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Abstract   

In this study we used Electrochemical Impedance Spectroscopy (EIS) to assess the protective capacity 
of different conservation treatments: benzotriazole, tannic acid and a polyurethane coating. They were 
applied on corroded coupons that replicate colonial Mexican brass and cast-iron alloys which were 
subjected to an accelerated ageing process under UVB/condensation exposure cycles. Electrochemical 
analysis was complemented with colorimetric measurements and FTIR analysis for information on the 
structural level before and after ageing. EIS results indicate that although the inhibitor systems prevent 
corrosion in early stages of the ageing, after 600 h they degrade, and corrosion products are formed 
resulting in low protective capacities. The selected polyurethane coating provided high protective 
capacities measured by EIS and agreed with no chemical degradation registered by FTIR and colour 
aspect. This investigation was performed with a methodology that can be replicated on site since it is 
non-destructive and the data can be employed for planning conservation strategies. 

 KEYWORDS 
 Protective coatings 

Brass 
Cast iron 
EIS 
FTIR 
SEM 

Resumo   
Neste estudo utilizamos a Espectroscopia de Impedância Eletroquímica (EIS) para avaliar a 
capacidade protetora de diferentes tratamentos de conservação, nomeadamente: benzotriazol, ácido 
tânico e revestimento de poliuretano. Os tratamentos foram aplicados em provetes corroídos que 
replicam latão colonial mexicano e ligas de ferro fundido submetidas a um processo de envelhecimento 
acelerado sob ciclos de exposição UVB/condensação. A análise eletroquímica foi complementada com 
medidas colorimétricas e FTIR para obter informações sobre o nível estrutural antes e após o 
envelhecimento. Os resultados do EIS indicam que, embora os sistemas inibidores previnam a 
corrosão nos estágios iniciais do envelhecimento, após 600 h os inibidores degradam-se e os produtos 
do processo de corrosão são formados, resultando numa baixa capacidade de proteção. O 
revestimento de poliuretano selecionado proporcionou grande capacidade de proteção (EIS), 
coincidente com os resultados obtidos por FTIR, por não apresentar degradação química ou mudanças 
na coloração. Esta investigação foi realizada com uma metodologia que pode ser replicada no local por 
ser não destrutiva, e os dados obtidos podem ser empregues para o planeamento de estratégias de 
conservação. 
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Introduction 

For thousands of years, mankind explored materials from beneath the earth's surface and 
transformed them into spearheads, rudimentary tools and ornamental metal objects that have 
since corroded and can still be admired today. This legacy, left by our ancestors throughout 
history, are material goods that help us to define and understand cultural identities [1]. Hence, 
the interest in preserving this heritage in the best conditions and passing it on to future 
generations with the best guarantees of survival [2], even against the natural tendency of metals 
to corrode [3-4]. 

Historically, the conservation of metallic artefacts has followed rudimentary schemes that 
have evolved and become systematised over time. In recent decades, this has included both the 
maintenance of artefacts in controlled environments [5-6] and the use of oxide inhibitors, 
converters and anticorrosive coatings [7-12]. Benzotriazole (BTA) and tannic acid are the most 
widely used oxide inhibitors and converters, for copper [13-16] and iron alloys respectively [17-
19]. BTA inhibitory action is explained by a physical barrier effect, which happens by the 
formation of a polymeric surface complex between the copper alloy corrosion products and 
BTA, due to the union of the triazole ring with the less noble metal of the alloy [13-14]. Several 
studies of BTA in aqueous solution showed that it induced a long-lasting prevention against 
corrosion, however, in outdoor environments, the protective capacity of BTA is lower [20-25]. 
In the case of tannic acid, it reacts with rust components, mainly iron oxides and 
oxyhydroxides, forming iron phosphates and tannates that induce the formation of surface 
layers with protective capabilities that prevent the corrosion progress [17]. However, the 
formation of these complexes provides a blue-black colour on the treated surfaces and their life 
period becomes short in outdoor environments [18-19]. In recent years, studies reported that 
the use of aliphatic polyurethane coatings provides strong dielectric layers that prevent current 
flow and combines good chemical and weather resistance with the possibility of selecting a 
matte, gloss, or colour finish accordingly. Therefore, polyurethanes are good candidates for 
applications on metallic heritage artifacts in order to obtain a better appearance and protection 
against corrosion but the efficiency is very dependent on the application method and coatings 
thickness [26-27]. 

