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A B S T R A C T   

One of the most important mechanisms of organic coating degradation is cathodic delamination. Although a 
significant progress towards the fundamentals of delamination was achieved in the recent decades, the under-
lying key parameters are not fully understood. It is believed that either cation migration along the delaminated 
interface or oxygen reduction at the interface are rate determining. However, as will be shown here this is not the 
case. A new hypothesis, which is cation insertion into the intact interface as the rate determining step in 
delamination, is proposed using a combined Scanning Kelvin Probe/potentiostat set-up and an in-depth 
delamination rate analysis.   

1. Introduction 

Organic coatings are widely used to protect metals against corrosion 
and to provide aesthetic properties and other functionalities such as 
thermal insulation, friction, signal colors, electrical insulation. Degra-
dation of the coatings can occur due to various mechanical, thermal, 
chemical, and biological conditions. Degradation by electrochemical 
reactions underneath the coatings is a common cause of organic coatings 
failure, which might take place in mechanisms such as blistering, anodic 
undermining, filiform corrosion and cathodic delamination [1,2]. The 
latter is one of the most important degradation mechanisms, which 
mostly takes place on steel and zinc substrates. Cathodic delamination, 
which is initiated and driven by corrosion at a defect site in the coating 
or at the interface, is a laterally proceeding loss of adhesion between 
organic coating and metallic substrate. This phenomenon has attracted 
the attention of many scientists for decades. One of the first studies on 
the delamination mechanism was carried out by Leidheiser et al. in 1983 
[3]. Later in the 1990s, a significant breakthrough was achieved by 
Stratmann et al., who applied Scanning Kelvin Probe (SKP) in corrosion 
science. Kelvin Probe, a non-contact and non-destructive method, was 
adopted for investigation on atmospheric corrosion of metals and 
polymer coated metals, where conventional electrochemical techniques 
are not applicable [4–12]. 

A detailed delamination model of polymer coated steel using SKP as 
the main technique was first presented by Leng et al. [13–15]. In brief, 
upon activation of corrosion by adding the electrolyte into the defect, 
the electrode potential of the defect shifts negatively towards the free 
corrosion potential of iron, which is determined by anodic metal 

dissolution (Eq. (1)) and the oxygen reduction reaction (ORR) (Eq. (2)) 
in the defect: 

Fe⟶Fe2+ + 2e− (1)  

O2 + 2H2O+ 4e− ⟶4OH− (2) 

Typical potential profiles as they are characteristic for delamination 
of polymer coated steel/iron are schematically shown in Fig. 1. The 
dissolution of iron is inhibited on the intact coating/iron interface due to 
the absence of electrolyte, which results in a potential in the passive 
potential range, i.e. relatively high, with a high ratio of [Fe3+]/[Fe2+] in 
the oxide film, which inhibits oxygen reduction [16] as well as the 
relatively large upward band bending [17]. The potential difference 
between the defect and the intact interface is a driving force for cation 
migration [18]. A galvanic coupling is formed between the defect and 
the adjacent interface by incorporation of cations into the interface. This 
causes a negative shift of the potential at the interface, which enables the 
onset of oxygen reduction at the buried interface by lowering or even 
lifting the upward band bending and increasing the Fe2+ concentration 
at the surface of the passive layer. 

The intermediate radicals formed during ORR attack the bonds be-
tween the organic coating and the metal as well as the organic matrix at 
the interface and thus delamination occurs [13]. The sharp potential 
transitions that can be seen in the potential profiles shown in Fig. 1 mark 
the delamination front, which moves away from the defect. The galvanic 
coupling between the net local anode (defect) and the net local cathode 
(delamination front) results in an ohmic potential drop along the 
delaminated interface, which increases as the front goes further. 
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As the delamination front is discernible by SKP, the progress of 
delamination with time can be monitored, which makes it possible to 
calculate the delamination rate. It is stated in the literature [14,19] that 
delamination progress with time follows the power function (Eq. (3)): 

x (t) = k(t − ti)
a (3)  

where x is the delamination front position, k the rate constant, t the 
delamination time, ti the initiation time, and a the exponent, usually 
varying from 0.5 to 1. It is generally agreed that the delamination 
progress that depends on square root of time (a = 0.5) is controlled by 
the cation migration from the corroding defect to the delamination 
front, while a linear progress with time (a = 1) is attributed to the ox-
ygen reduction reaction as rate determining step [14,19–33]. Usually, it 
is found that faster delaminating “weaker” coatings show a rather square 
root of time dependence, while slower delaminating “stronger” coatings 
show a constant delamination rate. However, this is not of general 
validity. For instance, Nazarov et al. reported of quite strong coatings 
showing a square root of time dependence [30]. 

It has been shown that the delamination of simple non-pigmented 
coating from steel [14] and electrogalvanized steel [19] seem to be 
controlled by cation migration along the delaminated interface, which 
consequently results in slower progress for bigger hydrated cations in 
the electrolyte. However, it was found that presence of more than 1 vol 
% of CO2 in the atmosphere significantly decreases the delamination 
rate on electrogalvanized steel, which was proposed to be due to the 
change of delamination mechanism to a charge transfer control, 
resulting in a linear progress with time. 

