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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. 



 

Keywords: electrochemical impedance spectroscopy, corrosion resistance, coatings, 

paste electrolyte, in situ measurement, equivalent circuit model, reproducibility, field 

diagnostics. 

  



 

Sažetak 

Elektrokemijska impedancijska spektroskopija (EIS) već je desetljećima prepoznata 

kao snažna metoda za kvantitativnu procjenu otpornosti premaza i metala na koroziju, kako u 

laboratorijskim tako i u terenskim uvjetima. Ipak, unatoč dugogodišnjem istraživanju, EIS se 

još uvijek nije afirmirala kao rutinski alat u inženjerskoj praksi, ponajprije zbog složenosti 

konvencionalnih ćelija s tekućim elektrolitom, osjetljivosti na šumove iz okoline te nedostatka 

prijenosnih i reproducibilnih sustava za mjerenja na terenu. 

Cilj ovog doktorskog istraživanja bio je razviti eksperimentalni sklop, režim mjerenja i 

protokol interpretacije podataka koji omogućuju pouzdana impedancijska mjerenja izravno na 

premazanim i metalnim površinama. Posebnost razvijenog sustava jest uporaba elektrolita u 

obliku paste i fleksibilnih vodljivih gumenih elektroda, koji omogućuju stabilna i ponovljiva 

mjerenja bez prolijevanja elektrolita i oštećenja površine. 

Istraživanje objedinjuje rezultate četiri rada objavljena u časopisima s recenzijom u 

razdoblju od 2019. do 2023. godine, koji zajedno čine kontinuirani razvojni ciklus od koncepta 

do primjene. Početno istraživanje uvelo je konfiguraciju s gel-elektrolitom kojom je dokazana 

izvedivost impedancijskih mjerenja s kvazi-krutim elektrolitom. Naknadna su istraživanja 

uspostavila jedinstveni ekvivalentni električni krug primjenjiv na dielektrične i porozne 

premaze, definirala granice točnosti i otpornost na smetnje te rezultirala konstrukcijom i 

validacijom prijenosnih ćelija s elektrolitom u pasti, pogodnih za uporabu u laboratorijskim i 

terenskim uvjetima. 

Prateći softver omogućuje automatizirano prikupljanje podataka i kontrolu kvalitete 

signala, čime se osigurava reproducibilnost i sljedivost mjerenja, te uključuje pojednostavljene 

kvantitativne kriterije za procjenu zaštitnih svojstava premaza, temeljene na poboljšanom 

modelu interpretacije impedancijskih podataka. 

Jedinstvena analiza ovih istraživanja pokazuje da kombinacija elektrolita u obliku 

paste, prikladne konstrukcije ćelije i optimiziranog režima mjerenja omogućuje pouzdanu i 

reproducibilnu procjenu otpornosti na koroziju širokog spektra materijala, uz očuvanje 

osjetljivosti laboratorijske EIS metode u praktičnoj in situ primjeni. Ovim se radom premošćuje 

jaz između eksperimentalnih EIS istraživanja i njihove inženjerske primjene, pružajući 

potpuno validiranu metodologiju za prijenosno, nedestruktivno impedancijsko ispitivanje. 

Razvijeni sustav postavlja temelj za širu primjenu impedancijski utemeljenih dijagnostičkih 

metoda korozije te za buduću integraciju in situ praćenja s analitikom temeljnom na podacima 

i digitalnim pristupima upravljanja korozijom. 



 

Ključne riječi: elektrokemijska impedancijska spektroskopija, otpornost na koroziju, 

premazi, pasta-elektrolit, in situ mjerenje, ekvivalentni krug, ponovljivost, terenska 

dijagnostika. 
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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 ISO 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 ISO 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 
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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 DrSc01 plan were verified and fulfilled through the included peer-

reviewed publications (2019 – 2023). 

No. 
Hypothesis / Expected 

scientific contribution 

Verification / Achieved 

through 
Publication(s) 

H1 

Use of a two-electrode cell and 

conductive paste electrolyte 

enables accurate impedance 

measurements of coatings 

across 10³–10¹¹ Ω cm². 

Demonstrated by gel- and 

paste-electrolyte 

configurations tested on high-

resistance coatings and 

metallic substrates. 

P1, P4 

H2 

Measurement and adjustment 

of AC interference amplitude 

ensure sufficient precision and 

accuracy under simulated 

interference. 

Quantified interference 

thresholds, optimized signal 

amplitude, validated 

algorithm for noise control. 

P3 

H3 

Conductive paste electrolyte 

with suitable conductivity, 

wetting, and consistency 

enables accurate measurements 

without damaging coatings or 

substrates. 

