J. Coat. Technol. Res., 10 (1) 65-72, 2013
DOI 10.1007/s11998-012-9458-y

Application of impedance imaging to evaluation of organic

coating degradation at a local scale

M. Szocinski, K. Darowicki, K. Schaefer

© The Author(s) 2012. This article is published with open access at Springerlink.com

Abstract A new approach for evaluating the local
electrical properties of organic coatings has been
proposed. It was performed with contact mode atomic
force microscopy (AFM). A current response signal
was measured when a single-frequency voltage pertur-
bation was applied between AFM tip and coated
metal. Suitability of the proposed technique has been
presented on the representative acrylic coating de-
graded by two different factors—UYV radiation and
electrolyte exposure. It was possible to disclose the
early stages of the coating deterioration, to spatially
localize defective regions, and to observe distinctly
different modes of the coating degradation as a result
of exposure to various degradation factors.

Keywords Organic coatings, Polymer, AFM,
EIS, Paint coatings

Introduction

Performance of a protective organic coating depends on
the performance of its weakest component. It is usually
some local region of the protective film, which fails when
exposed to particular conditions. It becomes a site of
damage onset and a starting point of degradation
progress. Assessing the degradation mode of a particular
coating as well as identifying the areas responsible for
degradation initiation is a matter of vital importance
from a paint manufacturer’s point of view. Being able to
reveal whether the weakest point is the polymer resin
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matrix, pigment, or pigment/matrix interface can result in
valuable information for paint chemists, indicating the
potential areas requiring improvement. In order to obtain
such information a suitable measurement technique
capable of providing localized results must be employed.

Taylor and Moongkhamklang utilized fluorescence
microscopy to address the issue that has not been
solved by the local electrochemical methods: whether
the transport of water and ions occurs via discrete or
regional heterogeneltles within an epoxy coatmg or
whether these species enter as a uniform front."> The
effect of relative humidity on moisture-enhanced
photolysis of acrylic-melamine coatings was investi-
gated by Nguyen et al. using Fourier transform infrared
spectroscopy (FTIR) and yielding complex and struc-
ture-specific degradation due to 1nherently heteroge-
neous microstructure of the coating.® Further studies
on the mode and mechanism of hydrolytic degradation
of acrylic- melamme coatings were described by
Nguyen et al.* Insufficient performance of artificially
weathered navy coating systems due to impaired
polydispersity of one of the coating components was
revealed by Keene et al. who used FTIR, X-ray
photoelectron spectroscopy (XPS) imaging and optical
and scanning electron microscopy—energy dispersive
spectroscopy (SEM-EDS) as well as laser-confocal
topography.” Souto et al. contributed to identification
of early stages of coating degradation by SEM inves-
tigation of blistering phenomenon upon exposure to
aqueous solutions of various salts.®” Atomic force
microscopy (AFM) method has also turned out to be a
useful tool in evaluating a polymer film’s heterogene-
ity. Raghavan et al. applied the AFM to study thin film
blends of polystyrene and polybutadiene as a function
of annealing time at elevated temperature'® as well as
the multiphase polyethyl acrylate/polystyrene blend
exposed to a hydrolytic acidic environment.'' In these
investigations the AFM proved to be valuable for
quantitative study of pit formation and growth in the
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coating as well as for identification of particular phase
domains. Electrochemical impedance spectroscopy
(EIS) is also a popular tool in the field of organic
coatings.'*'® However, the investigated region typi-
cally engulfs the area of a few centimeters” and thus
the results are significantly averaged and provide no or
little information about local characteristics of the
protective film. To overcome that disadvantage the
authors of the paper employed the methodology
originally proposed by Kalinin and co-workers for
investigation of transport behavior of individual grains
and grain boundaries in polycrystalline ZnO'? and then
also used by O’Hayre in the field of solid polymer
electrolytes, polycrystalline ZnO varistors and micro-
scale test patterns characterized by distinctly different
electrical behavior.?>?! It enables local impedance
imaging and spectroscopy to be performed along with
contact AFM measurements. During the AFM scan
(imaging) or at a fixed stationary location of a tip
(spectroscopy), an AC voltage perturbation signal is
applied between the AFM tip and investigated sample
and an AC current response signal is registered
providing local electrical characteristics of examined
material. Fundamentals and details of the application
of this technique to investige organic coatings have
been described by Darowicki et al.**

In this approach impedance is determined in a two-
electrode system: the conductive AFM tip and inves-
tigated sample, for instance, metal substrate protected
with organic coating. A single-frequency voltage per-
turbation signal is set between the electrodes and the
current response signal is recorded. Thus, one is
capable of mapping impedance of the scanned area.

