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Abstract

Silvered-glass solar reflectors consist of a reflective layer (RL), composed of silver and copper
thin-films, back-protected by paint layers on a glass plate. The RL is prone to corrosion,
especially in industrial atmospheres with polluting gases. After applying accelerated aging tests
with gaseous pollutants (SO., H.S, NO;), SG-R samples are studied by SEM and EDS,
including FIB preparation. As expected the copper thin-film is firstly corroded, followed by the
silver corrosion. Deposits of different corrosion products were found on the reflector’s surface,
depending on the polluting gas used. The rear protective paint layers also play an active role.

Keywords: Corrosion of copper and silver thin films; silvered-glass solar reflectors;
accelerated aging test; polluting gases; NOy; H.S; SO»; FIB; SEM; EDS.

Highlights

e SEM, EDS and FIB are employed to study corrosion in Ag-glass solar reflectors.

¢ Polluting gases (SO, H.S and NOy) have a great influence on reflector degradation.

o For all gas atmospheres, the Cu-layer is the critical component. It is corroded first and
protects silver.

e Corrosion products and mechanisms depend on gas type, humidity and temperature

e Heavy metals of the rear protective paints (Zn, Fe) also play a significant role.
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1. Introduction

Solar reflectors used in CSP (concentrating solar power) applications are one of the most
sensitive components of concentrating solar thermal facilities in terms of their durability. As
identified in our previous works [1-5] and by many other references in the literature [6-17],
surrounding atmosphere of the facilities are frequently affected by corrosive gaseous agents
(SO2, H2S and NOy) that are likely to degrade the reflector materials, especially their reflective
metallic layers, what may be crucial for their optimal performance.

Since the reflective layer of a silvered-glass reflector is usually made of silver and copper,
special attention should be paid to the corrosion of these two metallic elements. Schissel and
Czanderna (1980) reviewed the interaction between environmental gases and the silver used in
polymer-coated reflectors and reported that, after a weak chemisorption of oxygen, polluting
gases are able to adsorb on the silver surface in atmospheric conditions [7]. The synergistic
effects of atmospheric corrosive gases on metals and alloys during field exposure have already
been described [18-20], and the corrosion failure mechanisms during accelerated aging tests of
pure silver and copper used in microelectronic devices have also been reviewed [21]. It is long
known that the presence of water vapor has a powerful impact on the corrosion of metals, due to
the formation of thin aqueous films on their surface [12, 19]. These water layers act as a
medium for the absorption of atmospheric gases and the subsequent corrosion of the metals [11-
12]. All these processes, i.e. water condensation, pollutant adsorption, solubility of corrosion
products and contaminants and corrosion processes, are temperature dependent [12], but to the
present time scarce attention has been paid to temperature in the bibliography.

The degradation mechanism of silver surfaces in humidified atmospheres with SO, as the
unique corrosion gas is dependent on the humidity content [22], and in the case of atmospheres
containing H.S the corrosion rate of silver is increased by oxygen and humidity [23].
Furthermore, the presence of silver-sulfite compounds on silver surfaces was evidenced for the
first time without the help of any additional oxidants, only humidity, aerial oxygen, and SO;
[24]. The corrosion products of silver in environments containing SO, have been reported to be
mainly in the form of sulfites and sulfates [25], while in the case of H.S the main reaction
product is silver sulfide (Ag.S), although more recent works also detected Ag.SO4 thanks to
XPS (X-ray photoelectron spectroscopy) analyses [17, 26]. Silver sulfidation occurs at very low
H>S gas concentrations [9], which makes H.S more aggressive than SO, [24]. Additionally, NO>
has also been regarded as one of the most harmful gaseous pollutants for silver corrosion [27],
which can be adsorbed on the oxygen-covered silver [7]. Some authors asserted that this gas is
quite unreactive towards silver in laboratory experiments [11], but it was later stated that NO-
oxidizes silver and also acts as a pH modifier, since it acidifies the adsorbed water layer on the
metallic surface [23]. As a result, the hydroscopic corrosion product AgNO; is formed,
increasing the surface mobility of the adsorbed water layer as well as the tarnish rate. Compared
to H3S, there is less effect of humidity on the corrosion rate of silver in NO; environments.

It has been observed that copper exposed to humidified air forms a homogeneous oxide layer
which basically consists of a cuprite-like compound (Cu;O) and a water layer adsorbed on it
[22]. In aggressive environments, this protective oxide layer changes into a non-protective,
multi-component, tarnish layer [28]. Thus, the synergy of humidity and H.S increases the
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copper sulfidation rate [10, 29], and SO, provokes more features on the copper layer, in the
form of copper sulfite or copper sulfate hydroxides, such as antlerite [10, 30]. It has been
reported that the corrosion products formed by naturally existing SO, concentrations are
normally sulfates [30]. In addition, the presence of SO, provokes a locally enhanced corrosion
attack on the copper surface, in contrast to other exposures such as ozone and NO,, which lead
to a uniform corrosion attack [10]. The general conclusion of studies using humid atmospheres
with NO; as the single air pollutant in the ppm range is that this gas has low corrosive effects on
copper, being cuprite (Cu20) and basic copper nitrate the main corrosion products identified by
XPS analyses [10, 31-32].

Some authors identified the degradation of silvered-glass reflectors exposed to several types of
aggressive atmospheres using reflectance measurements and optical microscopy. Coyle in 1982
[33] tested 22 different glass second-surface mirrors using corrosive vapors (including H2S) in
an environment with high relative humidity, and the most common failure modes were black
corrosion spots found at localized sites, probably due to the penetration of moisture and
corrosive gases through defects or pores in the paint layers, as also reported in recent studies
using Kesternich tests [3, 34]. Other typical degradation effects of silvered-glass reflectors are
silver agglomeration [35-38], copper dissolution [35, 39] and delamination or decohesion at the
silver/glass interface [35, 37, 39-40]. However, advanced analysis techniques are required to
find out the degradation mechanisms that cause the severe loss of the reflector’s optical
properties.

In this paper we try to identify the main corrosion mechanisms of silvered-glass reflectors when
subjected to single-gas environments in climatic-chamber tests at different temperature, relative
humidity and polluting gas type and concentration. Scanning electron microscopy and energy
dispersive X-ray microanalysis are used to explore the reflective layer and their protecting
coatings after accelerated aging. This way, the degradation of silvered-glass reflectors caused by
pollutant gases can be identified and relevant information for the design of more durable
reflectors in different polluting atmospheres is provided.

