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Abstract: Copper alloys interact with air pollutants to form corrosion products and, consequently,
a patina on outdoor bronze sculptures. In this study, corrosion experiments were conducted to
clarify the corrosion behaviors of artificial sulfide patina in an urban-industrial environment on a
quaternary bronze alloy (Cu-Zn-Sn-Pb) with a composition and metallurgical properties similar
to those of outdoor bronze sculptures. The correlation between the chromaticity and reflectance
of the patina revealed increasing brochantite with the corrosion of the patina and an association
between the chromaticity a and patina growth. Cuprite and brochantite were distinguished, and
the point at which brochantite covered the patina surface was determined. The quantitative changes
in brochantite were mainly influenced by physical causes such as the crystal size and patina layer
thickness as well as by Cu?* ions working as color formation ions moving to the outermost layer.
Atmospheric corrosion of the alloy resulted in reduced Cu and Zn contents and increased Sn and
Pb contents. The patina consisted of brochantite in the outermost layer and cuprite and cassiterite
in the inner layers. These findings should clarify corrosion characteristics such as the surface color,
composition, and changes in corrosion products of outdoor bronze sculptures and contribute toward
their preservation.

Keywords: outdoor corrosion; patina; brochantite; cuprite; bronze sculpture

1. Introduction

Copper alloys are frequently used in outdoor sculptures. However, they gradually
corrode with prolonged exposure to outdoor environments owing to temperature and
humidity changes, air pollution, ultraviolet rays, and biological damage [1]. In particular,
corrosion products are formed in outdoor bronze sculptures through interactions between
copper alloys and air pollutants, resulting in the formation of a patina of various types of
corrosion products. Acid rain containing SO,, NO,, and O3, which are typically found in an
urban-industrial environment, and chloride in a marine environment causes color changes
and damages the protective patina that adds esthetic and historical value to sculptures.

The patina on outdoor bronze sculptures exhibits various colors (e.g., black, red,
and green), stains, and cracks (Figure 1). A bronze surface initially becomes brownish or
black and eventually exhibits an esthetically pleasing green patina. The appearance of the
patina is mainly determined by the luster, color, and surface condition of the metal surface.
For example, the color of copper alloys is known to be affected by their composition.
Therefore, the characteristics of the copper alloys and patina must be first identified to
distinguish the types of corrosion products. Similarly, bronze sculptures exhibit a unique
color depending on their composition, and their corrosion products have specific colors [2].
The composition, structure, and color of bronze must be analyzed to understand the
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corrosion process occurring on its surface. If corrosion products formed on a bronze surface
are identified and characterized based on such information, the corrosion types and causes
can be identified.
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Figure 1. Outdoor bronze sculptures in urban-industrial environments (collections of the National
Museum of Modern and Contemporary Art, Republic of Korea).

Studies have investigated the corrosion mechanism of binary (Cu-Sn) and ternary
(Cu-Sn-Pb) copper alloy systems. Further, around 500 bronze sculptures made in
Republic of Korea or other countries since the 20th century were made of a quaternary
alloy (Cu—Zn-Sn-Pb) [3-9]. Such sculptures were produced using valves, cartridge
cases, or scrap metal generated when dismantling ships, with Zn serving to distinguish
the casting methods and foundry characteristics and to classify the composition ratios
according to the use of sand mold or wax casting methods [5,8].

In this study, corrosion experiments were conducted on the artificial patina of a
quaternary bronze alloy (Cu-Zn-Sn-Pb) with a composition and metallurgical properties
similar to those of outdoor bronze sculptures to investigate the corrosion behaviors of
sulfide patinas that are commonly found in urban-industrial environments. Specifically,
the surface color, composition, and changes in the corrosion products of the patina with its
growth were examined.

2. Methods
2.1. Corrosion Experiment on Artificial Patina

Bronze specimens were produced with the constituent alloys of an outdoor bronze sculp-
ture and an experimental specimen from a previous study (dimensions: 30 mm x 50 mm
x 3mm, 5 mm x 5mm x 3 mm) for use in corrosion experiments on an artificial patina;
Table 1 lists their compositions. Specimens were perforated at the top so that they could
be easily dipped in a corrosive solution. Because the surface texture affects the reflection
of light, the specimens were uniformly abraded with #1000 sandpaper [10,11]. Then, they
were dipped in ethanol to remove any remaining foreign substances and cleaned using an
ultrasonic cleaner.

