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Abstract. Solar energy has a great potential as an alternative renewable source, even if, through photothermic
conversion, it is being utilized in small scale due to limitations in applicability of solar collectors. In this context, the
solution is to use them coated with selective surfaces, so they can absorb as much as possible of the solar radiation and
emit the least possible heat. The present work has the objective to start a study of the effects of thermal aging and of the
durability under corrosive environments on chromium-based absorber surfaces. Two multilayer solar surfaces are being
studied (Cr,O3 — Cr/Cr,03 and Cr,03 — Cr/Cr,03 — SiOy), deposited by Magnetron Sputtering in stainless steel AISI 304
surface-treated with electropolishing. To this date, all samples were characterized optically and morphologically using
UV-Vis-NIR Spectrophotometry and Infrared Spectroscopy before the customized thermal aging tests. The randomly
chosen samples to be studied on room temperature had their chemical stabilities analyzed under corrosive environment
by linear potentiodynamic polarization and chemical impedance spectroscopy. Preliminary analyses show that the
presence of SiO; doesn 't interfere on the absorptance, even if the difference between the values of band-gaps suggests
otherwise. This requires further investigation of the emittance and selectivity to analyze if the SiO; interferes or not on
the applicability of the surfaces. After the corrosion test, the sample with the SiO; layer presented a better result on
chemical resistance, as the surface is almost intact after being exposed to the corrosive environment.
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1. INTRODUCTION

Throughout history, it has been known that energy consumption is an important factor for the socioeconomic
development of societies. However, the current energy consumption system, heavily based on fossil fuels, is becoming
increasingly unsustainable — due to the reduction of such sources and, for example, the emission of greenhouse gases.
Therefore, technological developments are necessary to reduce this dependence and the impact on the environment
(KHAN et al., 2022; MEDIAVILLA et al., 2013). Thus, the focus shifts to alternative and renewable energy, originated
from natural processes with high replacement rates, namely: solar energy; wind power; geothermal energy; hydropower;
marine power; and bioenergy — biomass and biofuels (BHATTACHARYA et al., 2016; GIELEN et al., 2019).

Among all sources, solar energy may be the best option for the future because of the following factors: it is the most
abundant source of energy, as the Sun emits 3.8x10%® kwh, of which 1.8x10%* are intercepted by the Earth in diverse
forms (such as light and heat), and this amount is capable of supplying the planet’s energy needs at no cost; it is an
inexhaustible source of energy, with high utilization efficiencies, especially suitable for developing countries (thanks to
high values of density and radiation intensity); there are no negative environmental impacts from its use; it can be
efficiently used in small, medium and large scale with high efficiency maintenance (KANNAN; VAKEESAN, 2016;
RABAIA et al., 2021). In Brazil, the primary source of energy is the hydropower, but in drought occurrences, there is the
need to activate thermoelectric power plants. To mitigate this, it is important to invest in and use more of, but not limited
to, solar energy applications to take advantage of the country’s high solar irradiation rates (COSTA et al., 2021).
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Solar energy can be used in photothermal, photovoltaic and photocatalytic applications (GONG; LI; WASIELEWSKI,
2019). Solar thermal energy — that is, solar radiation directly used to generate heat —can be used in both low and high
temperature applications. For its use, solar collectors are needed, a special type of heat exchanger that absorbs solar
radiation, converts it into heat and transfers that energy to a fluid of interest (GORJIAN et al., 2020). However, even with
a good cost-benefit ratio, for temperatures above 100 °C, limitations are perceived in the applicability of solar collectors
for two reasons: the higher the temperature of the collector, the greater the amount of heat emitted by radiation; and the
materials that compose it must have thermomechanical stability under these conditions (SILVA NETO, 2017).

