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a b s t r a c t 

Although zinc and zinc coatings have been widely used for corrosion protection for decades new zinc 

coatings are constantly being developed. Characterizing the corrosion protectiveness of these new coat- 

ings, however, should not be underestimated. While exposure tests are time intensive, cyclic tests can 

only be used for a very limited field of application. Thus, electrochemical measurements provide both an 

efficient and an effective alternative. Conventional aqueous bulk electrolytes influence the surface layers 

of a tested zinc coating and are therefore not reliable. Gel electrolytes, however, have evolved over the 

last few years, are minimally invasive and provide reliable results. 

This work describes experiments with gel electrolytes made of agar. Unlike previous work, it proposes 

a composition of gel electrolyte for minimally invasive description of the protective power of naturally 

formed oxide layers on zinc and zinc coatings. Therefore, as a first part, the gel electrolyte made of agar 

is verified as a method for zinc and zinc-coated samples. Afterwards, this paper introduces the corro- 

sion product layer resistance R L as a promising parameter to evaluate the protective power of zinc coat- 

ings. Results are verified with EIS and FTIR measurements. An example on a representative zinc coating 

demonstrates the practical application. 

© 2021 The Author(s). Published by Elsevier Ltd. 
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. Introduction 

Besides iron, aluminium and copper, zinc belongs to one of the 

our most utilized metals in the world, not only as construction 

aterial, but also in biomedical applications and for physiology 

 1 , 2 ]. Its main use, however, is as a protective layer on steel and

ron against corrosion. In 2017, the US reported that 87% of the to- 

al US consumption of zinc (517,0 0 0 t) was used for galvanizing 

rocesses [1] . 

Numerous publications exist about the atmospheric corrosion 

f zinc and zinc coatings (e.g. [ 2–9 ]). To predict the zinc corrosion

ate under different atmospheric conditions world-wide exposure 

rograms were performed during the last decades, e. g. the ISO- 

ORRAG [10] and the MICAT [ 11 , 12 ] program. Zinc forms sponta-

eously an oxide film of a few nm thickness, which converts into 

ifferent corrosion products, depending on the type of atmosphere 

2–5] . 

Due to the technical significance of zinc as corrosion protec- 

ion, new zinc alloy coatings are being constantly developed [ 2 , 13 ],
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E-mail address: svenja.valet@bam.de (S. Valet). 

i

t  

t

s

ttps://doi.org/10.1016/j.electacta.2021.138191 

013-4686/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article
hich in turn results in the formation of new corrosion products 

uch as layered double hydroxide structures [14] . Assessing the 

orrosion resistance of these new coatings requires year-long field 

xposure tests. In order to minimize the time for analysing the 

orrosion behaviour, accelerated corrosion tests are widely used, 

uch as the neutral salt spray test [ 7 , 15–18 ]. Due to a lack of re-

emblance of the atmospheric corrosion mechanisms, particularly 

he influence of wet-dry-cycles to zinc, which largely depend on 

he climatology [ 14 , 19 ], however, the results cannot be transferred 

nto natural field exposure results. Some standards and info sheets 

 20–23 ] already imply the non-reliability of cyclic tests. Conse- 

uently, while atmospheric exposure tests take too long time, and 

yclic teste are unsuitable, electrochemistry seems to be a promis- 

ng alternative. 

Bulk electrolytes (that means a mass of electrolyte) used for 

lectrochemical investigations may trigger the transformation or 

issolution of formed corrosion products, hence being unsuit- 

ble for reactive oxide films and samples with corrosion prod- 

cts forming a kind of passivation layer. Furthermore, curved and 

rregular specimen surfaces may generate crevices in combina- 

ion with mounted measuring cells [ 19 , 24 ]. The use of gel elec-

rolytes prevents these problems, with the gel’s impeded diffu- 

ion conditions preventing the dissolution of the corrosion prod- 
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ct layer [25] . Polymer electrolytes - ionically conducting mate- 

ial [26] - have been employed for more than 50 years [ 27 , 28 ],

rimarily for solid state electrochemical devices such as batter- 

es or electrochromic devices [ 24 , 26 , 27 , 29 ]. While at the begin-

ing polymer electrolytes were largely made of synthetic materi- 

ls (such as poly(ethylene oxide)), natural polymers came into fo- 

us recently [ 26 , 30 ]. Besides being naturally abundant and thus 

enewable and biodegradable, they are inexpensive and easy to 

repare [ 26 , 29 , 31 ]. Examples of such natural polymers are starch,

ellulose, gelatine and agar [30] . Among them, agar is a promis- 

ng material, as it is prone to a phenomenon called syneresis: the 

spontaneous loss of water on standing” [32] , which helps wetting 

he surface between the agar and of a sample surface with a thin 

oisture film, assuring an electrolytic electrode/sample contact 

 19 , 24 , 31 ]. 