To reproduce corrosion products caused by sulfide, a major air pollutant in urban—
industrial environments, an aqueous solution of 50 mM copper sulfate (CuSOy) (in deion-
ized water) was prepared as a corrosive solution based on previous studies [12-16]. In
the corrosion experiment, the specimen was deposited in this corrosive solution for 24 h,
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removed from the solution, and naturally dried for 24 h at 20-24 °C and RH 45-55%. This
cycle was repeated 50 times to gradually form an artificial sulfide patina (Table 2).

Table 1. Composition of bronze specimen for corrosion experiment of artificial patina.

Composition (wt%)
Cu Zn Sn Pb Total
88.8 51 3.1 3 100

Table 2. Corrosive solution for producing artificial sulfide patina.

Patina

Sulfide Patina
Category
Corrosive solution Aqueous solution of 50 mM CuSOy (in deionized water)
Specimen fabrication 50 cycles of (24 h deposition — 24 h natural drying)

2.2. Analyses
2.2.1. Analysis of Surface Condition and Form

To analyze the surface condition and form of the artificial patina, the specimen was
photographed using a digital camera (EOS 6D Mark II, Canon, Japan) and observed using
a microscope (RH-2000, Hirox, Japan).

2.2.2. Analysis of Chromaticity and Reflectance

To analyze the color of the artificial patina, the chromaticity and reflectance were nu-
merically measured. Measurements were performed using a spectrum colorimeter (CR-400,
Minolta, Japan) in the specular component excluded (SCE) mode with a measurement diam-
eter of @3 mm. The surface reflectance was calculated as an average of five measurements
in the visible light range (350-750 nm).

2.2.3. Analysis of Corrosion Products

X-ray diffraction (XRD) analysis (D8 Advance with DAVINCI, Bruker, Germaney) was
performed to accurately analyze the crystal structure of corrosion products formed on the
artificial patina surface. A copper (Cu kay 1.5418A) target was used with a current and
accelerating voltage of 40 mA and 40 kV, respectively, in the X-ray tube. The analysis was
performed with a diffraction angle of 28 of 10-90°, step size of 0.02°, and scan speed of
0.5 s/step. The XRD patterns were analyzed using the Crystallography Open Database
(COD) and TOPAS software; further, they were quantitatively analyzed according to
industrial needs for the Rietveld method by using Siroquant v. 3.0 [17].

Raman spectroscopy (LabRam ARAMIS, Horiba Jobin-Yvon, France) using a 514 nm
Nd:YAG laser and a grating of 600 gr/mm and resolution of ~3.0 cm ! was used to analyze
the corrosion products of each artificial patina layer. The analysis equipment had a scan
range of 150-4200 cm~!; however, only data in the range of 1001500 cm ™! were analyzed
to match where the characteristics of corrosion products were exhibited. The acquired
Raman spectrum was comparatively analyzed against the results of previous studies as well
as references provided by the Infrared & Raman Users Group (IRUG), Synthetic Organic
Pigments Research Aggregation Network (SOPRANO), and RRUFF Project.

2.2.4. Analysis of Microstructure and Composition

The specimen was mounted on epoxy resin to examine the surface and cross section
of the artificial patina layer by scanning electron microscopy with energy-dispersive spec-
troscopy (SEM-EDS; J[SM-6610LYV, Jeol, JP/X-Max, Oxford, UK) in the secondary electron
image (SEI) mode at 15 kV with a spot size of 55 and WD of 10 mm. The specimen was
sequentially abraded using sandpaper (#220-4000); then, scratches on its surface were
ultimately removed through fine abrasion (3 um, 1 pm). Finally, the microstructure of the



Metals 2023, 13,1101

40f17

specimen was observed using a microscope (KH-7700, Hirox, Japan). The thickness of the
cross section of the patina was indicated by the measured maximum and minimum values.

