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Abstract

The degradation of reflector materials for concentrating solar thermal applications is analysed.
Corrosion of their metallic reflective layer is considered a major problem in facilities which are located
near industrial sites, where reduced sulphur gases may be present. Accelerated ageing tests were
performed to study the influence of H,S on the corrosion of two types of silvered glass reflectors and
one aluminium reflector. Different degradation patterns were found for silvered glass reflectors,
whereas aluminium reflectors did not corrode in the presence of the sulphurous gas. Therefore,
industrial pollution caused by this type of gas may decrease the solar collectors’ performance.
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Nomenclature

Acronyms

CspP concentrating solar power

PVD  physical vapour deposited

IEC International Electrotechnical Commission
XPS X-ray photoelectron spectroscopy

SEM  scanning electron microscopy

EDS energy dispersive X-ray spectroscopy
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Symbols

T temperature

RH relative humidity
pp percentage point

N number of corrosion defects

1. Introduction

The problematic question related with energy in our present-day society has been and still is of major
concern. To tackle it, a significant number of renewable energy technologies have been developed
around the world in the last decades [1]. One of the most preeminent and feasible solutions to this
worldwide issue is the implementation of plants using concentrating solar thermal technologies (also
named concentrating solar power, CSP, plants) [2]. Actually, this kind of technology has experienced a
widespread advancement in many countries, led by Spain and USA [3]. Today around 5 GW_eic of CSP
capacity is installed worldwide, almost half of it deployed in Spain. The 50 power plants in Spain
represent around 3% of the Spanish electricity generation mix. CSP has reached now an electricity
generation cost of 14 c€/kWh at relatively good sunny places, and with increasing installed capacity a
large potential of further cost reduction is foreseen [4].

A CSP facility is integrated by different components including receivers, heat transfer fluids and
reflectors. The last ones constitute a large percentage of the total surface of the solar plant and are
expected to comply with a high optical performance along their service lifetime (aimed at 10-30 years or
more) under demanding environmental conditions [5]. The durability of solar reflectors is one of the
crucial factors in the proper operation of any CSP facility. The plants are sometimes located near
industries affected by heavily polluted atmospheres, which may give a boost to the corrosion of solar
reflectors. Among the most frequent corrosive gases found in the surroundings of industrial sites,
hydrogen sulphide (H,S), sulphur dioxide (SO,), nitrogen dioxide (NO,), and chlorine (Cl,) are considered
to be very harmful [6]. In particular, elevated levels of reducing sulphur-based gases (H,S, sulphur
vapour, and mercaptans) are common in a wide range of different industrial environments, such as
rubber manufacturing, sewage and waste-water treatment plants, petroleum refineries, coal-generation
power plants, pulp and paper mills, and many others from anthropological sources [6-11]. Furthermore,
hydrogen sulphide is known to be extremely corrosive to most metals and alloys [12]. For this reason, it
is considered to be a target gas to study the durability of solar reflectors facing corrosive atmospheres.

Among the different types of concentrating solar reflectors, back-silvered glass reflectors are the most
deployed ones. They are classified as second-surface reflectors because they are based on a thin
reflective silver layer which is protected by a 1 to 4 mm glass substrate on the front side and typically a
copper layer and several protective paints on the back side. On the other hand, aluminium reflectors are
usually used in small-scale applications, e.g. process heat [13]. They are first-surface reflectors



composed of a physical vapour deposited (PVD) aluminium layer, which is applied on an aluminium
substrate. Transparent SiO,-based sol-gel coatings are used to protect the reflective aluminium layer
[14]. Therefore, solar reflectors contain metal sheets and films that are liable to be corroded in a
polluted environment.

In the particular case of the silver sulphidation, its corrosion rate is dominantly dependent on the
reduced sulphur pollutant concentration. The presence of oxidising species, such as NO,, Cl,, HCI, O3, O,-
H,O, has been considered to increase it as well [15-17]. The main reaction product of the sulphurous
corrosion of silver is silver sulphide (Ag,S), a monoclinic crystal also known as argentite or acanthite [6,
18]. In those environments slightly polluted with H,S, compounds such as sulphates, chlorides [19], and
nitrates can be found on the silver surface, whereas Ag,S is the main reaction product in those sites
heavily polluted with H,S [20]. If halogens such as bromine or iodine are also present, they can prevent
sulphidation from taking place by forming silver bromide or iodide [18]. As a general trend, silver has
been found to corrode faster in marine and volcanic environments, where the presence of H,S is higher,
than in rural and urban environments [19]. Historically, the major problem with this gas has been the
general lack of published data, due to the difficulties in obtaining reliable measurements [9]. In the case
of copper, complex copper hydroxides, sulphates, carbonates, and chlorides have been found as the
main corrosion products on outdoor exposed samples. The airborne pollutants that have been reported
to have a significant influence in copper corrosion are SO,, H,S, and Os, while NO,, Cl,, and NH3; might
have little influence [7, 9]. As for aluminium, Graedel [21] did a thorough review of the corrosion
mechanisms involved in the atmospheric exposure of this metal and found that reduced sulphur
compounds were not essential in its corrosion chemistry. Only if these species were oxidised in solution
to form sulphates, they could play some kind of role in the process, but the great resistance of
aluminium to them seems to dismiss this idea. Conversely, aluminium has been proven to be more
reactive when exposed to marine environments containing chlorides and to atmospheres with sulphur
dioxide [21, 22]. International Electrotechnical Commission (IEC) environmental guidelines for controlled
environments classify different types of atmospheres according to their content in chemically active
substances including H,S [23]. The typical concentrations of this gas for different atmospheric
environments are reported in [6] as 0.6 ppb for clean rooms, 4 ppb for both controlled and rural
environments, 200 ppb for urban sites with heavy traffic or industrial facilities, 4075 ppb for places
adjacent to industries and 28500 ppb for indoor industrial atmospheres.