The resolution of this method is dependent on such
factors as: the size of the AFM tip, frequency of the
perturbation signal and the scan rate.

The smaller radius of the AFM tip the higher
resolution and impedance response is confined to the
material volume directly adjacent to the tip/sample
contact point. However, small contact area means high
impedance that is difficult to measure. Accordingly, in
the case of thick barrier coatings these are rather relative
changes of impedance as a function of tip position, rather
than absolute impedance values that are measured.

Dielectric materials such as organic barrier coatings
require high frequencies and amplitude perturbation.
For dielectric materials the current response signal to a
sinusoidal voltage perturbation is described by the
formula:

Al = joCAE (1)

where o is the signal frequency, AE is the signal
amplitude, and C is the material capacitance. AC response
possesses imaginary character for relatively high fre-
quency. Thus, for dielectrics, the response is capacitive.

Low impedance systems require perturbation of
lower frequency and amplitude. In this case the
response signal is given by the formula:
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where o is the signal frequency, AE is the signal
amplitude, and R is the material resistance.

Another parameter influencing measurement resolu-
tion is the scan rate. For a constant scan rate the
application of a relatively high measurement frequency
yields high spatial resolution. Such an approach is well
suited for dielectric materials. Samples of resistive
character demand perturbation of relatively low fre-
quency. Thus, in order to obtain high spatial resolution
of such measurements, one has to decrease the scan rate.

This article presents the suitability of this localized
variant of impedance measurement for revealing dif-
ferent modes of organic coating degradation while
exposed to UV radiation and electrolyte immersion,
respectively.

Experimental

The samples subjected to investigation consisted of
acrylic coating applied on circular carbon steel sub-
strate (1 mm diameter) by air spray technique (Fig. 1).
The coating thickness, measured using electronic
thickness gauge, Phynix Surfix, was equal to
20 £ 3 pm. The roughness of steel substrate was
12 um in terms of Rys parameter.

Coating degradation was induced in two ways: the
first set of samples was subjected to an immersion in
3% sodium chloride (NaCl) solution for 400 h; the
second set of specimens was exposed to UV irradiation
for 900 h (UV radiation was generated by a 320 nm
wavelen%th lamp providing the radiation intensity of
3.6 W/m~ at a distance of 1 m). In both cases classical
and localized impedance measurements were carried
out at regular time intervals during the exposure in
order to assess the condition and extent of coating
degradation.

A two-electrode system with the substrate as a
working electrode and platinum mesh as a counter
electrode was employed in classical impedance mea-
surements on a global scale (Fig. 2). The investigation
was performed upon immersion in 3% sodium chloride
solution. The examined area was 0.8 mm? The exper-
imental set-up included the Schlumberger 1255
frequency response analyzer with the high input
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steel electrode
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v

Fig. 1: Scheme of a cross section of the specimen for AFM
investigations
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impedance buffer Atlas 9181. Measurement frequency
range was from 1 MHz to 1 mHz. Ten points were
recorded for each frequency decade. An amplitude of
the perturbation signal was equal to 120 mV, which
was selected experimentally based on a series of
impedance measurements, each with different ampli-
tude of the perturbation. The amplitude of 120 mV
provided stability and improved signal-to-noise ratio at
the same time.

Localized electrical and topographic measurements
were accomplished with the SPM Ntegra Aura system
by NT-MDT Co. Each classical impedance measure-
ment was followed by AFM investigation in contact
mode. The samples were dried in laboratory conditions
for 12 h before every AFM examination. Ten locations
distributed over the surface of the specimen were
examined for reproducibility of the results.