Considering the emission of heat by radiation as a surface phenomenon (BERGMAN; LAVINE, 2019), solar
collectors can be coated with materials that are good absorbers of radiation in the solar spectrum and bad emitters of heat
in the spectral range of longer wavelengths (associated with the temperatures at which these collectors operate) at the
same time. These coatings are called solar selective surfaces, or SSS (TABOR, 1961). To improve the relation between
absorptivity and emissivity of SSS, and consequently the performance of solar collectors, the following can be done: use
of materials with appropriate absorbing properties; overlapping of different coatings; surface texturing, thus creating
optical traps; construction of films from cermet composite materials; and combinations of all these possibilities (SILVA
NETO, 2017).

To produce efficient and durable selective surfaces they must have high thermomechanical stability between layers,
by themselves and combined, and excellent adhesion between layers and substrate (XU et al., 2020). Beyond those
requirements, the surfaces also need to be resistant to oxidation, humidity, atmospheric corrosion, diffusion processes and
chemical reactions (HU et al., 2019). Therefore, the choice of materials and deposition methods need to be made carefully
and taking in consideration the application of the selective surfaces.

A variety of deposition methods can be utilized to produce selective surfaces for medium and high temperatures of
operation, such as chemical vapor deposition, electroplating, inorganic pigmentation of anodized aluminum and physical
vapor deposition (BELLO; SHANMUGAN, 2020). One of the methods classified as the latter is the magnetron sputtering.
This method utilizes a magnetic field parallel to the target’s surface, limiting the secondary electrons’ movements. The
containment of those electrons increases the probability of ionizing collisions between electrons and atoms, increasing
the density of the plasma close to the surface of the target. Consequently, the pulverization rate of the target is higher and
S0 is the deposition rate on the substrate, under lower work pressures and voltages (GUDMUNDSSON, 2020).

Another factor to be taken in consideration regarding the use of selective surfaces is its work environment, because
external agents can negatively affect their properties. The operation temperatures and the heating/cooling cycles, also
known as thermal aging, can reduce the collector’s efficiency and its service time (ZHANG et al., 2017). Also, materials
inherently interact with the environment and it can compromise the materials’ integrity. One of those interactions is the
corrosion, defined by the deterioration or destruction of a component (CALLISTER JR; RETHWISCH, 2016).

For solar collectors, corrosion resistance is a universal problem derived from the association of selective surface long
life stability and solar energy/heat conversion efficiency (KOZELJ et al., 2009). Atmospheric corrosion is one of the
major causes of selective surface failure (YU et al., 2020), since the air exposure leads to chemical diffusion between
layers, formation of oxide files and negative interactions of humidity with the surface (KUMAR; DIXIT, 2019). However,
this problem is not easy to be solved, as the protection layers against corrosion cannot hinder the film’s selectivity
(KOZELJ et al., 2009). Therefore, anti-reflective layers can be used as protective layers (SEST et al., 2018).

Thus, the present work aims to start a study on the effects of thermal aging and corrosive environments on chromium-
based solar absorbing surfaces obtained by the Magnetron Sputtering method, analyzing optical and chemical properties
to understand the behavior deposited films.

2. MATERIALS AND METHODS
In order to achieve the objectives of the entire research, the experimental program is detailed below:

1. Preparation of substrates (28 samples, 24 for deposition and 4 for reference);

Deposition of thin films on substrates (12 specimens for the Cr,Oz — Cr/Cr,0;3 film and 12 specimens for the
Cr,03 — Cr/Cr,03 — SiO film);

Characterization of films;

Thermal treatment of specimens (3 of each film + 1 reference substrate for each chosen temperature);
Characterization of surfaces after heat treatment;

Corrosion analysis of produced surfaces (before and after heat treatment);

Characterization of surfaces after corrosion tests.

N

Nogkow

2.1 Materials

For the present work, black chromium was selected as the absorbing layer and silica as the anti-reflective layer, both
deposited by the Magnetron Sputtering method, as justified in the following sections.
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Absorbing layer

Among the most common materials for selective surfaces, black chromium (the Cr/Cr,03 complex) has been used on
a large scale, as it has the best thermal stability up to 400 °C. Laboratory studies have already shown that surfaces of this
material have absorptivity between 0.95 and 0.96 and emissivity between 0.08 and 0.14, while line products have
absorptivity of 0.94 and emissivity of 0.08 (CAO et al., 2014; DUFFIE; BECKMAN, 2013; KENNEDY, 2002).