2. Material and methods
2.1. Reflector samples

The selected silvered-glass reflector is described in our previous publications as silvered-glass
Type 1; further details can be found in [2-3, 5]. The specular reflectance measured according to
[UNE 206016, 2018] by a reflectometer at A = 660 nm, 6; = 15°, and ¢ = 12.5 mrad is
(0.959+0.001). According to our previous works [41, 41a], its reflective layer is composed by
approximately 150 nm of Ag and 150 nm of Cu, protected by three paints layers, a prime coat,
intermediate or base coat and finally a top coat, deposited on 4 mm of low iron glass. Small
reflector samples (2 x 2 cm?) were cut from a commercial parabolic-trough facet to allow the
study by advanced techniques in vacuum chambers. All the sample edge are unprotected. Beside
this initial damage, a 2 cm-long diagonal scratch was performed on the paints side using a
across all the reflective and paint layers as described in [2]. In this way the materials of all the
layers are exposed to the aggressive conditions in the aging experiments (see Fig. 1) and they
can be easier localized in the microscope.



Aging experiments are summarized in Table 1. Two types of experiments were performed in
three different climatic chambers. On one hand, four single-gas tests were performed in a VCC?
0034 chamber(Votsch, Balingen, Germany) with 0 ppm of gas (gas-free experiment) and 25
ppm of H,S, SO, and NO;, respectively, at 40°C constant temperature and 80% relative
humidity for a maximum testing time of 21 days (or cycles). These experiments were based on
international standards initially conceived for electronic components and noble metals, such as
ISO 10062, IEC 60068-2-42, IEC 60068-2-43 and IEC 60068-2-60 [42]. On the other hand, the
rest of tests can be classified as Kesternich tests based on ISO 6988 and DIN 50018 standards
with high concentrations of SO, in water-saturated conditions (acid rain) [43-44]. Three tests
without SO, gas and 100% RH at three temperatures (25, 40 and 50 °C) were performed in a
condensed water chamber (V6tsch) for 20 days. Finally four tests at different temperatures and
gas concentrations were made in a HK 300 M cabinet (Kohler, Lippstadt, Germany) during 20
days or Kerternich cycles. The nomenclature of the test stands for Kesternich test (K), followed
by the SO, concentration (0.2, 1.0 and 2.0 I) and temperature (25, 40 and 50 °C). A sample
K_1 50 (Kesternich tested at 1.0 | SO, and 50 °C) aged only for 10 Kesternich cycles is also
used in the FIB study. The effects of all these weathering experiments on the optical properties
of the silvered-glass reflector have been already published [2-3], and a summary of the main
results is included in this paper at the beginning the corresponding result and discussion
subsections.

2.2. Characterization techniques

As for the evaluation of the aged reflectors, advanced microscopy and spectroscopy techniques
were used. A 3D light microscope model Axio CSM 700, manufactured by Zeiss [45], was used
for the optical inspections of defects on the reflective layer of reflectors in the OPAC laboratory
at the Plataforma Solar de Almeria (PSA, Almeria, Spain). After the weathering tests, the glass
side of reflector samples were rinsed with running deionized water and dried with a clean tissue
at room temperature to perform the optical characterization of the reflective layers across the
glass substrate.

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM and EDS) were
carried out with a high-vacuum SEM model Ultra 55 manufactured by Zeiss [46], coupled with
an EDS unit manufactured by Oxford Instruments, at the Institute of Materials Research, DLR
(German Aerospace Center) Cologne, Germany. SEM images in the back-scattered electron
(BSE) and secondary electron (SE) modes were recorded at an acceleration voltage of 10-16 kV
and 8-11 mm working distance. A small part (aprox. 5 mm) of the paints layers at one side of
the aged scratch were delaminated using a scalpel. A stereoscopic microscope were used to be
sure the paints layers are removed and usually the brilliant original reflective layer is on the
sample surface ready to be observed by SEM. In this way the initially protected reflective layer
can also be observed and analyzed. After cleaning with dry compressed air, samples were
metallized with approximately 10 nm of Pt to avoid charge effects. The acquisition time for the
EDS microanalyses was 60s, and the dead time was always below 30%. Analyses were
performed at different parts of the samples, including the layers in the area of the scratch that
were initially exposed to the corrosive atmosphere, the reflective layer under the paint coatings
that was initially not exposed to the testing conditions, and the possible corrosion deposits found
on the reflectors surface.



Furthermore, cross-sections of the reflective and back paint layers of the glass reflector were
feasible thanks to a dual-beam focused-ion-beam (FIB) workstation model Helios 600i
manufactured by FEI™. This equipment was also available at the Institute of Materials
Research (DLR, Cologne, Germany) enabling the milling of the sample material around the
deposited Pt by sputtering with Ga ions, and the electron and ion imaging of the films cross-
sections on the micrometer scale [47]. The default parameters used were 30 kV for electron
imaging and 0.79 nA for Ga-ion milling.

3. Results and discussion
3.1. Type of polluting gas
3.1.1. Gas-free test

The ‘NG’ sample was aged during 21 days at 40 °C and 80%RH without adding any polluting
gas. The optical microscopy inspection revealed no remarkable damage, neither on the reflector
undamaged area nor on the unprotected edges or scratch. Neither a decrease of specular
reflectance was observed [5].

Fig. 2 shows a BSE image of the gas-free sample at the scratch zone. The areas of the scratch
that were inspected by EDS are marked with white rectangular shapes. Table 2 lists the main
results of the microanalysis at the different areas.

The central dark line in the BSE image corresponds to the glass substrate after scratching the
protective paints and reflective layers, since EDS results show the typical composition of a
silicate glass (spectrum #148: Si/O ratio of 0.44 and Na, Mg and Ca as the main modifiers
cations). The bright lines correspond to the copper and silver rich (spectrum #147) reflective
layers, which is composed of a bottom layer of silver and a top layer of copper according to our
previous studies [Ref. TFG]. Since these metallic elements have more atomic weight than the
glass elements they back-scatter more electrons and the RL looks very bright in the BSE
images. The three paint layers are not clearly distinguished after the scratching and aging test,
but two EDS analyses (near the bottom (spectrum #146) and near the top (spectrum #145)) were
performed in the scratched cross-section of the paint layers. The external surface (not scratched)
of the top coat (spectrum #144) was also analyzed. More detailed microanalyses were also
performed on grains of different tonality in the BSE images (see Fig. 3.b and Table 3 as an
example). Results show that the paints are very rich in C, O, heavy metals such as Fe, Zn, Ba
and traces of Pb, and other light elements such as Si, Mg, Ca, and Ti, in agreement with typical
protective paints compositions (organic compounds, titanium oxide, iron oxides, zinc oxides,
barium sulfate, calcium carbonate and talc) [48]. Titanium is very abundant in the external
surface, therefore this chemical element can be used to identify the top coat layer.

Regarding the reflective layer, EDS microanalysis #147 shows both copper and silver atoms are
detected by EDS, since the total copper and silver layer thickness (~ 150 nm each) is below the
EDS analyzed thickness (~ 1 um). The Ag and Cu layers initially exposed in the scratch are
barely corroded (Fig. 3.a). The metal layers are mainly in its original place (spectrum #155) and
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a granular structure can be observed at higher magnifications (Fig. 3.c), the brighter grains
(spectrum #160) contain more silver percentage than the darker ones (spectrum #161). Only
small deposits of sulfured corrosion products are found nearby (spectrum #158). Given that the
aging environment did not contain sulfured gases, sulfur atoms must proceed from some
contamination of the testing chamber, since sulfates were detected by elemental analysis in the
chamber condensation water [49].

