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Solar energy is an environmentally friendly and inexhaustible natural resource. It can be converted into
thermal energy by using concentrated solar power (CSP) methods. One of the key components of CSP is
a solar absorber, which absorbs concentrated solar radiation and converts it into heat. Recently, there
have been many studies on enhancing the solar-to-thermal conversion efficiency of solar absorbers. In
this work, a pulsed fiber laser was used to modify the surface of AISI 304 stainless steel as a solar
absorbing material. By varying the energy density, surface roughness and oxide films can be formed,
which affect the solar absorptance and thermal emittance of the substrate. The surface characteristics
and corresponding optical properties were investigated. The surface roughness was measured to be in
the range of 9-158 nm. Due to heat generated during engraving, metal surface oxidation occurs on the

. 49th 3 2023 AISI 304 substrate, resulting in different values of solar absorptance and thermal emittance. Compared

eceived 9th June . - o . .

Accepted 18th July 2023 with the unmodified surface, the modified AISI 304 surfaces resulted in solar absorptance ranging from
58.57% to 91.78%, and the thermal emittance ranged from 10.56% to 32.90%. Consequently, the solar-

DOI: 10.1039/d3ra03872d to-thermal conversion efficiency was improved from 50.09% to 81.69%, and the technique can be used
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Introduction

To generate electricity, conventional resources such as fossil
fuels or coal have been used. However, they have adverse effects
on the environment, so the use of alternative resources has been
explored. Concentrated solar power (CSP) technology can
convert solar irradiance into thermal energy, which can be used
for electricity generation. In general, solar radiation is reflected
by a reflector and concentrated onto a solar absorber to generate
heat. The heat is then transferred to a heat-transfer fluid (HTF),
which is later used for electricity generation with a conventional
steam turbine.”> The operation of CSP is demonstrated in
Fig. 1(a). One of the key elements to control solar-to-thermal
conversion efficiency is the optical properties of the solar
selective absorber (SSA) which deposited and enveloped the
absorber tube as shown in Fig. 1(b). The quality of the solar
selective absorber layer also controls achieve high solar
absorptance (ag) and low thermal emittance (¢) in order to
obtain the best conversion efficiency.
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There are many ways to obtain spectrally selective solar
absorbers by surface modification, such as surface texturing,*
creating surface roughness,® intrinsic structure or nano-
structure formation,® cermet coating”® and multilayer absorber
coating.’ The creation of an oxide layer as an intrinsic structure
and surface roughness is quite simple and produces good
conditions for high solar absorptance and low thermal emit-
tance. It is well-known that cermet-based is the most recent
widely used as solar selective absorbers, which exhibit
outstanding in spectral selectivity. The cermet-based absorber
as selective surfaces have high solar absorptance at 0.96 and low
thermal emittance at 0.09, which deposited on stainless steel
surface under sputtering technique.

An oxide layer and surface roughness can be created with two
types of atmospheric systems: vacuum-based and ambient-
based systems. Sputtering’® and electron evaporation are
vacuum-based methods, and these high-cost processes use high
amount of energy to create the oxide layer and surface rough-
ness. Khelifa et al.” used electron beam evaporation to create
multilayer absorbers based on Cr,0;/Cr/Cr,03, which could
improve the optical properties.

Sintering" and laser treatment'® are ambient-based
methods, and these low-cost processes can easily create the
oxide layer and surface roughness. Laser treatment uses low
energy and takes a short time for processing, while sintering
operates at a high temperature and a longer time for processing.
Wau et al.** created a solar absorber on AISI 304 by sintering, and
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Fig.1 Parabolic-trough solar concentrated power technology (a) schematic operation of parabolic-trough solar concentrated power (b) optical
reaction mechanism on solar selective absorber which deposited on metal substrate.

a thick Fe,O; oxide film layer was formed on the surface with
roughness of 114.3 nm. As a result, the optical properties were
improved. Jalil et al*® used femtosecond laser treatment to
create a solar absorber with a variety of metals (copper,
aluminum, steel, and tungsten). They controlled the scanning
speed and frequency to activate the absorption due to plas-
monic resonance of the oxide particles on the surface, and
tungsten had the highest solar absorptance of 92% and the
lowest thermal emittance of 18%.

In this research, AISI 304 was used as a solar absorbing
material. Its surface was modified with a pulsed fiber laser to
create an oxide layer for intrinsic structure formation' and
roughness on the substrate.’® Most current commercial tech-
nology enhances the photo-thermal conversion by fabricating
the solar selective absorber under vacuum based conditions,
such as sputtering technique. To compare with the pulsed fiber
laser in this paper, this technique is under atmospheric
conditions which make it easy to apply on an industrial scale.
The pulsed fiber laser helps in growing intrinsic absorbers with
rapid processing, which is easier, lower in energy and cost-
effective. Moreover, there is no need for target materials as
a solar selective absorber. These factors can affect the solar
absorptance and thermal emittance of the substrate.” This
process is scalable for commercial applications by utilizing
a laser array for large surface modification, which also facili-
tates higher moving speeds, resulting in shorter completion
times.*® The microstructures and optical properties of speci-
mens were investigated, and the solar-to-thermal conversion
efficiency was evaluated.*

