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The atmospheric corrosion behavior of benzotriazole treated Cu-based coins in synthetic sweat was
investigated. Electrochemical impedance spectroscopy showed that the protective effect of BTA on
copper coins gradually failed in synthetic sweat with the prolongation of immersion time. The copper
coin coated with BTA protective film had a faster corrosion rate under cyclic wet-dry test of regularly
wetting synthetic sweat. From the composition analysis of protective film and corrosion products, BTA
not only complexed with Cu?*/Cu*, but also reacted with Zn?*/Ni?*. The thickness of the patina layer can
reach to 100 um after 240h accelerated experiment, and the corrosion products were simple in
composition, mainly basic Cuz(OH)sCl and oxides of Ni and Zn. However, BTA had little protective
effect on copper in synthetic sweat, and didn’t affect the composition of final corrosion products.
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1. INTRODUCTION

The coin occupies an important position in the long monetary history, and develops with other
forms of currency. It possesses nature of medium, as a companion in the process of society economic
development and trade, and has witnessed the progress of productive forces. Copper coins, as the earliest
metal currency, have been used up to now with many advantages: low cost, good color and fine
abrasiveness. However, copper coins are also prone to corrosion influenced by the surrounding
environment. The earliest study of copper coins corrosion can be traced to bronze[1] and then brass[2].
Moreover, these copper coins are more cultural relics unearthed with the tombs[3], involving corrosion
in the soil environment or closed water environment.

But for modern copper coins, corrosion in soil and underwater environment is not a common
condition. The main corrosion process comes from the influence of circulation environment. It comprises
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a complex physical and chemical process between external environment and the surface of copper coins,
involving wet-dry alternating process and chemical reaction. The related factors include temperature,
humidity, sweat and atmospheric composition (COz, SO.). Most of these factors causing the corrosion
are unavoidable[4]. With regard to corrosion of copper, nickel and zinc based alloys in synthetic sweat,
there were some amusing phenomenon found by Colin et al. The corrosion product of alloys with a high
Cu content was mainly composed of copper(I) oxide containing chloride anions. As for alloys with a
high Ni content, the corrosion layer included Cu2(OH)sCl and Ni-compounds (Ni(OH)2, NiO) [5].
Therefore, a common way to prevent copper coins from corrosion is to form a protective film on its
surface which can prolong the service time[6]. Considering the source of raw materials and treatment
cost, BTA and its derivatives are undoubtedly the most widely used in terms of inhibiting discoloration
effect in the organic inhibitor system. Chen et al.[7] reported that BTA can interact with Cu to form
protective film and generated a thick polymeric [Cu*BTA]» on the Cu.O substrate in defect sites. While
many researches are about the interaction between sweat and metals, there are less relevant literatures
on effect of BTA on copper coins under sweat condition.

The purpose of this research is to analyze the corrosion behavior of BTA treated copper coins
coated in a synthetic sweat by weight gain measurement, EIS measurement, SEM and XPS, and discuss
the corrosion mechanism.

2. EXPERIMENTAL

2.1 Sample and solution preparations

The production process of the coin (m=9.3g-9.7g, ®18.7mmx2 mm) was shown in Fig.1a. Only
the front part of copper coins was selected as the experimental surface. Besides, in order to analyze the
protective performance of BTA on copper coins in synthetic sweat, two group tests were set up: the
group A without coating and the group B with coating. Samples were cleaned in alcohol, dried by cold
air, and placed in a desiccator before use.

Chemical reagents were purchased from Sinopharm chemical reagent Co. Ltd (Shanghali,
China). In the process of BTA treatment, Coins were immersed in inhibition solution for a period of time
(20-30min, 50 "C). The basic components of the inhibition solution consisted of: 0.05 mol/L BTA(A.R.),
50 ml/L C2HsOH(C.P.) and 0.86 mmol/L SDBS(sodium dodecyl benzene sulfate, A.R.)[8]. As the main
inhibitor, BTA can react with Cu to form complex protective film. The role of ethanol was to promote
the dissolution of BTA and the existence of sodium dodecyl sulfate was conducive to forming a complete
film. As corrosion medium, synthetic sweat (20g/L NaCl, 17.5g/L NH4Cl, 5g/L urea, 15g/L racemic
lactic acid, 2.5g/L acetic acid, which was alkalified with sodium hydroxide to PH 4.7) was prepared
from reagent-grade chemicals according to the national standard 1SO 3160-2:2015[9].

