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This work investigated the effect of steel substrate topography and roughness on cathodic disbonding resistance
and wet adhesion of the polyvinyl butyral/oxide/steel interface. Laser structuring was employed to pattern steel
surfaces with controlled, periodic peaks of different peak-to-valley height, Rz, and geometry. Grinded smooth
samples were used for reference. The in-situ scanning Kelvin probe technique was used to follow the cathodic
disbonding in humid air and wet adhesion loss in inert atmosphere (3 ppm O,). Both cathodic disbonding and
wet adhesion loss depended on the ability of the surface for mechanical adhesion, even when compensating for

the increased effective contact area. X-ray photoelectron spectroscopy excluded the possibility for oxide
chemistry effects on the delamination rate. Surfaces with features that enabled mechanical interlocking forces,
had the best cathodic disbonding resistance and wet adhesion properties.

1. Introduction

Conventional wisdom in the heavy-duty coating industry says that
blast cleaning improves coating performance by enabling mechanical
interlocking between coating and substrate, i.e. mechanical adhesion
forces. The scientific community, on the other hand, has focused mostly
on chemical bonds and intermolecular forces [1]. However, results from
a recent study indicated that mechanical interlocking is vital for the
performance of heavy duty protective coatings [2].

It is widely accepted that the resistance of an organic coating
against propagation of electrochemical degradation is determined more
by the steel/coating interface than its barrier properties [3]. The
amount of oxygen and water present in organic coatings is normally
sufficient to sustain a considerable corrosion rate [4,5]. Hence, the
properties of the interface are critical, but still not fully understood. The
standard explanation for the protective action of coatings, has been that
coatings provide a high resistance between anodes and cathodes [6].
This work aims to study the effect of steel substrate topography and
roughness on the stability of the coating/steel interface, measured as its
wet adhesion property and resistance to cathodic disbonding (CD).

Various studies have addressed the role of roughness on the corro-
sion resistance of the coating/steel interface. However, all of them have
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been performed on samples with non-uniform, heterogeneous topo-
graphies having a stochastic distribution of peak heights [7-13]. Most
of the studies argue that the increased corrosion resistance is due to an
increased effective contact area, as this will either offer more available
area for bonds at the interface [14], or by increasing the interfacial path
length and hence decrease the kinetics of failure [7,13]. Several studies
have shown that coating/steel interfaces without mechanical inter-
locking, fail early when exposed to corrosive conditions [2,11,12].
Another study, although only covering a relative small range of
roughness values (Ra of 0 —1 um), argued that mechanical interlocking
increased the stability of the coating/steel interface [10].

In this work, surfaces with periodic peaks of different peak-to-valley
height and geometry were prepared by ultrafast laser structuring.
Smooth samples prepared by grinding were used for reference. The
composition of the bare steel surface oxide was characterized with X-
ray photoelectron spectroscopy (XPS). Samples were coated with a
model polyvinyl butyral-co-vinylalcohol-co-vinylacetate (PVB) coating
[15-20], and 0.5 M NaCl electrolyte was added at a penetrative artifi-
cial defect in the coating. The potential of the coated surfaces was
measured with the scanning Kelvin probe (SKP) technique as a function
of exposure time in air and N, atmosphere.

The SKP technique has been established as an unique and powerful
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method for non-destructive studies of the buried coating/metal inter-
face [21-23]. It has mostly been employed for CD studies, but also for
studies of wet adhesion properties of coatings by applying the tech-
nique in inert atmospheres [24]. The technique is able to map surface
potentials through insulating layers of coatings as thick as 300 um [25]
with a typical lateral resolution of 100-150 um [26].

CD proceeds from damages in organic coatings exposing the metal
substrate and is believed to be the main de-adhesion mechanism on
steels in humid and corrosive environments. The production of hydro-
xyls by the oxygen reduction reaction taking place underneath coatings,
is balanced by migration of cations from the coating damage. The in-
gress of hydrated cations couples the intact steel-coating interface to
external anodic sites, resulting in CD. The disbonding in air is driven by
an electrochemical cell that comprises two separated galvanic half cells
with anodic dissolution at the defect, coupled with the cathodic re-
duction of oxygen at the intact coating/oxide/steel interface. The pro-
gress follows parabolic kinetics, reflecting interfacial transport of ions
as a rate determining step. The transport of hydrated ions at the
coating/steel interface is a premise for the corrosion-induced de-
gradation of organic coating-steel interfaces [22,27-31]. In inert at-
mosphere, the ingress of electrolyte from an artificial defect will not be
controlled by an advancing corrosion cell but governed by the wet
adhesion capability of the coating.