Comparative evaluation on 

high- and low-impedance 

systems; verified 

harmlessness for conservation 

coatings. 

P4 

H4 

The developed method 

distinguishes small changes in 

coating impedance reflecting 

protective performance. 

Continuous-exposure studies 

and model interpretation 

reveal sensitivity to minor 

degradation changes. 

P2, P4 

H5 / C4 

Simplified quantitative criteria 

based on improved model 

interpretation facilitate 

Unified equivalent-circuit 

model and evaluation criteria 

implemented in custom 

software. 

P2, P4 
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practical evaluation of coating 

condition. 

C1 

Application of a system with 

polymer electrodes and 

conductive paste electrolyte for 

coating evaluation across full 

impedance range. 

Developed flexible polymer 

electrodes and paste-

electrolyte cells validated on 

industrial and conservation 

coatings. 

P1, P4 

C2 

Systematic study of AC 

interference effects on 

precision and accuracy of EIS 

measurements. 

Reproducibility confirmed 

via dummy cells, calibration 

foils, and interference 

simulations. 

P3 

C3 

Examination of conductive 

paste electrolyte effects on 

low-resistance conservation 

systems (bronze patina, 

coatings). 

Verified harmlessness and 

measurement stability on 

conservation coatings. 

P4 

 

Legend 1 – Research hypotheses 

H1. 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 1011 Ω cm2). 

H2. 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. 

H3. 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. 

H4. 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. 

H5. 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. 
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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. I. Šoić, I., S. Martinez, M. Dubravić, 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, I. Šoić, V. Špada, 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. Šoljić, I. Šoić, 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. I. Šoić, I. Šoljić, M. Eškinja, A. Mujezinović, 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 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 
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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. 
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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 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 et al. 2018 [21]; 

Ramírez Barat et al. 2018 

[22] 
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2018-2022: Portable and 

compact impedance 

detectors 

Emergence of compact, low-

power, field-ready EIS 

devices; introduction of 

CID-type instruments and 

paste/gel electrolytes 

enabling on-site 

measurements. 

Kuo et al. 2018 [23] 

Friedersdorf et al. 2019 [24]; 

Merten et al. 2019 [25]; 

Monrrabal et al. 2019 [26] 

2022-2025: Recent 

directions: non-invasive, 

model-driven and AI-

assisted systems 

Integration of impedance 

sensing with digital-twin 

concepts, ML-based 

classification and threshold-

triggered maintenance 

schemes; progress toward 

autonomous diagnostic 

platforms. 

Rondinella et al. 2023 [27]; 

Popova et al. 2024 [28]; Ji et 

al. 2025 [29]; Hein et al. 

2025 [30]; Dong et al. 2025 

[31]; Jiryaeisharahi et al. 

2025 [32] 

 

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 Number of Papers Focus / Relevance 

Progress in Organic 

Coatings 
15 [12,14,17,27,30,32–41] 

Core journal for EIS studies of 

coatings, equivalent-circuit models 

and sensor validation. 

Corrosion 8 [16,26,42–47] 

Publishes embedded-sensor and 

applied corrosion monitoring studies 

(NACE/AMPP). 
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Corrosion Science 4 [18,31,48,49] 

High-impact journal covering 

mechanistic and modeling aspects of 

coating degradation. 

Measurement 3 [23,29,50] 
Focus on EIS hardware, portable 

detectors, and metrological validation. 

IEEE Access 3 [51–53] 
Features modern, electronics- and AI-

based EIS developments. 

Sensors 3 [54–56] 

Open-access venue for EIS-based 

sensing, monitoring, and smart 

diagnostic systems. 

Electrochimica Acta 3 [57–59]  
Fundamental electrochemistry and EIS 

parameterization of coatings. 

Materials Science 

Forum 
2 [60,61] 

Early venue for environmental EIS 

and mechanical effects on coatings. 

Journal of Solid 

State 

Electrochemistry 

2 [62,63] 

Studies on adhesion, coating 

interlayers, and EIS of stressed 

coatings. 

Anti-Corrosion 

Methods and 

Materials 

2 [64,65] 
Field-oriented EIS applications on 

rubber and metal coatings. 

IEEE Transactions 

on Instrumentation 

and Measurement 

2 [66,67] 
Low-cost and logarithmic amplifier 

EIS systems. 

Materials 

Performance 
2 [68,69] 

Industry-focused corrosion monitoring 

and sensor application studies. 

Sensors and 

Actuators B: 

Chemical 

2 [20,22] 
Gel-based and embedded-electrode 

EIS sensors. 

Journal of Food 

Engineering 
2 [70,71] 

EIS of protective food-contact 

coatings and can corrosion. 

