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Abstract

Solar selective absorber coating (SSAC) is one of the key components of a solar collector, with its optical properties having
a significant impact on the collector’s thermal performance. The key parameters characterizing the optical properties of an
SSAC are the solar absorptance (absorptance of solar radiation) and the thermal emittance (emittance for long-wave radia-
tion). However, some of high-performing SSACs suffer from some drawbacks, such as lower durability, lower resistance to
corrosion and abrasion, which is particularly harmful for SSACs, as, for example, chlorides in the atmosphere have become
a main contributor to corrosion in coastal areas with the increasing trend of global warming. In this paper, salt spray tests
have been conducted on the SSACs manufactured by three common manufacturing technologies, i.e., the anode oxidation
(AO) technology, the vacuum magnetron sputtering (VMS) technology, and the black chromium plating (BCP) technology,
over the testing durations of 12 h, 24 h, 36 h, and 48 h, respectively, to examine the effect of the salt spray testing on the
optical properties of SSACs manufactured by different manufacturing technologies. The salt spray testing is an accelerated
aging testing method for evaluating the SSAC’s resistance to corrosion when it is under an extended exposure to a saline,
or salted, spray (fog). The experimental results show that, in general, the SSACs manufactured by the BCP technology have
excellent resistance to salt spray (i.e., to corrosion) and those manufactured by the AO technology have only reasonable
resistance to corrosion, whereas the SSACs manufactured by the VMS technology have very poor resistance to corrosion.
The results also demonstrate that there are noticeable differences in the optical properties of the SSAC samples even manu-
factured by the same technology but by different manufacturers, with some having significant differences. The causes for
the differences have been further examined through the inspection of the physical appearance of the selected SSAC samples
and the experimentally measured distributions of the monochromatic reflectance of solar radiation of the samples over the
solar spectrum before and after the salt spray testing over different durations.

Keywords Salt spray testing - Solar selective absorber coating - Corrosion - Resistance - Solar absorptance - Thermal
emittance

Introduction

The solar selective absorber coating (hereinafter abbreviated
as “SSAC”) on the absorber plate of a flat-plate solar collec-
tor plays a crucial role in dictating the thermal performance
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of the collector. An SSAC is considered efficient if it has
a very high solar absorptance over the solar spectrum
(200-2000 nm) to maximize the absorption of solar radia-
tion and a very low thermal emittance to minimize the long-
wave thermal radiative heat loss. Compared with a tradi-
tional coating which can have a very high solar radiation
absorptance but a very high thermal radiation emittance,
an SSAC has better photo-thermal conversion efficiency.
Hence, the solar absorptance, @, and the thermal emittance,
&, are the two key parameters characterizing the optical prop-
erties of an SSAC and its associated photo-thermal conver-
sion performance [1, 2].
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At present, SSACs are produced mainly by three com-
mon manufacturing technologies; the anode oxidation
technology (hereinafter abbreviated as “AO technology”),
the vacuum magnetron sputtering technology (hereinafter
abbreviated as “VMS technology”), and the black chro-
mium plating technology (hereinafter abbreviated as “BCP
technology”). The AO technology is the most popular for
flat-plate solar collectors due to relatively low coasts, good
optical properties (with a as high as more than 0.92 and &
less than 0.2), and sound climate resistance of the SSACs
manufactured. The SSACs produced by the BCP technol-
ogy possess superior optical properties (with a as high as
0.95 and ¢ less than 0.1) and excellent resistance to heat,
humidity, and climate. However, one drawback of the BCP
technology is the potential pollution to the environment of
the waste liquid produced in the manufacturing processes,
if it is not properly controlled. Nevertheless, such poten-
tial pollution may be avoided by controlling and improv-
ing the manufacturing processes. The VMP technology is
the latest and new-generation technology to manufacture
SSACs with excellent optical properties (with a as high
as 0.95 and ¢ less than 0.06) and good resistance to heat
and humidity. In addition, the risks of polluting the envi-
ronment are significantly reduced when compared to the
BCP technology.