This seems to be supported by observations where inhibition of ox-
ygen reduction seems to lead to a change from a parabolic rate to a linear 
rate of the delamination progress. For instance, the effect of polyaniline 
additions to PVB coating on the delamination of the resulting composite 
coating on iron was investigated by Holness et al. [24]. A transition from 
parabolic (for simple PVB) to linear delamination kinetics (for poly-
aniline dispersed PVB) was shown. The authors attributed this to the 
reduced activation-controlled rate of ORR, which was replaced to some 
extent by polyaniline reduction at the delamination front, releasing 
paratoluenesulfonic anions, which unlike ORR products, do not destroy 
the coating/metal bonds. This leads to a quite significant decrease of 
delamination rate. In more recent work by Merz et al. [34,35], it is 
proposed that this effect, in fact, is due to the polarization of the inter-
face surrounding the polyaniline particles, which prevents the potential 
to be pulled down in the first place. 

In another study by Glover et al. [29], the delamination kinetics of 
PVB coating containing graphene nano-platelets (GNP) from iron and 

zinc was investigated. It was shown that the delamination rates 
remained parabolic in case of zinc substrate, but they changed to linear 
for iron substrate. The latter was linked to the longer path of oxygen 
permeation through the coating in presence of GNP in the coating. For 
zinc substrate, however, the presence of GNP was proposed to increase 
the required charge for unit area of delamination, which would lead to 
higher required cation migration. It was also mentioned that GNP pig-
ments act as an oxygen cathode on zinc, which results in more disso-
lution of zinc underneath the coating, leading to a more gelatinous 
delaminated interface and to a reduced cation mobility. 

However, the best fit for the exponent a in Eq. 3 is often neither quite 
0.5 nor 1. Furthermore, it seems counter-intuitive that the delamination 
rate of a coating should be determined by cation migration along the 
delaminated interface, which would mean that the nature of the intact 
interface plays no role. This indicates that there is great scope for further 
studies. The aim of the present work was to fundamentally investigate 
the role of key parameters in cathodic delamination mechanism and to 
improve our understanding of the delamination kinetics, which could 
take our knowledge one step forward. A novel, combined Scanning 
Kelvin Probe/potentiostat set-up was used to evaluate the generally 
accepted theories and to propose a new hypothesis about rate deter-
mining step in cathodic delamination. 

2. Experimental 

2.1. Materials 

Iron (99.8%) sheet with a thickness of about 1 mm was used as 
substrate for the samples. Potassium chloride (KCl, p.a.), lithium chlo-
ride (LiCl, p.a.), polyvinyl butyral (PVB), agar, pure ethanol, platinum 
wire (99.99%- diam. 1.0 mm) were purchased from Sigma-Aldrich. 
Potassium oxalate monohydrate (K2C2O4⋅H2O, 98.5–101.0%), lithium 
oxalate (Li2C2O4, 99 +%), and silver wire (99.99%- diam. 0.25 mm) 
were purchased from Alfa Aesar. Copper sulphate (CuSO4, 99.7%) was 
supplied by VWR. A two-component cold curing glue (X60) was pur-
chased from HBM. Microscope slides (0.8–1.0 mm) were purchased 
from Thermo Scientific. The aqueous solutions were prepared by ultra- 
pure water using USF ELGA system with a conductivity less than 
0.055 µS/cm. PVB solution (10 wt%) was prepared using pure ethanol. 

2.2. Sample preparation 

Iron sheet was cut into 30 × 20 mm2 pieces, which then were ground 
with sequentially finer silicon carbide sandpapers of up to P1000. The 
pieces were rinsed with ultra-pure water and cleaned in an ultrasonic 
bath for 5 min in pure ethanol, then were dried using high pressure air 
stream. PVB solution was applied on the iron substrates using a spin 
coater at 2000 rpm for 20 s two times with 30 s waiting in between. 
Then the coating was cured in an oven at 75 ◦C for 10 min. In order to 
prepare samples with a corroding defect, an iron plate with the same 
dimension and preparation was stuck underneath the coated iron along 
the sample by cold curing glue, providing free iron in front of the coated 
iron (see Fig. 2a). The electrical connection between the iron plates was 

Fig. 1. A schematic illustration of delaminating interface and the respective 
potential profile. The potential drop across the delamination front is decreasing 
by ohmic i.R drop in the delaminated interface. 

Fig. 2. A schematic drawing of the sample prepared for a) corrosion driven 
experiments b) potential-controlled experiments. 
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provided by copper tape. For potential-controlled defects, a piece of 
microscope slide was stuck underneath the coated iron by glue (see 
Fig. 2b), providing an electric insulation setting for placing the 
electrodes. 