3.1.2. SO test

The ‘SO’ sample was aged with 25 ppm of SO, at 40 °C and 80% RH during 21 days. This
polluting gas was harmful to the silvered-glass reflector since optical microscopy inspection
showed several spots of approximately 150 um on the reflector undamaged area, as well as a
maximum penetration of 330 um near the cut edges and an increase of up to 150 um in the
scratch width. However, no significant decrease of the specular reflectance was detected [5].

As depicted in Fig. 4, SEM inspection of the SO, sample shows more corrosion products than
the gas-free one, which are clearly observed on the central dark line corresponding to the glass
substrate. EDS microanalyses detect sulfur atoms all over the sample surface, including the
glass (spectrum #137) and the external surface of the top coat (spectrum #133). Abundant sulfur
is also detected in the reflective layers, which indicates that the metals are sulfured (spectrum
#136). In addition, high signals of S are found in the paint coatings (spectrum #134 and #135),
probably due to a reaction of SO, with the most prevalent metals in paints (Fe, Zn, ...). Oxygen
concentration is very high when the sulfur concentration is high (compare for example EDS
guantitative results of the spectra #135 (SO, sample, scratch, bottom) with those of #146 (NG
sample, scratch, bottom), which suggests that the reaction of the original paint components with
the SO, gas produces sulfates or sulfites more than sulfides, in accordance with the
bibliography.

Deposits of corrosion products are found all over the sample surface, including the scratch area.
Some of these deposits are copper-, zinc- and sulfur-rich (spectrum #138 and #140) while others
are carbon- and titanium-rich (spectrum #141, 142 and 143), which indicates that these
environmental conditions are very severe not only for the reflective layers but also for the paint
protective layers. Therefore, comparing results of the ‘SO;’ to the ‘NG’ samples, we can
conclude that the SO, gas has a great influence on the degradation and removal of the copper
layer and some of the main components of the protective paints.

3.1.3. HJS test

The ‘H2S’ sample was aged with 25 ppm of hydrogen sulfide at 40 °C and 80% RH. This
reduced sulfur atmosphere was also very harmful to the reflector, as we had already reported
[2, 5]. Optical inspection showed small spots of about 90 um on the reflector undamaged area,
but both the maximum penetration from the cut edges (~ 270 um) and the scratch width
increment (~ 720 um) were higher than for the SO, sample. Specular reflectance measurements
did not detect either this damage level in the sample [5].



According to SEM, the area of the scratch looks very different than in the previous samples
studied (Fig. 5.a). The dark contrast of the glass phase in the central part of the BSE image is
missing and in its stead a symmetric structure of deposits can be observed. S is found in all the
different layers, but it is especially abundant with Cu and Ag in the exposed reflective area
(spectrum #110), in some silver-rich deposits (spectrum #119) and in the inner side of the
peeling paints (spectrum #111), as it is shown in Table 5.

Fig. 5.b shows a detail of the corrosion products deposited on the glass part of the scratch. A
series of EDS spectra, from spectrum #113 to 120, was recorded in areas with different gray
levels. Darkest areas correspond to the glass substrate (spectrum #116), brightest areas are very
rich in silver and sulfur (spectrum #119) and in gray areas a small amount of sulfured silver is
found on the glass substrate (spectrum #114). Consequently, the H,S gas is very corrosive for
both copper and silver thin-layers, and the corrosion products remain around the metal original
site.

Comparing with the SO; test, a higher sulfur concentration is found on the reflective layer using
H>S as the pollutant (Cu/S = 0.92 after H,S and 1.92 after SO, test), which indicates that H,S is
more aggressive towards the silvered-glass reflector. Moreover, the oxygen content is very low
in comparison with the SO, test (O/S = 0.129 and 4.18 for H,S and, SO, respectively), which
involves that the corrosion products are mainly sulfides, in agreement with bibliographic data
[17].

3.1.4. NO; test

The ‘NO.’ sample was aged at 40 °C and 80% RH with 25 ppm of nitrogen dioxide. Although
specular reflectance was as high as in the original reflector, optical microscopy showed again
the largest penetration on cut edges (up to 800 um) and a scratch width increment of
approximately 600 - 700 um, comparable to the H.S width increment [5]. However, corrosion
spots were not detected by optical inspections in this sample, which suggested that this polluting
gas is also harmful but the corrosion mechanisms are different than in the previous aging tests.

Fig. 6 shows some representative BSE micrographs of the scratch area for this sample.
Although the glass substrate is clearly observed in the center of the scratch and the reflective
layer is found in its original place (between the glass and the paints), SEM images and EDS
microanalyses show that the test with NO; is also harmful for the silvered-glass reflector (see
Fig. 6 and Table 6). Although the light nitrogen atoms are hardly detected by EDS, the N Ka
line clearly appears in all the spectra recorded on the reflective layer (spectra # 518, and 521 to
523). In addition, corrosion deposits or precipitates are found near the reflective layer (Fig. 6.b
to e). In this area, brighter points are Ag- and Cu-rich, and N and O concentrations are also very
high, which corroborates the corrosion of the original metals. It should be also noted the high S
concentration detected on the star-shape precipitate showed in Fig. 6.d (spectrum #522).

The rest of layers contain the elements expected in each of them. According to their quantitative
results, the spectrum #516 was recorded on the top-coat cross-section. Spectrum #517, recorded
at the bottom of the paints cross-section, shows the typical metals of the inner coatings (Zn, Fe
and also Pb) and a considerable amount of N, which suggests that these heavy metals are also



oxidized under the NO; test conditions. However, the top coat looks more stable under these
aging conditions since nitrogen was not detected in this layer.

3.2. Kesternich tests
3.2.1. Temperature and humidity effects

The ‘K_0_25°, ‘K_0_40’ and ‘K_0_50" samples were aged for 20 days without any polluting
gas at 100% RH and 25, 40 and 50 °C, respectively. Significant corrosion was not detected in
these three samples either by specular reflectance or by optical microscopy [3].

Fig. and Table 7 show a summary of the main results obtained by SEM and EDS microanalyses
of the K_0_40 sample. This sample can be compared with the ‘NG’ sample aged at the same
temperature and 80% RH (Fig. 2 and Table 2) to determine the effect of water vapor at moderate
temperature on the aging of the reflector materials.

For both samples, very similar appearance and composition are obtained in the outer paint
surface and in the paint-to-glass cross-section of the aged scratch. However, the exposed
reflective layer shows abundant globular deposits (Fig. 7.c), which indicates a higher corrosion
degree of the metal layers in the 100% RH test. These globular deposits are rich in silver, copper
and sulfur, despite the absence of sulfured gases in this test. As in the gas-free test, sulfur atoms
must proceed from some contamination of the chamber [49].

