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Abstract

Electrochemical impedance spectroscopy (EIS) has long been recognized as a powerful
technique for quantitatively evaluating the corrosion resistance of coatings and metals in both
laboratory and field environments. Yet, despite decades of research, EIS has not become a
routine tool in engineering practice, mainly due to the complexity of conventional immersion
cells, sensitivity to environmental noise, and the lack of portable, reproducible systems for on-
site measurements.

The aim of this doctoral research was to develop an experimental setup, measurement
regime, and data interpretation protocol that enable reliable impedance measurements directly
on coated and metallic surfaces. The distinctive feature of the developed system is the use of
paste electrolyte and flexible conductive rubber electrodes that allow stable and reproducible
measurements without spillage or surface damage.

The research integrates results from four peer-reviewed papers published between 2019
and 2023, which together represent a continuous development cycle from concept to
implementation. The initial work introduced a gel-electrolyte configuration that demonstrated
the feasibility quasi solid state electrolyte impedance measurements. Subsequent studies
established a unified equivalent-circuit model applicable to both dielectric and porous coatings,
defined accuracy limits and interference tolerance, and culminated in the construction and
validation of portable paste-electrolyte cells suitable for use in both laboratory and field
conditions.

The accompanying software provides automated data acquisition and signal-quality
control, ensuring reproducibility and traceability of measurements, and incorporates simplified
quantitative criteria for evaluating the protective performance of coatings based on an
improved model interpretation of impedance data.

The unified analysis of these studies demonstrates that the combination of paste
electrolyte, suitable cell construction, and optimized measurement regime enables reliable and
reproducible assessment of corrosion resistance over a broad range of materials, while
preserving the sensitivity of laboratory EIS in practical in situ use. This work bridges the gap
between experimental EIS research and its application in engineering practice by providing a
fully validated methodology for portable, non-destructive impedance evaluation. The resulting
system establishes a foundation for the wider use of impedance-based corrosion diagnostics
and for the future integration of in situ monitoring with data-driven analysis and digital

corrosion-management approaches.
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Sazetak

Elektrokemijska impedancijska spektroskopija (EIS) ve¢ je desetlje¢ima prepoznata
kao snazna metoda za kvantitativnu procjenu otpornosti premaza i metala na koroziju, kako u
laboratorijskim tako i u terenskim uvjetima. Ipak, unato¢ dugogodi$njem istrazivanju, EIS se
jos uvijek nije afirmirala kao rutinski alat u inZenjerskoj praksi, ponajprije zbog sloZenosti
konvencionalnih ¢elija s teku¢im elektrolitom, osjetljivosti na Sumove iz okoline te nedostatka
prijenosnih i reproducibilnih sustava za mjerenja na terenu.

Cilj ovog doktorskog istrazivanja bio je razviti eksperimentalni sklop, rezim mjerenja i
protokol interpretacije podataka koji omogucuju pouzdana impedancijska mjerenja izravno na
premazanim i metalnim povrSinama. Posebnost razvijenog sustava jest uporaba elektrolita u
obliku paste i fleksibilnih vodljivih gumenih elektroda, koji omogucuju stabilna i ponovljiva
mjerenja bez prolijevanja elektrolita i oStecenja povrsine.

Istrazivanje objedinjuje rezultate Cetiri rada objavljena u ¢asopisima s recenzijom u
razdoblju od 2019. do 2023. godine, koji zajedno ¢ine kontinuirani razvojni ciklus od koncepta
do primjene. Pocetno istrazivanje uvelo je konfiguraciju s gel-elektrolitom kojom je dokazana
izvedivost impedancijskih mjerenja s kvazi-krutim elektrolitom. Naknadna su istrazivanja
uspostavila jedinstveni ekvivalentni elektri¢ni krug primjenjiv na dielektricne i porozne
premaze, definirala granice tocnosti i otpornost na smetnje te rezultirala konstrukcijom i
validacijom prijenosnih ¢elija s elektrolitom u pasti, pogodnih za uporabu u laboratorijskim 1
terenskim uvjetima.

Prate¢i softver omogucuje automatizirano prikupljanje podataka i kontrolu kvalitete
signala, ¢ime se osigurava reproducibilnost i sljedivost mjerenja, te ukljucuje pojednostavljene
kvantitativne kriterije za procjenu zaStitnih svojstava premaza, temeljene na poboljSanom
modelu interpretacije impedancijskih podataka.

Jedinstvena analiza ovih istraZzivanja pokazuje da kombinacija elektrolita u obliku
paste, prikladne konstrukcije ¢elije 1 optimiziranog reZima mjerenja omogucuje pouzdanu i
reproducibilnu procjenu otpornosti na koroziju Sirokog spektra materijala, uz ocuvanje
osjetljivosti laboratorijske EIS metode u prakti¢noj in situ primjeni. Ovim se radom premoscuje
jaz izmedu eksperimentalnih EIS istrazivanja i njihove inZenjerske primjene, pruzajuci
potpuno validiranu metodologiju za prijenosno, nedestruktivno impedancijsko ispitivanje.
Razvijeni sustav postavlja temelj za Siru primjenu impedancijski utemeljenih dijagnostickih
metoda korozije te za buducu integraciju in situ praenja s analitikom temeljnom na podacima

i digitalnim pristupima upravljanja korozijom.



Kljuéne rijeci: elektrokemijska impedancijska spektroskopija, otpornost na koroziju,
premazi, pasta-elektrolit, in situ mjerenje, ekvivalentni krug, ponovljivost, terenska

dijagnostika.
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1. INTRODUCTION



Electrochemical impedance spectroscopy (EIS) is one of the most informative
electrochemical techniques for assessing the corrosion resistance of metals and protective
coatings. Although the method has been extensively validated in laboratory environments, its
use in engineering practice remains limited. Conventional EIS measurements require liquid
electrolyte cells, rigid electrode configurations, and stable laboratory conditions, which restrict
the method’s applicability for in situ or field assessment of coatings and metallic surfaces.

International standards such as ISO 16773 (Parts 1-4) [1-4], ASTM D8370-22 [5], and
AMPP TM21449-2021[6] provide formalized procedures for electrochemical impedance
spectroscopy (EIS) on metallic and coated substrates. The 1ISO 16773 series, published between
2016 and 2017, defines the methodology for both coated and uncoated metallic specimens,
encompassing terminology, laboratory measurement principles, data acquisition, verification
using dummy cells, and representative examples of data interpretation. Together, these four
parts form the primary international framework for EIS measurements in liquid-electrolyte
configurations. Building upon this foundation, ASTM D8370-22 extends standardized EIS
methodology to field applications, specifying procedures for non-destructive testing of
coatings and linings directly on in-service structures. More recently, AMPP TM21449-2021
has addressed continuous monitoring of protective coatings, particularly in aerospace
applications, reflecting growing interest in real-time impedance-based performance
assessment. Collectively, these documents illustrate the evolution of EIS from laboratory-based
characterization toward field and condition-monitoring methodologies, establishing the
technical background against which the present work is positioned.

Both 1SO 16773 and ASTM D8370-22 rely on conventional liquid-electrolyte cells,
which are impractical for field or in situ use because they require controlled cell geometries,
stable electrolyte containment, and flat surfaces. Consequently, ASTM D8370-22, despite
being specifically developed for field measurements, has not yet achieved broad industrial
acceptance due to the inherent difficulties of handling liquid electrolytes outside laboratory
conditions. In contrast, AMPP TM21449-2021 introduces an embedded electrode system
designed for continuous impedance monitoring of protective coatings, primarily in aerospace
applications. However, such embedded configurations are restricted to dedicated design
integrations and are not adaptable for general in situ surface evaluation. Other experimental
efforts to translate EIS into the field remain diverse in design and purpose, yet many still lack
the simplicity required for routine practical use and clear evidence of reproducibility and
robustness. The present doctoral research was therefore motivated by the need to develop and

validate a universally applicable in situ EIS methodology that preserves the sensitivity and



diagnostic precision of laboratory measurements while enabling reliable, non-destructive
testing on real surfaces.

To ensure that the research followed a clear and verifiable framework, both hypotheses
and expected scientific contributions were defined at the beginning of the doctoral study. The
hypotheses guided the experimental development and testing of the in situ EIS system, while
the expected contributions defined the broader scientific and methodological advances to be
achieved through this work.

Each hypothesis and contribution was systematically verified through the studies
published between 2019 and 2023, which together constitute the doctoral thesis.
Table 1, with the legend below, provides an integrated overview showing how individual
hypotheses and expected scientific contributions were fulfilled and validated through the
included publications.

Table 1. Overview of how the defined research hypotheses and the expected scientific

contributions from the DrScO1 plan were verified and fulfilled through the included peer-

reviewed publications (2019 — 2023).

No. H)_/pot_h_e3|s / E)_(pec_ted Verification / Achieved publication(s)
scientific contribution through
Use of a two-electrode cell and Demonstrated by gel- and
conductive paste electrolyte paste-electrolyte
H1 enables accurate impedance | configurations tested on high- P1, P4
measurements of coatings resistance coatings and
across 103-10" Q cm2 metallic substrates.
Measurement and adjustment e
. . Quantified interference
of AC interference amplitude . .
. L thresholds, optimized signal
H2 ensure sufficient precision and : : P3
. amplitude, validated
accuracy under simulated . .
) algorithm for noise control.
interference.
Conductive paste electrolyte . .
: : o Comparative evaluation on
with suitable conductivity, ; :
X X high- and low-impedance
wetting, and consistency S
H3 systems; verified P4
enables accurate measurements .
. . . harmlessness for conservation
without damaging coatings or )
coatings.
substrates.
The developed method Continuous-exposure studies
distinguishes small changes in and model interpretation
H4 2 . e : P2, P4
coating impedance reflecting reveal sensitivity to minor
protective performance. degradation changes.
Simplified quantitative criteria mggé?:g deg\lj;\llﬁﬁpg;]c::rr??;;[ia
H5/C4 based on improved model . . P2, P4
. ) - implemented in custom
interpretation facilitate
software.




practical evaluation of coating
condition.

Application of a system with
polymer electrodes and

Developed flexible polymer
electrodes and paste-

C1 conductive paste electrolyte for | electrolyte cells validated on P1, P4
coating evaluation across full industrial and conservation
impedance range. coatings.
Systematic study of AC Reproducibility confirmed
interference effects on via dummy cells, calibration
C2 . . ; P3
precision and accuracy of EIS foils, and interference
measurements. simulations.
Examination of conductive
paste electrolyte effects on Verified harmlessness and
C3 low-resistance conservation measurement stability on P4

systems (bronze patina,

conservation coatings.

coatings).

Legend 1 — Research hypotheses

H1.

H2.

H3.

H4.

H5.

The application of a two electrode system and conductive paste electrolyte for EIS
measurements will enable precise and accurate impedance measurements in the wide
range over several orders of magnitude (103 to 10! Q cm?).

Measuring AC interferences amplitudes and adjusting the signal amplitude can ensure
sufficient accuracy and precision of the result obtained under simulated AC
interferences found in practice.

A solid electrolyte with appropriate characteristics (conductivity, surface wetting,
consistency) will enable accurate measurements in a wide range of impedance and on
various protective systems without damaging impact on coating or on metal substrate.
By using developed method, it will be possible to distinguish very small differences
and changes in impedance of the coatings that reflects its protective properties.

The proposed simplified criteria based on the improved model of the results
interpretation will facilitate the practical assessment of the condition of protective

coatings.

Legend 2 — Expected scientific contributions

C1. For the first time, the applicability of system with polymer electrodes and conductive

paste electrolyte on impedance measurements and evaluation of coating protective
properties will be tested. The tests will be conducted in whole range of impedances

that have practical significance.



C2. For the first time, systematic testing of the influence of AC interferences on the
precision and accuracy of EIS measurements will be performed on dummy cells,
calibration foils and high resistance coatings.

C3. For the first time, systematic testing of application and influence of conductive paste
electrolyte on low resistance conservator coating protection systems will be performed

C4. New, simplified criteria for quantitative coating quality assessment, based on the

improved model for interpretation of results, will be proposed.

Legend 3 — PhD qualifying papers

P1.1. Soi¢, I, S. Martinez, M. Dubravi¢, Gel-electrolyte EIS setup used for probing of IR
dried/cured industrial coatings, Prog. Org. Coat. 137 (2019) 105331. DOI:
10.1016/j.porgcoat.2019.105331. [7]

P2. S. Martinez, 1. Soi¢, V. Spada, Unified equivalent circuit of dielectric permittivity and
porous coating formalisms for EIS probing of thick industrial grade coatings, Prog.
Org. Coat. 153 (2021) 106155. DOI: 10.1016/j.porgcoat.2021.106155. [8]

P3. I Solji¢, I. Soié, L. Kostelac, S. Martinez, AC interference impact on EIS assessment
of organic coatings using dummy cells, calibration foils and field exposed coated
samples, Prog. Org. Coat. 165 (2022) 106767. DOI: 10.1016/j.porgcoat.2022.106767
[9]

P4. 1. Soié, I. Solji¢, M. Eskinja, A. Mujezinovi¢, S. Martinez, The novel paste electrolyte
measuring cell for EIS testing of the commonly used surface protection on bronze,
Prog. Org. Coat. 177 (2023) 107442. DOI: 10.1016/j.porgcoat.2023.107442. [10]

This doctoral research focuses on the verification and validation of a novel in
situ electrochemical impedance spectroscopy (EIS) methodology employing a semisolid
electrolyte cell. The study addresses the entire measurement chain — from data acquisition and
signal quality to processing and interpretation — with the objective of ensuring accurate,
reproducible, and meaningful impedance data across the full range from metallic to insulating
surfaces. The developed methodology provides immediate, quantitative criteria for assessing
coating integrity and barrier performance, enabling reliable in situ diagnostics, but does not
extend to predictive modelling of coating lifetime or failure.

The foundational nature of this work is demonstrated in the subsequent chapters, beginning
with a comprehensive literature review covering relevant scientific studies and technical

standards. This is followed by a concise overview of the papers that compose this thesis and



their integration within the overall research framework. The combined analysis synthesizes
these findings into a unified methodology, highlighting a merged scientific contribution that
surpasses the scope of the individual publications. Finally, the thesis concludes with a forward-
looking discussion outlining the potential for further development of the in situ impedance
system, including its integration with automated data analysis and digital corrosion-

management concepts.



2. LITERATURE REVIEW



2.1. Overview of EIS

From the mid 90-ties, a steady yearly number of studies (Table 2) have explored the
possibility of transferring electrochemical impedance spectroscopy (EIS) from controlled
laboratory conditions to in situ or on-site applications for coatings and metallic substrates. A
bibliometric search of the Web of Science Core Collection using the keywords “coating” AND
(“corrosion” OR “degradation”) AND (“electrochemical impedance spectroscopy” OR “EIS™)
AND (“sensor” OR “monitoring”) returned approximately 740 records, of which only 81 were
directly relevant to the topic. From these, the subset of publications listed in table 2 represents
the examples pertinent to the development of portable EIS configurations, gel electrolytes cells,
embedded electrode systems, and related theoretical or practical approaches aimed at adapting
EIS for field or non-destructive evaluation of coatings and metallic substrates.

Table 2. Representative studies illustrating the evolution of EIS methods and sensing concepts

for coated metals

Period / Subtitle
(corresponds to literature-
review section)

Characteristic
developments and
technical focus

Representative studies

1989-1995: Early
developments: atmospheric
and in situ EIS studies

Establishment of EIS as a
diagnostic tool for organic-
coated metals; identification

of time-dependent water

uptake and coating
capacitance; definition of
barrier versus interfacial
responses.

Lecuyer et al. 1991 [11]; van
Westing et al. 1993[12];
Amirudin & Thierry
1995[13,14]

2000-2009: First topically
applied and embedded
Sensors

Transition from
conventional immersion
cells to localized or
embedded configurations;
development of topically
applied sensors and internal
reference electrodes for in
situ monitoring.

Davis et al. 2002 [15]; Qi et

al. 2009 [16]; Allahar et al.

2009 [17]; Bierwagen et al.
2009 [18]

2010-2018: Expansion to
multi-sensor and real-time
corrosion monitoring

Implementation of
embedded and wireless EIS
systems; humidity- and
temperature-dependent
impedance monitoring; early
use of gel/solid electrolytes
and networked data
acquisition.

Yu et al. 2013 [19];
Upadhyay et al. 2014 [20];
Cai etal. 2018 [21];
Ramirez Barat et al. 2018
[22]




Emergence of compact, low-

power, field-ready EIS Kuo et al. 2018 [23]

2018-202_2: Portable and devices; |_ntroduct|on of Friedersdorf et al. 2019 [24]
compact impedance CID-type instruments and )
detectors paste/gel electrolytes Merten et al. 2019 [25]
i . Monrrabal et al. 2019 [26]
enabling on-site
measurements.

Integration of impedance
sensing with digital-twin Rondinella et al. 2023 [27];

2022-2025: Recent concepts, ML-based Popova et al. 2024 [28]; Ji et
directions: non-invasive, classification and threshold- al. 2025 [29]; Hein et al.
model-driven and Al- triggered maintenance 2025 [30]; Dong et al. 2025
assisted systems schemes; progress toward [31]; Jiryaeisharahi et al.
autonomous diagnostic 2025 [32]
platforms.

The 81 papers identified as directly relevant to the transfer of electrochemical
impedance spectroscopy (EIS) into in situ or field applications are distributed across more than
twenty international journals (table 3). The largest share (=20%) appears in Progress in
Organic Coatings, confirming its central role in advancing EIS methodologies for coating
degradation, atmospheric corrosion, and sensor-based studies. Notably, four of the papers
forming this doctoral thesis were published in the same journal, underscoring both thematic
alignment and methodological continuity with the leading body of work in the field. Additional
key contributions were published in Corrosion, Corrosion Science, Measurement, and the
Journal of Coatings Technology, addressing embedded electrode systems, portable EIS
configurations, and field monitoring protocols. More recent publications in Sensors and
Actuators B: Chemical and Corrosion Materials and Degradation illustrate the growing
integration of modeling, data-driven interpretation, and field-ready diagnostic devices.

Table 3. Distribution of publications addressing the transfer of electrochemical impedance
spectroscopy (EIS) from laboratory to in situ or sensor-based applications for coatings and

metallic substrates across major journals.

Journal / Source Abbreviation | Number of Papers Focus / Relevance

Core journal for EIS
studies of coatings,

Progress in Organic

Coati Prog. Org. Coat. 15 equivalent-circuit
oatings
models, and sensor
validation.
) . Publishes embedded-
Corrosion Corrosion 8

sensor and applied




corrosion monitoring
studies (NACE/AMPP).

Corrosion Science

Corros. Sci.

High-impact journal
covering mechanistic
and modeling aspects of
coating degradation.

Measurement

Measurement

Focus on EIS hardware,
portable detectors, and
metrological validation.

IEEE Access

IEEE Access

Features modern,
electronics- and Al-
based EIS developments.

Sensors

Sensors

Open-access venue for
EIS-based sensing,
monitoring, and smart
diagnostic systems.

Materials Science
Forum

Mater. Sci.
Forum

Early venue for
environmental EIS and
mechanical effects on
coatings.

Journal of Solid State
Electrochemistry

J. Solid State
Electrochem.

Studies on adhesion,
coating interlayers, and
EIS of stressed coatings.

Fundamental

I Electrochim. electrochemistry and EIS
Electrochimica Acta 7
Acta parameterization of
coatings.
Anti-Corrosion . Field-oriented EIS
Anti-Corros. .
Methods and applications on rubber
. Methods Mater. .
Materials and metal coatings.

IEEE Transactions on
Instrumentation and

IEEE Trans.
Instrum. Meas.

Low-cost and
logarithmic amplifier

Measurement EIS systems.
Industry-focused
Materials corrosion monitoring
Mater. Perform. N
Performance and sensor application

studies.

Sensors and Actuators

Sens. Actuators

Gel-based and
embedded-electrode EIS

B: Chemical B Chem.
Sensors.
EIS of protective food-
Jour_nal o_f Food J. Food Eng. contact coatings and can
Engineering .
corrosion.
) EIS for sealant an
Journal of Adhesion . S.O seala t_a d.
: J. Adhes. Sci. adhesion evaluation in
Science and 8 .
Technol. coating and bonding
Technology

systems.
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2.2.  From laboratory electrochemical impedance to in-service monitoring

Electrochemical Impedance Spectroscopy (EIS) has long been established as a powerful
diagnostic tool for investigating corrosion mechanisms, coating barrier properties, and
electrochemical kinetics at electrochemical interfaces. However, its conventional
implementation, requiring immersion in liquid electrolytes and a direct electrical connection to
the substrate, has constrained its use to controlled laboratory environments. This limitation has
motivated a series of innovations aiming to bring EIS closer to real-time, non-destructive, or
in-service evaluation of metals and protective coatings. The overall trajectory of this research,
spanning three decades, shows a clear evolution from early embedded sensors and accelerated
laboratory methods toward miniaturized, portable, and data-driven systems capable of non-
invasive field deployment.

The present PhD builds upon this trend by introducing paste-electrolyte cell designed
for rapid, in situ, repeatable, and spatially resolved impedance measurements on coated and
bare metallic surfaces. This approach addresses the enduring challenge of bridging laboratory-
grade spectral quality with field practicality. To position this development among existing
research, the following sections trace the main conceptual and technological advances that have
defined the field.

2.3. Early developments: Atmospheric and in situ EIS studies (1989-1995)

The concept of using electrochemical impedance spectroscopy (EIS) for in situ or
atmospheric corrosion monitoring of coated metals originated in the early 1990s through
pioneering work by Lecuyer, Barreau, and Thierry [11], van Westing et al. [12], and Amirudin
and Thierry [13]. Lecuyer’s group at the Institut de la Corrosion introduced an electrochemical
sensor placed on coated metallic surfaces under atmospheric conditions [11], demonstrating
that reliable impedance spectra could be obtained without immersion by maintaining a thin
electrolyte film on the coating surface. This was the first study to frame EIS as a surface-
contact monitoring technique rather than a laboratory immersion test. Shortly afterwards, van
Westing et al. applied EIS to epoxy coatings on steel, correlating constant-phase-element
behaviour with early loss of adhesion and localized corrosion initiation [12]. Their comparison
between coated steel panels and a dielectric sensor coated with the same system showed that
impedance variations could detect subsurface de-adhesion even when the coating appeared

visually intact, establishing the mechanistic basis for EIS as a diagnostic of interfacial failure.
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Building on these findings, Amirudin and Thierry published a comprehensive review
and experimental synthesis of EIS for polymer-coated metals [13], consolidating knowledge of
pigment effects, water uptake, and atmospheric degradation mechanisms. Their work
integrated earlier laboratory and field studies and effectively defined the methodological
framework for coating-impedance analysis still referenced today. Together, these studies laid
the experimental and conceptual foundation for the subsequent evolution of EIS-based
corrosion sensors, introducing the idea that impedance spectra, interpreted through dielectric
or interfacial models, could serve as quantitative indicators of coating integrity and early
corrosion activity under realistic atmospheric exposure.

During the second half of the decade, EIS matured from a laboratory characterization
method into an operational diagnostic and monitoring tool. Mansfeld (1995) formalized the
quantitative relationship between impedance parameters, coating porosity, and disbonded area,
introducing the breakpoint-frequency method for rapid evaluation of corrosion protection [33].
In parallel, Amirudin and Thierry (1995) developed a gold-grid electrode deposited on top of
organic coatings to perform EIS during alternating wet/dry exposure [13], representing one of
the first topical sensors capable of atmospheric impedance monitoring.

Around the same time, Xiao et al. (1997) demonstrated that impedance spectra could
also be gathered remotely under marine exposure using multiplexed probes and data
transmission via modem [34]. Their work provided the first proof that EIS could be
implemented as an autonomous field-monitoring system, directly linking laboratory-derived
electrochemical parameters with in-service coating performance. van der Weijde, van Westing,
and de Wit (1998) extended EIS methodology toward controlled-humidity environments,
demonstrating that coating capacitance and dielectric response could be quantitatively
correlated with atmospheric water uptake [35]. By maintaining defined relative humidity rather
than liquid immersion, they captured Arrhenius-type behavior of diffusion and solubility
parameters, illustrating that atmospheric exposure could be simulated electrochemically
without the need for full immersion. This approach further blurred the line between laboratory
testing and in situ field monitoring and complemented the development of topical and remote
EIS sensors later in the decade.

A major technological advance followed with the work of Mansfeld and co-workers
(1997-1998), who combined EIS and electrochemical-noise analysis for remote marine
corrosion monitoring of polymer-coated steels. Using multiplexed data acquisition and modem
communication between field sites and the laboratory, they demonstrated that impedance

measurements could be obtained automatically under natural and artificial seawater exposure
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[36-38]. These studies established the first remote EIS surveillance systems, showing that
impedance-derived polarization resistance reliably tracked coating degradation in service
environments.

Concurrently, Gonzélez, Otero, Bautista, Morcillo, and Almeida (1998-1999)
developed specialized lap-joint sensors for EIS and noise analysis of coated galvanized steel
sheets [39,40]. Their custom geometries enabled detection of corrosion processes within
overlapped regions, emphasizing the roles of under-film contamination, humidity, and crevice
geometry in the loss of protection.

Collectively, the research of the 1990s defined this decade as the period of
methodological consolidation in coating-impedance studies. It introduced topical and
geometry-specific electrodes, remote data transmission, and quantitative impedance criteria
that transformed EIS from a laboratory diagnostic into a practical tool for in situ and field
corrosion monitoring. These developments provided the direct technological and conceptual
basis for the embedded, gel-based, and portable impedance sensors that emerged in the

following decades and underpin the present research.

2.4.  First topically applied and embedded sensors (2000-2010)

The earliest systematic attempts to extend electrochemical impedance spectroscopy
(EIS) beyond conventional immersion testing were led by Guy D. Davis and co-workers in the
early 2000s. They pioneered the first topically applied EIS corrosion sensors, capable of
measuring impedance directly on coated surfaces without the need for immersion in electrolyte
solutions [15,41]. Their work introduced the concept of in situ corrosion sensors for coatings
and adhesive systems, enabling impedance-based assessment of degradation under service-
relevant conditions. Unlike later embedded or integrated electrodes, these early sensors
operated externally and required only a thin electrolyte film to establish ionic conduction, yet
they successfully detected coating defects, tracked barrier deterioration, and correlated
accelerated laboratory exposures with natural field degradation.

In a seminal Materials Performance article, Davis et al. [41] demonstrated an
electrochemical impedance corrosion sensor that could detect coating deterioration during salt
fog, humidity, and Florida beach exposures—representing the first true attempt to use EIS as a
prognostic tool under realistic environmental conditions. Their follow-up study [15] further
validated these in situ measurements by demonstrating close correspondence between cyclic

corrosion tests and natural marine exposure, showing that the test duration could be reduced
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by up to 40 % without loss of discriminatory power. Together, these studies marked the
transition from purely diagnostic to predictive EIS applications.

Concurrently, Davis and co-workers applied EIS to adhesive bond monitoring, a
concept that foreshadowed modern structural-health-monitoring approaches. Using external
electrodes attached to opposite sides of bonded joints, they demonstrated that changes in circuit
parameters — especially capacitance and constant-phase-element (CPE) magnitude —
quantitatively reflected moisture ingress, bond integrity, and interfacial degradation [42—-45].
Equivalent-circuit modeling revealed distinct stages of moisture uptake and delamination, and
the impedance response was found to correlate with both wedge and lap-shear mechanical tests.
These investigations demonstrated that EIS could identify early-stage bondline weakening—
well before visible or mechanical failure occurred—Iaying the conceptual foundation for
condition-based maintenance and in situ bond evaluation.

The methodology was later extended to sealants and polymer interfaces [46]. By
combining EIS with adhesion strength testing, the authors differentiated non-conductive
sealants according to moisture absorption, interfacial breakdown, and internal corrosion
activity—parameters previously inaccessible through visual inspection alone. This broadened
the scope of in situ EIS to multiphase polymer—metal junctions, where coatings, adhesives, and
environmental factors interact simultaneously.

