
Cut-edge corrosion behavior assessment of newly developed 

environmental-friendly coating systems using the Scanning Vibrating 

Electrode Technique (SVET) 
 

Sina Sheikholeslami a,*, Geraint Williams b, H. Neil McMurray b, Louis Gommans c, Scott Morrison c, 

Sonny Ngo d, David E. Williams a, Wei Gao a 

a The University of Auckland, 5 Grafton Road, Auckland 1142, New Zealand 

b Materials Research Centre, College of Engineering, Swansea University, United Kingdom 

c Fletcher Steel Ltd, Penrose, Auckland, New Zealand 

d Becker's Group, Liverpool, United Kingdom 
* sshe933@aucklanduni.ac.nz , +1 416 895 8651 

 

Abstract 
 

Accelerated cut-edge corrosion performance of commercialized full waterborne coating systems 

containing enviro-friendly corrosion inhibitors was studied on 55 wt.% Al, 44 wt.% Zn and 1 wt.% 

Si galvanized steel in 5 wt.% NaCl solution at ambient temperature via the Scanning Vibrating 

Electrode Technique (SVET). At the same volume content (7-11 wt.%), benzotriazole pigments had 

a better overall cut-edge corrosion performance than calcium ion exchanged silica pigments. It was 

due to benzotriazole’s superior cathodic protection of the cut-edge in comparison with calcium 

silicate. Furthermore, although both enviro-friendly inhibitors did not exhibit the same performance 

level as the conventional Cr(VI)-containing system, they exhibited promising results in inhibiting 

cut-edge corrosion in a fully commercialized waterborne coating system. 
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1. Introduction 
 

Cut-edge corrosion in galvanized steel is a major failure in the coil-coating industry. It causes 

delamination of the organic layer and degradation of Zn accelerated by the unfavorable anode-to-

cathode area ratio [1]. In natural NaCl solution conditions, the zinc/steel galvanic corrosion reaction 

is defined as Equations 1 and 2 [2]. 

𝑍𝑛 (𝑠)  →  𝑍𝑛+2 (𝑎𝑞) + 2 𝑒− 𝐸𝑞. (1) 

𝑂2 (𝑔) + 2 𝐻2𝑂 (𝑙) + 4 𝑒−  → 4 𝑂𝐻− (𝑎𝑞) 𝐸𝑞. (2) 

The dissolved oxygen in the solution is reduced on the steel substrate at the cut-edge to form hydroxyl 

species. However, since the distance between the anodic and cathodic regions is very short at the cut-

edge, chemical interactions and large concentration gradients of ionic species influence the corrosion 

process [2]. One example of these effects is the alkalization of the surrounding environment; the cut-

edge would facilitate the precipitation of corrosion products on the steel rather than over the 

galvanized layer [3]. 

Zinc and strontium chromates have been the most effective corrosion inhibition pigment used in the 

coil-coating industry for many years [4-6]. Chromate species act as inhibitors due to the oxidizing 

power of Cr(VI) reducing to Cr(III) (according to Equation 3) and formation of a passive layer of 

chromium oxide. The passive layer covers the steel substrate and protects it from corrosion [7]. 

2 𝐶𝑟𝑂4
−2 +  5 𝐻2𝑂 +  6 𝑒− → 𝐶𝑟2𝑂3 +  10 𝑂𝐻− 𝐸𝑞. (3) 

However, using chromate pigments has faced excessive restrictions worldwide due to environmental 

and health concerns. Calcium (Ca+2) cations are considered a potential alternative non-toxic inhibitor 

to Cr(VI), and several inhibitor systems were developed based on them [8-14]. Shieldex® is a 

commercially available cation pigment technology made up of exchangeable calcium silica (SiO2
−) 

[3, 15-18]. This inhibitor is typically prepared by treatment of SiO2 powder with calcium hydroxide 

(Ca(OH)2) [19]. Several studies showed that the corrosion protection of steel with Ca+2-SiO pigments 

could be as good as using conventional chromate species in certain conditions [20, 21]. It is known 

that silicates form complex colloidal structures in an aqueous environment [22]. Therefore, their 

inhibition efficiency vastly depends on the pH and concentration of salt in the environment [23].  