Several works have been focused on studying the effects that industrial air atmospheres (including H,S)
may have on various metals, including silver. Many of these works have been devoted to testing
electrical contact materials under laboratory accelerated conditions [24, 25]. A great number of
experiments combining different corrosive gases were designed and applied to silver and copper, and
their correspondent reaction products were analysed. H,S was found to be essential in such simulations,
along with combinations of SO, and NO, and other atmospheric factors (O,, H,0, chlorides), which were
responsible for the oxidation of H,S and thus providing a reducing source of free sulphur. The most
common surface film product in the tests with silver was Ag,S [7, 16, 17]. Other related studies were
focused on the influence of relative humidity in the rate of silver and copper sulphidation by H,S and its
reaction mechanisms depending on the adsorbed water on the metal surface. Concerning the



composition of the corrosion films, X-ray photoelectron spectroscopy (XPS) analyses revealed that no
oxygen was detected in the case of silver and its sulphur content was much thinner than that of copper,
suggesting the formation of metal sulphides and excluding the presence of sulphates or sulphites [26].
According to Kim [15], the presence of oxygen is required for the sulphidation of silver in atmospheres
containing 0.1 ppm H,S, both at low (15%) and high (75%) relative humidity conditions, being the
corrosion rate increased by oxygen and humidity. In the case of environments with 0.1 ppm H,S and
1.2 ppm NO,, elemental sulphur was found to be the oxidising species of the process, being the
corrosion rate independent of both oxygen and water contents.

Other works focused their investigations on the atmospheric corrosion (tarnishing) of silver and other
metals. The fundamentals of the thin aqueous layer chemistry of the common engineering metals in
humid environments were thoroughly studied by Graedel in various manuscripts [21, 27]. As stated in
[27], the atmospheric corrosion of silver occurs only in the presence of moisture and it rises with
increasing relative humidity, although atmospheric corrosion products have been found even at relative
humidity values under 70% [28]. Furthermore, many gases and particles are potentially involved in the
indoor atmospheric corrosion of silver, being especially sensitive to the presence of H,S [27, 28, 29]. The
only significant source of H,S is in the gas phase and normally its concentration in the aqueous layers on
the silver surface, though very low, reaches equilibrium with the atmosphere according to Henry’s law
and is sufficient to initiate the formation of corrosion films [27]. In the atmosphere, mass transport of
pollutants to the silver surface would therefore determine silver sulphidation rate [16].

The presence of reduced sulphur gases implies different possible scenarios. Ag,S or acanthite is found to
be the preeminent silver-containing substance when silver is exposed to H,S. If this gas concentration is
low and the content of oxidisers (O3, NO,, Cl,) is significant, Ag,0 and other silver oxides are likely to be
the corrosion products. However, when SO, and ClI” are present, silver sulphates and chlorides may also
be formed, taking into account that silver is about an order of magnitude less sensitive to SO, than to
H,S [9, 28] and that SO, appears to have a negligible influence in silver sulphidation in the case of gas
mixtures [7, 16]. Both in laboratory and in outdoor environments, nonuniform growth or highly
discontinuous nature of Ag,S films is characteristic of silver corrosion [18, 27]. Recent investigations on
silver exposed to sulphur-containing atmospheric environments revealed the presence of Ag,SO,4, which
is likely formed from the intermediate Ag,SO; and aided by alkali cations, such as Na*. These compounds
were not previously reported due to the use of coulometric reduction as the evaluation technique,
which does not allow for the detection of highly soluble species, unlike XPS analyses [19, 30].

This paper is focused on studying the consequences for the performance of concentrating solar
reflectors when they are exposed to atmospheres containing H,S, which has not been previously
studied. Using different material analysis techniques, we add information about the corrosion
mechanisms of solar reflectors when exposed to this pollutant, we try to identify the corrosion products
resulting from the related reactions, and we perform evaluation methods to properly study the
degradation mechanisms. Another purpose is to draw some conclusions about the most and least
favourable scenarios for reflectors in the presence of H,S, depending on the additional environmental
conditions, material types, etc. The international standard IEC 60068-2-43:2003 [31] was selected as the
reference frame for the experimental design.



2. Material and methods
2.1. Reflector materials

Three reflector types were studied, two second-surface silvered glass reflectors (types 1 and 2) and a
first-surface aluminium reflector (type 3). To ensure representative results, 3 samples of each reflector
type were aged and studied. The samples sizes are appropriate for the measurement instruments and
for the testing chamber, namely (10x10) cm? for silvered reflectors and (12x12) cm? for aluminium ones.
Smaller samples were necessary for the scanning electron microscopy/energy dispersive spectroscopy
(SEM/EDS) analyses, and thus (2x2) cm? samples were also weathered in the ageing tests.

Samples of silvered glass reflector type 1 (Fig. 1a) were cut near the edge of a commercial parabolic-
trough facet. They feature an original edge, in which the metal layers are completely covered and
protected by paint layers (protected edge), and three fractured (or unprotected) edges, in which the
cross-section of the metal layers is directly in contact with the polluted atmosphere. In addition, a 2-cm-
long scratch (Fig. 1a, right side) was made 2.2 cm apart from one unprotected edge on the paint side of
the samples. 10 strokes were applied with a normalised scratching tool model 426 90064/009 by
Erichsen [32] in order to penetrate all the protective paints and metal layers of the reflector up to the
glass substrate. This scratch represents an extra initial damage, in which the metal layers are directly
exposed to the corrosive atmosphere, and tries to model the real damage that outdoor-exposed
samples are prone to encounter due to various reasons, such as aggressive sandstorm conditions [33],
undesirable handling, cleaning procedures, etc. Since reflector type 1 samples initially have three
fractured edges and the scratch, they exemplify the most adverse case for the silver exposition to the
corrosive atmosphere.