Anti-reflective layer

The absorptivity of selective surfaces can be improved by using interference phenomena. Some layers that can be used
on substrates with high values of reflectivity are semiconductors, which have high absorptivity in the solar spectrum.
Amorphous silicon dioxide, or silica, has been widely used as an anti-reflective layer because it is resistant to abrasion
and a durable material. It can also be used in cermets as a dielectric layer due to its high thermochemical stability (CAO
et al., 2014; DUFFIE; BECKMAN, 2013; RAUT et al., 2011).

2.2 Substrate preparation

To carry out the present study, square substrates (30 x 30 x 0.5 mm) of stainless steel AISI 304 were used. Before
deposition, the substrates underwent a surface electropolishing, a process used on a large industrial scale to obtain shiny
and tension-free surfaces with low surface roughness (LIN; HU, 2008).

This process was carried out in a beaker containing a solution of phosphoric acid, sulfuric acid and glycerol in the
volumetric proportion of 2:2:1 (by volume), and using a mesh (80 x 300 mm) made of the same stainless steel as the
substrates to close the circuit. The substrates were completely submerged in the solution in the center of the beaker as the
positive pole, with the mesh as the negative pole, both connected to a direct current power supply.

To stabilize the current, a sacrificial substrate was the first to be submitted to the process, with the power supply
configured at 6 V. As soon as the current reached a level of 1.5 A, the substrates underwent the process for 10 minutes
one by one. After, each sample was washed with distilled water and dried with absorbent paper, and all were stored in a
polyethylene envelope with hermetic closure until the next process.

Then, all samples were submitted to an ultrasonic bath in isopropyl alcohol for 15 minutes, to remove traces of the
electropolishing solution. Finally, the substrates were washed one at a time with distilled water and dried with hot air.
Before being stored in hermetically sealed polyethylene envelopes for deposition, adhesive tape was placed on one end
of each of the substrates to prevent deposition and, subsequently, to be used to measure the thickness of the film.

2.3 Cathodic deposition

The deposition process was carried out in a Magnetron Sputtering Orion 5 system, manufactured by AJA International
Inc.

For all layers of the two absorber surface configurations, the substrates were placed on the support 106 mm away from
the targets. The targets used were all supplied by Macashew Tecnologias LTDA, with 2 diameter and 3.5 mm thick. The
SiO; target is 99.99% pure, while the Cr,03 and Cr/Cr,03 (40/60% by weight) targets are 99.95%.

The chamber was evacuated to a pressure of approximately 1x10-° Torr for the injection of an inert gas, which was
argon for all processes, until the internal pressure reached the level of 5x10-2 Torr. The radio frequency power source was
turned on for the opening of the plasma, but not at the working power for all materials, which was 60 W. Initially, the
value of 10 W was set, and the power was increased at a speed of 5 W/min until its final value. Throughout the process,
the argon pressure was checked for plasma maintenance and stability.

The deposition of all layers lasted 2 hours each. At the end, the power was reduced in the same way that it was
increased, 5 W/min between 60 and 10 W, before following with the total shutdown procedures of the deposition system.
The chamber, after each process, was opened after 24 hours and as soon as the layers reached their final configurations,
all samples were stored in polyethylene envelopes with hermetic closure.

Table 1 lists the summary of deposition parameters and the nomenclature adopted for each sample.

Table 1. Nomenclature adopted for samples and deposition parameters.

Sample Layers Power Time Fu'}iﬁr;?gzm? (ég;ng
A25 25
A200 Cr,03 200
A350 Cr/Cr,03 60 W 2 hours 350
A500 500
B25 Cry03 25
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B200 Cr/Cr;03 200
B350 SiO; 350
B500 500

The letter A refers to the Cr,Oz — Cr/Cr,0Os3 film and the letter B refers to the Cr,O3; — Cr/Cr,03 — SiO- film. The value
right after the first letter corresponds to the temperature to be adopted in the subsequent customized thermal aging tests
(25 [for room temperature], 200, 350 and 500 °C). This nomenclature is adopted on Table 2 and on the labels of Figures
1,2 and 3.