Previous studies concluded that Ca+2 ions derived from Ca-containing inhibitor pigments effectively 

enhance the cathodic protection of the coating system in NaCl solutions. The reaction of these ions 

with hydroxyl species will end up in the precipitation of passivated products on the alkaline cathodic 



areas [2]. Silica releases calcium ions in exchange for cations such as H+ or Na+. Ca2+ reacts with 

silicate ions to form a calcium silicate film. Hence, leached Ca+2 ions together with polysilicate ions 

form a passive layer on the surface of the metal. The literature also suggests that parallel to the silicate 

ion reaction, silicate ions react with zinc ions and form zinc silicate at the anodic region. The zinc 

silicate and calcium silicate combined to form mixed zinc silicate and calcium silicate protective 

layer.  [22-25]. 

Benzotriazole (BTA) has also been investigated as an organic corrosion inhibitor due to its reasonable 

solubility in aqueous solutions, low toxicity, and low cost [26, 27]. It is believed that benzotriazole 

is stable in several forms depending on the pH; neutral BTA at pH<8, deprotonated BTA− ions at 

pH>8, and protonated BTA+2 ions at pH<2 [28, 29]. BTA and its derivatives are known to form a 

complex between the metal and inhibitor species that by nature is a passivated and protective layer. 

In Zn-containing alloy steel, it was observed that the corrosion resistance of the alloy improves by 

forming a mixed oxide/Zn(II)BTA complex. In such conditions, Zn(II)BTA reinforces the formed 

zincite (ZnO), and therefore, BTA is considered as a corrosion inhibitor for Zn species [30-34]. In 

galvanized steel, a BTA film is formed on both the galvanized layer and steel at the cut-edge, which 

anodically polarizes the galvanized layer and reduces the electrochemical activity [26].  

The atmospheric performance of conventional galvanized coatings consisting of zinc with <0.2% 

aluminum, is poor; especially in a pollutant-containing atmosphere. Therefore, Zn-Al systems were 

developed and proven more effective in severe atmospheric conditions with a reduction in the 

galvanized layer [35-37]. It has been previously demonstrated that benzotriazole is an effective 

corrosion inhibitor in Zn-Al systems [38-40]. Organic pigments containing BTA protect the coil 

through exchanging the BTA anion as oppose to corrosive anions (such as Cl−) and formation of Zn-

Al LDH (layered double hydroxide) [41-43]. The positive effects of such BTA/layered double oxide 

pigments on Al and Zn have been reported by Richards et al. [44].  

However, previous studies did not consider that the complexity of fully commercialized coating 

systems dramatically affects the inhibition performance. The media at which the inhibitors were 

doped and tested in these studies were either stock solutions or a single-layer organic matrix made 

up of PVB in previous approaches. In this study, though, full commercialized systems consisting of 

a substrate, galvanized coating, pre-treatment, primer, and topcoat were used instead. As a result, the 

corrosion behavior of full waterborne commercial systems doped with calcium silicate and BTA 

pigments were studied at the cut edge via the Scanning Vibrating Electrode Technique (SVET). The 

results were benchmarked against the performance of conventional solvent-based Cr(VI) system via 



SVET to compare the effectiveness of our newly-developed enviro-friendly systems manufactured 

by Fletcher Steel Ltd and Becker's Group. 

2. Materials and Methods 
 

2.1. Materials 
 

Commercialized coating systems were prepared by Fletcher Steel Ltd in Auckland, New Zealand. 

Designs were made to satisfy the wide range of roofing standards according to the Australia/New 

Zealand regional standards. A general overview of the systems is shown in Figure 1. The 

manufacturing process started with cleaning and activating the surface of the 0.7mm thick galvanized 

steel coil with 15-20 µm of Al-Zn galvanized coating on both sides. The galvanized layer composition 

was 55 wt.% Al, 44 wt.% Zn and 1 wt.% Si [45]. The primer was then applied and cured on top of 

the galvanized layer on both sides with 10-15 µm thickness.  

Four different types of Chromate-Containing (CC) and Chromate-Free (CF) primers were applied 

individually and studied in this research, as summarized in Table 1. The CC-Cr(VI) system was the 

conventional solvent-based primer doped with Cr(VI)-containing inhibitor pigments. The other three 

were all newly-developed chromate-free waterborne primers with Ca(II) ion-exchange silica or 

benzotriazole inhibitors with different volume content. All chromate-free primers were developed in 

Becker's Group R&D center in the United Kingdom and batches were made in the  Malaysia branch. 