In parallel, other researchers developed complementary electrochemical sensing
concepts for coated and confined interfaces. Otero et al. [47] employed multilaminar
electrochemical sensors to measure potential differences in underfilm differential-aeration and
contamination cells, directly quantifying the driving forces for localized corrosion beneath
coatings. Bautista et al. [48] and Krakowiak et al. [49] used impedance and noise methods to
study crevice and lap-joint corrosion or water penetration in rubber linings, demonstrating that
EIS could quantify degradation in geometrically complex or thick barrier systems.
Simultaneously, Bordzilowski et al. [50] demonstrated on-site impedance monitoring of bridge
coating systems, providing one of the first examples of field-deployed EIS instrumentation for
thick organic linings under industrial conditions.

Instrumental advances also appeared at this time. Carullo et al. [51] designed a low-cost
portable EIS system based on a digital-signal-processor architecture for corrosion monitoring
of metallic cultural heritage objects, showing that simplified electronics could deliver reliable
impedance alerts—an important step toward later handheld or embedded corrosion sensors.

From the mid-2000s onward, EIS was increasingly used in situ to interrogate coatings

under mechanical, photochemical, and electrochemical stress. Darowicki et al. [52]
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demonstrated that cyclic mechanical loading of coatings causes characteristic impedance
changes, while Miszczyk et al. [53] developed a multilayer interfacial-adhesion sensor that
detected delamination between coating layers through EIS signals. Le Thu et al. [54] introduced
localized EIS measurements around artificial coating flaws under cathodic protection, and
Strunz et al. [55] refined time-dependent impedance evaluation using the Z-HIT algorithm to
distinguish true dielectric changes from non-stationary effects during initial immersion.
Klippel et al. [56] advanced these ideas further with an in situ microcapillary EIS cell capable
of tracking defect formation during uniaxial deformation of coated galvanized steel, one of the
earliest demonstrations of real-time electrochemical-mechanical coupling in coatings research.

Qi et al. [16,57] demonstrated the feasibility of a two-electrode EIS configuration
capable of distinguishing coating degradation on conductive and non-conductive substrates,
providing the immediate methodological basis for later embedded systems developed by
Bierwagen’s group.

Between 2008 and 2010, Bierwagen and co-workers at North Dakota State University
established embedded electrodes as a new paradigm for in situ coating monitoring [18,58—60].
These sensors were incorporated between primer and topcoat layers, allowing impedance and
electrochemical-noise measurements to be obtained continuously during AC-DC-AC cycling,
thermal cycling, and QUV/Prohesion weathering. The embedded-sensor configuration
eliminated the need for external electrolyte contact and provided time-resolved insight into
barrier degradation, ionic transport, and relaxation phenomena within multilayer coatings.
Equivalent-circuit analyses enabled separation of bulk-primer and metal/coating-interface
properties, clarifying the protective roles of chromate primers versus polyurethane topcoats.

Their subsequent studies further advanced this concept by systematically investigating
the behavior of multilayer coating systems under realistic environmental exposures. Allahar et
al. [61] and Su et al. [62] demonstrated real-time in situ monitoring of polyurethane topcoats
over chromate-epoxy and Mg-rich primers under controlled humidity and thermal conditions,
confirming that embedded sensors can capture dielectric and barrier-property changes within
the primer layer. Allahar et al. [17] and Wang et al. [63] extended this approach to Prohesion
exposure, correlating impedance evolution with coating degradation under cyclic salt and
humidity. Allahar, Su, and Bierwagen [64] further introduced a non-substrate, two-electrode
configuration in which embedded electrodes between primer and topcoat functioned as both
working and reference electrodes, broadening EIS applicability to non-conductive substrates.
These studies collectively established the methodological foundation for embedded-electrode

EIS, directly inspiring subsequent field-adaptable and paste-electrolyte approaches.
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The concept of embedding electrochemical sensing elements within coating systems
was subsequently expanded toward wireless and autonomous data-acquisition architectures.
Yu et al. [19] proposed an impedance-based wireless sensor network for monitoring the
degradation of metal-protective coatings in both static and flowing media. Their system
integrated miniaturized impedance analyzers (AD5933) and RF transceivers to transmit data
from multiple coated panels in real time. This work marked an early attempt to decentralize
EIS measurements and demonstrated the feasibility of continuous, untethered coating
evaluation — a technological precursor to later developments in portable, on-site impedance
instruments.

Together, these pioneering studies reframed EIS from a laboratory characterization tool
into an operational monitoring technique capable of capturing the dynamics of coating
degradation, adhesive debonding, and moisture transport under realistic exposure conditions.
They also exposed enduring challenges, signal stability, spatial representativeness, and
physical interpretation of impedance obtained through non-traditional electrode configurations.
The paste-electrolyte concept developed in this PhD research directly addresses these same
challenges by achieving controlled, reproducible ionic contact without immersion or
destructive access to the substrate, thereby combining the accessibility of Davis’s surface-

applied sensors with the continuity of Bierwagen’s embedded systems.

2.5.  Expansion to multi-sensor and real-time corrosion monitoring (2011-2018)

Following the pioneering embedded-sensor studies of the 2000s, the next phase of
development focused on automation, miniaturization, and real-time monitoring of coating
degradation under realistic exposure. This period marked the gradual transition of
electrochemical impedance spectroscopy (EIS) from a laboratory technique to an operational
diagnostic tool integrated within sensor networks and portable instruments.

Upadhyay et al. [20] extended this concept by examining the effect of environmental
humidity on polyurethane/Mg-rich primer systems with embedded electrodes, confirming that
moisture fluctuations directly alter impedance response and coating protection levels.

A transitional milestone was reached around 2010 with the commercialization of
wireless EIS monitoring. The Coating Health Monitor (CHM) developed by ElectraWatch, Inc.
and Virginia Technologies, Inc. represented one of the first battery-powered, autonomous
impedance-based corrosion sensors for coated structures [65]. The CHM system, based on the
earlier concepts of Davis and co-workers, enabled non-destructive, wireless assessment of

coating integrity through the periodic acquisition of impedance spectra that reflected
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progressive coating degradation. This development signified the first practical realization of a
field-deployable EIS platform, anticipating subsequent efforts toward distributed sensor
networks and condition-based maintenance.

Building on this concept, researchers in the early 2010s sought to scale and automate
EIS sensing for extended environmental exposures. Shi et al. [66] developed one of the first
EIS-based wireless sensor networks consisting of compact nodes that communicated with a
base station, acquiring impedance data within seconds. The system achieved strong correlation
with potentiostat-based measurements and demonstrated the feasibility of rapid, in-field
impedance screening for coating evaluation.

In parallel, Xia et al. [67], Zheng et al. [68], and Wang et al. [69] extended EIS and
electrochemical noise (EN) sensing to metal-can packaging, using embedded probes to monitor
internal corrosion and metal release during long-term storage. These studies provided direct
quantitative links between EIS parameters, such as coating resistance and charge-transfer
resistance, and the chemical evidence of corrosion obtained by inductively coupled plasma
mass spectrometry (ICP-MS). The results established a model for correlating impedance-based
degradation indicators with analytical measurements of corrosion products.

Meanwhile, the miniaturization and cost reduction of impedance instrumentation
gained momentum. Angelini and Grassini [70,71] introduced Arduino- and microcontroller-
based EIS systems using logarithmic amplifiers, capable of measuring impedances over 0,01
Hz-100 kHz at a cost below $100. These portable instruments enabled corrosion and coating
assessments on cultural-heritage objects where compact, low-power equipment was essential.
Around the same time, Tokutake et al. [72] applied in situ EIS diagnostics to oil-storage-tank
coatings, using equivalent-circuit models with dual constant-phase elements (CPEs) to
distinguish intact from deteriorated coating regions and predict residual service life.

In the mid 2010s, sensor networks combining multiple measurement principles began
to appear. Integrated EIS, electrical resistance (ER), and EN sensors were designed to operate
continuously during cyclic environmental exposures for infrastructure and defense applications
[6,12,73]. Zajec et al. [73], for example, deployed combined impedance- and resistance-based
sensors on coated bridge components over nine months of exposure, proving that real-time
field monitoring was achievable with robust sensor encapsulation and semi-solid electrolytes.
Cai et al. [21] proposed an impedance-based sensor for early failure diagnosis of organic
coatings, showing that characteristic phase-angle shifts at mid frequencies can serve as

predictive indicators of coating breakdown.
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Simultaneously, researchers addressed the practical limitations of immersion-based
electrochemical cells, seeking alternatives suitable for vertical, irregular, or heritage surfaces.
Ramirez Barat et al. [22] optimized gel-polymer-electrolyte (GPE) cells for in situ EIS on
metallic monuments, minimizing parasitic impedances and enabling reliable interpretation of
coating and corrosion behavior without liquid handling. Hosbein et al. [74] developed co-
planar hydrogel EIS cells capable of measuring both coating capacitance and surface sheet
resistance on painted sculptures. Their design required only surface contact and provided early
warning of paint degradation unavailable from conventional immersion cells.

Other advances targeted specific industrial or marine systems. Hayashibara et al. [75]
used EIS to monitor the early degradation of epoxy coatings in ballast tanks, correlating time-
dependent changes in coating resistance and capacitance with water uptake and microstructural
aging. Nazir et al. [76] presented a non-destructive magnetic-aluminum electrode system for
on-site Tafel and EIS testing on large, coated infrastructures, demonstrating the potential of
ruggedized, reusable field sensors.

Parallel exploration of non-electrochemical diagnostic methods further emphasized the
growing demand for non-invasive assessment. For example, Welp et al. [77] compared optical
coherence tomography (OCT) and EIS for detecting coating defects and monitoring transparent
protective layers on industrial monuments, underscoring EIS’s continued relevance as a
benchmark electrochemical technique.

Collectively, the studies between 2010 and 2018 redefined coating-monitoring
technology. EIS evolved from a laboratory analytical tool to a field-capable, multi-sensor
diagnostic platform. Systems became portable, self-powered, and adaptable to complex
geometries, employing solid or gel electrolytes to ensure stable contact. The progression from
Davis’s surface sensors to Bierwagen’s embedded electrodes, then to Larsen’s wireless CHM,
and finally to gel- and hydrogel-based cells such as those of Barat and Hosbein, established the
design logic that informs the paste-electrolyte cell developed in this PhD. The present approach
continues this trajectory by providing a controllable, viscoelastic ionic interface that ensures

reproducible contact and high-quality EIS data under both laboratory and in situ conditions.

2.6. Portable and compact impedance detectors (2018-2022)

As electrochemical impedance spectroscopy (EIS) sensing matured, emphasis shifted
toward portability, low-cost instrumentation, and real-time field applicability.
Friedersdorf et al. [24] described multi-sensor corrosion-monitoring panels designed for

atmospheric exposure testing of coated structures. These panels integrated impedance, galvanic
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and environmental sensors within a single self-contained unit, capable of continuous,
autonomous data collection under natural conditions. This development represented the
transition of EIS sensing from embedded laboratory prototypes to networked, field-ready
diagnostic systems.

Building upon this evolution, Kuo and Lee introduced the first compact coating
impedance detector (CID) — a miniaturized circuit providing rapid, single-frequency
impedance measurements up to 10° Q cm?, with strong correlation to potentiostat data [23].
Their later designs culminated in CID 2.0, a field programmable gate array (FPGA)-based
version offering wider dynamic range and automated signal generation [78], and CID 3.0,
featuring improved analog circuitry, oversampling, and reduced power consumption for stable
measurement of high-impedance coatings [79]. Collectively, these detectors established the
foundation for compact and portable EIS hardware that could be deployed on-site for coating
health evaluation.

In parallel, several groups adapted electrochemical sensing to industrial and packaging
applications. Wang et al. [80] developed a portable sensor to estimate the shelf life of lacquered
tinplate cans, using open-circuit potential (OCP), potentiostatic step tests, and EIS to track
coating resistance and charge transfer kinetics over time. Xia et al. [81] demonstrated that
electrochemical noise (EN) recorded in single-cell configuration could discriminate defect
levels in organic coatings, offering a fast diagnostic complementary to EIS.

Zajec et al. [82] further combined impedance and electrical resistance (ER) sensors in
encapsulated corrosion kits for monitoring coating degradation on steel structures under
aggressive atmospheric exposures.

Merten et al. [25] validated field EIS measurements on real infrastructure, establishing
practical procedures and repeatability metrics for coatings at the end of service life.

At the same time, flexible and adaptive sensing media were explored to improve surface
contact and measurement robustness.

Chowdhury et al. [83,84] fabricated ZnO-PVDF nanocomposite fiber textiles that
functioned both as embedded sensors and protective layers. These non-conductive meshes
provided in situ impedance feedback under immersion or thermal cycling, effectively acting as
early-warning corrosion sensors.

Monrrabal et al. [26] introduced gel electrolytes based on glycerol-agar matrices with
chloride conductivity optimized for portable cells, allowing EIS and polarization

measurements on carbon and galvanized steel without crevice corrosion or liquid leakage. Such
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gel and fiber-based sensors bridged the gap between traditional electrochemical cells and
modern flexible electronics.

In the field of cultural-heritage conservation, Valentini [85] summarized portable EIS
and biosensor technologies for in situ diagnosis of metal and organic layers on artworks,
emphasizing analytical optimization of miniaturized cell geometries.

Large-scale collaborations such as the EIS round-robin by Ritter et al. [86] confirmed
that modern portable instruments achieve reproducible data across laboratories, while Laschuk
et al. [87] provided a comprehensive guide encouraging wider adoption of EIS for material
characterization beyond corrosion science.

Looking toward the future, Frias-Cacho et al. [88] reviewed in-service coating health
monitoring technologies within the context of Industry 4.0 and loT-connected neural-like
sensor networks, envisioning autonomous, condition-based maintenance driven by embedded
EIS sensing and data analytics.

Collectively, these developments mark a decisive transition from multi instrument
laboratory setups to compact, self contained diagnostic devices. EIS has evolved into a
portable, intelligent sensing method capable of quantifying coating performance in real time
and under realistic service conditions.

The paste-electrolyte EIS cell developed in this PhD research continues this trajectory
by coupling the analytical precision of laboratory impedance measurements with the simplicity
and versatility of portable instruments. Unlike purely electronic detectors, it preserves a
genuine electrochemical interface, ensuring mechanistic interpretability of impedance spectra

while enabling reproducible measurements under both laboratory and field conditions.

2.7.  Recent directions: Non-invasive, model-driven, and Al-assisted systems (2022—
2025)

In the past few years, the field has diversified into two complementary directions:
(i) the development of non-invasive and flexible EIS-based sensors, and
(i) the integration of data-driven models for predictive coating-health assessment and

lifetime prediction.

As previously mentioned, Frias-Cacho et al. [88] reviewed the emerging landscape of
in-service coating-health monitoring technologies, highlighting a convergence between
embedded electrochemical sensing, wireless communication, and neural-like architectures for

condition-based maintenance. Their review emphasized the growing industrial demand for
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autonomous, connected systems capable of detecting coating failure in non-accessible
locations and anticipating corrosion long before visual degradation becomes evident.

Building on this vision, Rondinella et al. [27] developed a warning system for defect
onset in organic coatings on large surfaces, demonstrating that impedance thresholds derived
from normalized |Z| values can serve as early indicators for coating maintenance scheduling.
Their system was validated over two years of immersion monitoring using a portable
potentiostat, confirming the practical viability of compact EIS devices for long-term field
diagnostics.

Parallel advances have extended EIS to realistic and high-temperature industrial
environments.

Tieu et al. [89] performed in situ EIS under retort conditions (121 °C, pressurized saline) to
evaluate non-BPA food contact coatings, establishing correlations between coating glass-
transition temperature (Tg), pore resistance (Rpore), and long-term storage stability. Similarly,
Filippas et al. [90] implemented a continuous EIS platform for monitoring aluminum beverage
can lids directly in beverages, demonstrating reliable reproduction of multi-month degradation
trends within a compact chamber mimicking packaging conditions. These examples illustrate
the growing use of EIS for accelerated, realistic-life assessments of industrial coating systems.

Further research has moved toward integrating physics-based and statistical models for
degradation prediction.

Jietal. [29] proposed a hybrid framework that combines kinetic modeling with a three-
phase Wiener process, coupling EIS-derived coating resistance and capacitance features to
probabilistically describe degradation evolution and remaining life. This approach bridges
mechanistic understanding with reliability analysis and supports digital-twin development for
coatings.

Hein et al. [30] provided a broad comparative review of monitoring methods for coated
steel structures, situating EIS among other non-destructive techniques and evaluating their
accuracy and cost-effectiveness. Their holistic view reinforced EIS’s role as a cornerstone
diagnostic for both coating condition and underfilm corrosion monitoring.

The field is also seeing rapid progress in non-contact and solid-electrolyte EIS sensors.
Recent work by Dong et al. [31] introduced a dual-compartment agar-based solid electrolyte
that enables indirect impedance measurements without electrical contact to the substrate,
achieving spectra of comparable quality to conventional three-electrode setups. This

demonstrated that non-invasive EIS can yield quantitative information on coating thickness
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and interfacial conduction paths which is critical for applications on heritage objects and
painted surfaces.

Meanwhile, Popova et al. [28] integrated resistometric and EIS sensors for continuous
monitoring under variable humidity and immersion, providing comparative validation between
ER and electrochemical responses which is an important step toward multi-modal sensing
integration.

Jiryaeisharahi et al. [32] further advanced this direction by developing a hybrid EIS—
machine learning framework for corrosion monitoring, combining physics-based feature
extraction with data-driven prediction of degradation states. Their approach exemplifies how
intelligent signal processing can extend EIS beyond conventional frequency-domain analysis
toward real-time condition assessment, reinforcing the trend toward autonomous diagnostic
systems.

Together, these studies illustrate the ongoing transition from descriptive, case-based
EIS analyses toward mechanistic and data-integrated frameworks.

The paste-electrolyte EIS cell developed in this PhD aligns closely with these
contemporary trends by ensuring reproducible in situ impedance acquisition through a
controlled viscoelastic interface, combined with automated data reduction, clustering, and
interpretation. This integrated approach responds directly to the field’s demand for expert-
independent, predictive and portable assessment tools that connect fundamental

electrochemistry with real-world performance monitoring.

2.8.  Synthesis and position of the present research

Reviewing this progression reveals a coherent technological and methodological
trajectory. Early works established the diagnostic potential of EIS for detecting subsurface
changes in coatings long before failure. Embedded electrode configurations then allowed
continuous in situ monitoring during environmental exposure, while solid and gel electrolytes
removed the dependence on liquid immersion. The following generation of portable and textile-
based sensors achieved practical deployment but often sacrificed spectral resolution or
mechanistic interpretability.

Current research, including this PhD, seeks to unify these achievements — maintaining
laboratory-grade impedance fidelity while achieving the robustness and adaptability required
for field use. The paste-electrolyte cell enables conformal, stable electrode contact across
diverse surfaces, while preserving a defined electrochemical interface suitable for frequency-

domain analysis. This design is conceptually related to the sensors of Dong [31] and gel-based
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cells of Molina [91], but introduces a tunable viscoelastic electrolyte phase optimized for
reproducibility and minimal self-impedance.

Beyond hardware innovation, the analytical framework employed in this research —
principal component analysis, clustering, and neural-network classification — responds to the
emerging need for automated interpretation highlighted by Ji et al. [29] and Frias-Cacho et al.
[88]. The combined approach transforms impedance spectra from complex expert-dependent
datasets into structured inputs for data-driven degradation assessment.

By integrating these elements, this PhD occupies a unique position within the literature.
It bridges the non-invasive, field-applicable designs of recent sensor developments with the
interpretive rigor of classical EIS, providing a pathway toward high-throughput, expert-free
assessment of coating wear. Furthermore, the methodology proposed here can be generalized
to other passive materials, such as oxide-forming metals and biomaterials, where reliable

evaluation of passivity remains challenging.

2.9. Concluding remarks

Over the past three decades, research on EIS-based corrosion and coating sensors has
advanced from immersion-based laboratory measurements to autonomous, non-contact, and
data-interpreted systems. Early embedded sensors proved the feasibility of in situ impedance
monitoring, gel and hydrogel cells introduced flexible electrolyte interfaces, and miniaturized
impedance detectors brought EIS into the realm of portable diagnostics. The newest generation
of model-based and wireless sensors points toward fully integrated digital corrosion monitoring
infrastructures.

Within this trajectory, the paste-electrolyte EIS cell developed in this doctoral work
represents a pragmatic synthesis of electrochemical precision and field practicality. It builds
upon the methodological heritage of the embedded sensor community while addressing the
long-standing obstacles of surface adaptability, measurement repeatability, and expert-
independent interpretation. In doing so, it contributes both conceptually and instrumentally to
the ongoing transformation of electrochemical impedance spectroscopy from a laboratory
technique into a universal, deployable tool for monitoring the integrity of protective coatings

and other passive surfaces.
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3.1. Overview of EIS Measurement Geometries
1SO 16773 Cell

Electrochemical impedance spectroscopy for coated and metallic materials is
conventionally performed using electrochemical cells defined by international standards such
as ISO 16773-2 [2] and ASTM D8370-22 [5], and further detailed in ISO/TR 16208:2014 [92].
These standards collectively define how electrodes, electrolytes, and measurement geometries

should be arranged to ensure reproducible and interpretable impedance data.
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Figure 1. Schematic representation [93] of the 1ISO 16773 laboratory cell employing a three-
electrode geometry.

In the 1ISO 16773-2 [2] configuration, a three-electrode cell is employed consisting of a
working electrode (the coated or metallic specimen), a reference electrode, and a counter
electrode immersed in a liquid electrolyte (schematically shown in Figure 1). The working
electrode is sealed at the base of the cell—typically by an O-ring—to expose a well-defined
circular area, while the counter electrode (often a platinum mesh or rod) ensures homogeneous
current distribution. The reference electrode (Ag/AgCl or calomel) is positioned close to the

coated surface to minimize potential drop.

This arrangement, described in detail in ISO 16773-1- 4 [1-4] and further elaborated
in the technical report ISO/TR 16208 [92], allows accurate control of potential and current,
providing high-precision impedance data across a broad frequency range. However, the
geometry requires stable electrolyte containment and flat, horizontal surfaces. It is ideally
suited to laboratory testing of small panels but not easily applicable to large, curved, or field-

installed components.
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Recent large-scale interlaboratory studies have highlighted the challenges of ensuring
reliable and reproducible impedance measurements across different laboratories and
instrument types. The 2nd international round-robin test on EIS measurements of organic
coatings, reported by Bakalli et al. [94], systematically assessed 30 laboratories using a uniform
epoxy-based electrodeposition coating and a well-defined dummy cell configuration. Despite
standardized sample preparation and measurement protocols based on ISO 16773-2 [2], the
study revealed significant scatter in both high-impedance coating and dummy-cell data, with
total variances in low-frequency impedance exceeding 80 %.

The authors attributed these discrepancies primarily to instrument limitations at very
high impedance levels (>10° Q cm?), inadequate shielding, inconsistent grounding and cable
connections, and user-related factors such as insufficient calibration and poor interpretation of
raw data. Importantly, the study demonstrated that even when using identical coatings and
electrolytes, differences in potentiostat design, input impedance, and software filtering can
produce orders-of-magnitude deviations in measured impedance values. The accompanying
corrigendum [95] corrected numerical units but did not alter the overall conclusion: that
reproducibility of high-impedance EIS data remains a fundamental limitation of conventional
liquid-electrolyte systems.

These findings underscore the need for simpler, well-sealed, and low-noise cell designs
that reduce operator dependency and environmental sensitivity. The approach developed in the
present doctoral research directly responds to these issues by eliminating the open liquid
electrolyte and adopting a semisolid (paste or gel) electrolyte with a two-electrode
configuration. This geometry minimizes leakage currents, stabilizes contact impedance, and
provides consistent performance on both flat and curved surfaces and thereby addressing the
reproducibility gap identified in the international round-robin exercise.

ASTM D8370-22 Cell

ASTM D8370-22 [5] defines a simplified two-electrode arrangement specifically for
field measurements of coating impedance (Figure 2). Two non-conductive cells are temporarily
attached to the coating surface, each containing a liquid electrolyte and an inert electrode
(platinum, stainless steel, or graphite). The substrate itself serves as the common return path,
meaning that an electrical connection to the metal beneath the coating is unnecessary. The
impedance is measured between the two electrolyte cells placed a few centimeters apart on the

coating surface.
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Figure 2. Schematic representation of the two-electrode field cell configuration according to
ASTM D8370-22.

This configuration avoids the need for direct substrate connection and enables non-
destructive testing on intact coatings, while maintaining the basic EIS measurement principle.
The geometry is versatile and suitable for various orientations, although careful sealing and
electrolyte retention remain essential for measurement reliability. ASTM D8370 also allows
the use of conductive gels as electrolytes, provided they ensure adequate wetting and low

solution resistance.
Paste-Electrolyte Cell (This Work)

Two paste-electrolyte cell configurations were developed to enable impedance
measurements across a wide range of materials, from highly resistive industrial coatings to bare
metals and thin lacquer films (Figure 3). Both use the same semisolid conductive paste-
electrolyte, formulated to provide stable ionic conduction (electrolyte resistance < 250 Q)
without leakage, evaporation, or surface alteration.
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Figure 3. Schematic representation of the two-electrode paste-electrolyte cell configurations,
where (a) represents the configuration for high-impedance coatings (functionally analogous
to ASTM D8370-22 [5]), (b) represents the configuration for low-impedance coatings and

bare metals, with (c) providing a closer look at the electrode setup.

The upper configuration (a) represents a two-electrode geometry designed for high-
impedance industrial barrier coatings. The coated or metallic substrate acts as the working
electrode, while two flexible conductive-rubber electrodes are placed directly on the surface
and remain in position through the self-adhesive consistency of the paste electrolyte. Each
conductive electrode has an active area of approximately 25,96 cmz2, and the exposed coating
area corresponds to the total region wetted by the electrolyte layer. The paste forms a uniform
0,3-0,5 mm thick film that ensures complete ionic contact without external pressure,
mechanical spacing, or sealing. In this configuration, the alternating current passes twice
through the coating layer—from one conductive-rubber electrode to the substrate and back
through the other — thus closing the circuit without any direct metallic connection. This setup
is functionally analogous to the two-cell arrangement described in ASTM D8370-22 [5], but
the semisolid electrolyte eliminates the need for O-rings or liquid containment and maintains
stable, spill-free contact even on vertical or curved surfaces.

The lower (b) configuration is a two-electrode design optimized for bare metals and
thin or conductive coatings, where direct contact between the conductive-rubber electrode and
the substrate would otherwise produce a short circuit. A non-conductive mask defines the
electrolyte layer and provides insulation between electrodes. The exposed working-electrode
area is 2,67 cmz, to which a paste electrolyte volume of 1,13 cm3 is applied and covered by the

counter/reference electrode. A single conductive-rubber counter/reference electrode is
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positioned above the paste. The metallic surface functions as the working electrode. This
configuration prevents short-circuiting, while maintaining the same semisolid, non-destructive
operation and enabling accurate measurements on low-impedance substrates

Both geometries employ the same electrode material and electrolyte composition
described in Solji¢ et al., Progress in Organic Coatings 165 (2022) 106767 [9], and Soi¢ et al.,
Progress in Organic Coatings 177 (2023) 107442 [10], differing only in electrode arrangement

and mechanical adaptation to the surface conductivity and morphology of the tested specimens.

Summary Cell Constructions

The comparison of electrochemical cell geometries used for impedance measurements is
summarized in table 4. The table outlines key characteristics of representative systems based
on the 1SO 16773 [1-4] laboratory standard, the ASTM D8370-22 [5] field configuration, and
the semisolid paste-electrolyte cells developed in this doctoral research.
While ISO and ASTM approaches rely on liquid or gel electrolytes requiring controlled
geometries and sealing, the present system replaces the liquid phase with a stable semisolid
paste and employs flexible conductive-rubber electrodes. This design enables reproducible
impedance measurements on both coated and uncoated metallic surfaces across a wide
impedance range, while allowing operation on vertical, curved, or irregular geometries without
leakage or surface alteration. The table summarizes their key constructional and operational
features, such as electrode configuration, electrolyte type, sealing, applicable surface
geometries, and impedance range, highlighting how the paste-electrolyte design achieves
reproducible, spill-free, and field-ready performance across both high- and low-impedance
systems.

Table 4. Comparison of electrochemical cell geometries used for impedance measurements of
coated and metallic substrates, including the standardized ISO 16773 laboratory cell, the
ASTM D8370-22 two-electrode field configuration, and the semisolid paste-electrolyte cells

developed in this doctoral research.