Table 1. chemical composition of the copper coin (wt%)

Elements Cu Zn Ni Mn Fe Sn
Composition(wt%) 66.7 18.6 14.7 0.100 0.100 -
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Figure 1. (a)Flow chart of coin’s production and (b) Morphological details

2.2 Electrochemical measurements

The electrochemical measurements were measured by a PARSTAT 2273 workstation controlled
by PowerSuite software. Platinum plate, saturated calomel electrode(SCE) and copper coin served as the
counter electrode, reference electrode and working electrode respectively, in a three-electrode corrosion
cell at room temperate. For the electrochemical measurement, all the coins were sealed with a mixture
of paraffin and rosin, leaving an exposed working area of 1~1.6cm? measured by graphics software after
setting up scale.

The test solution used in electrochemical measurement was synthetic sweat. Prior to
electrochemical measurements, the samples were immersed in solution for 30-60min to ensure a stable
open circuit potential. Then, the electrochemical impedance spectroscopy(EIS) was measured. The
amplitude of the AC voltage was 10mv and the frequency range was from 10° Hz to 102 Hz. Because
of the possible incertitude of corrosion measurements, three parallel samples were used for each group
for all electrochemical measurements.

2.3 Wet-Dry cyclic corrosion test

Wet-dry cyclic corrosion tests were carried out on the samples by a Weiss-Voetsch temperature
and climate test system. It involved several steps within a period of 24h: (1) weighting the initial sample,
(2) smearing synthetic sweat of 1.8ul-cm™-d* on the sample surface, (3) drying the sample in a chamber
at room temperature, (4) wetting samples in the test instrument set at 30°C and RH of 90% for 2 hours,
(5) drying of the sample again in the test instrument maintained at 30°C and RH of 60% for 2 hours, and
(6) steps (4) and (5) were repeated six times. The total corrosion time was 240 hours.

2.4 Characterization techniques

The corrosion products scraped off from the corroded sample were analyzed by X-ray Diffraction
(XRD) to determine their phases. The XRD patterns were obtained using X’Pert-PRO diffractometer
(Cu Ka radiation at 40 kV) with a 2.0°/min scanning speed and a 10-90°of 26 range.
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The surface and cross-sectional morphologies of the corrosion products were observed by
Scanning Electron Microscopy (SEM) equipped with energy dispersive spectroscopy(EDS) the FEI
Quanta 450. The samples used in the observation of cross-sectional morphologies were embedded in the
epoxy resin.

XPS analysis was performed using a VG ESCALAB 250 X-ray photoelectron spectrometer. The
photoelectrons were excited with Al Ka (hv=1486.6 ¢V) X-ray source and the analyzer pass energy was
50.0 eV. In addition, a delocalized Ar* ion beam, accelerated under 3 kV, is used to remove contaminants
on the surface (2 pA/cm? current density). XPS spectra are recorded in direct N(EK) mode (Ek: Kinetic
energy of the emitted photo-electron). Surface and bulk atomic concentrations are determined from the
peak areas using the atomic sensitivity factor[10]. Binding energies (BEs) were calibrated against the
surface carbon contamination at 284.5 eV[11-12].