A final waterborne topcoat with approximately 20 µm thickness was applied on top of all coating 

systems as the roofing industry requirement. 

 

Table 1 - Primer systems specification manufactured in Fletcher Steel Ltd 

Primer Base Inhibition system Volume content (%) 

CC - Cr Solvent Cr(VI) controlled 

CF - Ca Waterborne Ca(II) exchange silica 7-11 

CF - BTA high Waterborne Benzotriazole 7-11 

CF - BTA low Waterborne Benzotriazole 3.5-5.5 

 



 

Figure 1 - Schematic cross-sectional view of the commercialized coating systems manufactured by Fletcher Steel Ltd 

 

2.2. Methods 
 

Several 10×10 mm specimens were cut out of coated panels with a guillotine cutter. The specimens 

were mounted in non-conductive epoxy in a way to expose the cut edge only. Thickness of the 

mounted specimens was 15mm. Mounted samples were then ground with grid #400 to #1200 silicon 

carbide abrasive papers and polished with 9, 3, and 1 µm water-based diamond suspensions, 

respectively, to achieve a smooth surface at the cut edge as required by the SVET. Specimens were 

individually fastened at the bottom of a glass dish, and 250 ml of 5 wt.% NaCl in deionized water 

solution were poured into the dish as the accelerated corroding media in ambient temperature.  

General information regarding the SVET setup and calibration steps is found in the literature [46-

52]. In summary, a 125µm-thick Pt microtip covered in glass vibrates at the fixed frequency of 140 

Hz in the Z direction, meaning that the probe only vibrated vertically. But scaning directions was 

through the X and Y axis horizontally, covering the surface of the specimen. The thickness of the 

probe body was 250 µm. The wire is sealed in the glass so that the probe tip consistently remains the 

only active site. The scanning height was set to 150 µm with vibration amplitude of 30 ±5 µm for all 

tests to ensure that the tip picks up strong signals without dragging any corrosion product deposited 

on top of the system throughout the test. the SVET voltage signal was detected using a lock-in 



amplifier (Perkin Elmer 7265). The scanning box was a 2×11 mm rectangle with 100 µm resolution 

to cover the cut-edge completely. The SVET device was programmed to run one full scan per hour 

for the total duration of 24 hours, resulting in 24 full scans of the cut-edge per specimen. At least two 

samples per each coating system were tested via the SVET to ensure the data's reliability.  

Quantification of localized corrosion rate was obtained by numerical integration of SVET-derived 

current density distributions, which provides a value of integrated anodic and cathodic currents (ia 

and ic, respectively) emerging from the exposed surface for each individual scan. By summing the 

area-averaged anodic current density values throughout the experiment to obtain a total anodic current 

(Ia), a total equivalent mass loss can be calculated by applying Faraday's relation as indicated in 

Equation 4 [45]. 

𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 =  
𝐼𝑎  ×  𝑡 ×  𝐴𝑟𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝑛 ×  𝐹
𝐸𝑞. (4) 

 

Where Ia is the sum of total anodic current emerging over the entire experiment, t is the time-lapse 

interval duration, Arelement  is the molar mass of the corroding element, n is the number of the 

exchanged electrons in the anodic reaction of the element, and F is the Faraday constant that is 96,500 

C/mol. 

 

3. Results and discussion 
 

Figure 2 shows the sum of anodic current density via the SVET from the specimens after 24 hours of 

submersion in 5 wt.% NaCl. The CC-Cr specimen had a relatively low sum of anodic current density 

during the test compared to the Cr-free specimens. The CF-BTA high specimen's anodic current 

density was approximately 25% lower than the CF-BTA low sample. Therefore, the volume content 

of benzotriazole pigments in the former system was more effective than the latter in Zn corrosion 

inhibition. Also, benzotriazole pigments were slightly more effective than calcium silica pigments 

with the same volume content according to their results. The total mass loss of these specimens 

calculated via the SVET test can be found in  

Table 2. Correspondingly, the CC-Cr specimen had lower mass loss than the other systems with 34 

mg in 24 hours. The Cr-free Ca, BTA high, and BTA low specimens had 40, 37, and 48 mg total 

mass loss, respectively. These results suggested that the Cr-containing primer had better corrosion 



performance at the cut-edge in submerged NaCl conditions overall. The CC-Cr primer was 10% better 

than the 2nd best primer (CF-BTA high), and 30% better than the worst primer (CF-BTA low) 

regarding the total mass loss.  