Paste-Electrolyte

reature 15016778 ASTM D8370-22 Cell (this work)
Two-electrode
(25,96 cm? each) for
3-electrode 2-electrode (WE- high-impedance

Configuration coatings; two-
electrode with mask
and direct contact

with the substrate for

(WE-RE-CE) CE/RE combined)
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bare metals and thin

coatings
Semisolid
. : - conductive paste (R
Electrolyte Liquid (immersion) Liquid or gel <250 O, thickness
0,3-0,5 mm)
Sealing O-ring, fixed area AdheS|_ve or Self-adhering paste,
magnetic seal no seal
Surface type Flat, horizontal Flat or slightly An.y geometry,
curved vertical or curved
. o —— Fully portable and
Field applicability Laboratory only Field-portable reusable

up to at least 10'° Q

8-10° 2 3_1012 2
cm2at 0,1 Hz up to 103-10° Q cm 103-10~ Q cm

Impedance range

Moderate, field High, stable contact
dependent geometry

Reproducibility High, fixed geometry

3.2.  Soi¢ et al. (2019): Gel-Electrolyte EIS Probing of IR-Cured Industrial Coatings

The first paper of this doctoral research, Soi¢ et al. (2019) [7], introduced a gel-
electrolyte electrochemical impedance spectroscopy (EIS) setup designed for the non-
destructive evaluation of industrial coatings dried or cured using infrared (IR) radiation. The
work addressed a long-standing limitation in high-impedance EIS measurements — namely,
the disturbance and leakage risks inherent in conventional liquid-electrolyte cells and
demonstrated that accurate measurements could be achieved using a self-contained two-
electrode system with flexible, self-adhesive gel electrodes.

The developed system employed commercial ELYSAID self-adhesive silicon
electrodes, which contain a conductive polymer layer and a conductive gel electrolyte that
conform to the surface without mechanical sealing. In the two-electrode configuration, both
electrodes were placed on the coating surface, eliminating the need for electrical contact with
the metallic substrate. The method thus allowed impedance characterization of high-resistance
coatings exceeding 10° QQ cmz2, with negligible interference from external electrolyte resistance
or evaporation. The experiments were carried out using a custom-built ReCorr QCQ instrument
with an input impedance of 1 TQ and current sensitivity in the pA range. Spectra were recorded
over a frequency range from 100 kHz to 10 mHz using a + 50 mV sinusoidal signal.

The study proposed a new analytical approach for early detection of non-visible coating
degradation by introducing the first derivative of the phase angle (d6/d log f) as a diagnostic
parameter. This derivative highlights subtle distortions in the Bode phase curve that precede
the appearance of an additional time constant associated with substrate corrosion. Since highly
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efficient barrier coatings often maintain phase angles above -80° across most of the frequency
range, the traditional breakpoint-frequency method (based on the -45° criterion) was
inapplicable. By contrast, the derivative analysis sensitively revealed incipient dielectric
deterioration and the onset of low-frequency relaxation even after a short, one-week neutral
salt spray (NSS) exposure, during which no visible damage occurred.

A qualitative four-level rating system (A-D) was established based on the number and

position of extrema in the d6/d log f curve:

- A —purely capacitive response with no extrema (intact coating, 6 > -80°),

- B —single maximum (early dielectric decline),

- C - one maximum and one minimum (appearance of corrosion-related time constant),
and

- D - fully developed concave/convex phase shape with two zeros (advanced

delamination).

This diagnostic tool provided a rapid, reproducible means of assessing early coating
degradation in the absence of visible defects.

In parallel, quantitative parameters were extracted from the impedance spectra:

- Coating resistance (R,) was obtained at 0,01 Hz, while |Z| at 0,1 Hz was used for
ranking relative barrier performance.

- Coating capacitance (C,) was determined at 10*% Hz, where the impedance slope
equaled —1,using C =1/(w | Z |).

- Water uptake (p) was calculated by the Brasher—Kingsbury equation,

b =log < /log e,
Co
assuming &, = 80 for water.

- Relative dielectric constant (¢ r) was derived from C = &,&y/d, taking the dry-film

thickness d as constant.

Complementary FTIR and DSC analyses confirmed that IR curing did not alter coating
chemistry, while pull-off adhesion testing revealed a minor (~10 %) decrease in adhesion,
attributable to internal stresses from rapid solvent release. Despite this, IR curing substantially
improved the barrier performance of epoxy and polyurethane coatings, yielding higher
impedance, lower water uptake, and 10-30 % lower dielectric constants compared to ambient-

cured analogues.
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From a process standpoint, the study highlighted that IR curing reduces production time
and energy consumption, enables selective heating of coated components, and allows “wet-on-
wet” application without intermediate drying, thereby enhancing coating productivity without
compromising protection.

Overall, this work demonstrated that gel-electrolyte EIS enables reliable, high-
impedance measurements on intact coatings, while the phase-derivative method provides a
sensitive criterion for early-stage degradation. These findings established both the
methodological and analytical foundations for the subsequent development of the paste-

electrolyte cell, extending the concept toward in-situ and field measurements.

Significance for the Doctoral Framework

This study established the experimental and conceptual foundation of the doctoral work
by demonstrating that EIS measurements can be successfully performed using a gel (semisolid)
electrolyte and a two-electrode configuration on high-impedance coatings. It proved that non-
liquid electrolytes can vyield reliable spectra and introduced an analytical approach (first
derivative of phase angle) for detecting early-stage degradation. These findings directly
motivated the development of the subsequent paste-electrolyte cell, forming the

methodological starting point of the doctoral research.

3.3.  Martinez et al. (2021): EIS Assessment of Industrial Coating Barrier Properties

The second paper forming part of this doctoral research, Martinez et al. (2021) [8],
expanded upon the gel-electrolyte concept by introducing and validating a paste-electrolyte
EIS cell suitable for reproducible laboratory assessment of thick industrial coatings. The new
configuration combined semisolid electrolyte contact with flexible conductive rubber
electrodes, maintaining stable ionic coupling without the need for a liquid reservoir, sealing
rings, or cell containment. This innovation preserved the high-impedance measurement
capability demonstrated in the 2019 work, while improving control of the electrode geometry
and eliminating artefacts associated with surface wetting and electrolyte leakage. The setup
was specifically designed for coatings with impedance values up to 10° Q cm?, enabling
quantitative evaluation of barrier performance and its evolution during environmental

exposure.

Experimental and Analytical Approach
EIS measurements were carried out over a frequency range of 100 kHz to 10 mHz at a
sinusoidal amplitude of £ 50 mV using the paste-electrolyte cell placed directly on the coating
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surface. The active electrode area was defined by the cell geometry (= 27 cm?) and the paste-
electrolyte layer thickness of 0,3-0,5 mm. The cell provided a highly reproducible electrolyte
resistance (<250 Q) and allowed long-term testing of the same surface area without mechanical
damage.

Four commercial coating systems—two water-based and two solvent-based—were
exposed to 3,5 % NaCl immersion and neutral salt spray (NSS) conditions to simulate industrial
service environments. The resulting impedance spectra typically displayed two relaxation
domains, corresponding to polymer dielectric behavior at high frequencies and ionic or
electrochemical processes at low frequencies.

This paper advanced the interpretation of electrochemical impedance spectroscopy
(EIS) data for thick industrial coatings by introducing a unified equivalent-circuit model,
R, (Q1 [R1 (Q2R3)]), which consolidates the dielectric-permittivity and porous-coating
formalisms into a single physically meaningful framework. This model was validated on four
representative commercial coating systems—two water-based and two solvent-based—
exposed to 3,5 % NaCl solution and accelerated salt-cabinet conditions, thereby encompassing
both diffusion-controlled and corrosion-related degradation regimes.

EIS measurements were performed over a broad frequency window (100 kHz—10 mHz)
at £ 50 mV amplitude. The impedance spectra exhibited two distinguishable relaxation regions,
prompting the adoption of the nested-circuit configuration above. The high-frequency loop
corresponded to the intrinsic polymer response (dipole relaxation and dielectric loss), while the
low-frequency loop represented ionic conduction and, where applicable, interfacial corrosion
processes.

The model components were assigned unambiguous physical meanings as given in table 5.

Table 5. Physical interpretation of equivalent circuit model elements

Model element Dielectric interpretation Porous-film interpretation
Re Electrolyte resistance Solution resistance
Q1 (CPEY) High-frequency capacitance limit Coo Coating capacitance Ce

Resistance to dipole movement /

R1 . Pore resistance Rp
polymer relaxation
Q2 (CPE») Low-frequency capacitance limit Cs | Double-layer capacitance Cq
R Film resistance linked to ionic Charge-transfer resistance
? conduction Rt
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The fittings achieved y? < 0,001 across all systems, confirming the model’s robustness and

ability to describe both intact and partially degraded coatings with a single mechanistic scheme.

Water and lon-Transport Effects

The study analyzed how water absorption and ionic mobility govern the evolution of
impedance spectra. Water acts as a plasticizer, lowering the coating’s Tq by ~ 20-30 °C, which
increases polymer-chain mobility and shortens dipole relaxation times. Consequently, high-
frequency capacitance rises and R1 decreases. At lower frequencies, absorbed water enhances
ionic hopping and percolation, decreasing Rz and producing conduction plateaus characteristic
of Maxwell-Wagner—Sillars (MWS) interfacial polarization. These coupled mechanisms were

quantitatively captured by the evolution of the model parameters over immersion time.

New Quantitative Criteria
To complement conventional indicators such as the impedance modulus at 0,1 Hz, the
work introduced two diagnostic quantities that substantially improve predictive capability:
Dielectric loss tangent, tan d(w) — defined as the resistive-to-capacitive current ratio:
tan § = €' Je' = 1/tan (—0).
- High-frequency tan J peaks identify polymer dipole relaxation and thus reflect
intrinsic coating quality.

- Low-frequency peaks reveal MWS polarization or active substrate areas, signaling the
onset of corrosion or wet adhesion loss.

Polarized impedance response — EIS spectra were acquired under various cathodic DC
offsets (0 to —5 V) to differentiate polymeric from electrochemical contributions. A rise in the
low-frequency tan 6 maximum during polarization, accompanied by blister formation,
confirmed substrate activity and loss of wet adhesion.

Together, these criteria allowed discrimination between mere water saturation and genuine

corrosion initiation—an ambiguity often unsolved by impedance-modulus trends alone.
Predictive and Diagnostic Outcomes
The model successfully ranked coating performance and mechanistic stability:

- System A (water-based) showed a continuous decline of Rz and a growing low-
frequency tan ¢ peak under polarization, indicating increasing porosity and hydrogen-

induced blistering. Adhesion strength dropped by = 50 %.
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- Systems B-D attained stable R, values, reflecting water saturation without structural
failure; their impedance and ran ¢ responses remained unchanged upon polarization,

corroborating durable barrier function.

Significance for the Doctoral Framework

This paper provided the interpretative and theoretical framework of the dissertation by
unifying dielectric and porous coating models into a single equivalent circuit applicable across
coating systems. It introduced the dielectric loss tangent (and) and its response to polarization
as new diagnostic parameters, linking EIS spectra to physical degradation mechanisms. These
concepts underpin all subsequent analyses and define the core data interpretation protocol used

throughout the doctoral research.

3.4. Solji¢ et al. (2022): AC Interference Impact on Coating EIS Assessment

The study by Solji¢ et al. (2022) [9] represents a key step in validating the measurement
reliability of electrochemical impedance spectroscopy for high-impedance coatings under
realistic, field-relevant conditions. While the earlier studies focused on improving coating
interpretation (Soi¢ et al., 2019 [7]) and unifying model formalisms (Martinez et al., 2021 [8]),
this paper addresses a fundamental practical obstacle in transferring EIS to in situ use—the
influence of external AC interference on the precision and accuracy of impedance
measurements.

The authors systematically investigated how electromagnetic interferences, such as those
originating from nearby AC power lines or railway systems, affect the quality of EIS data
obtained for high-performance coatings and simulated systems with extremely high impedance
values. A combination of dummy cells, calibration foils, and field-exposed coated samples was
employed to decouple instrument imprecision from external signal disturbances and to quantify
the limits of precision achievable under different excitation amplitudes and interference levels.

The experiments demonstrated that AC interference primarily affects the phase angle,
causing stochastic variations that become pronounced when measuring highly capacitive, intact
coatings with total impedance in the GQ range. The magnitude of interference-induced
variation decreased with coating degradation, confirming that the problem is most critical for
undamaged barrier systems. Under low excitation signals (10-50 mV), measurement currents
fall into the picoampere range, where the synergistic influence of interference and instrument
precision leads to a notable loss of repeatability—manifesting as relative standard deviation
(RSD) values up to 5-6%.
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A major contribution of this study is the quantitative definition of the excitation
amplitude threshold required to overcome interference. By progressively increasing the signal
amplitude from 10 mV to 250 mV, the authors established that at amplitudes >150 mV, both
precision (>99%) and accuracy (>97%) could be maintained even in the presence of
interference voltages up to 250 mV. The results confirmed that higher excitation amplitudes
improve the signal-to-noise ratio without inducing measurable nonlinearity or distortion in the
impedance response.

For highly intact coatings (log|Z| > 9 Q cm?), this finding is of critical importance. It
demonstrates that by optimizing signal amplitude, reliable impedance measurements can be
achieved outside shielded laboratory conditions, thereby validating the robustness of the
methodology for field use. The study also reported excellent repeatability for calibration foils
(RSD < 1% for 150-250 mV signals) and confirmed that even under AC railway interference
environments, precision remained within acceptable limits when using the maximum excitation
amplitude.

These findings were interpreted within the framework of equivalent circuit theory,
where interference acts as a superimposed voltage that modifies the effective potential drop
across the cell. By maintaining a sufficiently high impressed AC voltage, the measurement
system ensures dominance of the controlled signal over the induced interference, thus
preserving the integrity of the impedance response.

The paste-electrolyte measurement cell developed within this doctoral research also
benefited from these findings. Although not the primary focus of this paper, the results directly
supported subsequent optimization of signal amplitude and data acquisition protocols for
portable EIS systems. The confirmation that linear EIS responses can be obtained up to 250
mV AC amplitude under interference-prone conditions provided the necessary experimental
validation for reliable high-impedance measurement using compact, unshielded, in situ cells.

In summary, Solji¢ et al. (2022) [9] established a crucial foundation for extending EIS
beyond laboratory environments by quantifying the relationship between interference
amplitude, signal strength, and achievable precision. This work strengthened the
methodological framework of the doctoral research by ensuring that the semisolid-electrolyte
and flexible-electrode configurations operate within verified precision limits even when
environmental disturbances are unavoidable. Together with the unified modeling approach and
prior gel- and paste-electrolyte developments, this study confirmed the feasibility of accurate,

reproducible EIS diagnostics directly on real surfaces.
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Significance for the Doctoral Framework

This study contributed to the validation and metrological reliability of the developed
methodology. By quantifying the influence of external AC interference on EIS precision and
accuracy, it defined practical criteria for stable and reproducible in situ measurements. The
findings guided the design of the portable measurement system and ensured data integrity under

real-field conditions, making the EIS methodology robust beyond laboratory environments.

3.5.  Soi¢ et al. (2023): EIS Testing of Bronze Coatings Using a Novel Paste Electrolyte
Cell

The paper by Soi¢ et al. (2023) [10] presents the culmination of the experimental
development in this doctoral research—introducing and validating a novel paste-electrolyte
cell for non-destructive in situ Electrochemical Impedance Spectroscopy (EIS) testing of
coated metallic surfaces. This work extends the methodology initially established for industrial
coatings to the domain of cultural heritage conservation, using bronze coins coated with
Paraloid B-72 as representative systems.

The cell geometry, optimized in previous developmental work, allows reliable
measurement of both high- and low-impedance systems across a broad frequency range without

spillage, evaporation, or surface alteration.

Experimental Focus and Methodology

The study investigated the protective performance of Paraloid B-72 coatings of
different thicknesses (one, two, and three layers) applied over sulfide patinas on two bronze
alloys (CuSne and CuSniz). The experimental setup employed the two-electrode paste-
electrolyte configuration, where the paste ensured ionic contact while preserving the
underlying surface integrity.

EIS spectra were recorded over the frequency range from 10 kHz to 0,1 Hz, with full
measurement stabilization achieved in under three minutes enabling rapid, on-site applicability.
The impedance data were analyzed in terms of both magnitude (log|Z|) and phase angle,

complemented by equivalent circuit modeling to quantify the coating and patina responses.

Key Findings
The paste-electrolyte EIS cell proved capable of resolving distinct responses from the
coating, patina and substrate, thereby offering a mechanistic insight into protective

performance:
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- Barrier performance: The low-frequency impedance (log|Z| at 0,1 Hz) increased
systematically with the number of coating layers, ranging from 10* Q cm? for

bare/patinated bronze to above 10® Q cm? for triple-layer Paraloid coatings.

- Condensation resistance: After 24 h exposure to 100% RH, only the three-layer coatings
retained high resistance (~10% Q cm?), confirming superior water-barrier performance,
while single- and double-layer coatings exhibited marked impedance drops (~10° Q

cm?2).

- Patina quality differentiation: The medium-frequency capacitance (1,1 uF cm™ to 2,3
nF cm™?) reflected coating penetration into the patina pores, enabling discrimination

between compact (CuSni2) and porous (CuSne) patinas.

- All spectra passed the Kramers—Kronig (K-K) consistency test, confirming that the EIS
data obtained with the paste cell were free of artifacts and linearly valid, with residuals
within £ 0,5%.

Significance for the Doctoral Framework

This paper represents the implementation and generalization stage of the doctoral
research. It introduced the final version of the paste-electrolyte cell and demonstrated its
universal applicability to irregular surfaces and cultural heritage materials. By establishing
quantitative assessment criteria (|Z]o:Hz and phase angle thresholds) and confirming data
validity via Kramers—Kronig testing, it validated the complete methodology as a portable, non-

destructive diagnostic tool ready for field deployment.
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4. CONCLUSION



This doctoral dissertation, prepared in accordance with the Scandinavian model,

integrates four peer-reviewed scientific papers that together form a complete developmental

cycle — from the conceptualization and experimental demonstration of electrochemical

impedance spectroscopy measurements in semisolid electrolytes, through the unification of the

interpretation model, to the verification of measurement accuracy and the demonstration of

applicability across different materials and surface geometries.

The collective contribution of these studies exceeds their individual results, as they are

synergistically interconnected through:

1. The development of an experimental configuration (from gel to paste-electrolyte with

flexible electrodes) that ensures stable contact and reproducible measurements;

The unification of data-interpretation models, providing consistent physical meaning

for impedance spectra of both dielectric and porous coatings;

The quantification of noise sensitivity and measurement accuracy, thereby establishing

metrological reliability even outside controlled laboratory conditions; and

The demonstration of universal applicability of the developed methodology to both

industrial and conservation systems, confirming its robustness and transferability.

Together, these advances achieved the central goal of the research—the establishment

of a reproducible, portable, and methodologically validated EIS methodology that preserves

laboratory-grade precision while enabling in situ measurements directly on real surfaces.

The integrated contribution of this dissertation is reflected in:
Methodological integration — measurement, modeling, data analysis, and interpretation

combined into a single coherent framework;

Scientific novelty — demonstration of reliable EIS measurement over the full impedance

range from 10° to 10" Q cm? without liquid electrolytes; and

Technological applicability — a system suitable for field and conservation testing, with

clear potential for automated and data-driven diagnostics.

As a whole, this dissertation demonstrates that the combination of a semisolid

electrolyte, flexible electrodes, and an optimized measurement regime bridges the gap between

experimental electrochemistry and engineering practice. The results establish a foundation for

the future development of digitally assisted, predictive monitoring of passive materials and

protective coatings.
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ARTICLE INFO ABSTRACT

Keywords: Probing of IR dried/cured solvent based industrial coatings has been done by employing a two-electrode, gel-
EIS electrolyte electrochemical impedance spectroscopy setup that has enabled measurement of the coating elec-
R cm.zring trical characteristics without the influence of the liquid electrolyte. In the present study, along with the coating
Coating impedance at 0.1 Hz, we suggest the use of the first derivative of the phase angle as a sensitive tool to detect the
EZ;;Z':::Q influence of the corrosion related low frequency RC circle appearance on the coating performance in the early

stages of exposure. The conclusions of the EIS analysis are that the IR curing improves barrier properties of
common industrial coatings and decreases the coating capacitance and dielectric constant, with respect to the
laboratory ambient dried/cured referent systems. FTIR and DSC show no indications of permanent coating
degradation, while the pull-off strength shows a slight, = 10% decay of coating adhesion/cohesion character-
istics. The water uptake calculated from the EIS data compared to the FTIR and DSC results, indicates various
modes of water adsorption into the coating. It has been demonstrated that EIS may be used for obtaining quick
information about the early-stage, non-visible coating degradation in the case of IR drying/curing as a time
saving production process alteration that may bring significant benefit to the manufacturer of coated metallic

products.

1. Introduction

Scientific literature is replete with the examples demonstrating one
of the most successful applications of electrochemical impedance
spectroscopy (EIS) [1] by which protective properties of polymer
coatings on metals and their changes during exposure to natural and
artificial corrosive environments are quantitatively evaluated. A sound
theoretical basis for the interpretation of the coating EIS spectra has
been set from the 70s to 90s of the last century [1-10]. There is a
general agreement that EIS spectrum of an efficient protective coating
can be fitted by a simple model of capacitance shorted by a resistance
[1]. Water uptake causes an increase of the coating capacitance re-
flecting an alteration of the polymer dielectric behaviour and lowering
of the coating resistance reflecting formation of the pores with ion
conductive pathways [2]. With the further weakening of the coating
barrier properties, the second time constant appears at frequencies
below 10° Hz that reflects substrate behaviour at the bottom of the
pores and below the delaminated coating. In the case of rapid charge
transfer reaction, the low-frequency nested equivalent circuit is com-
prised of a double layer capacitance and a polarization resistance. In the

* Corresponding author.
E-mail address: ivana.soic@fkit.hr (I. Soié).
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case of a slow charge transfer reaction, Warburg element is added in
series with the charge transfer resistance.

The early researchers have readily recognized the practical potential
of EIS for optimizing coating formulation [11] and coating quality as-
surance [12,13] and had therefore broadened their research to meth-
odologies for coating lifetime prediction from the EIS measurements of
unexposed specimen and specimen in the early stages of exposure
[2,4,6,14-16]. The need for highly resistive coatings with extended
service life and reduced maintenance costs has prompted this research
ever since [17-25].

Despite the diagnostic and predictive capabilities of EIS which have
been proven through decades of scientific research, and the fact that
method has been standardized by EN ISO 17663, it has not found
widespread use in engineering practice for the in-situ coating quality
control and the routine coating testing in laboratories. Paradoxically,
EIS has found most appreciation in the area of metal conservation
[26-29] where more serious obstacles for its application exist when
compared to probing of industrial coating systems. EIS is applied on
surfaces of art and heritage objects that are either clean metal surfaces
protected by thin layers of wax, thermoplastic resin or clear lacquer
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[30,31], surfaces covered with porous layer of corrosion products such
as patina on copper and bronze [32] or rust on iron artefacts and Corten
[33,34]. The difficulties encountered are: a concern of damaging the
surface coating layer and/or unsightly alteration of surface appearance
at the place of EIS cell contact [35], inability of measuring low im-
pedances due to the comparably high impedance of the EIS cell elec-
trolyte [32,35] and inability of the non-liquid electrolyte of the EIS cell
to follow pores of the substrate [36]. Nevertheless, significant ad-
vancements have been made by the conservation scientists in trans-
ferring the EIS from the laboratory to the field [32], in developing the
flexible gel EIS cells [32,35,36], in overcoming the influence of sub-
strate porosity [37] and in the construction of portable low-cost in-
struments [37,38].

Following this trend, a recent report describes the development of a
prototype miniaturized impedance measurement instrument for a quick
estimate of the protective capacity of coatings [39]. However, nowa-
days, laboratory and field measurements on high-impedance industrial
coating systems should be facilitated by the availability of affordable
portable lightweight hi-end potentiostats with variable gain amplifiers
and variable filters input front-ends [38], a floating ground [29], high
input impedance of 1 TQ, and a pA measurement range. The mea-
surement procedure may further be significantly simplified by adopting
a two-electrode EIS measuring approach that cancels the need for the
electric contact with the metallic substrate [37,38] and by the use of
commercial flexible gel electrodes that were found suitable form mea-
surements on high-impedance coatings [28]. These electrodes can ad-
here to and conform to the surface [35] and eliminate the possible in-
fluence of aggressive liquid electrolyte on the results [28] thereby
recording the state of the coating attained solely by natural or artificial
weathering.

A sufficient number of measurements at each frequency and data
averaging have been used historically to reduce the scatter of the ex-
perimental data [1]. The scatter is observed due to noise when low
currents in the pA range are measured [38]. In our experience, the use
of Faraday cage in the laboratory and well shielded instrument and
cables in the field significantly reduce the measurement error and
eliminate the need for data averaging or filtering. Calibration of the
instrument may be done on dummy cells mimicking high-impedance
coatings and compared to the interlaboratory test results in EN ISO
16773-3. Limitation of the instrument with respect to the highest im-
pedance that may be measured can be checked in an open lead ex-
periment. With the use of the instrument having measurement cap-
abilities compatible with the coating characteristics, highly repeatable
and reproducible results are obtained.

It is also reasonable to assume that simplification of the EIS data
analysis would likely increase the use of EIS in engineering and la-
boratory practice [40]. To avoid fitting of the data to equivalent cir-
cuits, various strategies have been proposed [9,40-46].

In the present study, the influence of the IR accelerated drying/
curing on the protective properties of commercial high-durability
coating systems, has been investigated by EIS. It is reasonable to assume
that IR facilitates both, physical drying by evaporation of the coating
solvent and chemical curing reactions between the base and the hard-
ener. This topic is of significant technical importance because the IR
drying/curing provides the reduction in production time and it can be
applied to the entire product, or to selected parts only, without heating
the surroundings which leads to lower cost with respect to the air
convection drying [47]. IR curing has the ability to transfer energy
faster into the wet film which lets the drying/curing to happen from the
bottom to the top of the film reducing product deterioration and ex-
cessive evaporation of volatile components from solvent based coatings
[47,48]. With further industrial improvements, IR drying/curing allows
using “wet on wet” coating technology where top coat is applied without
fully drying the basecoat. The short time between applications, the so
called flash-off time, typically leads to a solid content over 90% in the
film. Time of coating processing is significantly shortened with drying/
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curing primer and top coat together, but heating optimization and
coating compatibility are necessary for the successfully completed
process [48]. This kind of drying/curing can be especially useful in
stripe coating where sufficient corrosion resistivity is very important.
The measurements in the present study were aimed towards ob-
serving the fine distinctions among the intact coatings obtained without
and with the IR accelerated drying/curing and their degradation after
the one-week exposure in the salt chamber according to EN ISO 9227
that inflicted no visible damage. We have used the first derivative of the
phase angle with respect to the logarithm of frequency to resolve be-
tween the overlapping time constants that are due to the high-fre-
quency response of the polymer and the low-frequency response of the
substrate. Furthermore, qualitative rating based on the functional de-
pendency of the first derivative on the logarithm of frequency has been
compared to the quantitate characteristics deduced from the impedance
spectra, such as coating resistance at 0.01 Hz, coating capacitance at
high frequencies, the volume of the absorbed water and the coating
dielectric constant. The EIS results were correlated to those of the dif-
ferential scanning calorimetry and the pull-off adhesion tests. The in-
vestigation yielded interesting conclusions about the influence of IR
accelerated drying/curing on the conventional industrial coating sys-
tems that have not been not previously reported in the literature.

2. Experimental
2.1. Coated samples preparation

Cold rolled steel samples having dimensions  of
15cm X 10cm X 0.6 cm were prepared by shot blasting. Before ap-
plying the coating, sample preparation grade of Sa 2 %2 was checked in
accordance with EN ISO 8501-1, surface roughness according to EN ISO
8503-1, cleanness with respect to dust according to EN ISO 8502-3,
surface water-soluble by the Bresle method given in EN ISO 8502- 6 and
by conductometric method according to EN ISO 8502- 9.