On the other hand, to evaluate the behaviour of applied protection systems on metallic 
artifacts, it is very important the use of non-invasive and non-destructive techniques to avoid 
permanent damage on their physical, chemical and aesthetic properties. In this order, 
Electrochemical Impedance Spectroscopy (EIS) is an electrochemical technique that has been 
widely used in the evaluation of industrial paints and coatings. Recently, EIS has been 
implemented to study metallic heritage, because it has the advantage of applying a sinusoidal 
potential signal of 10-20 mV, small enough to avoid the alteration of the studied surface [28-
33], and to measure the sinusoidal current response of the system with the same frequency, but 
of different amplitude and phase angle. In the same context, Fourier Transform Infrared 
Spectroscopy (FTIR), is an extremely useful spectroscopic technique for the interpretation of 
both organic and inorganic molecular structures. The infrared spectrum of a sample is obtained 
by recording the amount of energy absorbed at each wavelength of the incident infrared 
radiation [34-35, 36, pp. 137-196, 37]. This is achieved by scanning the spectrum with a 
monochromatic light that changes in wavelength over a time interval or by using a Fourier 
transform to measure all wavelengths at the same time. Thus, a spectrum of transmittance or 
absorbance can be traced, allowing the identification of bonds through the infrared energy 
absorbed by the sample [38-40]. 

In Mexico, metal heritage from the colonial period (seventeenth and eighteenth centuries) 
is abundant in outdoor environments such as cannonry and bells [41, pp. 37-39, 42]. These 
historic artefacts can be found in urban environments but the most degraded are on coastal 
cities subjected also to saline environments. In Mexico, conservators commonly employ 
corrosion inhibitors as the ones mentioned before, and the application of a polyurethane 
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coating commonly employed on industrial cases still needs to be evaluated for heritage 
artifacts. 

Therefore, it was considered relevant to study the efficiency of different corrosion 
protection systems currently in use in Mexico by conservators with a specific reproducible 
methodology both in laboratory and directly on metal objects. This research evaluates the 
electrochemical behaviour of three protective systems on mockup coupons based on the 
colonial period alloys in Mexico: tannic acid for cast-iron, BTA for brass and a polyurethane 
coating was applied on both brass and cast-iron before and after an UV/condensation ageing 
period. In particular, the selected polyurethane coating is an industrial product that has the 
characteristic that can be applied directly to the metal without a primer or surface abrasion, no 
reversibility studies have been reported so far on this material. 
 
 

Experimental 

Preparation of the metal alloys coupons 
In this study, representative cast-iron and brass coupons were manufactured considering the 
typical composition that these alloys had during the colonial period [43]. Table 1 shows the 
chemical composition (wt. %) of the 72 mockup coupons prepared (36 brass and 36 cast-iron) in 
comparison to the reported chemical compositions of brass and cast-iron during colonial 
period. For the experiment, coupons with dimensions of 1.5 × 2.0 × 0.5 cm for cast-iron, and 
2.0 × 2.0 × 0.5 cm for brass were manufactured. 

 
Table 1. Elemental composition obtained by SEM (wt. %) of brass and cast-iron coupons manufactured for this study, and typical composition of these alloys 
during the colonial period reported by Lopez-Garrido et al. [43]. 

Elemental 
content 

Experimental 
brass coupons 

Typical colonial 
brass alloy 

 Elemental 
content 

Experimental  
cast iron coupons 

Typical colonial 
cast-iron 

Cu 67.8±0.4 72.3±0.5  Fe 90.1±0.6 85.0 ±0.6 
Zn 22.0±0.2 20.3±0.3  C 4.3±0.8 5.6±0.2 
C 5.4±0.3 3.1±0.1  Si 2.4±0.1 3.2±0.3 
Sn 1.4±0.1 2.1±0.2  O 1.4±0.1 4.6±0.2 
O 0.5±0.1 0.8±0.1  Mn 1.3±0.1 1.3±0.1 

 
The coupons surface was progressively wet-ground to 1200 grit finish (SiC grit paper), 

washed with deionized water, and degreased using acetone. Then these coupons were 
oxidized. An artificial patina was grown on the brass samples by heating them up to 60 °C, then 
were immersed in a 2.0 wt. % K2S solution, and after in a 1.0 wt. % CuSO4 solution and left to 
dry in a heating plate [44-45]. The cast-iron coupons were corroded by exposing them to an ISO 
type 3 natural marine atmosphere for three months to simulate alteration in a coastal city [46]. 
 
Preparation of protective systems 
The coupons were separated into two series, each series consists of 18 coupons for each alloy. 
The first series includes the inhibitor systems and the second series the polyurethane coating. 
The corroded coupons were prepared with the according protection system as presented in 
Table 2. For the first series of brass a 1 % of benzotriazole ethanolic solution was used (system 
1). In the case of cast-iron, a 3 % tannic solution was prepared using ethanol, water and 
phosphoric acid to reach an acid pH (system 2) [47]. Both solutions were applied on the surface 
with a hand sprinkler. 