2.3. SKP measurements 

For the monitoring of coating delamination and cation migration a 
commercial Scanning Kelvin Probe (SKP) from KM Soft Control was 
used, which was operated with a Ni(80)/Cr(20) tip (~100 µm in 
diameter) [36]. The resolution of the SKP measurements is linked to the 
tip diameter and the step size of scanning. The step size was set to either 
10 or 20 µm for all the measurements and the tip diameter was about 
100 µm, which should provide a lateral resolution of better than 100 µm. 
The potential is measured with an accuracy better than 1 mV, but slight 
drifts of potential are observed, which can be controlled by regular 
re-calibration on the Cu/CuSO4 reference. The relative humidity in the 
chamber was maintained between 91% and 94%. Prior to any mea-
surement, the SKP tip was calibrated against a Cu/CuSO4 (saturated 
solution) reference electrode in air at R.H.~93%. All the potentials are 
reported versus the Standard Hydrogen Electrode (SHE). The starting 
point of the measurements was about 1000 µm away from the artificial 
defect in all experiments. The line scans were done at the middle of the 
width along the length of the samples. A MATLAB program, developed 
by Schulz [37], was used to process the SKP data. 

2.4. Combined SKP/Potentiostat set-up 

In order to apply any potential of interest at the defect site during 
SKP measurements, a combined SKP/potentiostat set-up was built, 
which is schematically shown in Fig. 3. A portable compactstat from 
IVIUM technologies was used as potentiostat. A micro Ag/AgCl [38] and 
a Pt wire were used as reference and counter electrodes in a 3-electrode 
set-up, with the iron edge exposed at the defect as working electrode (Cu 
tape was used to electrically connect the Fe sample on the microscope 
slide to the stage). All the other conditions were identical to the 
free-corroding defect experiments, explained in the previous part (2.3). 
To prevent strong anodic corrosion at high potentials in the defect, 
aqueous oxalate solutions were used as electrolyte instead of aqueous 
chloride solutions with the same molarity of cations. The experiments 
including free corrosion driven and potential-controlled experiments 
were replicated at least 4 times in each condition (i.e. for each different 
kind of electrolyte). 

3. Results and discussion 

In order to investigate whether the rate determining step in cathodic 
delamination is indeed the cation migration from the defect to the 
delamination front as is assumed according to the generally accepted 
theory, a potential-controlled experiment was designed using the com-
bined SKP/potentiostat set-up. Fig. 4 shows the potential profiles ob-
tained by SKP on PVB coated iron, already delaminated about 4500 µm, 
with an aqueous solution of 0.5 M K2C2O4 in the defect, which was 
polarized to different potentials while SKP was scanning the surface. The 
first curve (black line) was obtained by polarizing the defect to − 0.65 V 
vs. SHE, which shows a high ohmic drop in the delaminated interface. 
The second curve (blue line) was obtained by starting with the same 
polarization in the defect but changing the potential in the defect to 
− 0.25 V vs. SHE at around x = 2000 µm while SKP was scanning the 
surface. It can be clearly seen that the potential at the distance of 
2000 µm away from the defect rose immediately by changing the po-
tential in the defect, which indicates cation migration along the 
delaminated interface takes negligible time, and therefore, it is unlikely 
to be rate determining in cathodic delamination. The third curve (red 
line) was obtained by starting with the applied potential of − 0.25 V in 
the defect and going back to − 0.65 V at x = 2000 µm while SKP was 
measuring the potential of the interface. As can be seen, the potential in 
2000 µm distance from the defect decreased immediately to the values 
when − 0.65 V was applied in the defect from the beginning (the first 
curve/black line). Note that the potentials in the delaminated interface 
of a passive metal are always higher than the potentials in the defect, 
due to the ohmic i.R drop along the delaminated area. These results 
fundamentally show that cation migration in the delaminated interface 
is fast, and therefore, unlikely to control the delamination kinetics. 

In order to have reference measurements for an in-depth analysis, 
first standard delamination experiments on PVB coated iron with free- 
corroding defects were performed. Fig. 5a-b shows the delamination 
curves for 1 M KCl and 1 M LiCl in the defects, respectively. The cor-
responding progress of delamination is shown in Fig. 5c, which for both 
cases indicates an initial dependence of the delamination progress on the 
square root of time (see Fig. 5d)). In accordance with the findings re-
ported by Leng et al. [14], the delamination for the case of Li+ as cation 
in the defect was slower than that with K+, which is proposed to be due 
to the larger size of the lithium cation due to the more pronounced 
hydration shell. This, at first glance, suggests that cation migration from 
the defect is the rate determining step in these delamination experi-
ments, just like it was proposed in these earlier works; however, it 
should be noted that there is an ohmic potential drop in the delaminated 
interface, which could also play a role in affecting the delamination 

Fig. 3. A schematic illustration of the combined SKP/potentiostat set-up used 
for potential-controlled experiments, 1: Ag/AgCl micro-reference electrode, 2: 
Pt wire as counter electrode, 3: electrolyte, 4: microscope slide, 5: SKP tip, 6: 
coating, 7: metal, 8: Cu tape, 9: SKP stage, 10: potentiostat. 

