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Abstract 
Waterborne coatings present a green alternative to solvent-borne coatings as only a small 
amount of organic solvent is released into the environment during drying. However, for 
waterborne coatings, the drying process is much more challenging due to the slow 
evaporation of water. In this work, the influence of drying temperature on the protective 
properties of a waterborne acrylic coating was studied. Its performance in corrosion 
protection of bronze substrates, representing the bronzes used for the sculptures placed 
outdoors, was examined. Corrosion properties were evaluated by linear polarization 
measurements and electrochemical impedance spectroscopy during three-week exposure 
to artificial acid rain solution. It was found that drying at ambient temperature resulted in 
modest corrosion protection, while drying at 55 °C ensured greater initial corrosion 
resistance, which gradually degraded during exposure to acid rain solution accompanied by 
the coating blistering. Drying of one-layer coating at 40 °C resulted in the formation of 
clearly visible corrosion products. If the coating was applied in three layers, the drying 
process was more efficient, leading to slightly higher polarization resistance values without 
visible corrosion at the bronze surface. Furthermore, the studied waterborne acrylic coating 
provided good corrosion protection of patinated bronze surfaces. Additionally, it was found 
that for efficient corrosion protection, it is preferable that the coating contains a corrosion 
inhibitor in order to avoid substrate corrosion during coating drying. When applied properly, 
studied coating does not alter the state of surfaces, both bare and patinated, which is 
important for its application in bronze cultural heritage protection. 

Keywords 
Waterborne coatings; drying temperature; electrochemical impedance spectroscopy; 
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Introduction 

Bronze cultural heritage placed outdoors is gradually covered with a natural patina due to the 

corrosion process. The formation of patina will take longer in less aggressive environments, but it will 
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proceed faster in polluted ones [1]. Bronze corrosion can result in the formation of both stable and 

unstable corrosion products. These unstable products can, in the presence of moisture and oxygen, 

cause further degradation and endangerment of works of art [2,3]. In order to prevent gradual surface 

deterioration, protective organic coatings are widely used [4].  

Over the past few decades, new legislatives have altered the perspective on the effects of 

solvent-borne organic coatings on the environment and human health. For that reason, the coating 

industry has developed environmentally friendly waterborne coatings resulting in improved air 

quality and reduced hazard impact on the surroundings. Waterborne adhesives, paints and coatings 

are becoming of more interest because a high concentration of volatile organic compound (VOC) is 

replaced by water [5-7]. In addition, they contain anticorrosive pigments without heavy metals, 

resulting in a non-toxic and non-flammable solution [8-10]. 

Waterborne coatings drying occurs in three stages: 1) the solvent (water) evaporation, 2) the 

polymer nanoparticles deformation, where a densely packed structure is created, and 3) the polymer 

chains interdiffusion leading to coalescence [11,12]. The film particles will deform and achieve closer 

contact, forming a rigid film structure when the film is above the minimum film formation temperature 

[13,14]. The strength of the polymer interface is determined by the degree of entanglements between 

the polymer chains [15]. In addition, the rate of evaporation depends on the difference in vapour 

pressure between the water in the coating and the air being circulated over the substrate. A large 

amount of water in the coating results in a prolonged drying duration in cold and humid environ-

ments [16]. Slow coating drying means that if the coating is applied directly on the metal surface, there 

will be prolonged contact between the metal and the water, which can lead to substrate corrosion. 

Hwang et al. [17] investigated how the morphology and surface characteristics of the waterborne 

UV-curable coatings were affected by the water drying conditions. After testing drying temperatures 

of 22, 50 and 80 °C and various drying durations, the researchers concluded that too low drying 

temperature led to surface cracking, peeling and blistering of a cured coating. The improvement of 

hardness and adhesion strength was noted at higher drying temperatures and rates.  

Three drying temperatures (5, 23 and 35 °C) were examined by Stojanović et al. in the study on 

curing temperature influence on corrosion protection properties of waterborne and solventborne 

epoxy coatings [16]. For the solventborne coating, all tested drying temperatures resulted in a 

coating with stable, protective properties, whereas that was not the case for waterborne coating. 