The life span of a flat-plate solar collector is about
20-30 years. Furthermore, as the SSAC is exposed to air,
corrosion will occur on the SSAC, which will inevitably
have adverse effects on the solar absorptance and the ther-
mal emittance of the SSAC, leading to dramatic degrada-
tion of the thermal performance of the solar collector. Solar
thermal collectors have to withstand conditions like high
temperatures, high humidity, ultraviolet irradiance, or wind
and snow loads depending on the geographic position and
atmospheric corrosivity [3-9]. As the key component of a
solar thermal collector, the optical properties of SSACs are
negatively affected by such conditions [3]. Hence, the main
challenges faced by research and development of SSACs
are to improve the optical properties, but at the same time to
enhance reliability and durability [10-12]. The durability of
SSACs has been a main concern in the last two decades and
accelerated aging tests were developed to ensure a life span
of at least 25 years [4, 10, 11, 13-16]. Presently, these tests
are incorporated in the International Standard ISO 22975-
3:2014 [12, 17]. The experimental design of the tests was
made based on some thorough studies on the degradation
of SSACs [10, 12, 18, 19]. In this standard, only high tem-
perature, condensed water, and high humidity air contain-
ing sulfur dioxide are considered in the tests for determin-
ing the reliability and durability of a SSAC [17]. However,
numerous countries have extensive coastal areas, hence the
reliability and particularly high durability of SSACs to salt,
which causes high corrosion due to high chlorides levels at
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the areas, is also a primary factor that should be considered
as well [3, 20, 21].

The SSAC’s resistance to corrosion in coastal areas can
then be evaluated by salt spray testing, which is an accel-
erated aging test used to evaluate the coating’s resistance
to corrosion under an extended exposure to a saline, or
salted, spray (fog) [22]. Salt spray testing is conducted in a
closed salt spray chamber where the sample is subjected to
a sodium chloride fog, an extremely corrosive atmosphere.
The length of exposure time is dependent on the material,
the coating, and the standard. After exposure, the sample is
examined to evaluate its corrosion-resistance performance.

Salt spray testing on SSACs has been reported by some
studies. Fan et al. conducted a salt spray testing on black
chromium coatings, anode oxidation coatings, and blue
titanium coatings, and concluded that the black chromium
coatings have the best resistance to salt spray, the blue tita-
nium coatings have the worst resistance, and the coatings
produced by the physical vapor deposition technology have
very poor resistance to salt spray [23]. Yao et al. studied the
resistance to salt spray of several SSACs produced by differ-
ent manufacturing technologies and examined the relations
between the SSACs’ resistance to salt spray and the compo-
sitions of the coatings and the manufacturing technologies
[24]. Yin et al. used the Chinese National Standard GB/T
1771-2007 to explore the causes for the stripping of SSACs
through an immersion test of the SSACs in seawater [25,
26].

An examination of the current literature has revealed
that previous studies on the SSAC’s resistance to salt spray
have mainly focused on the comparison of the SSAC’s solar
absorptance and thermal emittance before and after the
salt spray testing over 48 h. To examine the effects of the
duration for salt spray testing on the optical properties of
SSACs produced by different manufacturing technologies,
experiments have been carried out in this paper to study the
resistance to salt spray of the SSACs produced by the three
common manufacturing technologies, i.e., the AO technol-
ogy, the VMS technology, and the BCP technology, over the
testing durations of 12 h, 24 h, 36 h, and 48 h, respectively.

Experimental methods and apparatus
Experimental methods and apparatus for a and ¢

As mentioned above, the key parameters characterizing the
optical properties of an SSAC are the solar absorptance, a,
and the thermal emittance, €. A good SSAC is the one that
has a value of a over the solar spectrum (250-2500 nm)
which is as high as possible, but at the same time has a value
of € over the mid- and far-infrared spectrum (2—-100 pm)
which is as low as possible.
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The solar absorptance of an SSAC, a, is determined
experimentally by a=1 — p, where p is the reflection of
solar radiation of the SSAC. The wavelengths of solar radia-
tion are mainly over the range of 250-2500 nm (i.e., the
solar spectrum). If this wavelength range is equally divided
into 50 sections, a can be estimated by [27]

50

a=1- p, 2% M
i=1

;

where p, is the average monochromatic reflectance of solar
radiation of the SSAC over the ith wavelength range section.
In this paper, a is calculated using Eq. (1) by experimentally
measuring p, for each SSAC tested using a Cary5000 spec-
trophotometer, which is shown in Fig. 1, in accordance with
the International Standard ISO 22975-3:2014 [17].