Fig. 4. Delamination curves as obtained by SKP on a PVB coated iron sample 
with an aqueous solution of 0.5 M K2C2O4 in the defect, which was polarized to 
− 0.65 V vs. SHE (black line). The potential was changed from − 0.65 V to 
− 0.25 V vs. SHE at around 2000 µm distance to the defect (blue line), followed 
by a change back to − 0.65 V vs SHE in the next scan at the same position (red 
line). As can be seen the response in potential at the delaminated interface is 
nearly immediate. Scan rate: 1.17 mm/min. 
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rates. It should be noted that with progress of the delamination, the 
ohmic i.R drop at the delaminated interface leads to a steady increase of 
the potential at the delamination front. This in turn should decrease the 
driving force for delamination, which is widely assumed to be the po-
tential difference between delaminated interface and intact interface at 
the front. An inversion of this difference fully inhibits delamination 
[17]. Therefore, the obtained delamination behavior, i.e. the initial 
square root of time dependence that can be seen in Fig. 5d, could have 
been influenced by the decreased driving force, and is not necessarily 
attributed to the cation migration from the defect. This point is 
frequently neglected in the delamination rate analyses. 

In order to understand the effect of ohmic potential drop along the 
delaminated interface on the delamination rate, potential-controlled 
experiments were performed on PVB coated iron for two different 
electrolytes in the defects. Fig. 6a-b shows the delamination curves 
obtained by subsequently increasing the potential applied in the defect 
for the case of either 0.5 M K2C2O4 (a) or 0.5 M Li2C2O4 (b) as electro-
lyte. As especially for the higher potentials oxygen reduction and hence 
delamination will be quite inhibited, it is anticipated that at higher 
potentials the progress of the steep change in potential in the potential 
profiles is not indicating the delamination front but rather the front of 
migrating cations along the intact interface, just like cations are just 
migrating along the intact interface in argon atmosphere [15]. Hence, in 
the following we denote this progressing front as the delam-
ination/migration front. The progress of the delamination/migration 
front versus time is shown in Fig. 6c-d, which were derived from (a) and 
(b), respectively. It can be seen that the progress is inclined to a linear 
dependence on time by increasing the potential in the defect, and sub-
sequently, removing the ohmic drop in the delaminated interface. This 
effect can be seen more clearly in Fig. 7, where there is only a high 
potential applied over extended time. At such a high potential, it is not 
expected to have much oxygen reduction, therefore, as mentioned the 
progress of the front has to be related to the cations, moving along the 

interface. Yet, the rates in Fig. 7c show a linear dependence on time, and 
not a parabolic one that is expected in ionic migration. Hence, the result 
could not be explained by cation migration, which parabolically de-
pends on the distance to the defect. In fact, the cation migration that is 
accordance with the potential profiles of Fig. 7 are unlikely to show a 
parabolic behavior. The reason why diffusion and migration often show 
a square root of time dependence is that the gradient of concentration or 
potential gets shallower and shallower upon advance of diffusion or 
migration. As can be seen, there is no sign of such characteristic 
smear-out of potential over time. On the contrary, there is always a steep 
potential change at the front, and only a very small potential drop, if 
any, in the migrated area. Hence, it seems that the transport of cations 
towards the front cannot be the rate limiting step here. It rather looks 
like that the rate determining step is not along the migrated interface, 
but rather at the migration front. 

In order to elucidate this further, an in-depth rate analysis was car-
ried out on the delamination/migration curves shown in Figs. 5 and 6. In  
Fig. 8 the logarithm of the rates obtained from these curves is plotted as 
a function of the according potentials at the front. The range of data is 
limited to the natural corrosion potential of delamination in case of free 
corrosion driven experiments (potassium and lithium chloride in the 
defect). As can be seen, the rates are the same at same potential and 
cation in the defect, regardless of whether oxalate or chloride was used 
in the defect., i.e. whether free corrosion or polarization by potentiostat 
determined the potential in the defect. As can also be seen in Fig. 8, the 
rates are different for the same potential at the front, but different size of 
the cation, i.e., K+ and Li+. This is another proof for excluding oxygen 
reduction reaction as the rate determining step, since oxygen should not 
much depend on the cation in the double layer region (at least not for 
such similar ones). On the other hand, it was just shown that cation 
migration from the defect site cannot be the rate determining step as 
well (see Fig. 7). These findings and analyses have led us to propose a 
new hypothesis about the rate determining step in delamination, which 