When dried at 35 °C, it demonstrated the best level of corrosion resistance, while certain limitations 

were noted at lower testing temperatures. They concluded that elevated curing temperatures were 

needed to obtain higher performance of waterborne coatings, either in corrosion protection or 

physical properties. Also, raising the layer thickness had a beneficial impact, but only to a certain 

value, because it may result in prolonged drying time and insufficient water evaporation [16]. To 

achieve the optimum final qualities of a coating, in terms of application and surface morphology, 

adequate drying at the right temperature was found to be very important [16,17].  

The aim of this work is to examine how drying temperature and a number of applied layers affect 

waterborne acrylic coatings' ability to protect bronze cultural heritage from corrosion. For cultural 

heritage protection, it is important that the coating does not alter the surface appearance, thus, for 

this study, two clear waterborne coatings were selected. One of these coatings is a commercial 

product (C2) and another is under development (C1). The main difference in these coatings is that C1 

contains a corrosion inhibitor and less water. Our goal was not to study a particular coating or 

corrosion inhibitor but to examine the conditions under which waterborne acrylic coatings could be 

applied for protection of bronze cultural heritage. Drying waterborne coatings is quite challenging, as 
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too low temperature can lead to slow drying and substrate corrosion, while too high temperatures 

result in coating cracking. In addition, water in the coating can have different effects on bronzes of 

different compositions as well as on the patina that is usually present on bronze sculptures. Studies 

were conducted on different bronze substrates, typically found on objects of cultural heritage, to 

determine if the coating performance significantly depends on substrate properties. Besides bare 

bronzes, studies were also conducted on bronze surfaces covered by a layer of patina. Coating 

protection efficiency was examined using linear polarization measurements (LP) and electrochemical 

impedance spectroscopy (EIS) during the immersion in artificial acid rain.  

Experimental  

Sample preparation 

In this study, three different kinds of bronzes were used: RG7, CuSn12 with 1.33 cm2 of exposed 

surface and CuSn6 with 1.5 cm2. All bronzes were obtained from Strojopromet Ltd., Croatia and their 

composition is presented in Table 1. In order to prepare working electrodes for electrochemical 

measurements, bronze discs, together with soldered copper wire, were embedded into an epoxy 

resin. Afterwards, the surface was polished with SiC papers (80, 800, 1200 and 2500), degreased in an 

ultrasonic ethanol bath and rinsed with deionized water. Part of the bronze samples was used for 

artificial patination, either chemically or electrochemically, as described in our previous work [18]. 

Table 1. The composition of tested bronzes  

Sample 
Content, wt.% 

Cu Sn Zn Pb 

RG7 83.25 4.6 4.58 5.85 

CuSn12 87.94 11.02 0.07 0.54 

CuSn6 94.0 6.0 - - 
 

The investigation was conducted with two acrylic waterborne coatings named C1 and C2. Coating 

C1 is non-commercial and was obtained from the research department of one paint company, 

whereas C2 is a commercial product obtained from the same paint company. The main difference 

between these coatings is that C1 contains corrosion inhibitor and a slightly lower amount of water 

compared to C2. Both coatings were applied manually on bronze surfaces by brushing at room 

temperature.  

RG7 bronze substrate served for the study of the influence of drying temperature and the number 

of layers of C1 coating on the corrosion protection properties. Three different drying temperatures 

(24, 55 and 40 °C) were tested. Examined experimental conditions are shown in Figure 1a. A compa-

rative study between two waterborne coatings was performed on different bronze substrates: RG7, 

CuSn12 and CuSn6. For these studies, three layers of coatings were applied and dried at 40 °C, as 

presented in Figure 1b. Finally, various chemically or electrochemically patinated bronzes were also 

protected by waterborne coating C1 applied in three layers and dried at 40 °C (according to Figure 1b). 

Prior to further characterization, all samples were placed in a desiccator for 10 days. 

The determination of dry film thickness on studied samples was conducted by PosiTector 600 

(DeFelsko) and is presented in Table 2. 
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Figure 1. Experimental conditions for application of the coatings for study of:  

(a) drying temperature influence, (b) substrate composition influence  

Table 2. Thickness of coated samples for electrochemical measurements 

RG7 bronze covered with C1 for investigation of drying 
temperature and the number of layers 

Sample Thickness, µm 
1 layer, 24 °C 35 ± 8 
1 layer, 55 °C 30 ± 11 
1 layer, 40 °C 62 ± 14 
3 layers, 40 °C 27 ± 5 

Various bronzes protected with C1 or C2 coatings 

C1/CuSn12 15 ± 2 
C1/CuSn6 18 ± 8 
C1/RG7 27 ± 5 
C2/RG7 33 ± 6 

C2/CuSn6 49 ± 2 

Sulphate patina protected with C1 coating 
C1/CuSn12 11 ± 3 
C1/CuSn6 14 ± 5 
C1/RG7 13 ± 6 

Electrochemical patina protected with C1 coating 
C1/CuSn12 18 ± 5 
C1/CuSn6 16 ± 8 

Coating characterization 

The characterization of the protective properties of coatings was conducted by electrochemical 

measurements: linear polarization (LP) and electrochemical impedance spectroscopy (EIS). 