2. Experimental
2.1. Materials and samples preparation

The substrates were cold-rolled steel plates, EN 10130, with a
chemical composition (in weight percent) of 0.04% C, 0.008% Si,
0.284% Mn, 0.0071% P, 0.0184% S, 0.033% Al, Fe to balance. The
plates, with dimensions 30 mm X 60 mm and 4 mm in thickness, were
grinded with SiC papers. Some were kept solely grinded, while the rest
had 10mm X 10mm of the surface laser structured with ultrafast
pulsed laser. See Table 2 for information about the surface structuring
methods. The intention with the laser structuring was to create steel
surfaces patterned with controlled 2D roughness profiles, representing
different topographies with various roughness Rz. Ultrafast laser
structuring enables high efficient material ablation without melt for-
mation or heat impact to the surrounding material and offers the pos-
sibility of contactless rapid manufacturing of functional designs with
high flexibility and process reliability [34,35]. It also allows for pro-
duction of a uniform and homogenous surface texture. Before coating,
all samples were thoroughly rinsed in ultrasonic bath with acetone and
isopropanol and dried with an air blower. Samples were then stored in
desiccators until the coating was applied. All grinded samples were
exposed to ambient laboratory conditions (50-60% RH and 20 — 22 °C)
for 2 days after grinding, before storage in desiccators. Studies per-
formed by the authors and submitted for publishing, have shown that
ongoing oxidation of the steel surface underneath the coating affects
the coatings stability and cathodic disbonding resistance [36].

A polyvinyl butyral-co-vinylalcohol-co-vinylacetate (PVB) solution
was prepared in isopropanol at 15.5% w/w PVB, by overnight stirring.
Phenolphthalein was added at 6% w/w concentration for pH indication.
Samples were coated using a draw-down bar. The PVB coating is a
model coating often used for in-situ studies of the coating/steel inter-
face stability [15-20]. The PVB coating cured for 6 days at ambient
temperature inside a desiccator followed by 1h in oven at 60 °C. The
dry film thickness was 30 * 5um above the peaks, measured with a
magnetic coating thickness gauge.

Artificial defects were created by peeling the coating off the sub-
strate to create a bare steel area of 10 mm X 10 mm metal in front of
the laser structured area. The coating and defect preparation method
was based on that of Stratmann et al. [4,37,38] and also used in other
studies [15,18]. A sketch of the sample can be seen in Fig. 1.

All chemicals were obtained from Sigma-Aldrich and VWR.
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Fig. 1. Sketch of the sample employed for evaluation of cathodic disbonding. A
reservoir was created next to the area of interest, here indicated by the dashed
lines. This was an area either uniformly micro patterned by laser, or grinded.
The dimensions of the laser structured area were 10 X 10 mm. Electrolyte was
added to the defect created according to Stratmann et al. [4,37,38], here seen at
the left.

2.2. Laser structuring

Ultrafast laser-structuring was carried out on a micromachining
workstation (PS450-TO, Optec, Belgium) equipped with a tunable fiber
laser (Tangerine, Amplitude Systémes, France).The maximum average
power was 35 W and the maximum pulse energy was specified to 175 pJ
at 1030 nm (TEMOO with M? < 1.2). The pulse repetition rate could be
varied from single pulse to 2 MHz and the laser pulse duration from
380fs to 10 ps, respectively. The laser beam was scanned over the
sample surface for all experiments using a Rhothor™ Laser Deflection
Systems scan head (Newson Engineering BV). All laser structuring
processes were carried out under ambient air and the ablated material
was removed by an exhaust. For details about the laser parameters, see
Table 2.