Agar is a natural polysaccharide found in red seaweed. It is 

omposed of agarose – the polysaccharide fraction with the great- 

st gelling potential – and agaropectin – the collective fraction of 

oor or non-gelling polysaccharides [ 32 , 33 ]. While both consist of 

he same backbone – agarobiose, a disaccharide –, agarose is neu- 

ral, but agaropectin is charged due to the partial replacement of 

ide groups by pyruvic acid, sulphated or methylated groups, mak- 

ng it polar/hydrophobic [ 30 , 32 , 33 ]. Agar is commonly used in bac-

eriology or virology; however, it is also in use as gel electrolytes 

or electrochemistry [ 32 , 34 ]. 

Table 1 gives an overview of recent work on gel-type polymers 

hich are made of agar and are used for corrosion testing. It can 

e seen that agar gels are mainly used for bronze, stainless steel 

nd zinc. The compositions of the agar electrolyte, however, vary 

epending on the application. While previous research was based 

n the addition of salts or acids to achieve transparent gels with 

aximum conductivity for electrochromic devices [ 26 , 30 , 35 ] or to

imic bulk electrolytes [ 36 , 37 ], Table 1 focuses on agar gels used

s electrolytes for investigating atmospheric corrosion phenomena. 

reviously, Angelini [38] studied the atmospheric corrosion on cul- 

ural heritage with disposable surface electrodes used for elec- 

rocardiograms. Although they found electrochemical impedance 

pectroscopy to be an effective method to study the formed cor- 

osion layer, the conductivity of the electrodes is too low, and the 

nhomogeneous distribution of current may distort the findings. 

herefore, the table at hand focuses on gel electrolytes made of 

gar. 

Table 1 presents the differences in the composition of the vari- 

us gel electrolytes used. Furthermore, it depicts the diverse elec- 

rochemical methods and analysed metal types. 

Cano et al. [29] built a portable cell to be able to examine 

he natural patina of bronze sculptures. They demonstrated that 

he gelification of a liquid electrolyte with agar does not influence 

he results of the electrochemical impedance spectroscopy. How- 

ver, the effect of agar on the results was not tested. Ramírez-Barat 

t al. [31] studied the effect of agar, showing that it slightly accel- 

rates the anodic partial reaction, but does not influence the ca- 

hodic partial reaction on bronze samples. They were able to obtain 

eproducible results with electrochemical impedance spectroscopy 

ithout changing the corrosion mechanism. Ramírez-Barat et al. 

ontinued their work [41] and studied the influence of different 

eference electrodes and electrode distances, allowing for specific 

pplications of their system. 

Monrrabal et al. [24] used the knowledge gathered by Cano 

nd Ramírez-Barat to modify the agar gel electrolyte by the ad- 

ition of glycerol as a plasticizer. To simulate the aggressiveness 

f conventional aqueous electrolytes, sodium chloride was added. 

hey proofed that the gel can successfully replace classical aque- 

us electrolytes for examining metallic surfaces. This was also 

ound in other studies [36] . Monrrabal et al. continued their work 

40] and added KClO 4 salts to their gel electrolytes in order to 
2 
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Table 2 

Ingredients of the high purity agar powder per 100 ml demineralized water. 

Chemical compound Cl − PO 4 
3 − SO 4 

2 − NO 3 
−

Weight 16 mg 7 mg 3 mg below detection limit 

2

2

o

p

w

s

w

2

o

2

2

(

w

s

H

s

i

w

t

h

T

o

d

T

(

p

d

t

a

t

D

2

t

t

w

s

u

mprove the electrolyte conductivity. They concluded that the se- 

ection of desired aggression is possible. Monrrabal et al., how- 

ver, did not add the salt in their subsequent study with electro- 

hemical noise to detect localized corrosion of stainless steel [42] . 

nstead, they used the optimized composition of their previous 

tudy [24] . 