The second series both brass and cast-iron coupons were treated with a commercial 
polyurethane coating Polylite 160-DTM prepared as the vendor indicated. An electrical low-
pressure sprinkler was used for a homogeneous surface application (systems 3 and 4). 
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Table 2. Names and description of the applied protection system for each metal coupons. 

Series Base metal Surface condition Applied protection system Name 
1 Brass Patinated Benzotriazole (BTA) System 1 

Cast-iron Rusty Tannic acid System 2 
2 Brass Patinated polyurethane coating System 3 

Cast-iron Rusty polyurethane coating System 4 

 
 
Accelerated ageing tests 
All the systems were exposed to accelerated ageing tests in an ATLAS UV/CON chamber. The 
chamber operated in 4 × 4 h UVB/condensation exposure cycles according to the ASTM G-154-
06 Standard [48] during a maximum time of 600 hours. 
 
Evaluation of the protection systems 
For the materials characterization three coupons of each system before ageing (0 h) were 
considered control samples, then three coupons of each system were retired after 24, 96, 183, 
384 and 600 hours of exposure for their analysis with the following techniques. 
 
Fourier Transform Infrared spectroscopy (FTIR) 
The FTIR analysis was carried out in an Alpha Reflectance Spectrophotometer (Bruker) in the 
middle infrared (500-4,000 cm-1) at 24 scans min-1 and a spectral resolution of 4 cm-1. The data 
was processed with the Opus Video 7 software. For the data treatment, the OriginPro 8 software 
was used. Spectral identification was carried out by using the RRUFF electronic data bases and 
own FTIR spectra collection. The analysis was performed coinciding with the withdrawal 
periods of the samples. 
 
Appearance and colorimetric measurements 
The appearance of the samples was observed under optical microscopy in order to evaluate their 
appearance by using a stereomicroscope Stemi 305 (Carl Zeiss) coupled to an Axicocam 105 
Camera (Carl Zeiss), after 24, 96, 183, 384 and 600 hours of ageing test. 

Colour changes were measured by using a CM-700d spectrometer (Konica Minolta). It 
operated in the 400 to 700 nm visible range with a wavelength interval of 10 nm, spectral 
resolution of 0.01 % and an effective measure area of 3 mm. The data was analyzed by 
considering the CIELab colour system and the total colour change (∆𝐸𝑎𝑏∗ ) before and after 
weathering was calculated by the following equation, defined by the Commission 
Internationale de L’Eclaraige [49]: 
 

∆𝐸𝑎𝑏
∗ = [(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2]1/2   (eq.1) 

 
where: 𝐿∗ indicates luminosity and variables 𝑎∗ and 𝑏∗ indicate the cartesian coordinates of the 
CIELab chromatic space. ∆ represents the difference between the trial and the reference value 
of the corresponding variable. 
 
Electrochemical impedance spectroscopy (EIS) 
Impedance measurements were carried out by using a Solartron Analytical 1280C 
Electrochemical Test System (Figure 1a), which was controlled by a personal computer using Z-
plot software to operate the system and gather data. During EIS spectra acquisition, samples 
were potentiostatically held at their open circuit potential (OCP), a sinusoidal perturbation of 
10 mV was applied to systems 1 and 2, and 20 mV to systems 3 and 4. The impedance response 
was measured in a frequency range from 20 KHz to 50 mHz. 
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Figure 1. Experimental setup using: a) Solartron Analytical 1280C Electrochemical Test System and b) corrosion cell. 
 

All electrochemical experiments were carried out in a neutral aerated 0.1 M Na2SO4 solution, 
at 25 ± 1 °C, using a three-electrode cell mounting (Figure 1b): the counter electrode was a 
platinum wire, an Ag/AgCl (KCl saturated) electrode was used as the reference electrode. The 
systems under study were the working electrodes. A rubber o-ring was used between the 
sample metallic and the cell to prevent solution leakage. The o-ring allowed a measurement 
area of 1 cm2 to be exposed to the cell solution. To minimize the ohmic drop, the reference 
electrode was connected to the main cell compartment through of a salt bridge. 
 
 

Results and discussion 

Chemical and structural analysis 
Figure 2 shows the FTIR spectra of the 1-2 and 3-4 systems, after 24, 96, 192, 384 and 600 h of 
accelerated ageing test. Control systems were included as well. Table 3 shows the 
corresponding FTIR absorption frequencies [50-56]. 