 

Figure 2 - Total anodic current density of different coating systems after 24 hours in 5 wt.% NaCl solution via SVET 

 

Table 2 - Total mass loss of coating systems after 24 hours in 5 wt.% NaCl solution via SVET 

Specimen Total loss (mg) 

CC-Cr 34 

CF-Ca 40 

CF-BTA high 37 

CF-BTA low 48 

 

Figure 3 illustrates a time-lapse view of the total anodic current density of coating systems at the cut-

edge during 24 hours in 5 wt.% NaCl solution for each scan via the SVET. The difference between 

the Cr-containing and Cr-free systems can easily be seen in this figure. The anodic current density 

per hour for the CC-Cr(VI) system started increasing from 88 to 126 A/m2  during the first 12 hours 

and then decreased back to 88 A/m2 with a steady trend overall. On the other hand, the Cr-free systems 

started with a relatively high anodic current density than the CC-Cr(VI) system and continuously 

decreased during the test. The CF-BTA high system had a continually lower anodic current density 
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value through the test among all Cr-free primers. The CF-Ca system was the 2nd best Cr-free primer, 

standing between the CF-BTA high and low systems at all times.  

The anodic current density for CC-Cr, CF-Ca and CF-BTA high in the end came down to 

approximately 90 A/m2 (with a slightly lower value for CC-Cr at 88 A/m2). This showed that with a 

controlled amount of corrosion inhibitors in a real coating system, a relatively small exposed cut-

edge would mostly be passivated by corrosion products after 24 hours of immersion in 5 wt.% NaCl 

solution to the same extend. However, not only The CF-BTA low primer exhinited constantly higher 

anodic current density, it was also not able to pacify the anodic reaction to the same level as other 

corrosion inhibitors after 24 hours. 

 

 

Figure 3 – Time-lapse view of the total anodic current density changes of different coating systems during 24 hours in 5 wt.% 

NaCl solution for each scan via SVET 

 

Figure 4 to Figure 7 illustrate 2D current density maps by SVET of the CC-Cr(VI), CF-Ca, CF-BTA 

high, and CF-BTA low systems in 5 wt.% NaCl solution after several immersion times. Red and blue 

areas are active anodic and cathodic regions, respectively. The colour lightness in these maps 

indicates the severity of either localized anodic or cathodic reactions. The position of the galvanized 

specimens are approximately illustrated with a box in Figure 5. These current density maps facilitate 

the comparison of anodic current intensity, anodic region size, and distribution at the cut-edge of 
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these coating systems. As expected, the steel substarte was being cathodically protected by the 

sacrificial localized anodic reaction on galvanized layer according to the maps.  

The anodic corrosion reaction was pacified overtime for all systems at the cut-edge. The anodic 

current density in active anodic regions decreased compared to previous scans' value. In addition, the 

maps indicated that the anodic reaction intensity in all Cr-free specimens was higher compared to the 

CC-Cr(VI) system (Figure 4-A to Figure 7-A). The corrosion reaction seemed to be more active at 

the cut-edge of the CF-Ca specimen (Figure 4-B to Figure 7-B) compared to the CF-BTA high 

specimen (Figure 4-C to Figure 7-C); the anodic current density for the CF-Ca system was noticeably 

higher. 

 

Figure 4 - SVET 2D current density maps after 1 hour in 5 wt.% NaCl solution: A) CC - Cr, B) CF - Ca, C) CF - BTA High, and 

D) CF - BTA low 
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Figure 5 - SVET 2D current density maps after 6 hours in 5 wt.% NaCl solution: A) CC - Cr, B) CF - Ca, C) CF - BTA High, and 

D) CF - BTA low 

 

 

Figure 6 - SVET 2D current density maps after 12 hours in 5 wt.% NaCl solution: A) CC - Cr, B) CF - Ca, C) CF - BTA High, 

and D) CF - BTA low 



 

