Ω / cm2. 
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Fig. 107. In-situ EIS during forming of PET layer on electrogalvanised steel dried at 230 °C under air. 

The forming leads to a decrease in the barrier properties of the coating by the formation of defects 
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The impedance spectra of the high temperature cured coating (standard atmosphere) show 

high barrier properties in the unformed state. But the first forming step leads to a dramatic 

loss of these properties with a final spectrum similar to the one of an uncoated 

electrogalvanised steel sample. The high temperature seems to lead to a highly dried and 

hardened system with a brittle structure. Such a system completely loses its formability and 

cannot withstand the applied forces during forming. 

The impedance spectra were non linearly fitted to calculate reproducible values for the low 

frequency resistance at 0.1 Hz (Tab. 8). This procedure avoids errors from scattered 

measurement point due to noise uptake by the potentiostat. The data were normalised to the 

initial value at an elongation of 0% and plotted in Fig. 108. The initial values for the polymer 

layer dried at room temperature and at 130 °C show a significant higher resistance resulting in 

much better barrier properties. The high temperature cured coatings, especially the one dried 

under nitrogen, show much lower resistances and significant lower final values. 

 
Tab. 8. Resistance of PET complex layer at 0.1 Hz taken from non-linear impedance fit 

 
PET dried at RT  

/ Ω cm² 

PET dried at 

130 °C 

/ Ω cm² 

PET dried at  

230 °C (standard 

atmosphere) 

/ Ω cm² 

0 % elongation 961575 771375 319020 

5 % elongation 202337 291096 7171 

10 % 

elongation 
249472 - 2734 

15 % 

elongation 
99016 340988 2053 

20 % 

elongation 
123676 299192 1848 

 

The comparison of the PET layers dried at room temperature, 130 °C and 230° under standard 

atmosphere shows a clear ranking with regard to formability (Fig. 108). The coating dried at 

130 °C shows only a loss of about 50 % of its initial barrier property even at high forming 

degrees. The room temperature dried one loses about 80 % of its initial value while the one 

dried at 230 °C loses nearly its complete corrosion protection properties. In all cases the final 

loss of the protective properties occurs in the first forming step and stabilises at higher 

forming degrees.  
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Fig. 108. Comparison of the formability of PET complexes cured at different temperatures. The system 

dried at 130 °C shows the best forming performance with a decrease of the barrier properties to 40 %. 

 

The information about the optimal curing conditions is of great interest as the formability and 

thereby the barrier properties directly correspond with them. Too low temperatures would not 

lead to the necessary cross linking while a too high temperature may lead to degradation of 

the coating. It becomes clear that the optimal formability is reached at a medium temperature 

of 130 °C for the investigated PET system.   
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6 Overall conclusions 

The scope of this thesis was the development of new analytical tools to investigate the 

formability, corrosion and barrier properties of organic coatings applied on electrogalvanised 

steel. Thus the work focused on innovative, combined in-situ methods which generate 

detailed information about the system under investigation. A new electrochemical capillary 

cell setup was built, combining impedance spectroscopy with simultaneous forming of a 

sample. Detailed information about the loss of the barrier properties during stretch forming by 

the formation of defects and the corrosive attack of the electrolyte are gained by this setup. 

Further results of the local loss of barrier properties and the corrosion product formation can 

be obtained from the combination of a confocal Raman spectrometer with an electrochemical 

capillary cell. Finally the new in-situ Raman / QCM flow cell allows the measurement of 

adsorption kinetics and dissolution processes of e.g. inhibitors and further on allows the 

identification of the products involved.   

 

The lab coated pretreatment and corrosion protection primer show homogeneous distribution 

and layer formation. The zinc particles embedded in the coating sizes from 2 – 7 µm are 

covered with a rough oxide layer and form no direct, conducting contact between the coating 

surface and the steel substrate. All uniaxial, biaxial, plane strain formed and also the 

miniature stretching samples show a uniform strain distribution over the complete area under 

investigation. The forming of the corrosion protection primer leads to the formation of defects 

at the zinc particle / binder interface growing with increasing strain while the underneath zinc 

structure shows no defects. Furthermore, the formed coating detaches from the substrate and 

generates small sheltered caverns.  