After 24, 96, 192, 384 and 600 hours of ageing, system 1 (Figure 2a and Table 3) showed a loss 
of the absorption signals corresponding to as(N-N), oop(C-C), as(C-H) and as(C-H) bonds, as 
well as a decrease in the intensity of the absorption bands associated to as(C-H) and as(N=N) 
bonds. These structural changes suggest a photochemical degradation of the polymeric 
complex that causes the loss of the protective capabilities in the complex due to mechanical, 
electrical, and optical transformations [17-19, 58]. 

Regarding system 2 (Figure 2b), the FTIR spectrum obtained after 24 h of ageing showed 
characteristic signals akin to those of the control system. However, a decrease in the intensity 
of the absorption band located in the range of 3200-3600 cm-1 was also observed. This indicates 
the reduction of the free OH- groups, which allows the tannic acid to chelate the Fe ion [57, 59, 
pp. 144-160]. The FTIR spectra obtained after 96 and 192 h of ageing, showed a decrease in the 
intensity of the as(C-O), as(C-H) and as(C-C) bonds while, the corresponding spectra for the 
384 and 600 h of ageing showed the loss of the signal corresponding to the as(C-O), as(C-C), 
as(C-H) and oop(FePO4) bonds, this as consequence of the structural changes in the tannic acid 
molecule due to photodegradation [57, 59, pp. 144-160, 60-61]. 
 
 
 
 

a b 
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Figure 2. FTIR spectra of protective: a) system 1; b) system 2; c) system 3; d) system 4. 
 

Figure 2c-d show the FTIR spectra after the ageing period of the systems 3 and 4 
respectively. Not visible changes were observed in absorption intensities in comparison to the 
control system. This behaviour suggests that this coating conserves its structural stability after 
600 h of ageing test, independently of the substrate where it was applied. This indicates that 
the polymer was not affected by exposure conditions. However, for longer exposure times, UV 
radiation could promote photo-oxidative degradation through a mechanism of free fall that 
starts when UV radiation is absorbed by the chromophore group causing the breakdown of the 
C-C bonds in the polymeric chain [62-67]. 
 
 
 
 
 
 
 
 
 
 
 

a b 

c d 
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Table 3. FTIR absorption bands corresponding to the protective systems. 

System 1 System 2 

Assigned signal Band (cm-1) Vibration mode Reference Assigned signal Band (cm-1) Vibration mode Reference 

Cu-O 606 (m) as [50] Fe-O 550 (s) s [17] 
C-H 740 (m) s [51]  Fe-O 760 (w) as 
C-C 781 (w) oop  Fe-O 873 (w) as 
N-N 871 (m) s  Fe-O 1035 (s) as 
C-C 1007 (mw) oop [52-53]  Fe-O 1080 (s) as 
C-H   1127 (s) s C-O 1207 (m) as [18-19] 
N=N 1208 (m) s C-H 1340 (w) as 
C-C 1246 (m) s C-C 1435 (m) s 
C=C 1416 (m) oop [51] FePO4 1620 (m) oop [57] 
C=C 1617 (m) oop Fe (TH3) [ 1680 (m) s 
C-O 2353 (w) as [54] O-H 3200-3600 (m) s+as [17] 
C-H 2798 (m) as [51]     

C-H 2939 (w) as     

C-H 3077 (s) s     

O-H 3200-3600 (m) s+as [55-56]     

System 3 System 4 

Assigned signal Band (cm-1) Vibration mode Reference Assigned signal Band (cm-1) Vibration mode Reference 

C=C 555 (m) iop [59, pp. 144-160] C-C 1473(m) s [60] 
C=C 614 (m) oop C=C 1741 (m) oop [59, pp. 144-160] 
N-H 674 (w) as C=O 1877 (w) as [60-62] 
C-H 701 (w) iop+oop [60-61] C=O 1951 (w) as 
C-H 779 (m) iop+oop CH2 2850 (w) as 
C-H 875 (w) s [60-62] CH2 2971 (m) as 
CH2 941 (w) oop [60] CH2 3024 (w) s 
C-H 1022 (s) s C-H 3068 (m) s [60] 
C-O 1120 (m) s [60-62] O-H 3200-3600 (m) s+as [55] 

*s – strong; m – medium; mw – medium weak; w – weak; vw – very weak 
 
Appearance and colour evaluation 
The appearance is an important aesthetic property to be considered in metallic artifacts 
corroded during its environmental interaction. Corrosion products aspect depends, of course, 
on the type of metal alloy, but also on the characteristic of the surrounding atmosphere (i.e. 
presence of sulphur dioxide, chloride, humidity, etc.), which also affects every preventive 
corrosion system applied over the artifact. Colour changes are one of the most important 
aspects to be evaluated in order to stablish the long-term behaviour of metallic artifacts under 
corrosive environments. 