Figure 7 - SVET 2D current density maps after 24 hours in 5 wt.% NaCl solution: A) CC - Cr, B) CF - Ca, C) CF - BTA High, 

and D) CF - BTA low 

Moreover, the effect of inhibition systems on the cathodic reaction can also be investigated by looking 

at the current density maps in Figure 4 to Figure 7. According to the maps, the cathodic reaction 

mostly occurred in the middle of the cut-edge on the entire exposed steel substrate. Same results with 

regards to anodic and cathodic activtity has been reported in other studies as well [2, 53, 54]. It was 

due to the galvanic coupling of Fe and Zn, resulting in the reduction of O2 as shown in Equation 2 on 

the surface of exposed steel, and releasing OH− species  [2]. Some cathodic activities occurred on the 

top of the galvanized layer where no anodic behavior was observed, as shown in Figure 7-C. It can 

be attributed to the cathodic protection of the galvanized coating by passivated corrosion products 

from inhibitors at lower pH. Such capability of BTA in cathodically inhibiting the galvanized layer 

as well as the steel substrate has been previously reported as shown in Equation 5, where M is a 

transition metal [26, 44]. However, the intensity of cathodic current density on the steel was higher 

than in these areas. Additionally, it is hard to pick up cathodic current density from the cathodic 

protection of inhibitor pigments due to the SVET limits and the pH value was not measured during 

the SVET test. Therefore, it was assumed that all cathodic current density values belong to the O2 

reduction reaction. 

(𝑀𝐵𝑇𝐴)𝑛 + 𝑛 𝐻+ + 𝑛 𝑒−  ⇌ 𝑛𝑀 + 𝑛𝐵𝑇𝐴 𝐸𝑞. (5) 

cathodic protection by inhibitors 



The literature suggests that due to increasing pH and the presence of inhibitive species, a passive 

layer is formed on top of the surface of exposed steel at the cut-edge. This layer shields the steel 

surface and, more importantly, isolates it from the corrosive media. As a result, smaller areas prone 

to host the cathodic reaction will exist over time. This reduces the cathodic activity on the substrate 

and eventually inhibits the corrosion reaction. Figure 8 illustrates the maximum cathodic current 

density picked up by the SVET during the test from the coating systems. The CC-Cr(VI), CF-Ca, and 

CF-BTA high specimens efficiently maintained the maximum cathodic current density at relatively 

low levels through the SVET test. The intensity of their maximum cathodic current density was 

significantly lower than the CF-BTA low system ay every point during the test. 

 

Figure 8 - Maximum cathodic current density picked up by the SVET for coating systems submerged in 5 wt.% NaCl solution 

 

Figure 4-D to Figure 7-D also visually show that the cathodic activity on the steel in the CF-BTA 

low system was higher than the rest of the specimens. Since the volume content of corrosion inhibitors 

in the CF-BTA low system was lower than the others, it was concluded that the inhibition system in 

this primer was not capable enough to deposit a uniform passivated layer on the exposed steel. 

Therefore, this primer was not able to cathodically inhibit the corrosion reaction as well as the others. 

Based on this analysis, the optimum volume content of benzotriazole required to inhibit the cathodic 

corrosion reaction effectively was between 7-11%. 
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Figure 9 shows the analysis of anodic area size per total scanned area at the cut-edge during the 24-

hour testing in 5 wt.% NaCl solution by SVET. Each SVET scan covered a 2×11mm area, while 

SVET probe recorded a current density reading every 100µm as it continued scanning the surface. 

Therefore, each scan result consisted of 20×110 current density readings, mapping the whole cut-

edge and parts of the mount. The anodic area analysis was calculated based on the number of positive 

recorded readings divided by total number of readings (excluding readings that were approximately 

0 A/m2 which were picked up from electrochemically inactive areas on the mount).  

The overall trend for CF-BTA high was generally downward, showing that the anodic areas became 

smaller over time. In contrast, CF-Ca started from a relatively small anodic area, gradually increased 

for up to 9 hours, and then steadily decrease until the end. The CC-Cr system also exhibited the same 

trend as CF-Ca, with the only exception that its anodic area was decreasing for up to 12 hours, before 

it started to steadily decline. This observation indicated that there is a fundamental difference between 

anodic inhibition of CF-BTA with CF-Ca or CC-Cr. Ranking according to the anodic area size per 

scanned area was not necessarily an estimation of better overall cut-edge corrosion performance. 

additionally, the correlation between anodic area size changes over time and the integral values of 

current density can be used to indicate if anodic corrosion inhibition was being effectively in progress, 

and if yes, for how long. One of the possible reasons for expantion of anodic area is that localized 

anodic activity was affected by an anodic inhibition reaction and it had to expand to generate enough 

anodic activity to continue with the corrosion process. However, if the anodic site was corroding 

without inhibition disturbance, then it would not expand to maintain the small distance between 

anodic and cathode. Since anodic activity tend to occur locally for CF-BTA during the first 12 hours, 

it can be said Zinc Silicate was more effective in passivating anodic areas compared to reinforced 

ZnO/Zn(BTA)2 . 