2.3. Topography characterization

On the A surfaces, a non-contact Alicona optical Infinite-Focus
Microscope (IFM) and a stylus profilometer was used to assess the ratio
of effective contact area to geometrical area and the roughness Rz [33],
respectively. Rz was measured by the profilometer according to the ISO
4287 definition.

On the laser structured surfaces, measurement of Rz and effective
contact area were performed on cross-sections of minimum 2 samples,
analysed with an Olympus GX51 optical microscope. The cross-sections
were embedded in an acrylic resin, grinded with SiC papers (ANSI grade
80-320-500-1000-2400) and polished to mirror-like surface finish
(water-based diamond suspensions with 3 pm followed by 1 um particle
size).

The regularity of the laser pattern was examined by scanning elec-
tron microscopy (SEM, Zeiss Ultra 55).

2.4. Chemical characterization of surfaces by XPS

X-ray photoelectron spectroscopy (XPS) was performed with an
Ultra DLD Kratos system to study the composition of the various sur-
faces investigated in this work. Samples were analyzed immediately
before the coating was applied, at two different positions, each of
0.7 x 0.3 mm, to ensure that the results represented the surface and not
inclusions or certain defects at the surface. The pressure in the analysis
chamber was kept below 5 x 10~ !° Torr. Al Ka monochromatic source
was used with emission current of 10 mA and 10 kV. The information
depth was in the range of 3nm. Spectra were calibrated using the
carbon peak at 284.5 eV. The wide elemental scan was acquired for the
wide energy range (0-1200 eV) with a pass energy of 160 eV and a step
size of 1eV. The high-resolution spectra were acquired with a pass
energy of 20 eV and step size of 0.1 eV for precise energy position and
peak shape determination.

CasaXPS was used for curve fitting, evaluation and quantification of
the data. Shirley background subtraction was applied for peak decon-
volution and fitting [39]. Full width half maximum (FWHM) was kept
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constant for oxide components of each element and Gaussian/Lor-
entzian asymmetry was used for curve fitting using the parameters of
standard peaks. Fe 2p 3/2 was used to investigate relative surface
concentration of Fe;0,, FeO, Fe> ™ (Fe,03 and FeOOH) and metallic Fe.
The splitting and peak position of metallic iron at 706.9 + 0.2eV and
shifts in the oxides were in good agreement with reference peaks [40].

2.5. Scanning Kelvin probe measurements

In-situ SKP measurements were performed to investigate the effect
of the steel substrate topography and roughness on the stability of the
interface, measured as resistance to CD in air and ionic mobility in Ny
atmosphere. The SKP chamber was for the latter case flushed with ni-
trogen at RH 95% till 3 ppm oxygen concentration was measured. The
stream of humid nitrogen through the 20 x 20 x 20 cm® chamber was
kept at 10 L/h.

All experiments were carried out at 25 °C and 95% RH, using 0.5 M
non-deaerated aqueous NaCl in the defect reservoir. The NaCl em-
ployed in the experiments was from the same batch, i.e. the electrolyte
was expected to contain the same oxygen concentration in all tests.

The SKP measurements were performed in a steel chamber, which
both enabled accurate climatic control and acted as a Faraday cage.

The instrument was a Height-regulated SKP custom-made by
Wicinski-Wicinski GbR. The theory behind the instrument has been
covered by other works [4,21,37,38,41,42]. The probe was a 150 um
diameter NiCr needle, vibrating at 957 Hz with 5um amplitude above
the sample surface accurately controlled by a double coil and perma-
nent magnet displacement device. The working distance was approxi-
mately 60 um. The resolution of the measurement depends on the
needle diameter and the working distance, and was approximately
113 um for this study [26]. The potential of the probe was calibrated in
air against a Cu/CuSO, electrode (+0.320 Vgyg). All potentials are
given relative to SHE. The SKP probe was scanned in steps of 40 ym
over the coated surface along an 8 mm line normal to the defect-coating
boundary and the profile lines, starting at this boundary. Minimum 2
parallel samples were tested for each condition. Several parallels were
investigated simultaneously. The potentials of the bare steel surfaces
employed in this study, were also measured with the SKP technique.