Journal of Adhesion 

Science and 

Technology 

2 [72,73] 

EIS for sealant and adhesion 

evaluation in coating and bonding 

systems. 

 

2.2. From laboratory electrochemical impedance to in-service monitoring  

Electrochemical impedance spectroscopy 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, 
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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 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. 

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. 
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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 [74]. 

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 [47]. 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 [61]. 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 

[33,57,60]. These studies established the first remote EIS surveillance systems, showing that 

impedance-derived polarization resistance reliably tracked coating degradation in service 

environments. 

Concurrently, González, Otero, Bautista, Morcillo and Almeida (1998–1999) 

developed specialized lap-joint sensors for EIS and noise analysis of coated galvanized steel 

sheets [35,75]. 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. 
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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 

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 

[15,69]. 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. [69] 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 

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 [73,76–

78]. 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 
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tests. These investigations demonstrated that EIS could identify early-stage bondline 

weakening—well before visible or mechanical failure occurred—laying the conceptual 

foundation for condition-based maintenance and in situ bond evaluation. 

The methodology was later extended to sealants and polymer interfaces [72]. 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. [36] 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. [79] and Krakowiak et al. [65] 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. [34] 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. [67] 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. [63] 

demonstrated that cyclic mechanical loading of coatings causes characteristic impedance 

changes, while Miszczyk et al. [62] developed a multilayer interfacial-adhesion sensor that 

detected delamination between coating layers through EIS signals. Le Thu et al. [58] introduced 

localized EIS measurements around artificial coating flaws under cathodic protection, and 

Strunz et al. [80] refined time-dependent impedance evaluation using the Z-HIT algorithm to 

distinguish true dielectric changes from non-stationary effects during initial immersion. 

Klüppel et al. [59] 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. 
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Qi et al. [16,44] 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 

[18,45,46,49]. 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. [42] and Su et al. [43] 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. [48] extended this approach to Prohesion 

exposure, correlating impedance evolution with coating degradation under cyclic salt and 

humidity. Allahar, Su, and Bierwagen [41] 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. 

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 
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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 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 [68]. 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 

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. [81] 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 
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with potentiostat-based measurements and demonstrated the feasibility of rapid, in-field 

impedance screening for coating evaluation. 

In parallel, Xia et al. [71], Zheng et al. [64], and Wang et al. [82] 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 have 

significantly progressed. Angelini and Grassini [66,83] addressed this trend by introducing EIS 

systems based on Arduino and other microcontrollers. By utilizing logarithmic amplifiers, 

these systems were capable of performing measurements over a wide frequency range (0.01 

Hz–100 kHz), while maintaining the total hardware 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. [38] 

applied in situ EIS diagnostics to oil-storage-tank coatings, using equivalent-circuit models 

with two 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 

[6,12,84]. Zajec et al. [84], 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. 

Simultaneously, researchers addressed the practical limitations of immersion-based 

electrochemical cells, seeking alternatives suitable for vertical, irregular, or heritage surfaces. 

Ramírez 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. [85] developed co-

planar hydrogel EIS cells capable of measuring both coating capacitance and surface sheet 
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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. [86] 

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. [51] 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. [87] 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 

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 
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impedance measurements up to 10⁹ Ω cm², 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 [52], and CID 3.0, 

featuring improved analog circuitry, oversampling, and reduced power consumption for stable 

measurement of high-impedance coatings [53]. 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. [50] 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. [40] 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. [88] 

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. [54,55] 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.  Ultimately, these advancements 

in fiber and gel electrolytes bridge the gap between conventional laboratory setups and field-

ready flexible sensors, ensuring both measurement reliability and structural adaptability. 

In the field of cultural-heritage conservation, Valentini [56] 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 Round-Robin study conducted by Ritter et al. 

[89] which involved comparative measurements across multiple independent laboratories to 

validate methodological consistency, confirmed that modern portable instruments achieve 
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reproducible data regardless of the testing environment. Furthermore, Laschuk et al. [90] 

provided a comprehensive guide encouraging wider adoption of EIS for material 

characterization beyond corrosion science. 

Looking toward the future, Frias-Cacho et al. [91] reviewed in-service coating health 

monitoring technologies within the context of Industry 4.0 and IoT-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 AI-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 

(ii) the integration of data-driven models for predictive coating-health assessment and 

lifetime prediction. 

As previously mentioned, Frias-Cacho et al. [91] 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 

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 
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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. [70] 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. [92] 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. 

Ji et al. [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 

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. 
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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 

cells of Molina [93], 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.  
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[91]. 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 

ISO 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 [94]. 