During this study, the system appearance was monitored by optical microscopy and colour 
measurements. Figure 3 shows a set of surfaces microscopical images corresponding the four 
treatments during the control measurements at 24, 96, 192, 384 and 600 hours of ageing test. 

System 1, had in appearance a homogeneous distribution of BTA, but during the first 192 h 
of exposure, occurred the formation of surface groves associated to the gradual loss of BTA. 
According to Roberge [68], those groves are preferential zones to initiate the corrosion process. 

With the advance of ageing, the system turns cracked, with visible colour changes, 
consequence of the photochemical degradation of BTA [58, 68]. In the case of treatment 3, after 
600 h of ageing, it does not present perceptible surfaces changes. It is indicative of the stability 
of the coating system under experimental conditions. 
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Figure 3. Evolution of the systems surface appearance registered by optical microscopy during the ageing test: a) system 1: b) system 2; c) system 3; d) system 4. 
 

The images indicate that in apparency, the distribution of the coating systems applied over 
the iron coupon surface at the initiation of the experiment was homogeneous. After 24 h of 
ageing, the formation of blisters and the apparition of red to orange corrosion products result 
evident in system 3. After 96 h the formation and breakdown of blisters is frequent, resulting in 
the apparition of new corrosion products until the end of the experiment. It is known that the 

a b 

c d 
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breakdown of blisters is cause of the increase of corrosion rate, although, certain iron corrosion 
phase can be more stable when interact with the remnant tannic acid. 

On the other hand, system 4 showed a more stable behaviour during the first 96 test hours, 
without apparent change in the coating appearance. Nevertheless, after 192 h of test, some 
picks, probable associated to the formation of pores in the de coating due to the 
photodegradation of the polymeric film start to appear [69]. They increase until the end of the 
experiment, and can be associated to the formation of localized zones where corrosion is 
possible. 

The changes in the aesthetical aspect of the test systems were quantified through the colour 
measurements according to the CIELab system. Figure 4 show the colour evolution of the 
ageing coupons during the experiment, while Figure 5, indicates the tendency of the colour 
difference (∆E) during the experiment. 

The brass alloy used as muck-ups had an initial value of L* = 71.2±2.9, a*= -7.1±0.9 and b*= 
60.5±2.0 corresponding to a brilliant yellow colour. After oxidation, these value change to L*= 
22.1±1.2, 𝑎∗= -16.2±0.9 and 𝑏∗= 28.4±2.0 that corresponded to a dark brown colour. This colour 
changed when the system 1 was applied, diminishing its brightness and displacing to the red 
to- yellow zone. But when BTA was applied, the surface acquired whitish aspect. During 
ageing, surfaces changes induced by the continuous photodegradation of the inhibitor reach a 
∆E of 31 colour units (Figure 5). These visual changes could be an indicative of changes in 
stability of the coating, associated to the apparition of corrosion cells on brass surface [13, 15, 
70-71]. 
 

             
 

             
Figure 4. Colour coordinates for: a) system 1, b) system 2, c) system 3; d) system 4. 
 

a b 

c 
d 

https://conservarpatrimonio.pt


Non-destructive electrochemical evaluation of corrosion protection systems subjected to accelerated ageing tests 
 

CONSERVAR PATRIMÓNIO 48 (2025) https://doi.org/10.14568/cp26340 41 
 

 
Figure 5. Evolution of colour change (∆E) on the four test systems. 
 

Cast iron muck ups showed initial 𝐿∗= 52.5 ± 2.7, 𝑎∗= -2.0±0.8 and 𝑏∗= 11.2 ± 1.1 
corresponding to a grey colour produced by graphite flakes present in the alloy [72]. After the 
oxidation, colour coordinates move to 𝐿∗= 51.1 ± 1.7, 𝑎∗= -8.4 ± 0.3 and 𝑏∗= 16.2 ± 2.2, associated 
to the typical ochre colour of iron corrosion products (13). The application of tannic acid (system 
3), scroll the colour to red to- blue with a lower luminosity, consequence of the formation of 
iron tannates. After ageing, the colour tends to the red to- yellow zone, with an increasing of 
luminosity. The system, reach a ∆E of 35.4 when the experiment is over. Rendón [73], indicates 
that the colours orange and yellow are associated to the formation of the corrosion phases 
lepidocrocite and goethite respectively. Eventually, UV radiation photodegraded the chemical 
structure of tannates, then it caused the reactivation of corrosion process over metal surface 
[74]. 