3. Results and discussion
3.1. Topography characterization

The laser patterning resulted in a series of equidistant and uniform
linear peaks and grooves. Fig. 2 shows an example of a laser structured
surface in plan-view, in this case the B2 surface. The profiles of all the
surfaces are shown in Fig. 3. On the B, C and D surfaces the profiles
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differed in shape and height.

Tortuosity was calculated as the ratio of effective contact length to
geometrical length across the surface profile according to Watts and
Castle [7,13]. The ratios of effective contact area to geometrical area
(Wenzel's roughness factor) were the same, since the profiles are
straight in one dimension. Roughness and tortuosity are given in
Table 2

3.2. Oxide characterization

The atomic concentration of the various iron oxidation states is
shown in Fig. 4. The A surface had the highest concentration of metallic
iron at the surface and the lowest concentration of Fe,O3/FeOOH. The
oxides on the micro patterned samples were formed during the laser
structuring. Within a surface layer of a few nm, a temperature rise in
the order of 1000 K might be expected [43]. Together with the presence
of oxygen, the process resulted in thermal oxidation of the steel surface.
C surfaces had the highest concentration of Fe;04 and Fe;03/FeOOH at
the surface.

Table 2 shows the Fe>*/Fe?* ratios for the surfaces. The C surfaces
contained more trivalent iron than divalent. The increased presence of
trivalent iron is not favorable to the oxygen reduction reaction due to
reduced conductivity. However, a significant effect of the ratio on the
electron transfer rate is seen first at a 10-fold increase in the ratio and
higher [44,45]. The highest Fe®>*/Fe®* ratio measured in this study was
1.26 on C surfaces, and the lowest was 0.80 on A surfaces. Hence, both
the ratio and the variation between the surfaces were too small to affect
the oxygen reduction reaction and the cathodic disbonding behavior. A
difference of 60 mV was measured between the surface with the highest
and lowest potential, which confirms that the electrochemical proper-
ties of the surfaces were quite similar. It has been shown before though
that the surface composition affects not only the electron transfer rates
during cathodic disbonding processes, and hence the CD rate, but may
also affect adhesion forces [27,46]. A relationship between surface
oxide chemistry and adhesion strength was demonstrated. The meaning
of this is that it cannot be completely excluded that oxide chemistry
may have contributed to the polyvinyl butyral/oxide/steel properties.

3.3. Coating/oxide/steel interface behavior in air and nitrogen atmosphere

The influence of steel topography and roughness on CD resistance
and ionic mobility in inert atmosphere, the latter representing wet
adhesion properties of the interface, were studied by SKP.

The CD results are shown in Fig. 5. CD in air proceeded with the
typical sigmoid potential profiles as previously reported [15-20],
characterized by two potential levels. The high potential plateau, cor-
responding to an intact coating/substrate interface, varied for the

Fig. 2. SEM micrograph showing example top view of the equidistant lines produced by laser structuring steel surfaces with a periodic pattern of peaks. Sample B2 is

shown here.
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Fig. 3. Optical microscope images of cross-sections of the surfaces a) A, b) B1, ¢) B2, d) C, e) D1 and f) D2.

substrates in this study between 0.48 and 0.52 Vgyr The potential of
the intact interface is known to depend on the oxide composition [44],
the applied coating [47], oxide/coating interactions [27,48] and the
ingress of humidity and gasses [49]. Since the oxide composition was
rather similar for all the surface profiles tested (see Fig. 4), and the test
conditions were the same, the small variations in this potential between
the various surfaces was expected.

The low potential area close to the defect is attributed to the area
with disbonded coating. Potentials of —0.1 to —0.2 Vgyg were mea-
sured close to the defect, which correlates well with previous studies
[501.

The CD front, or the "electrolyte front position" [41], has been de-
fined as the position of largest potential change between these two
areas [4,37,38]. The NaCl electrolyte at the defect feeds the interface
with hydrated cations. Once an electrolytic contact is established with
the intact interface, the potential at the respective position is cath-
odically shifted towards the anodic defect potential. The potential of
corroding steel in 0.5 M NaCl is typically —0.3 to —0.4 Vgyg [42]. The
electrolytic contact of the intact interface with the coating defect,

allows the oxygen reduction reaction to occur underneath the coating
without the kinetical inhibition that an intact interface represents [51].
The disbonding front position is hence located at the transition from
areas where the oxygen reduction reaction is kinetically free to happen,
to areas where it is hindered. The location of this front is seen at the
inflection point in the sigmoid potential profile, and its lateral shift is
commonly used as a sign for the propagation of the CD process.