Measurements were carried out in simulated acid rain (0.2 g l-1 NaNO3 (p.a.), from T.T.T., Croatia, 

0.2 g l-1 NaHCO3 (p.a.) and 0.2 g l-1 Na2SO4 (p.a.) from Kemika, Croatia in redistilled water) with pH 5 

(adjusted with 0.5 M H2SO4, at room temperature). All corrosion tests were carried out with a 

potentiostat Bio-Logic SP-300, France. A three-electrode cell arrangement was used. A coated 

bronze served as a working electrode, a saturated calomel electrode (SCE) as a reference and a 

graphite rod as a counter electrode. Electrochemical measurements were conducted after 

45 minutes of open circuit potential (EOCP) stabilization. LP was conducted in a narrow potential 

range (± 25 mV vs. EOCP). EIS was performed at EOCP with an amplitude of 10 mV. The frequency range 

for EIS was 100 kHz to 10 mHz with 6 points per decade. The impedance analysis was conducted in 

ZSimpWin 3.60 software with data weighting factor 1.  

In addition, gravimetric measurements were conducted in order to determine the percentage of 

mass increase during the coating soaking in acid rain solution. For this testing, both coatings (C1 and 

C2) were applied on aluminium foil and dried at 40 °C for 24 h. Each coating sample was weighed 

before and after drying using a Radwag AS 60/220.X2 Plus, analytical balance (Poland). After drying, 

samples were left to swell in the acid rain solution, from which they were periodically removed (after 
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8 and 126 h). The samples were weighed and immediately re-immersed in the solution. Excess water 

from the coating surface was removed with a gentle wiping by a towel.  

Results and discussion 

Effect of drying temperature and number of layers on the coating protective properties 

The waterborne acrylic coating C1 was applied on RG7 bronze electrodes and dried at different 

temperatures. The coating was dried either at ambient temperature (24 °C) or at elevated tem-

peratures (55 and 40 °C). In addition, samples with three-layer coating were prepared and dried at 

40°C. These samples were prepared so that coating was applied in three thin layers whose total 

thickness was similar to that of one-layer coating. The intention was to determine if better 

protection is obtained by coating application in several thin layers or one thicker layer. The 

protective properties of these coatings were examined by linear polarization measurements during 

the three-week immersion of bronze samples in artificial acid rain solution. From such obtained 

polarization curves, polarization resistance values were determined and shown in Figure 2. In 

general, obtained polarization resistance (Rp) values are almost two orders of magnitude lower than 

those observed for bronze covered by Paraloid B44, the most common acrylic solvent-based coating 

for the protection of bronze cultural heritage, examined under similar conditions [19].  

 
Figure 2. Dependence of polarization resistance on immersion time in acid rain solution 

for differently dried coatings 

However, it is common to see that solvent-based coatings have superior performance to 

waterborne coatings. Initial measurements showed that higher drying temperature resulted in initially 

higher coating Rp values. On the other hand, initially, there was no significant difference between one- 

and three-layer coatings dried at the same temperature. However, with the prolonged immersion 

time an increase in Rp value was observed for coating dried at 24 °C and less pronounced for three-

layer coating at 40 °C. For coatings dried at 55 °C and for one-layer coatings at 40 °C, Rp decreased on 

the second day of immersion, followed by a more or less exhibited increase in Rp with a further 

immersion period. In order to better understand the observed variations in Rp values, a more detailed 

analysis was carried out by means of electrochemical impedance spectroscopy. 
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EIS spectra obtained for bronze with coating cured at 24 °C are presented in Figure 3. The phase 

angle plot exhibited two maxima, already on the first day of immersion in acid rain solution. This is a 

clear indication of the presence of water in the coating and at the metal surface, as for the well-

protective coatings with no water reaching the metal surface, only one wide phase angle maxima close 

to -90° would be observed [20-23]. It can be assumed that the coating was not fully dried, i.e., the 

water remained in the coating and penetrated towards the metal surface. For the second day of 

immersion, an increase in impedance modulus values in the low-frequency region was observed. 