Samples were coated per instructions of the paint manufacturer. The
commercial solvent based coating system comprised of a zinc rich base
coat, an epoxy mastic intermediate coat and a polyurethane topcoat.
The system has been chosen in conformance with system C.5.08 (very
high durability) in Table C.5 of EN ISO 12944-6 and system for CX
(offshore) corrosivity category in Table 3 of EN ISO 12944-9. Wet and
dry film thicknesses were measured according to EN ISO 2808 and ISO
19840 and the measured dry film thickness (DFT) conformed to the 80/
20 rule.

Besides the complete system, denoted by EP + EP + PUR, the
samples with only two layers of epoxy applied dry-on-dry, denoted by
EP + EP, and wet-on-wet, denoted by EP + EP WOW, have been tested
in order to simulate two types of the stripe coating procedure. For the
first two systems, a comparison is made between samples cured under
atmospheric conditions and the IR dried/cured samples, denoted by
EP + EP + PUR IR and EP + EP IR, respectively. In the case of wet-on-
wet system, only the IR dried/cured sample has been tested and de-
noted by EP + EP IR WOW. In some of the experiments, the distance
between the IR source and the samples was varied, the shortest distance
being 40 cm and the longest being 100 cm. The curing time was in-
creased from 10 to 90 min, to account approximately proportionally for
the paint layer thickness increase and the distance from the source in-
crease.

Details of the tested systems and preparation methods along with
the coating systems abbreviations that are used in the rest of the text are
given in Table 1.

Infrared heating emitter from Heraeus Noblelight powered by nat-
ural gas was used for coating drying/curing. The dimension of the
emitter was 60 cm X 60 cm. The sample rack was placed in front of the
IR emitter at different distances of 40, 60, 80 and 100 cm. The used IR
emitter had a power of 6 kW and provides a range of wavelengths from
2 to 10 um.
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Table 1
Details of the tested systems and preparation methods.
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Coating system Min. NDFT ym  Drying/ curing conditions

Coating system abbreviation

Coating system

Basecoat zinc rich epoxy 70 Dried/cured under laboratory ambient conditions. EP + EP + PUR
Intermediate layer ~ Epoxy mastic 125 Dried/cured 40 cm from IR for 10, 25 and 25 min per layer, respectively. EP + EP + PUR IR
Top coat polyurethane 125
Stripe coats
Basecoat epoxy mastic 150 Dried/cured under laboratory ambient conditions. EP + EP

Each layer dried/cured at 40, 60, 80 and 100 cm from IR for 17.5, 25, 32.5 and 45 min,

respectively.

“Wet on wet” with 15 min of drying under laboratory ambient conditions between layers. ~EP + EP IR
Top coat epoxy mastic 150 Final layer dried/cured at 40, 60, 80 and 100 cm from IR for 35, 50, 65 and 90 min, EP + EP IR WOW

respectively.

2.2. Neutral salt spray (NSS) test

The neutral salt spray test was conducted in the CW Specialist
Equipment model SF/100 salt cabinet according to the EN ISO 9227
and had lasted 168 h. Before conducting further experiments, the
samples were left to dry for 60 days under laboratory ambient condi-
tions. The term exposure in the following text refers to subjecting
samples to the above described procedure. Thereby, only the irrever-
sible changes to the coatings that remain even after 60 days of drying
have been captured by the measurements.

2.3. Electrochemical impedance spectroscopy (EIS)

EIS of coating systems that were laboratory ambient dried/cured
and those dried/cured by IR were tested before and after exposure. EIS
measurements were carried out by a customized ReCorr QCQ experi-
mental setup developed in our laboratory. It consists of a potentiostat/
frequency response analyser with a high input impedance of 1 TQ, a pA
measurement range and two flexible electrodes with the conductive
polymer surface and conductive gel electrolyte, each with the surface
area of 13.32 cm?. The setup is electrically shielded from the external
electromagnetic influences. Frequency range used in measurements was
between 100 kHz and 10 mHz with sinusoidal amplitude of + 50 mV.
Calibration of the setup was done on a high-impedance dummy cell
mimicking the coating according to EN ISO 16773-3.

Commercial ELYSAID, 4cm X 4 cm self-adhesive silicon electrodes
were used. Schematic view of the substrate, coating, positioning of the
electrodes and the EIS equivalent circuits is given in Fig. 1. The current
path through the coating is easily verified by recording the impedance
using a single electrode with respect to the substrate whereby identical
results are obtained since the current path through the coating is
shortened twice, while at the same time the electrode surface is also
halved. The two electrode method is however preferred because it re-
quires no contact with the substrate, which may be significant if EIS is
measured on a coated structure with no exposed metallic parts. Surface
conduction between the electrodes is avoided by performing measure-
ments on a clean and dry surface.

The results are highly repeatable and reproducible. The error esti-
mate of the impedance at 0.1 Hz based on the 10 repetitive measure-
ments is 1.51%. The validity of the measurements is also supported by
the following behaviour typical of organic coatings:

- The impedance of an efficient intact coating is of the expected order
of magnitude > 10° Q cm?.

- The capacitance of the intact coating is of the expected order of
magnitude of pF cm ™2,

- The impedance of the intact coating shows a single time constant
comprised of a coating capacitance and a resistance.

- The second time constant at lower frequencies appears after ex-

posure to humid environments.
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2.4. Attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR of coating systems that were laboratory ambient dried/
cured and those dried/cured by IR was tested before and after exposure
by using a PerkinElmer spectrometer Spectrum One. Spectra were ob-
tained in the range from 650 to 4000 cm ™! and each spectrum was an

average of ten scans with a resolution of 4cm ~'.

2.5. Differential scanning calorimetry (DSC)

In order to determine the glass transition temperature (Tg), DSC
curves of coating systems that were laboratory ambient dried/cured
and those dried/cured by IR were measured before and after exposure.
The measurements were carried out on Mettler Toledo DSC 823 in-
strument in accordance with EN ISO 11357. The scanning rate was
20 °C/min and the temperature ranged from 0 to 90 °C in two heating
cycles. The experiments were done under a nitrogen atmosphere with a
constant flow of nitrogen equal to 60 mL/min. All samples (10 mg =+
3 mg) were weighed and sealed in a hermetic aluminium pan with lids.

2.6. Pull off test

Adhesion of coating systems that were laboratory ambient dried/
cured and those dried/cured by IR was tested after exposure according
to ISO 12944-6 with the Elcometer 108 pull off tester. Separation occurs
with tensile stress necessary to break the weakest part of the system,
either at the interface (adhesive failure) or within the layer (cohesive
failure). Mixed failures may also occur. The operating range of the used
device is 0-25 MPa.

3. Results and discussion
3.1. IR accelerated Drying/curing and the low-frequency EIS behaviour

It is well known that EIS is highly sensitive to alteration of coating
barrier properties and it can detect initiation of coating failure long
before visible damage has become apparent [11,12,35]. Kendig [49]
states that EIS is best suited for evaluating the deviation from purely
capacitive behaviour of organic coatings on steel which is, alongside
the drop in the pore resistance, the main phenomenon observed at early
stages of coating failure. However, the coating resistance of high-per-
formance coatings may retain high during the first stage or even after
several months of exposure [50]. For very efficient barrier coatings,
detection of the second time constant at low frequencies is difficult
[3,9]. The widely accepted breakpoint frequency method, based on the
analysis of the frequency at the phase angle of -45, cannot be applied as
the phase angle of the intact or high-performance coating in the early
stages never reaches this value [1,51].

The first derivative of the impedance modulus has previously been
suggested as the means to resolve better the low-frequency behaviour of
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Fig. 1. Schematic view of the: (a) new EIS experimental setup, (b) EIS equivalent circuits of the measured system.
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the coatings reflecting the processes at the interface between the
coating and the metal [40,43,52-56]. In the present study we suggest
the use of the first derivative of the phase angle as a sensitive tool to
detect the influence of the corrosion related low frequency RC circle
appearance on the coating performance in the early stages of exposure.
Fig. 2 shows four typical EIS responses in Bode representation along
with the first derivatives of the phase angle. The maxima and minima of
the first derivative correspond to the inflexion points of the phase angle
and the zeroes of the first derivative denote maxima and minima of the
phase angle. The frequency below 1Hz is analysed to exclusively ac-
count for the corrosion phenomenon [2]. The coating state rating
system applied is based on the following observations:

- The highest rating denoted by A is assigned to the first derivative
curve in Fig. 2 (a) that shows no minima or maxima. This corre-
sponds to the coating with predominantly capacitive behaviour
(6 > 80°) in a wide frequency range (down to approximately 107
Hz) indicating that the coating is a good dielectric.
The second highest rating B is assigned to the first derivative curve
in Fig. 2 (b) that shows a single maximum corresponding to the
phase angle inflexion point signifying the change from concave to
convex phase angle shape. The capacitance-like behaviour is shifted
to higher frequencies (above 10° Hz) indicating a decline of the
dielectric coating property.
The third highest rating C is assigned to the first derivative curve in
Fig. 2 (c) that shows one maximum and one minimum corre-
sponding to the onsets of the convex and concave shape of the phase
angle curve, respectively, with no minima and maxima. The concave
shape at lower frequencies may unequivocally be ascribed to the
appearance of the second time constant corresponding to the sub-
strate corrosion process [7,9,11]. The capacitance-like behaviour of
the coating is shifted to even higher frequencies (above 10 Hz)
indicating a further decline of the dielectric coating property.
- The worse rating D is assigned to the first derivative curve in Fig. 2
(d) that shows two zeros, a minimum and a maximum, indicating
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Fig. 2. Four typical EIS responses in Bode representation along with the first derivatives of the phase angle.

fully convex and concave shapes of the phase angle, respectively.
The better resolution of the two time constants could be interpreted
as an increase in the delaminated coating area at the coating sub-
strate interface [7,9,11]. The capacitance-like coating behaviour
region remained unchanged with respect to C rated coating.

Fig. 3 (a) and (b) show EIS coating rating based on the shape of the
low frequency phase angle and the impedance modulus at 0.1 Hz. It is
apparent from Fig. 3 (a) that various coatings are differently rated
based on the low-frequency phase angle appearance. All the coatings
before exposure, except the EP + EP system, are A rated meaning that
initially there is no indication of corrosion within the coating pores and
below the coatings.

All the EP + EP based samples, laboratory ambient or IR dried/
cured are D rated in the final state. All the other samples are either B or
C rated and show a better rating in the case of IR drying/curing. The
EP + EP IR based samples are somewhat better rated if the impedance
modulus at 0.1 Hz shown in Fig. 3 (b) is analysed. The overall trend for
the other coatings is similar to the one deduced from the low-frequency
segments of the Bode plots.

However, it should be noted that the first rating primarily reflects
the increasingly pronounced low-frequency RC circle due to substrate
corrosion while the second rating refers to the drop of the overall ohmic
resistance of the system, both phenomena occurring with coating de-
terioration.

Unexposed three-layer system EP + EP + PUR, has higher im-
pedance than the two-layer EP + EP system, while the IR cured samples
show various impedances that are on average also lower for the
EP + EP system. The conclusion is that IR drying/curing either retains
the barrier properties of the laboratory ambient dried/cured coatings or
even improves them.
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Fig. 3. EIS coating rating based on the (a) shape of the low frequency phase
angle and (b) impedance modulus at 0.1 Hz before and after exposure of 168 h
to NSS and subsequent drying/curing on air under laboratory ambient condi-
tions for 60 days.

3.2. IR accelerated Drying/curing, coating dielectric properties and water
uptake

Fig. 4 (a) shows the capacitance of the coatings normalized by the
coating thickness. The capacitances were determined at the frequency
of 10*° that has been identified as optimal for all systems with respect
to the requirement of impedance modulus Z having a slope of -1 due to
the purely capacitive behaviour of the coating. In that case, the coating
capacitance may be calculated from the equation, Z=-1/wC [11,13].
For all coatings the normalized capacitances are of the order of 10 pF
mm.

The coating characteristics prior to and after the exposure were
compared.

For all the coating systems, except for the EP + EP + WOW system,
the capacitance is higher after the exposure to NSS due to the electro-
lyte uptake. The Brasher and Kingsbury [57] equation:
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Fig. 4. (a) reduced capacitances and (b) dielectric constants of the coatings
before and after exposure of 168 h to NSS and subsequent drying/curing on air
under laboratory ambient conditions for 60 days.

G
= log—* /loge.
$ ogco/oge

is used for calculating a fraction of electrolyte, ¢, absorbed by the
coating, where Cj is the capacitance prior to absorption, C, is the ca-
pacitance after the absorption and e, is the dielectric constant of the
electrolyte within the coating. It is often argued that coating capaci-
tance is very sensitive to water uptake since the dielectric constant of
water equal to 80 is much higher than the dielectric constant of the
coating [1,13].

For the purpose of easy comparison with the results of similar stu-
dies, the water uptake in the present study was calculated with ¢, = 80.
The water volume fractions in Fig. 4 (a) show no particular pattern
among the samples of the same kind but it is clearly visible that the IR
cured samples have smaller water uptake than the samples cured at
laboratory ambient conditions and that the wet-on-wet applied coatings
show negative water uptake.
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The unit surface area capacitance is related to the relative dielectric
constant ¢, vacuum dielectric constant ¢ and thickness d of the coating
and is given by the equation [6]:

-G8
T d (2)

The increase in d, which would lead to decrease in ¢ has been ex-
cluded from further discussion in the present study as it would have to
cause a measurable increase in the coating thickness that has not been
observed. The coating relative dielectric constants have therefore been
calculated assuming constant d. The dielectric constants shown in Fig. 4
(b) are between 3 and 9 which is in concordance with the literature
data [58]. The dielectric constants vary among the samples of the same
kind showing no particular pattern but are by approximately 10, 15 and
30% lower for the EP + EP + PU, EP + EP and EP + EP IR WOW
dried/cured samples with respect to the reference samples, respec-
tively.

Besides from the loss of water from the coating, the decrease in the
coating capacitance and therefore of the apparent dielectric constant
may be due to (i) accumulation of water within the delaminated area at
the coating/metal interface [59], (ii) leaching of polar substances from
the coating [60] (iii) ingress of electrolyte ions into the coating [61,62]
and (iv) reduced water dielectric constant [63].

The accumulation of water at the coating/metal interface has been
eliminated as a cause of capacitance decrease based on the pull off
adhesion results given in chapter 3.4. Typically, complete loss of ad-
hesion is observed in the case of coating/metal interface water accu-
mulation that is not the case in the present study [59].

Leaching effect has been observed for marine epoxy coatings during
immersion in NaCl solution [60]. Leaching is attributed to the dis-
solution of ionic soluble species from the polymers that are being re-
placed by the Na* and Cl~ ions from the solution. Leaching causes
polymer density loss and a decrease of the polymer specimen mass after
the immersion experiments when the effect of leaching overpowers the
effect of water uptake. However, the decrease of coating capacitance
leading to apparently negative water uptake has not been obtained
previously. It was assumed that the mass loss phenomenon detected by
gravimetric measurements involved low dielectric constant species in
small quantities, therefore, their leaching not affecting the coating ca-
pacitance.

Krauklis [64] reports leaching of unreacted bisphenol A or epi-
chlorohydrin due to the diffusion gradient of epichlorohydrin between
the resin and its environment. Epichlorohydrin has a dielectric constant
equal to 20.8 at 21.5°C which is relatively high for an organic sub-
stance but cannot readily be accounted for the decrease of the EP + EP
IR WOW coating capacitance after exposure.

A lower dielectric constant of about 60 can be assumed for the water
within the polymer if the Na™ and Cl~ ions are also present [61]. Na™
and Cl~ ions within the coating originate from the percolation of water
and the diffusion of ions into the coating, although the concentration
may not be exactly equal to that of the electrolyte from the surround-
ings [62]. Also, Woo et al [63] found that water within the polymer
does not behave as free water and that decrease of the effective di-
electric constant of water is about 55-77% in the case of water clus-
tering.

It is apparent that the effect of ionic ingress and water clustering
could account for a significant decrease in the coating capacitance. It is,
however, hard to speculate about the exact dielectric constant of the
electrolyte within the coating and the Brasher and Kingsbury that as-
sumes only the consequences of the high dielectric constant electrolyte
ingress, is not likely to give the correct volume of the absorbed water.

To further elucidate the water uptake effect, FTIR measurements
have been done and the representative curves of the EP + EP IR and
EP + EP IR WOW epoxy systems before and after exposure are shown in
Fig. 5 (a) and (b). The spectra were normalized to the peak at
1509 cm ™" in order to avoid the influence of the contact area size
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Fig. 5. Representative ATR-FTIR spectra of EP + EP IR and EP + EP IR WOW
systems before and after exposure of the 168 h to NSS and subsequent drying in
under laboratory ambient conditions for 60 days.

during ATR-FTIR measurements. Amine cured bisphenol A epoxy resin
can be identified from the peaks around 827, 1032, 1181, 1243, 1462,
1509, 1607, 1647, 2852, 2925 and 3337 cm ™! [65]. The most promi-
nent changes are in FTIR spectra are visible in the 1650-1590 cm ™!
range that corresponds to water O—H bending in a liquid state and at =
3300cm ™! due to O—H stretching of water forming hydrogen bonds
with the polymer [66]. The additional shoulder is observed for the
EP + EP WOW sample at 3203 cm ™~ '. The band corresponds to the OH
stretch of highly-orientated, multiple hydrogen-bonded species, corre-
sponding to clustered water [67]. Weak bands of O—H stretching of
water in a liquid state at 3800-3600 cm ~ ! are also observed. It appears
that the water within the polymer is mostly bound by hydrogen bonds.
Indeed, by observing the intensity of the band = 3300 cm™! more
water is observed for the EP + EP IR WOW before then after the ex-
posure. This explains the negative water uptake calculated from EIS
coating capacitances. Contrarily, for the EP + EP IR system, the sample
after exposure has more absorbed water than prior to exposure con-
firming positive water uptake.

However, according to ATR-FTIR, the EP + EP IR WOW system has
more water absorbed than the EP + EP IR system, but this water ap-
pears to be more tightly hydrogen-bonded leading to overall lower re-
lative dielectric constant and capacitance of the EP + EP IR WOW



1. Soié, et al.

0.2 \
-03+}
04
‘o 05F
=
2 o06f
Z -0
i e ?
S -07f
i
08 Ff
— BEFORE EXPOSURE W
.09 —— AFTER 168 hOF EN ISO 9227 NSS TEST
e i Dessin . ; T
0 10 20 30 40 50 60 70 80 90
Temperature / °C
(@)
80
[ BEFORE EXPOSURE
EE T, AFTER 168 h OF EN ISO 9227 NSS TEST
5 [ T, AFTER 168 h OF EN ISO 9227 NSS TEST
2 O F =
o =
5 " =
g .
o L
g 60
}—
o
o
Z 50
c
i
'—
&
@ 40}
(O]
30 T
& © 2 S ®
3 xQ\b beo Qg,@ 590 b-°°
& q-& Q& &
& S & 8
84 & &
X@Q é
g Q*
< &
(®)

Fig. 6. Representative (a) DSC curves and (b) glass transition temperatures of
the investigated coating systems before and after the exposure of the 168 h to
NSS and subsequent drying/curing on air under laboratory ambient conditions
for 60 days.

system. Water uptake is further discussed based on DSC measurements.

3.3. IR accelerated Drying/curing and glass transition temperature

Fig. 6 (a) shows a typical shape of DSC heating curves obtained for
the intact coatings and for the coatings after exposure. All the coatings
before exposure and only the EP + EP + PU system after exposure
show one T,. All the other systems after exposure show two T values
denoted as Tglo and Tgp.

The decrease in T as a consequence of exposure, shown in Fig. 6
(b), is consistent with the literature mentions of T, drop of about 20 °C
[68,69] or down to one half of the original value [59]. The phenom-
enon is ascribed to the plasticization effect of water. Water is con-
sidered to occupy the free volume of the coating and/or to infiltrate the
polymer structure. Water molecules can form single hydrogen bonds or
multiple hydrogen bonds with the polymer network. Plasticization ef-
fect is attained when single hydrogen bonds that increase the chain
flexibility are formed in the low cross-linking zones. Hence, the water
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contained in the apparent free volume of these low cross-linking zones
is associated with the depression of T [70]. Water entering high cross-
linking zones is likely to form multiple hydrogen bonds and induce
secondary cross-linking, hardening of the polymer and increase in T
[59].

Initially, only one T, value denoted as Ty is observed which would
implicate homogeneity of the coating [70]. The appearance of two glass
transition temperatures after the exposure indicates heterogeneous so-
lution distribution in the coating [59].

Fig. 6 (b) shows similar Ty values among specimen of each of the
coating systems, EP + EP 4+ PUR and EP + EP, almost within the
standard uncertainty for T, of about 3°C. In the case of the
EP + EP + PUR system dried/cured under laboratory ambient condi-
tions, the lowest Tgo before the exposure and a single Ty, after the
exposure implicates homogeneous coating of the lowest cross-linking
density. Interestingly, Tgy,; is slightly higher than T, for the EP + EP IR
WOW system that could indicate that one of the phases is highly cross-
linked and supports single hydrogen bonds while the second phase is
highly cross-linked and supports secondary cross-linking trough for-
mation of multiple hydrogen bonds. The other coatings would within
the same interpretation contain two phases after exposure, one of
smaller and one of larger free volume.

Due to the complexity of the system, a very general correlation can
be found between the Tg and the EIS water absorption data. Both, the
trend of Tg increase and EIS capacitance decrease in the order
EP + EP + PUR > EP + EP > EP + EP WOW indicate also the trend
of adsorbed water decrease.

Heterogeneous solution distribution of electrolyte in the coating
causes long-range internal stresses and alters the mechanical properties
of the coating. In particular, upon drying, the free volume will probably
relax internal stresses but a cross-linked network being more restrained
with respect to internal motion may not be able to relax completely
[26]. In the present study, the mechanical properties of the well-ad-
hered coatings are revealed through the pull-off adhesion test.

3.4. IR accelerated Drying/curing and coating pull-off strength

Fig. 7 shows pull-off strength after exposure. Fig. 8 depicts the re-
presentative appearance of the pull-off circles after exposure. The
EP + EP + PU system shows a cohesion type failure between the
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Fig. 7. Pull —off adhesion/cohesion strength after the exposure of 168 h to NSS
and subsequent drying/curing on air under laboratory ambient conditions for
60 days.
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(a)

(b)

(c)

Fig. 8. Representative appearance of the pull —off circles for (a) EP + EP + PU system, (b) EP + EP system and (c) EP + EP IR WOW system, without magnification

and magnified 50 and 200 x .

topcoat and the intermediate coat which along with the high strength
shows that adhesion between coating and steel is outstanding [71]. For
the EP + EP and EP + EP IR WOW systems, the cohesive failure pro-
trudes throughout the entire thickness and at micro locations reaches
the substrate indicating a minute amount of adhesion type failure. The
cohesion type failure is more pronounced for the EP + EP system. These
results may be compared to Fig. 2 which predominantly reflects the
influence of the corrosion at the base of the coating pores that could
account for the observed cohesion/adhesion behaviour.

On average, the cohesion strength value is lower by about 2.5% for
the EP + EP IR systems and by about 7.5% for the EP + EP IR WOW
systems with respect to the referent EP + EP system. For the
EP + EP + PUR IR system, the value of cohesion strength is lower by
10% with respect to the referent EP + EP + PUR system.

4. Conclusions

In the present study, we have used a custom made EIS electro-
chemical setup with two flexible gel electrodes that enabled capturing
of the coating electrical properties without the influence of the cell
electrolyte on the measurements. This allowed us to detect distinctive
barrier and dielectric properties of the laboratory ambient and IR dried/
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cured samples before and after short, one-week NSS exposure according
to EN ISO 9227 standard.

The conclusions of the EIS analysis are that the IR drying/curing
improves barrier properties of common industrial coatings with respect
to the laboratory ambient dried/cured referent systems, or at least in-
troduces no harmful influence. Samples of each system positioned at
increasing distances from the IR source that were dried/cured for a
proportionally longer time, show similar behaviour, characteristic of
the system tested. However, a clear distinction is observed between the
laboratory ambient and IR dried/cured coatings, the latter being
characterized by the higher impedance moduli, lower capacitances and
lower dielectric constants.

FTIR and DSC, that primarily reflect the effect of the IR drying/
curing and the water uptake on the coating polymer structure show no
indications of permanent coating degradation induced by accelerated
drying/curing or short-term weathering.

Pull-off strength shows a slightly negative influence of the IR ac-
celerated drying/curing process on the coating adhesion/cohesion
characteristics.

It has been demonstrated that EIS may be used for reaching a quick,
informed decision on a coating practice alteration that may speed up
the production process.
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ARTICLE INFO ABSTRACT

Keywords: The equivalent circuit Re(Q;[R1(Q2R2)]) was fitted to the impedance spectra of the two water based and the two
Polymeric coatings solvent based industrial coating systems measured during long term exposure to 3.5 % NaCl. The initial states of
EIS

the samples were the intact state and the salt cabinet aged state. The elements of Re(Q1 [R1(Q2R2)]) were ascribed
physical meaning within the dielectric permittivity and EIS porous coating formalisms. A real capacitor behavior
of a coating was simulated by a lossless capacitor in series with a resistance and the distributed time-constant
behavior was simulated by a set of parallel circuits representing either space related or frequency related het-
erogeneity of the system. The equivalent circuit parameters and the impedance modulus at 0.1 Hz reflected
various degrees of coatings sensitivity to environmental conditions that correlated with the harshness and length
of exposure. The additional parameters suggested for rating of the coating barrier properties were tanifois, equal
to the resistive to capacitive current ratio, and its response to various cathodic offset potentials indicating the
retention or loss of wet adhesion. The compromised barrier property of one of the water based coatings was
deduced from a continuously decreasing low-frequency impedance and the appearance of the low frequency

Dielectric permittivity
Dielectric loss
Wet adhesion

tani
strength decrease, corrosion of the substrate revealed after the adhesion test, cratering defects at the coating

surface and pronounced rust leaching at the sample edges and welds that were lacking the stripe coats.

1. Introduction

Quantitative coating quality assessment is of paramount importance
for advancing the application and quality control of coatings that act as
means of corrosion protection. Barrier action of organic coatings that
provides high resistance to movement of water and ions is, alongside the
coating adhesion, regarded a key to good coating performance [1,2].
Electrochemical Impedance Spectroscopy (EIS) is a method that yields
an explicit quantitative result in the form of a coating impedance
spectrum. The impedance spectrum is linked to a particular physical
model, enabling explanation and rating of the coating response to the
adverse environmental circumstances i.e. its barrier property [3].
Despite decades of research, that offer compelling evidence of EIS
versatility and usefulness, the method has not gained a strong foothold
in routine coating testing and field engineering practice [4].

Maturing of the EIS method towards practical engineering applica-
tion includes intensive exploring of increasingly complex physical and

* Corresponding author.
E-mail address: ivana.soic@fkit.hr (I. Soié).
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equivalent circuit models [5-9] as well as significant instrumental im-
provements [10-14]. Recently, we have reported on an experimental
setup schematically shown in ref. [15]. It is comprised of a high-end
potentiostat/FRA, flexible conductive polymer electrodes and a
wax-based conductive paste that enable simple and fast EIS measure-
ments on coatings in the intact/dry state or during exposure to natural or
artificial moist corrosive environments. A 1 TB input impedance, current
resolution of 5 fA in the 100 pA range, the accuracy > 99 % for im-
pedances < 10 GQ and purely ohmic resistance of the electro-
de/conductive paste/coating contact equal to 150 Q per 24 em? of
electrode area, are sufficient for high precision EIS measurements on
thick industrial coatings, e.g. those defined in EN ISO 12944—5.
Paradoxically, high-performance EIS instruments introduce an
additional ambiguity into the EIS spectrum interpretation, even ampli-
fying the old controversies that have yet to be settled beyond doubt [16].
In particular, this refers to interpreting the early indicators of coating
degradation, e.g. the low-frequency coating impedance modulus [3] and

Received 9 October 2020; Received in revised form 8 January 2021; Accepted 18 January 2021

Available online 6 February 2021
0300-9440/© 2021 Elsevier B.V. All rights reserved.

63



S. Martinez et al.

the capacitive-resistive transition often embodied in the breakpoint
frequency as an indicator of the coating delamination [17].