3. RESULTS AND DISCUSSION

3.1 Corrosion kinetics

When all corrosion products are attached to the metal surface, or when all corrosion products
fallen off can be collected, it is feasible to characterize the corrosion kinetics of metals by corrosion
weight gain and the corrosion rate can be expressed by the following formula:

V, =Aw/t (1)
where Vp is corrosion rate (g-m2-ht), Aw is weight gain(g-m?) and t is corrosion time(h)
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Figure 2. The average corrosion rate of copper coin coated with synthetic sweat as a function of time
under wet/dry accelerated environment (group A without BTA, group B with BTA)

As some corrosion products of copper are water-soluble and cannot be washed directly with
water, weight gain results may include the mass of unconsumed salt. Even so, the corrosion rate
calculated by weight gain can be used to characterize the degree of the corrosion because the amount of
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stimulated sweat coated is constant. Fig.2 presents copper coins’ average corrosion rate all gradually
tends to be gentle with the extension of time, indicating that corrosion products on metal surface reach
a stable level. There is an intersection point on the curve near 48h, but the physical meaning of this
region is not clear for a large error range of group A. After 60h, there is an apparent difference among
two curves. The corrosion rate of group B is much higher than that of Group A. BTA may make
contribution to the difference of corrosion kinetics curves between two kinds of copper coins. The
protective mechanism of BTA is the formation of chemical bonds with metals or metal oxides, especially
Cu-N bond[13], which results in the formation of complexes. Considering that the synthetic sweat is a
kind of acidic medium containing CI-, it can be speculated that BTA complexes will adsorb more
corrosive medium surrounding and deposit on the metal surface which facilitate the occurrence of
corrosion.

3.2 Electrochemical characterization

EIS of copper coins have been measured after 2 weeks of continuous immersion in the synthetic
sweat. Figure.3 shows EIS profiles of BT A-uncoated copper coins as a function of immersion time in
synthetic sweat. Similar to the EIS curve for Cu in chloride solution[14-16]. The apparent presence of a
‘tail’ in the low frequency region corresponds to the Warburg impedance. It indicates the existence of a
diffusion-controlled corrosion process on copper coins’ surface, including the anodic diffusion process
of soluble copper species from the surface to the bulk solution along with the cathodic diffusion of
dissolved oxygen in the opposite directions. With immersion time prolonged, the Warburg impedance
disappeared and the medium to high frequency limits of impedance progressively decreased within 5 d.
Corrosive micro-batteries were formed at the interface between metal and solution, and the corrosion
reaction was accelerated[17]. While the impedance in the low frequency region increased quickly after
7 d, it implied that the protective corrosion products were formed on the copper surface. The bode plots
in Fig.3 presented two time constant clearly at the latter stages verifying corrosion process had a notable
change.

Compared with group A at 0d, Figure.4 shows a larger arc of capacitive resistance from Nyquist
plots of BTA-coated copper coins. The Bode plot has a wide range of phase angles, which is
characterized by high impedance modulus. Therefore, the BTA film on the surface of copper coins
corresponds to an insulating layer with large resistance and small capacitance[18]. During 0 to 5 d, the
impedance of copper coin coated with BTA decreased gradually with immersion time. These changes
indicated that the electrolyte solution slightly penetrated the substrate through the film to destroy the
bonding between the protective film and the metal matrix. A similar phenomenon was reported by Zerjav
et al. The BTA film formed on Cu disappeared after 24 h immersion in a simulated acidic media[19].

On the 9th day, it plainly exhibited two time constants. EIS measurement sensitively showed the
process of interfacial damage of the film. The electrolyte solution markedly seeped into interface of the
protective film/matrix and formed corrosive micro-batteries at the interface. In addition, the time
constant corresponding to the high frequency area came from the contribution of the film capacitance,
and the polarization resistance of the matrix metal reaction generated the time constant of the low
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frequency region[20]. When the permeation of electrolyte solution to the membrane reached equilibrium
(11-13 d), the corresponding impedance modulus at the high-frequency domain of Bode diagram did not
move with the prolongation of immersion time, but appeared in the form of overlap.
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Figure 3. Nyquist(a. c) and Bode(b. d) plots for BTA-uncoated copper coins(group A) in synthetic
sweat measured after 2 weeks immersion
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synthetic sweat measured after 2 weeks immersion
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The EIS data was fitted by two equivalent electrical circuits. Here, Fig.5a was used to fit the EIS
data containing the Warburg impedance, and Fig.5b was utilized to the EIS data displaying only two
capacitive loops[21]. The equivalent electrical circuits composed of the solution resistance (Rs) in series
with a parallel combination of charge-transfer resistance (Rct), surface resistance (Rf) and
capacitance(Qy), double-layer capacitance (Qar), and Warburg impedance (Zw). The standard deviation,
%2, is order of 10 ~107°,

iy
} le
Ry

(b)