Finally, for the last day of immersion, an increase in the value of impedance modulus is visible at both 

high- and low-frequency regions. In addition, the width of the phase angle curve maximum at high 

frequencies increased compared to the second day. So, it appears that the protective properties of 

the coating have improved over time. In their study of different waterborne coatings dried at room 

temperature, Jianguo et al. [24] came to the conclusion that insoluble corrosion products 

accumulation in the pores of the coating leads to the closure of the pores and improved coating barrier 

properties. In our study, the presence of corrosion products below the clear coating was not visible to 

the naked eye (Figure 4a) but can be deduced from the shape of the EIS spectra. However, small 

bubbles were observed that formed during coating drying, which could lead to easier coating failure. 

A similar problem was observed by Hwang et al. [17] for coating dried at low temperatures. 

EIS spectra were analysed by fitting the equivalent electrical circuit shown in Figure 5a to 

experimental data. The circuit includes three R-Q couples. Although only two phase angle maxima are 

clearly observed in the spectra shown in Figure 3, it was not possible to obtain a good fit of the spectra 

without using the model with three time constants. The electrolyte resistance in all measurements 

was around 500 Ω cm2. The first R-Q couple is noted at the highest frequencies region and is related 

to the presence of corrosion products (RF-faradaic resistance of electrochemical reaction involving 

corrosion products; QF-capacitance of corrosion products). R-Q pair related to the phase angle maxima 

in the medium to high-frequency region describes the properties of the coating (Rpo – resistance of 

the pores in the coating and Qf-constant phase element representing the coating capacitance), while 

the medium to low-frequency region is related to the corrosion process on the metal surface (Rct-

charge transfer resistance and Qdl-constant phase element representing a double-layer capacitance). 

The coefficients nF, nf and ndl describe nonideal capacitive behaviour. A similar model was used by 

Collazo et al. [25] for the description of EIS spectra of a waterborne resin applied on a galvanized steel 

substrate. However, in their work, the time constant related to the presence of corrosion products 

was observed in the medium frequency region. 

The obtained impedance parameters are presented in Table 3. The general principle applied in 

this work for validation of fitting quality was that chi-square value for all fitted spectra must be 

below 10-3, and that there are no more than one-half of parameters with relative standard error 

above 10 %. In this case, it can be observed that both QF and RF values were increasing in time. This 

can be explained by the increase in the amount of corrosion products on the bronze surface. It 

should be stressed that for the first day, RF-QF values are not fully reliable as only a few points at the 

high-frequency region correspond to this couple. Regarding the second R-Q couple, an increase in 

Qf from the first to the second day of immersion is due to the penetration of water from the acid 

rain solution, as the water has a higher dielectric constant compared to organic coating. Such 

behaviour is often observed for organic coatings in contact with water [20,26,27]. However, on the 

29th day of immersion, a decrease in coating capacitance is visible. Additionally, an increase in Rpo 

and Rct values is observed, as well as a decrease in Qdl values. Usually, the opposite behaviour is 

expected as the result of water penetration into the coating and an increase of metal surface area 
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in contact with water. The improvement of corrosion resistance in time, observed in this work, could 

be caused by the formation of corrosion products that were closing the pores of the coating and 

covering the metal surface in the bottom of the pores. Low ndl values obtained for the first day of 

immersion suggest the influence of diffusion, of species participating in corrosion reaction through 

the pores of the coating, on the overall corrosion rate. 