The height profile, local impedance, and spreading
resistance images were taken for every location. Height
and local impedance images were taken simulta-
neously, while spreading resistance was taken during
the second pass. Scanning by the tip mode was
employed, allowing investigation of the maximum area
of 8100 pm? (90 pm x 90 um). The resolution of mea-
surement was 0.35 pm (scanned distance 90 um divided
by a number of pixels in a line—256). For each
specimen the maximum area was scanned at first for a
general overview and then more area-confined scans in
the places of interest were collected. All the scans were
obtained for the set point providing the contact force of
6 uN, which yielded satisfactory topographic images as
well as stable electrical contact during electrical mea-
surements. As far as the local AC measurements were
concerned, while scanning a single-frequency sinusoidal
voltage signal of 3 kHz was applied between the tip

electrical contacts to FRA

electrolyte

counter electrode

working electrode

< electrochemical cell

Fig. 2: Scheme of a set-up for global impedance measure-
ments

and the steel substrate and the current response of the
sample was registered by lock-in amplifier incorporated
in the Ntegra Aura system. Perturbation signal ampli-
tude was 2 V. Additionally, spreading resistance mea-
surements were performed with a DC bias voltage
within the range 2-10 V. In each case scanning
frequency was equal to 1 Hz. The silicon AFM tip
coated with platinum was used, the parameters of which
are presented in Table 1. Nova software by NT-MDT
Co. was employed for image registration, processing,
and analysis.

Results and discussion

An initial state of the coating was characterized by the
AFM and EIS investigation. Figure 3a presents a
topographic image of the coating surface prior to an
exposure to electrolyte solution or UV radiation.
There are some hills and valleys visible and the
maximum difference in height between these does
not exceed 3 um. Localized impedance characteristics
obtained using the AFM-based set-up reveal strong
correlation with the topography. In Fig. 3b the ampli-
tude of the AC current response signal is inversely
proportional to the height profile—the elevated areas
correspond to low amplitude of the AC response
signal, while the depressed regions are characterized by
higher AC response current amplitude. For a relatively
high amplitude of the AC perturbation voltage (3 kHz)
the response signal describes capacitive properties of
the investigated coating.”” Coating capacitance is
described by the formula:

egpA

c="2 3)

where ¢ is the dielectric permittivity of coating mate-
rial, g is the dielectric permittivity of vacuum, A is the
area exposed to investigation, and d denotes the
coating thickness. An inverse proportionality between
coating thickness and capacitance and thus registered
current is evident. Scanning spreading resistance mea-
surements employing a DC signal did not reveal any
breakthrough defects of the coating. Excellent initial
barrier properties of the coating were also confirmed
by the global EIS measurements (Fig. 3c). A global
impedance spectrum exhibits one time constant
and describes the coating/substrate system of a few
hundred MQ resistance.

Table 1: Parameters of the tip CSG10/Pt by NT-MDT utilized in the investigations

Chip size Tip Tip curvature Tip side Cantilever Cantilever  Cantilever  Resonant Force
(mm) height radius (nm) coating length (um)  width (um)  thickness  frequency  constant
(um) (um) (kHz) (N/m)
34x16x03 14-16 15-20 Pt20 nm 225 30 0.5-1.5 8-39 0.01-0.5
67
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Fig. 3: Exemplary AFM height image (a) and impedance image (AC current response amplitude) (b) and global impedance

spectrum (c) of the coating prior to the investigation

The exposure to both hostile environments resulted
in an onset of coating’s degradation. However, these
early stages of degradation could be elucidated only
from the AFM-based measurements (Figs. 4, 5).
Topography and AC current response images provided
evidence of some cracks that appeared on the inves-
tigated surfaces, constituting the potential sites where
damage started. Spreading resistance measurements
did not provide any evidence of through-the-coating
defects. Thus the visible cracks did not penetrate the
entire bulk of the coating, but contributed to an
increased surface roughness as compared to the initial
one, especially in the case of the UV-exposed sample
(maximum difference in height profile is about 4 pm).
Such information is inaccessible via the global imped-
ance measurement, where the spectra registered after
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the analogous period of time still revealed one time
constant and high resistance of the film suggesting
stable, excellent barrier properties. In addition, only
localized measurements allowed for the differentiation
of the modes of degradation of the same coating in
different environments. In Fig. 4a, b it is evident that
the microcracks, which formed on the coating surface
after the exposure to electrolyte start from the very top
of the elevated regions. A possible explanation for this
mode of degradation is preferential electrolyte ingress
into susceptible regions of the coating. The absorbed
electrolyte contributed to minor blistering of the
coating and exerted pressure on a surface layer of
the protective film. As the local tensile strength of the
coating had been exceeded, the crack formed at the
blister’s apex and consequently propagated through
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Fig. 4: Exemplary AFM height image (a) and impedance image (AC current response amplitude) (b) of the coating after