Unlike the previous material, samples of silvered glass reflector type 2 (Fig. 1b) have four original edges.
They were especially manufactured in (10x10) cm? format at a lab scale and no scratch was applied to
them. Therefore, this reflector type is regarded as initially not damaged. Aluminium reflector samples
(Fig. 1c) were sheared from bigger aluminium sheets and include both unprotected edges and a 2-cm
scratch at their front side, in the same way as previously mentioned for type 1 samples.

Fig. 1. Overview of the samples tested: silvered glass reflector type 1 with one protected edge, three
unprotected edges and one scratch (a), silvered glass reflector type 2 with four protected edges (b) and



aluminium reflector with four unprotected edges and one scratch (c). The protected edges are labelled
in blue, the unprotected edges in red and the scratch in black.

2.2. Corrosion experiments

Tests were based on the international standard IEC 60068-2-43:2003, Environmental testing - Part 2-43:
Tests - Test Kd: Hydrogen sulphide test for contacts and connections [31]. This standard is devoted to
study the influence of atmospheres with H,S in the properties of contacts and connections made of
silver, silver alloys, and coating-protected silver. However, it was applied to investigate the corrosion of
silvered glass and aluminium solar reflectors, owing to the lack of specific standards for these materials.

The VCC? 0034 Vo6tsch weathering chamber with 125 dm? inner capacity (Figs. 2a and 2b) was used for
the corrosion experiments at an elevated dose of H,S. An air flow carried the gas dose from an H,S
bottle through a particle filter and an adsorbance column with a desiccant cartridge before entering the
testing chamber. This chamber can work at temperatures (T) from +15°C to +60°C and relative
humidities (RH) from 10% to 85%.

Fig. 2. Weathering chamber VCC? 0034 by Vétsch (a) and detail of the pipelines of gases (b).

Table 1 summarises the experimental conditions of the corrosion tests, which have been selected in
accordance to the aforementioned standard. The H,S concentration was fixed at 15 ppm, close to four
times the value of the typical H,S concentration for places adjacent to industries, while the temperature
and relative humidity were set at T=25°C, RH=75% for standard conditions (named as SC2 test) and at
T=60°C, RH=85% for extreme conditions (EC2 test). For comparison, both experiments were also
performed without the corrosive gas (SC1 and EC1 tests). To remember these experimental conditions,
the H,S concentration, temperature and relative humidity will be added at the end of the test name in
the results and discussion section, e.g. SC1(0-25-75) or EC2(15-60-85).



Table 1. Experimental details of the corrosion tests; standard conditions without gas (SC1), standard

conditions with gas (SC2), extreme conditions without gas (EC1), extreme conditions with gas (EC2).

Name of test | [H,S] (ppm) | T(°C) | RH (%)
SC1 0 25 75
SC2 15 25 75
EC1 0 60 85
EC2 15 60 85

Samples were set on a tray made of an inert material that held them at 45° tilt angle inside the chamber.

They were taken out of the corrosion chamber after 4, 7, 10, 14, and 21 days, rinsed with deionised

water and characterised to determine their performance and the existence of corrosion features.

2.3. Reflector performance and corrosion characterisation

The following instruments were used to quantify the performance of the solar reflectors:

A portable specular reflectometer model 15R-USB, manufactured by Devices and Services
[34]. It measures monochromatic specular reflectance with and incidence angle of 15° and
in a wavelength range between 635 and 685 nm, with a peak at 660 nm. The measurements
were taken at 12.5 mrad of acceptance angle on nine different areas of the reflector, as
indicated in Fig.3. As can be observed in this figure, the middle right-hand zone (A8)
happens to coincide with the area of the scratch for those samples with scratch.
Consequently, the specular reflectance value of this spot is treated separately from the rest
eight points of the sample. Besides, three repetitions of the specular reflectance
measurement at the scratch were made to have statistically representative results. In those
samples without scratch, the average specular reflectance value considers the nine points
described. Error bars in the graphs represent the standard deviation of the values obtained
for the three samples used per material type.

A spectrophotometer model Lambda 1050, manufactured by Perkin ElImer [35]. It measures
spectral hemispherical reflectance with a 150-mm diameter integrating-sphere accessory.
The wavelength range measured was from 280 to 2500 nm, using 5 nm intervals and an
incidence angle of 8°. Solar-weighted hemispherical reflectance was calculated according to
ISO Standard 9050 [36] and the solar direct radiation spectrum from ASTM G173-03 [37].
Measurements with the spectrophotometer were taken at the centre of the reflector and
repeated at the same point thrice (at 0°, 90° and 180°) to check any possible anisotropy.
Error bars in the graphs represent the standard deviation of the values obtained for the
three samples used per reflector type.

A 3D light microscope model Axio CSM 700, manufactured by Zeiss. Pictures of the reflective
layer and the paint side of reflectors were taken at 5x and 10x magnifications and defects
features were characterised in size and depth. The characteristic length of a corrosion



defect is considered its maximum dimension. For instance, if the defect had an irregular
round shape, its characteristic length would be its longest diameter. 2D surface profiles
were performed at 60 seconds scan time, 0.42 um resolution and 180 frame count.

e A SEM model S-3400N, coupled with an EDS unit model Bruker-ADX, manufactured by
Hitachi. Pictures were recorded on Au/Pd-metallised samples (approximately 10 nm of
covering material) with an acceleration voltage of 15 kV at a working distance of around
10 mm. Punctual EDS analyses were performed with a magnification of 200x on the targeted
points of interest.