By the other hand, the application of the polymer to systems 2 and 4 cause small variation 
in the visual aspect of the coupons, but it tends to change with the advance of the experiment. 
System 3 showed an initial 𝐿∗= 36.4 ± 2.7, 𝑎∗= 9.2 ± 0.8 and 𝑏∗= 17.5 ± 0.01 values, in the red to- 
yellow region.  At the end of the experiment, the difference of colour was 9.8, closer to the 
perception limit for human eye [75]. For the system 4, the colour coordinates were 𝐿∗= 48.9 ± 
0.4, 𝑎∗= 3.1 ± 0.3 and 𝑏∗= 17.5 ± 0.7. At the end of the experiment, ∆E was 17.9 colour units. In 
this order, colour changes started to be perceptible around 192 h after the experiment start up. 
Photodegradation of organic coating starts with the loss of the brilliance in the surface, 
followed by its disintegration. It affects the capabilities of the coating to protect the metallic 
surface again corrosion. 
 
Electrochemical analysis by EIS 
Experimental impedance spectra of studies systems are presented in the form of Nyquist 
diagrams in Figure 6a, Figure 7a, Figure 8a and Figure 9a, as well as its respective Equivalent 
Circuit (EC). The impedance data were fitted using the Zview program. 
 
System 1 (brass/patina/benzotriazole) 
Figure 6a shows the Nyquist diagrams corresponding to system 1. There, two-time constants 
can be observed. The time constant at high frequencies is associated to the formation of the 
patina/BTA complex [16]. On the other hand, the time constant observed at low frequencies is 
attributed to the charge transfer caused by the corrosion process. It is associated to the 
presence of heterogeneities in the patina/BTA complex [14-15, 76]. The arc size of the time 
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constant at low frequencies decreases in accordance to the aging period. This suggests the loss 
of its protective capabilities in the polymeric complex as a result of the structural changes 
caused by the photodegradation [14-16, 76]. This behaviour was also consistent with the 
structural changes observed during the FTIR analysis. 

The equivalent circuit showed in Figure 6a was used to interpret the EIS spectra of a one-
layer oxide film structure. The parameter Rsol represents the electrolyte resistance used; CPEpbs 
corresponds to the protective properties of the patina/BTA complex with a non-ideal model 
behaviour due to the presence of system irregularities, such as the lack of uniformity of the 
inhibitor, roughness, non-homogeneous distribution of the current, etc. [77-79]. On the other 
hand, Rpbs is the resistance associated to the patina/BTA complex. CPEdl represents the 
electrochemical double-layer capacitance and Rct is the charge transfer resistance that occurs 
at the metal-patina/BTA complex interface [13, 80-81]. This EC suggests the presence of defects 
in the complex, that according to Haruyama et al. [81], facilitates the interaction of the 
electrolyte with the metallic interface. Figure 6a shows the experimental data, in the form of 
symbols, and the fitted data, in the form of lines. The quality of the fit can be judged by 
observing the difference between the experimental and fitted values. 

Figure 6b shows the decrease in the Rpbs y Rct values as a function of ageing time, which 
suggests the loss of protective capabilities in the system. This behaviour is consequence of the 
photochemical degradation of the BTA, as suggested by Haruyama et. al., and Ling et. al. [13, 
81], who assessed the electrochemical behaviour of BTA in copper specimens using polarization 
curves and EIS, respectively. 

The capacitance of an electrochemical system is related to the quantity of material that can 
be transformed through the electrochemical processes [82-83]. In this study, the effective 
capacitance (𝐶𝑒𝑓𝑓) associated to the CPE was calculated with equation 1, which is equivalent to 
that presented by Hsu and Mansfeld [84]: 

 
𝐶𝑒𝑓𝑓 = (𝑌0𝑅𝑝

1−𝑛)
1/𝑛     (1) 

 
where 𝑛, 𝑌0 and 𝑅𝑝 are the exponent, admittance constant of CPE and the parallel resistance 
associated to the faradaic process, respectively. 

In Figure 6b, shows a progressive increase in the Cpbs y Cdl values, which suggests an increase 
in the corrosion rate. According to Fedrizzi et al. [83], the inhibitor photodegradation causes 
the appearance of defects that allow the continuous penetration of the electrolyte across the 
brass/patina interface, then an increase in corrosion rate occurs. 
 

 
Figure 6. System 1: a) Nyquist plots and electrochemical circuit model used in fitting the experimental data, at different ageing times, exposed to 0.1 M Na2SO4 
solution; b) Rpbs, Rct, Cpbs y Cdl values at different ageing time. 

a b 
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System 2 (cast-iron/corrosion products/tannic acid) 
During this study, all specimens of the system 2 presented one-time constant from high to 
intermediate frequencies (Figure 7a). That was associated to the formation of complexes 
formation between tannic acid and the substrate (phosphates and iron tannates) [18, 85]. 