In the meantime, Di Turo et al. [39] used the same gel elec- 

rolyte recipe as Cano et al. [29] for the study of ancient bronze 

atina of Roman coins. They found comparable results to tradi- 

ional techniques and concluded that gel electrolytes are a good 

lternative for non-invasive and non-destructive measurements on 

rchaeological metal samples. 

Babutzka et al. [25] utilized pure agar with a chloride con- 

entration of 260 ppm on pure zinc with electrochemical fre- 

uency modulation (EFM). They found that the gel electrolyte in- 

uences the corrosion layer much less than conventional aque- 

us electrolytes. The study focused on the applicability of EFM for 

orrosion investigations on zinc as a minimally invasive method. 

owever, the use of EFM is not straight forward and cannot 

e adapted to different surfaces and metals without further 

nowledge [25] . 

Langklotz et al. [19] on the other hand employed pure agar 

ith a chloride concentration of 60 ppm on titanium zinc to 

tudy mainly artificial corrosion product layers. They combined 

he gel electrolyte with ex-situ Fourier-transform infrared spec- 

roscopy (FTIR) and were able to characterize extremely thin 

inc surface layers. Measurements with gel electrolytes showed 

light changes in the electrochemical behaviour of the zinc layers, 

hich were not yet visible in the FTIR spectra due to very thin 

ayers. 

Both authors, Babutzka and Langklotz et al., used the polariza- 

ion resistance as an indicator for the protectiveness of the cor- 

osion layer. In 2009, Cano et al. [43] reviewed the use of the 

olarization resistance to examine the protective patina on cul- 

ural heritage. In case of uniform corrosion, the polarization resis- 

ance provides information about the corrosion rate of samples in a 

horter time period than atmospheric exposure tests. The polariza- 

ion resistance (R p ) can be calculated by different methods, i.e. by 

FM, dynamic polarisation [25] , linear sweep voltammetry, linear 

olarisation resistance measurements [19] or by electrochemical 

mpedance spectroscopy [43] . It is important to note, however, that 

 p resembles only the polarization resistance for active corroding 

ystems. For all others systems forming protective layers, such as 

inc, R p combines the resistance of the corrosion product, the elec- 

rolyte and the charge transfer [19] . Nonetheless, this combination 

f resistances forms an effective indicator of the protectiveness of 

he corrosion product layer and, to avoid further confusion, will be 

alled R L . R L is defined as corrosion product layer resistance in this 

aper. 

This work aims to implement a serial measurement of the cor- 

osion product layer resistance for the use of zinc and zinc coatings 

or corrosion monitoring. Unlike the cited authors, the gel pad is 

ot meant to mimic an aqueous electrolyte or to trigger corrosion 

eactions, but to describe the actual state of the surface layer con- 

isting of corrosion products from exposure in a minimally invasive 

ay. Thus, highly pure agar with a native chloride concentration of 

6 mg/ 100 ml dissolved in demineralized water is employed as an 

lectrolyte. 

This work is composed of four parts: first, the gel electrolyte 

ade of agar is verified as a method for zinc and zinc-coated sam- 

les. In the following part, the corrosion product layer resistance 

 L is introduced, which is developed into a serial measurement 

n part three. Finally, the serial measurement is applied on a rep- 

esentative zinc coating, demonstrating its suitability for practical 

pplications. 
o

3 
. Materials & methods 

.1. Electrolyte 

All measurements were performed with a gel electrolyte made 

f high-purity agar (Merck KGaA). The ingredients of the used agar 

owder per 100 ml demineralized water are displayed in Table 2 . 

Using an agar concentration of 3% (w/v), 1.5 g agar powder 

as dissolved in 50 ml demineralized water and boiled under con- 

tant stirring at around 90 °C. After cooling to 80 °C, the liquid agar 

as poured into a petri dish, leading to a pad thickness of around 

.8 mm. Following solidification, circular gel pads with a diameter 

f 19 mm were cut out. The resulting measurement area comprised 

.84 cm 

2 . 

.2. Samples and sample preparation 

Zinc with 99.95% purity and electrolytically galvanized steel 

Salzgitter Mannesmann Forschung GmbH, Salzgitter, Germany) 

ere used in this work. Both types of working electrodes were 

upplied with a corrosion protection oil on top of the surface. 

ence, the samples were degreased with petroleum ether and sub- 

equently cleaned with ethanol. The cleaning step was performed 

mmediately before the measurements or exposure test. 