Fig. 3. Selected areas for monochromatic specular reflectance measurements on the reflector samples.
The scratch (if present) is located in the A8 zone, while the rest of areas correspond to originally
undamaged reflective surface.

3. Results and discussion

This section includes the results obtained for the three material types studied, the second-surface
silvered glass reflectors types 1 and 2, and the first-surface aluminium reflector. The evolution of the
significant reflectance parameters and the changes of corroded areas of the whole sample surface, as
well as the 2D profiles and SEM/EDS results at the scratch, are presented and discussed for each
material in the different tests performed.

3.1. Silvered glass reflectors type 1

As mentioned above, reflectance is the key parameter when studying the efficiency of a solar reflector.
The reflector performance can be determined by the monochromatic specular reflectance, which was
measured at nine different positions on the sample, and the solar-weighted hemispherical reflectance



measured in the central area. Figs. 4a and 4b depict the results of the specular and hemispherical
reflectance, respectively, versus the corrosion testing time for every type of corrosion test (SC1, SC2,
EC1, and EC2). As may be observed in these two graphs, no significant decrease in monochromatic
specular reflectance is found for these samples in either of the tests, except for a loss of barely -0.002 pp
in the EC2 test. Nevertheless, this value can be considered negligible because it is within the
measurement uncertainty of the equipment. Very similar results are obtained for the decrease in solar-
weighted hemispherical reflectance.
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Fig. 4. Evolution along days of the mean change in monochromatic specular reflectance on the eight
areas of measurement not initially damaged (a) and in solar-weighted hemispherical reflectance (b) for
silvered glass reflectors type 1 in the different tests (light-green triangles for SC1, light-blue triangles for
SC2, dark-green squares for EC1 and dark-blue squares for EC2).

Despite the negligible loss in reflectance parameters, the samples feature corrosion spots, especially
after the EC2 test. Subsequent microscopic inspections reveal corrosion patterns as those shown in
Fig. 5a2 near the original edge (protected edge), in Fig. 5b2 near a fractured edge (unprotected edge)
and in Figs. 5c2 and 5d2 far from the edge. This type of degradation consists of black microspots smaller
than 200 um, not visible to the naked eye, which either grow from the edge up to a maximum advance
of almost 600 um (Figs. 5a2, 5b2) or gather together forming macrospots (Figs. 5c2, 5d2). These
macrospots are visible to the naked eye and have a maximum characteristic length of 700 um.
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Fig. 5. Microscopic pictures of the evolution of edges before and after EC2 test, and the growth along
the test of some macrospots found in the reflective layer of silvered glass reflectors type 1; protected
edge before test (al); protected edge after test (a2); unprotected edge before test (b1); unprotected
edge after test (b2); macrospot after 7 days of test (c1); macrospot after 21 days of test (c2); macrospot
after 10 days of test (d1); macrospot after 21 days of test (d2).

The loss in monochromatic specular reflectance on the reflector area that was intentionally damaged
from the beginning of the tests (i.e. the scratch) is also evaluated (Fig. 6). The most notable change
occurs in the EC2 test, followed by the SC2 test. Samples in the EC2 test attain a maximum specular
reflectance loss of -0.076 pp after 21 days, whereas samples in the SC2 test suffer from a decrease in
specular reflectance of -0.011 pp at the end of the test. SC1 and EC1 tests do not provoke any specular
reflectance change in these reflector samples, which indicates that the reflectance decay is linked to the
presence of H,S in the testing chamber. If EC2 and SC2 tests are compared, a substantial increase in the
degradation of the scratch is detected in EC2 due to the higher T and RH conditions, as was already
pointed out in previous works [15, 27]. In addition, as the reflectance loss is only noticed in the area of
the scratch, it can be concluded that the reflectance of this type of reflector material remains almost
unaffected by the corrosive gas. This conclusion has the nuance that the reflectance in the whole
reflector area may have actually decreased after the formation of the corrosion spots, but it is very
unlikely to be detected because it is not feasible to cover the whole sample surface when using the
traditional reflectance measurement methods.
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Fig. 6. Evolution along days of the change in monochromatic specular reflectance at the scratch for
silvered glass reflectors type 1 in the different tests (light-green triangles for SC1, light-blue triangles for
SC2, dark-green squares for EC1 and dark-blue squares for EC2).

Microscopic inspections were made at the scratch and a certain development of corrosion is detected
after the tests (Fig. 7). Consistently with the results presented above, the most developed scratch is for
the EC2 test (Fig. 7d), followed by the SC2, EC1 and SC1 tests (Figs. 7c, 7b, 7a). Hence, the evolution of
the corrosion growth near the scratch along days is estimated by the increment of the maximum scratch
width, taking into account that the initial scratch width must be subtracted in the subsequent width
measurements (Fig. 8). These results demonstrate that the sulphurous gas enhances corrosion, since the
average increment width of the corroded scratch is higher for the tests with gas (SC2, EC2) than for
those without it (SC1, EC1). In fact, after the EC2 test the maximum scratch width increases by nearly 7
times its initial value (see Fig. 7d). Similar trends can be observed in the evolution of the scratch width
for the tests with gas. Firstly, the corrosion growth is very steep during the initial 4 days of test. Then, it
becomes rather stable in the following 10 days, approximately. Finally, it increases again and attains its
maximum value after 21 days. A different behaviour is found in the samples aged without the corrosive
gas, since the increase of the scratch width is insignificant if compared to the previous samples. This
increment starts to be noticeable after more than 7 days of the EC1 test and after more than 14 days of
the SC1 test. If Figs. 6 and 8 are compared, a similar behaviour is found between the change in
monochromatic specular reflectance and the corrosion growth near the scratch. In both cases, the EC2
test (the one with gas and the extreme conditions) is the most aggressive one, followed by the SC2 test,
while the two tests without gas (EC1 and SC1) provoke an almost negligible effect.