 



 

Figure 9 - Anodic area size analysis per total scanned area at the cut-edge during the 24-hour testing period by SVET 

 

The chromate-free systems showed higher anodic current density than the CC-Cr(VI) system. They 

also exhibited a potential delay in effectively inhibiting the anodic reaction with a decreasing trend 

in downsizing the anodic areas at the cut-edge. Among the chromate-free systems, the CF-BTA high 

system demonstrated better corrosion performance than the others; because it had a relatively lower 

mass loss at the cut-edge and smaller anodic areas. The CF-Ca system was less effective than the CF-

BTA high due to its higher mass loss, although the size and distribution of the anodic regions in both 

systems were almost the same. The CF-BTA low specimen was the least corrosion-resistant system 

because of its high mass-loss/total anodic current density and large anodic areas. Therefore, ranking 

these systems in terms of corrosion performance and mass loss at the cut-edge submerged in 5 wt.% 

NaCl solution via the SVET resulted in CC-Cr(VI) > CF-BTA high > CF-Ca > CF-BTA low. 

The reason for such behavior seemed to be better cathodic protection performance of BTA compared 

with Ca/Ca+2 and Silica pigments at the cut-edge. In a parallel research to this study, we concluded 

that Shieldex can be more protective than Benzotriazole with regards to pacifying anodic corrosion 

reaction [45]. However, it is more important that the exposed steel is uniformly and effectively 

passivated when the size of cathodic region is relatively large. Current density mapping showed that 

the CF-Ca sample had larger and more intense cathodic activity on its exposed steel compared to CF-

BTA high. The cathodic inhibition mechanisms of benzotriazole and calcium silicate on exposed 

galvanized steel have been studied and reported earlier [19, 20, 44]. Therefore, it can be concluded 
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that passivated benzotriazole products can more uniformely protect the exposed steel against cathodic 

reaction compared to passivated calcium silicate, and Ca/Ca+2 exchange mechanism with Na+ and H+ 

is not as effective as passivation of BTA+. 

To study the effect of each inhibition system on the anodic Zn/Zn+2 reaction, Figure 10 plots changes 

of anodic current density over time in the lines drawn in Figure 4. These lines (lA in the CC-Cr(VI), 

lB in the CF-Ca, lC in the CF-BTA high, and lD in the CF-BTA low systems) were selected where the 

maximum change in the anodic current density values occurred in each coating system. In Figure 10-

A, the anodic current density of the CC-Cr(VI) system was at its lowest for the first hour and increased 

over time. However, the maximum current density value in this specimen (which occurred at the 12th 

scan) was lower than the maximum current density compared to the other samples. It indicates that 

the conventional Cr-containing system showed superior corrosion performance than the others by 

illustrating more controlled changes in its anodic current density value. For all Cr-free systems, the 

anodic current density gradually decreased over time.  

Changes in the cathodic behavior on exposed steel were almost similar in all specimens regardless of 

their inhibition system. The cathodic current density continuously increased in all systems. While the 

CF-Ca and CF-BTA high systems did not demonstrate a minimum cathodic current lower than -0.8 

A/m2 (Figure 10-B and Figure 10-C), the CF-BTA low system recorded -1.2 A/m2 for its 12th and 

24th scan according to Figure 10-D. The linear current density analysis also concluded that the 

cathodic reaction occurred without effective inhibition at the cut-edge of the CF-BTA low system. 