   
Figure 3. EIS spectra for one layer of coating dried at 24°C (solid symbols-impedance; open symbols-phase 

angle). Experimental data are depicted in symbols and fitted data in lines 

 
Figure 4. Surface image of RG7 bronze coated with one layer of waterborne acrylic coating C1 dried at:  

(a) 24 °C, (b) 55 °C and (c) 40 °C for 24 hours. Images were taken upon the immersion in acid rain solution 

      
Figure 5. Electrical equivalent circuits with (a) three time constants and (b) two time constants for analysis of EIS 
data (Rel - electrolyte resistance; RF - faradaic resistance of electrochemical reaction involving corrosion products; 

QF - capacitance of corrosion products; Rpo-resistance of pores in the coating; Qf - constant phase element 
representing the coating capacitance; Rct - charge transfer resistance; Qdl - constant phase element describing the 

double layer capacitance; nF, nf and ndl - coefficients describing the nonideal capacitive behaviour) 

Table 3. EIS parameters for one layer of coating dried at 24°C  

 RF / kΩ cm2 QF / μS sn cm-2 nF Rpo / kΩ cm2 Qf/ μS sn cm-2 nf Rct / kΩ cm2 Qdl / μS sn cm-2 ndl 

1st day 0.56 0.001 0.99 10.06 0.04 0.87 600 9.30 0.47 

2nd day 0.72 0.03 0.73 26.04 0.35 0.74 849 7.20 0.65 

29th day 1.12 0.01 0.79 65.78 0.14 0.77 1770 3.22 0.70 
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The EIS spectra for the coated bronze, dried at elevated temperature (55 °C), are presented in 

Figure 6. On the first day of exposure, the phase angle plot exhibited a wide maximum at high and 

medium frequency range, which is typical of a well-protecting organic coating [20,21,28,29]. During 

the exposure to acid rain solution, the additional peak becomes visible in the lower frequencies 

region, indicating the occurrence of the corrosion of metal substrate caused by the penetration of 

water into the coating. These changes are accompanied by a decrease in impedance modulus values. 

For the analysis of EIS spectra for the first and the second day of exposure, an electrical equivalent 

circuit with two R-Q couples was required, where the first couple describes properties of the coating, 

while the second one describes the corrosion reaction on the metal surface (Figure 5b) [20-

22,30,31]. The obtained EIS parameters are shown in Table 4. The decrease in coating protective 

properties can be observed from the decrease in Rpo values. In addition, the decrease in Rct and the 

increase in Qdl values indicate the corrosion process on the metal substrate. Finally, an additional R-

Q couple was required on the 29th day to describe the high-frequency region in EIS spectrum. As in 

the case of the previous sample, this was ascribed to the appearance of corrosion products. 

Interestingly, Qf value didn’t change in time despite the decrease in Rpo values. This can be related 

to the appearance of surface blistering, which can be clearly observed on studied samples (Figure 

4b). As blistering and swelling of the coating caused an increase in coating thickness, its capacitance 

wasn’t changed much despite the entrance of the water. Considering this, it was possible that the 

selected drying temperature was too high, causing the cracking of the coating, which enabled the 

penetration of electrolyte and the formation of blisters. 

  
Figure 6. EIS spectra for one layer of coating dried at 55°C (solid symbols-impedance; open symbols-phase 

angle). Experimental data are depicted in symbols and fitted data in lines 

Table 4. EIS parameters for one layer of coating dried at 55°C  

 RF / kΩ cm-2 QF / μS sn cm-2 nF Rpo / kΩ cm-2 Qf/ μS sn cm-2 nf Rct / kΩ cm-2 Qdl / μS sn cm-2 ndl 

1st day - - - 2485 0.01 0.77 2634 1.26 0.52 

2nd day - - - 217.7 0.02 0.81 2408 1.92 0.52 

29th day 3.21 0.05 0.70 248.2 0.01 0.89 2200 3.40 0.68 

The results above show that the ambient temperature was too low for coating drying and led to 

modest protective properties while drying at 55 °C. This resulted in excellent initial properties, but 

they deteriorated during exposure to an acid rain solution. For this reason, additional studies were 

performed with the coating dried at 40 °C. The EIS spectra of such samples are shown in Figure 7. In 

the Bode diagram, it can be seen that the impedance modulus values are lower than for the sample 
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dried at 55 °C. They decreased significantly from the first to the second day and then increased again 

by the end of the exposure. For the first and second days of exposure, two-phase angle maxima are 

clearly visible at high and low frequencies, which required an equivalent electrical circuit with two-

time constants for analysis (Figure 5b). As for the previous samples, the presence of two time 

constants is a clear indication of the occurrence of the corrosion process on the metal surface. The 

data obtained from the EIS fitting are presented in Table 5. The decrease in Rct and the increase in 

Qdl values in time also indicate the corrosion process at the bottom of the coating, i.e., on the bronze 

surface, caused by water penetration. The increase in Qf is also ascribed to water ingress into the 

coating. For the analysis of EIS spectrum collected on 29th day of exposure, an additional time 

constant was needed, pointing to the accumulation of corrosion products. The formation of 

corrosion products led to an increase in Rct value. Unlike for the sample dried at 24 °C, in this case, 

the presence of corrosion products was clearly observed on the metal surface, but there were no 

traces of coating blistering, as seen at 55 °C (Figure 4c). 