Fig. 7. Microscopic scratch appearance on the reflective side of silvered glass reflectors type 1 after 21
days of SC1 (a), EC1 (b), SC2 (c), and EC2 (d) tests.
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‘Fig. 8. Increase of the maximum scratch width (in mm) as a function of the ageing time for silvered glass
reflectors type 1 in the different corrosion tests (light-green triangles for SC1, light-blue triangles for
SC2, dark-green squares for EC1 and dark-blue squares for EC2).

The changes in the 2D profiles of the scratch after 21 days of the different tests were also measured on
the paint side of samples. The initial scratch depth in the different samples is normally variable and
ranges from 90 to 130 microns, approximately. An example of the initial scratch profile and its
microscopic appearance before the tests is illustrated in Fig. 9. Initially, the scratch profile is very
smooth without any significant irregularities (Fig. 9a). Furthermore, the four layers of the reflector
(glass, metals, inner paints, outer paint) can be easily discernible at the scratch before the corrosion
tests, since they have different optical properties (Fig. 9b).
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Fig. 9. Typical initial scratch for silvered glass reflectors type 1. a) Scratch profile with a depth of
~125 um (contained between the dotted blue and red lines); b) microscopic picture of the scratch
focused on its lowest part, i.e. on the glass substrate. Point 1 corresponds to the glass substrate (in



grey), point 2 to the metallic layer (silver in white, copper in orange), point 3 to the cut underlying paints
(in dark brown and black) and point 4 to the outer paint (in light grey).

After 21 days of SC1 and EC1 tests (without gas) the scratch does not suffer from significant changes in
its 2D profile, as can be seen in Figs. 10a and 10b, respectively, if compared to Fig. 9a. With respect to
the appearance of the scratch, in the SC1 test no significant change is obtained after the test (Fig. 10al)
comparing with its initial appearance (Fig. 9b). In the case of the EC1 test, some changes between the
scratch appearance before and after the test may be observed, such as a dimmer gloss of the reflective
layer and a few deposits on the glass substrate (Fig. 10b1). However, as can be seen in Figs. 10c and 10d,
experiments SC2 and EC2 (with gas) provoke some noteworthy changes in the scratch profile, which
correspond to corrosion deposits that appear as crests in the 2D scans (red circles). Also the scratch
width is significantly reduced due to the same reason, mainly after the EC2 test (see Fig. 10d). The
increase in roughness and the reduction in the scratch width are more noticeable in the particular case
of the EC2 test (extreme conditions with gas). Some of the corrosion deposits reach 30 um high.
Regarding the aspect of the scratch, some important changes between its characteristics before and
after the SC2 test can be observed, including a significant loss in the reflective layer gloss and detectable
deposits on the glass substrate (Fig. 10c1). Finally, remarkable changes in the scratch appearance after
the EC2 test can be easily recognised, including an almost total loss of gloss in the reflective layer and
numerous corrosion deposits on the glass substrate that completely modify the normal features of the
scratch (Fig. 10d1). These results are in accordance with the aforementioned reflectance loss and
corrosion growth results at the scratch for this reflector type.
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Fig. 10. Scratch profiles for silvered glass reflectors type 1 after 21 days of SC1 (a), EC1 (b), SC2 (c), and
EC2 (d) tests. Below, microscopic pictures of the analysis area focused on the glass substrate after SC1
(al1), EC1 (b1), SC2 (c1), and EC2 (d1) tests.

The corrosion near the scratch of both original and aged reflectors was also studied by SEM and EDS
microanalyses. Fig. 11 shows SEM images at the scratch of a silvered glass reflector type 1 before (a) and
after (b) the EC2 corrosion test. Four regions of different materials can be identified from the different
grey colour levels. In correspondence with the optical image of Fig. 9b, the four regions correspond to
the glass substrate (point 1), the metallic layer (point 2), the underlying paints (point 3) and the outer
paint (point 4).

MAG: 140 x _ HV: 15.0 K\V:JEWD; 1.7 mhih MAG: 200 x . HV:15.0/k\V.  WD:10.3 mm

Fig. 11. SEM images of the scratch areas analysed by EDS for silvered glass reflectors type 1 before (a)
and after (b) the EC2 test; the four analysis points are the glass substrate (1), the metallic layer (2), the
inner paint layers (3), and the outer paint layer (4).

EDS microanalyses were performed at these four points for every sample before and after 21 days of the
different corrosion tests, and results are listed in Table 2. In the original sample (before test) at point 1
(glass substrate) O and Si are the most abundant elements, whereas Al and different alkali and alkaline
earth metals are detected at lower concentrations, as usual for silicate glasses. At point 2 (metallic layer)



the expected metallic elements Cu and Ag are detected, being Cu the most abundant one. This suggests
that the copper layer is on the top and/or is thicker than the silver layer. Apart from these characteristic
metals, the elements already found in the glass substrate (Si, Al, Na, Ca, Mg) and some others from the
paint layers (C and Ti) are also detected and quantified at point 2. The composition in the inner and
outer paints (points 3 and 4, respectively) is also typical of paints, since C and O are the most abundant
chemical elements in terms of relative atomic percentages. Heavy metals such as Zn, Fe, Pb, and Ba are
characteristic elements of the inner paint layers, while Ti is the most abundant metal in the outer paint
layer.