2.4 Characterization of the films
In the present work, only a few of the characterizations were executed to conduct the preliminary analysis.
UV-Vis-NIR Spectrophotometry

The equipment used to measure the absorption of the films was a Spectrophotometer in the Ultraviolet and Visible
region and part of the Near Infrared (UV-Vis-NIR), manufactured by Shimadzu, model UV-2600. Operating in the region
from 220 to 1400 nm in reflectance mode, this characterization was used to determine the reflectance of the films. With
these results, the absorbances and the mean total solar absorptances of all samples were calculated.

Fourier-transform Infrared Spectroscopy (FTIR)

This characterization had the objective to complement the chemical characterization of the coatings based on the
identification of the spectral regions where specific molecular absorption peaks occur. The equipment used in this analysis
was an Infrared Spectrometer IR-Tracer 100 with full scanning range (NIR-MID-FIR), manufactured by Shimadzu, with
spectroscopy in the mid-infrared (MID) range in Attenuated Total Reflectance (ATR) mode with the spectral range from
4000 cm (~2500 nm) to 600 cm™ (~16700 nm) in transmittance.

2.5 Corrosion process

For this test, an electrochemical cell with an aqueous sodium chloride electrolyte (concentration of 3.5% by weight)
and three electrodes were used: Ag/AgCI as the reference electrode, platinum mesh as the counter electrode and samples
as the working electrodes. The method used was linear potentiodynamic polarization and chemical impedance
spectroscopy, using a compact potentiostat/galvanostat Autolab unit, manufactured by Metrohm. The polarization curves
were obtained with a sweep rate of 1 mV/s and the impedance spectra were obtained with a frequency range from 10 kHz
to 0.004 Hz and an amplitude of 0.01 V.
3. RESULTS AND DISCUSSIONS
3.1 UV-Vis

The total absorbance spectra of the manufactured films can be seen in Figure 1.
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Figure 1. (a) Absorption spectra of the samples produced and (b) photographs of selected identified samples.

In general, all films showed better absorbance spectra than the pure substrate only superficially treated, with average
solar absorptance (o) values listed in Table 2, corroborating what can be seen graphically. The difference in behavior
between the A25 film and all others with the same configuration is due to the manufacture in two different cycles. More
will be discovered and explained about the microstructural differences with subsequent characterizations. However, the
values of absorptances differ from the consulted works (CAQ et al., 2014; DUFFIE; BECKMAN, 2013; KENNEDY,
2002), as the films’ colors deviate from the expected black.

The difference between the films without and with the anti-reflective layer still cannot be perceived, because of the
close values of mean total solar absorptances. In this case, only the measure of emissivity and the calculi of selectivity
can indicate if there is an improvement in the performance of the deposited films.

Table 2. Mean total solar absorptances and standard deviations for the produced samples.

Sample o Mean (%) Standard Deviation (%)
Substrate 36.54 1.30
A25 59.30 1.61
A200 64.40 0.82
A350 64.14 0.28
A500 64.65 0.39
B25 57.93 0.52
B200 57.26 0.40
B350 56.65 0.66
B500 56.64 0.94

Even with samples being manufactured at different stages, the deposition process has high reproducibility due to low
standard deviations.

3.2 FTIR

The infrared spectra of the films can be seen in Figure 2.
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Figure 2. Infrared spectra of the samples produced.
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The spectra of all films have a peak at ~700 cm that confirms the presence of chromium oxide (Cr.Os) (PALERMO
et al., 2019), since this material is present and prominent in the first two layers of both film configurations — in full in
the first layer and as a composite in the second. The spectra of all B samples have a peak at ~1200 cm™ for the vibration
and asymmetric stretching of the Si—O-Si bond, characterizing the presence of silicon dioxide (SiO,) (LI et al., 2013;
LIPPINCOTT et al., 1958). Therefore, the deposition of the anti-reflective layer on the selected samples was successful.
Identified in the spectra of all films, the bands between 1900 and 2200 cm* are related to the KBr crystal in the FTIR
equipment system, as described in its technical manual. The spectra of all films have a peak at ~2350 cm™, and it is related
to carbon dioxide (CO,) present in the air and identified by the spectrophotometer during characterizations (BHARATHY
RAJI, 2018; SCHADLE; PEJCIC; MIZAIKOFF, 2016).