The thermal emittance of a surface, ¢, is determined by
[27, 28]
- @

"by

where ¢, is the measured thermal radiation intensity of the
surface sample at a preset temperature, ¢, is the measured
thermal radiation intensity of the blackbody at the same
preset temperature, and g, is the thermal emittance of the
blackbody in the normal direction, respectively.

As g, 1s 1, Eq. (2) can then be written as

€= i 3)
b

In an actual experiment to measure &, a zero calibration

cavity is used which has the measured thermal radiation

Fig. 1 A photo of the Cary5000
spectrophotometer

intensity, ¢,, and hence both ¢, and ¢, must be calibrated
with ¢, i.e., € is determined experimentally by

¢s_¢0
e=—""
b, — do

The apparatus for measuring € in this paper was manu-
factured by Beijing Tianyude Science and Technology Ltd
Co. The photos of this experimental apparatus and some
of its key elements are presented in Fig. 2. The apparatus
is composed of a blackbody cavity, a sample cavity, a zero
calibration cavity, a thermic element cavity, and a thermostat
water bath, as schematically shown in Fig. 3. The working
fluids for the blackbody cavity and the sample cavity are hot
water, whereas the working fluids for the zero calibration
cavity and the thermic element cavity are cold water.

Before the experimental test to measure &, the sample is
placed in the sample chamber, followed by opening the ther-
mostat water bath to pump hot water to circulate through the
sample cavity and the blackbody cavity. The zero calibration
cavity and the thermic element cavity are filled with cold
water. When the temperature of the sample attains the preset
value, the experimental test commences. The first step of
the experiment is to place the zero calibration cavity on the
thermic element and to read the thermal radiation intensity
for the zero calibration cavity, ¢, from the computer that
connects with the secondary instrument which converts the
acquired signals into readable data. The second step is to
replace the zero calibration cavity by the sample cavity and
to read the thermal radiation intensity of the surface of sam-
ple, ¢. The final step is to replace the sample cavity by the
blackbody cavity and to read the thermal radiation intensity
of the blackbody cavity, ¢,.
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Fig.2 The photos of the experimental apparatus for measuring &
which was manufactured by Beijing Tianyude Science and Technol-
ogy Ltd Co.: a the frontal cover and the outside of the apparatus, b

Fig.3 A schematic of the
experimental apparatus for
measuring &: 1—the blackbody
cavity, 2—the zero calibration
cavity, 3—the sample cavity,
4—the sample, 5—the thermic
element, 6—the thermic ele-
ment cavity, 7—the thermo-
stat water bath, and 8—the
secondary instrument which is
connected to a computer (not
shown) to acquire and record
the measured data
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Acquisition Controller
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'(—— Cavity

the inside of the apparatus and the blackbody, ¢ the locations of the
sample cavity, the blackbody cavity, the zero calibration cavity, and
the acquisition controller inside the apparatus
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Experimental methods and apparatus for salt spray
testing

Based on the International Standard ISO 22975-3:2014
and the Chinese National Standard GB/T 1771-2007, the
experimental scheme consists of the following key steps
[17, 26]: firstly, a smooth and clean SSAC sample with-
out any scratch is taken from the absorber of a flat-plate
solar collector supplied by the manufacturer and is pre-
pared with the required size suitable for testing; the testing
solution is then prepared and poured into the saline tank
as soon as possible to avoid a prolonged stay outside the
tank which may affect the solution concentration and in
turn the experimental results; subsequently, the prepared
SSAC sample is placed in the salt spray testing cham-
ber at a specific angle and the salt spray testing device is
switched on to start the test; after the testing, the SSAC
sample is cleaned with water and then dried up; and finally
the optical properties of the SSAC sample are measured
and analyzed to determine the values of its a and & with
the measuring methods and apparatus outlined above.