Figure 5. Equivalent electrical circuits (a) for fitting the data with the Warburg impedance (b) for fitting
the data displaying two capacitive loops

The fitting parameters value in equivalents circuits are listed in the Table 2. Re reflects the
corrosion rate determined by Faradaic process[16], and initial values decreases significantly both of two
kinds of copper coins. Though group B possesses a lager resistance, it shows that the protective effect
of BTA on the matrix decreases with the prolongation of immersion time at the initial stage, after which
the values of Rt experiences a remarkable growth. In contrast to the previous result, Group A shows
better corrosion resistance because the impedance is as much as 50% higher than that of group B, which
is consistent with the trend of weight gain results. (shown in Fig.2).

Table 2. Fitted impedance parameters for copper coins in synthetic sweat after different immersion time,
obtained by using the EEC model describing in Fig.5. i.e. Rs, Rp, Re[Q-cm?], Yt, Ya[Q-cm?.S
n]' W[Q—l_s—llz]

Samples  day Rs v & . Rs Ya Qu n, Ret w 1
0 5344 428E-04 0614 12440 266E-02 1 11820 00037 1.29E-03
1 4837 658E-04 0642 10600 203E-04 0776 8591 0.0086  3.64E-04
3 4869 114E-03 0642 6548 257E-04 07919 5258 00176  2.58E-04
5 4926 1094E-03 0665 4407 8.39E-02 0.8912 288 00131  2.03E-04
GrouwpA 4689 335E-04 0757 1660 5.I5E-02 07609 3782 ) 9.24E-04
9 5356 173E-04 0888 532 114E-03 06808 16060 . 1.88E-04
11 5436 771E-07 0909 1132 150E-03 06534 23510 . 5.39E-04
13 5167 422607 0925 157.0 186E-03 05945 37950 . 4.87E-04
0 5343 429E-04 0800 12480 285E-02 089 22400  _ 1.32E-03
GroupB 1 4899 930E-04 0620 11980 352E02 1 566.8 ] 6.87E-04

3 49.22  1.48E-03 0.634 695.8  6.60E-02 0.8 417.1 i, 4.15E-04
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5 49.52  1.94E-03  0.666 4379  8.20E-02 0.7804  262.7 _ 2.07E-04
7 56.30 1.98E-03 0.713 299.7 4.41E-02 0.5546  300.7 - 1.78E-04
9 20.61 7.23E-04 0.224 87.1 6.97E-04 0.8298 1226.0 , 9.40E-05
11 64.10 1.68E-06  0.907 36.0 1.42E-03 0.6828 1503.0 - 3.36E-04
13 60.92 7.63E-07 0.935 51.6 1.57E-03 0.6381 2474.0 - 5.85E-04

3.3 Morphologies of corrosion products

Fig.6 exhibits the surface morphologies of corrosion products formed on copper coins coated
with synthetic sweat after 240h of corrosion in accelerated environment. Whether group A or group B,
the appearance of corrosion products on its surface is nubby structure, and cracks are clustered and loose;
the surface is rough at high magnification, similar to the contour line in mountain areas, and there are
plenty of gaps at the overlap of blocks. Corrosive media is easy to accumulate in cracks and voids,
causing further corrosion. This reaction is the main factor of material loss and eventually the complete
corrosion of the metal[18]. Although the final morphology of corrosion products is similar, there are still
some differences in composition. Table 3 presents the EDS results of corrosion product. Both corrosion
products in group A and group B contain Cu. CI. O and Ni. In an environment with chloride ions, it
is the most likely with existence of paratacamite (Cu2(OH)sCl) on copper surface[14, 22]. In addition,
corrosion products containing Zn were also detectable on copper coins coated BTA, which may explain
higher corrosion rate of group B.