3. Results
3.1. Microstructure and Material Characteristics of Specimen

Before conducting the corrosion experiment on the artificial patina, observations of the
surface and microstructure of the specimen (Figure 2) revealed a dendritic « phase, which
is commonly observed in Cu-Zn-5Sn-Pb alloy sculptures [15,18-21] with relatively low
Sn content. The observed microstructure was mostly similar to a cast structure to which
artificial processing such as heat treatment has not been applied [22].

Specimen Microscopic image

Figure 2. Surface and microstructure of specimen before artificial patina corrosion experiment.

3.2. Surface Form and Condition

To reproduce corrosion products generated in an urban-industrial environment, ex-
periments were performed on the bronze specimen for 2400 h (i.e., 50 times) by using an
aqueous solution of 50 mM CuSQOy, as shown in Figure 3. The specimen color changed to
reddish only 48 h (S1) after the corrosion experiment started, and it subsequently changed
to reddish brown (~S5) and dark brown (~S8). In particular, starting from the center of the
specimen, the color started to change from reddish brown to a yellow patina after 240 h
(S5). This was also observed in microscopic images, where a patina in the form of a green
dot was first observed after 144 h (S3), and the specimen surface began to be covered by a
green patina after 240 h (S5).

The green region gradually became larger, and a thick and dark green patina covered
almost the entire surface after 432 h (S9). The color of the patina quickly changed up until
this point, following which it gradually changed after 576 h (512). After 1920 h (S30), a
dark-green patina completely covering the reddish-brown patina was obtained. Until the
end of the experiment at 2400 h (550), the green patina gradually became denser.

3.3. Chromaticity and Reflectance

To quantitatively measure the color of the artificial patina, chromaticity analysis values
were obtained in the CIE L*a*b* space (Figure 4), where L* was 53.5-58.86, and its maximum
deviation was 5.36. With time, the lightness (L*) value gradually increased, thus brightening
the color. The a* value indicates green and red colors; it ranged between —10.06 and 10.95,
and its maximum deviation was 21.01. The a* value gradually decreased as corrosion
progressed, thus becoming closer to a green color. Previous surface form analysis results
indicated that the color changed quickly up until 240 h (S5), and subsequent changes
followed those in the a* value. The b* value indicates blue and yellow colors; it ranged
between 1.08 and 11.15, and its maximum deviation was 10.07. The b* value gradually
decreased as corrosion progressed, thus becoming closer to a blue color. In other words, L*
and a* were correlated with the growth of the green patina in the group exposed to sulfide
as an air pollutant.
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Figure 3. Corrosion experiment of artificial sulfide patina: specimen image.
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Figure 4. Chromaticity analysis graph of artificial sulfide patina.
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The color of the artificial patina is affected by the reflectance, which has a comple-
mentary color correlation. In a complementary color correlation, blue is affected by the
reflectance of yellow, and red is affected by the reflectance of green. In this light, the re-
flectance of the artificial patina was analyzed using the difference in the reflectance between
color wavelengths. The reflectance was distinguished according to the wavelengths of each
color: blue (380-500 nm), green (500-565 nm), yellow (565-625 nm), and red (625-750 nm).
Figure 5 shows the measurement results of the reflectance of the artificial sulfide patina in
visible light.
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Figure 5. Reflectance analysis graph of artificial sulfide patina.

The reflectance spectrum analysis results indicated that a red patina (51-S5) and green
patina (56-550) were clearly distinguished in the corrosion experiment on the artificial
sulfide patina. The red patina exhibited low reflectance in blue and green colors but high
reflectance in yellow (565625 nm) and red (625-750 nm) colors. In particular, the reflectance
of red drastically decreased with corrosion (51-S5); this corresponds to the chromaticity
analysis results. The above results imply that a red patina quickly decreases.

The green patina gradually exhibited a higher reflectance in blue (380-500 nm) and
green (500-565 nm) colors, in line with the chromaticity analysis results, and it exhibited
the highest reflectance after 2400 h (S50); however, it exhibited lower reflectance in yellow
and red colors. Thus, a green patina should continue to grow with corrosion.