Fig. 5. Delamination curves as obtained by SKP on PVB coated iron samples with an aqueous solution of a) 1 M KCl, b) 1 M LiCl in the defect, c) the delamination 
progress with time, and d) as a function of square root of time. In (c) the later linear behavior and in (d) the initial sqrt(t) behavior are indicated by dashed lines. 
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will be elaborated in the following. 
Thus far, the role of cations in cathodic delamination has been solely 

discussed as migration of cations from the corroding defect to the intact 
interface, i.e., along the delaminated interface. This cation migration is 
required in order to ensure charge neutrality, i.e., to compensate the 
electron flow along the interface from the defect to the delaminating and 
delaminated interface, which is required for the oxygen reduction re-
action at the pulled down potentials. Without this migration, the po-
tential could not stay such low. It was assumed that a square root 
dependence on time for the overall delamination rate is associated with 
cation migration as the rate determining step [14]. However, the results 
obtained in this work cannot be explained by this generally accepted 
theory. We here propose that the first insertion of cations into the 
cation-free intact interface is the rate determining step in delamination, 
which is schematically shown in Fig. 9. This hypothesis correlates the 
delamination rate with the resistance of the bonds and pore structure at 
the intact coating/metal interface, instead of assuming that the already 
delaminated interface controls the kinetics. Furthermore, it agrees well 
with the obtained data, i.e., it simultaneously considers the role of cat-
ions, and explains the progress of the front that linearly changes with 
time at constant potential at the front (see Fig. 7), i.e. in absence of an iR 
drop at the migrated interface. Other indications for this hypothesis 
were also discovered in earlier research. It was found that adsorbed 
species such as CO2 on coated zinc [39] and even O2 on novel chromium 
coatings [33] have a huge effect on delamination/migration. Since the 
delaminated interface is characterized by relatively high rates of oxygen 
reduction during delamination and for the case of zinc also by anodic 
zinc oxidation and dissolution, it seems unlikely that the presence of e.g. 
small amounts of CO2 could have a significant effect on ion mobility at 
that interface. This means that the observed effects are most likely 
related to the intact interface, i.e., the initial cation insertion step into 

the intact interface. 
Through this new hypothesis, it is now easier to explain the behavior 

in Fig. 8. The linear dependence of the logarithm of the rates on potential 
seems to be split in two regions: a low potential region and a high po-
tential region. In the latter the slope of the linear dependence is higher 
than in the low potential region. This could be linked to a higher driving 
force for cation insertion at the front in case of delamination at the front 
(low potential region), due to the according significant increase in the 
cation concentration in the delaminated interface. Hence, it would mean 
that the behavior in the low potential range is characterized by delam-
ination almost directly following the steep front in the potential profiles, 
while the behavior at high potential rather corresponds to a migration 
process without delamination, or delamination slowly following the 
front. This can also be seen in the evolution of the curves upon the po-
tential switch between grey and violet curves in Fig. 6a-b. In the left part 
of the “delaminated” region, close to the defect, where low potentials 
were applied in the previous steps, the potentials are fully pulled up 
towards the now applied high potential in the defect, whereas in the 
right part of the “delaminated” region, where only high potentials were 
applied, the potentials are not fully pulled-up, which means that only 
migration occurred there. 

However, it is difficult to explain why the rate of insertion of cations 
at the front is a function of electrode potential just at the bottom of the 
steep front. Intuitively, one would rather see the potential drop across 
the front as a driving force for insertion. In fact, the mere presence of 
such a steep front indicates that the key processes occur here. As already 
pointed out above, if mere migration from the defect to the front was 
rate determining, then no steep front would be expected, but rather a 
gradually increasing potential, extending from the defect to the front. As 
the slope becomes gentler with increasing distance between defect and 
front, the rate gets slower, causing the typical sqrt(t) behavior. This is 

Fig. 6. a,b) Delamination curves as obtained by SKP on PVB coated iron samples with an aqueous solution of a) 0.5 M K2C2O4 b) 0.5 M Li2C2O4 in the defect, which 
were polarized to subsequently increasing potentials. Each color marks the delamination curves obtained at a certain applied potential. c,d) progress of the 
delamination/migration front as a function of time, which were derived from (a) and (b), respectively. Same color as used in (a) and (b) shows the progress at the 
same applied potential. 
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not the case here. Concerning the driving force for cation insertion at the 
steep front, it seems obvious that this should be the electric field at the 
front. This could in principle be obtained from the potential curves 
recorded by SKP. However, since the resolution of SKP is limited and the 
front moves during the measurement, the front is known to be smeared 
out in the recorded curves, especially for fast progress at lower poten-
tials. Hence, the slopes at the front obtainable from the experimental 
results are subject to significant artefacts. For this reason, it was decided 
to take the potential difference between the intact interface potential 
and the potential just at the bottom of the steep potential front as a first 
approximation of the driving force. Fig. 10 shows the delamination/ 
migration rate in a logarithmic scale as a function of this potential drop 
across the front. 

Figs. 8 and 10 also depict the data derived from standard (corrosion 
driven) delamination of PVB coated iron with 1 M KCl and 1 M LiCl in 
the defect, which have the same cation concentration as 0.5 M oxalate 
solutions used in potential controlled experiments. In these standard 

Fig. 7. a,b) Migration/insertion curves as obtained by SKP on PVB coated iron 
samples with an aqueous solution of a) 0.5 M K2C2O4 in the defect which was 
polarized to + 0.050 V vs. SHE b) 0.5 M Li2C2O4 at the same potential in the 
defect, both measured after pre-exposure, c) the corresponding rates. 