The potentials close to the defect on B2 and D2 surfaces decreased
to —0.1 Vgyg during the first 3—4h of the test, before increasing to
about 0 Vgyg towards the end of the test. On C surfaces, the potential
close to the defect never decreased beyond 0 Vgyg, and during the test
the potential increased to about 0.2 Vsyg. In all cases the potential
profiles were sigmoid shaped, typical for the CD process. Considering
all the six types of surfaces, the final potential at the defect correlates to
some degree with the CD distance. Samples with little disbonding had
higher final potential near the defect. A potential increase on bare steel
can be caused by passivation. Wielant et al. [27] explained deceleration
of CD propagation with passivation of the defect. The driving force for
the CD is then decreased as the defect potential is increased [38,51].
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Fig. 4. The amount of iron species measured by XPS on the surfaces.
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Fig. 5. Potential profile recorded on PVB coated steel in air atmosphere at 95% RH and 25 °C, during 15h with 0.5M NacCl electrolyte in the coating defect. The
potential profiles were recorded on a) A surfaces, b) B1 surfaces, c¢) B2 surfaces, d) C surfaces, e) D1 surfaces and f) D2 surfaces.



C.H.M. Hagen, et al.

The CD resistance on B2, C and D2 was indeed higher than on the other
samples. However, an increasing defect potential is not explaining the
large effect of surface roughness on CD. The effect has also been found
with cathodically polarized samples, where the defect potential was
constant [11].

The phenolphthalein indicator in the PVB coating showed that an
alkaline environment developed under the coating, initially close to the
defect and propagating with time. The violet phenolphthalein chro-
mophore is at its strongest at pH 10, hence the color that developed
implied that the local pH underneath the disbonded coating was at 10
[52]. The color front followed in all cases the disbonding front identi-
fied from potential profiles. The color change propagation during the
test was not accurately measured, but after the test the color front was
found to be identical to the location of the potential increase.

On A surfaces, the potential above the intact coating/oxide/steel
interface was seen to decrease after about 8h. Potential decreases
above intact coating/steel interfaces, are usually related to a weakening
of bonds [49] and activation of the metal surface. Hence, the coating
also failed by a second degradation mechanism, probably a general
adhesion loss due to hydrolysis of adhesive bonds caused by water
absorbed in the film. On A surfaces the PVB coating had disbonded
completely, allowing the electrolyte to leak through the coating.

After the test, the disbonded PVB coating was removed on all
samples. After 15h, the trend for the measured disbonded length was
A >Dl1 > Bl > D2 > B2 > C.

Despite the cathodic disbonding process identified in the potential
profile scans, and the phenolphthalein pH indicator color shift in the
coating close to the defect, the coating still adhered strongly to the B2
and C surfaces in the areas with CD. On the D2 surfaces, post-test ad-
hesion in the disbonded area varied between parallels. These observa-
tions are probably explained by mechanical interlocking with the sur-
face profile of the substrate.

The wet adhesion loss observed on the A surfaces was further stu-
died on all the surfaces in an oxygen deficient atmosphere. Wapner
et al. found that the ingression of electrolyte along the interface from a
defect measured in inert gas, may result in wet de-adhesion [24]. If the
potential in the vicinity of the defect does not return to values corre-
sponding to the pristine coating/steel interface (see Fig. 5), when
changing from inert air to oxygen atmosphere, a de-adhesion of the
coating happened with the incorporation of hydrated ions along the
interface in inert atmosphere.

Progress in Organic Coatings 147 (2020) 105766

The oxygen concentration was kept at 3 ppm with the exception for
3—5min when the chamber door was opened and oxygen containing
air then entered, first when the samples were introduced, and later
when the NaCl electrolyte was added in the defect. The oxygen content
temporarily increased, but after 5 min the 3 ppm oxygen concentration
was reached upon new nitrogen purging. Surfaces were kept in the
humid nitrogen atmosphere for up to 45.5h, see Fig. 6.