The testing solution was prepared by dissolving the
analytical reagent sodium chloride with the mass fraction
no less than 99.5% into the Grade 3 purified water [29].
The resultant testing solution had a mass concentration of
(50+5) g/L and the pH value of 6.5-7.2. The flow rate of
the salt spray fog produced was 1-2.5 mL/h.

The salt spray testing was conducted under the follow-
ing specific testing conditions:

Fig.4 A photo of the experi-
mental setup used for the salt
spray testing, which includes

a salt spray chamber (model
F-120A) and an air compressor

e The temperature in the salt spray testing chamber:
35+2°C.

e The working pressure: 1 kg/m?.
The placement of the SSAC sample: the surface of the
SSAC sample was placed upward in the salt spray testing
chamber at an angle of 20 +5° to the vertical direction.

The experimental setup is shown in Fig. 4, which con-
sists of a salt spray chamber and an air compressor. The
salt spray testing was conducted in the salt spray chamber
(model F-120A) developed by Dongguan JingZhuo Equip-
ment Co. Ltd. The chamber consists of an inner cham-
ber of the dimensions of 1050 mm X 800 mm X 550 mm
(length X width X height), with the working temperature over
the range 0-99.9+0.3 °C and the flow rate of salt spray
fog of 1-2.5 mL/h, the thermostatic controllers controlling
the temperature in the chamber, the spray device which can
provide salt spray by the combination of an air compressor,
a solution storage tank, and several nozzles, as well as test-
ing plate brackets.

When the experiment commences, the air compressor
starts to compress air to activate the spray device. Mean-
while, the working pressure and temperature can be set
on the control panel. By controlling the working pressure,
the flow rate of salt spray can be produced in the required
range. The samples are then placed into the inner chamber
on the testing plate brackets when the experimental param-
eters meet the requirements. To maintain the working pres-
sure and temperature, the cover of chamber must be closed
quickly after finishing the placement of samples.

* @ Springer
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Experimental results and discussions

In this paper, the optical properties of the SSACs manufac-
tured by the AO technology, the VMS technology, and the
BCP technology are examined by salt spray testing over the
testing durations of 12 h, 24 h, 36 h, and 48 h, respectively,
using the experimental methods and apparatus detailed in
the previous section, to evaluate the effect of the salt spray
testing on the optical properties of SSACs. With such salt
spray testing, the SSACs’ resistance to corrosion under an
extended exposure to an adverse environment, by way of a
saline, or salted, spray (fog), can be evaluated by the acceler-
ated aging method.

The six SSAC samples, each with the same size of
40 mm X 40 mm and labeled as Sample A to Sample F,
respectively, were prepared from the absorbers of the flat-
plate solar collectors supplied by six different manufacturers.
The substrates of all these coatings are aluminum. Samples
A and B were manufactured with the AO technology, Sam-
ples C and D were manufactured with the VMS technology,
and Samples E and F were manufactured with the BCP tech-
nology, respectively. For each sample, a salt spray test was
carried out over the testing durations of 12 h, 24 h, 36 h, and
48 h, respectively. During the tests, the ambient temperature
was 23 +2 °C and the relative humidity was 50 +5%. All the
tests were conducted with good air ventilation and without
direct exposure to sunlight.

Values of a and ¢ of the six SSAC samples

The experimentally obtained values of a and e of the six
SSAC samples before and after the salt spray testing over
different testing durations are summarized in Table 1. From
the table it is seen that before the testing, the values of a for
all six SSAC samples were no less than 0.92 and the values
of € were not greater than 0.2, indicating that all of them had
good optical properties. It is further observed that, among
the six SSACs, those with the BCP technology had the best
overall optical properties before the testing, with the highest
a (more than 0.96) and a moderate &, the SSACs with the
VMS technology had the lowest thermal emittance before

the testing, although their solar absorptance was the lowest
as well, and the SSACs with the AO technology had the
comparable optical properties to those with the VMS tech-
nology before the testing, in particular Sample B.