In this work, pure zinc and electrolytically galvanized samples 

ere used with following surface modifications: 

- as-received with cleaned surface as described above; exhibits 

a thin, undefined layer of ZnO and Zn(OH) 2 , which cannot be 

detected with FTIR 

- as-received with cleaned surface and exposed to urban atmo- 

sphere 

Furthermore, some of the pure zinc samples were pickled with 

he following method: 

- pickled with 1 M NaOH 

The exposure was performed under urban atmosphere at the 

eadquarter of the Federal Institute for Materials Research and 

esting in Berlin-Steglitz. The sample rack is situated on the roof 

f the main building, 17 m high in relation to the street level. The 

istance (beeline) to the highly frequented main road B1 is 25 m. 

he corrosivity category of this atmosphere was determined as C3 

5.3 g/m 

2 a) for zinc under free exposure. The exposure test of the 

ure zinc samples was started on 13 January 2020 and finished 28 

ays later on 10 February 2020, while the exposure experiment for 

he electrolytically galvanized samples began on 5 February 2020 

nd terminated 28 days later on 4 March 2020. Hourly precipita- 

ion values were taken from the archive (Climate Data Centre) of 

eutscher Wetterdienst [44] . 

.3. Electrochemical set-up 

The electrochemical experiments were carried out with a Po- 

entiostat/Galvanostat Interface 10 0 0 (Gamry Instruments) and a 

hree-electrode set-up, comprising a counter electrode (CE), a 

orking electrode (WE) and a reference electrode (RE). While a 

aturated silver/silver chloride electrode ( + 197 mV vs. SHE) was 

tilized for the reference electrode, the counter electrode consisted 

f a titanium-mixed oxide mesh. Zinc or electrolytically galvanized 
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Fig. 1. Scheme of the three-electrode electrochemical set-up used for gel electrolytes (not true to scale). 
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teel were used as working electrodes. The thickness of the gel pad 

efined the distance between the reference and the counter elec- 

rode to the working electrode. According to Langklotz et al. [19] , 

he influence of the iR-drop inside the gel pad can be neglected. 

Fig. 1 displays a schematic drawing of the electrochemical set- 

p. 

.4. Methods used 

Linear polarization was used to determine the corrosion prod- 

ct layer resistance (R L ) of the samples with small deviations of 

5 mV from the free corrosion potential and a sweep rate dE/dt 

f 1 mV/s. In this region, the resulting current density (i) -potential 

E) plots exhibited an idealized linear behaviour. Eq. (1) determines 

he corrosion product layer resistance (R L ) based on the i-E plots: 

 L = 

�E 

�i 
(1) 

All single R L values were determined after five minutes of open 

ircuit potential measurement, except for the serial R L measure- 

ent where R L values were recorded every minute beginning from 

he first contact between sample and gel electrolyte. 

Electrochemical impedance spectroscopy was used to character- 

ze the samples after five minutes of measuring the open circuit 

otential. The selected time of open circuit potential measurement 

s a compromise between an almost stable potential for further 

easurements and the targeted minimally invasive measurement 

f the zinc surfaces. The time of open circuit potential measure- 

ent is the shortest possible time that seemed reasonable to pre- 

ent changes of the corrosion product layers on the zinc surfaces 

hrough an electrolyte. 

A sinusoidal electrochemical perturbation of the potential with 

n amplitude of ± 7.5 mV vs. E OCP was applied in a frequency 

ange of 100 kHz to 0.1 Hz. 10 points per decade were determined. 

he kinetic values were determined with the help of equivalent 

ircuit models (the models can be seen in the appendix). 

The chemical compounds of the surface layers were determined 

ith Fourier-transform infrared spectroscopy (FTIR), using a Nico- 

et 6700 (Thermo Scientific) with a beam split KBr Mid IR, while 

 DTGS KBr served as detector. The measurements were assessed 

etween ν = 400 and 4000 cm 

−1 with 32 recordings per mea- 

urement. 

. Results & discussion 

.1. Evaluation of the applicability of the gel electrolytes for zinc and 

inc coatings 

The gel electrolyte method is still comparatively new with re- 

ards to the application for zinc and zinc coatings, especially 
4 
ith regards to the composition of the gel. Three successive 

lectrochemical impedance measurements were performed on as- 

eceived pure zinc at the same spot to prove that the used gel 

lectrolyte in this work does not influence the measurement itself 

nd the zinc surface. Fig. 2 displays the results. No significant in- 

uences are seen between the three measurements, proving that 

ven after the third measurement the result is unchanged com- 

ared to the first. Thus, the measurements with agar are minimally 

nvasive and can be used for reactive samples. This is in accordance 

ith results found by other authors [ 24 , 25 , 31 ]. 