Comparing the composition of the highly corroded (Fig. 7.c) to the initially protected (Fig. 7.d)
areas of the reflective layer, the copper to silver ratio is higher than 2 in the protected non-
corroded areas (#69 and 78 spectra) and lower than 0.7 in both the globular deposits and the
highly corroded areas (#70, 74 and 75 spectra), which entails a faster disappearance of the
copper layer in the corroded areas. Moreover, according to #70 and 75 spectra results, silver
must be also sulfured in the globular deposits since the S to Cu ratio is higher than that for
sulfured-copper compounds (sulfates and sulfides mainly).

In summary, a high humidity at moderate temperature (40 °C) is enough to promote the
reflective layer corrosion. The copper thin-layer is corroded first, but environmental conditions
are aggressive enough to corrode the exposed silver layer as well. The corrosion products are
highly sulfured, which suggests that any SO, contamination in the atmosphere or sulfate ions in
the condensation water can increase the corrosion caused only by humidity, which indicates the
aggressiveness of this polluting gas for reflectors durability.

3.2.2. Effect of SO, concentration

The effect of SO, concentration in Kesternich tests can be studied comparing the K_0.2_40,
K_1 40 and K_2_40 samples. The polluting gas concentration is much higher for these tests
than for the previous SO, test (0.2 1 corresponds to 667 ppm, whereas the SO, test was
performed at 25 ppm). In these conditions the silvered-glass reflector was clearly damaged after
20 days, increasing the mean total corroded area of the whole reflector surface with the gas
concentration and temperature from 2% to 12% for K_0.2_40 and K_2_40, respectively [3]. The
temperature influence was less significant than the gas concentration, since the K_1 50 sample



was less damaged than the K_2_40 sample. Corrosion spots, cut edge corrosion penetration and
scratch width increment followed the same tendency, and specular reflectance measurement in
the scratch area clearly decreased with the gas concentration. Therefore, it is clear that the SO;
gas concentration at high relative humidity is a key factor in the silvered-glass reflector
durability. Given that Kesternich conditions are very aggressive, the study of samples aged for
less time (10 days) will be also considered.

By SEM studies, the K _0.2_40 sample (Fig. 8.a) is also found to be the least deteriorated
sample after 20 Kesternich cycles, but it is still much more damaged than the K_0_40 sample
(Fig. 7.a) and the SO, sample (Fig. 4.a). The reflective layer in the scratch profile has
disappeared between the paint layers and the glass substrate, leaving the paints detached from
the glass in most of the original edge of the aged scratch (see the upper part of the scratch in
Fig. 8.a).

Abundant sulfur and silver corrosion products are found on the paints (Fig. 8.b and spectrum
#6) and also on the glass (not shown). Some bright deposits in the edge of the paint layers (e.g.
spectra #8 and 12 in Fig. 8.b and c respectively) are supposed to be remains of the corroded
reflective layer due to their rich content in Ag and S.

The reflective layer is clearly observed mainly in the delaminated part of the scratch. After the
bright areas near the glass edge, the dark areas correspond to some rests of paints (spectrum
#13), probably there due to the cutting tool used for delamination, followed by the bright
reflective layer on the bottom of Fig. 8.a.

In contrast to previous samples, silver is not detected in the RL of the K _0.2_40 sample
(compare spectra #8, 12 and 27 in Table 8 with spectra #69 and 78 in Table 7 and with spectrum
#136 in Table 4). The BSE image of Fig. 8.d was recorded at the end of the delaminated area
after moving perpendicular to the scratch (2 or 3 mm from the delaminated scratch edge) and
only silver atoms were observed in the RL (spectrum #27). Copper is not detected either in the
inner part of the delaminated paint layers, which suggests that the copper layer has been
corroded even far away from the edge of the original scratch.

With some effort, we found some rests of the copper thin-film on the silver layer (Fig. 9) at the
end of the delaminated area (near position #27). Both the silver and the copper are not highly
sulfured at those points (spectrum #28 and #29 respectively), but the Cu layer is clearly
corroded and the dark spots in the silver layer (Fig. 9.a) can be also a sign of the silver
degradation. These findings give rise to the fact that the copper layer is easily corroded by the
aggressive agents of the Kesternich test (high T, high RH, high [SO2]). After corrosion, the
copper ions in the electrolyte must have been carried away from its original place in the
reflective layer via a possible way of scape (scratch, fractured edge, diffusion through the paint
coatings [39]) and deposited on other parts of the reflector as sulfured copper products, like the
ones depicted in Fig. 9. The process of dissolution and migration of Cu was described in 1980
by Shelby, Vitko and Farrow at localized regions of the metallic film [35] and all of our
observations are compatible with this hypothesis.

Moreover, the copper corrosion is progressing with the aging time. In the particular case of
K_1 40 sample, the copper layer is found in its original place as a bright line in the BSE image
under the paint coatings after 2 and 10 cycles, but it is not visible after 20 cycles, suggesting
that in the early stages of the test the whole reflective layer of Cu and Ag might not be corroded
yet. These findings confirm that the copper layer protects the silver layer from corrosion, but the
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Kesternich conditions easily corrode copper and transport sulfured copper products all over the
sample. Finally, without the copper protection, the silver layer is also corroded but remains in
its original place, at least in the early stages.

Fig. 8.d also shows a fracture of the three protective paint layers. According to Table 9 EDS
results, the top coat (spectrum #24) is Ti-rich, the abundant S, Ba and Ca detected in the base
coat (spectrum #25) suggest that this layer contains barium sulfate and calcium carbonate,
whereas the main component of the prime coat should be talc and iron oxides and zinc (or zinc
oxides), since Fe, Zn, Si and Mg are the most abundant elements in spectrum #26 quantitative
results.

As for the reflective layer, SO, is also harmful to the paint coatings. We easily found examples
of this corrosion in the highly degraded samples, as those shown in Fig. and Table 10 for the
K_2 40 sample. In the BSE image, a prime coat trace is observed in lighter color on the glass
substrate in a delaminated area near the original scratch (Fig. 10.a). The same lighter color
contrast is observed over the non-corroded prime coat when the inner side of the delaminated
paint flake is inspected. EDS microanalyses (Table 10) show that the most abundant chemical
elements of these deposits are S and Zn, in contrast with the prime coat composition (spectrum
#93). The prime coat contains zinc that is more easily corroded than copper [50]. These findings
involve that the protective coatings are also a critical part of the reflector structure when it is
exposed to the aggressive Kesternich environment.

The paint layers are expected to be detached from the reflective layer as a consequence of the
corrosion and migration of copper, which will affect the paint/copper interface. The corrosion of
some components of the prime coat may also contribute to degradation and easy delamination
of the coatings. Notwithstanding, we also found that the silver/glass interface is also affected by
the Kesternich conditions, since the reflective layer shows some creases or wrinkles like the
ones shown in the secondary electron image recorded in the K_0.2_40 sample (Fig. 11).