The A surfaces without the ability for mechanical interactions ex-
perienced decreased adhesion even in the absence of oxygen, and the
coating could be peeled-off at the end of the test. The samples seem to
have suffered from a hydrolytic induced destabilization of adhesive
bonds. Previously it has been suggested that water reaching the inter-
face may more readily result in bond breaking [53] on such surfaces.
Beside breaking of secondary bonds by hydrolysis, a mechanical
breaking of bonds has also been proposed [54]. When in addition
structural changes take place at the interface due to swelling of the
coating, adhesive bonds may be broken [27].

The potential profiles confirm otherwise results from previous stu-
dies, showing that ionic mobility in oxygen deficient atmosphere mir-
rors the ionic mobility in air but happens at lower rates [28,29]. The
length over which ions were found to have entered, was smaller com-
pared to the length measured in air, but in general the same trend as
seen from potentials scans in air were found. B2 and C, followed by D2
surfaces again display an interface that most efficiently resists the in-
gress of ions. The ingress of sodium ions at the interface is believed to
be migration driven by the hydroxyl production either from the hy-
drogen reduction reaction [55] or from the reduction of small amounts
oxygen trapped at the oxide surface [28,29], or to be a pure diffusive
process [24].

3.4. The effect of topography on CD rate

It is found that CD is inversely proportional to tortuosity, see Fig. 7.
The relationship presented here on surfaces patterned with a uniform
and homogeneous surface texture, confirms thereby results from a
previous study on heterogeneous surfaces with different blast cleaning
profiles [7]. It was then concluded that roughness affects the cathodic
disbonding resistance by the increased interfacial path length for ionic
transport, although the study covered a relatively small population of
interfacial area (tortuosity measured at 1-1.12). The number of bonds
broken by CD should therefore scale with increased contact length at
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Table 1

Nomenclature. Roughness parameters according to ISO 4287 [32] and ISO 4288 [33].

Parameter Description Mathematical definition
A Actual surface profile area. The effective contact area.
Ay Geometrical area
L Actual surface profile length. The effective contact
length.
Lo Geometrical length
Rz Average maximum peak to valley distance for five Rz=~3> . (Rp + Rv); Rp is the largest profile peak height and Rv the maximum profile
sampling lengths within the measurement length 1 5 <=1 . . .
valley depth within one of the five sampling lengths of the measurement length 1.
Tortuosity Ratio between actual surface profile length to T =1L/Lo
geometrical length
Wenzel's roughness factor ~ Ratio between actual surface profile area to W = A/A,

geometrical area

Table 2

Surface conditions, structuring method and roughness of the steel samples used in the study. The Fe

3+/Fe?™ ratio calculated from the amount of iron species

measured by XPS on the surfaces and the potentials [Vsyr] measured on uncoated surfaces at 95% RH and 25 °C measured by the SKP.

Surface Structuring method

Roughness Rz [pm]

Tortuosity Surface potential [Vg] Fe**/Fe?* ratio

A
Bl

Abrasive grinding 80-320-500-1000 grit (ANSI) SiC papers
Wavelength: 1030 nm

Power: 4.05W

Repetition rate: 400 kHz

Scan speed: 400 mm/s

Hatch distance: 10 pm

Laser pulse length: 380 fs

Number of repetitions: 20 (B1), 50 (B2)
Tilt angle (Sample — working stage): 30°
Wavelength: 1030 nm

Average laser power: 2W

Laser repetition rate: 400 kHz

Scanning speed: 2m/s

Hatch distance: 5pm

Pulse duration: 380 fs

Number of repetitions: 120

Wavelength: 1030 nm

Average laser power: 1.22 W

Laser repetition rate: 400 kHz

Scanning speed: 2m/s

Hatch distance: 5pm

Laser pulse length: 380 fs

Number of repetitions: 8 ablation lines with varying rep. numbers

B2

D1

D2

0.40
25.0

64.1

58.4

28.0

60.7

0.01
0.10

1.01
1.21

0.10
0.01

0.47
0.50

0.01
0.00

0.80
0.84

+
=+

I+ I+

=+
=+

0.10 1.99 + 0.05 0.50 = 0.00 0.97

3.80 231 0.1 0.52 = 0.02 1.26

0.70 1.17 = 0.04 0.48 = 0.02 0.84

0.20 1.61 0.53 + 0.03

the interface, such that same disbonded length would be measured on
rough surfaces as on smooth surfaces, after a given time. Disbonded
length multiplied with tortuosity should be constant for the various
profiles tested. However, in this study we found a decay.