A clear difference between the long-term exposed and the non- 

xposed surface states can be seen in Bode and Nyquist plots and 

he FTIR spectra. A significant difference, however, is not visible 

mong the three measurements on both samples. Thus, the gel 

lectrolyte measurement can give reproducible results. 

While in the FTIR spectra no detectable corrosion product layer 

s visible for the pickled sample and only one small signal for 

he as-received sample, after the long-term exposure to city atmo- 

phere a typical carbonate-containing corrosion product layer (hy- 

rozincite) appears. This change in the surface state can also be 

bserved in the corresponding Bode plots: the impedance is sig- 

ificantly enhanced due to the growing corrosion product layer, 

hile the phase angle changes from an active to a more diffusion- 

ontrolled system. However, the Nyquist plot indicates that a com- 

letely diffusion-controlled system is not yet reached. According 

o the equivalent circuit and the extracted kinetic parameters in 

nnex B, all three sample states (pickled, as-received and ex- 

osed) inherit the same corrosion mechanism. All three samples 

eem to have a layer of corrosion products on the surface with 

 porous structure. Nevertheless, the polarization resistance R P of 

he exposed samples differs greatly from the other two sample 

tates as it is significantly higher and lies in a different value 

ange. 

Subsequently, the reproducibility of results for measuring at 

ifferent spots needs to be proven. In addition to pure zinc in 

ts as-received state, pickled and weathered samples were investi- 

ated. Zinc samples exposed to non-sheltered atmospheric weath- 

ring can exhibit different chemical phases on the surface, which 

o not necessarily cover the surface in a homogeneous way and 

ith different layer thicknesses from the μm to the nm scale 

 2 , 19 ]. Therefore, depending on the sample and the formed cor- 

osion products, the results may differ from pure zinc surfaces 

s the gel electrolytes are sensitive to different surface states. 

ig. 3 shows an example of electrochemical impedance measure- 

ents on three different surface states of zinc: a pickled sam- 

le, an as-received sample and a sample long-term exposed to 

rban atmosphere. The fitting of the EIS data to electrical cir- 

uits and the extraction of kinetic parameters is performed in 

nnex B. 
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Fig. 2. Successive electrochemical impedance measurements with gel electrolyte on pure zinc showing no influence of the measurement on the results. 

Fig. 3. (a-c) electrochemical impedance measurements: (a) and (b) Bode plots, (c) Nyquist plot with gel electrolyte on zinc samples with three different surface states: 

pickled, as-received and long-term exposed to urban atmosphere. (d) shows the corresponding FTIR spectra (the marked lines indicate the signals of hydrozincite). 

5 
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Table 3 

Measured and calculated values of R L from dynamic polar- 

ization and R P from EIS. 

Sample state R L in k � cm 

2 R P in k � cm 

2 

Pickled 16 ± 3 7 ± 1 

As-received 22 ± 4 8 ± 3 

Long-term exposed 370 ± 35 314 ± 30 
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The measurements show that the gel electrolyte can detect 

hanges in the chemical composition of the corrosion product 

ayer. 

.2. Introduction of the corrosion product layer resistance R L and the 

orresponding serial measurement for enhancing the characterization 

bility 

Various approaches can be chosen to understand the differences 

etween the formed corrosion products mentioned in the previ- 

us section: analytical methods such as Fourier-transform infrared 

pectroscopy (FTIR; as shown in Fig. 3 c) or X-Ray diffraction (XRD) 

eed a layer of a minimum thickness, are limited to a specific pen- 

tration depth and compounds. Electrochemical impedance mea- 

urements need deeper knowledge to be able to interpret the re- 

ults. On the contrary, the analysis of the corrosion product layer 

esistance with gel electrolytes is easy to interpret, while it can 

etect surface changes immediately [19] . 