Fig. 8. Dependence of delamination/migration rate on potential at the begin-
ning of the steep front for PVB coated iron samples with 0.5 M K2C2O4, 0.5 M 
Li2C2O4, 1 M KCL and 1 M LiCl as electrolyte in the defect, which were derived 
from Figs. 5 and 6. For this the delamination curves were analyzed in small 
sections, where the potential at the front was assumed to be roughly constant 
and the according local rate was determined. 

Fig. 9. Schematic illustrations of migration of cations a) along the delaminated 
interface and b) along the intact coating/metal interface. The blue arrows 
indicate movement of cations along the interface into which cations already 
have migrated, the red arrow shows the next step of the cation at the front, 
where it has to jump into the yet unaffected interface, which is denoted here as 
cation insertion into the intact interface. 

Fig. 10. Dependence of delamination/migration rate on potential difference 
across the delamination front for PVB coated iron samples with 0.5 M K2C2O4, 
0.5 M Li2C2O4, 1 M KCL and 1 M LiCl as electrolyte in the defect, which were 
derived from Figs. 5 and 6. 
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experiments, the potentials at the front (or the potential drop across the 
front) are changing due to iR drop in the delaminated interface, which 
leads to a steady decrease of the driving force. For potentiostatically 
controlled potential a wider range of potentials could be covered. Here 
the driving force was reduced stepwise by increasing the applied po-
tential stepwise to higher values. As mentioned above, the data obtained 
for the same cation in the different electrolytes fits well with each other, 
indicating anions do not play a role in cathodic delamination, in 
agreement with prior work [14]. 

The higher rate for K+ compared to Li+ is supporting the idea that the 
rate determining step is correlated to ionic mobility, since small Li+

cation, due to its higher charge density, has a bulkier hydration shell and 
is hence less mobile [40]. As discussed above, the lower or higher rate is 
not due to the slower or faster cation migration from the defect to the 
front, since migration is not the rate determining step here. In fact, it is 
due to the insertion of cations into the yet intact (and cation-free) 
coating/metal interface, which is the rate determining step, and will 
obviously be affected by the cation size, i.e., the bigger the hydrated 
cations, the slower the insertion. 

In order to study the hypothesis about cation insertion in more detail, 
delamination experiments were conducted on PVB coated iron with low 
concentrations of 0.05 M and 0.01 M KCl solution in the defect. The 
corresponding delamination curves obtained by SKP are shown in  
Fig. 11a-b. For comparison, the delamination curves of 1 M KCl solution 
in the defect (Fig. 5a) is added and shown in Fig. 11c (note that there are 
offsets in the time scale, due to the different pre-exposure times of the 

samples). The free corrosion potential in the defects was comparable in 
all cases (~ − 0.5 V vs. SHE). Nevertheless, only 1 M electrolyte pulled 
down the potential of the affected interface to low values characteristic 
for delamination. This could be explained by considering the two 
distinct driving forces for cation movements: potential gradient, and ion 
concentration gradient. 

At the border between the defect and the coating/metal interface, the 
electrochemical potential of a cation such as K+ is as follows: 

μ̃k,el = μk,el + zkFφel = μ0
k,el + RTlnxk,el + zkFφel (4)  

and similarly, the electrochemical potential of a cation at the interface 
is: 

μ̃k,int = μk,int + zkFφint = μ0
k,int + RTlnxk,int + zkFφint (5)  

where ̃μ is the electrochemical potential, µ the chemical potential, µ0 the 
standard chemical potential of the cations, z electron valence, F Fara-
day’s constant, x cation concentration, and φ Galvani potential. Since 
the standard chemical potential of the cations in the intact interface is 
considerably higher than in the electrolyte, a driving force is needed so 
that cations enter the interface. As mentioned, there are two driving 
forces, the difference in concentration and in potential: the concentra-
tion in the defect filled with electrolyte is significantly higher than that 
at the interface (initially the concentration is zero at the interface) and 
the Galvani potential is notably lower at the interface than in the elec-
trolyte in the defect (note that although the electrode potential is higher 