3.4. Analysis of Corrosion Products

XRD analysis was performed to identify and semiquantitatively analyze the corrosion
products of the artificial patina surface. From S1, when the color began to change, to S50,
when the experiment ended, eight cycles were semiquantitatively analyzed to examine
the trend of quantitative changes in the corrosion products (Figure 6). The XRD analysis
results confirmed cuprite (CupO) and brochantite (CusSO4(OH)g) as two major corrosion
products, along with zincite (ZnO), zinkosite (ZnSO;), copper zinc (CusZn), copper tin
((Cu325n)0.12), and lead oxide.
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Figure 6. XRD semiquantitative analysis graph of artificial sulfide patina surface.

At S1 (48 h), 64.4% cuprite was detected when the specimen color started to change
to red at the beginning of the corrosion experiment, and the value decreased by 14.3%
to 50.1% at S3 (144 h) when a green spot started to appear. At S5 (240 h), 58.9% cuprite
was detected when the specimen started to be covered by the green patina, and the value
decreased to 41.8% at S10 (480 h) and 36.6% at S20 (960 h) when the color started to change
to green. After S30 (1440 h), cuprite was not detected on the specimen surface. This was
judged to be the time when green brochantite completely covered the party or surface.

In contrast, brochantite was not detected at S1 (144 h) when the color initially changed
to red; however, 9.5% brochantite was first detected at S3 (144 h) when a green spot started
to appear. Further, 19.5% brochantite was detected at S5 (240 h) when the specimen started
to be covered by a green patina, and the value increased to 43.6% at S10 (480 h) and 47.5%
at 520 (960 h) when the color started to change to green. Finally, 54.8% brochantite was
detected at S30 (1440 h) when the specimen was completely covered by a green patina, and
63.4% brochantite was detected at S50 (2400 h) as the patina continued to grow when the
corrosion experiment ended.

In general, two layers of patina (i.e., cuprite, brochantite) form on bronze exposed to
air. Cuprite increases up to a certain point and then the corrosion rate starts to decrease,
whereas brochantite increases constantly, in keeping with the corrosion characteristics
of outdoor bronze sculptures [13,16,23-25]. Furthermore, Cu-Sn ((Cu325n)0.12) and lead
oxide were observed at the beginning of the experiment owing to Sn oxide and Pb segregates
resulting from corrosion. After S10, zinc oxides such as zincite, zinkosite, and copper zinc
were observed.

3.5. Microstructure and Composition of Corrosion Products

The composition and corrosion products of each layer were examined through SEM-
EDS and Raman analyses (Figure 7, Table 3). Subsequently, EDS area analysis was per-
formed to study the changes in the constituent alloys with corrosion. In addition, the
crystal structure and cross section in each cycle of the corrosion experiment on the artificial
sulfide patina were observed through visual inspection, optical microscopy, and SEM, as
shown in Figure 8, and enlarged images of cuprite and brochantite crystals are shown in
Figures 9 and 10, respectively.
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Figure 7. SEM-EDS, Raman analysis location, and Raman analysis graph for artificial sulfide patina.
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Table 3. SEM-EDS analysis result of artificial sulfide patina.

Composition (wt%)