The corresponding R L values of the above example in Fig. 3 are 

isted in Table 3 . In comparison, the polarization resistance of the 

hree states was determined with an equivalent circuit based upon 

 model including pores (see appendix). The corresponding fits are 

ncluded in Fig. 3 , while the values are added to Table 3 . Between

he pickled and the as-received sample the difference in resistance 

s small, as the formed corrosion product layers on the as-received 

ample is still very thin, instable and inhomogeneous. A significant 

ncrease of both resistances is visible upon exposure. Although the 

rend is similar for both resistances, the measured R L values are 

lways higher than the calculated polarization resistance values. 

his is logical, as the R L value combines different resistances, such 

s the resistance of the corrosion product, the electrolyte and the 

harge transfer [19] , while the R P value is only valid for active sys-

ems without an oxide layer. However, it can be seen that for an 

ctive system (the pickled sample), the R L is still in the same range 

f order than the R P , thus indicating that the tendency of R L can

ndeed be used to distinguish between corrosion product layers. 

Instead of measuring the corrosion product layer resistance R L 

t only one time point after five minutes of OCP, the resistance 

an also be measured directly after the first contact over an ex- 

ended time period every minute in a series measurement. Fig. 4 

hows exemplary the corrosion product layer resistance and the 

orresponding potential of the three states pickled, as-received and 

ong-term exposed to city atmosphere. Upon the first contact of 

ample and gel, a thin moisture film forms at the interface of both. 

ike the changes occurring at first contact during an open circuit 

otential measurement, the resistance changes significantly in the 

rst minutes. After this first increase the resistance flattens out for 

onger measurement times, indicating initial changes in the elec- 

rochemical reactions on the surface layer upon exposure and first 

ontact to the electrolyte [24] . 

The advantage of this series method is that changes on the 

urface are directly seen, i.e. the wetting process of the surface 

ayer. The serial measurement of R L after each minute of gel elec- 

rolyte contact allows to see immediate changes on the zinc sur- 

ace and the evaluation of the protective ability. A non-stable cor- 

osion product layer may degrade under the influence of the gel 

lectrolyte but could be determined by a vastly decreasing R value 
L 

6 
uring the serial measurement. However, in order to avoid confu- 

ion due to a highly complex diagram, for comparing e.g. differ- 

nt exposure times, one should pick one of the time points for all 

amples to give a clear presentation of the data. A prove that a 

eries measurement does neither influence nor trigger the subse- 

uent measurements can be found in the annex. 

.3. Verification for a representative galvanized coating 

In order to verify the serial method and to show that also 

hanges in the R L value for short-term exposures can be measured, 

 technically relevant zinc coating, electrolytically galvanized steel 

heet, was used in an exposure study (urban atmosphere) over a 

eriod of 28 days. 

Fig. 5 a displays the corrosion product layer resistance during 

he experiment. Upon the first contact of the samples with the 

el electrolyte, the resistance increases, but stabilizes for longer 

ontact times. The as-received sample exhibits a corrosion product 

ayer resistance of around 15 k � cm 

2 . With several precipitation 

vents in the first seven days of exposure time and thus a wet-dry- 

ycle the corrosion product layer resistance increases significantly 

o around 50 k � cm 

2 . This indicates the growth of a protective sur- 

ace layer consisting of corrosion products on the sample surface. 

ith longer exposure times and more precipitation events ( Fig. 5 f) 

ccurring, the corrosion product layer resistance rises significantly, 

eaching 180 k � cm 

2 after 28 days of exposure. This value indi- 

ates a stable corrosion product layer [19] . The time needed to 

orm this new layer strongly depends on the atmospheric condi- 

ions, such as precipitation and humidity and can therefore not be 

orecasted. 

For a better overview of the corrosion product layer resistances, 

he values for five minutes contact time of the gel electrolyte are 

lotted in Fig. 5 b. The corrosion product layer resistance increases 

trongly in the first 14 days, slowing down for longer exposure 

imes, which indicates the transformation of the formed corrosion 

ayer into a stable one. The same trend can be seen for the po- 

arization resistance R P that was extracted from the EIS measure- 

ents by fitting to equivalent circuits. Nevertheless, the R L value 

ends to be higher than the R P value calculated from EIS measure- 

ents. It is in accordance to the results in Table 3 on the pure zinc

amples. 