Fig. 7 shows the disbonded length as it was measured geometrically
after 15h, and the true disbonded length when geometrical length is
multiplied with the tortuosity (see Tables 1 and 2), and plotted against
tortuosity. The plot shows a decay. Using least-squares regression,

different trendlines can be fitted to the data set. An exponential inverse
relationship was found with an R? > 0.99 for both series. The relative
standard deviation for the disbonding lengths measured after 15 hours,
was calculated for two parallel samples treated and tested according to
the same scheme, and found to be 18% for B2, 13% for C and < 4% for
the other surfaces.

In the mechanistic studies of CD on iron and steel, the disbonding
has often been found to be proportional to the square root of time,
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Fig. 8. Plots of true CD distance measured in air atmosphere as a function of (tge; — t;

roughness Rz. The electrolyte at the defect is 0.5M NaCl (aq).

indicating that the transport of hydrated ions at the coating/substrate
interface determines the CD rate [3]. This has been reported both for
PVB [56] and epoxy coatings [57-59]. The disbonded distance is then
related to the time of electrolytic contact (t4e) and an initiation time,
(td, by Eq. (1) [56]

Xiel = kaery/(taer — )

kqer is the disbonding rate constant. In Fig. 8, the term Xy in Eq. (1) has
been corrected to the true interfacial disbonded length and plotted as a
function of (tger — t;)'/2 The initiation time for CD is understood as the
time needed for diffusion of water and oxygen into the coating and
establishment of the galvanic cell [60,61]. The initiation time was
found to be similar on A, B1, D1 and D2, while it was twice as high on
B2 and three times as high on C, with 4.5h and 7 h respectively. The
curves are straight lines, consistent with a rate control by cation mi-
gration. The slopes of the lines, corresponding to the kqe term in Eq.
(1), confirms the trend for CD seen in potential profile plots in Fig. 5.
On smooth A surfaces, the CD advances much faster than on C surfaces
patterned with tilted and curved peaks, even when compensating for
the increased effective contact area. Increased effective contact area
therefore cannot explain the increased CD resistance alone. Mechanical
interlocking is probably the explanation.

In theory, mechanical adhesion will decrease lifting of the dis-
bonded coating, narrowing the gap between the disbonded coating and
the substrate. Hence, the cross-sectional area for cation migration be-
tween the coating defect and the CD front will decrease, increasing the
ohmic resistance. The potential drop in this area, is explained to be an
ohmic potential drop according to Eq. (2) where ig,, is the interfacial
current density approximated by i., the interfacial cation current den-
sity. And R is the ohmic resistance in the electrolyte against interfacial
cation transport

@

AUg = igalv X Ra(x) 2

A narrower gap at the interface, would increase the potential drop
between the defect and the CD front, i.e. an increased potential profile
underneath the disbonded coating. The potential profiles for D1 and D2
surfaces in Fig. 5, however, do not seem to differ. In fact, except for B1,
all the surfaces have rather flat potential profiles between the coating
damage and the CD front.

The quantification of the interfacial cation current density and the
electrolytic resistance is difficult. A reduced potential drop will how-
ever result from an increased resistance accompanied by a decreased
galvanic current. This implies a decreased cationic mobility rate at the
interface. Obvious reasons for such a decrease may be explained with
increased interfacial transport path for the ions. The surface asperities
increased the effective contact area on the surfaces studied here. In

)'/2 at 25 °C for a 30 um PVB coating on steel with different peak patterns and

addition, the asperities develop friction forces at the interface, i.e. be-
tween the coating and the substrate. The friction forces depend on the
specific structure and height of the asperities. See Fig. 9.