No. Position Layer
Cu Zn Sn Pb (@) S
1 88.80 7.97 293 0.12 - - bronze
51 2 80.11 1.90 1.46 0.90 15.40 0.23
3 79.01 1.11 1.69 0.69 16.87 0.63 cuprite
4 77.76 0.94 12 0.51 19.57 .
1 88.58 7.90 3.00 0.12 0.40 - bronze
2 63.94 1.83 12.26 0.80 20.30 0.87
3 64.93 1.04 12.07 0.97 19.98 1.00 cuprite,
4 69.75 2.96 8.54 0.97 17.06 0.71 cassiterite
5 61.01 0.97 12.90 0.95 23.54 0.63
S5 6 78.98 1.94 2.69 0.32 15.73 035
7 81.58 1.48 1.17 0.54 14.67 0.56 cuprite
8 84.23 1.39 0.98 0.52 12.87 .
9 61.96 0.27 0.88 0.71 30.08 6.09 brochan
10 60.49 0.64 0.74 0.21 31.85 6.08 rochantite
1 87.72 7.40 457 - 0.31 - bronze
2 61.71 0.10 1351 1.47 22.46 0.75 cuprite,
3 59.53 0.45 9.07 1.39 25.76 3.80 cassiterite
4 83.59 0.87 0.68 0.83 14.02 0.01
5 84.21 0.92 0.96 0.65 13.26 . cuprite
$20 6 85.27 0.91 1.17 0.15 12.51 - P
7 81.13 1.39 0.67 0.47 15.92 0.43
8 60.96 - 0.39 1.31 28.67 8.68
9 61.57 0.12 0.65 1.26 28.75 7.64 brochant
10 62.10 0.13 051 1.79 27.23 8.24 rochantite
11 64.62 0.03 0.56 1.15 26.27 7.37
1 82.10 6.80 414 6.11 0.84 - bronze
2 36.05 0.58 29.42 1.95 29.60 2.39 erit
3 47.90 - 13.35 2.05 27.91 8.79 casstierite
4 55.71 0.04 6.07 137 27.59 9.23 cuprite,
cassiterite
550 5 84.38 0.39 033 0.51 14.37 0.03
6 83.64 0.66 0.92 0.37 14.41 0.01 cuprite
7 79.33 0.69 0.52 0.82 17.20 1.44
8 66.52 0.47 0.62 1.07 23.98 7.34
9 68.93 0.46 0.51 0.91 22.96 6.22
10 68.58 - 0.35 1.18 23.56 6.33 brochantite
11 66.03 . 0.24 0.79 25.13 7.80
12 67.31 - 0.14 1.08 25.62 5.85

At S1 (48 h), when the specimen color changed to reddish at the beginning of the exper-
iment, an octahedral cubic crystal structure of 1-2 pm was formed through repeated con-
densation on top of the base layer. Observations of the cross section revealed a 0.1-0.3 pm
thick layer with porous voids, and EDS analysis revealed high Cu (about 77-80 wt%) and
O (about 15-19 wt%) contents. These results correspond to the cuprite crystal confirmed by
the Raman analysis results. The EDS area analysis revealed a composition of 88.80 wt% Cu,
7.97 wt% Zn, 2.93 wt% Sn, and 0.12 wt% Pb (S1 in Figure 7 and Table 3: 1-4).
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Category

Coupon

Micrograph

Surface
(Crystal)

Cross-
section
(Layer)

S1

S5 S10 S20 S30 S40 S50

Figure 10. SEM image of (left) initial and (right) mature brochantite crystal.

At S5 (240 h), a needle-like monoclinic crystal (length: 2-8 um, width: 1-3 pm) was
densely formed on top of the base layer. Observations of the cross section revealed a
0.1-3 um thick layer on top of a void at the boundary with the base layer, and a monoclinic
crystal with a height of 2-5 um on top.

The SEM-EDS analysis revealed a higher ratio of Cu (about 61-84 wt%) and O (about
12-23 wt%) in the internal layer (S5 in Figure 7 and Table 3: 2-8). However, the Sn
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composition differed by 8.54-12.90 wt% at analysis locations 2-5 and 0.98-2.69 wt% at
analysis locations 6-8, representing a significant variation. The EDS area analysis revealed
a composition of 88.58 wt% Cu, 7.90 wt% Zn, 3.00 wt% Sn, and 0.40 wt% Pb.

Previous analyses of Cu—Zn-5n-Pb and Cu-Sn-Zn bronze under atmospheric environ-
mental conditions revealed a mixture of cuprite and cassiterite (SnO;) in a reddish-brown
patina formed on the base metal [26-29]. However, it is difficult to accurately distinguish
cuprite and cassiterite through XRD and Raman analysis [30-32]. Cassiterite is known
to be amorphous or nanocrystalline, and, therefore, the possibility of detecting it is low
because the characteristic peak detected at 633 cm ! is significantly close to the wide and
strong characteristic peak of cuprite near 625 cm~!. Therefore, when cassiterite and cuprite
coexist, the former is difficult to detect [31]. In this study, only cuprite was analyzed in
the Raman analysis; at S5 (240 h), cuprite and cassiterite were highly likely to be mixed in
the layer with high Sn content. Needle-like crystals in the outer layer had a high ratio of
Cu (about 60-61 wt%), S (about 6 wt%), and O (about 30-31 wt%); they were confirmed as
brochantite, as also confirmed in the Raman analysis.