Figure 6. Surface morphology of corrosion products of copper coins coated with synthetic sweat after
240h in accelerated environment(a, b, ¢ belong to Group A; d, e, f belong to Group B)

Table 3. Element contents of points marked in Figure 7 determined by EDS

Points Cu(at%) Ni(at%) Zn(at%) Cl(at%) O(at%)
1 30.46 6.14 -- 25.28 38.12
2 29.76 6.25 6.98 23.1 33.91
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Figure 7. Cross-sectional morphology of copper coins: (a) initial sample of group A ; (b) corrosion
product of group A; (c) initial sample of group B; (d) corrosion product of group B

Fig.7 presents the cross-sectional SEM images of copper coin substrate with or without BTA and
corresponding corrosion products. The thickness of BTA-Cu film formed on copper coin substrate is
about 6.2-9.1 um, as indicated in Fig.7c. The labeling site’s composition of BTA-Cu is 52.5at% C, 7.2
at% O, 6.6 at % Ni, 27.4 at % Cu, 6.2 at % Zn, which demonstrates that BTA not only reacts with
Cu, but also complexes with Zn and Ni.

The thickness of the patina layer has been measured and the results are shown in the Table 4.
The value of average thickness of the corrosion product in group B is higher than that in group A. If
corrosion product can hinder reactants reaching sample surface, the corrosion rate will decrease with the
accumulation of corrosion product[23]. However, it is clearly observed that corrosion products are
porous. Corrosive substances easily penetrate into matrix through cracks and voids. In other words, BTA
has little effect on inhibiting copper coin corrosion in synthetic sweat, even though it can promote the
thickening of corrosion product layer.

The morphology of corrosion products can be compared horizontally and the corrosion depth can
be analyzed vertically. It can be found that: (1) There will be more voids when the corrosion products
accumulate on the surface. (2) The corrosion product layer of group B is well combined with the matrix.

Table 4. Thickness comparison of corrosion products of copper coins

Number 1 2 3 Average(um)
Figure 7b 81.15 98.77 81.15 87.02
Figure 7d 110.10 98.49 104.53 104.38
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It’s revealed that the elements in the patina layer are heterogeneities from Fig.8 and 9. Since the
porous structure of corrosion product facilitates the penetration of the epoxy resin and produces obvious
fluorescence, quantitative analysis of carbon is not feasible[24]. But the density of corrosion product in
this area can be roughly judged according to the content distribution of C element. As seen from Fig.8
b, the corrosion products of copper coins without BTA are loose as carbon penetrates the most of patina
layer. The C element of corrosion product in group B remains a little content and uneven distribution.
There still exists epoxy resin which diffused and aggregated through cracks. Although both corrosion
products have cracks, the corrosion product layer of group B is relatively dense as a whole.

The composition of corrosion product is mainly metal chloride and there is no doubt that CI
element mainly concentrates in the patina layer. Compared with group A, it can be seen that the neat
morphology and relatively abundant metal elements in corrosion products of group B (Fig.9 b), the
complexation of BTA to Cu/Zn/Ni is quite obvious. It can be concluded that the main function of BTA
is form the outer physical protective film[8], which can’t provide effective protection for the matrix in
the synthetic sweat.

(b) CKa1 ‘ ClKa 1

Figure 8. Copper coins of group A: (a) the area examined by SEM (SE mode); (b) elemental mapping
of section a

Figure 9. Copper coins of group B: (a) the area examined by SEM (SE mode); (b) elemental mapping
of section a
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3.4 Composition of corrosion products

Fig.10 is the XRD spectra of the corrosion products. It indicates that the main corrosion products
formed on copper coins were identified as Cu(OH)CI. Cu2(OH)3Cl and CuzNiZn, which is in agreement
with precious literature on Cu-base alloys in synthetic sweat[14, 25-26]. Besides, NaCl can also be
detected in the corrosion products, which is owing to the crystallization after synthetic sweat
evaporation. The deposition amount of corrosion media on the surface is constant, and the presence of
NaCl does not affect the comparison between the two groups of samples. However, the presence of
corrosion products containing zinc and nickel was rarely detected by XRD. In order to further distinguish
the composition of the corrosion products, XPS method was used.