These standards collectively define how electrodes, electrolytes, and measurement geometries 

should be arranged to ensure reproducible and interpretable impedance data.  

 

Figure 1. Schematic representation [95] of the ISO 16773 laboratory cell employing a three-

electrode geometry. 

In the ISO 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 [94], 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. [39], 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 (>10⁹ Ω cm²), 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 [96] 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 

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 Ω) 

without leakage, evaporation, or surface alteration. 
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a) 

 

b) c) 

 

 

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])[9], (b) represents the configuration for low-impedance coatings and 

bare metals, with (c) providing a closer look at the electrode setup [10]. 

 

The upper configuration (a) represents a two-electrode geometry designed for high-

impedance industrial barrier coatings. The coated or bare 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 cm², 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 
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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 cm², 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 

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 Šoljić et al., Progress in Organic Coatings 165 (2022) 106767 [9], and Šoić 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 of 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 ISO 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, low-

resistance, carbon based, 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. 
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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.  

Feature ISO 16773 ASTM D8370-22 
Paste-Electrolyte 

Cell (this work) 

Configuration 
3-electrode  

(WE–RE–CE) 

2-electrode (WE–

CE/RE combined) 

Two-electrode 

(25.96 cm² each) for 

high-impedance 

coatings; two-

electrode with mask 

and direct contact 

with the substrate for 

bare metals and thin 

coatings 

Electrolyte Liquid (immersion) Liquid or gel 

Semisolid 

conductive paste (Rₑₗ 

≤ 250 Ω, thickness 

0.3–0.5 mm) 

Sealing O-ring, fixed area 
Adhesive or 

magnetic seal 

Self-adhering paste, 

no seal 

Surface type Flat, horizontal 
Flat or slightly 

curved 

Any geometry, 

vertical or curved 

Field applicability Laboratory only Field-portable 
Fully portable and 

reusable 

Impedance range 
Up to at least 10¹⁰ Ω 

cm² at 0.1 Hz 
Up to 10⁸–10⁹ Ω cm² 10³–1011 Ω cm² 

Reproducibility High, fixed geometry 
Moderate, field 

dependent 

High, stable contact 

geometry 

 

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

The first paper of this doctoral research, Šoić et al. (2019) [7], introduced a gel-

electrolyte electrochemical impedance spectroscopy 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 
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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 10⁹ Ω cm², 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 TΩ 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 (dθ/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 

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 dθ/d log f curve: 

- A – purely capacitive response with no extrema (intact coating, θ > -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 (Rₚ) was obtained at 0.01 Hz, while |Z| at 0.1 Hz was used for 

ranking relative barrier performance. 

- Coating capacitance (Cₚ) was determined at 104.6 Hz, where the impedance slope 

equaled −1, according to Eq. (1) [7] 

𝐶 = 1/(𝜔 ∣ 𝑍 ∣)   (1) 
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- Water uptake (φ) was calculated using the Brasher–Kingsbury equation according to 

Eq. (2) [7], assuming 𝜀𝑒 = 80 for water. 

𝜙 = 𝑙𝑜𝑔 
𝐶𝑡

𝐶0
/𝑙𝑜𝑔 𝜀𝑒  (2) 

- Relative dielectric constant (εr) was derived from Eq. (3) [7] taking the dry-film 

thickness 𝑑 as constant. 

𝐶 = 𝜀𝑟𝜀0/𝑑   (3) 

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. 

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 yield 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 
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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 1011 Ω cm², 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 

surface. The active electrode area was defined by the cell geometry (≈ 24 cm²) and the paste-

electrolyte layer thickness of 0.3–0.5 mm. The cell provided a highly reproducible electrolyte 

resistance (≤ 250 Ω) 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  data 

for thick industrial coatings by introducing a unified equivalent-circuit model, 

𝑅𝑒  (𝑄1 [𝑅1 (𝑄2𝑅2)]), 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 in 3.4 % NaCl solution were performed using three electrode system 

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 
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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. 

It should be emphasized that the two interpretations listed in table 5 do not represent 

alternative circuit models, but rather two limiting physical regimes described by the same 

equivalent circuit. The dielectric interpretation is applicable as long as the coating behaves as 

a blocking, non-porous film and no Faradaic processes occur at the metal/coating interface; in 

this case, the impedance response originates from intrinsic polymer dielectric relaxation and 

ionic mobility within the coating matrix. 

The porous-film interpretation becomes appropriate only when coating degradation 

leads to electrolyte penetration through pores reaching the substrate, enabling the formation of 

an electrochemical double layer and charge-transfer processes. The transition between these 

regimes is therefore governed by the onset of interfacial electrochemical activity rather than by 

a change in circuit topology, allowing the unified model to capture the continuous evolution 

from intact dielectric behavior to porous, electrochemically active coatings. 