At 520 (960 h), a flower-shaped crystal with a diameter of 10-20 um was observed
between densely formed, needle-like crystals. Observations of the cross section revealed
semicircular (7 um) pitting between the base layer; Raman analysis of this pitting con-
firmed the presence of cuprite. However, EDS analysis revealed a high ratio of Cu (about
59-61 wt%), O (about 22-25 wt%), and Sn (about 9-13 wt%), indicating that cuprite and
cassiterite were most likely mixed (520 in Figure 7 and Table 3: 2, 3). A 0.3-0.5 um thick
internal layer was formed on top of a void at the boundary with the base layer; it was
analyzed to have a high ratio of Cu (about 81-85 wt%) and O (about 12-15 wt%), confirming
that it was cuprite, as in the Raman analysis (520 in Figure 7 and Table 3: 4-7). Needle-like
monoclinic crystals with a length of 3-12 um formed an outer layer on the top; they were
analyzed to have a higher ratio of Cu (about 60-64 wt%), S (about 7-8 wt%), and O (about
26-28 wt%), confirming that they were brochantite, as in the Raman analysis. EDS area
analysis revealed a composition of 87.72 wt% Cu, 7.40 wt% Zn, and 4.57 wt% Sn.

At S50 (2400 h), needle-like crystals formed a flower-shaped crystal aggregate with
a diameter of 50 pm. Observations of the cross section revealed pitting with a thickness
of 1-6 pm between the base layer; on the top of the pitting, an internal layer of 0.3-0.5 um
thickness and 12-20 pm needle-like monoclinic crystals formed the outer layer. Raman
analysis of the pitting and internal layer confirmed the presence of cuprite, and SEM-EDS
analysis showed that the Sn composition at S50 was 13.35-29.42 wt% at locations 2-3,
6.07 wt% at location 4, and 0.33-0.92 wt% at locations 5-7, most likely corresponding to
a cassiterite layer, a cuprite and cassiterite mixed layer, and a cuprite layer, respectively
(Figure 7, Table 3). The needle-like crystals in the outer layer had a high ratio of Cu
(about 66-68 wt%), S (about 6~7 wt%), and O (about 22-25 wt%), and they were confirmed
as brochantite with a composition of 82.10 wt% Cu, 6.80 wt% Zn, 4.14 wt% Sn, and
6.11 wt% Pb.

4. Discussion

This study examined the corrosion characteristics and changes in the chemical com-
position of outdoor bronze sculptures through a corrosion experiment on artificial sulfide
patina found in an urban-industrial environment and examined the formation process
of sulfide patina. In particular, by conducting corrosion experiments on artificial patina,
standard data relating to individual corrosion products such as copper oxide (cuprite) and
sulfide patina (brochantite), which are typically observed during the corrosion of outdoor
bronze sculptures, were obtained. However, multiple corrosion products are detected in
actual outdoor environments [33-36]; occasionally, other pollutants such as soil minerals,
soot, and ashes may also be detected.
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4.1. Correlation between Color Classification and Corrosion Products of Sulfide Patina

When the correlation between the quantitative changes in corrosion products and the
surface color changes of the artificial sulfide patina was analyzed in terms of corrosion
behaviors, the patina colors were largely classified into two types based on the color
difference (AE*) and reflectance (Figures 4, 5 and 8). The color difference of S1-S5 was
around 21 (32—11), and it decreased considerably in a short period of time (240 h), whereas
that of S6-S50 was around 4 (5—0.9), and it remained constant over a long period of
time (2152 h). This result was more noticeable with the chromaticity a*, which represents
blue and green colors. The chromaticity a* value of S1-S5 decreased significantly by
8 over a short period of time, whereas that of 56-S50 gradually changed by 10 over a long
period of time. The reflectance also increased consistently in the blue-green wavelength
(380-565 nm) and then an inflection point appeared at around 570 nm. The reflectance
of 51-55 decreased substantially by 20 in the yellow-red wavelength (565-750 nm), and
that of S6-550 decreased by less than 8. At S5, the specimen was seen to be covered by a
green patina visually and through a microscope; XRD analysis also revealed brochantite,
a basic copper sulfide (19.5%). Therefore, the artificial sulfide patina was classified into
two colors, in line with the characteristics of the patina that is commonly generated in an
urban-industrial environment.