Extension of the EIS measurement ability into the teraohm range
makes EIS sensitive to the intrinsic polymer response, i.e. the relaxation
of polymer dipoles and the migration of polymer ionic impurities
[18-20]. The polymer chain mobility and ionic space charge movement
may be facilitated by the increase of the polymer water content at a
constant temperature or by the increase of temperature at constant
water content [21]. The absorbed water that eases the polymer chain
movements trough plasticizing effect, may significantly enhance the
coating dipolar relaxation response at high frequencies. At low fre-
quencies, the coating response is enhanced by the hopping movement
and/or propagation of ions along percolation paths that may extend over
macroscopic distances [22,23]. Additionally, the low frequency coating
response may be enhanced by the Maxwell-Wagner-Sillars (MWS) po-
larization [23-31] that is characteristic of composite or otherwise het-
erogeneous polymer systems. The inhomogeneity originates from
internal interfaces between the polymer and other coating components
(such as fillers or pigments) [24], the adhesion loss zones at the met-
al/polymer interface such as microblisters [25] and interfaces of various
polymer defects with surface water [22] that may store mobile positive
and negative ionic charge and may act as macrodipoles [19].

In conclusion, the polymer matrix dipole relaxations are responsible
for the high-frequency coating response while the space charge move-
ment is responsible for the low-frequency coating response [28]. As a
result, a complex EIS spectrum may be obtained even for the intact/dry
coatings, and coatings at the early stages of exposure, when there are no
through-pores in the coating and no corrosion reaction at the metal
substrate. More specifically, dipolar relaxations (both of the polymer
dipoles or interfacial) may manifest themselves in the EIS spectrum
equivalent to the two electrode processes having distinct time constants,
as graphically shown by Roggero et al. [20]. Also, ionic polarization may
cause a predominantly resistive behavior of the coating at low fre-
quencies and a significant decrease in the low frequency impedance
modulus [19]. Hence, when EIS is applied to organic coatings, especially
the thick industrial grade coating systems, there is a concern that a loss
of coating barrier properties and substrate corrosion may be falsely
indicated.

On the other hand, a rapid loss of barrier properties may indeed
occur on coatings with non-stoichiometric polymer composition [32],
low-molecular-weight or low cross-linked polymers [22] and polymers
containing a network of nanopores, especially if they contain hydro-
philic polar groups, as in the case of epoxies.

Apparently, there is a definite need to distinguish between the
intrinsic polymer response and the substrate corrosion response in the
EIS spectra of protective coatings. However, there are only a few papers
[18-20,25] applying dielectric spectroscopy concepts alongside the
conventional EIS approach, to interpret the EIS spectra of a polymer
coating. In the present study, we propose an equivalent circuit model
that unifies dielectric permittivity (dipole relaxation and disordered
solids conduction) and EIS porous coating formalisms. As a result of
applying the unified model to the four coating systems of various barrier
performance, we suggest the additional criteria for rating thick indus-
trial grade coatings, besides the frequently used low-frequency coating
impedance. Those criteria rely upon the shape of the tangent loss angle
curve and an additional polarization routine. Polarized impedance
response proves or disproves the existence of reactive areas [16] of the
substrate as well as retention or loss of wet coating adhesion.

2. Experimental
2.1. Coated samples preparation
Cold rolled steel samples having dimensions of 15 cm x 10 cm x 0.3

cm and 15 em x 10 em x 1 cm, with and without rebars welded
longitudinally on one side, were prepared for painting by shot blasting
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to Sa 2 Y. Samples were coated per instructions of the paint manufac-
turer. The samples were not stripe coated at the edges and the welds.
Table 1 list the data of the four commercial coating system investigated.

2.2. EN ISO 9227 neutral salt spray (NSS) test

The neutral salt spray test was conducted in the CW Specialist
Equipment model SF/100 salt cabinet according to the EN ISO 9227 and
had lasted 720 h.

2.3. Electrochemical impedance spectroscopy (EIS)

EIS measurements on the intact specimen and the specimen after 720
h of NSS were carried out by the ReCorr QCQ device [15]. It consists of a
potentiostat/frequency response analyser, a flexible electrode with the
conductive polymer surface and conductive paste electrolyte, with the
surface area of 24 cm?. The coated samples were used as working
electrode, while the flexible polymer electrode was used as both, a
counter and a reference electrode. Calibration of the instrument was
done on a high-impedance dummy cell mimicking the coating according
to EN ISO 16773—3. Exposure to 3.5 % NaCl was done in a hollow
cylinder cell attached to the coating surface. EIS measurements were
done using of a three-electrode cell comprised of the coated sample as a
working electrode, a stainless steel mesh as a counter electrode, and a
SCHOTT B3510+ calomel reference electrode, constructed according to
EN ISO 16773-2, also using ReCorr QCQ device and software. The
frequency range used in measurements was from 10 kHz to 100 mHz a
sinusoidal amplitude of +50 mV.

2.4. Differential scanning calorimetry

The measurement was conducted according to the EN ISO 11357 on
Mettler Toledo DSC 823 controller at a scan rate of 20 °C min~' over the
temperature range from O to 90 °C in two heating cycles under a ni-

trogen atmosphere with a constant flow of 60 mL min™'.

2.5. Microscopic examination

Microphotographs of the coating surface were obtained by Dino-Lite
High Magnification microscope, model AM7515MT8A. SEM and EDX
analysis was done in high vacuum, using Tescan Vega III, SBU EasyProbe
scanning electron microscope with 15 kV accelerating voltage of the
electron beam at various magnifications.

Table 1
Details of the tested systems. (1.5 column fitting).

System Basecoat Intermediate Top coat (NDFT/  No. of layers
annotation (NDFT/ layers (NDFT/ pm) (Measured
pm) pm) DFT/pm)
A zinc rich waterborne waterborne 3(259 + 5)
epoxy acrylic with zinc acrylic (60—70)
(70-80) phosphate
pigment
(100-125)
B zinc rich waterborne waterborne 4 (344 + 14)
epoxy acrylic with zinc  acrylic with iron
(80—100) phosphate flakes (80)
pigment (2 x
60)
C zinc rich epoxy with iron polyurethane 3(250 + 26)
epoxy (70) flakes (100) with unspecified
barrier pigments
(70)
D zinc rich epoxy with zinc acrylic 4(291 +7)
epoxy phosphate (2 x polyurethane
(70-80) 55-70) (60-70)
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2.6. Pull off test

Adhesion of the coating systems was tested according to EN ISO 4624
with the Pull-Off Adhesion Tester - PosiTest AT. Separation occurred
with tensile stress necessary to break the weakest part of the system,
either at the interface (adhesive failure) or within the layer (cohesive
failure). The operating range of the device is 0-25 MPa.

3. Results
3.1. EIS spectra and modelling

A set of coated samples denoted by A, B, C and D and described in
detail in the experimental part, has been investigated. The EIS results
include impedance spectra of (i) a set of intact coatings, (ii) a set of the
same coatings exposed to 3.5 % NaCl for up to 1440 h, (iii) a set of aged
coatings after 720 h in NSS in the wet state and (iv) a set of the same
aged coatings that were subsequently exposed to 3.5 % NacCl for 1440 h.
Representative Bode plots of each of the categories (i) to (iv) and for
each coating type, are shown in Fig. 1. The equivalent circuit model
denoted by R.(Q;[R1(Q2R2)]) shown in Fig. 1 d was used. CPE] is related
to Q1 and a; and CPE2 is related to Q; and a;. The model fits very well to
the data with y?< 0.001 and the fits are shown by full lines in the same
Fig. 1. The Re(Q;[R1(Q2R2)]) model was used because two time con-
stants could be observed in the phase angle plots. EIS modelling with the
simplest possible equivalent circuits is preferable because the increase in
the number of parameters of the EIS multi-parametric model increases
the inherent uncertainty of the calculated parameters [33].

Fig. 2 presents the evolution of the fitted parameters of the
Re(Q1[R1(Q2R2)]) equivalent circuit with the duration of exposure to 3.5
% Nadl, first for the intact and then for the NSS aged samples. C values
have been calculated from the Q, R and « values by the equation: C =
Q!/*R(1-@/a [34]. For the coating system A, both capacitances increase

a)
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and both resistances decrease with the time of exposure of the intact
coatings to 3.5 % NaCl and even more so for the NSS aged coatings. After
drying of the coatings that have been exposed to 720 h of NSS, the pa-
rameters return to near original value of the intact coating (not shown).
Upon subsequent exposure to 3.5 % NaCl, parameters of the coatings A
and B, do not follow the pattern of the intact coating but quickly acquire
the values of the NSS aged coating in the wet state. This shows that NSS
inflicts permanent coating damage to coatings A and B. Also, for coating
A, NSS, i.e. 5% NaCl fog at 35 °C, appears to be a harsher environment
than the liquid 3.5 % NaCl solution at ambient temperature. Ry of the
aged wet coating is significantly lower than that of the intact coating for
the same exposure time. This may be explained by an influence of the
coatings Ty [4]. Majority of technologically important dry coatings are
formulated to be in a glassy state under normal service conditions and
have a glass transition temperature in the vicinity of 50 °C [20]. Ty
decrease by water saturation, e.g. of epoxy industrial coatings, is 20-30
°C [4,35-37]. Coating impedance measurements are usually done at the
room temperature, EN ISO 16773 prescribes the temperature of 23 + 2
°C. Hence, water absorption may pull T, towards the measurement
temperature. If the measurement or service temperature is above the
water-plasticized Ty, macromolecular chains acquire mobility, large
enough to cause the formation of ionic paths through the coating [18,
29]. The consequences may be fast Fickian water diffusion into the
coating [38], a sharp decrease of the low-frequency impedance [39],
irreversible coating damage, e.g. in a form of adhesion loss and cracks
[40] and shortening of the coating lifetime [29]. T of the coating A in
the dry state equaled 37.1 °C and for the coatings B, C and D, equaled
43.64, 42.94 and 41.04 °C, respectively, hence the influence of the wet
T, on the observed coating performance is feasible.

The change of parameters observed for the system A is progressively
less pronounced for systems B, C and D. CPE coefficients a; and a, (not
shown), are similar within pairs of coatings A and B and C and D. For A
and B, a; and a;y decrease monotonously from 1 to 0.8 and from 0.6 to
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Fig. 1. Bode plots (log Z - # and Phase angle -M) of the coating systems A to D obtained for the intact coatings, coatings after 1440 h of immersion in 3.5 % NaCl, NSS
aged coatings in the wet state and NSS aged coatings after 1440 h of immersion in 3.5 % NaCl. Full lines denote fits of the R.(Q;[R,(Q2R5)]) equivalent circuit.

(double column fitting).
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Fig. 2. Capacitances and resistances derived from fitting the Re(Q; [R;(Q2R5)]) equivalent circuit to the experimental data, for various times and types of exposure.

(double column fitting).

0.4, respectively. For coatings C and D, @; decreases from 1 to 0.9 but ay
shows an increase from 0.6 to 0.8.

Impedance modulus Z at 0.1 Hz, shown in Fig. 3, may be taken as an
indicator of thick organic coating barrier properties [41-43]. The
behavior of Z at 0.1 Hz is in concordance with the trends of coating
behavior observed from equivalent circuit modelling of the EIS data. Z at
0.1 Hz indicates that coating D is the least sensitive to exposure to 3.5 %
NaCl and NSS ageing while coating A is the most sensitive. It should also
be noted that the thicker coatings within each type, water and solvent
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Fig. 3. Impedance modulus at 0.1 Hz for the tested coating systems after
various times and types of exposure. (single column fitting).
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based, have shown higher impedance than the thinner ones, but overall,
the water based coatings performed less good than the solvent based
coatings.

3.2. Derivation and application of the unified model

Fig. 4 shows the two equivalent circuits [20], the left one related to
the dielectric relaxation, and the disordered solids conduction of a
non-porous polymer coating, and the right one related to the behavior of
a porous polymer coating.

The elements of the R.(Q1[R1(Q2R2)]) equivalent circuit and the data
in Fig. 2 are ascribed a physical meaning trough comparison to the
equivalent circuits in Fig. 4, as follows:

(i) In the dielectric permittivity model and the porous coating model,
C; related to Qj, has the meaning of the coating’s high-frequency
capacitance limit [20] and corresponds to C,, and C. from Fig. 4. We
propose that the dissipation of time constant leading to a high-frequency
CPE behavior expressed through Q; and a; is attributable to the het-
erogeneous surface distribution of the electrolyte resistance, Re.

The model of Hirschorn et. al. [44] is used, stating that spatial het-
erogeneity of Ry in an equivalent circuit Ry(QRy), may be modeled by a
set of parallel circuits Ryi(CiRy;) shown in Fig. 5.

The effective value of Cy and the effective time constant 7y are given

by:

¢,=ol (&)‘)/

Rt+R a
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Fig. 4. Equivalent circuit models of a polymeric coating in a dielectric permittivity (left) and a porous coating (right) formalisms. (1.5 column fitting).

Fig. 5. Schematic representation of a surface distribution of time constants that
may be expressed through a CPE. (single column fitting).

R.R,

5 =6 ()

R, =R, is obtained from the fitting procedure and had a value of 158 +
34 Q, in the case of the paste electrolyte. In the case of the 3.5 % NaCl
solution R, equalled 16 Q, and was close to the value assumed in the
literature, equal to 15 Q [16]. Since, in the present study, the resistance
Ry = R, is in all cases much higher than R,, Eq.s (1) and (2) reduce to:

(2)

1
e (I-ay)
C=0,"(R) m 3)

71 = CiR, 4)

The effective high-frequency capacitance may be calculated from Q,,
a; and R,, independent of the nested circuit R;(Q2R2).

(ii) In the case of a porous coating model, the rest of the circuit is
interpreted by assigning R; the meaning of the pore resistance Ry, C the
meaning of the double-layer capacitance Cq), and R, the meaning of the
charge transfer resistance, R.;. On bare metal electrodes, CPE2 behavior
is justified by the distribution of reactivities of a Faradaic system [44]. In
the present case, turning again to the Hirchorn model, we can ascribe
distribution of time constants of CPE2 to the spatial distribution of pore
resistivities. In that case C5 equal to Cyj, and the appending time constant
79, equal:
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! (1-az)
o R1R2 /az
C=0," S
2 % (R|+R2) ®
RiR,
=C)| —— 6
& 2(R. +R2) ©®

(iii) When the coating is nonporous, the overall capacitance derived
for the equivalent circuit of the dielectric permittivity model shown in
Fig. 4 equals [18]:

G 1
1+ (jwze) ™ Ry(jo)

C(w) = Cw + %)

C; = AeC, is the difference between the low and the high frequency

limits of capacitance and Ae is the dispersion strength of dipolar relax-

ation. 7., denotes the dipole relaxation time constant. The Cole-Cole

impedance equals [20]:
Tes

Zee = ———ax (8)
C(jorte)™

Cole-Cole distribution is symmetric and yields a depressed semicircle
in €'~ ¢ plane, with the angle between the real axis and its center equal
to a../2. The series combination of Cs and Z.. shown in Fig. 4 yields the
middle term in Eq. (7). Ionic conduction through the coating, by the
hopping mechanism or thought the percolation paths, causes the
appearance of the resistance R¢ [18]. It should be noted that Rf appears
in parallel to the Cole-Cole impedance.

We propose that the [CsZ..]Rs circuit is equivalent to the nested
R1(Q2R3). By once more applying the Hirchorn model [44], R1(Q2R3)
may be substituted by a parallel combination of R;;(Cy;iRy;) circuits that
yield the effective parameters R;, Ry and Q. In concordance with the
fact that a real capacitor can be treated as a lossless capacitor in series
with a resistor [28], the resistance R; is given a physical meaning related
to the energy dissipated during the dielectric relaxation and disordered
solid ionic conduction. When there is no ionic conduction, Ry— oo, Ry
acquires the meaning of resistance to the movement of polymer dipoles,
and Eq. (5) reduces to:

1-a; )/u'2

(©)]

Fusion of the Eq. (8) with the assumed expression for the Cole-Cole

1
lay (
C=0,"(R))
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time constant, 7. = CsR; gives:

1

Z‘ c = (]-a))"u C;"“‘ Rlll(c—l

(10)

When the Cole-Cole impedance given by the Eq. (9) is compared to
the general expression for Zcpg:

Zepe = 1/ (jo)"Q 11)
a relation equivalent to Eq. (8) is obtained:

1

la., (1=ace),
Co=0,"(R) (12)

It is apparent from the Eq.s (9) and (12) that a, = @, C, = C;.
Equating C, and C; sets the maximum capacitance change with fre-
quency, i.e. the low-frequency limit of the capacitance, in the present
model.

When the influence of the ionic conduction is present, Ry is put in
parallel to Z. and corresponds to Ry in the R1(Q2R3) equivalent circuit.
The resistance R; = 7../C; = 7../AeC, appears in series with the resis-
tance Ry As stressed by Duval et. al. [18], this point contrasts to the
classical approach considering a parallel connection of the film resis-
tance Ry to the capacitance hereby denoted as C.

To further clarify relation of the R1(Q2R») equivalent circuit shown in
the inset of Fig. 6 a, to the [CZ..]Rf equivalent circuit shown in the inset
of Fig. 6 b, @, = 1 case that corresponds to the lack of dispersion of Cy, is
first explored. Real, imaginary and absolute impedance spectra of the
R1(Q2R2) circuit, with Ry = 10 ©, Ry = 1000 Q, Q2 = C, = 0.001 F and
a =1 is shown in Fig. 6 a. In the porous coating framework the pre-
viously mentioned equation C, = QL/“’R! ~/% derived by Hsu and
Mansfeld [34], should be used. This equation is equivalent to C»

Q; (wz)"rl, for a (RyQy) circuit under the assumption that @y’ is the
frequency at which the imaginary part of the impedance, Z’’, has a
maximum. Fig. 6 a, indeed, shows a spectrum with Z’* maximum at the
characteristic frequency @, = 1/C,R, = 1.

In the dielectric permittivity framework, the respective real and
imaginary components of the capacitance C, C’ and C’’ can be calculated
from the dielectric spectra by the equations [20]:

C’ (@) = € (0)C, = —Z"(@)

ToZ @2 )) e

C” (0) = € (@)C, AC)

. o(Z () + 2" (0)?) a4

Joining the equation for the characteristic frequency of dipolar
relaxation w_, = 1/2774 and Eq. (12), relates w¢.”’ to Qz and Cy through

C, = Q(wrc)"rl. The effective characteristic frequency in the dielectric
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permittivity framework, for Ry >> and a.. = 0, corresponds to the fre-
quency of the C’* maximum and to the frequency of the inflexion point of
C’ (Fig. 6 b), or equivalently the inflexion point of ¢ [18,29]. The
imaginary component of capacitance, C*’, or equivalently ¢, is related
to the dielectric loss of energy and the real component of capacitance,
C’, or equivalently ¢, is associated with conservative phenomena.

As previously discussed, the movement of dipoles may be eased by
polymer plasticizing by water, causing R;, and therefore, 7. to decrease
i.e. o to increase. Also the change in the number of dipoles will in-
fluence C, and therefore also 7... The impact of changing R, and C, on
capacitance is shown in Fig. 7 a and b, respectively. Fig. 7 ¢ shows
modification of the capacitance spectra when ionic conduction appears,
and Fig. 7 d shows the influence of dispersion, when a, # 1.

When the dipolar relaxation prevails, @y — @, and when ionic con-
duction influence prevails, R; is related to the energy loss due to ionic
charge movement and a, — y. This is concordant with the fact that y
corresponds to the Q exponent of the (QR) circuit that may be used as an
equivalent circuit reflecting the Jonscher’s law [20]:

6 () = 64 + ko (15)

Which describes the conductivity of disordered solids. o4 is the de
conductivity, k is a constant.

Characteristic frequency , of the circuit that includes both, R; and
Ry, i.e. the influence of ionic conductivity and dipole relaxation, is
calculated from 7, given by the Eq. (6). For a lossless polymer relaxation
process, Ry = 0, the real part of capacitance becomes constant and equal
to C,. For R; = 0 and without ionic conduction contribution, i.e. for
R,— 0, capacitance becomes constant and equal to C,.

It has been mentioned by Duval et al. [18] that the high and
low-frequency capacitances that result from the Cole-Cole model
regression calculation are close to those determined from fitting the
(C1[R1(C3Rp)]) circuit to dielectric impedance data. When the
R.Q1[R1(Q2R5)]) equivalent circuit is used, based on the presented
model, the equality of these parameters may be claimed.

To summarize, during exposure to aqueous or moist environments at
constant temperature, the EIS response of the polymer may change due
to: (i) shortening of the polymer chains relaxation time 7.. through
plasticizing by water [18], (ii) appearance of interfacial polarization
[24], (iii) increased mobility of ionic impurities due to water presence
[28] and (iv) appearance of the coating porosity and active surface area
of the substrate. As long as there is no Faradaic reaction occurring at the
surface of the metal, the dielectric permittivity model is valid. Move-
ment of ionic charges in alternating electric field yields an apparent dc
current at low frequencies but the coating retains its blocking nature. As
soon as the current starts flowing through the coating/metal phase
boundary, the current leakage occurs through the coating and the
coating pores and the resultant circuit is a parallel combination of
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Fig. 6. a) impedance spectra of the (QR) circuit, with Ry =10 Q, Ry = 1000 Q, Q, = C = 0.001 F and a, = 1 and b) the corresponding dielectric capacitance spectra.

(double column fitting).
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Fig. 7. Dielectric capacitance spectra of the R1(QyR5) circuits, with Ry =10 Q, R, = 107 Q, €, = 0.001 F and the modified spectra when: a) R, is changed to 2 Q, b) C»
is changed to 0.0015 F ¢) R, is changed to 1000 Q and 10 Q and d) a, is changed between 1 and 0.75, shown by solid lines. (double column fitting).

polymer conduction and pore conduction paths. Due to the coating
degradation, pore conduction paths may prevail as a mean of current
transport through the coating.

Applicability of the Re(Q1[R1(Q2R2)]) model for all the investigated
coatings confirms the presence of dipole relaxation impedance response
since for dry or shortly exposed coatings metal/electrolyte interface
contribution is not expected. For coating systems B, C and D, the low-
frequency resistance Ry (Fig. 2), decreases and then levels off with
prolongation of exposure to 3.5 % NaCl. In the dielectric permittivity
model, the decrease of R, can be associated with the absorbed water that
increases the ionic mobility and makes the film resistance smaller [28].
It appears that for B, C and D systems the minimum low-frequency
resistance Ry, attained at the end of exposure and respectively equal
t0 2.10 x 10%, 3.00 x 10° and 1.57 x 10'! Q cm? is determined by the
water saturation level and availability and mobility of ionic impurities.
However, for coating system A, R, decreases continuously with no
indication of saturation. This would suggest that either water is being
continuously absorbed and ionic impurities are being continuously
released from the polymer network during exposure, or that the coating
is becoming more porous.

The following discussion is aimed at discerning between low-
frequency manifestation of the ionic conduction, interfacial polariza-
tion and substrate Faradaic reaction appearance, by further exploring
the physical model of the coating.

3.3. Characteristic frequencies of the dielectric permittivity and porous
coating models

The effective time constant 7; of the left circuit from Fig. 4, is
calculated by adding the high-frequency capacitance to the low fre-
quency capacitance, and making use of Eq. (2):
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RiR,

Tq = (Cl + Cz)m

(16)

For the coating system A, Fig. 8 compares the characteristic fre-
quencies f;, calculated from 74 in Eq. (15) with the characteristic fre-
quencies of the high-frequency f;;; = R;C; and low-frequency f;. = R,C,
circuits of the porous coating model.

For coatings B, C and D, f; closely follows f;;. and levels off with
exposure. In the case of the coating A, f,; of is continuously pushed
towards higher values as the exposure to aqueous environment pro-
ceeds. For the investigated exposure times > 24 h, f,'i' continuously de-
clines from f; ~ fy, to f; ~ fp. fi of the aged coating A is much higher
than that of the intact coatings and closely follows f; . In Fig. 2 a, it is
apparent that f; decreases, while the resistance R; and Ry decrease and
the capacitance C; increases, confirming that the capacitance term Cy
has a major influence on f; and on the f;,, of the aged coating A. A jump
in f; between the intact and aged coating A is due to a decline in Ry,
observed in Fig. 2 a, again confirming the harshness of NSS exposure.

3.4. Dielectric loss tangent

Phase lag of the polymer dipoles and collisions of charge carriers
travelling through the material under the applied electric field are
sources of dielectric loss in the form of heat [22,28,36]. Dissipation
factor, loss factor, dielectric loss tangent or tané(w) may be calculated
from the measured impedance curves, according to the equation:

e’ (w)

tand(w) = @)

@a7)

and conductivity ¢ (@) is calculated from:
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Fig. 8. Characteristic frequencies of the dielectric permittivity equivalent circuit and the porous coating equivalent circuit. (double column fitting).

o (0) = we,e” (w) (18)

In the dielectric permittivity formalism and the porous coating
formalism, tand equals to the resistive to capacitive current ratio.

Fig. 9 shows the phase angle, tané and capacitance plots simulated
for the parameters shown in Table 2. Circuit 1 is representative of
investigated industrial coatings in the dry state or the coatings at the
early stages of exposure and Circuit 2 is representative of the coating A
in the wet state.

In the framework of dielectric permittivity, tans peaks indicate either
polymer dipole relaxation or the aforementioned Maxwell-Wagner-

a)
20 80
dig et T . B o e
1.6 4 tan delta Circuit 1 \‘\ ,//
- / L 60
149 e Phase Circuit 1 ;
12 /! 20
< - tan delta Circuit 2 ’
c 10 / 40
8 | me—- Phase Circuit 2 Fy
4 30
20
10
0

Log (Frequency / Hz)

-Phase Angle /°

Sillars interfacial polarization. tané peak, observed for Circuit 1, origi-
nates from the dipole movement and is related to the inflexion point of
C’. The low frequency tan delta peak of Circuit 2 results from the specific
shape of ionic conductivity part of C’ which is consistent with the fact
that interfacial polarization arises from the local accumulation of
charges and their drifting through the material [28].

By combining Egs. (13), (14) and (17), it may be seen that tané
corresponds to 1/tan( — Phase Angle) and that tans peak corresponds to
the minimum in the phase angle curve (Fig. 9 a). Hence, for a porous
coating, tané peak indicates onset of the low-frequency time constant
that is due to the polarization resistance/double layer capacitance

25 - 500
' e C* Ciircuit 1
20 | N 0 =m=e- C" Circuit 1 400
" .‘ e €' Circuit 2 w
= 1.5 ‘|‘ ..... C" Circuit 2 s =
. ,‘ o
€ \ -
s - \ 200 -4
S ' o
0.5 A
0.0 T e .
1 0 1 B 3 4
Log (Frequency/ Hz)

Fig. 9. Spectra of Circuits 1 and 2 from Table 2, showing a) phase angle and tan 6 and b) real and imaginary capacitance. (double column fitting).
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Table 2

Parameters of the circuits used for simulating impedance of the dry coatings or
the coatings at the early stages of exposure (Circuit 1) and the wet (Circuit 2)
coatings. (single column fitting).

Parameter Unit Circuit 1 Circuit 2
Equivalent Circuit Re CPE_HF
R1 CPE_LF
R2
Re Q 15 15
Ry Q 10° 1.5 x 10*
Ry Q 10° 10*
Q Qg™ 5x 1077 5x10°%
Q Qls? 5x 1077 3x107*
a - 0.85 0.85
ay - 0.85 0.30
log f; Hz 3.09 2.88
log f, Hz -1.62 -2.39
Equivalent Circuit Re CPEY —
Cs Zce
Rf
ReR1/(Re+ R1) Q 15 15
RiRz/(R1 + Rz) Q 10° 6 x 10°
G F 2.76 x 107 1° 4.15 x 1077
C F 1.31 x 107? 1.18 x 1072
log f, Hz 3.00 -1.65
log (f tan dmax) - 2.89 0.40

log (f -Phase anglep,in)

equivalent circuit at the active area of the substrate. Minimum of the
phase angle curve is barely visible in the phase angle plots while the tan
delta peak is well emphasized in the tané plots [31]. Therefore, calcu-
lating tans, is of particular importance for detecting the appearance of
the low frequency time constant, i.e. active substrate area, in the case of
the porous coating.

tans(f) and ¢ (f) have been calculated and are shown in Fig. 10 a to
h. Figures a, c, e and g show the respective results for the intact coatings
A, B, C and D exposed to 3.5 % NaCl. Figures b, d, f and h show the
respective results for the NSS aged coatings, A, B, C and D, exposed to
3.5 % NaCl.