Fig. 11. Potential profiles as obtained by SKP on PVB coated iron samples with an aqueous solution of a) 0.05 M, b) 0.01 M, and c) 1 M KCl in the defect. The 
corrosion potential in the defects was comparable in all three cases (~ − 0.5 V). As can be seen, with decreasing concentration of potassium cations in the defect the 
ingress and migration of cations at the interface results in decreasingly pulled-down potentials due to the lower number of potassium cations entering the interface. 
For 0.05 M and 0.01 M KCl the potentials established at the interface are much higher than the potential in the defect, indicating no delamination occurred in these 
cases. This is due to the potentials at the interface, which are obviously too high to lead to enough oxygen reduction reaction required for delamination (ORR). Hence, 
since no ORR needs to be supported by additional cation flow along the interface, no Ohmic drop along the interface is observed. The progress of the front as a 
function of time is depicted in (d), which shows linear progress with time, i.e. at a constant rate, for 0.05 M and 0.01 M KCl in the defect (note that the samples with 
0.05 M and 0.01 M KCl was started ex-situ, i.e. already delaminated for a while before these measurements were made), and non-linear progress with time for 1 M 
KCl in the defect. In the latter case, the potential was pulled down towards the defect potential. At these lower potentials, oxygen reduction occurs and a visible 
Ohmic iR drop is established. 
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at the interface, the Galvani potential is lower in the phase above the 
metal, since the Galvani potential in the metal is the same at the defect 
and the interface, see e.g. [18] and Fig. 12). 

Hence, both concentration and potential in the defect can serve as 
driving force for the ingress of cations into the interface. It should be 
noted that the interfacial properties are most probably changed as a 
consequence of hydrated ion incorporation at the interface, and there-
fore, μ0

k,int might not be constant along the interface, changing from more 
ion containing interface to still intact interface without any migrated 
ions. This will be especially the case if due to the pulled down electrode 
potential, caused by the cations moving into the interface, the interface 
starts to degrade as a consequence of onset of ORR. However, this can be 
neglected at the early stage discussed here. 

Fig. 11 shows that for lower concentrations of electrolyte a lower 
pulling down of potential (lower pulling up of φint) occurs compared to 
that in the high concentration of electrolyte (1 M KCl, Fig. 11c), which 
means that a lower amount of cations ingresses into the interface. The 
amount is determined by the equilibrium defined by Eqs. (4) and (5). 
This also indicates that obviously no delamination occurs in the case of 
low concentrations of 0.01 and 0.05 M KCl in the defect, as otherwise 
the potential would be further pulled down towards the potential of the 
defect. Delamination does not occur in these cases, because at the 
related high potentials at the interface oxygen reduction is still quite 
inhibited, whereas for the high concentration of 1 M KCl, delamination 
occurs and the potential at the interface is pulled towards the defect 
potential. This is due to the degradation by ORR, and subsequently, the 
effective Galvanic coupling established by delamination. The high ORR 
rates also cause a high Ohmic iR drop along the delaminated interface. It 
is highly interesting that the progress of the delamination/migration 
front is linear with time for the low concentrations of electrolyte (see 
Fig. 11d), while for the high concentration it shows a sqrt(t) depen-
dence, which in accordance with the hypothesis proposed here is caused 
by the according decrease of potential difference across the delamina-
tion front, i.e. a decrease of the driving force for cation insertion into the 
intact and yet cation-free interface. Hence, Fig. 11 instructively shows 
that the first step has to be the ingress of cations driven by the difference 
in electrochemical potentials of the cations in the defect and in the 
coating/metal interface. Only if sufficient cations enter the interface, the 
decrease in potential is sufficient for initiating sufficient ORR rates 
causing then delamination. Then the potential is pulled down towards 
the value in the defect. Otherwise, only migration occurs and the 

potential will usually remain much higher than the one in the defect. 
Finally, the question remains why the rate of cation insertion at the 

front, which is proposed here to be the rate determining step for both 
cation migration, if no delamination occurs, and delamination, if suffi-
cient ORR is enabled at the interface, is depending in Tafel like way on 
the potential difference across the front. In fact, originally this kind of 
plot – using the potential at the front- was used to check whether an 
electrochemical reaction such as ORR would be the rate determining 
step. Then such a Tafel plot like behavior was to be expected. However, 
the dependence of the rates on cation size speaks against ORR as the rate 
determining step, as well as the curves for quite high potential at the 
front where no delamination is observed (see Fig. 6 where upon switch 
to the highest potential the potential at the migrated interface does not 
follow or follows only very slowly, as discussed above). Hence, ORR 
does not play a role for the progress. Now the question is whether the 
insertion of the cations at the front has to be considered as an electro-
chemical process, which would fit to the dependence of the logarithm of 
rate on the potential difference across the front. This is the object of 
current research. 

One interesting point shall be pointed out here: A common 
assumption is that for a very delamination resisting coating or coating 
system, e.g. with a phosphate layer, it is the high inhibition of ORR that 
results in the high suppression of cathodic delamination. However, if 
this were the case, the progress of cation migration along the interface 
should still be detectable by SKP. It just would not result in delamina-
tion. However, to the best of our knowledge such a migration of cations, 
leading to a limited pull-down of potential and progress of an according 
front of change in potential was never observed on slowly delaminating 
coatings. This in turn means that on such strong coatings the cation 
migration has also to be inhibited, even more than the ORR. This would 
make it again most likely the rate determining process of delamination. 
Whether for very strong coatings also ORR could be rate determining is 
object of current research. It is pointed out here that it is unclear 
whether that inhibition of cation incorporation at the interface is rather 
thermodynamical or kinetical in nature. From the thermodynamic point 
of view Eqs. (4) and (5) imply that there is always some ingress of cat-
ions into the intact interface expected, as long as the cation concentra-
tion at the interface is still extremely low. However, how low it has to be 
that a driving force for cation uptake into the interface exists, depends 
on the difference of the standard chemical potentials of the cations in the 
electrolyte and at the intact unaffected interface and also on the 