A comparison of the chromaticity values and quantitative changes in the corrosion
products of the artificial sulfide patina revealed that cuprite decreased continuously after
initial generation, and the chromaticity value decreased proportionally, whereas green
brochantite increased gradually, and the chromaticity value changed in an inversely pro-
portional manner (Figure 11).
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Figure 11. Chromaticity comparison graph of corrosion products of artificial sulfide patina.

This tendency can be explained by the difference between the optical characteristics of
cuprite and brochantite. The optical characteristics of reddish-brown cuprite are not greatly
affected by the environment; however, the semiconductor characteristics and an impurity
such as hydrogen (H) in the aqueous film on the bronze surface moving into cuprite affect
the defect structure. Brochantite appears green because Cu®* acts as a color-forming ion;
the layer needs to be at least 12 & 2 pum thick to form a blue-green patina [37]. In this study,
the specimen was completely covered by a green patina, and cuprite was not detected on
the specimen surface after S30 (1440 h); at this time, the brochantite layer had a thickness of
15 pm or higher.

4.2. Correlation between Composition and Corrosion Products of Sulfide Patina

An analysis of the correlation between the composition and the corrosion products
of the artificial sulfide patina in terms of the corrosion behavior (Figure 12) revealed
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that reddish-brown cuprite was formed early in the corrosion experiment; however, its
amount decreased over time. Further, the amount of green brochantite, a basic copper
sulfate, gradually increased to 63.4% until the end of the experiment. The changes in the
composition of the bronze base layer revealed that the Cu and Zn contents decreased,
whereas the Sn and Pb contents relatively increased. These results are in line with the
corrosion mechanisms of Cu-Zn-Sn-Pb and Cu-Zn-5n alloys and the findings of previous
studies [20,30,31,37-39].
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Figure 12. Correlation graph of composition and corrosion products of artificial sulfide patina with
respect to corrosion behavior.

The decrease in Cu and Zn is respectively attributable to the selective dissolution of Cu
and Zn ions owing to the decuprification and dezincification processes within bronze; the
cation moves toward the boundary through the patina inside the alloy, and the anion moves
toward the inside of the alloy [37,39,40]. In particular, the initial corrosion is mainly (>90%)
caused by Cu and Zn [31,38]; Sn forms a patina layer upon condensing as it is an insoluble
corrosion product and is known to stabilize the patina through passivation [30,41].

The EDS area analysis of the base metal showed that the Cu content decreased by
6.7 wt% (88.8 (S1) — 88.58 (S5) — 87.92 (510) — 87.74 (S20) — 86.8 (530) — 84.72 (540)
— 82.1 (550)), and the average value of Cu in the outermost corrosion layer increased by
6.37 wt% (61.2 (S5) — 61.08 (510) — 62.31 (520) — 63.62 (530) — 65.75 (540) — 67.47 (S50)).
It can, therefore, be inferred that the major factors determining the quantitative changes
in brochantite may include physical causes such as crystal size and patina layer thickness;
another factor is the increase in Cu that occurs when Cu?* ions working as color formation
ions move to the outermost layer. Therefore, the increase in the Cu content in the sulfide
patina is correlated with the green patina (i.e., growth of brochantite).

4.3. Corrosion Mechanism of Sulfide Patina

Figures 13 and 14 illustrate the formation process of the sulfide patina and atmospheric
corrosion mechanism, respectively. The sulfide patina formed three layers consisting of
an outer brochantite layer and inner cuprite and cassiterite layers. In the early stages of
the corrosion experiment, 1-3 pm octahedral cubic crystals formed a thin cuprite layer
with a thickness of 0.1-0.3 pm on top of the base bronze layer. The cuprite thickness was
consistently maintained at 0.1-0.5 pm until the end of the experiment.