For the coating system D, after 24 h of exposure, maximum off tans is
not observed (Fig. 10 g and h). For longer exposure times, maxima of
tand (0.21 + 0.01) are observable in Fig. 10 g and h, at frequencies 46.16
+ 16.30 Hz, with no specific trend in intensity or peak frequency vari-
ation with exposure time. tand probably reflects a-mode dipolar relax-
ation appearing as a consequence of polymer plasticizing [20]. No dc
current plateaus are observed at the ¢* graph. dc conductivity decreases
by approximately an order of magnitude during the exposure, but still
remains low (< 1071%s cm™), showing that the coating system D retains
its excellent insulating properties.

Maxima of tané equal to 0.287 + 1 x 10° are observed for coating C
in Fig. 10 e and f at 2692 + 756 Hz, for exposure times > 336 h. The
intensity of tans peaks approximately equals that for the coating D,
probably pointing to the same nature of the phenomenon. For coatings C
and D, the difference in the width and the maximum frequency of tans,
may be explained by different structure and inter- and intramolecular
interactions that determine the ease of dipole orientation over a wide
range of frequencies [45]. Again, there is no specific trend in intensity
and peak frequency variation with exposure time, probably indicating
water saturation has been reached before 336 h of exposure.

No peaks are discerned on the tané graphs of the coating system B
(Fig. 10 c and d). The shape of tané curves indicates ionic conductance,
reflecting the Jonscher’s power law. The absence of the relaxation peak
in all graphs of the coating system B may be due to ionic conductivity
effect masking the relaxation behavior of polymer [21,25]. Conductivity
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of systems B and C exerts a low-frequency plateau in the region between
107 %and 10° S m! and between 102 and 101°S m?, respectively.

For the coating system A (Fig. 10 a and b), well defined maxima of
the NSS aged specimens lay at 2.40 + 1.13 Hz. These maxima gain in-
tensity with exposure. Pronounced dc plateaus are observed between
10 %and 10°sm™.

In order to discriminate between interfacial polarization and the
response of the active substrate area, sample A has been subjected to EIS
measurements performed at dc offset potentials ranging from 0 to —5 V.
The impedance spectra are shown in Fig. 11 a, and the corresponding
tand curves are shown in Fig. 11 b. Only the segment of the curve below
the tans peak frequency, and the corresponding part of the phase angle
curve, are affected by polarization which is concordant with the
decrease of Ry. This observation indicates that the high-frequency EIS
response, reflecting behavior of the polymeric film, is unaffected by the
dc offset. The low-frequency EIS response, is affected by the dc offset
probably due to the decreased polarization resistance at progressively
more cathodic potentials of the underlying steel. For this reason,
cathodic polarization has been chosen as a method of wet adhesion
evaluation [2,46].

Furthermore, the NSS exposed samples were kept in 3.5 % NacCl for
additional 1440 h after performing the experiments that yielded data
shown in Fig. 10. Fig. 12 a to d, shows loss tangent of those specimen
obtained for various dc offset potentials ranging from 0 to —2 V. The
measurements were done in sequence, from 0 to —2 V, each scan lasting
for 85 s. tans peak of sample A in Fig. 12 a has shifted to higher fre-
quencies and gained intensity with prolongation of the exposure i.e.
with respect to the tané shown in Fig. 10 a. This is consistent with the
higher delamination degree of the coating from the substrate. tané
graphs of other coating systems have not changed significantly with
exposure.

Coatings A and B show a rise of tans and conductivity for dc offsets
negative of -650 mVgcg. -650 mVscg approximately corresponds to the
substrate corrosion potential measured in 3.5 % NaCl.

A rise of tané is observed at the dc offset of —2 V, in the whole fre-
quency range, indicating porosity of the polymer film and the leakage of
current through the coating. Blistering was observed at the surface of the
coating A, with a single blister of 5 mm in diameter and a dense popu-
lation of blisters of 1 mm in diameter. After cathodic polarization had
ended, the 5 mm blister became deflated, confirming that hydrogen had
evolved from the substrate surface. It should also be noted that small
blisters have spontaneously appeared on coating A, around the circular
hole after NSS exposure. Blistering of coating A gives firm evidence that
the tané maximum may be linked to the porous coating model and the
onset of cathodic reaction at the substrate active area [16]. Blistering
has not been observed at the surface of the coatings B, C and D.

Current plateaus, like those observed in conductivity plots of coating
A, in Fig. 12 a and b, may originate from the dependent dipole behavior
[26]. This behavior is due to the interfacial polarization in the form of
the intra-cluster motion of charges. It is expected that, for polymer
composites, the plateau appears at low frequencies and for temperatures
below T,. Longer range, inter-cluster charge movement is known to
cause a low-frequency, quasi continuous conduction plateaus at tem-
peratures above T,. However, this plateaus may also be due to the cur-
rent leakage through the coating and the electrochemical reactions at
the substrate active area [16]. The argument in favor of the latter hy-
pothesis is that after the occurrence of delamination on coatings A and B,
at —2 V of polarization. The plateau current is significantly increased,
even deflecting to higher values at frequencies below, approximately, 3
Hz, indicating delamination in progress.

3.5. Pull off adhesion
The adhesion test was carried out by the pull-off method after two

weeks of drying under laboratory conditions at the area of the coating
that had been exposed to the electrolyte. The results of the tests are
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Fig. 10. tan § and conductivity for the intact and aged coatings exposed to 3.5 % NaCl solution for 1440 h. (double column fitting).
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Fig. 12. tan § at dc offset potentials ranging from 0 to —2 V on the aged coatings after 2880 h of immersion in 3.5 % NaCl. (double column fitting).

shown in Fig. 13. For all the coatings, except the coating A, the adhesion
strength before and after exposure was within the estimated extended
measurement uncertainty. Only in the case of coating A, the adhesion
strength decreased by half, due to exposure. Also, the mode of failure of
the coating A is adhesive. In the intact state the adhesion failed between
the topcoat and the intermediate coat while for the exposed coating, the
location of adhesive failure was the coating/substrate interface. Within
the pull off test area, corrosion spots were visible at the substrate, sur-
rounded by areas of bright metal. The adhesion strength of 9.10 MPa is
still well above the of 5 MPa requested by the standards [7,47]. It
confirms common knowledge that coating adhesion opposes negative
effects of barrier property loss [46]. Coating porosity does not solely
determine the coating performance. The most important additional
factors are corrosion containment in defect areas and adhesion [2]. This
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is visible in the case of the pull-off result for the coating A, that shows
relatively high adhesion strength along with the spot-like corrosion of
the substrate. Therefore, EIS should be treated as a complementary
method to the other methods of coating assessment, particularly the pull
off adhesion testing.

3.6. Visual appearance

Examined under the optical microscope (Fig. 14), the surface of the
intact coating A reveals cratering defects of approximately 40 pm in
diameter. Rare cratering defects are also found on coating B. Coatings C
and D show no coating defects. Surfaces of coatings from A to D, show an
increasingly smoother appearance. The craters on coating A that were
not visible by the naked eye, were further examined by SEM/EDS.
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a)

18.65 MPa

¢

13.94 MPa 12.53 MPa 18.45 MPa 15.0 MPa

Fig. 13. Results of the pull off adhesion test on the unexposed, intact coatings (left) and on the aged coatings (right) after the exposure to 3.5 % NaCl 2280 h. (single
column fitting).

b)

Fig. 14. Micrographs of the surface of the intact coatings, enlarged 745 x .
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Fig. 15. SEM/EDX analysis of a crater defect on the coating A. (1.5 column fitting).

Fig. 16. Visual appearance of the flat and T-welded samples after 720 h of the EN ISO 9227 NSS test. (double column fitting).

Analysis in Fig. 15, has shown the presence of various coating compo-
nents as well as the substrate signal. The most intensive signal belonged
to carbon that was weakened within the area of the crater. This indicates
a significant thinning of the coating that could have contributed to the
compromised performance of coating A in impedance tests.

Fig. 16 a and b show four flat and four T-welded specimens of each
coating type after 720 h of the EN ISO 9227 NSS test, placed counter-
clockwise, starting from coating A in the upper left corner to coating D in
the upper right corner. For each coating type, the upper pair of speci-
mens were unexposed and the lower pair of specimens were NSS
exposed. The left pair of specimens of each coating type was made of 1
cm thick steel plates and the right pair of specimens of 3 mm thick steel
plates. Samples edges and welds were lacking stripe coats, so that rust
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leaking was observed for all the coatings. However, the extent of rust
leakage is most pronounced for coating A and getting less visible for
coatings in a sequence from B to D.

3.7. Conclusion

Re(Q1[R1(Q2R2)]) equivalent circuit was found to yield an excellent
fit to the impedance spectra of the tested industrial coating systems.
Elements of the R.(Q1[R1(Q2R2)]) equivalent circuit may be given the
physical meaning within the dielectric permittivity and porous coating
formalisms. The equivalent circuit parameters, as well as the impedance
modulus at 0.1 Hz, show two types of behavior: (i) attainment of stable
values after prolonged exposure, probably corresponding to the
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maximum water saturation and maximum amount and mobility of ionic
impurities released within the coating and (ii) a continuous decline with
exposure, probably corresponding to the appearance of the coating
porosity. Maximum of tans, that equals a resistive to the capacitive
current ratio in both formalisms, shows the dipole relaxation response
for excellent barrier coatings and/or for short exposure times. For the
longer exposures, tand maximum of high intensity may appear at low
frequencies indicating a highly dispersive phenomenon of interfacial
polarization or the substrate active area. Significant increase in tand
with cathodic polarization as well as the visible formation of blisters
may help distinguish between the two aforementioned phenomena. The
coating that has shown a continuous decline of impedance with expo-
sure to corrosive environments to the level below 10° @ ecm?, has also
shown cratering defects in the intact state, a decline in the pull-off
adhesion by 50 % after exposure, the appearance of corrosion spots at
the substrate exposed by the pull-off test, the appearance of blisters in
the vicinity of the edges and the most pronounced rust leaching from the
edges and welds lacking stripe coats. The other coatings have shown
only the rust leaching to the extent that correlated with the order of their
barrier quality predicted by EIS.
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ARTICLE INFO ABSTRACT

Keywords: Field application of EIS to intact and scarcely degraded high-performance protective coatings is challenging

EIS ) because of ambient electromagnetic fields, which cause stochastic variations in the phase angle and, to a lesser

gola"“g extent, in the impedance modulus of the coating spectra. AC interferences with amplitudes between 10 and 800
olyester

R mV were induced on dummy cells and calibration foils to systematically investigate the effects of interference
impact on the accuracy and precision of measurements with the EIS setup intended for use on coatings in the
field. For EIS signal amplitudes between 10 and 250 mV and the AC interference amplitudes <250 mV, the
measurement accuracy and precision were limited by the synergistic influence of the AC interferences and the
imprecision of the EIS instrument. For systems with impedance > GQ, the accuracy of the impedance logarithm
was 97.8% at signal amplitudes >190 mV, and the precision increased from nearly 95% to 99% as the signal
amplitude increased from 10 to 150 mV, indicating that very accurate and precise measurements can be obtained
at higher signal amplitudes. An example of EIS measurements on coated samples exposed in the area of AC
railway interferences is given. Although the quantitative conclusions may be instrument specific, they reflect
well the declared capabilities of today's high-end EIS devices. The universal explanation is given in the context of
equivalent circuit theory of the observed scatter in the EIS spectral data. The coating assessment was commented
on in terms of the unique properties of the mean and relative standard deviation of impedance expressed on the
logarithmic scale.

1. Introduction

Efforts are constantly being made to overcome the challenges of the
field application of the Electrochemical Impedance Spectroscopy (EIS)
method to protective coatings and significant advancements has been
made by many researchers [1-7]. Our previous work addressed instru-
mental improvements aimed at increasing simplicity and speed of
application [8,9], theoretical development of the equivalent circuit
model that accounts for ionic space charge movement in a coating as a
dielectric [10], simplification of coating assessment criteria, correlation
to visual observations, and results of complementary methods [9,10]. In
the present study, we focus on the effects of AC interferences of constant
amplitudes, controlled under laboratory conditions, on the EIS mea-
surements on dummy cells and calibration foils mimicking industrial
coatings in intact state and in early stages of degradation.

In the laboratory and in the field, the coating impedance measure-
ment system may be subject to electromagnetic interferences from
various sources. Interferences are man-made signals [11] which are

* Corresponding author.
E-mail address: ivana.soic@fkit.hr (I. Soié).

https://doi.org/10.1016/j.porgcoat.2022.106767

carried by electromagnetic radiation and picked up by inductive
coupling between the interference source and the measurement circuit.
The most common source of interference in the laboratory is the power
grid and in the field are AC power lines, although many other sources are
possible, including electric power tools, ignition circuits in gasoline
engines, and arc-welding equipment [12]. In most cases, interferences
will give a signal at the principal frequency of 50 or 60 Hz [11,13,14],
but may also include some signals at multiples of the power line fre-
quency (harmonics and subharmonics) [12,15]. While in laboratory
practice AC interferences can be minimized by making measurements in
a Faraday cage [4,10,12,16], experiments conducted outdoors may
contain unavoidable noise in the data sets [4]. The ability to distinguish
signals from noise is an important issue in the application of many
measurement techniques, e.g., measuring the signal-to-noise ratio is one
of the key factors in quantifying the performance of brain recording
devices [17]. The quality of impedance data precisely refers to the
signal-to-noise ratio [18], which is limited by the amplitude of the
excitation signal [18-24].
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On bare metal electrodes, the amplitude of the imposed signal must
be as small as possible to create quasi-linear conditions and high enough
to achieve an acceptable signal-to-noise ratio [15,25,26]. For EIS mea-
surements on coatings, it is common to apply a voltage between 10 and
50 mV [6]. Although higher amplitudes may be required for samples
with very high impedance [6], low amplitudes (10-20 mV) are mainly
applied to protective coatings with high resistivity (10°-10'2 Q cm?)
[4,16]. On the other hand, dielectric spectroscopy, which deals mostly
with dry, undegraded dielectrics, uses amplitudes proportional to 1 V
[27,28], much higher than those used by electrochemists. Akbarinezhad
et al. [29] argue that it is possible to use a high AC signal amplitude to
evaluate the performance of an intact highly resistant coating without
damaging the coating. The authors offer a phenomenological explana-
tion that for the coating of high impedance a very low AC current can
flow through the circuit and this can cause some fluctuations in the
measured data. The application of a high EIS input AC signal, namely
400 mV, causes a reduction of the fluctuations, while at 5 mV they are
very marked. As the AC signal amplitude increases, the AC current
flowing through the circuit is increased and this causes a decrease in the
fluctuations.

A strong motivation for this work stems from our own experience
with field measurements, as well as from a large number of studies
demonstrating the scatter of EIS data of commercial coating systems
obtained with low signal amplitudes [4,7,29,30]. In general, the factors
responsible for poor reproducibility of EIS data can be divided into er-
rors caused by the coating/metal system (thickness variations, defects,
inhomogeneity of the metal substrate) and errors caused by the EIS
device and the measurement procedure (setup of the EIS device, elec-
trode configuration, current and voltage distribution, measurement
protocol) [31,32]. Bonitz et al. [33] suggest that by using defined, ho-
mogeneous, and relatively defect-free polymer films, the sources of error

Progress in Organic Coatings 165 (2022) 106767

commercial polyester films and a high-impedance dummy cell con-
structed according to EN ISO 16773-3. Polyester films, which are very
close to commercial coating systems in terms of dielectric constant
[34,35] and thicknesses defined in EN ISO 12944-5, and a high
impedance dummy cell, a relatively rarely applied calibration standard
for potentiostats [33], have been used to mimic intact coatings or
coatings in the early stages of degradation. The physical picture is
drawn, explaining the observed phenomena within the framework of the
equivalent circuits and the influence of the AC interferences on the ac-
curacy and precision of measurement as well as on the coating assess-
ment decision rule is quantified.

2. Experimental
2.1. Materials

EIS measurements were performed on a high impedance dummy cell,
Xerox Never Tear, commercial polyester films with nominal thicknesses
of 110, 135, 185, and 240 pm, and on samples coated with four coating
systems according to EN ISO 12944-6. Measurement setups are showed
in Fig. 1. The dummy cell was constructed according to EN ISO 16773-2
and 3. The circuit elements were of the order of magnitude expected for
the actual coated samples. The circuit element values with measurement
uncertainties determined by an accredited calibration laboratory are
listed in Table 1.

The average thickness of the foils from 10 measurements done with
Elcometer 945 on a flat steel substrate, is given in Table 2.

Carbon steel specimens (150 x 75 mm) were prepared according to
chapter 5.11. of EN ISO 12944-5. System 1 was an alkyd system and

Table 1
in the EIS data related to the samples themselves can be reduced or Circuit element values determined by an accredited calibration laboratory.
eh.rr-unated. In this way, it is possible to investigate the data varla!?llllty Hlement pr——— pr— Cieuitd Srdiid
arising from the EIS measurement process, such as edge effects arising
from non-uniform field and current distributions, and the importance of G1/pF 1920 22197 101:92 10,010
the i d limit of the votentiostat R,/MQ 61,810 1045 1004 102.86
elmpedance Lmito p . Ca/pF - 472.66 20,060 9980

Guided by the ideas of Akbarinezhad et al. [29] and Bonitz et al. Ry/MQ (+Ry/MQ)* _ 10,074 202.78 100.65
[33], we investigated the influence of AC interference on EIS measure- Rror/MQ 61,810 11,120 1206.78 203.51
ments of various signal amplitudes performed on 100-250 pm thick * for circuit 3 of the dummy cell in Fig. 1.

Tablet with Software Calibration setup
= N
Instrument with Bluetooth
connection to the tablet
% 'l Dummy cell
Conductive paste
Cables Calibration
Electrodes foil
Coating
Electrodes
N

Fig. 1. Setup for coating impedance measurement and calibration measurements on a dummy cell and a calibration foil.
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Table 2
Nominal and measured thickness of calibration foils.

Nominal foil thickness/pm  Average foil thickness/pm  Standard deviation/pm

110 110.0 1.8
135 131.6 1.4
185 180.0 2.0
240 234.9 2.6

systems 2 through 4 were epoxy polyurethane systems from three
different paint manufacturers. The total thickness of the coating systems
on the samples exposed in the field is shown in Table 3. It was measured
with Elcometer 945 according to chapter 5.2 of EN ISO 2808.

Raw measurement data are accessible at DOI: 10.17632/r8w
f8b64xz.1.

2.2. Methods

AC interference measurements were carried out by the ReCorr® QCQ
(Quantitative Coating Quality) [8] device and ReCorr® QCQ electrically
conductive paste developed in our laboratory.

Fig. 1 shows the setup for coating impedance measurement and
calibration measurements on a dummy cell and a calibration foil. The
setup consists of an EIS measuring instrument with shielded cables
leading to the two flexible, conductive carbon- based polymer elec-
trodes, each with an area of 25.5 cm?, and a natural wax and carbon-
based paste that allows easy and fast EIS measurements on coatings in
the intact/dry state or during exposure to natural or artificial moist
corrosive environments. The electrodes adhere to the flat or curved
coating surfaces by the aid of the sticky paste electrolyte, after they are
firmly pressed for a few seconds (against the flat surfaces) or two mi-
nutes (against the curved surfaces). During measurements on a dummy
cell, the instrument's cables are connected to the terminals of one of the
four circuits. For measurements on foils, the electrodes were attached to
the opposite surfaces of the foils, facing one another. For measurements
on coatings, the electrodes were attached to the surface of the coating. In
the case of a highly insulating coating, stabilization is not required
because the electrolyte is not in contact with the substrate. This is
consistent with point 7.5. of the standard HR EN ISO 16773-2, which
states that the open-circuit potential is not well defined for coated metal
samples that are in excellent condition. The electrodes are identical so
that the DC offset potential is set to zero. The frequency range used in the
measurements was between 10° and 10~2 Hz with signal amplitudes
from 10 to 250 mV. The amplitudes of the interference AC voltage were
0, 25, 50, 100, 250, 800 mV. The source of interference was a trans-
former, or more precisely the transformer coil, near which a measuring
system was placed. Measurements were made at each signal amplitude
outside and inside the Faraday cage to determine the influence of AC
interference on the measurements.

3. Results and discussion
3.1. The influence of AC interferences on dummy cell impedance

A measurement circuit, subject to electromagnetic interference and
containing a dummy cell, a calibration foil, or a coating is represented by

an equivalent circuit shown in Fig. 2, where C, is the coating capaci-
tance, R is the coating resistance, and Z is the impedance, which may

Table 3
Total coating system thickness on the field exposed samples.

Sample Average coating thickness/pm Standard deviation/pm
System 1 148 24
System 2 147 26
System 3 209 16
System 4 238 30
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. .Cc
[
I

L1

QCQ

Fig. 2. Equivalent circuit of the measurement setup for measuring the
impedance of a dummy cell, a calibration foil or a coating.

represent ionic space charge movement [9], active substrate area, and
diffusion phenomena [36]. The elements C. and R, correspond to the
elements C; and R; of the dummy cell.

Controlled generation of interferences was achieved by appropriate
placement of the experimental setup within the magnetic field of a
transformer (Iskra POBI RSO Z 76186). Many laboratory and household
devices that generate an electromagnetic field can also be used for
controlled interference generation. The open circuit potential, measured
as a function of time between the terminals of the instrument, with any
of the loads (dummy cells, foils or coating) in between, represents the
interference voltage. It is shown in Figs. 3 and 4 along with the spectral
intensity of the interferences in the frequency domain. The purpose of
this built-in software feature is to quantify the effects of interference on
the measurement system by measuring the induced voltage and to
eliminate the need to use complicated methods to measure the electro-
magnetic field. Moreover, the interference effect depends not only on
the field intensity but also on the alignment of the measurement system
within the field. Therefore, in addition to increasing the measurement
amplitude, interference management also includes aligning the mea-
surement setup within the field or changing the measurement position to
minimize the interference effect.

Inside the Faraday cage, a signal with a maximum of 8 x 10°Vis
typically observed (Fig. 3a) and the interference spectrum (Fig. 3b)
shows no distinct main frequency. The shape of the interference voltage
obtained outside the Faraday cage for all samples investigated in this
study is sinusoidal and is shown in Fig. 4. The amplitude of the AC
interference can be read from the graph, and represents the level of
interference, that is controlled in the present study (a case of the 250 mV
interference is shown in Fig. 4). A sinusoidal signal is also typically
observed outside the Faraday cage (Fig. 4a). The interference spectrum
in Fig. 4b shows the main frequency of 50 Hz, a subharmonic at 25 Hz
and higher harmonics at 150, 250, 350, 450 and 550 Hz with much
lower intensity. Under uncontrolled conditions, such as the field mea-
surements, the sinusoidal signal may be distorted due to the specifics of
the electronics causing the interference or in the presence of multiple
interference sources.

While the power of the interference source and the measurement
setup remained unchanged and no impressed current was present in the
circuit, the respective induced AC voltage amplitudes of 280, 250, 280
and 12 mV were measured for circuits 1 to 4. Fig. 5 shows Bode spectra
of the four dummy cell circuits recorded inside and outside the Faraday
cage at the signal amplitudes of 10 and 250 mV. AC Interferences
manifest themselves at the signal amplitude of 10 mV as pronounced
stochastic variations of the phase angle and much less pronounced
variations of Log Z.

The above observations and the spectra in Fig. 5 can be explained as
follows:
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Fig. 3. Typical a) AC interference voltage inside the Faraday cage and b) the corresponding signal spectrum observed in this study.

1. A variable electromagnetic field causes a 50 Hz interference voltage
difference between the terminals of a dummy cell. For an interfer-
ence source of constant power and identical experimental setups, the
amplitude of the induced voltage measured is similar for the circuits
with comparable Z at 50 Hz (19 + 0.27 MQ 21.1 + 0.02 MQ, 28.7 +
0.08 MQ for circuits 1 and 2, 3) and significantly smaller for circuit 4
that has Z at 50 Hz equal to 0.325 + MQ.

. During the measurement, the input signal counteracts the interfer-
ence to achieve the target voltage at the terminals of a dummy cell.
At high signal frequencies, the impressed current passes through the
Cc branch of the circuit and the measurement is fast enough so that
during the measurement the interference voltage variation is not
significant and is easily compensated by the signal. Therefore, no
noise at high frequencies is observed in the plots in Fig. 5 for all
otherwise noisy spectra recorded at the signal amplitude of 10 mV.

. For purely capacitive behaviour of the coating, as the frequency of
the signal voltage decreases, the impedance increases and so does the
rate of charging the capacitor, making it more difficult to counteract
the interference voltage. For Circuit 1 and the signal amplitude of 10
mV (Fig. 5a), capacitive behaviour and the interference effect are
observed throughout the middle and lower frequency ranges.

. In Circuits 2 and 3 (Fig. 5b and c, respectively), a transition between
capacitive and resistive behaviour occurs at intermediate fre-
quencies, and the impressed current is distributed between Rc and Cc
branches. The interference effect is observed as long as the capacitive
component is present and ceases when the resistive behaviour be-
comes dominant. Below 0.1 Hz, the measurement is no longer
significantly affected by the AC interference because the
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compensation of the impressed voltage is no longer limited by the
charging rate of the capacitor. The impressed current flows through
an ohmic resistor which has a constant resistance over the entire
applied frequency range.

. As the coating capacitance increases and the coating resistance de-
creases, which is characteristic of the water uptake and degradation
of the coating, the influence of the AC interferences diminishes. For
example, for circuit 4 no influence is observed. It can be concluded
that the AC interferences will only be a problem for the intact coat-
ings and coatings in the early stages of degradation.

. At a signal amplitude of 250 mV, no significant data scattering is
observed for all dummy cell circuits, indicating that the interference
influence can be mitigated at a sufficiently high signal amplitude.
This observation is commented on in the following section.

The impedance spectra from Fig. 5 were fitted to the equivalent
circuits shown in Fig. 1. The spectra of circuits 1 to 3, recorded outside
the Faraday cage at an amplitude of 10 mV, were not fitted because of
the large dispersion of the phase angle data. The accuracy of the mea-
surements is checked by calculating the percentage error of the fitted
values of the R and C parameters with respect to the R and C values
measured by independent methods in the accredited calibration
laboratory.

The accuracy required by EN ISO 16773 for the R and C components
of the circuit is 2% for resistors below 10° Q and 5% for resistors above
10° Q and the capacitors. The errors for the R and C elements in Table 4
are in most cases smaller than or slightly above the required accuracy for
the elements. Moreover, the error calculated for the total ohmic
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Fig. 4. Typical a) AC interference voltage outside the Faraday cage and b) the corresponding signal spectrum observed in this study.

resistance of the circuits is below 2.2% for the 10 GQ circuit and 0.9%
for the 10 < GQ circuit, indicating a sufficiently accurate measurement
of the most important parameter related to the coating quality.

The acceptable accuracy of 97.8% obtained at the maximum signal
amplitude of 250 mV shows that nonlinearity does not affect the result
when the measurement was performed on a dummy cell. Therefore, it
can be considered that nonlinearity is not a problem for coatings in the
early stages of degradation, since the active substrate area below the
coating is not exposed and the main phenomena detected by EIS is water
uptake by the coating, dipole and ionic space charge movement [9].

The main purpose of using the dummy cell was to demonstrate that
without interference the total ohmic resistance, the most important
parameter of coating barrier property, is measured with sufficient ac-
curacy. From the overlap of the curves in Fig. 5, it is evident that the
main effect of exiting the Faraday cage is related to the loss of precision.
Therefore, in the remainder of the text, we have studied the effects of the
various sources of uncertainty on measurement precision.