The balance of friction forces acting at the interface will determine
the resulting mean mechanical interlocking force, also called the an-
choring force or simply the mechanical adhesion force [62]. The ef-
fective contact area is in either case a key property, as it scales the
contribution of friction forces to the resulting anchoring force, ac-
cording to the relationship in Eq. (3)
Fnechanical = Fanchor = ,HFR 3
where [ is the mean friction coefficient between the coating and the
substrate and hence depending on the specific topography, P is the
mean theoretical pressure needed to keep the coating from sliding off
the substrate at a given inclination and R is Wenzel's roughness factor
[63].

The relationship between mechanical interlocking force Eyechanical
and R in Eq. (3) is not new information. In general, the simplest theory
of promotion of stability at the coating/steel interface due to rough-
ening of the surface, is explained to be the increase in the surface area
available for the formation of primary and secondary bonds, provided
that the coating can completely wet the substrate. But the number of
bonds formed by mechanical interlocking will also increase, as the
equation also states [64,65]. Particularly, it is well established that
mechanical interlocking is the primary bonding mechanism for ther-
mally sprayed coatings. Its validity for the stability of organic coatings
has however been overlooked and even dismissed for years by the
scientific community.

The results presented here show the significant effect mechanical
interlocking has on the cathodic disbonding resistance of the polyvinyl
butyral/oxide/steel interface. When compensating for the increased
effective contact area, the CD resistance was higher on surfaces with
features that enabled mechanical interlocking forces. Hence, CD re-
sistance was improved by both increasing effective contact area and
mechanical interlocking. Also, water induced adhesion loss improved
with mechanical interlocking, as was shown in Fig. 6. The results in-
dicate that CD and wet adhesion depend on the ability of the surface for
mechanical interlocking.

Mechanical interlocking will affect the interfacial stability in several
ways. It is believed to suppress water accumulation at the interface [66]
and total rupture of bonds when accumulation has happened [53] thus
increasing the hydrolytic stability of the coating at the interface. A high
interfacial stability under humid exposure is suggested to result in
higher resistance to lateral ingress of ions from the electrolyte covered
defect [51]. This is necessary for a slower CD rate, but also for hydro-
lytic stability as hydrated cations may contribute to wet de-adhesion
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[67]. The CD progress is believed to proceed by the formation of an area
where the coating/substrate interface is affected by the alkaline en-
vironment and undergoes structural changes before bonds ultimately
fail [38]. Mechanical interactions may stabilize the coating such that
coating/substrate bonds are not necessarily broken [42].

Contributions from mechanical interactions have been claimed to
make up most of the total adhesion forces at the interface for an organic
coating, as mechanical adhesion is expected to be much larger than the
adhesion relying on secondary bonding forces that vary with surface
oxide chemistry [65,68,69]. Therefore, variations in surface oxide
chemistry are not assumed to be responsible for the CD resistance and
wet adhesion properties measured. The XPS analysis and surface po-
tentials measured by SKP on bare substrates contribute to this re-
cognition.

Since the mechanical adhesion force scales up with increased ef-
fective contact area and interlocking forces the ranking of the surfaces
with respect to their ability for mechanical adhesion is:
C > B2 > D2 > D1/Bl1 > A. This ranking mirrors their measured
CD resistance.

4. Conclusions

All but the flat A surface allowed for mechanical interlocking. These
surfaces had the highest CD rate and highest interfacial ionic mobility.
In addition, they suffered from hydrolytic destabilization.

Increasing substrate roughness increased the effective contact area
between coating and substrate, and partly explained the improved CD
resistance. Features enabling mechanical interlocking forces increased
CD resistance even further.

Surface B1 and D1 had similar effective contact area but differed in
topography, with more interlocking presumed to be offered by the
rectangular peaks on B1. The CD rate was similar on these surfaces. D2
surfaces gave almost twice as much CD as B2 surfaces, even though the
tortuosity was only 20% lower. The structures at the bottom of the
grooves on B2, probably added to the interlocking of the PVB coating
though, which may have increased the CD resistance.

The C surfaces have the highest effective interfacial length, but also
the surface with highest ability for mechanical interlocking due to the
tilted and curved peaks that can entrap the coating. Little CD and ionic

mobility were found on these surfaces.
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