3.2.2.1. Cross-sectional study by FIB

In order to further look for the corrosion effects of the Kesternich tests on the reflective layer, a
cross-sectional characterization of the reflector samples was pursued. The K_1 50 sample after
10 aging test cycles (K_1_50_10cy) was used in this study. The scratch area of this sample is
shown in Fig. 12.a and some quantitative EDS results are listed in Table 11. The reflective layer
is not observed between the glass and the paint coatings, as in the K_0.2_40 sample after
20 cycles (Fig. 8), and corrosion deposits or precipitates are abundant in the scratch as well as
on top of the cross-section and on the external surface of the paint layers, which was confirmed
by EDS microanalysis. After a deliberate delamination of the paint coatings near the scratch
edge, the reflective layer (initially under the paints) can be observed on the glass substrate (see
the right-bottom side of Fig. 12.a and Fig. 12.b, and spectrum #58), and also on the inner part of
some of the delaminated paint flakes (Fig. 12.c, spectrum #195 and 196). Although silver atoms
were detected in the corrosion products (spectrum #56), they were not observed in the reflective
layer near the scratch (spectra #58, 195 and 196), which indicates that the silver layer has been
completely corroded, at least up to about 1 mm from the initial scratch edge.

Two FIB analyses were performed on the sites of interest of the K_1 50 10cy sample in the
areas shown in Fig. 13. Site 1 was selected near the paint layers at the end of the delaminated
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area, approximately 3 mm apart from the original scratch edge. In the BSE image (Fig. 13.a
bottom) the bright RL shows several lighter islands which are likely to be rests of the original
Cu layer, since copper and silver were detected by EDS in those places. Since the Cu layer is
still there, the reflective layer is expected to be non-corroded under the rest of paints, and
therefore Site 1 was selected to study the cross-section of the original reflective layer.
Conversely, Site 2 was selected near the scratch edge, where the RL has completely lost the Cu
layer and abundant wrinkles or striae are observed on the remaining part of the RL (Fig. 13.b
top), precisely to study the cross-section of a wrinkle (Fig. 13.b bottom).

Some representative BSE micrographs recorded with the FIB workstation during the cross-
section preparation are shown in Fig. 14.a and b for Site 1 and 2, respectively. The main steps
are the site selection, the electron deposition of a thin Pt layer (e -Pt), the ion deposition of a
thicker platinum layer (ion-Pt) to protect the sample layered structure, and finally the milling
with Ga-sputtering to obtain the cross-section.

The main results of the Site 1 FIB preparation can be seen in Fig. 15. The top image shows the
whole cross-section and the other three images (a-c) show details of three interesting regions at
higher magnifications. On the left side of the whole section (Fig. 15.a), the reflective layer can
be found on the glass substrate as in its initial state before the corrosion test, i.e. the layered
structure of Ag and Cu under the paint coatings. Using BSE images, the original thickness of Cu
and Ag layers are, respectively, (86x14) nm and (77+13) nm. In the middle side (Fig. 15.b),
only the silver layer is present and its morphology and thickness have not changed significantly,
i.e. itis still a smooth, thin layer ((AQ)mickness = (67£10) nm) that is found in its original place on
the glass substrate, which suggests that this part of the silver layer is also hon-corroded.

On the right side (Fig. 15.¢), the cross-section corresponds to the Cu island that is shown in the
top image of Fig. 14.a. In this region, while Cu is on the Ag layer, the prime coat paint has been
completely removed by the deliberated delamination. According to its appearance, the silver
layer is almost unspoilt ((AQ)wmickness = (65+£18) nm), but the copper layer looks different if
compared to that found under the paints, since it looks darker in the BSE image, its thickness
has increased ((Cu)wmickness = (123+16) nm) and both interfaces are rougher. Moreover, the
electron-deposited Pt layer (e~-Pt) shows some defects in this region (see e™-Pt discontinuities
and bubbles on top of the Cu island region). Given that non-conducting substrates deflect the
electrons very strongly and prevent the Pt deposition during the e-beam coating, all these
features indicate that the remaining Cu is highly sulfured or oxidized in this area.

A second cross-section was performed to investigate the silver layer wrinkles near the original
scratch (see Fig. 13.b and 14.b). Fig. 16 shows the main results of this second FIB analysis. This
cross-section clearly reveals that the silver layer is separated from the glass substrate up to
approximately 1 um in the wrinkle center (Fig. 16.a), forming a tunnel over the glass substrate.
In addition, the silver layer seems to be corroded because its thickness is not homogeneous and
both Pt and glass interfaces are rougher than in its initial state (compare Fig. 16.b and Fig. 15.a
Ag layer). Although the silver layer is still continuous, it looks like a beaded necklace
(Fig. 16.c). Two unknown layers are observed inside the wrinkle (Fig. 16.a), which could not be
discarded as artefacts due to re-depositions of milled material during the FIB milling process.

The reflective layer’s wrinkling or tunneling was only observed under the delaminated paints
once the Cu had been completely corroded. Therefore, this phenomenon would occur as a
consequence of silver corrosion, probably due to the significant volume increase of the silver
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corrosion products. A tunneling phenomenon at a bigger size scale has been previously reported
for silvered-polymer reflectors exposed to high humidity [40].

In summary, this SEM and EDS study has proved that the SO, gas at high relative humidity is
very harmful for the reflective layer of silvered-glass solar reflectors. Firstly, the copper layer is
seriously degraded, probably due to the formation of copper sulfates by a corrosion mechanism.
The Cu corrosion products are initially dissolved in the liquid medium and then spread away, to
finally appear as corrosion deposits when the humidity level decreases. Once the Cu layer is
removed, the Ag layer is separated from the paint coatings and so its degradation starts. Silver
sulfates are probably formed by corrosion, even though the silver layer is more resistant to the
aggressive conditions of the Kesternich test. Although some of the corrosion products may also
be dissolved in the electrolyte, a substantial part of them shall stay in the layer and provoke an
increase of volume in the layer plane, resulting in the observed wrinkles. Finally, this corrosion
is responsible for the fragmentation of the layer in small beads that may also be spread away by
the liquid phase.

The phenomenology observed agrees with the degradation mechanisms described. Nevertheless,
additional chemical analyses are required to corroborate the formation of copper and silver
sulfates. Furthermore, subsequent studies are also necessary to investigate the influence on the
reflective layer corrosion of the paints layers and the ionic species in the exudation water of the
aging tests.

4. Conclusions

Scanning electron microscopy and energy dispersive X-ray spectroscopy, combined with
focused ion beam cross-section preparation, are useful techniques to study the corrosion
mechanism in the layered structure of silvered-glass solar reflectors.

Comparing with the gas-free test, all of the studied polluting gases (SO, H2S and NOy) in near
environmental conditions (80-100 % RH, 40°C) have a great influence on the reflector
degradation. As expected, in all cases the copper layer is firstly corroded followed by the silver
layer corrosion, but different corrosion products and mechanisms have been found depending on
the polluting gas type.