It should be noted that the further statistical analysis related to the
assessment of the coating in this paper is performed in terms of the
impedance modulus at 0.1 Hz on a logarithmic scale. The frequency of
0.1 Hz was chosen because it represents a compromise between the
speed of the measurement and the accuracy of measuring the coating DC
resistance. For intact and high-performance coatings (Log Zo 1y, > 8)
this value underestimates the DC resistance as these coatings behave as
almost perfect capacitors i.e., perfect insulators. Nevertheless, this value
is still of practical significance because, first, it indicates that the coating
is an excellent barrier, and second, it is higher for thicker coatings (as
demonstrated for foils in Fig. 8), indicating that a thicker, dry coating is
a better barrier than the thinner one. For partially degraded industrial
coatings (8 > Log Zy 1y, > 6), the capacitive behaviour shifts to higher
frequencies and the 0.1 Hz impedance value falls into the resistive
behaviour range [37-41]. For such coatings, the 0.1 Hz impedance re-
flects well the DC resistance limit of the coating and its barrier effect. For
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highly degraded coatings (Log Zo.111; < 6) Log Z.11; may be influenced
by the polarisation resistance of the active surface beneath the coatings.
However, coatings with Log Z( 113, < 6 commonly show visible damage
so the purpose of the EIS testing is lost [42].

In the rest of the text, Log Z refers to Log (Z@0.1 Hz/Q). According to
the ISO/IEC Guide 98, the average value of Log Z (Zavg), standard de-
viation (SD), relative standard deviation (RSD), and 95% confidence
intervals (Clogso,) are calculated using the equations:

1 n
Log Zwo =3 (LogZ) @
1 n
STD = \/—n — lZi:l(L()g Z; — Log ZAV(;)2 (2a)
RSD = LLEd 100% (2b)
Zave
STD
C[\);t/, =——=1.960 (2C)
on

Fig. 6 shows Log Z, SD as error bars, RSD and Clgse, confidence in-
tervals following the trend of RSD obtained for each dummy cell circuit
at the signal amplitudes of 250 and 10 mV and an interference amplitude
of 250 mV. SD, RSD and Closy, are related to measurement uncertainty
and, since the standard deviation is calculated for a set of repeated
measurements, also to measurement repeatability. The increase in pre-
cision from circuit 1 to circuit 4 is due to the decrease in Z. The
repeatability and precision are also higher with a higher signal
amplitude.

Due to the stochastic nature of Log Z variations under the influence
of AC interferences, measurement precision may also be increased by
repetition and averaging, as suggested in the standard EN ISO 16773.
RSD was calculated for 3, 5 and 10 repeated measurements from Fig. 6a.
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Fig. 7 a and b, show results for signal amplitudes of 10 and 250 mV,
respectively. In both cases, only the least precise measurements appear
to benefit from measurement repetition.

A parallel can be drawn between the STD, as defined by Eq. (2), and
the concept of Root Mean Squared Logarithmic Error (RMSLE) [38],
which is calculated according to the equation:

RMSLE = \/%Z:':l(h)g (a+1)—Log (p+1)) 3)

RMSLE is used when both the predicted value p and the true value a
are large numbers. The number 1 in Eq. (3) appears because the loga-
rithm of 0 is not defined. For p > 1 and a > 1, Eq. (4) becomes equiv-
alent to Eq. (2a), except for the difference in the base of the logarithmic
function and the factor 1/n. Nevertheless, some of the unique properties
of RMSLE can be applied to STD from Eq. (2a).

Firstly, the RMSLE expresses the relative error. Therefore, in the
logarithmic metric, STD indicates the relative difference of the Log Z
values, while the scale of the difference is irrelevant. In a non-
logarithmic metric, STD changes in magnitude as the scale of Z
changes. Z of coatings spans over many orders of magnitude, so it is
more convenient to calculate STD on a relative rather than an absolute
basis.

Secondly, RMSLE is used when large numbers are compared but
large errors should not be penalized [43,44]. For the same reason,
RMSLE is not very sensitive to outliers. These properties are desirable in
QCQ analysis because the coating quality is expected to change
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significantly when Log Z changes by an order of magnitude. In addition,
STD in Log Z is not overly affected by the significant outliers that can
occur due to AC interference.

Thirdly, logarithmic metric does not have the same tendency to-
wards overestimates and underestimates [44]. E.g., for a 10 GQ coating
an RSD of 0.5% in Log Z yields an RSD of 12.1% in Z in the positive
direction and an RSD of 10.9% in the negative direction, giving the
difference between the positive and negative uncertainties of 1%. An
RSD of 1% in Log Z yields a STD of 25.9% in Z in the positive direction
and a STD of 20.6% in the negative direction, giving the difference be-
tween the positive and negative uncertainties of 5%. To evaluate the
barrier property of the coating, the low-frequency impedance modulus is
usually measured during or after exposure to the corrosive environment
[45]. The values of Log (Z@0.1 Hz / Q cm2) equal to 9, 8, 7 and 6 are
commonly taken as lower specification limits (LSL) of excellent, good,
standard and doubtful barrier performance of the coating, respectively
[2]. Coatings can be rated on a logarithmic scale by taking into account
the measurement uncertainty. Due to the fact that the symmetric mea-
surement uncertainty on a logarithmic scale converts to an asymmetric
measurement uncertainty on a non-logarithmic scale, coatings will be
less readily pronounced to belong to the lower category if the mea-
surement is not precise. For the precise measurements skewness of the
distribution in the original space can be neglected and coating assess-
ment can be done in the log-transformed space.

The values of RSD < 0.35% and Clgse, < 0.025% for ten measure-
ments (Fig. 7), show that precise and accurate measurements can be
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Table 4
Fitted parameters of dummy cell equivalent circuits and the calculated relative errors with respect to parameter values measured by independent methods.
Element Fitted Value Error /% Fitted Value Error /% Fitted Value at Error /% Fitted Value at Error /%
Inside the Faraday cage, signal amplitude 10 mV
Circuit 1 Circuit 2 Circuit 3 Circuit 4
C,/pF 154.8 -1.49 153.7 -1.54 104.4 -2.43 10,090 —0.80
R,/MQ 62,730 -1.49 964.9 7.67 1009 —0.50 102.6 -1.94
Cy/pF - - 479.6 -1.49 20,410 -1.74 10,180 —-2.00
Ra(+R3)*/MQ = - 10,100 -0.26 200.8 0.98 99.1 3.69
Rror/MQ 62,730 11,065 1209.8 201.7
Rror -1.49 0.49 -0.25 0.91
Error/%
Inside the Faraday cage, signal amplitude 250 mV
Circuit 1 Circuit 2 Circuit 3 Circuit 4
Cy/pF 154.4 -1.22 153.9 -1.67 104.1 -2.14 10,050 —-0.40
Ry/MQ 62,020 —0.34 972.7 6.92 1010 —0.60 103.5 —2.83
C,/pF - - 473.3 -0.14 19,670 1.94 10,080 —-1.00
Ro(+R3)*/MQ - - 10,140 —0.66 205.1 -1.14 99.5 3.29
Rror/MQ 62,020 11,113 1215.1 203.0
Rigp ~0.34 0.06 ~0.69 0.26
Error/%
Outside the Faraday cage, signal amplitude 250 mV (10 mV), interference amplitude 250 mV
Circuit 1 Circuit 2 Circuit 3 Circuit 4
C1/pF 155.0 -2.13 154.4 4.50 106.0 —1.00 10,050 1.51
(10120) (-1.10)
Ry/MQ 63,130 -1.60 998.0 -0.95 1014 0.29 103.9 -1.01
(104.3) (—3.63)
C,/pF - - 480.8 -1.74 20,160 -4.00 101.8 -1.14
(101.1) (-1.30)
R,(+R3)*/MQ = - 10,170 -1.72 202.2 —0.50 99.1 —-2.00
(98.08) (4.64)
Ryor/MQ 63,130 11,170 1216.2 203.0
(202.4)
Rror -2.13 0.44 0.28 0.24
Error/% (0.55)
* for circuit 3 of the dummy cell in Fig. 1.
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Fig. 6. Average value of Log Z, standard deviation as error bars, relative standard deviation and b) 95% confidence intervals obtained for each dummy cell circuit at

the signal amplitudes of 250 and 10 mV and an interference amplitude of 250 mV.

made on the dummy cell mimicking high-impedance coatings outside
the Faraday cage at the AC interference voltage level of 250 mV, using
the maximum output signal amplitude of 250 mV.

3.2. The influence of AC interferences on the impedance of the calibration
foils

The calibration foils were used to investigate the effects of the
various sources of uncertainty that also occur in EIS measurements on
coatings but cannot be simulated by a dummy cell. The uniformity of the
foil thickness, on the other hand, eliminates the uncertainty due to the
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coating thickness variations that often occur in industrial coatings and
are not inherent to the measurement system.

Fig. 8a shows the Bode impedance spectra of the 110, 135, 185, and
240 pm foils recorded inside the Faraday cage at an amplitude of 250
mV. The arithmetic mean of all Z@100 Hz measurements performed on
different foils of the respective thicknesses during this study were used
to construct the graph relating the impedance modulus Z@100 Hz and
the foil thickness, as shown in Fig. 8b.

A linear fit of the data, forced through zero, yields a high correlation
coefficient r = 0.996. The frequency of 100 Hz was chosen for the
analysis based on the value of the phase angle at 100 Hz approaching
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a linear function of thickness, error bars denote standard deviation.

—90°, indicating almost pure capacitive behaviour. A
The dielectric constant of the foil material can be calculated using the G = a4 2
equations [46]:
’ _ where Z is the impedance modulus, Z" is the imaginary part of the
e = W CZ (€D)] impedance, € is the vacuum permittivity, A is the surface of the elec-
Y trode and d is the coating thickness.
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A relative dielectric constant of the foils equal to 3.560 + 0.125
corresponds to those found in the literature for polyester [34,35] and is
within the range from 2 to 10 found for the protective organic coatings
[47,48].

Fig. 9a shows Log Z, SD as error bars and RSD obtained for each foil
at the signal amplitude of 250 mV. Fig. 9b shows Clgsy, values compa-
rable to the Clgsy, obtained for Circuit 1 of the dummy cell from Fig. 6.

Measurements on calibration foils are more similar to measurements
on coatings [33] than the measurements on dummy cell. While the ac-
curacy and precision of the QCQ device, as well as its robustness to
amplitude rise, are best tested on a high impedance dummy cell, cali-
bration foils can serve for studying the additional contributions to
measurement uncertainty, listed in Table 5.

For studying repeatability (REP), curves obtained from successive
measurements without removing the electrodes between measurements
were compared. To investigate reproducibility (RPD), electrodes were
detached from the foil, rinsed of electrolyte paste, and dried between
successive measurements on the same foil. The reproducibility for
measurements on different foils (RPD_DF) of the same thickness was also
investigated.

Fig. 10 a shows the RSD of Log Z obtained in the repeatability,
reproducibility experiments for a single sample and reproducibility for
different samples of the same thickness, for the 110 and 240 pm foils
recorded in the Faraday cage at the amplitude of 250 mV. The results
show the increase in RSD with the increase in the number of measure-
ment uncertainty components.

The average RSD of the foil thickness is 1.23 + 0.3%. The observed
RSD of Log Z for different foils is smaller than the variation of foil
thickness.

When the measurements are performed outside the Faraday cage, the
AC interferences must be considered as an environmental component of
the measurement uncertainty. Fig. 11 shows the RSD and relative error
of measurements for a range of EIS signal amplitudes from 10 to 250 mV
performed on the 240 pm foil inside the Faraday cage and outside the
Faraday cage at different AC interference levels. The relative error was
calculated for each foil from the difference between a measurement
outside the Faraday cage and the average of the 10 and 250 mV mea-
surements inside the Faraday cage.

For all interference levels, the RSD follows a similar dependence
from the maximum value of about 5% for the 10 mV signals to 1% for the
signals above 150 mV (Fig. 11a). The RSD inside the Faraday cage fol-
lows a similar dependence as the RSD outside the cage, but on a much
smaller scale, indicating the influence of EIS device precision when
measuring small currents. For the signal amplitude of 150 mV and the
coating resistance of 4.36 GQ the current can be estimated at 34 pA,
while for the signal amplitude below 50 mV, the current falls into the 1
PA range. Therefore, the RSD increases and becomes more scattered,
probably due to a synergistic effect of AC interferences and the impre-
cision of the QCQ device near and below 1 pA.

Above signal amplitudes of 150 mV, the RSD is less scattered.
Nevertheless, no regularity is observed with respect to the AC interfer-
ence amplitude, indicating that the main effect of increasing the signal
amplitude is to avoid the inherent imprecision of the QCQ device when
measuring very small currents. On the other hand, the RSD of the 800
mV interferences is 3.7 + 1.2% and is not affected by the signal
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Fig. 10. Relative standard deviation of three measurements obtained under
conditions of repeatability (REP), reproducibility on a single foil (RPD) and
repeatability on different foils (RPD_DF) at a signal amplitude of 250 mV in a
Faraday cage.

amplitude. For interference voltages equal to or less than the maximum
output AC voltage of the QCQ device of 250 mV, the impressed voltage is
able to counteract the induced voltage and reach the target voltage. For
the induced voltages higher than 250 mV, the induced voltage not only
interferes but also overrides the signal voltage, resulting in a maximum
RSD of almost 6%.

The relative error indicating accuracy is close to 0.1% for signal
amplitudes of 200 mV and scatters within 2% of the mean Faraday cage
value for signal amplitudes down to 20 mV. The highest scatter up to 4%
is observed at the signal amplitude of 10 mV for all measurements and at
the interference voltage of 800 mV in the whole range of signal
amplitudes.

For measurements on coatings in the field, the only statistical tool
that can be used is the RSD. Once the acceptable accuracy of the in-
strument is demonstrated using dummy cells as a reference, the con-
clusions of the present study can be applied to coatings in the reference
impedance range.

3.3. Measurements on coatings in outdoor exposure

The results of the Log Z measurements on the four coated systems
subjected to AC interferences from the nearby AC railway traction sys-
tem are shown in Fig. 12. The two-electrode setup shown in Fig. 1
allowed the measurement to be performed on fully coated samples
without contacting the substrate. Nogueira et al. [49] have shown, for a
similar electrode geometry and coatings with a resistance of >10%Q cm
(~1012 Q cm in the present case), that current lines tend to short-circuit
through the metallic substrate. The measured impedance approaches the
impedance of the coating located under the electrodes plus the interfa-
cial impedance, which in the present case is negligible compared to the
impedance of the coating. Therefore, the measured impedance for the
coatings in early stages of degradation can be taken as equal to the sum
of the impedances of the coating under the two electrodes, i.e., twice the
impedance of the coating under a single electrode. If the connection is
made to the substrate, this can be verified experimentally by measuring
the impedances between individual electrodes and the substrate

Table 5
Contribution of measurement uncertainty components to the results of the REP, RPT and RPD DF experiments.
Experiment Measurement device Operator Effects Environmental influences Sample stability Sample
Type on the sample characteristics
QCQ device precision Application of the conductive Temperature, relative Changes in samples due to Variation of a sample
conductive paste stability paste, positioning of the electrodes ~ humidity reproduction of the measurement thickness
REP + - = —
RPD + + + + -
RPD_DF + + + +
9
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Fig. 11. a) RSD and b) relative error of measurements for a range of EIS signal
amplitudes from 10 to 250 mV, recorded on the 240 pm foil inside the Faraday
cage and outside the Faraday cage at different AC levels of interference.

separately and checking that they add up to the impedance measured
between the same electrodes.

The minimum amplitude of the interferences obtained after favour-
ably orienting measurement setup in the railway electromagnetic field
was 50 + 7 mV. The maximum signal amplitude of 250 mV was chosen
for the measurements due to the dynamic nature of the AC railway
disturbances, which are highest during train passage and peak at 3.3 V.
The shape of the interferences was sinusoidal, as the one shown in
Fig. 4a. The thicknesses and Log Z of the coatings are within the range of
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the calibration foils, as are the RSD values. The RSD of 10 measurements
was averaged for quadruplicate samples of each coating system to obtain
the average repeatability. For average reproducibility, the RSD of Log Z
was calculated for the four samples of each coating system and is slightly
higher than the RSD of repeatability. The results of the field measure-
ments confirm the validity of the laboratory simulations and set the RSD
of Log Z below 1%.

It should be noted that the possible destructive effects of using high
signal amplitudes remain to be investigated, as well as the various sit-
uations in the field that would allow the use of lower amplitudes.

4. Conclusions

The influence of the ambient electromagnetic field on the measure-
ment impedance of field exposed coated samples and of dummy cells
and foils mimicking organic coatings in an intact or barely damaged
state was measured. AC interferences cause stochastic variations of the
phase angle and, to a lesser extent, of Log Z, which are visible in the Bode
plot. The phenomenon is visible for the capacitive coating behaviour in
the intermediate and low frequency range, where the compensation of
the induced AC voltage by the EIS device is limited by the charging rate
of the coating capacitance. It has been shown that the effects of AC in-
terferences with the amplitude up to the maximum AC output voltage of
the EIS device can be successfully mitigated by increasing the signal
amplitude to 150 mV or more, giving >99% precision. Precision at lower
signal amplitudes decreases (>95%) due to the synergy of the AC
interference effect and the loss of EIS device precision as lower currents
flow through the measurement circuit. An acceptable accuracy of 97.8%
was obtained at the maximum signal amplitude of 250 mV, showing that
the nonlinearity does not affect the result. For Log Z at 0.1 Hz equal to 8,
no AC effect on dummy cell impedance was observed, suggesting that
low signal amplitude can be used for coatings with poorer performance.
Performing a large number of measurements with a simplified
measuring cell, e.g., on different samples or coating sites, allows a sta-
tistical analysis and, taking into account the measurement uncertainty,
rating of the coatings with greater confidence. In addition, rating on a
logarithmic scale is less susceptible to outliers and is better suited to the
case of coating impedances that start from very high values and may
decrease over many orders of magnitude while the coatings are exposed
to the corrosive environment.
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ARTICLE INFO ABSTRACT

Keywords: The cell was tested on polished and patinated bronzes of different compositions, on sulfide patina/Paraloid B-72-
Paraloid B-72 coated bronzes with different numbers of coating layers, on protected bronze samples with different degrees of
B‘n.)nze damage to the protective layers, and on uncoated and coated patinated bronzes after 24 h conditioning in the
(E:;Jsms condensation chamber. A quantitative criterion of Phase Angle at 0.1 Hz was deduced and explained. The sys-

tems show two or three time constants, depending on the number and integrity of the layers. Capacitances of the
high-frequency response that are attributed to the coating range from 1.8 to 31 nF/cm? and capacitances of the
medium-frequency response attributed to the patina range from 1.1 F/cm? to 2.3 nF/cm?, indicating Paraloid B-
72 penetration into the pores of the patina. Log |Z| at 0.1 Hz decreases with mechanical damage to the protective
layers. Damage also leads to the occurrence of the low-frequency response attributed to the Faradaic process on
the substrate. The three layers of Paraloid B-72 on the sulfide patina had Log |Z| at 0.1 Hz around 8 and were
insensitive to the 24-h condensation, indicating good protection. The cell was further applied to different sides of
bronze coins, so no electrical contact with the substrate was required. The Kramers-Kronig test was applied to

Paste electrolyte

confirm the validity of the EIS results.

1. Introduction

The importance and usefulness of electrochemical impedance spec-
troscopy (EIS) as a tool for quantifying the protective properties of
coatings exposed to natural and artificial corrosive environments has
been demonstrated through decades of scientific research [1,2].

In comparison to the other electrochemical techniques, EIS is the
only non-destructive method with which we can check the current state
of the real specimen, but further research is needed to eliminate prob-
lems in application [3,4].

EIS has been applied not only to industrial coatings, but also to
cultural heritage objects where there are greater obstacles to its appli-
cation compared to industrial coating systems. Unlike industrial struc-
tures, which are usually protected by thick pigmented polymer coatings
applied to abrasively cleaned substrates, art and cultural heritage ob-
jects are usually protected by thin layers of clear lacquer or wax applied
either to the polished surface or to the surface covered with a porous
layer of protective products [4,5], because the main requirement of the
conservators is that applied protection must not modify appearance of
the protected metal and all measures should avoid future deterioration

* Corresponding author.
E-mail address: isoljic@fkit.hr (I Solji¢).

https://doi.org/10.1016/j.porgcoat.2023.107442

and loss of material [6]. The use of thicker, permanent coatings would
lead to changes in appearance and make re-conservation treatments
more difficult [7-9].

Conservation coatings are temporary and serve as a protective bar-
rier that limits the contact of moisture with metal surface [7-9]. Acrylic
resins such as Paraloid are widely used as protection for cultural heri-
tage preservation despite their inherent weaknesses, such as yellowing
and low protective physical properties [3].

Barrier behavior of the temporary organic coatings for conservative
purposes is limited because of their permeability to the corrosive agents
which can diffuse through the pores or defects of the coating. The quality
of the coating layer also depends on the application methods, and the
use of EIS can provide information about the porosity and imperme-
ability of the coatings [9] and enable assessment of the state of protec-
tion and the need for intervention [3,4,9,10].

Under the influence of gravitational sedimentation, impaction and
diffusion, atmospheric aerosols of varying moisture content can be
deposited on the metal surface. Consequently, even at low RH levels,
liquid can condense in nanoscopic pores and crevices [11] creating a
conductive path and allowing the real condition of metal substrate to be
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measured using EIS.

Most research is concerned with estimating the corrosion rate asso-
ciated with exposure, but very few of them deal with the assessment of
the state of existing protection on the area of interest. There is no
established method to evaluate the performance of the coating or need
for recoating resulting in increased inspection costs and short intervals
for recoating [7,8].

The idea and need for electrochemical cells for in situ impedance
measurements on rough, curved, irregular and non-horizontal surfaces
come from all electrochemical fields; industrial, cultural heritage and
medical. Liquid electrolyte cells have been developed [4] using mainly
artificial rain and 0.1 M Na3SO4 as electrolytes to mimic exposure to the
atmosphere [10,12,13] and reproduce the corrosion conditions of the
exposed surface [4]. Mineral water has been shown to minimize the risk
of measurement-induced corrosion [14], while electrolytes containing
NacCl in various combinations can be used in the laboratory on coupons
to simulate a more aggressive environment, but never on real objects
[4]. In addition, the selection of a suitable electrolyte solution that has
sufficient conductivity but does not contain aggressive ions such as
chlorides can be a problem [15,16]. Moreover, the stabilization of the
cell is directly related to the reproducibility, and in the case of immer-
sion, the stabilization time is usually longer than 10 min [14]. One of the
main reasons for implementing quasi solid-state electrolytes is the
ability of the electrolyte to adapt to the morphology of the surface of
interest. The use of conductive gels, wet sponges, and agars for con-
tacting the surface is reported [3,5,15-17] in an effort to find an elec-
trolyte which is non-aggressive towards the substrate or patina, has
sufficient conductivity and is stable enough to produce repeatable re-
sults [3,14].

The quality of the electrical contact with the object under investi-
gation and the design of the measuring cell is another important
consideration. Usually, a three-electrode cell is used [4,18], and in order
to establish a good contact with the surface of the working electrode, it is
necessary to find an area near the measurement site where it is possible
to remove the patina or coating. Recently, two-electrode cells have been
used in various designs [4,19,20]. One of the first attempts was the use
of commercial flexible electrodes common for electrocardiograms in
medicine using conductive adhesive gels and hydrogels as electrolytes
[4], and while they can conform to the surface, they have lower con-
ductivity compared to liquid electrolytes [16] and the problem of
entering the pores of a substrate to obtain a correct result [5,10,21]. For
these reasons, it is important to find a compromise between the con-
sistency, conductivity and non-destructiveness of the electrolyte.

In the present study, we explore a novel cell concept that uses
conductive paste electrolyte in a two-electrode system consisting of a
substrate and a single counter/reference electrode to evaluate the effect
of protective layers, patinas and coatings, on bronze. We have previ-
ously demonstrated the applicability of this concept for rapid in situ
measurements on industrial coatings [22-24]. In this paper, the non-
aggressive, quasi-solid state, paste electrolyte that contains conductive
electrolyte solution, is pressed between electrode and the examined
surface [25] in its original state, already balanced with the atmosphere
to which it is exposed, allowing measurement of the barrier properties of
the protection on substrate.

The primary advantage of the proposed cell is that flexible electrode
self-adheres to surfaces of any orientation with the help of the paste
electrolyte and is free of electrolyte leakage issues.

Another reported advantage of the quasi solid-state electrolytes is
that they do not require stabilization of the metallic substrate because it
is already in equilibrium with its environment [26]. This also allows
stabilization in tens of seconds and measurement times of <3 min for a
spectrum from 0.1 Hz to 10 kHz or for five repetitive measurements at a
single frequency of 0.1 Hz. Simplified measurements at a single, e.g. 0.1
or 0.01 Hz, frequency are frequently chosen by researchers as a quick
way to obtain information about the quality of the coating and allow
quick comparison of the performance of different systems while keeping
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the ability to detect the differences in resistive/capacitive behavior of
the coating [4,12,19,27]. This method allows measurements at multiple
sites in a short time.

Further challenges encountered in measurements on bare and pati-
nated metal and thin coatings are hereby addressed. The results of lab-
oratory tests in various liquid electrolytes are compared with the use of
paste electrolyte to evaluate their aggressiveness towards the substrate
and the coating. A novel cell design is proposed to avoid short circuiting
of the electrode and the substrate through the conductive paste. The
sensors studied by Mascarenhas and Nandagopal [28,29], whose task is
to transmit only the signal from the device to the surface with minimum
interferences were the inspiration for this work.

The proposed measurement cell was first tested in a range of sce-
narios likely to be encountered in practice such as patinated bronze,
patinated bronze protected with one, two or three-layer coating, bronze
with damaged patina and coating layers, patinas on different bronze
substrates and patina and coating in dry and water saturated state. The
cell was then applied to a set of bronze coins which are of interest to
conservators [15,30].

To our knowledge, this is the first time that the cell of the described
construction and/or the paste electrolyte have been applied to investi-
gating bronze protection as well as that the chosen multiple scenarios
have been investigated systematically to assess applicability of a novel
cell.

Only Bode plots are shown because they allow observing impedances
spanning through many orders of magnitude and the impedance and
phase angle as a function on the frequency, which provides information
about capacitive and resistive behavior of the measured system [31].
The quality of the EIS results was assured by calculation of relative
standard deviation of the repeated measurements and the application of
Kramers-Kronig transformtions [32-34].

2. Experimental
2.1. Materials

Studies were conducted on two types of bronze samples: CuSng
(94.15 wt% Cu and 5.85 wt% Sn) and CuSnj2 (87.79 wt% Cu and 12.21
wt% Sn). Bronze plates with dimensions 5 x 5 cm were used as the
metallic substrate. Samples were polished with SiC 80, 800, 1200, and
2500 grade polishing paper and repeatedly washed in ethanol using
ultrasonic agitation. Twelve samples of each studied material were
patinated to obtain sulfide patina. Measurements were also conducted
on the seven Austro Hungarian 2 Heller coins from a private collection as
an authentic sample. This specific coin was minted in the period 1895 to
1915. Various internet sources state that the alloy of these coins is
composed of 95 wt% of copper, 4 wt% of tin and 1 wt% part of zinc [35].

2.2. Preparation of the sulfide patina

The sulfide patina was chemically prepared using K»S, in distilled
water (1.25 g/50 mL) and heated to 80 °C. The hot bronze plates were
immersed in the solution for a few seconds, washed off with tap water
and polished with a sponge. The process was repeated until a stable
patina was formed [36]. After patination, nine samples of each material
were coated.

2.3. Preparation and coating application

Paraloid B72 (C.T.S.) supplied in small granules was dissolved in
ethyl acetate. A solution of 15 % Paraloid B-72 in ethyl acetate was
applied with a brush to the entire surface of the artificially patinated
bronze to form a coating.
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2.4. Coating thickness measurement

The thickness of the coating on the bronze substrate was measured
by Positector 6000 thickness gauge. As coatings in conservation are
applied by brush, thickness is not homogeneous. Also, the application of
a layer over previous one may dissolve the underlying coating, so the
thickness of a two-coat coating is not twice that of a one-coat coating.
The thickness of a one coating layer was deduced from multiple mea-
surements and amounted to 4.2 + 1.5 pm.

2.5. EIS measurements

EIS measurements were performed in triplicate, on bare, artificially
patinated, and coated bronzes. Measurements were performed using the
ReCorr® QCQ (Quantitative Coating Quality) Kit [27] including setup
with a single carbon-based polymer electrode, shown in Fig. 1a, acting
as a counter and reference electrode and a substrate (non-patinated,
patinated and coated CuSne and CuSn;y bronze). Comparative mea-
surements were performed in a liquid electrolyte cell consisting of a
saturated calomel electrode (RE), a platinum electrode (CE), and the
bronze plate as the working electrode (WE) with 3.5 % aqueous sodium
chloride solution and tap water.