At low frequencies, control specimens unexposed to ageing, tend to form a straight line with 
a slope of 45° (Figure 7a), which is typical of diffusion processes [18]. The experimental results 
obtained after 24 h of ageing showed the formation of a slope lower than 45°, with a tendency 
to form an arc. It can be associated to a change of diffusion to charge transfer processes caused 
by the metal/electrolyte interaction [85]. 

In the Nyquist diagrams, Figure 7a, can be observed that the impedance spectra start at 
different Z’ values as function of ageing time; i.e., there is an increase in the electrolyte 
resistance. According to Orazem [86], this behaviour can be associated to the inhibitory effect 
produced by the substance that is deposited on the converted layer, which in contact with the 
electrolyte is solubilized, increasing the resistance of the medium due to the inhibitory ohmic 
effect of the active compound. 

The arc size from the time constant at high frequencies increased as function of ageing 
time, probably due to the stability of the phases that were initially present as magnetite, 
goethite and lepidocrocite, which were observed during the FTIR characterization (Figure 2b). 
Those phases protect the base metal [87]. 

Figure 7a shows the EC model used to evaluate the impedance spectra for the unexposed 
system, where CPEco and Rco are the capacitance and resistance associated with the layer of 
converted oxides, respectively [18, 50]. The use of Warburg impedance (Zw) suggests that the 
kinetics of the overall corrosion process of the studied system is controlled by the diffusion 
process, across the superficial porosities. Al-Mayouf [88], showed that the application of tannic 
acid on oxidized iron, allows the formation of a porous iron tannates layer, which is dependent 
on the moisture content. Figure 7a shows the EC model used to evaluate the impedance spectra 
when the system is under charge transfer control (for 24 – 600 hours exposure). These diagrams 
showed a good relation between experimental and fitted data using proposed models. 

Figure 7b shows the increase in the Rco y Rct values as function of ageing time, in contrast to 
the Cco and Cdl values which decreased. According to Favre [74], and Pantoja [89], these 
behaviours can be associated to the presence of a stable iron oxides phases of such as magnetite, 
goethite and lepidocrocite that provide good protective capabilities to the system. 
 
 

 
Figure 7. System 2: a) Nyquist plots and electrochemical circuit models used in fitting the experimental data, at different ageing times, exposed to 0.1 M Na2SO4 
solution; b) Rco, Rct, Cco and Cdl values at different ageing time. 
 

a b 
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System 3 (brass/patina/polyurethane coating) 
The experimental results of EIS for system 3 (Figure 8a), shows a tendency toward the 
formation of a very big semicircle to high frequencies, from 20 KHz to 300 Hz. At lower 
frequencies scattered results were obtained, which are not presented in this study. This 
behaviour can be consequence of the formation of a homogeneous coating film which acts as 
an ideal capacitor that acts such as protective physical barrier of the metal surface, i.e., as an 
insulator, therefore, no charge transfer occurs [90-91]. Also, this behaviour is attributed to the 
lack of interactions between the electrolyte and the metal surface, hence the absence of a second 
or third time constant [92-93]. 

Figure 8a, presents the EC model used to evaluate the impedance spectra for system 3. The 
properties of the coating were evaluated by the pore resistance (Rpo) and a CPEpo that represents 
the capacitive properties of the protective layer formed by the polyurethane coating, as a 
consequence of its dielectric properties [94]. According to that, the protective mechanism of 
the polyurethane coating is barrier type, therefore, only one time constant was observed in the 
diagrams of Nyquist. The EC is similar to that used by Hu et al. [93], when organic coatings 
were evaluated at room temperature by using EIS. 

Figure 8b shows the Rpo and Cpo values as a function ageing time. Rpo values of coating 
decrease when the exposure time is increased. That suggests a reduction of the protective 
capacity of coating. However, the Rpo are in the order of 107 Ω-cm2, so according to Lee et. al. 
[95], this coating is in the range of medium protection. On the other hand, Cpo values increased 
as a function ageing time. According to Martin et al. [92], it is possible that the degradation of 
coating allows the interaction of the metallic substrate with the electrolyte, causing the 
formation of preferential sites where corrosion can occur. 

 
 

 
Figure 8. System 3: a) Nyquist plots and electrochemical circuit model used in fitting the experimental data, at different aging times, exposed to 0.1 M Na2SO4 
solution; b) Rpo and Cpo values for system 3 at different ageing time. 
 