Fig. 5 (c-e) show the bode plot of the phase shift and impedance 

nd the Nyquist plot from EIS of the exposed, electrolytically gal- 

anized samples. The fitting of the EIS data to electrical circuits 

nd the extraction of kinetic parameters is performed in Annex B. 

he main difference in phase shift occurs between 0 and 7 days of 

xposure but is still increasing for longer exposure times. The sys- 

em shifts from a system with a thin and porous corrosion product 

ayer to a more and more diffusion-controlled system that seems 

o have several differently behaving corrosion product layers on 

he surface (equivalent circuit in Fig. B.2 ). The corrosion product 

ayers already formed in the first 7 days, but the increasing phase 

ndicates that the homogeneity of this layer is growing for longer 

xposure times. The Nyquist plot (e) indicates the intensifying of 

he diffusion-control by the levelling of the curves. 

In contrast, if the FTIR spectra of different exposure times are 

ompared (see Fig. 5 e), only slight signals can be seen for 7 

ays of exposure. The indicated lines mark the signals of hydroz- 

ncite (Zn 5 (CO 3 ) 2 (OH) 6 ), a carbonate containing layer, which offers 

 good corrosion protection [19] . The reason for this might be a 

oo thin layer in combination with a rough surface making it not 

et detectable by FTIR [19] . 

While the impedance measurement indicates the main surface 

hange for the first seven days, FTIR shows the first changes for 

onger times. The measurement of the corrosion product layer re- 

istance (Fig. 5a,b), on the other hand clearly indicates the on- 



S. Valet, A. Burkert, G. Ebell et al. Electrochimica Acta 385 (2021) 138191 

Fig. 4. Series measurement of the corrosion product layer resistance (b) and the corresponding potential (a) of pickled, as-received and long-term exposed zinc over a gel 

electrolyte contact time of up to 17 min. 
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oing changes on the sample surface upon exposure, both for 7 

nd up to 28 days of exposure. In contrast to EIS measurements, 

he corrosion product layer resistance describes this change with 

 faster and easier to determine measurement. Hence, in this case, 

he corrosion product layer resistance measurement is superior to 

he aforementioned methods. 

. Conclusion 

The results of this study lead to following conclusions: 

1 In contradiction to other studies with gel electrolytes made of 

agar, in this work the electrolytes were produced for minimally 

invasive description of the protective power of naturally formed 

oxide layers. To achieve this, the concentration of ions in the gel 

electrolyte needs to be as low as possible. Thus, no additions 

such as salts were used for the gel production. 

2 The gel electrolyte does not influence the corrosion product 

layer of a sample significantly. Hence, it is possible to use gel 

electrolytes for minimally invasive measurements, which are 

especially important for soluble and unstable corrosion product 

layers, which form at the beginning of atmospheric exposure. 

3 The measurements with gel electrolytes give highly repro- 

ducible results even at different measurement spots. 

4 The changes in the phase angle on the EIS bode plots show that 

the corrosion products constitute a diffusion resistance, which 

is forming between 0 and 7 days and increases for longer ex- 

posure times. 

5 The corrosion product layer resistance provides immediate in- 

formation about slight changes at the sample surface and about 

the formed corrosion product layer. The results can be veri- 

fied by electrochemical impedance spectroscopy. FTIR measure- 

ments allow verification at longer exposure times. 

6 The determination of R L is a simple and informative method for 

field measurements. In contrast to electrochemical impedance 

measurements it is easy to interpret and provides relevant in- 

formation on the protective ability of a corrosion product layer 

in a short time. 

7 While the polarization resistance R P cannot be determined on 

zinc systems with a corrosion product layer, the corrosion prod- 

uct layer resistance R can, indicating the current protection 
L 

7 
ability of the surface or protective layers. The R L tends to be 

higher than the R P value calculated from EIS measurements. 
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nnex 

. Influence of the serial measurement 

In order to create identical starting conditions, some pure zinc 

amples were pickled with 1 M NaOH for five minutes ultrasonica- 

ion, rinsed with ethanol and dried in a warm air flow. The pickling 

emoved the undefined surface layers formed, e.g. zinc oxide and 

inc hydroxide. However, pickling of the sample surface cannot be 

sed for field common exposure experiments according to [45–48] . 