Then, cassiterite was formed around the pitting between the base metal and cuprite. Several
studies conducted under outdoor environmental conditions revealed that cuprite and cassiterite
are mixed in the reddish-brown patina formed on top of the base metal. At S50 (2400 h), the
artificial patina comprised cuprite (Cu: 79.33-84.38 wt%, Sn: 0.33-0.92 wt%), cassiterite (Cu:
55.71 wt%, Sn: 6.07 wt%), and a mixed layer of cassiterite and cuprite (Cu: 36.05-47.90 wt%,
Sn: 13.35-29.42 wt%), based on the Cu and Sn contents and structure of each layer.
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Figure 13. Sulfide patina (S50): (left) microscopic (dark field) image and (right) schematic diagram
by layer using SEM images.
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Figure 14. Schematic of corrosion mechanism of sulfide patina.

The brochantite in the outermost layer consisted of a flower-shaped aggregate of
large crystals created by densely arranged, small, needle-like crystals, and the crystal size
gradually increased from 2 to 20 pm. Brochantite crystals generally form an aggregate by
growing from the location where the nucleus forms. In particular, a stagnant aqueous film
is generated after rain, and the patina crystals are strengthened owing to the evaporation
of moisture [23-31]. Therefore, if the rain continues, brochantite formation on the bronze
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surface is restrained, and light-green or striped spots can be observed on the parts of a
sculpture that have been washed away by rain. In addition, if the aqueous film is highly
acidic (pH < 3.5), brochantite dissolves, and antlerite may precipitate [12,13,42—-48]. It is
in line with the finding that cuprite in the copper patina that is exposed to an outdoor
environment for a long time (7-300 years) continues to grow for up to 15 years, following
which, the corrosion rate is consistently maintained while brochantite grows annually by
0.15 um [23].

5. Conclusions

A corrosion experiment on artificial sulfide patina was conducted to investigate the
corrosion characteristics of the outdoor bronze sculptures found in an urban-industrial
environment, and the results are as follows.

The correlation between the chromaticity and reflectance of the patina and corro-
sion products showed that the amount of brochantite increased with the corrosion of
sulfide patina and that chromaticity a* was associated with patina growth. Furthermore,
cuprite and brochantite were distinguished, and the point at which green brochantite
began to cover the patina surface was determined. In particular, 20% reflectance in the
yellow-red wavelength (565-750 nm) region was the inflection point for identifying cuprite
and brochantite.

The correlation between the composition and corrosion products of the patina revealed
that the major factors determining the quantitative changes in brochantite include physical
causes such as crystal size and patina layer thickness; another factor is the increase in Cu
that occurs when Cu?* ions working as color formation ions move to the outermost layer.

The atmospheric corrosion of the Cu-Zn-Sn—Pb quaternary bronze confirmed through
the corrosion experiment on the artificial patina resulted in reduced contents of the base
metals Cu and Zn but increased contents of Sn and Pb. The decreased Cu and Zn contents
are respectively attributable to the selective dissolution of Cu and Zn ions owing to decupri-
fication and dezincification within bronze, in which the cation moves toward the boundary
through the patina inside the alloy, while Sn forms a patina layer by being condensed as
insoluble corrosion products for a stabilization effect. To date, the atmospheric corrosion of
bronze has been considered to exhibit reactions similar to those of pure copper; however,
the corrosion process of bronze differs depending on the alloying elements.

The microstructure of the sulfide patina was confirmed to consist of brochantite in
the outermost layer and cuprite and cassiterite in the inner layers. The cuprite layer was
generated early in the corrosion experiment and remained uniform, and cassiterite was
formed around the pitting between the base metal and cuprite. The patina structure was
distinguished into cuprite, cassiterite, and a mixed layer of cuprite—cassiterite based on the
Cu/Sn contents as well as structure layer and color. Brochantite in the outer layer grew
continuously into a flower-shaped aggregate formed by needle-like crystals.

This study examined the characteristics of sulfide patina according to the corrosion
behavior, and its findings are expected to be utilized in future studies on the corrosion
characteristics of outdoor bronze sculptures.
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