Table 5. Physical interpretation of equivalent circuit model elements 

Model element Dielectric interpretation Porous-film interpretation 

Re Electrolyte resistance Solution resistance 

Q1 (CPE1) High-frequency capacitance limit C∞ Coating capacitance Cc 

R1 
Resistance to dipole movement / 

polymer relaxation 
Pore resistance Rp 

Q2 (CPE2) Low-frequency capacitance limit Cs Double-layer capacitance Cdl 

R2 
Film resistance linked to ionic 

conduction 

Charge-transfer resistance 

Rct 

 

The fittings achieved χ² < 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 ion-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 Tg 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 R2 and producing conduction plateaus characteristic 
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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 δ(ω) is defined as the resistive-to-capacitive current ratio according 

to Eq. (4) [8]: 

𝑡𝑎𝑛 𝛿 = 𝜖′′/𝜖′ = 1/𝑡𝑎𝑛 (−𝜃)  (4) 

- High-frequency tan δ 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 - 5 V) to differentiate polymeric from electrochemical contributions. A rise in the 

low-frequency tan δ 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 R2 and a growing low-

frequency tan δ peak under polarization, indicating increasing porosity and hydrogen-

induced blistering. Adhesion strength dropped by ≈ 50 %. 

- Systems B–D attained stable R2 values, reflecting water saturation without structural 

failure; their impedance and tan δ 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 (tan δ) and its response to polarization 
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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. Šoljić et al. (2022): AC Interference Impact on Coating EIS Assessment  

The study by Šoljić 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. It should be noted that the paste-electrolyte cell evaluated 

in this study differs from the earlier gel-electrolyte configuration reported by Šoić et al. (2019) 

[7], which employed a hydrogel-based electrolyte as an initial developmental step. In the 

subsequent work by Martinez et al. (2021) [8], this concept was refined into a semisolid, paste-

type electrolyte representing the final cell formulation used throughout the present doctoral 

research. 

While the earlier studies focused on improving coating interpretation (Šoić 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 GΩ 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 %. 

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 
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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 Ω cm²), 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, Šoljić 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. 

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 
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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. Šoić et al. (2023): EIS Testing of Bronze Coatings Using a Novel Paste Electrolyte 

Cell  

The paper by Šoić 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 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 (CuSn6 and CuSn12). 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: 

- Barrier performance: The low-frequency impedance (log|Z| at 0.1 Hz) increased 

systematically with the number of coating layers, ranging from 104 Ω cm2 for 

bare/patinated bronze to above 108 Ω cm2 for triple-layer Paraloid coatings. 
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- Condensation resistance: After 24 h exposure to 100 % RH, only the three-layer 

coatings retained high resistance (~108 Ω cm²), confirming superior water-barrier 

performance, while single- and double-layer coatings exhibited marked impedance 

drops (~106 Ω cm²). 

- Patina quality differentiation: The medium-frequency capacitance (1.1 µF cm⁻² to 2.3 

nF cm⁻²) reflected coating penetration into the patina pores, enabling discrimination 

between compact (CuSn12) and porous (CuSn6) patinas. 

- Data validity: 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|0.1Hz 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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This doctoral dissertation, prepared in accordance with the Scandinavian model, 

synthesizes four peer-reviewed studies into a cohesive developmental cycle. It transitions from 

the fundamental conceptualization of EIS measurements in semisolid electrolytes to the 

validation of a robust, portable methodology applicable across diverse materials and 

geometries. 

The synergistic contribution of this research is defined by three key pillars: 

1. Methodological innovation and integration: By developing a specific experimental 

configuration-ranging from gels to paste-electrolytes with flexible electrodes-this work 

establishes a unified framework that bridges the gap between laboratory precision and 

field applicability. This integration ensures stable contact and reproducible data 

acquisition across a wide impedance range (103 to 1011 Ω cm2) without the need for 

liquid electrolytes. 

2. Metrological reliability and modeling: Beyond simple measurement, this dissertation 

provides a unified interpretation model that offers consistent physical meaning for both 

dielectric and porous coatings. By quantifying noise sensitivity and accuracy, the 

methodology is validated as a reliable metrological tool even outside controlled 

laboratory environments. 

3. Technological versatility and impact: The practical robustness of the system is 

demonstrated through its successful application to both industrial infrastructure and 

sensitive conservation objects. This confirms the methodology's transferability and its 

potential for automated, data-driven diagnostics in real-world conditions. 

In conclusion, 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. These results establish a foundation 

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

protective coatings.
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