  
Figure 7. EIS spectra for one layer of coating dried at 40°C (solid symbols-impedance; open 
symbols-phase angle). Experimental data are depicted in symbols and fitted data in lines 

Table 5. EIS parameters for one layer of coating dried at 40°C 

 RF / kΩ cm-2 QF / μS sn cm-2 nF Rpo / kΩ cm-2 Qf/ μS sn cm-2 nf Rct / kΩ cm-2 Qdl/ μS sn cm-2 ndl 

1st day - - - 107 0.02 0.76 1090 2.00 0.55 

2nd day - - - 34.75 0.14 0.73 384 5.01 0.61 

29th day 1.45 0.04 0.71 30.89 0.18 0.73 728 5.75 0.72 
 

Additionally, the influence of coating application in three layers (of total thickness not higher than 

one layer coating) was examined. Each additional layer was applied after 24 hours and cured at 40 °C for 

4 hours. The obtained EIS spectra are presented in Figure 8. The Bode plot showed an increase in 

impedance modulus values, which was more pronounced at the beginning of the exposure. In the phase 

angle plots, again for the first two days, two maxima were observed that required the electrical 

equivalent circuit presented in Figure 5b for fitting. A circuit with three time constants (Figure 5a) was 

needed for the 29th day of exposure. The data obtained by fitting are shown in Table 6. Similarly to 

previous samples, an increase in Qf value is observed on the second day of immersion, which is 

attributed to the water ingress into the coating. However, Rpo and Rct values increased at the same time, 

followed by a decrease in Qdl. This could be attributed to the formation of corrosion products, but they 

were not observed on the metal surface (Figure 9) nor could be deduced from the impedance spectra. 
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Similar results were also obtained in our previous study on this coating [32]. The increase in Rpo can be 

attributed to the swelling of the polymer particles due to water uptake into the coating and closure of 

the pores as the result of this process, as was concluded from the study of Lendvay-Gyorik et al. [33], as 

well in the study of Ecco et al. [34]. Similarly, Le Pen et al. [35] observed an increase in pore resistance 

of waterborne coating during the first days of immersion, which was attributed to the coalescence 

process. Such conclusions are also in agreement with an increase in Rct values and lower Qdl values for 

the second day of immersion. However, on the last day of immersion, an additional phase angle 

maximum in the high-frequency region is observed, corresponding to the presence of corrosion 

products. As the water was present in the coating and at the metal/coating interface, it is not surprising 

that, with time, some corrosion products accumulated on the surface and in the pores of the coating. 

However, they could not be seen by the bare eye (Figure 9) as for one layer coating.  

   
Figure 8. EIS spectra for three layers of coating dried at 40°C (solid symbols-impedance; open 

symbols-phase angle). Experimental data are depicted in symbols and fitted data in lines 

Table 6. EIS parameters for three layers of coating dried at 40°C  

 RF / kΩ cm2 QF / μS sn cm-2 nF Rpo / kΩ cm2 Qf/ μS sn cm-2 nf Rct / kΩ cm2 Qdl / μS sn cm-2 ndl 

1st day - - - 15.8 0.08 0.75 351.8 12.1 0.61 

2nd day - - - 11.9 0.32 0.75 1200 5.43 0.72 

29th day 3.39 0.05 0.83 21.1 0.07 0.88 1350 6.20 0.68 

 
Figure 9. Surface image of three layers of waterborne acrylic coating C1 coated on a RG7 bronze where each 

layer was dried at 40 °C for 4 hours 

From these results, it can be concluded that better protective properties are obtained if the coating 

is applied in three thinner layers than in one thicker layer, which can probably be ascribed to more 

efficient drying in the first case. In addition, the observed improvement of protective properties of the 
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three-layer coating during the sample immersion in acid rain solution was probably due to the coating 

swelling, while in the case of one-layer coating, the formation of corrosion products was a dominant 

phenomenon, visible by the naked eye, which can be related to coating cracking during the drying 

process. 