After SC1 and EC1 tests, the same elements already mentioned for the original sample are detected in
every point. However, if the relative atomic concentrations of these aged samples are compared to the
ones of the original sample, an increment of metal oxidation and ionic diffusion between adjacent
materials of the reflective layer occur, due to the higher temperature and relative humidity conditions.
In fact, the oxygen percentages increase from 21.78% for the original sample to 39.67% for the EC1-aged
sample at point 2, while the Ag and Cu percentages decrease. It is also remarkable that a small amount
of sulphur atoms are detected in the paint layers only for the extreme conditions without gas (EC1 test).

Table 2. Relative atomic concentrations (%) of the elements found by EDS microanalyses at the four
points on the scratch before and after the different corrosion tests.

Relative atomic concentrations (%)
Test | Point

(o} Si Na Ca Al Mg Cu Ag C Ti Zn Fe Pb Ba S

1 7239 | 2453 | 1.82 | 0.71 | 0.32 | 0.22 - - - - - - - - -

% 2 21.78 | 11.39 | 1.14 | 0.46 | 0.22 | 0.27 | 34.73 | 6.44 | 23.29 | 0.27 - - - - -

'g, 3 5736 | 0.95 | 0.14 | 0.44 | 0.14 | 0.13 - - 38.33 | 0.16 | 0.94 | 0.92 | 0.37 | 0.13 -

4 41.68 | 0.28 - - 0.04 | 0.10 - - 56.97 | 0.93 - - - - -

1 75.07 | 2240 | 1.34 | 0.67 | 0.31 | 0.21 - - - - - - - - -

g 2 26.88 | 9.68 | 1.16 | 0.37 | 0.21 | 0.22 | 27.64 | 5.95 | 27.23 - - - - 0.66 -

§ 3 42.11 | 8.65 1.12 | 0.28 | 0.63 | 0.41 - - 32.13 | 0.04 | 838 | 451 | 1.58 | 0.18 -

4 36.88 - - - 0.03 | 0.17 - - 62.02 | 0.90 - - - - -

1 73.09 | 2437 | 1.31 | 0.67 | 0.32 | 0.23 - - - - - - - - -

g 2 39.67 | 4.05 1.21 | 0.26 | 0.10 | 0.13 | 26.38 | 3.54 | 24.47 | 0.19 - - - - -
E 3 48.08 | 1.80 | 2.17 | 0.74 | 0.28 | 0.29 - - 31.55 | 0.07 | 9.00 | 419 | 1.18 | 0.13 | 0.52
4 52.28 | 1.55 1.73 | 0.56 | 0.22 | 0.23 - - 31.55 | 0.19 | 6.35 | 2.99 - - 2.34
1 73.53 | 23.35 | 1.59 | 0.63 | 0.32 | 0.20 - - - - - - - - 0.38
E 2 18.03 | 820 | 1.72 | 0.32 | 0.12 | 0.25 | 23.20 | 5.39 | 19.03 | 0.21 - 0.90 - - 22.63
§ 3 46.44 | 3.53 | 0.30 | 0.67 | 0.33 | 0.45 - - 40.25 | 0.18 | 4.29 | 2.07 | 0.53 | 0.18 | 0.78
4 33.39 | 3.38 - - 0.20 | 0.12 - - 61.24 | 0.80 - 0.02 - - 0.85

oz 1 70.13 | 26.28 | 1.52 | 0.73 | 0.32 | 0.24 | 0.22 - - - - 0.38 - 0.18 -
w2 2 19.79 | 12.22 | 2.29 | 0.70 | 0.17 | 0.25 | 23.01 | 1.94 | 19.27 | 0.15 - - - - 20.21




3 63.47 | 0.42 | 0.24 | 0.41 | 0.06 | 0.09 - - 32.76 | 0.12 | 0.95 | 0.49 - 0.11 | 0.86

4 46.83 | 0.56 - - 0.06 | 0.12 - - 51.13 | 1.13 - - - - 0.17

In the samples exposed to the sulphurous gas, i.e. SC2 and EC2 tests, sulphur is detected mainly in the
Ag and Cu metallic layer (point 2), whereas only traces of S are found at the rest of points. Comparing
the chemical composition of the metallic layer of these two aged samples with the original one, the
percentages of oxygen are slightly lower but the sulphur percentages are over 20% after the corrosion
tests, which indicates the probable main role of the H,S gas in the metal corrosion process. Table 3
shows the relative atomic concentrations of the characteristic oxidants (O and S) and the reflectors
metals (Cu and Ag), as well as several atomic ratios between them. The percentages of oxidising species
strongly increase after the corrosion tests due to the increment of sulphur, while the metals
percentages decrease mainly for the extreme conditions (EC2 test). Thus, the oxidants to metals atomic
ratios rise (see (O+S)/(Cu+Ag) ratios in Table 3). Since sulphur is a very active oxidant, and regarding Cu,S
and Ag,S as the most probable compounds that it can form with copper and silver [7, 26], it can be
concluded that all the observed silver and copper atoms may be sulphured, according to the ratios of
S/Ag and S/(Cu+Ag), which are higher than 0.5. Nevertheless, other analysis techniques that are
sensitive to metal oxidation states would be necessary to reinforce this conclusion.

Table 3. Relative atomic concentrations (%) and interesting atomic ratios that show the role of H,S in the
corrosion of the metallic layers calculated from EDS microanalyses data.