[ Group A = — Cu,(OH).CI
. Cu(OH)CI
— Group B N . NaCl
* . v— Cu,NizZn
° v

\\* * o

)
W'// \Wt/\w \MWWWWWWWW M"M/

A S

10 20 30 40 50 60 70 80 90
20/(deg.)

Intensity/(a.u.)

Figure 10. XRD patterns of corrosion products formed on copper coins coated with synthetic sweat after
240h of corrosion in accelerated environment

It’s well known that process of copper oxidation is easy to adsorb polar contaminants[27-28].
Therefore, C 1s peak which reported currently at 284.5 eV[11-12] is only used for XPS spectra binding
energy normalizations, and not used for analysis. Fig.11 and 12 show the XPS spectra of the corrosion
products formed on copper coins. Five peaks including oxygen, chlorine, copper, zinc, nickel are
observed in the XPS spectrum. The high resolution XPS spectra for O 1s, Cu 2p, Zn 2p and Ni 2p are
illustrated in the following figure.

The O 1s peak at around 535.1ev, 531.7ev and 529.7ev respectively corresponds to the H2O,
Ni(OH)2 and CuO. As presented in Fig.11c. The Cu 2p spectrum includes two characteristic peaks, i.e.
Cu 2p12 and Cu 2Ps32. According to NIST standard database[11], Cu 2p12 and Cu 2P32 peaks for the
CuO are seated at Eg of 952.70~953.70 eV #11 933.6~934.2 eV. There are typical shake-up satellites in
Cu 2p spectrum, indicating that the Cu(Il) species exist in corrosion products[29-30]. Under the
accelerated experiment of synthetic sweat, the probable substance of Cu (II) are copper oxide (CuO).
copper chloride hydroxide(Cu2(OH)3Cl) and cupric chloride (CuCl,), which is a supplement to the
analysis of XRD and EDS. However, it can’t be ruled out that the corrosion products contain copper (II)-
BTA. The satellite peak is the energy loss peak caused by the electron relaxation process. In general, the



Int. J. Electrochem. Sci., Vol. 15, 2020 7704

intensity of the satellite peak is about 5% - 10% of the main peak[31]. As shown in Fig.11d, the peak of
Zn 2p can be divided into 1023.1eV (ZnCl, 2P3/2) and 1021.2ev (ZnO 2ps;2 or Zn 2p3sz). Corresponding
to the chloride/oxide of zinc, it is shown that some zinc ions exist in the corrosion product as
chloride/oxide.
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Moreover, Ni 2p (shown in Fig.11 e-f) can be separated into two main peaks, Ni 2p1/2 and Ni
2p3/2 correspond to 873.8eV and 855.02 eV respectively[32], and there is another energy loss peak in
front of the satellite peak. There are two satellite peaks at about 881.8 eV and 864.1 eV, which are
characteristic of nickel oxides. Furthermore, the peaks at about 874.97 eV, 858.31eV and 861.7 eV
indicate the presence of the nickel and nickel hydroxide.

The XPS spectra of BT A-treated copper coins after 240h of corrosion synthetic sweat accelerated
corrosion are shown in Fig.12. The characteristic peaks of Cu and Zn are basically similar, which also
enhances the reliability of the components detected by XRD spectra. It can also be divided into two main
peaks in Fig.12 e-f, Ni 2p1/2 and Ni 2p3/2, respectively. The corrosion products containing nickel are
mainly Ni/NiO/Ni(OH)2, but their contents may be different from those of group A.