The errors caused by the uncertainties associated with the
spectrophotometer measuring a and the apparatus for meas-
uring ¢ are smaller than 0.0015 and 0.002, respectively. The
accuracy clearly meets the performance test requirements.

The high a values of the six SSAC samples and their dif-
ferences before the testing can be further examined by their
individual distributions of the monochromatic reflectance of
solar radiation over the solar spectrum (250-2500 nm), as
shown in Fig. 5, which were measured experimentally before
the salt spray testing for each SSAC sample. It is seen that in
general, all six SSAC samples had very small values of p,
(< 5%) over the visible light region (390-780 nm) where the
bulk of the solar radiation resides, which explains why all six
samples had high « values. The causes for the differences in
a of the six SSAC samples, although not large (within 5.5%),
are clearly demonstrated by the significantly different distri-
butions of p, outside the visible light region, in particular
beyond 900 nm. Sample E and Sample F had very low p,
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Fig.5 The experimentally measured distributions of the monochro-
matic reflectance of solar radiation of the six SSAC samples over the
solar spectrum before the salt spray testing

Table 1 Experimentally

) Samples Oh 12h 24 h 36 h 48 h Technology
obtained values of « and & for
the six SSAC samples before a € a € a £ a € a €
(0 h) and after the salt spray
testing over the testing durations A 0.948 0.200 0.947 0.225 0.947 0.228 0947 0.228 0.947 0.234 AO
of 12 h? 24 h, 36 h, and 48 h, B 0.930 0.113 0922 0.180 0.922 0.180 0922 0.180 0.922 0.180 AO
respectively C 0.933 0.100 0.875 0320 0.862 0392 0.756 0.536 0.663 0.679 VMS
D 0.921 0.100 0904 0.114 0.904 0.161 0901 0.161 0.868 0.218 VMS
E 0963 0.121 0.963 0.129 0963 0.131 0.962 0.131 0.962 0.131 BCP
F 0971 0.121 0970 0.121 0970 0.130 0970 0.130 0.970 0.130 BCP

’}/g
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values from 300 to 1300 nm and their p, values began to
increase, monotonically and linearly with large rates, only
from about 1300 nm. As the contribution to a from this
near-infrared region is negligible, and their differences in
p,, over the whole solar spectrum are very small, both Sam-
ple E and Sample F had very high a values, at 0.963 and
0.971, respectively. Sample A and Sample B had quite dif-
ferent distributions of p, beyond the visible light region,
with Sample B having much larger p, values than Sample A,
which is the reason why Sample B’s a value was about 2%
lower than that for Sample A. Furthermore, the p A values of
both Sample A and Sample B began to increase at smaller
wavelengths (at about 900 nm and 1000 nm, respectively)
than those for Samples E and F, which, together with their
slight differences over the visible light region, led to smaller
a values in Samples A and B when compared to Samples
E and F. The distributions of p, for Samples C and D are
enormously different from those for the other samples. Both
samples had large p, values at the lower end of the solar
spectrum, in particular for Sample D. They also had large
p, values beyond the visible light region, which increased
siéniﬁcantly with the wavelength. All these contribute to
their relatively smaller a values than the other samples. In
particular, the very large p, values at both the lower end of
the solar spectrum and beyond the visible light region make
Sample D have the smallest a value, at 0.921, among the
six samples.

After the salt spray testing, the values of a for Samples
A, E, and F were essentially the same as their respective
values before the testing, and Sample B also had only a very
slight reduction (from 0.930 to 0.922), indicating that the
salt spray had little effect on the solar absorptance of the
SSACs with the AO and BCP technologies. However, the
values of a for Sample C reduced significantly after the salt
spray testing and the reduction rate in « increased generally
when the testing duration was prolonged, at — 5.4%, — 2.3%,
— 11.6%, and — 13.2% after the durations of 12-h, 24-h,
36-h, and 48-h testing, respectively. A noticeable reduction
in a is also found for Sample D, with a 5.5% reduction in «
after the 48-h testing. These results show that in general, the
salt spray has a significant impact on the solar absorptance
of the SSACs with the VMS technology.