Metallic Layer %0 %S %Cu %Ag  (0+S)/(Cu+Ag)  S/Ag S/(Cu+Ag)
Before test 22+7 0.0+0.0 34.7+1.4 6.440.5 0.5440.20 0.0+0.0 0.0£0.0
After SC2 test 1846 22.6+0.5 23.24+1.0 5.4+0.4 1.440.3 4.2+0.4  0.79+0.06
After EC2 test 20+7 20.240.6 23.0+1.1 1.940.2 1.610.4 10.6+1.4  0.81+0.07

3.2. Silvered glass reflectors type 2

Silvered glass reflector type 2 represents the originally undamaged case, featuring its four original
protected edges and no scratch. As in the first reflector type studied, the immediate parameter to
monitor is the reflectance behaviour throughout the various tests. Fig. 12 illustrates the results of the
mean loss in monochromatic specular reflectance at 660 nm at the nine areas of measurement, i.e.
covering the whole reflector surface (a), and the loss in solar-weighted hemispherical reflectance in the
central area (b) for this reflector type in the different tests. Neither of the tests gives rise to a significant
reduction in these parameters, as can be seen in the steady lines of the graphs. The high homogeneity of
these reflectors is represented by the low standard deviations of the different measurement points.
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Fig. 12. Evolution along days of the mean change in monochromatic specular reflectance (a) and in solar-
weighted hemispherical reflectance (b) for silvered glass reflectors type 2 in the different tests (light-
green triangles for SC1, light-blue triangles for SC2, dark-green squares for EC1 and dark-blue squares
for EC2).

Despite the lack of changes obtained in the reflectance monitoring, microscopic inspections do give
some noteworthy results. Figs. 13a and 13b show two examples of the evolution of the degradation in
the reflective layer near the protected edges caused by the EC2 test. Pictures al and b1 are taken before
the test and pictures a2 and b2 after it. As can be observed, a substantial number of new corrosion
microspots appear after the test. The development of corrosion ranges from a few hundred microns
(Fig. 13a2) up to almost 1 mm penetration from the edge (Fig. 13b2). The degradation pattern near the
edges is similar to that of silvered glass reflectors type 1. Apart from corrosion spots, other types of
defects characteristic of the presence of the sulphurous gas are corrosion clusters. A corrosion cluster
appears as a gathering of microspots not highly concentrated, as if it was an earlier stage in the
development of a macrospot. They were found in the reflective layer of silvered glass reflectors types 1
and 2 in the end of SC2 and EC2 tests. Two examples of them are depicted in Figs. 13c and 13d.

Comparisons between the corrosion defects found after the SC2 and EC2 tests for silvered glass
reflectors types 1 and 2 are displayed in Table 4. As can be observed, defects are bigger and more
frequent for the EC2 test in comparison to the SC2 test. In general, corrosion spots and clusters are
more numerous and their maximum size is also higher for silvered glass reflectors type 1, whereas
protected edges are more damaged for silvered glass reflectors type 2. The high development of
corrosion near the protected edges of this type of reflectors could have its origin in the lab-scale process
carried out for protecting the edges of such small samples, which differs from the one applied in the real
manufacturing line of the entire facets.
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Fig. 13. Different examples of the development of corrosion defects in the reflective layer of silvered
glass reflectors type 2 after 21 days of EC2 test: a) low-corroded protected edge before test (al) and
after test (a2); b) high-corroded protected edge before test (b1) and after test (b2); c) corrosion cluster
after 21 days of SC2 test; d) corrosion cluster after 21 days of EC2 test.

Table 4. Summary of the corrosion defects found after 21 days of SC2 and EC2 tests for silvered glass
reflectors types 1 and 2. Total N: sum of the number of defects visible to the naked eye after 21 days of
test in a total reflector surface of 300 cm?’; Size: characteristic length of the biggest defect found (um);
Max. Pen.: maximum penetration of corrosion near the edge (um).
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3.3. Aluminium reflectors

Similar to silvered glass reflectors type 1, aluminium reflector samples are cut from bigger aluminium
sheets and they exhibit four unprotected edges and a scratch at their front side. As in the previous
cases, this reflector type is subjected to a number of analyses before and after the corrosion tests.
Fig. 14 demonstrates the development of the mean loss in monochromatic specular reflectance at
660 nm at the eight undamaged areas of measurement (a) and the loss in solar-weighted hemispherical
reflectance in the central area (b) for this reflector type in the different corrosion tests already
described. No significant decrease in monochromatic specular reflectance is found after the tests,
except for a loss of barely -0.002 pp after the EC2 test, which can be considered negligible because it is
within the measurement uncertainty of the reflectometer. No significant reduction in solar-weighted



hemispherical reflectance is either obtained, except for a loss of -0.002 pp after the SC2 test. The
noteworthy standard deviations account for the fact that the surface of aluminium reflectors is quite
heterogeneous, which endows them with a not very high specularity compared to silvered glass
reflectors. Consequently, it is unlikely to obtain homogeneous results in the measurement of reflectance
parameters for this reflector type.
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Fig. 14. Evolution along days of the mean change in monochromatic specular reflectance (a) and in solar-
weighted hemispherical reflectance (b) for aluminium reflectors in the different tests (light-green
triangles for SC1, light-blue triangles for SC2, dark-green squares for EC1 and dark-blue squares for EC2).

The loss in monochromatic specular reflectance was also monitored at the scratch. As depicted in
Fig. 15, the specular reflectance does not decrease along time in either of the tests. The graph also
reveals a high dispersion in the specular reflectance values of the different measurements, as usual for
aluminium reflectors.
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Fig. 15. Evolution along days of the change in monochromatic specular reflectance at the scratch for
aluminium reflectors in the different tests (light-green triangles for SC1, light-blue triangles for SC2,
dark-green squares for EC1 and dark-blue squares for EC2).



Microscopic inspections were made at the scratch in order to detect any possible corrosion after the
tests (Fig. 16). In addition, the development of the scratch width was measured along the different tests
(Fig. 17). As can be seen in the microscopic pictures and in the graph, the scratch does not suffer from
corrosion along time in either of the tests, and thus there is no increase in its width. Therefore, it can be
concluded that the corrosive gas used in the tests (H,S) hardly affects aluminium reflectors, unlike
silvered glass reflectors, as has been already pointed out.