Experimental

Materials and methods

AISI 304 stainless steel sheets (1 inch x 1 inch and 1.0 mm
thick) were cleaned with isopropyl alcohol by ultrasonic vibra-
tion for 5 minutes. Subsequently, the surfaces were treated with
a pulsed fiber laser with a wavelength of 1064 nm in air, using
an energy density ranging from 0.00 to 6.61 kJ inch™® to
promote roughness and oxidation. The pulse diameter was 50
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um, the pulse frequency was 20 kHz, and the scanning speed
was 200 mm min . The laser spacing from center to center was
maintained at 10 pm. The laser was operated in line scanning
mode.* The energy density can be calculated from the following
equation:*

P(w) x 1(s)

Energy density =
& Y A(inchz)

(1)
where P is the laser power in watts, ¢ is the exposure time in
seconds counted from the onset of the pulse, and A is the
surface area of the treatment in inch®. The energy density of all
specimens is shown in Table 1.

Characterization

The surface roughness was investigated by confocal micros-
copy, and the surface morphology was characterized by scan-
ning electron microscopy (SEM; Hitachi SU-8230). The surface
elements were characterized by energy-dispersive X-ray spec-
troscopy (EDS; Oxford Instruments) and an electron probe
microanalyzer (Shimadzu EPMA-8050G). The oxide formation
was studied by X-ray diffractometer (XRD; Bruker/D8§ Advance)
with 26 ranging from 20° to 90°. The optical properties were
measured for the solar absorptance («s) using spectrophotom-
etry (Agilent technologies, Cary 5000 UV-Vis-NIR), and the solar
absorptance was computed as follows:

2 1()(1 = R(2))d2

A
as = (2)
72 1(2)dA

where I4(2) is the solar spectral radiation of air mass 1.5 from
the ASTM G173 standard. R(}) is the measured reflectance at
a specific wavelength A (wavelength interval 4, to 4, = 0.3 to 2.5
pum).” The thermal emittance (¢, was tested at 120 °C using an
emissometer (Devices & Services Company, Model AE-ADI).
Solar to thermal conversion efficiency was calculated from the
eqn (3) as follow:

Conversion efficiency = (1 — &) X « (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated energy densities of the laser
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Specimen A B C D

Energy density (kJ inch™?) 0.00 1.37 1.71

Results and discussion
Surface appearance

Fig. 2 shows the different surface appearances of the specimens
after being treated with the pulsed fiber laser. Compared to
unmodified specimen A, specimens B and C exhibited a slightly
brighter surface, while specimen D appeared more yellowish.
Specimen E had a dark blue surface, while the color of speci-
mens F to H gradually faded out. Specimens I and J had a darker
surface due to the higher laser power. The differences in surface
appearance were attributed to the roughness and oxide forma-
tion during laser engraving.**® The specimens also showed
horizontal lines, which were caused by the line-scanning laser.

Roughness analysis

The surface roughness (R,) at different power was measured,
and the result is presented in Fig. 3. From specimen A to C, the
roughness decreased from 47 to 9 nm due to the surface treat-
ment by the pulsed fiber laser, which smoothened the surface.
Then, the roughness slightly increased from 9 to 27 nm from
specimen C to H. This could have occurred because of metal
oxide formation on the surface. From specimen I and ], the
roughness significantly increased from 27 to 158 nm. Since heat
accumulated at high laser power, the oxide layer could grow
much faster and result in a rougher surface.””?® The height
images presenting the roughness are shown in ESLf

Surface morphology and elemental analysis

The surface morphology of specimens was investigated by SEM,
which showed that higher energy density created different
surface structures, as shown in Fig. 4. Compared with non-laser
treated specimen A (Fig. 4(a)), nano-sized particles were formed
on the surfaces of specimen B to E. Accordingly, at higher laser

’ B
— —
— —

2.39 2.74 3.08 3.42 4.79

energies, more particles were formed and uniformly distributed
over the surfaces (Fig. 4(b)). However, specimen F to H pre-
sented a combination of nano-sized particles and circle islands
formed non-uniformly over the surfaces (Fig. 4(c)). Such the
structure could contribute to a rougher surface. Formation of
highly porous structure on specimen I and J was observed after
they were modified with high laser energies. As a result, it could
greatly increase the surface roughness (Fig. 4(d)).