The frequency range used in the measurements was between 10° and
107! Hz, the AC signal amplitude was 10 mV, and the DC bias potential
of the EIS measurements corresponded to the value of the stabilized
open circuit potential [24]. After measuring the spectra, single
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frequency measurement was repeated 5 times at 0.1 Hz.

In all cases, the surface of the bronze electrode was masked (Fig. 1b)
with a 0.18 mm thick adhesive tape and the exposed electrode area was
limited to a circular area of 1 cm?, to which electrolyte paste was applied
and covered by the counter electrode. Prior to measurements, in a cell
with liquid electrolyte, 3.5 % NaCl and tap water, the working elec-
trodes were stabilized for 1000 s. Since the samples were already in
equilibrium with the environment, equilibration time of 10 s was suf-
ficient for the working electrodes in the case of measurements with the
paste. After the measurements, the paste was removed by carefully
wiping the surface with a damp cloth without damaging the surface
layer on bronze.

For measurements on coins, the electrodes were attached to the
opposite surfaces of the coin, facing one another (Fig. 1c). The opposite,
masked surfaces of the coin and the electrodes were considered identical
so that the DC offset potential was set to zero. The measurement was
done in the range between 10° and 10! Hz with signal amplitudes 10
mV and 5 points per decade. Cumulative impedance of the two surface
layers (patina or patina with a one layer of coating) present on both sides
of the coin is measured with this method. The final surface layer
impedance is obtained by dividing the cumulative impedance by 2. The
electrolyte layer resistance was found to be negligible with respect to
surface layer resistances.

b)

\ % \ \
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Substrate
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or patina

@IIITTTTTCIN D
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Fig. 1. Schematic diagram of a) the entire measurement setup, b) the details of the cell setup for one-electrode measurements and c) the cell setup for coins.
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2.6. Condensation chamber test

Samples of CuSnj3 bronze were exposed to a condensing atmosphere
in the condensation test chamber CON 300 -FL for 24 h.

3. Results and discussion

In the present study, two or three parallel CPE-R couples are used for
coated bronze depending on the number and integrity of the layers, and
the analysis is done in terms of characteristic frequencies to attribute a
physical meaning to each time constant. It should be noted that with
increasingly better barrier properties of the coating, its influence pro-
trudes to the lower frequencies, affecting the interpretation. Also, the
low frequency circuit parameters are sometimes impossible to determine
[37], as significant extrapolation is required. Summary of experimental
research is presented in Table 1.

The dispersion of the time constants is observed for all the circuits
due to the electrochemical/potential inhomogeneity [4].

3.1. EIS tests on CuSng bronze in various electrolytes

The results of laboratory tests on bronze in liquid electrolytes, 3.5 %
Nacl solution and tap water, were compared to the measurement in the
paste electrolyte to evaluate the aggressiveness of the paste towards the
substrate.

Tap water and sodium chloride were selected for comparison as non-
aggressive and aggressive electrolytes, according to Ramirez Barat, et al.
[4].

Fig. 2 shows the fitted Bode plots and parameters of two parallel CPE-
R circuits representing the behavior of CuSng bronze in 3.5 % NacCl, tap
water, and paste electrolyte. The spectra (Fig. 2a) exhibited two-time
constants, which is due to the short immersion time during which a
very thin oxide layer was formed [4,38]. The resistance (Fig. 2b) of the
immersed samples is lower than that exposed to the paste, and it is
lowest in the case of sodium chloride, where the aggressiveness of the
electrolyte promotes the corrosion process. The calculated logarithm of
the capacitance (Fig. 2c) shows that the values for tap water and paste
electrolyte are similar and significantly lower than those measured in
3.5 % NacCl, indicating a smaller surface area that corrodes [37,39]. The
characteristic frequencies (Fig. 2d) calculated as f = 1/27RC expressed
on a logarithmic scale, appear in the middle and low frequency range,
which is consistent with the adopted interpretation and indicates an
oxide layer and a Faradaic process on the surface of the metal.

Interpretation of the data proved to be a challenge as a many sci-
entists found that the same data can easily fit on multiple equivalent
circuits [4,10,40] and be interpreted in different ways. Due to the sur-
face inhomogeneities and roughness, the investigated systems do not
follow the ideal capacitive behavior and the CPE (constant phase
element) must be used instead of the capacitors [10,41-43]. Capacitance
values have been calculated from the Q, R and a values by the equation:
C= Ql/(xR(l— o)/a [44].

According to Barat et al. [4], bare bronze in liquid electrolyte can be
fitted to various equivalent electrical circuits, but most authors use a
circuit with two parallel CPE-R couples, one related to the resistance of
the oxide layer (R2) and its capacitance (C2) and the other (R3 and C3)
related to the Faradaic reactions due to the corrosion process on the
metal surface. During the exposure to the electrolyte, the third time
constant appears at high frequencies [26,33] when the oxide layer
reaches a certain thickness. In the present study two parallel CPE-R
couples are used to fit the data obtained on bare bronze. No mecha-
nistic conclusions are reached, since the measurements were done on
freshly polished bronze surface with the main purpose of assessing
corrosivity of electrolyte paste and comparing it to the corrosivity of 3.5
% NaCl and tap water.

The average values and standard deviations of electrolyte resistance
R obtained from fitting of the equivalent circuit to the experimental
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Summary of experimental research.

EIS measurements on

Samples

Motivation

Bronze in various
electrolytes
CuSng bronze in 3,5
% NaCl / Tap water
/ Paste electrolyte
Two artificially
patinated and
coated types of
bronze
CuSne/CuSn;, +
sulfide patina
+ 2 layers Paraloid
B-72

Bronze with
protective coating
layers

CuSng bronze +
sulfide patina +1
layer

+ 2 layers
+3 layers Paraloid
B-72

Artificially patinated
coated bronze in
various electrolytes

CuSng bronze +
sulfide patina +2
coating layers

in 3,5 % NaCl/ Tap
water /Paste
electrolyte

CuSng 3,5 % NaCl
CuSng _ Tap water
CuSng _ paste

Uncoated Coated
CuSngP CuSngP 2L
CuSn;,P CuSny,P 2L
CuSngP_1L

CuSngP_2L

CuSngP_3L

CuSngP 21, 3,5%NaCl

CuSngP_2L_tapW

CuSngP_2L paste

Evaluate the
aggressiveness of the
paste towards the
substrate

To investigate the
ability of the paste
electrolyte EIS cell to
discriminate between
different sulfide
patinated bronze
substrates in the
uncoated and coated
states

To investigate the
ability of the paste
electrolyte EIS cell to
discriminate between
coatings with different
number of layers

To investigate the
influence of electrolyte
on the artificially
patinated and double-
coated CuSng bronze

Bronze with damaged CuSngP 1L To investigate the
protective layers Damage 1 ability of the paste
CuSng bronze + Damage 2 electrolyte EIS cell to
sulfide patina +1 Damage 3 resolve between the
layer Paraloid B-72 Damage 4 intact layers and layers
Successively damaged to various
mechanically degrees
damaged

Protected bronze Before After To investigate the
exposed to a CuSn,,P CuSn;,P W protective properties of
condensing CuSn;,P 1L CuSnyoP 1L W the chosen system after
atmosphere CuSn;,P 2L CuSny,P 2L W exposure to constant
CuSn, , bronze + CuSn,,P_3L CuSny,P 3L W humidity in the
sulfide patina condensation test
+1,2,3 L of Paraloid chamber for 24 h
B-72
Before and after
exposure in the
condensation test
chamber for 24 h

Bronze coins 2 Heller Coated 2 Heller ~ To determine the
uncoated/coated coins coins reliability of the
with 1 layer of 1895 1L 1895 studded method for
Paraloid B-72 1899 1L_1899 practical application to

1900 1L_1900 bronze heritage
1909 1L_1909
1910 1L 1910
1914 111914
1915 1L 1915

data obtained in 3.5 % NaCl solution, tap water, and paste electrolyte
are equal to 9.84 + 0.03 Q, 609.73 + 6.37 Q and 171.83 + 2.31 Q,
respectively.

The resistance of about 10 Q is frequently measured for 3.5 % NaCl
solution [45]. According to the local analysis center, the measured tap
water resistance ranges from 400 to 2309 Qcm [46] and the value for the
water used was 1315 Qcm. The measured resistance of about 600 Q is
consistent with the distance of the reference electrode from the working
electrode of about 0.5 cm. The resistance of the paste electrolyte in the
chosen cell arrangement is about three times lower and low enough to
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Fig. 2. a) Bode spectra measured for the CuSng bronze in various electrolytes, logarithm of b) resistances, ¢) capacitances and d) characteristic frequencies of the

equivalent circuit.

enable measurements of coating and polarization resistances.

Relative standard deviation (RSD) for electrolyte resistance is
calculated from three measurements and it shows good repeatability and
reproducibility so it will not be discussed further.

Fig. 3 shows that, after a typical EIS measurement, the surface of the
bronze changed visually in aqueous solutions, while the surface
remained unchanged in the electrolyte paste.

3.2. EIS tests on two artificially patinated types of bronze

To investigate the ability of the paste electrolyte EIS cell to
discriminate between different sulfide patinated bronze substrates in the
uncoated and coated states, the Bode spectra were measured for sulfide-
patinated CuSng and CuSn;, bronzes without (CuSngP and CuSn;,P) and
with a two-layer coating (CuSngP_2L and CuSn;,P_2L).

a) b)

¢)

Fig. 3. The appearance of the surface of bronze with the masking tape removed
after EIS measurements in a) 3.5 % aqueous sodium chloride solution, b) tap
water, and ¢) with the paste electrolyte.
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Fig. 4a and b show Bode spectra measured on the two artificially
patinated bronzes and on the same patinated bronzes with two coating
layers. The Log |Z| value at low frequencies is significantly higher for
coated samples and also higher for CuSn;; than for CuSne. The high-
frequency phase angle is zero for CuSne, while it reaches a value of
almost 60° for CuSnj, bronze and almost 90° for the coated sample. The
increase of the phase angle at high frequencies indicates an increase of
the protective ability and a shift towards capacitive behavior [4].

The spectra were fitted to two CPE-R couples connected in parallel.

Studies on patinated bronze substrates with and without coating
show good agreement with two-time constant equivalent circuits for
coatings with good barrier properties and very compact patina, and
three-time constant equivalent circuits for porous coating and patina
and reactive patina [37,39,47]. In the case of two-time constant
equivalent circuits, the first CPE-R couple at high frequencies is corre-
lated with the dielectric properties of the coating or patina (R1, C1),
while the second CPE-R couple at medium frequencies is attributed to
the patina double layer resistance (R2) and capacitance (C2). In the case
of the porous coatings and patina, the first CPE-R pair at high fre-
quencies (1 0-10° Hz) represents the resistance (R1) of the non-reactive
patina layer or pores in the coating and the appending capacitance (C1).
At medium frequencies (107'-10 Hz), the reactive patina layer is
described, with the second CPE-R couple providing information about
the resistance (R2) of the charge transfer and the double layer capaci-
tance (C2). The third time constant at low frequencies (< 107! Hz) ap-
pears when the electrolyte finds its way through the pores to the
substrates. The third CPE-R couple therefore represents the Faradaic
resistance (R3) and the capacitance (C3) at the surface of the substrate
[4,10,37-39,48,49]. The first CPE-R couple on high frequencies for the
patinated CuSné bronze is not observed which implicated that the patina
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doesn't have non-reactive layer, only reactive.

Fig. 5a shows a schematic diagram of the paste electrolyte surfaces
investigated in this study, which include polished bronze, patina, porous
coating on patina, and nonporous coating on patina. The electrical
equivalent circuit used to fit the part of data is shown in Fig. 5b. It
consists of three parallel CPE-R circuits, where the first CPE1-R1 couple
characterizes the capacitive and resistive behavior of the coating or non-
reactive patina, the second CPE2-R2 couple characterizes the non-
Faradaic capacitance and resistance of the active patina, and the third
CPE3-R3 couple characterizes the Faradaic process on the surface of the
bronze substrate.

As previously mentioned, the systems investigated in this study have
two or three time constants, depending on the number and integrity of

the layers and the equivalent circuit was chosen accordingly. The fitted
CPE data are converted to capacitance and plotted on the graphs.

Fig. 4c shows that the resistance in the high and medium frequency
ranges for the patinated bronzes increases with the application of the
coating, probably due to the closing of the patina pores [43] and due to
the insulating properties of the coating, respectively. The barrier prop-
erties of the protective coatings on the CuSng sample were confirmed in
Fig. 4d, where the coated CuSng bronze has overall lower capacitance
values than the uncoated CuSng bronze. The high frequency circuit ap-
pears and the low frequency circuit is lost due to the coating. The
patinated CuSnjp bronze with the two-layer coating also shows a
decrease in capacitance compared to the uncoated sample. The char-
acteristic frequencies in Fig. 4e show that the EIS response of the
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Fig. 5. a) Schematic diagram of the paste electrolyte on bronze and its protective layers and b) electric equivalent circuit used for coated samples.

patinated CuSn;, bronze is similar to that of the coated bronze at high
and medium frequencies, while the patinated CuSne bronze shows a
medium and low frequency response, indicating a Faradaic process on
the metal surface [38,41]. The absence of the low frequency circuit
[4,37] on CuSnjy bronze is explained by the insulating properties of
CuSn;; patina, which is visibly more compact than CuSng patina. Fig. 4f
shows the appearance of the sulfide patina on CuSne and CuSn;3 bronzes
before the EIS test. Visually, the patina on CuSng bronze is more porous
and less compact, as confirmed by the value of Log |Z| at 0.1 Hz, which is
3.97 for CuSng and 5.74 for CuSnj. Resistances up to 10* Q em2 were

98

also observed by Grassini 23 for “black patina” on bronze in 0.1 M
NazSO4 [23].

In conclusion, the protective ability of Paraloid-B72 depends on the
type of bronze. In continuation of the experiments, the less resistant
patina on CuSng bronze was protected and subjected to intentional
damage, while the more resistant sulfide patina on CuSn;;, (Fig. 4) was
exposed in the condensation chamber.
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3.3. EIS tests on CuSng bronze with protective coating layers

To investigate the ability of the paste electrolyte EIS cell to
discriminate between coatings with different number of layers, the Bode
spectra were measured for one, two and three-layer coatings on sulfide-
patinated CuSng bronze.

Bode spectra in Fig. 6a show that Log |Z| value at low frequencies
increases with the number of layers and so does the phase angle at the
high frequency limit. Capacitive response becomes more pronounced
with more coating layers, with the phase angle of almost 90° protruding
towards lower frequencies.

Log |Z| at 0.1 Hz increases by more than one order of magnitude for
the first coating layer compared to sulfide patinated CuSng bronze
(Fig. 4a and e) and by two more orders of magnitude after each of the
following layers. Resistances up to 10° Q cm? were also observed by
Goidanich [3] for bronze protection by three layer coatings including
Incralac and Licowax R21.

The spectra were fitted with three or two CPE-R couples connected in
parallel for one layer of the coating and two and three layers, respec-
tively. The first CPE-R couple represents the resistance and capacitance
of the coating, the second CPE-R couple represents the patina behavior,
and the third CPE-R couple represents the Faradaic response on the
metal surface. The low frequency response is observed only for the
sample with one layer of coating. Fig. 6b shows that the resistance in-
creases with the number of applied layers. The high-frequency capaci-
tances (Fig. 6¢) are of the order of nF em 2 for all samples. The medium-

a)
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frequency capacitances decrease with the number of coating layers from
1.1 pF em 2 to 2.3 nF cm_z, which is consistent with the literature for
dark green patina [48], and the low-frequency capacitance, attributed to
the substrate reaction, is in the mF range. The occurrence of the third
characteristic frequency for the sample with one-layer coating confirms
that this layer is porous and the electrolyte can penetrate to the surface
of the substrate. The characteristic frequencies for the three-layer
coating show a shift to the lower values, which is typical for the high-
impedance coatings with good barrier properties [50].

Repeated measurements of the entire spectrum on the sample with
two coating layers with removal of the paste between the measurements
give RSD of 0.14 % showing that the layer is not damaged by the cell
application and the paste removal.

3.4. EIS tests on CuSng with damaged protective coating layers

To investigate the ability of the paste electrolyte EIS cell to distin-
guish between intact and layers damaged to various degrees, an artifi-
cially patinated CuSng bronze surface coated with a layer of Paraloid B-
72 was gradually damaged with a scalpel, and the impedance rank was
observed at each stage of damage.

Fig. 7a shows the visual appearance of the damaged layer. Fig. 7b
shows Bode spectra measured for bronze with artificial sulfide patina
and a one layer of coating after inflicting various degrees of damage. The
data is fitted to the equivalent circuit according to the Fig. 5b.

The shape of the Log |Z| and phase angle curves in Fig. 7a changes
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from that characteristic of the sulfide patinated, bronze coated with one
layer in Fig. 6a to that representative of the bronze in Fig. 4a.

The resistance values shown in Fig. 7c remain nearly unchanged at
medium and low frequencies, while a decrease in coating resistance is
observed at high frequencies as the surface of the specimen becomes
more damaged. Damage to the protective layers on the sample exposes
the Faradaic process on the substrate. The capacitance (Fig. 7c) in-
creases with increasing damage to the protective layers, indicating an
increase corrosion prone area [37,39]. The Log |Z| value in Fig. 7c de-
creases with mechanical damage from a value of 5.33, which charac-
terizes the barrier effect of a one-layer coating on sulfide patina, to 4.42,
which is still higher than the value of 3.97 measured for the sulfide-
coated bronze.

3.5. EIS tests on artificially patinated coated bronze in various electrolytes

To investigate the influence of electrolyte on the artificially pati-
nated and double-coated CuSng bronze, EIS measurements were done in
3.5 % NacCl, tap water and paste electrolyte.

Two coating layers on patinated CuSne bronze have an EIS response
with two-time constants, at high and medium frequencies in all elec-
trolytes except tap water, where a single high-frequency response is
observed probably because of the very high resistance of the electrolyte
which disables response from lower frequencies. The resistance is much
higher and the capacitance much lower in the paste electrolyte than in
3.5 % NaCl, indicating conductive but less aggressive media (Fig. 8).

Although the corrosion process in bronze art and cultural objects
most often occurs under atmospheric conditions [51 ], EIS measurements
traditionally require immersion of the sample (or an area of the sample)
in an electrolyte [52]. As pointed out by Davis G.D. et al., the presence of
electrolyte can alter the temporary coating, and immersion can result in
artifactual damage to the sample, even with short immersion times
[52,53]. The immersion can therefore result in a drop in resistance that
may not be consistent with the actual protective effect of the coating. In
the case of the paste electrolyte, the barrier effect of the two-layer
Paraloid B-72 on the sulfide patina is clearly evident and is around
107 Q cm? at 0.1 Hz. The results are consistent with the impedance
ranges found in the literature for acrylic layers on “black patina”
[12,54].

3.6. EIS tests on protected bronze exposed to a condensing atmosphere

In order to quickly simulate the conditions to which the samples may
be exposed outdoors and to investigate the protective properties of the
chosen system without immersion, the set of samples was exposed to a
condensing atmosphere of 100 % relative humidity in the condensation
test chamber for 24 h. The barrier effect of sulfide layer on CuSnjs
bronze and of sulfide with one, two and three layers of Paraloid B-72 was
investigated before and after exposure. Fig. 9a and b show Bode spectra
before and after exposure, respectively.

After 24 h of the exposure, a drop in resistance is evident in all cases,
as seen from the comparison of Fig. 9c and d, indicating that the surface

100
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layers are permeable to water that diffuses into the pores. The re-
sistances of all samples are close to 10° Q cm? after exposure, indicating
that one and two layers of Paraloid B-72 do not provide a sufficient
barrier under water condensation conditions. The three-layer system
exhibits a resistance of about 10% Q@ em?, indicating that the three layers
of Paraloid B-72 provide adequate corrosion protection, even under
condensation conditions. Fig. 9c and d confirm that the electrolyte does
not penetrate through the three coating layers to the surface of the
metal, but the protective layers maintain the high resistance values at
high and medium frequencies from before exposure. The remaining
samples show a response at low frequencies, indicating that the elec-
trolyte penetrates to the surface of the metal substrate in these samples.
The capacitance values increase towards lower frequencies for all sam-
ples, but the samples without and with one layer of Paraloid B-72 show a
more pronounced increase in capacitance after 24 h of exposure in the
condensation chamber, while the exposure has a slight and no effect on
the samples with two or three layers of the coating, respectively, con-
firming better protection.

3.7. Measurements on bronze coins

Seven Austro Hungarian 2 Heller coins from a private collection
shown in Fig. 10 were also EIS tested in their pristine state and then with
one coat of Paraloid B-72. In the pristine state, the coins were covered by
a thin and even layer of brown patina, with no visible signs of active
corrosion or previous cleaning or coating treatments. In the further text,
the coins are denoted by their mint year.

EIS measurements were performed using the experimental setup
shown in Fig. 1c. The aim was to determine the reliability of the studied
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method for practical application to bronze heritage. Fig. 11a and b show
Bode spectra of the uncoated and coated coins, respectively.

All protected coins exhibit higher impedance values and more
capacitive behavior, as indicated by the phase angle at high frequencies.
Unprotected coins exhibit a low-frequency resistance related to the
Faradaic process on the coin surface, with a high value between 10° and
10° Q cm? due to the low corrosivity of the paste electrolyte. The
medium-frequency patina resistance is much lower than that of the
protected coins, indicating the redox process [38]. Coated coins show
resistance of coating and patina with no evidence of a Faradaic process
on bronze surface. The calculated capacitances show the decrease of the
surface area susceptible to corrosion of the coated samples. The char-
acteristic frequencies confirm that the coating provides a good barrier
and responds only to the high and medium frequencies, while the patina,
although providing relative protection, does not prevent the corrosion of
the substrate because the electrolyte can penetrate to the metal surface,
causing the response in the low-frequency range.

A one layer of coating provides different protection for the similar
specimens, probably due to the combination of the unevenness of the
coating and the coin surface. This result justifies the common practice of
applying multiple coatings to historic bronze objects.

Linearity, causality, and time invariance of the system used for EIS
characterization of the coins [15,55] were tested by applying the linear
Kramers-Kronig transform to all spectra in Fig. 11 [32-34]. Log |Z| was
calculated from the fitted Zg, and Z;,, and the relative error versus
frequency between the measured and ideal Kramers-Kronig Log |Z| is
shown in Fig. 12.

From the results given on Fig. 12a for the uncoated coins, it can be
noted that residuals do not exceed +0.2 % on the entire analyzed
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Fig. 10. Austro Hungarian 2 Heller coins from a private collection that were subjected to EIS testing in the novel cell.
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Fig. 12. Kramers-Kronig residuals of Log |Z| determined for a) unprotected coins and b) coins protected with a one layer of coating.

frequency spectrum, indicating that measured data closely match with
Kramers-Kronig theoretical spectrum. In the case of coins protected by
one layer given on Fig. 12b, the values of the residuals are slightly
higher, but even extreme residuals do not exceed +0.5 %. Therefore, it
can be concluded that measured data agree well with Kramers-Kronig
theoretical spectrum also in case of protected coins.

The residuals do not deviate from zero over the entire frequency
range, indicating that the accuracy of the measurement is not affected by
the measurement setup and procedure.

3.8. Log |Z| at 0.1 Hz approximation

EIS measurements allow evaluation of the effectiveness of the pro-
tection provided by the coatings. In the conservation science literature,
the modulus at the low frequency is often used as a measure of corrosion
resistance [4]. This simplified approach was found to be justified when
the protective effect of the surface layers is comparatively evaluated
[10].

Fig. 13 further explores the applicability of the Log |Z| at 0.1 Hz
approximation and shows proportionality of the Log |Z| at 0.1 Hz to the
sum of the high and medium-frequency resistances, R; + Ry,. For most of
the samples, Log |Z| at 0.1 Hz is good approximation of the cumulative
resistance of the patina and coating layers with the fitted line passing
through origin, having a slope of ~1 and a coefficient of correlation R
equal to 0.99.

Samples showing deviation from linearity are the pristine (uncoated)
Heller coins (Fig. 10), the significantly damaged samples (damage 3 and
4 from Fig. 7a) and the sample with low-quality patina on CuSng bronze,
denoted as CuSngP in Fig. 4f. Deviation is more obvious in Fig. 14a
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Fig. 13. Comparison of Log |Z| at 0.1 Hz and the sum of the high and medium
frequency resistances resulting from fitting the equivalent circuit model to the
EIS data for the measurements performed in this study.
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where Log(R1 + R2) and Log |Z| at 0.1 Hz are compared.

To determine the criterion for the validity of the Log |Z| at 0.1 Hz
approximation the Phase Angle at 0.1 Hz is compared to the tané = — 1/
tan (—PhaseAngle at 0.1Hz) parameter that expresses the ratio of the
resistive to the capacitive current at 0.1 Hz. For tané= 1, capacitive
(imaginary) part of the resistance equals the resistive (real) part. For
tané < 1, the capacitive response is predominant indicating insulting
characteristic of the coating.

A quantitative criterion of Phase Angle at 0.1 Hz < 40° or tané > 1.2
for the validity of the Log |Z| at 0.1 Hz approximation of protective
layers resistance can be adopted based on Fig. 14b.

Literature [14,56] shows that the unprotected surfaces of copper
alloys exposed to a relatively mild environment have impedance values
around 10° Q cm? (Log |Z| = 5). Impedance values for patina on bronze
are generally between 10% and 10° Q cm? [12,48,57] (Log |Z| = 4-5).
Surfaces with residual protective coating have impedance values around
3 x 10° Qem? 4 x 10° Qem? (Log |Z| = 6.4-6.6) and surfaces protected
by wax based coatings have impedances about 10’-10% Qecm? (Log |Z| =
7-8) [27]. The results from Figs. 2 and 4 are in line with the above
ranges.

The criteria for assessment of conservation coatings still need to be
defined. Mills et al. [58] recently suggested the respective limits for
good, fair and poor coatings of >10 Q cm? (Log |Z| > 5), 5-0.5 Q cm?
(Log |Z| = 4.69-3.69) and < 0.5 Q cm? (Log |Z| < 3.69) based on DC
resistance measurements and electrochemical noise measurements.
Much higher respective limits of Log |Z| > 8 and Log |Z| < 6, are set for
good and poor industrial coatings.

4. Conclusions

The novel EIS paste electrolyte cell proved to be advantageous for the
analysis of common bronze protection system i.e., sulfide patina covered
by a Paraloid B72 coating.

Considering all the measurements made in this study, Log |Z| at 0.1
Hz was found to be approximately equal to the sum of the resistances of
the patina and coating layers determined from modeling the EIS spectra.
Log |Z| at 0.1 Hz increases from 3.9 to 9.1 (8-10° to 1.25:10° Q cm?)
when moving from bare and patinated bronze to bronze protected with
multiple layers of Paraloid B-72. A quantitative criterion of Phase Angle
at 0.1 Hz < 40° for the validity of the Log |Z| at 0.1 Hz approximation
was derived and explained in terms of the ratio of the resistive and
capacitive components of the impedance, expressed by tans > 1.2.
Coating the patinated bronzes of various compositions with Paraloid B-
72 layers results in an increase in resistance and a decrease in
capacitance.

Quantitative evaluation criteria for conservation coatings still need
to be established. These may differ significantly from the criteria for
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Fig. 14. Comparison of the a) Log(R1 + R2) and Log |Z| at 0.1 Hz values and b) Phase Angle at 0.1 Hz and tané for the measurements performed in this study.

industrial coatings, because conservation coatings are much thinner and
unpigmented. In addition, the patina itself is considered protective and
its morphology can influence the overall effect of the patina/coating
system. This simple approach in combination with a paste electrolyte
cell allows rapid measurements and the subsequent statistical analysis.
Based on the data presented, it is expected that extensive application to
various bronze objects, patinas of different appearance and surfaces
exposed to different microclimatic conditions, unprotected or protected
by conservation coatings, will reveal new behavioral patterns of the
bronze objects.
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