After the SO, test, corrosion products of Cu and S, which most likely are copper sulfates, are
deposited all over the sample surface. Hence, the copper layer must have suffered from
corrosion and dissolution and then been spread away from its original site. In the H,S test, S is
especially present with Cu and Ag in the exposed reflective layer. This gas is more aggressive
for the silver layer than SO, and the newly formed corrosion deposits (mainly silver sulfide)
remain near the original metal layers. Given the lower amount of corrosion products deposited
on the sample surface, NO; is the less harmful gas. Notwithstanding, both copper and silver
layers are also corroded and the corrosion products, which are very rich in Cu, Ag, N and O,
remain near the reflective layer.

A high concentration of SO, at 100 % RH (Kesternich test) easily corrodes the copper thin-
layer. The corrosion products are dissolved and carried away from the reflective layer, resulting
in the formation of a gap between the paint layers and the silver layer, which facilitates the
corrosion of the latter. Silver is corroded more slowly than copper and its corrosion products
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mainly remain on the layer, provoking a volume increase that separates the silver thin-film from
the glass and also wrinkles it on the rigid glass substrate. Moreover, the corrosion of silver
progresses quickly at certain points, producing the final fragmentation of the layer in small
beads that can be spread away by the condensation liquid phase.

All the corrosive gases studied are not only harmful for the metals of the reflective layer, but
also for the components of the protective paints, especially for heavy metal ions of the inner
paint layers such as Zn and Fe, despite being originally oxidized in the initial paints. Our
findings indicate that the formulation of the protective paint layers also have an effect on the
reflective layer degradation. Therefore, the aging of the whole thin-film reflector structure must
be studied to properly understand the reflective layer corrosion mechanisms.
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Tables

Table 1. Sample nomenclature and experimental conditions of the weathering tests.

Sample | | [G2s1Gom) | TCO) | RHOO) | @od | cramber
VCC3 0034
NG 0.0 40 80 (Votsch)
SO, SO; 25.0 40 80 21
H2S H.S 25.0 40 80
NO2 NO> 25.0 40 80
K0 25 0.0 25 100 Condensed water
K 0 40 0.0 40 100 (Vétsch)
K_0 50 0.0 50 100
K 0.2 40 666.7 (0.2 1) 40 100 20
K 140 50, 3333.3(1.01) 40 100 HK 300 M
K 1 50 3333.3(1.010) 50 100 (Kohler)
K 2 40 6666.7 (2.0 1) 40 100
“K_1 50 _10cy sample was aged at the same conditions but only for 10 days

Table 2. Relative atomic percentages calculated from the EDS spectra recorded on the ‘NG’
sample at the locations marked in Fig. 2. Typical EDS quantification uncertainty ~ 0.1%.

Spectrum: #144 #145 # 146 #147 #148
Location: Paints Paints Paints Reflective Glass
(external  (scratch, (scratch, layers
surface) top) bottom)
C 54.99 33.37 40.50 16.93
0] 31.84 41.95 44.05 11.07 59.74
Na - - --- --- 7.97
Mg 0.69 3.79 1.57 0.79 2.15
Al 0.53 0.46 0.07 0.17
Si 1.26 3.83 1.73 13.90 26.47
S 0.34 1.40 0.18 0.10
K 0.08 0.19
Ca 1.11 3.95 2.01 3.11
Ti 10.68
Fe 5.68 2.51 0.61 0.10
Cu 39.52
Zn 8.75 2.70 2.28
Zr --- --- 0.12 --- ---
Ag 12.72
Ba - 0.35 1.41 - -
Pb 0.29
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Table 3. Relative atomic percentages calculated from the EDS spectra recorded on the ‘NG’
sample at higher magnification (Fig. 3) on some interesting points of the paint layers and

reflective layers. Typical EDS quantification uncertainty ~ 0.1%.

Spectrum: # 150 #151 #152 #153 #155 #158 #160 #161
Location: Paints Paints Paints Paints Metals Metals Metal Metal
(grain)  (grain)  (grain) (grain) (layer) (grains) (bright) (dark)
C 31.31 17.58  21.40 14.29 13.08
0 62.22 51.99 64.19 57.79 10.54 12.48 15.77 11.95
Mg 0.58 17.01 0.68 0.39 0.69 0.94
Al --- --- --- 0.60 --- --- - -
Si 0.51 0.90 12.28 1.59 14.29 2.84 12.53 19.05
P --- --- --- 0.24 --- --- --- ---
S 16.46 0.67 - - - 20.84 --- ---
Ca 0.94 10.75 0.16 0.21 2.10 0.57 2.16 2.75
Ti 0.05 0.25 0.25
Fe 0.93 1.83 2.97 36.11 0.77 0.61 0.75 0.58
Cu --- --- --- --- 41.72 21.34 21.59 42.62
Zn 0.91 1.27 3.22 3.28 - 1.76 2.10 ---
Sr 1.07
Zr 0.30
Ag 13.00 17.77 29.57 9.04
Ba 16.96 0.60 0.13
Pb 0.11 0.13 0.12

Table 4. Relative atomic percentages calculated from the EDS spectra recorded on the SO,
sample at the locations marked in Fig. 4. Typical EDS quantification uncertainty ~ 0.1%.

Spectr.: #133 #134 #135 #136 #137 #138 #141 #143
Lgca- Paints Paints Paints Reflectiv Deposit | Deposit | Deposit
tion: | (external @ (scratch, (scratch, laver Glass (1) 2) (3)

surface) top) bottom) € layers

C 54.38 28.08 --- 20.94 --- --- 41.79 54.71
0] 31.95 51.80 66.24 28.41 58.18 61.27 40.13 30.68
Na --- 0.82 --- 1.04 7.55 --- 0.97 0.38
Mg 0.56 0.91 1.08 0.76 2.14 0.92 0.70 0.65
Al 0.53 0.07 0.13 --- 0.18 --- 0.26 0.44
Si 1.12 1.55 1.26 12.46 26.94 13.03 3.72 1.85
S 0.15 5.56 12.10 6.79 0.47 5.94 1.68 0.13
K --- --- --- --- 0.19 0.09 --- ---
Ca 3.77 0.87 1.62 3.14 1.70 0.58 0.36
Ti 11.30 --- --- --- --- --- 3.49 8.08
Fe - 1.95 2.58 0.35 --- 0.19 0.85 0.63
Cu - - 0.29 13.01 0.61 9.99 2.41 0.20
Zn --- 4.26 15.28 2.68 0.60 6.77 1.95 0.56
Ag --- --- --- 11.94 --- 0.09 1.51 1.33
Ba --- 1.21 0.16 --- --- --- --- ---
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Table 5. Relative atomic percentages calculated from the EDS spectra recorded on the H»S
sample at the locations marked in Fig. 5.a. Typical EDS quantification uncertainty ~ 0.1%.