3.3 Preliminary calculations of band-gaps

It is possible to estimate the values of the spacing between bands with the absorption spectra and the thickness of the
manufactured films. For preliminary studies of the samples produced and selected to be studied on room temperature, the
spectra obtained with the UV-Vis analysis were used. However, even without measuring the thickness of the films, an
estimate of this value was made from other works (GONCALVES, 2021; OLIVEIRA, 2021) carried out with similar
conditions for the same materials studied in the present work.

Finally, the Tauc method was used to obtain the curves considering direct transitions (FAN et al., 2021; RANI et al.,
2017; TSEGAY; GEBRETINSAE; NURU, 2021), and the intersection on the x-axis of the extrapolation of the straight
section of the curves gave the value of the band-gap.

The curves obtained for the manufactured films can be seen in Figure 3.
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Figure 3. Band-gaps of two produced samples.

The band-gap values are consistent with consulted works (FAN et al., 2021; SILVA NETO, 2017; TSEGAY;
GEBRETINSAE; NURU, 2021), even with the supposition of the thicknesses of the films. The decrease of the A film
band-gap might be related to the presence of metallic chromium in its structure. The contrary happened to the B film,
because the band-gap of silica is higher than the band-gap of chromium oxide. This behavior is consistent with the

variation on the absorbance values, as listed on Table 2.

3.4 Preliminary observations of corrosion stability
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The polarization curves of the preliminary corrosion tests and photographs of the samples for the two films selected
to be studied on room temperature can be seen on Figure 4.

(a)

®) ..

Figure 4. Polarization curves (current density versus potential) and photographs of the (a) A film and (b) B film.

By the Tafel extrapolation, the values of corrosion current and potential were calculated (QIAO et al., 2021). For the
A film, the values are 0.48x107 A and -0.40 V respectively. For the B film, the values are 1.58x107 A and -0.64 V
respectively. However, the values deviated from the expected, because a smaller corrosion current or greater corrosion
potential corresponds to higher corrosion resistance (LIU et al., 2022). It is worth noting that being just a test, the same
electrolyte was used for both samples — first for the A film and then for the B film. Therefore, the presence of ions might
have had a negative influence on the corrosion values for the B film. Lastly, while the A film eroded completely in the
corrosion process — the region above the red line on Figure 4(a) —, the B film resisted better, showing only signs of
pitting — as seen on Figure 4(b). This can be attributed to the capacity of silica to form amorphous layers in high
temperatures, what leads to less grain boundaries, and to better resist to corrosion processes as a consequence
(HERRMANN; KLEMM, 2014).

4. CONCLUSION

All films exhibited higher mean total solar absorptances than the substrate that was only surface treated. However,
the difference between the films with and without the anti-reflective layer has not yet been noticed due to the similar
absorptances values. Therefore, the films with the anti-reflective layer present themselves as the better option to the
intended application, thanks to its protective layer. Regarding the infrared spectra, the relevant peaks confirm the presence
and successful deposition of the materials selected for analysis, making the Magnetron Sputtering an adequate deposition
method. The band-gap calculi show that even with the presence of silica, what increases the band-gap value, the film still
presents a behavior expected for an adequate absorbent coating. The preliminary corrosion tests show that the presence
of silica impacts positively on the chemical resistance without changing the optical characteristics of the films, showing
that it is a viable option to increase films’ durability. Finally, the characterizations were essential to start the evaluation
of the effects of the thermal and chemical stability of the films and their influence on their absorptivity.
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