Supplementary studies were conducted on bronze samples protected by coating C2, which is also 

an acrylic waterborne coating but with slightly higher water content and without a corrosion 

inhibitor that could reduce the corrosion rate of the metal substrate. Figure 10 presents the EIS 

spectrum for RG7 bronze protected with C2, applied in three layers and dried at 40 °C.  

 
Figure 10. EIS spectra for three layers of coating C2 dried at 40°C (solid symbols-impedance; open symbols-

phase angle). Experimental data are depicted in symbols and fitted data in lines 

It can be observed that impedance modulus values increased in time, in a whole frequency range, 

which means that the corrosion resistance increases with the immersion time. Still, C2 coating showed 

lower protective properties compared to C1 coating. It is also interesting to note that the impedance 

modulus values, both at high and low frequencies, increased with the immersion time, indicating 

improved coating barrier properties. For these spectra, it was necessary to use an electrical equivalent 

circuit with three R-Q pairs in order to achieve satisfactory fitting quality. It is similar to the one 

presented in Figure 5a, but the RF-QF couple is related to the medium-frequency region, as in these 

spectra, two phase angle maxima are observed in the medium and low-frequency regions. The EIS 

parameters obtained by fitting are listed in Table 7.  

Table 7. EIS parameters for three layers of coating C2 dried at 40°C  

 Rpo / kΩ cm2 Qf / μS sn cm-2 nf RF / kΩ cm2 QF/ μS sn cm-2 nF Rct / kΩ cm2 Qdl / μS sn cm-2 ndl 

1st day 2.04 1.18 0.66 19.7 15.9 0.69 33.0 51.3 0.83 

2nd day 2.93 0.32 0.72 6.55 4.60 0.87 803 22.8 0.54 

29th day 1.45 0.004 0.87 9.65 0.03 0.90 695 7.35 0.61 
 

In general, for C2 coating, a greater decrease in capacitance values at all frequencies is observed, 

probably as a result of the swelling of the coating and closure of the pores, which also contributed 

to the Rct increase. This time, Rct values are significantly lower than for the previously tested C1 

coating. This increase in resistance, once again, could be ascribed to the formation of corrosion 

products. Their presence here is not noticeable as one layer of C1 dried at 40 °C, but this time coating 

http://dx.doi.org/10.5599/jese.2228


J. Electrochem. Sci. Eng. 14(2) (2024) 247-263 The effect of coating drying conditions on bronze corrosion protection  

258  

turned bluish, indicating the presence of copper ions. The assumption is that the copper ions 

probably slowly came out through the coating during immersion in acid rain solution.  

Further study includes gravimetric measurements, which were carried out with the aim to 

analyse water absorption by coating. Gravimetric measurements of both tested coatings showed 

the same trend, presented in Table 8. After 8 h of immersion in acid rain solution, an increase in 

mass could be observed, which is explained by the fact that the coating took up a certain amount of 

water. This phenomenon is found in the case of physically drying resins and paints. There are still 

many pores in the dry film through which water can penetrate, resulting in coating swelling [33]. 

However, after 5 days of immersion, mass loss was noticed. Although dry coating cannot be 

dissolved anymore, it is possible that water could still dissolve certain components and polymer 

particles of low-degree polymerization [33]. Roggero et al. [36] associated this mass loss with the 

release of plasticizer from the formulation. They noted possible leaching or release of soluble 

coating components due to water penetration into the coating. When comparing the two studied 

coatings, greater water absorption and consequent mass loss were obtained for C2 coating, which 

already contained a larger amount of water in its composition compared to C1.  

Table 8. Results of gravimetric analysis for coatings dried at 40 °C samples and immersed in acid rain solution 

Sample Mass before immersion, g Mass change after 8 h of immersion, % Mass change after 126 h of immersion, % 

C1 0.312 + 30 + 9 

C2 0.361 + 41 + 29 

Comparison between two waterborne coatings on different bronze substrates 

Previous results have shown that incomplete coating drying can lead to substrate corrosion. 

Therefore, substrate corrosion resistance could be important for overall coating performance. For 

this reason, corrosion protection by C1 and C2 was examined on different bronze substrates. Linear 

polarization measurements were conducted to evaluate polarization resistance values during three 

weeks of immersion in artificial acid rain solution (Figure 11).  