Spectr.:  #108 #109 #110 #114 #116 #119 #111 #112
Lcha- Paints Paints Reflecti- = Deposit Deposit | Deposit Peeillng Peeillng
tion: (scratch, @ (scratch, ) paint paint

top) bottom) ve layers (gray) (dark) = (bright) (bright) (dark)
C 32.89 31.38 13.00 9.19 31.95 30.05
0 2891 32.05 3.79 40.97 55.70 9.89 25.93 38.84
Na 0.84 7.51 3.70 1.37 0.85 1.81
Mg 2.03 4.18 0.55 2.45 2.02 2.21 5.47
Al 0.20 0.52 0.24 0.18 0.41 0.42
Si 3.11 5.06 10.27 36.18 32.52 8.63 3.08 497
S 4.45 2.48 29.39 3.71 0.57 14.73 10.94 1.04
cl 0.14
K 0.24 0.30 0.23 0.10
Ca 10.19 0.87 1.49 4.62 3.35 - 0.34 0.37
Fe 9.02 12.33 0.28 - - - 4.11 7.56
Cu 0.43 27.09 0.41 10.58
Zn 3.36 10.12 1.05 - - - 5.93 9.08
Ag 0.55 0.12 13.11 3.61 1.71 56.19 3.68 -
Ba 4.00 0.10 --- --- --- --- --- ---
Pb 0.41 0.29

Table 6. Relative atomic percentages calculated from the EDS spectra recorded on the ‘NO;’
sample at the locations marked in Fig. 6. Typical EDS quantification uncertainty ~ 0.1%.

Spectr.: #515 #516 #517 #518 #519 #521 #522 #523
Locat.: Paints Paints Paints Reflec- Glass RL  RL (star- RL
(external  (scratch, (scratch, tive (brigh shaped (texturized
surface) top) bottom) layers tdots) deposit) surface)
C 65.87 30.88 24.13 9.13 6.30 28.53 38.86 29.71
N - - 14.15 23.47 7.56 4.56 4.43 2.64
0 28.97 48.09 48.66 28.07 66.19 50.22 31.02 50.06
Na 3.65
Mg 6.58 1.46 0.82 0.79 0.73 0.60
Al 0.38 0.13 0.06 0.12
Si 11.04 1.02 3.55 1396 4.23 3.30 2.39
S 0.50 8.03
Cl 2.62 2.37
Ca 3.21 1.53  2.09 0.67 0.84
Ti 4.78 3.41 0.86 0.98 0.96
Fe 3.71 0.43 0.65 0.42
Cu 22.98 2.17 8.56 4.99
Zn 2.01 5.19 1.23
Ag 12.80 2.87 2.70 2.31
Ba - --- - - - --- - -
Pb - --- 1.65 - - --- - 1.36
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Table 7. Relative atomic percentages calculated from the EDS spectra recorded on the K_0_40
sample at the locations marked in Fig. 7. Typical EDS quantification uncertainty ~ 0.1%.

Spectr.: #64 # 65 # 67 #69 #70 #74 #75 #78
Locat.:  Paints Paints Glass  Reflective Deposits RL RL RL
(external (scratch) (scratch) layer (RL) (bright) (corroded) (deposit) (protect-
surface) ted)
C 54.78 37.38 --- 24.23 14.65 22.81 19.24 17.95
0] 32.75 35.34 59.31 18.26 12.20 21.49 27.03 8.09
Na - - 8.15 -- - 2.74 -- -—-
Mg 0.57 3.76 2.21 0.93 - 1.51 0.61 -
Al 0.44 0.60 --- --- --- --- --- ---
Si 1.11 4.39 26.97 12.53 3.95 22.69 2.51 14.56
S - 0.21 - 0.52 23.17 0.62 10.88 ---
cl - 0.11 - 0.23 - 0.28 - ---
K - 0.21 0.17 - - - - ---
Ca - 0.73 3.20 1.62 0.89 2.92 - 2.18
Ti 10.24 0.22 - - - - -
Fe - 8.09 - 0.84 0.65 0.26 1.04 0.34
Cu - 0.22 - 27.51 17.95 7.88 2.57 44.33
Zn - 8.16 - 1.57 1.00 0.82 0.89 ---
Zr 0.10 0.17 - 0.19 0.32 - - ---
Ag --- --- --- 11.56 25.21 15.97 35.23 12.57
Ba - 0.16 --- --- --- --- --- ---
Pb --- 0.25 --- --- --- --- --- ---

Table 8. Relative atomic percentages from EDS spectra recorded on the K_0.2_40 sample at the
locations marked in Fig. 8 and 9. Typical EDS quantification uncertainty ~ 0.1%.

Original edge Delaminated edge
Spectr.: #2 #6 #8 #12 #15 #27 #28 #29
Locat.:  Paints Deposit  RL near RLnear RLnear RLfar RLfar: RLfar:
(external on paints the glass the glass  scratch fromthe Aglayer Cu layer
surface) (scratch) (corroded) (corroded) edge edge (uncorr.) traces
C 54.55 20.89 11.10 11.16
0 30.05 15.03 61.05 12.68 38.62 20.81  23.44  35.37
Na 3.95 2.33 7.73 7.10 5.97 2.67
Mg 0.67 2.30 1.04 2.48 2.72 2.26 1.51
Al 0.22 0.40 0.68
Si 1.23 1.41 10.66 17.20 36.06 41.23 3391  25.53
S 0.31 26.99 4.79 17.18 1.02 0.24
Cl 0.34 0.26
K 0.32
Ca 0.12 0.73 2.02 4.47 5.46 4.27 3.16
Ti 12.80
Fe 2.27 6.42 0.47 0.24
Cu 28.83 0.67 1.49 0.54 16.68
Zn 2.19 -
Zr 0.17 0.20 0.20
Ag 0.76 8.82 34.50 8.89 21.86 18.07 15.09
Ba 1.17
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Table 9. Relative atomic percentages from EDS spectra recorded on the delaminated area of
K_0.2_40 sample at the locations marked in Fig. 8c and d. Typical uncertainty ~ 0.1%.

Spectrum: #13 #14 #24 #25 #26
Location: RL and paints RL and paints Paint layers Paint layers  Paint layers
(bright) (dark) (top coat) (base coat)  (prime coat)
C -—- 41.59 46.70 38.25 -
0] 53.74 23.96 35.78 38.26 48.40
Na -- 2.00 -—- -—- 422
Mg 7.77 1.55 1.31 2.44 8.56
Al 1.73 0.25 0.57 0.70
Si 11.93 12.86 2.09 2.30 8.13
S 1.83 3.94 0.38 2.26
K 0.27 0.24
Ca 0.17 1.40 0.06 6.60 0.79
Ti 12.96
Fe 20.95 4.74 4.39 15.13
Cu 0.57
Zn 0.58 2.47 12.94
Zr 0.18 0.15 0.14 0.14 0.28
Ag 0.25 7.00 0.14
Ba 0.14 2.74
Pb 0.45 -- - 0.17 0.47

Table 10. Relative atomic percentages from EDS spectra recorded on the delaminated area and
the paint flake of K_2 40 sample showing light gray deposits at the locations marked in
Fig. 10.a and b respectively. Typical EDS quantification uncertainty ~ 0.1%.