The values of ¢ for Samples E and F had small changes
before and after the salt spray testing, as the value of e for
Sample E only had the maximum increase of 8.3% after the
48-h testing, whereas the increase of ¢ for Sample F was
even smaller, with the maximum increase of 7.4% after the
48-h testing, which indicates that the salt spray only has a
minor effect on the thermal emittance of the SSACs with
the BCP technology. Although the values of ¢ for Samples
A and B changed very slightly across different durations of
testing, they were considerably larger than their respective
values before the testing, in particular for Sample B as its

e value jumped by 63.6%, implying that the salt spray has
a significant effect on the thermal emittance of the SSACs
with the AO technology. Very significant increases in € were
observed for Samples C and D and their € values increased
enormously when the duration of testing was prolonged,
in particular for Sample C which had its € value increased
almost sixfold, from 0.100 before the testing to 0.679 after
the 48-h duration of testing. This clearly demonstrates that
the salt spray has an immerse effect on the thermal emittance
of the SSACs with the VMS technology.

Hence, in terms of the overall optical properties, when
both the values of @ and ¢ are considered, it can be con-
cluded that in general the SSACs with the BCP technology
have excellent resistance to salt spray (thus to corrosion),
and those with the AO technology have only reasonable
resistance to salt spray corrosion whereas the SSACs with
the VMS technology have very poor resistance to salt spray
corrosion.

The results from the table also show that there are differ-
ences in measured values of a and ¢ for the SSAC samples
with the same technology but manufactured by different
manufacturers, and some of these differences are significant.
Although both Sample A and Sample B were manufactured
with the AO technology, the former was manufactured by the
traditional AO coating on individual strips in the open air,
with the resultant coated strips which can then be directly
welded to the risers to form a flat-plate collector, whereas
the latter was manufactured by the continuous AO coating
on a wide metal roll in a closed chamber, with the result-
ant coated roll to be cut into desired coated sheets to form
a flat-plate collector. Both samples had comparable values
of « before the testing and these values changed only very
slightly after the testing. However, Sample B had the value
of € which is much smaller than that for Sample A before
the testing; but after the testing, the performance of Sample
B, in terms of €, deteriorated more significantly than that
of Sample A. Both Sample C and Sample D were manufac-
tured by the continuous VMS coating on a wide metal roll
in a closed chamber, but their resistances to salt spray, in
terms of both a and ¢, vary enormously. Both samples had
the same low thermal emittance and almost the same solar
absorptance before the testing; however, the deterioration
in the optical properties of Sample C after the testing was
more profound than that for Sample D, as the reduction in
a and the increase in ¢ were 32.2% and 579.0% for Sample
C, in comparison to the 5.8% reduction in @ and 118.0%
increase in ¢ for Sample D after the same 48-h duration of
testing. The possible causes for such significant differences
may include the differences in some key control parameters
used in the manufacturing processes, such as the thickness
of the coating, the pressure in the coating chamber, and the
voltage used for the VMS [18]. Nevertheless, due to their
excellent resistance to salt spray corrosion, Sample E and

* @ Springer
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Sample F, which were manufactured with the same BCP
technology but by different manufacturers, had essentially
the same optical properties before and after the testing.

Resistance to salt spray of SSACs by individual
manufacturing technologies

In this section, the resistance to salt spray of the SSACs by
the three individual manufacturing technologies is further
examined, using Samples A, C and E as the representative
for each manufacturing technology, through the inspection
of the physical appearance of the samples and the measured
distribution of p, over the solar spectrum before and after
the salt spray testing over different durations of testing.

Resistance to salt spray of SSACs by the AO technology

The AO technology consists of putting aluminum strips or
copper—aluminum composite strips into a dilute phosphoric
acid solution to be anodized until a porous oxide film forms
on the surfaces of the strips, followed by the alternating
current electrolysis of the strips in a nickel sulfate or stan-
nous sulfate solution, with the nickel or tin ions reduced
and deposited on the oxidized pores in the film to form the
desired SSAC.