System 4 (cast-iron/corrosion products/polyurethane coating) 
In the Nyquist diagrams corresponding to system 4 (Figure 9a), two different behaviours can 
be observed. At high frequencies, the unexposed specimens and those with 24 and 96 h of 
ageing, shown a tendency to form a very large capacitive arc, similar to the observed in system 
3 (Figure 8a), but as occurred with the system 3, the scattered results are not presented. The 
behaviour described, can be associated to the formation of a physical barrier that provides high 
values of dielectric resistance, directly related to good protection, as was previously observed 
in the Brass/Patina/POL system. 
 

a b 
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Figure 9. System 4: a) Nyquist plots and electrochemical circuit models used in fitting the experimental data , at different aging times, exposed to 0.1 M Na2SO4 
solution; b) Rpo, Rct, Cpo and Cdl values for system 4 at different ageing time. 
 

On the other hand, the experimental results obtained at 192, 384 and 600 h of ageing, shown 
a tendency to form an arc, of smaller size than that observed at initial times (Figure 9a). Vesga, 
indicates that this behaviour is associated to the appearance of coating defects such as pores, 
cracks or change of thickness, which allow apparition of diffusion process [96]. 

A Randles circuit [16] (Figure 9a) was used to analyze the impedance spectra for unexposed 
and exposed specimens after 24 and 96 h (very large capacitive arc). There Rpo is the pore 
resistance and CPEpo represents the capacitive properties of polyurethane coating protective 
layer due to its dielectric properties [95-96]. 

To evaluate the impedance spectra that showed a decrease in the size of the arc (192, 384 and 
600 h), associated with the coating failure, the circuit proposed by Haruyama et al. [81], was 
used (Figure 9a). Where CPEpo, at high frequencies, represents the dielectric properties of the 
coating that represent the non-ideal behaviours consequence of system irregularities such as 
lack of coating uniformity, roughness, non-homogeneous distributions of the current, etc. Rpo 
is the resistance that provides the coating. CPEdl is associated to the capacitance of the double 
layer, Rct is the charge transfer resistance occurring in the metal-electrolyte interface [16] and 
Zw is the Warburg impedance, used to adapt diffusional processes [96-97]. According to Itagaki 
et al. [77, 81], when a coating fails, corrosion occurred due to the combination of the following 
factors: 

• diffusion of electrolyte ions toward the substrate through areas of the 
coating that present weak bonds; 

• diffusion of the electrolyte by defects of the coatings such as air bubbles, 
craters, pores, etc. Then, the entry of oxygen induces the formation of 
anodic and cathodic sites in the substrate, in consequence corrosion 
reactions accelerate and a pH decrease occurs. This process can induce the 
loss of adhesion of the coating and metal surface. 
 

Figure 9b shows the values of Cpo, Rpo, Cdl and Rct as a function ageing time. At initial aging 
times, up to 96 h, the Rpo values are in the order of 109 Ω cm2. From 192 h and until the end of 
aging, a decrease of 3 orders of magnitude was presented in the Rpo values. Such a decrease can 
be associated to the appearance of defects in the coating, which allow the interaction of the 
electrolyte with the base metal resulting in the presence of a second arc in the Nyquist diagram, 
that corresponds to the corrosion process. The Rct values also showed a tendency to decrease as 
the aging time increased as a result of the corrosion process. On the other hand, the Cpo values 

a b 
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increased by around two magnitude orders from 192 h compared to those obtained at initial 
aging times. The Cdl values (associated to the Rct), increased when the exposure time increased. 

According to Fedrizzi et al. [83], the increase in capacitance values (Cpo y Cdl) and the 
decrease in resistance values (Rpo y Rct), are influenced by the appearance of defects in the 
coating that allow the formation of preferential sites where the corrosion process is carried out, 
suggesting an increase in the corrosion rate [83, 97-98]. 
 
 

Conclusions 

This study employed an electrochemical impedance spectroscopy analysis complemented with 
a set of surface instrumental analysis to assess protection systems on brass and cast-iron 
mockups from the colonial Mexican period. The results indicate that system 1 had a significant 
chemical degradation as showed by the FTIR analysis, the degradation of the surface after the 
ageing conditions can be observed by the naked eye since it had a high measured colour change, 
with Rct values of approximately 105 Ω-cm2. In system 2, the chemical degradation after ageing 
caused an observable colour change with a final Rct values of 376 Ω-cm2. 

The systems protected with the polyurethane coating did not present chemical degradation 
and therefore the colour change was imperceptible to the naked eye though measured with the 
colorimeter. The physical barrier provided structural stability with Rct values of the order of 107 
Ω-cm2 for system 3. In system 4 the protective capacity was observed to decrease slightly with 
time due to thinning of the coating to a final Rct value of the order of 1 x 106 Ω-cm2. Accordingly, 
the inhibitor protective systems could be recommended for indoors environment while the 
coating protective systems for outdoor. 

These results showed that the non-destructive methodological proposal is adequate to 
gather information in a timeline basis on the corrosion processes that affect these cultural 
assets and can help the development of long-term preventive and corrective conservation 
strategies. 
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