The maximum anodic current density and its rate of change were recorded and calculated based on 

Figure 10 and were plotted in Figure 11. The CC-Cr(VI) system showed moderate fluctuations, 

starting from 0.4 A/m2 and ending at 0.3 A/m2. On the other hand, the Cr-free systems showed a 

downward trend with their maximum anodic current density over time. The CF-Ca system recorded 

2.8 A/m2
 for the first scan and ended up with 1 A/m2 during the final scan. The maximum current 

density per scan in the CF-BTA high and low systems also declined from 1.4 A/m2 to 0.5 A/m2 and 

1 A/m2 to 0.6 A/m2, respectively.  

Additionally, a statistical analysis based on the difference between the initial and final value of the 

maximum anodic current density divided by the initial value was used to compare the data. This 

analysis showed that the anodic current density reduction in the CF-Ca and Ca-BTA high systems 

were both equal to 65%. However, the CF-BTA low system had only a 40% reduction, indicating 

that this system was approximately 25% less effective than the other Cr-free samples. The anodic 

inhibition efficiency based on the maximum anodic current decrease was equal in the CF-Ca and CF-



BTA high systems and better than the CF-BTA low specimen. Therefore, the performance difference 

was caused by the volume content of corrosion inhibitors in the system. 
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Figure 10 - Linear current density time-lapse for different coating systems: A) lA in CC-Cr(VI), B) lB in CF-Ca, C) lC in CF-BTA 

high, and D) lD in CF-BTA low 
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Figure 11 - Maximum anodic current density in linear scan for different coating systems 

 

The anodic current density rate of change was calculated as δ(current density)/dt per specimen, and 

was plotted in Figure 12 to understand the effect of the Ca/Ca+2 and BTA species on anodic corrosion 

reduction at the cut-edge of the system. The CC-Cr(VI) system showed a steady-state trend through 

the test. In contrast, all Cr-free systems started from higher changing rates and eventually came to a 

lower steady pace in the end. The Ca+2 ion exchange system, known as Shieldex®, showed a relatively 

high changing ratio in the maximum anodic current density per scan than other Cr-free systems. Also, 

the rate of change was the same in the CF-BTA high and low systems (with a negligible difference 

due to the SVET error), despite their volume content difference. This behavior confirmed results from 

our parallel investigation regarding anodic inhibition capabilities of Shieldex and Benzotrizole 

pigments [45]. As mentioned in the literature, SiO3
−2 ions emerged from silica pigments react with 

Zn+2 ions on top of galvanized layer and form zinc silicate, which passivates the galvanized layer [2]. 

Deprotonated benzotriazole, on the other hand, reacts with Zn+2 and forms reiforced ZnO with 

Zn(BTA)2 and passivates the galvanized layer accordingly [44]. Based on the anodic inhibition 

mechanisms of these two pigments, it can be concluded that reinfoced ZnO/ Zn(BTA)2 products may 

not necessarily be as uniform and protective as zinc silicate.  Therefore, the Ca+2 ion exchange system 

would be a more effective inhibition system than BTA only when the anodic inhibition is considered.  
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Figure 12 - Anodic current density changing rate over time for different coating systems 

 

4. Conclusions 
 

• Three newly developed full-waterborne commercialized coil coating systems on Al-Zn substrate 

were investigated for accelerated cut-edge corrosion assessment via the SVET and benchmarked 

against the conventional solvent-based Cr-containing system. It was found that the organic 

benzotriazole-containing system has superior corrosion protection than the Ca+2 ion-exchange silica 

system. With the same volume content of inhibitor pigments, the CF-BTA high system illustrated 

lower anodic current density and lower mass loss in 24 hours via the SVET at the cut-edge while 

submerged in 5 wt.% NaCl solution. The reason for this behavior is related to the superior ability of 

BTA species to uniformely passivate cathodic areas compared with calcium silica. 

 

•  The CF-BTA high system with higher volume content of BTA (7-11%) performed better than the 

CF-BTA low system 3.5-5.5% of BTA at the cut-edge. Based on this study and the results from 

previous studies, optimum volume content of benzotriazole in the current testing conditions was 

between 7-11%. Cut-edge corrosion in the CF-BTA low specimen was more intense since the value 

of cathodic current density on the surface of this specimen was much higher than the other primers. 

The results showed that the cathodic reaction occurred easily due to not enough inhibitor ion formed 

on the surface of the substrate and the passivated layer is non uniform. 
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• The conventional solvent-based chromate  CC-Cr(VI) coating system was still the best regarding 

cut-edge corrosion performance compared to all waterborne chromate-free systems. However, the 

difference between the CC-Cr(VI) and CF-BTA high or CF-Ca systems via the SVET was 

surprisingly close. Therefore, the newly developed full-waterborne coating systems demonstrated 

promising cut-edge corrosion performance, considering that the systems were chromate-free and 

waterborne. 
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