Figure 6 presents the photos of Sample A before and after
the salt spray testing over various durations. An inspection
of the appearance of the coatings revealed that except for the
slight deterioration of the luster after the salt spray testing,
there were very little differences in the surfaces before and
after the testing which can hardly be discerned by naked
eyes. As discussed above and also shown in Table 1, the
solar absorptance of Sample A did not change before and
after the testing, although its thermal emittance increased by
15% after 12 h of testing. However, this thermal emittance
value stayed the same when the duration of the salt spray
testing was further prolonged.

The negligible impact of the salt spray testing on the
solar absorptance of Sample A is clearly exhibited by the
measured distributions of the monochromatic reflectance
of solar radiation of Sample A over the solar spectrum

before and after the salt spray testing over different dura-
tions, as shown in Fig. 7, which clearly demonstrates that
the differences in p, before and after the salt spray testing
with various durations are negligible over the whole solar
spectrum.

During the salt spray testing, the salt particles were
sprayed into the pores of the coating where they reacted
chemically with the substrate materials and air to form
a thin film of Al,O5. The resultant corrosion led to the
improvement of the smoothness of the coating surface
which increased its thermal emittance, but deteriorated
very slightly the luster of the coating surface. However,
due to the protection of the Al,O; film formed on the coat-
ing surface, further corrosion due to the chemical reac-
tion between the salt particles and the substrate materials
would be prevented, and hence any further prolonging of
the salt spray testing duration would not change the ther-
mal emittance of the sample.

60

before salt spray testing

—— 12 hours after salt spray testing
—— 24 hours after salt spray testing
—— 36 hours after salt spray testing
—— 48 hours after salt spray testing
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Fig.7 The experimentally measured distributions of the monochro-
matic reflectance of solar radiation of Sample A over the solar spec-
trum before and after the salt spray testing over different durations

(a (b) (c) (d) (e)

Fig.6 The photos for Sample A before and after the salt spray testing over different durations: a before the testing, b after the 12-h duration, ¢
after the 24-h duration, d after the 36-h duration, and e after the 48-h duration
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Resistance to salt spray of SSACs by the VMS technology

The VMS technology consists of heating the coating mate-
rial to its melting point in a vacuum chamber, and then
using the ionized gas in the chamber to bombard the melted
coating materials to be adhered to the substrate to form the
SSAC [30].

The photos of Sample C before and after the salt spray
testing over different durations are presented in Fig. 8. Sig-
nificant changes of the physical appearance of the sample
before and after the salt spray testing are very evident.
Before the testing, the coating surface was smooth and free
of cracks, blistering, peeling, or corrosion. After the testing,
traces of corrosion of the coating surface were very obvious,
and the severity of the corrosion and the sizes of the corro-
sion regions increased when the duration of the testing was
prolonged. During the salt spray testing, initially the corro-
sion occurred only at some individual spots, and gradually
these corrosion spots evolved into large lumps. After the
48-h salt spray testing, it was observed that the whole sam-
ple surface was corroded. As described above and shown in
Table 1, both the solar absorptance and the thermal emit-
tance of Sample C changed enormously, with a decreasing
by 6.2, 7.6, 19.0, and 28.9% and ¢ increasing by 220, 292,
436, and 579% after the testing durations of 12 h, 24 h, 36 h,
and 48 h, respectively.

The significant impact of the salt spray testing on the
solar absorptance of Sample C is obviously demonstrated by
the measured distributions of p, for Sample C over the solar
spectrum before and after the salt spray testing over different
durations, as shown in Fig. 9. It is seen that the values of
p;, over the majority of the solar spectrum, in particular the
whole spectrum region below 2000 nm where almost 99%
of the solar energy resides, increased significantly after the
salt spray testing and the amounts of increase in p, increased
markedly as well with the prolonging of the testing duration.

The significant adverse effects on the optical properties of
the SSACs with the VMS technology are mainly caused by
severe corrosion, which is the result of the chemical reaction
between the salt particles and the coating surface materials

(a) (b)
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Fig.9 The experimentally measured distributions of the monochro-
matic reflectance of solar radiation of Sample C over the solar spec-
trum before and after the salt spray testing over different durations

and the enhanced non-metallic properties of the substrate
materials.