Fig. 16. Microscopic scratch appearance on the front side of aluminium reflectors after 21 days of SC1
(a), EC1 (b), SC2 (c), and EC2 (d) tests.
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Fig. 17. Evolution along days of the maximum scratch width (in mm) for aluminium reflectors in the
different tests (light-green triangles for SC1, light-blue triangles for SC2, dark-green squares for EC1 and
dark-blue squares for EC2).



Possible changes in the 2D profiles of the scratch after the tests were also examined. The initial scratch
depth may be variable in the different samples and ranges from 40 to 100 microns, approximately.
Fig. 18 exemplifies a typical scratch profile (a) and its microscopic appearance (b) before the tests. The
crests that may appear at both sides of the scratch (Fig. 18a) are plastic deformations which are formed
on the sample surface after the scratch is done because of the ductile nature of the reflector material.
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Fig. 18. Typical initial scratch appearance for aluminium reflectors. a) Scratch profile with a depth of
~98 um (contained between the dotted blue and red lines); b) microscopic picture of the scratch

focused on its lowest part.

The scratch does not suffer from significant changes in its 2D profile after 21 days of SC1 and EC1 tests
(without gas), as can be seen in Figs. 19a and 19b, if compared to Fig. 18a. The appearance of the
scratch does not either evolve (Figs. 19al and 19b1). Similar results are obtained in the 2D profile of
samples after 21 days of SC2 and EC2 tests (with gas), as illustrated in Figs. 19c and 19d. No corrosion
products are found in the scratch profiles and no changes are appreciated in either of the samples
(Figs. 19c1 and 19d1). The area near the unprotected edges was also inspected but no significant
differences are obtained (Fig. 20). These results are in accordance with previous studies [21, 22]. As it
was stated in the introduction, aluminium may be more reactive when exposed to chloride-containing
environments and to atmospheres with sulphur dioxide, rather than to reduced sulphur compounds,

unless they are in solution in the form of sulphates.

T T - P 7 T L T S T T = T P S DT T 7 DT T 1 YT P

I
)

|I
S
[
>
N
©
=
3
{
\
)
|
|
I
(
|




T T L PV 2 TR P T U = PO P S DU VOT 7 TS PO I PO B U SO T E
1 j - - AV T j R R } - ——
o . 44 um
|5 e A
b
Iav T T 2 T S T T BPT o PO PIR L T B o PP T TP I
! AN
3 Y . s1um B
|5 T o
e
N T i T I T T P T T T B Pl e PR PR e PP P o  PP
IFII""""' T "'_'"'4:’*"\ TR T B
E d e T —
P
-
'
al e cl

Fig. 19. Scratch profiles for aluminium reflectors after 21 days of SC1 (a), EC1 (b), SC2 (c), and EC2 (d)

tests. Below, microscopic pictures of the analysis area focused on the scratch lowest part after SC1 (al),
EC1 (b1), SC2 (c1), and EC2 (d1) tests.
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Fig. 20. Unprotected edge of an aluminium reflector before (al) and after (a2) 21 days of the EC2 test.

4. Conclusions

Investigations of the corrosive effects of reduced sulphur atmospheres on reflectors for CSP applications
were carried out under accelerated ageing conditions. Three different marketed reflectors of both
silvered glass and aluminium types were subjected to corrosion tests, initially based on the international
standard IEC 60068-2-43:2003. Two tests included the presence of H,S as the corrosive gas and other



two reproduced the same conditions without gas. Monochromatic specular reflectance, spectral
hemispherical reflectance, optical microscopy, surface profile, SEM and EDS microanalyses were used to
study the corrosion of the reflector materials. Special attention was paid on the scratch, i.e. an initial
damage applied to the reflector in which the metal layers are directly exposed to the corrosive
atmosphere.

Although traditional reflectance measurement methods are not able to detect almost any reflectance
loss after the ageing of samples (except in the scratch area), optical microscopic inspections show
corrosion defects in the reflective layer of silvered glass reflectors. The pattern of degradation caused by
the H,S in the silvered glass reflectors mainly consists in corrosion spots. Their initial stage is normally in
the form of microspots, which are black spots smaller than 200 um and thus not visible to the naked
eye. They can either grow near the edge (protected or unprotected) or anywhere else in the reflective
layer. A more developed stage of corrosion spots is macrospots, which are concentrations of microspots
that can reach characteristic lengths larger than 700 um. Another configuration of microspots occurs
when they gather together forming corrosion clusters. They are not as intense as the macrospots and
could be considered as a previous stage in their evolution, although their characteristic length may
attain 1 mm. In addition, EDS microanalyses reveal the effective reaction between the sulphurous gas
and the metallic parts of the silvered glass reflectors, especially with their reflective layer of silver and
copper. Comparing the two types of silvered glass reflectors, the development of microspots from the
edge is higher for the reflectors with four protected edges (type 2), taking into account that their
manufacturing process has been adapted to produce very small facets of (10x10) cm®. However, fewer
corrosion defects appear in the rest of the reflective layer of type 2 reflectors, in contrast to type 1
reflectors. Unlike silvered glass reflectors, aluminium ones do not corrode in the presence of the
sulphurous gas. This is in accordance with previous studies, which report that H,S hardly affects
aluminium.

It can be concluded that sulphurous atmospheres, like the one studied in this article, do harm the
performance of certain CSP reflectors. Appropriate assessment techniques that allow the detection of
corrosion in their reflective layer are of vital importance. Therefore, the study of the corrosion of solar
reflector materials by industrial gases is an interesting research area, which should be also explored in
other scenarios such as humid corrosion and gases combinations to decide which accelerated corrosion
tests are more appropriate for service life prediction of solar reflector materials.
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