Spectrum: # 88 # 89 #90 #93 #94 #95
Location: Depositon Depositon Depositon  Paint flake Deposit on Deposit on
glass (1) glass (2) glass (3)  (prime coat) paint flake (1) paint flake (2)
C 50.02 5.34 10.02
(0] 68.31 55.01 61.04 32.21 63.54 59.57
Na 2.47 2.92 6.24 2.39 2.30
Mg 1.60 2.15 2.14 1.80 1.52 1.55
Al 0.17 0.64 0.13
Si 1.26 0.51 21.25 4.08 0.07 1.21
S 13.40 21.52 2.40 1.99 13.95 10.57
K 0.12 0.14
Ca 0.19 0.28 2.22
Fe 0.34 1.38 0.13 8.31 1.19 3.96
Zn 12.37 15.87 4.20 0.33 11.90 10.13
Zr 0.06 0.37 0.09 0.09 0.10 0.14
Ag 0.05 0.26
Pb 0.34 0.17
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Table 11. Relative atomic percentages from EDS spectra recorded on the ‘K _1 50’ sample after
10 Kesternich cycles at the locations marked in Fig. 12. Typical uncertainty ~ 0.1%.

Spectr.: #54 #55 #56 #57 #58 #193 # 195 #196
Locat.:  Paints Paints Glass Glass RL Paints  RL (bright RL (darker
(external (scratch) (deposit) (clean) (onglass, (prime onpaint on paint
surface) protected) coat/RL)  flake) flake)
C 50.92 38.26 16.13 --- - 49.49 22.05 49.29
0] 35.75 45.37 15.48 60.29 28.78 36.04 11.01 12.11
Na --- --- 2.14 7.93 6.83 - - -
Mg 3.45 2.87 0.84 2.22 2.09 1.94 0.84 1.69
Al --- 0.53 --- --- --- 0.61 0.90 0.91
Si 4.37 4.82 16.39 26.20 37.29 3.78 3.26 4.87
S 0.34 1.54 18.80 - 1.27 0.80 2.02 1.65
cl --- --- --- --- --- --- 0.35 ---
K --- 0.14 --- 0.17 --- 0.14 --- -
Ca --- --- 2.50 3.19 5.07 --- --- ---
Ti 5.16 --- --- --- --- --- --- ---
Fe - 5.01 - - - 6.63 10.95 12.05
Cu - - 23.46 - - - - ---
Zn - 0.68 1.03 - - 0.14 0.17 0.22
Ag - 0.77 3.24 - 18.67 0.07 47.67 16.53
Pb - - - --- - 0.37 0.77 0.69
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Figure Captions

Fig. 1. Back-side view of a 2 x 2 cm? sample of the original silvered-glass reflector with the
diagonal scratch (a) and schematic representation of the reflector layered structure near the
scratch (b).

Fig. 2. BSE micrograph of the scratch of the silvered-glass reflector after 21 days of the gas-free
test.

Fig. 3. BSE micrographs showing the scratched reflective layers of the ‘NG’ sample at x5.0 k
magnification (a), details of the paints structure at x5.0 k (b) and the reflective layers at x30.0 k
(c), pointing out the EDS spectra listed in Table 3. EDS spectrum of the non-corroded metallic
layer (d) and corrosion deposits (e).

Fig. 4. BSE micrograph at x200 (a) and x5000 (b) magnification of the scratch area after
21 days of the SO, test pointing out the main EDS spectra recorded in this sample (quantitative
results in Table 4)

Fig. 5. BSE micrograph at x500 (a) and x2000 (b) magnification of the scratch after 21 days of
the H>S test pointing out the main EDS spectra recorded in this sample (quantitative results in
Table 5).

Fig. 6. BSE micrographs of the scratch after 21 days of NO; test. View of the whole scratch at
95x (a) and the reflective layer at x5000 (b) and x10000 (c to e). The location of the EDS
spectra listed in Table 6 is pointed out.

Fig. 7. BSE micrographs of the scratch area after 21 days of the humidity test at 40 °C (K_0_40
sample). View of the whole scratch at x200 (a), corrosion deposits near the reflective layer at
x2.0k (b), highly corroded (c) and initially protected (non-corroded) (d) reflective layer at x8.0k
magnification. The location of the main EDS spectra listed in Table 7 are pointed out.

Fig. 8. BSE micrographs of the scratch area after 20 days of the Kesternich test at 667 ppm SO,
40°C and 100% RH (K_0.2_40 sample). View of the whole scratch at x200 showing the
original edge of paint layers on the top and a delaminated area on the bottom of the image (a).
Zoom at x1000 of the paints original edge (b) and the delaminated edge (c). View at x500 of the
paint and reflective layers at the end of the delaminated area, positioned at about 2 mm from the
scratch edge initially exposed to the corrosive atmosphere (d). The location of the main EDS
spectra listed in Table 8 are pointed out.

23



Fig. 9. BSE micrograph of the reflective layer at the end of the delaminated area (hear spectrum
#27 position) (a). EDS microanalysis results: Spectrum #28 and 29 and Cu Ka.1 mapping (b).

Fig. 10. BSE micrographs recorded on a delaminated area near the scratch (a) and on the inner
part of the delaminated paint flake (b) in the K_2_40 sample. Some rests of the inner paint
layer, which is S and Zn-rich (lighter color), are observed on the glass substrate and on the
delaminated part of the coating. The location of the main EDS spectra listed in Table 10 are
pointed out.

Fig. 11. SE micrograph (topographic) of the delaminated scratch edge in the K_0.2_40 sample
recorded at x1.0k and 6 kV. Fig. 8.c showed the BSE micrograph (compositional) of the same
area at the same magnification and 16 kV.

Fig. 12. BSE micrograph of the intentionally delaminated area near the scratch of the K_1 50
sample after 10 aging cycles.

Fig. 13. BSE micrograph of the delaminated area near the scratch of the K_1 50 10cy sample.
The red circle shows the area selected for the Site 1 (a) and Site 2 (b) cross-section analyses.

Fig. 14. BSE micrographs recorded during the cross-section preparation of Site 1 (a) and Site 2
(b) with the FIB workstation. From top to bottom, Site 1 images (a) show the site selection, the
electron and ion-deposited platinum protective strip and the sample cross-section after milling
with Ga-sputtering. At Site 2 (b) the displayed images were recorded after the electron-
deposited Pt, the ion-deposited Pt and the Ga sputtering.

Fig. 15. BSE micrographs at different magnifications of the Site 1 FIB cross-section in the
silvered-glass reflector of K_1_50 test after 10 cycles. Three regions are distinguished in the
whole cross-section: The reflective layer under the paint coatings (a), only the silver layer on the
glass substrate (b) and the Cu island on the Ag thin-layer (c).

Fig. 16. BSE micrographs at different magnifications of the Site 2 FIB cross-section in the
silvered-glass reflector of K_1 50 test after 10 cycles. The Ag layer is corroded and separated
from the glass substrate inside the wrinkle.
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