The cleaning procedure of the formed CPPs shows no visible influence on the surface 

structure of the implemented zinc particles while the tendency to the formation of small 

phosphate crystals rises with increasing pH of the cleaning solution. The precipitation of the 

phosphate crystals appears on the free zinc area on top of the pigments and in the defects 

induced by the forming procedure. Thus the existence and size of defects influences the 

kinetic of the phosphating process which is accelerated by the amount of the free zinc surface. 

The cleaning procedure shows no influence on the corrosion performance of the CPP in the 

VDA climate test while the forming leads to a loss of the protective properties due to the 

defect formation. The blistering of ED-paint applied on CPP additionally is just dependant on 

pre-forming for very thin thicknesses of about 4 µm. With common thicknesses of about 15 – 
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20 µm the barrier properties of the ED-paint are the corrosion rate limiting step and no 

distinction between formed and unformed samples can be observed. 

FE-SEM and FIB analysis of formed (20 % elongated) CPP after 24 h salt spray test indicate 

a strong local corrosion in the area of the forming induced caverns. The corrosion rate in these 

caverns is significantly higher than on flat samples corresponding to a complete degradation 

of the zinc layer after almost 24 h on local sites. 

The in-situ Impedance Spectroscopy during stretch forming shows the formation of initial 

defects already at small forming degrees. Further elongation leads to a significant loss of the 

barrier properties while at high forming degrees (25 % elongation) the protection of the 

coating is nearly completely destroyed which is indicated by the impedance value as of the 

pure substrate. 

Combined Raman / Impedance spectra indicate only a increase of  in the formation of 

corrosion products within two hours. While the barrier property degradation of the formed 

CPP is a very fast process showing a significant change in the impedance. 

The surface modification of the zinc particles to strengthen the bonding between the particles 

and the binder matrix showed no reduction of the forming induced defects due to the high 

strain inside the system. 

The overall results indicate that a fast corrosive deadhesion along the particle/ binder interface 

appears almost in the unformed state. After forming the induced defects and caverns allow an 

easy penetration of the electrolyte and act as initial sites for a corrosive attack of the substrate 

and the delamination of the coating.  

 

The in-situ Raman / QCM measurements show a comprehensive view of the MBT inhibitor 

adsorption on SERS active gold. The formation of a monolayer was completed after 6 

minutes and could be correlated with the theoretically calculated frequency shift. 

 

The investigated polyelectrolyte layers show the formation of covalent bonds after the drying 

for several days at room temperature or after curing at temperatures of 130 or 230 °C. The 

water uptake is reduced due to curing from 19.5 % for the room temperature dried coating to 

5.5 % at 130 °C to finally 1.5 % for the one dried at 230 °C. Forming leads to the formation 

of defects perpendicular to the elongation direction. The best formability is found for the 

coatings cured at 130 °C while the dried at RT and 230 °C shows a significantly worse 

formability. 
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7 Outlook 

In future studies the embedded zinc particles might be exchanged by other metal or alloy 

pigments that guarantee the electrical conduction for spot welding and further on have a better 

adhesion to the binder matrix and provide passivating properties. E.g. the formation of 

voluminous, inhibiting corrosion products would allow a complete closure of the forming 

induced defects at the particle / binder interface.  

Other aspects to be considered are the passivation of the zinc particles by e.g. similar 

solutions already used as pretreatment for the galvanised steel substrate. This could lead to a 

reduction of corrosive delamination along the particle / binder interface resulting in a fast 

decrease of the coating barrier properties.  

The design of binder systems with low glass transition temperatures that allow closure of 

forming induced defects at temperatures of about 180 °C, as they appear during curing of the 

ED-paint, could probably significantly increase the barrier properties of the coating. 

For polyelectrolyte coatings the kinetic of the cross linking should be further investigated as 

this is of great importance for further technical applications concerning the formability after 

the storage of the coated coils. For these systems also the double curing after application and 

after ED-paint application might be suitable for improving the barrier properties. Further on 

the electrical conductivity needed for spot welding might be increased by the implementation 

of conductive polymers. 

The setups developed within this thesis can be used to support the coating design by the fast 

testing of new products concerning the formability and influence of implemented inhibitors. 

But they are not only limited to coatings due to the high local resolution, they can also be 

used to indentify and analyse the properties of e.g. inhomogeneous particles embedded in 

metals or other technical products.  
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