  
Figure 11. Dependence of polarization resistance on time for two waterborne coatings  

on different bronze substrates 

It can be seen that the Rp values were higher for all bronzes protected with C1 than when 

protected with C2, although both provided corrosion protection to bronze surfaces. Another thing 

to emphasize is the trend of constant growth of resistance for all coated samples. This trend can be 

related to the coating swelling (expected in the first days of immersion) [35,18], although some 
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increase due to the plugging of the pores by corrosion products cannot be neglected. In principle, 

the higher the corrosion resistance of the bronze substrate alone, the higher the corrosion resis-

tance of the coated sample. For all examined bronzes, significant corrosion protection can be 

achieved by both studied waterborne coatings, especially by C1 coating.  

Waterborne coatings on patinated bronze substrates 

As mentioned in the Introduction section, bronze exposed to a corrosive environment gradually 

covers with corrosion products called patina. Its composition depends on the concentration and 

type of present aggressive ions. Patina is also often formed artificially in order to achieve the 

aesthetically pleasant appearance of bronze sculptures. In this work, two types of bronze patina are 

used, chemically formed dark brown patina as a common type of artificial patina on bronze [37] and 

electrochemically formed green-bluish patina representing aged patina, consisting of copper 

sulphates or carbonates [3,38,39]. In this work, the protection of patinated substrates by water-

borne coating C1 was investigated. Since the lower drying temperature resulted in the formation of 

small bubbles in the coating and a modest level of corrosion protection for bare bronze, while at 

higher temperature exposure to the corrosive medium resulted in coating blistering, the drying 

temperature for the protective coating of already reactive artificial patina substrates was 40 °C. The 

coating application was performed in three layers due to more efficient drying. 

Studies were conducted using polarization resistance measurements during three weeks of expo-

sure to an artificial acid rain solution (Figure 12). It can be observed that for all patinated bronzes, 

C1 coating provided a high level of corrosion protection. In the case of coated sulphide patina, the 

Rp values were the highest for CuSn12 bronze. Similarly to the case of bare bronze substrates, the 

trend of constant growth of resistance attributed to coating swelling was present [35,18]. Such a 

trend was also observed for electrochemical patina on two different bronze substrates protected 

with waterborne coating, only this time, the resistance was higher for CuSn6 bronze.  

     
Figure 12. Polarization resistance on time for waterborne coating C1 on differently patinated bronze 

substrates. (a) Sulphide and (b) electrochemical patina formed on various types of bronze 

Another important thing to emphasize is that the selected waterborne coating does not alter the 

visual appearance of the patinas, as shown in Figure 13. There was no change of colour of the patina 

upon the coating application, as well as during the exposure to acid rain [18]. This confirms the suita-

bility of C1 coating for application on patinated bronze as it enhances the stability of the patina layer.  
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Figure 13. Visual appearance of bronze sample with (a) sulphide patina, (b) sulphide patina with C1,  

(c) electrochemical patina and (d) electrochemical patina with C1 before exposure 

Conclusions 

The investigation of the influence of drying temperature on acrylic waterborne coating protective 

properties showed that the temperature had a significant impact on coating performance. It was 

found that drying at ambient temperature resulted in the formation of small bubbles in dry coating 

and modest corrosion protection. Although the sample polarization resistance values increased during 

the three-week immersion in artificial rain solution, from EIS spectra, it appeared that this was the 

consequence of the formation of corrosion products that were plugging the pores of the coating. 

Drying at 55 °C resulted in greater initial corrosion protection, but the degradation occurred during 

exposure to acid rain solution. Moreover, the coating blistering was observed. The one-layer coating 

dried at 40 °C showed inadequate protection stability as the formation of corrosion products was ob-

served, however, when the coating was applied in three layers, there were no visible corrosion pro-

ducts. In addition, the resistance values increased for the whole exposure time, which was attributed 

to swelling of the polymer particles due to water uptake into the coating and closure of the pores.  

The level of protection between two acrylic coatings that differ in the amount of water and the 

presence of corrosion inhibitor was compared. The coating with a lower amount of water and 

corrosion inhibitor exhibited better protective properties for different bronze substrates. In general, 

the higher the corrosion resistance of bare bronze, the better the performance of the coating. 

This study also revealed that coating C1 is suitable for the protection of artificially patinated 

bronzes as the patina layer surface is not changed by coating application and remains stable in time.  
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