Resistance to salt spray of SSACs by the BCP technology

The BCP technology consists of electroplating black
chromium on the metal substrate to form the selective
black chromium layer. However, before the electroplating
of black chromium on the metal substrate, a layer of cop-
per or nickel is plated on the metal substrate first, which
not only significantly increases the adhesion between the
black chromium and the metal substrate, but also pro-
vides excellent resistance to corrosion and wear. Fig-
ure 10 presents the photos of Sample E before and after
the salt spray testing over different durations. An inspec-
tion of the physical appearance of the coatings revealed
a slight corrosion after the testing, which was limited
to a few small spots, implying that the salt spray only
has a minor effect on the SSACs with the BCP technol-
ogy. As described above and shown in Table 1, the solar
absorptance of Sample E was essentially unchanged after

(d)

Fig.8 The photos for Sample C before and after the salt spray testing over different durations: a before the testing, b after the 12-h duration, ¢
after the 24-h duration, d after the 36-h duration, and e after the 48-h duration
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(a) (b) (c) (d) (e)

Fig. 10 The photos for Sample E before and after the salt spray testing over different durations: a before the testing, b after the 12-h duration, ¢
after the 24-h duration, d after the 36-h duration, and e after the 48-h duration
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Fig. 11 The experimentally measured distributions of the monochro-
matic reflectance of solar radiation of Sample E over the solar spec-
trum before and after the salt spray testing over different durations

the salt spray testing, and its thermal emittance increased
slightly after the 12-h testing but kept unchanged when
the testing duration was further prolonged, indicating that
the salt spray only has a minor effect on the optical prop-
erties of the SSACs with the BCP technology.

The minor impact of the salt spray testing on the solar
absorptance of Sample E is also clearly exhibited by the
measured distributions of p, for Sample E over the solar
spectrum before and after the salt spray testing over dif-
ferent durations, as shown in Fig. 11. It is seen that the
differences in p, before and after the salt spray testing
with various durations over the region below 1200 nm, in
which the bulk of solar radiation resides, are negligible.
Beyond 1200 nm, the values of p, differ before and after
the testing and the differences increase with the wave-
length. However, the contribution to a over this spectrum
region is minimum, resulting in only very slight increases
in € when the testing duration was prolonged.

]
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Conclusions

The resistance to corrosion of six SSAC samples under an
extended exposure to an adverse environment was evaluated
by the salt spray testing, which is an accelerated aging test,
aiming at examining the impact of salt spray on the optical
properties of the SSACs manufactured by different manufac-
turing technologies, which include the AO technology, the
VMS technology, and the BCP technology, over four testing
durations of 12 h, 24 h, 36 h, and 48 h, respectively. The
analysis of the impact of salt spray on the optical properties
of the SSACs was also aided by the inspection of the photos
of the selected SSAC samples and the experimentally meas-
ured distributions of the monochromatic reflectance of solar
radiation of the samples over the solar spectrum before and
after the salt spray testing over different durations.

The experimental results show that before the salt spray
testing, all SSAC samples under consideration had good
optical properties, but the samples manufactured with the
BCP technology had the best overall optical properties, fol-
lowed by those manufactured with the AO technology and
then by those manufactured with the VMS technology. It
was found that the salt spray has little effect on the solar
absorptance of the SSACs manufactured with the AO and
BCP technologies, but has a significant impact on the solar
absorptance of those manufactured with the VMS technol-
ogy. In terms of thermal emittance, although the salt spray
was found to have only a minor effect on the SSACs manu-
factured with the BCP technology, it had a significant effect
on those manufactured with the AO technology and an
immerse effect on those manufactured with the VMS tech-
nology. Hence, in terms of the overall optical properties,
when both the values of a and ¢ are considered, it can be
concluded that in general the SSACs manufactured with the
BCP technology have excellent resistance to salt spray cor-
rosion and those manufactured with the AO technology have
only reasonable resistance to salt spray corrosion, whereas
the SSACs manufactured with the VMS technology have
very poor resistance to salt spray corrosion. The results
also demonstrated that there are differences in the optical
properties for the SSAC samples manufactured with the
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same technology but by different manufacturers, and some
of these differences are very large. These differences were
found to be caused by different causes.
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