250 h of immersion in 3% NaCl solution
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Fig. 5: Exemplary AFM height image (a) and impedance image (AC current response amplitude) (b) of the coating after

600 h of exposure to UV radiation

the material. The points of crack initiation were
probably the weakest areas of the coating, which could
not withstand electrolyte attack upon exposure. They
do not correspond to the highest points of the profile
prior to electrolyte exposure as there is no such
correlation that can be seen from the AFM images.
Rather, these are the spots with poor crosslinking,
impaired adhesion, imperfect application or with
random defects such as dust particles incorporated in
wet polymer film. These could also be the sites of
reduced coating thickness over the substrate roughness
profile. Relatively developed surface of the substrate

(Rys = 12 pm) as compared to the coating thickness (av.
20 um) could result in weaker protection of the selected
profile peaks, which frequently happens to be the reason
for premature coating failure in practice. Those regions
were revealed after a certain period of immersion time,
which is consistent with the mechanism of blister
formation.” Due to the concentration gradient between
a cavity inside/underneath the coating and electrolyte
bulk, the electrolyte is gradually pumped from the bulk
inside. As a result a blister develops and elevates the
coating locally. The tensile stress at the apex of the
blister is the highest and causes cracking of the coating
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Fig. 6: Exemplary AFM height image (a), impedance image (AC current response amplitude) (b), spreading resistance
image (c), and global impedance spectrum (d) of the coating after 400 h of immersion in 3% NaCl solution

layer there. Finally, the blister opens, allowing for the
electrolyte ingress and the cracks propagation in random
directions away from the blister.

A different mechanism of degradation is revealed by
the same acrylic coatings, but that has been exposed to
UV radiation (Fig. Sa, b). There were no blisters found
on the investigated coating and it gradually became
covered with a mesh of tiny cracks running randomly
over the specimen’s surface. Accordingly, it was the
entire area that suffered from the UV effect, and the
energy carried with the radiation contributed to poly-
mer chain bond scission at numerous locations, which
then combined into the net of cracks.

It is due to the localized topographic and electrical
measurement that such different modes of degradation
of the same coating could be distinguished. Global
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impedance measurement provided only averaged
information about the coating state, which did not
give any indication of degradation onset, not to
mention the mode of failure.

The results of coating exposure to 400 h of immer-
sion in 3% sodium chloride solution and 900 h of UV
radiation are presented in Figs. 6 and 7, respectively.
Localized measurements reveal advanced degradation
of the coating and confirm that previously observed
cracks were indeed the sites of coating degradation
onset. At this stage of the exposure it can be seen from
scanning spreading resistance measurements (Figs. 6c,
7c) that the cracks transformed into through-
the-coating defects reaching the metal substrate, which
do not constitute a barrier for DC current. The defective
nature of the coatings was confirmed by the global
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Fig. 7: Exemplary AFM height image (a), impedance image (AC current response amplitude) (b), spreading resistance
image (c), and global impedance spectrum (d) of the coating after 900 h of exposure to UV radiation

impedance measurements. The spectra registered at the e The presented contact mode AFM-based technique

end of exposure (Figs. 6d, 7d) showed the resistance of of local impedance and electrical characterization
the coatings of a few hundred kQ order, which is below of organic coatings enabled differentiation and
the threshold level of MQ considered a border between description of diverse modes of acrylic film degra-
a protective barrier coating and a defective one.>* In the dation upon exposure to different environments.

case of electrolyte exposure, a low-frequency semicircle
is also visible, indicating an electrochemical reaction at
the metal substrate.

e The approach applied yielded the results, which not
only were consistent with the classical impedance
measurements performed on a global scale but also
provided information inaccessible by the classical
impedance technique, namely early identification of
potential sites of coating degradation onset, mode
of coating degradation, and spatial localization of

Conclusions defects.

Based on the performed investigations the following e As opposed to the classical EIS measurements, the

conclusions can be drawn: technique utilized in the present studies does not
71
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require the presence of electrolyte, which facilitates
measurement procedure and gives more reliable
results of coatings’ testing, which are not meant to
serve in wet or high moisture environments.

The described method of localized impedance
investigation is of significant application potential
in the fields requiring both detection of discrete,
tiny defects in protective coatings (for example, in
the coatings on printed boards in electronic indus-
try) and identification of the sites and coating
regions particularly susceptible to degradation (for
instance, during verification of new coating formu-
lation performance in various environments).
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