Fig. 12. Sketch of the relative position of the Galvani potentials in the metal and in the phase above it (electrolyte in the defect site, thin water/gel film or organic 
coating in the delaminating or intact area) and the corresponding electrode potential in case of a) starting situation: corrosion in a defect and intact interface, b) 
coating delamination (highly concentrated electrolyte in the defect), and c) cation insertion/migration along the interface ( dilute electrolyte in the defect), for the 
case of not sufficiently low potential caused by this insertion for resulting in delamination. In case that the interface is not delaminated, the pull down of potential is 
determined by the concentration of cations entering the interface and the capacity of that interface (note that the cations are accompanied by electrons in the metal 
directly at the interface). If the potential is pulled down low enough to result in sufficient oxygen reduction to result in delamination, then as a consequence of 
delamination it will be pulled down towards the potential of the defect, due to the galvanic coupling with it, only different by the according iR drop. 
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difference in the Galvani potentials in the two phases. It is possible that 
for a very delamination resistive coating the necessary concentration is 
so low that it is already reached by residual contamination at the 
interface. Then cation ingress into the interface would be thermody-
namically unfavored. It is also possible that just the mobility of the 
cations is significantly reduced, so that the ingress is hindered due to this 
low mobility. This needs to be further investigated. For not very resistive 
coatings, on the other hand, if the potential in the defect is low and the 
concentration of cations is high enough, this cation ingress will pull 
down the potential at the interface to such extent that ORR can occur 
and leads to delamination. The progress is, however, still determined by 
the cation insertion at the front. 

The new hypothesis proposed here is schematically summed up in 
Fig. 12. 

4. Conclusion 

Fundamental research was conducted on PVB coated iron using a 
combined SKP/potentiostat set-up in order to elucidate the underlying 
key parameters of cathodic delamination. The established knowledge 
thus far was that a square root dependence of delamination on time is 
associated with cation migration from the defect along the delaminated 
interface, and a linear dependence on time is attributed to the oxygen 
reduction reaction as rate determining steps. However, the results pre-
sented here show that cation migration along the delaminated interface 
is rather fast, and therefore, it is unlikely to be a rate determining step in 
delamination. For the samples studied here, based on our results oxygen 
reduction reaction as a rate determining step can also be ruled out, due 
to the dependence of kinetics on cation size and the inhibition of ORR at 
high potentials, where still a linear progress of front was observed for the 
occurring cation migration. 

Furthermore, the effect of ohmic potential drop in the delaminated 
interface on delamination rate was studied using potential controlled 
defects. It was found out that the progress of the front approached a 
linear dependence on time by decreasing i.R drop at higher applied 
potentials in the defect. The results also showed that the delamination 
rate is different for different cations with the same electrochemical 
driving force for delamination/migration. Based on the results, a new 
hypothesis about the rate determining step in cathodic delamination is 
proposed, which is defined as cation insertion. It is suggested that the 
first insertion of cations into the cation-free intact interface is the rate 
determining step in delamination, which is in accordance with the ob-
tained results. This new hypothesis also makes it possible to link the 
delamination resistance to the pore structure and resistance for ionic 
mobility of the coating/metal interface at the front, which makes more 
sense than the old migration theory, suggesting cation migration in the 
delaminated region controls the kinetics. Corrosion driven delamination 
experiments with dilute solutions in the defect also confirmed the new 
theory, indicating the first step has to be the ingress of cations driven by 
the electrochemical potential gradient. Regardless of whether the rate of 
the progress of delamination/migration is constant with time or depends 
on the square root of time, the controlling step can still be the same. For 
the samples investigated here, the parabolic dependence is just the effect 
of decreasing potential difference across the front, caused by the overall 
increasing iR drop along the interface. In this context there might be 
coatings where the dependence on this potential difference, envisioned 
as the driving force for cation insertion, is very high, which would lead 
to a parabolic behavior for even relatively low iR drops. 

We propose that for relatively weak coatings, this cation insertion 
step is always the rate determining step. Its importance for delamination 
resistant coatings is object of current research. It is, however, pointed 
out here that in any case the decrease of potential at the delamination 
front is a prerequisite for oxygen reduction and subsequent delamina-
tion. And this decrease of potential always first requires the ingress of 
cations. Finally, it is pointed out that a sharp delamination front in SKP 
measurements is indicative for cation insertion as rate determining step. 

If ORR was rate determining, then some cation insertion and migration 
should advance the delamination, which should lead to a smeared out 
front. 
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