To prove that a series measurement of R L does neither influ- 

nce nor trigger the subsequent measurements, the measurement 
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Fig. 5. (a) Serial measurement of the corrosion product layer resistance for the exposure experiment of electrolytically galvanized steel. (b) gives a summary of the serial 

measurement of the corrosion product layer resistance after five minutes of gel electrolyte contact time and the polarization resistance from EIS measurements according 

to Tables B.1 and B.2. in the Annex. (c) displays the EIS, bode plot of impedance, (d) phase shift and (e) Nyquist plot. (f) shows the corresponding FTIR measurements (the 

marked lines indicate the signals of hydrozincite) and (g) the precipitation events; use of gel electrolyte. 
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eries on pickled zinc was started after 0, 5, 10 and 15 min of gel

lectrolyte contact. Furthermore, single R L measurements after the 

ame points in time can also be used as a comparison. The result- 

ng values are plotted in Fig. A.1 . Significant differences between 

he results are neither found for the different starting points of the 

eries measurement, nor for single measurements. This clearly in- 

icates that the serial measurement of the corrosion product layer 

esistance does neither trigger nor influence the measurements or 

timulate the results and can be used safely as a method to detect 

arly changes on the surface of zinc substrates. 

. Equivalent circuit and EIS fitting 

EIS fitting was carried out with Gamry Echem Analyst Soft- 
8 
are. The equivalent circuit ( Fig. B.1 ) based upon a model includ- 

ng pores used in Fig. 3 and in Fig. 5 consists of the electrolyte 

esistance R el , the pore resistance R pore and the polarization resis- 

ance R P , respectively, and two constant phase elements. For the 

orrelation with R L , only R P is used. The results of EIS fitting are

hown in Table B.1 

The equivalent circuit ( Fig. B.2 ) based upon a model including 

everal layers and pores used Fig. 5 consists of the electrolyte resis- 

ance R el , two layer resistances R Layer 1 and R Layer 2 , the polarization 

esistance R P , respectively, and three constant phase elements. For 

he correlation with R L , only R P is used. The results of EIS fitting 

re shown in Table B.2 
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Fig. 5. Continued 

Table B.1 

Calculated values from fitting of the EIS measurements in Fig. 3 and Fig. 5 to the equivalent circuit in Fig. B.1. 

Sample state R el R pore R P Y o_pore a pore Y o_CPE a CPE 

[ �] [k �∗cm 

2 ] [k �∗cm 

2 ] [S ∗s a ] [S ∗s a ] 

as-received 48.0 3.8 5.7 10.2 ∗e − 6 1.0 32.3 ∗e − 6 0.6 

55.1 0.0 8.4 12.1 ∗e − 6 1.0 21.4 ∗e − 6 0.3 

62.1 2.8 8.5 8.7 ∗e − 6 1.0 18.8 ∗e − 6 0.6 

pickled 86.2 1.0 6.9 27.7 ∗e − 6 0.9 103.6 ∗e − 6 0.5 

84.9 0.8 7.5 31.7 ∗e − 6 0.9 93.9 ∗e − 6 0.5 

long term exposure to city atmosphere 50.2 3.0 328.6 566.3 ∗e − 9 1.0 3.5 ∗e − 6 0.6 

47.2 3.6 340.7 495.6 ∗e − 9 1.0 3.0 ∗e − 6 0.6 

44.3 2.7 272.3 574.9 ∗e − 9 1.0 3.6 ∗e − 6 0.6 

Fig. 5 cleaned 63.8 3.2 2.3 23.37 ∗e − 6 1.0 22.6 ∗e − 6 1.0 

Table B.2 

Calculated values from fitting of the EIS measurements in Fig. 5 to the equivalent circuit in Fig. B.2. 

Sample state R el R Layer 1 R Layer 2 Y o_Layer 1 a Layer 1 Y o_Layer 2 a Layer 2 R P Y o_CPE a CPE 

[ �] [k �∗cm 

2 ] [k �∗cm 

2 ] [S ∗s a ] [S ∗s a ] [k �∗cm 

2 ] [S ∗s a ] 

exposed 7 d 51.8 1.0 0.8 13.5 ∗e − 6 0.8 56.7 ∗e − 6 0.8 26.3 58.1 ∗e − 6 0.7 

exposed 14 d 80.6 2.6 19.5 4.3 ∗e − 6 0.8 44.4 ∗e − 6 0.5 35.4 93.5 ∗e − 6 0.9 

exposed 28 d 95.8 1.0 2.0 10.5 ∗e − 6 0.8 40.7 ∗e − 6 0.7 102.1 38.1 ∗e − 6 0.7 

9 
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Fig. A.1. Comparison of the serial measurement of R L with the gel electrolyte on 

pickled zinc, variation of starting time of the measurement. 

Fig. B.1. Equivalent circuit model including pores. 

Fig. B.2. Equivalent circuit model including several layers and pores. 
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