3.5. Discussion
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Figure 13. Schematic diagram of corrosion process (a) several inhibition mechanisms between BTA
molecules and metal cations: 1. Cu(l)-BTA 2. Cu(11)-BTA 3.Zn(I1)-BTA 4.Ni(I1)-BTA (b) initial
sample of group B (c) corrosion sample of group B

The corrosion evolution of copper-coin coated with BTA under synthetic sweat is briefly shown
in Fig.13 based on the electrochemical performance and the surface analysis. BTA is a heterocyclic
compound which functions by chemical bonding on the surface of metal or metal oxide. Therefore, the
metal surface layer will be composed of both oxide and polymer components[33]. Several inhibition
mechanisms between BTA molecules and metal cation are shown in the Fig.13a. The interaction models
between BTA and copper are based on Eq. (2) to produce Cu(l)-BTA [34-35] and Eqg. (3) to produce
Cu(I-BTA[13, 36]. It has been reported that Co(ll) -BTA exists[37], and Ni and Zn are adjacent
elements in the same period as copper. In addition, cross-section analysis shows that the composition of
BTA complex contains Zn and Ni. Therefore, it is possible that BTA molecules also interacts with
Zn%*INi?* cations, leading chelate formation of Zn(11)-BTA and Ni(11)-BTA on the surface.

(0}
Cu + BTA = Cu(I)BTA ()
CuCl; + BTA = Cu(II)BTA + 2CI~ 3)

In synthetic sweat solution, the protective film is preferentially corroded. High chloride
concentration will reverse the chemical equilibrium. The participation of chloride ions in acidic
environment will release metal ions from the binding of BTA, such as Cu?*, Ni?* and Zn?*, and promote
more metal ions to react with corrosive media. The existence of NiO/Ni(OH)2 and ZnCl,/ZnO was
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detected from the XPS spectra in corrosion products. In other words, the corrosion behavior of the
protective film is accelerated. It is a reason why the weight of corrosion product gains more.

At the initial corrosion stages of group A, there were only a few corrosion products on the surface
of copper coins. Copper corrosion was mainly influenced by oxygen diffusion as the anodic reaction was
slow[38]. Cu2(OH)sCl appeared in all samples after cyclic test (wet and dry, 240h). The corrosion
behavior of copper coins in synthetic sweat can be regarded as corrosion under chloride-containing thin
electrolyte layers. Electrochemical corrosion occurred on the surface according to Eq. (4-5).

Cu — Cu't + e~ Anodic reaction (4)

1
502 + H,0 + 2e™ — 20H™ Cathodic reaction (5)

Relied on pH and chloride concentration, the Cu* ions produced by anodic reaction will be
converted into nantokite or cuprite, and the chloride ions resulted in the breakdown of passive Cu20 film
on the copper surface to form soluble species, such as CuCl or CuCl; [39].

2Cu® + 20H™ - Cu,0 + H,0 (6)
Cu,0 + 4Cl~ + 2H* - 2CuCl; + H,0 (7)
The anodic dissolution is determined by the transfer rate of CuCl, from the copper surface to
liquid film[38]. The CuCl; formed will be further oxidized to copper hydroxychloride and copper(ll)

chloride in air[40] according to Eq. (8). It is also the reaction pathway of group B patina in the synthetic
sweat.

3 3
3CuCl3 + 70, + 5 Hy0 = Cuz(OH)3CI(s) + Cu** + 5C1° (8)

4. CONCLUSIONS

(1) Under the condition of alternating wetting and drying, the surface of copper coins protected
by BTA will generate more loose green patina. The reason for the difference of corrosion is that the
BTA-Metal complex is more sensitive to solution corrosion medium. As the small ionic radius, it is easy
for chloride ion to adsorb strongly with metal surface, which may destroy the chemical bond between
BTA and metal ion, and the impedance value of the sample will decrease.

(2) The composition of BTA film is composed of Cu, Zn and Ni. One possible reason is that
BTA not only binds to Cu, but also to Ni and Zn. BTA has no effect on the composition of the final
corrosion products. Its main components are Cuz(OH)3Cl. NiO/Ni (OH)2 and ZnCl,/ZnO. Compared
with the blank group, copper coins coated BTA gain more weight in corrosion products. The chemical
bond between BTA and metal ions will be broken eroded by synthetic sweat, and the released cation will
react more easily with corrosive media. It can give a reliable explain to the difference of kinetic curves.
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