The microstructural transformation of specimen B to J was
expected to be a result of metal oxide formation generated from
the laser treatment.”*** The elemental analysis showed that
oxygen content was increased on the specimens treated with
higher energy density, as shown in Fig. 5. The results indicated
that surface oxidation occurred during the laser engraving.**

In addition, the XRD results showed that the non-modified
stainless steel mainly consisted of a-Fe and y-Fe phases.
However, the constituent phases changed when the surface was
modified by the pulsed fiber laser. The diffraction peaks in
Fig. 6 presents Cr,0; and Fe,O; phases on the specimens
treated with laser, which agreed well with a report by Cui et al.*>

Although the metal oxides found on surfaces were charac-
terized, the nano-sized particles and circle islands found on
specimens (Fig. 4) were further investigated. Specimen E and G
were studied using elemental mapping. Consequently, the
results revealed different elemental concentrations of oxygen
(0), chromium (Cr), and iron (Fe), over the surfaces as seen in
Fig. 7. Specimen E, which consisted of nano-sized particles,
presented uniform elemental concentrations of O, Cr, and Fe
for entire surface (Fig. 7(al)-(a4)). In contrast, there was
a combination of nano-sized particles and large circle islands in
specimen G observed in the diagonal band in Fig. 7(b1). From
elemental mapping analysis (Fig. 7(b2)-(b4)), the circle islands
were rich in Fe and O that could form an iron oxide while,
within the band, the surrounded nano-sized particles were rich

Fig. 2 Surface appearance of AISI 304 specimens treated by pulsed fiber laser with different energy densities (A =0.00,B=137,C=171,D =
205 E=239,F=274G=308 H=3421=479 and J = 6.16 kJ inch™2) as shown in Table 1 (scale bars are 5.0 mm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surface roughness of AlSI 304 stainless steel before and after
modification by the pulsed fiber laser method with energy density
between 0.00 and 6.16 kJ inch™2 (specimen A to J).
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Fig. 4 SEM images of AISI 304 surfaces. (a) specimen A, (b) specimen
E, (c) specimen G, and (d) specimen J.

in Cr and O that could form a chromium oxide. The difference
in roughness and metal oxides on the surfaces treated by laser
could lead to an improvement of the optical properties.**~¢

Optical property analysis

The non-modified and modified AISI 304 specimens were tested
for ag and ¢, and the results are presented in Fig. 8. Initially, a;
of non-modified specimen A was 58.57% and was then
improved up to 91.78% on specimen E. This improvement may
be a result of the extended growth of Cr,O; particles, which
significantly influence the solar absorptance.’” This influence is
due to the regular distribution and plasmonic resonance of the
oxide particles on the surface,*®* which originates from the
resonance of collective conduction electrons with incident
electromagnetic radiations. Moreover, small and uniform-sized
nanoparticles with a narrow size distribution gives a sharp
absorbance, whereas nanoparticles with a wide size distribution
or any kind of aggregation show broad absorptance.*® Next, ay
was reduced and remained around 78.47% from specimen F to

22284 | RSC Adv, 2023, 13, 22281-22286
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Fig. 5 EDS of AlSI 304 stainless steel before and after modification by
the pulsed fiber laser method from specimen A, specimen E, specimen
G, and specimen J.
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Fig. 6 XRD patterns of AISI 304 stainless steel before and after
modification by the pulsed fiber laser method from specimen A,
specimen E, specimen G, and specimen J.

H. It was observed that, at higher laser energy, Fe,O; could form
on the surface while Cr,0; particles were reduced and became
non-uniformly distributed. In fact, the solar absorptance of
Fe,0; is lower compared with that of Cr,0;, as reported by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Elemental image classification with color of modified AISI 304
surfaces presenting oxygen (O), chromium (Cr), and iron (Fe) in
specimen E (image al-a4), and in specimen G (image bl-b4).
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Fig. 8 Optical properties and solar-to-thermal conversion efficiency
of AISI 304 stainless steel before and after modification by the pulsed
fiber laser method with energy density of 0.00 to 6.16 kJ inch™2.

Thakur and Yadav.** Then, «y slightly increased again up to
86.14% from specimen H to J, and a porous Fe,Oj3 structure with
high roughness was introduced. In general, when the roughness
increases, the solar absorptance and thermal emittance also
increase.*>** However, Bergstrom et al.** reported that if the
surface roughness is below 150 nm, it may not affect the solar
absorptance. Thus, the increase in a4 of specimen I and J could
be from thicker Fe,O; formation. The spectral reflectance data
of modified specimens are presented in ESI.}

© 2023 The Author(s). Published by the Royal Society of Chemistry
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From Fig. 8, ¢; decreased initially from 14.46% to 10.56% for
specimen A to C, respectively. Afterwards, ¢ remained relatively
low and tended to increase from 11.13% to 32.90% for spec-
imen D to J, respectively. The surface roughness and metal
oxide formation were considered for the corresponding change
in ¢. Voinea et al.*® reported that surface roughness could affect
the thermal emittance proportionally. In this case, the resulting
roughness (Fig. 3) had influenced the thermal emittance simi-
larly. In addition, metal oxides also affect &. Chromium oxide
has a lower ¢ compared to that of iron oxide.* Consequently,
specimen D and E still kept ¢, relatively low even though the
roughness increased. Then, the solar-to-thermal conversion
efficiency was calculated from o and &, presented in Fig. 8.
Overall, the efficiency was initially enhanced from 50.09% up to
81.69% for specimen A to E, respectively. After that, from
specimen F to J, the higher energy density caused both o and &,
to increase. Nonetheless, o increased at a lower ratio. As
a result, the efficiency decreased from 81.69% to 54.37%.

Conclusions

This study presents the surface modification of AISI 304 stain-
less steel using a pulsed fiber laser. By varying the energy
density, surface roughness and oxide formations were intro-
duced, which can affect the optical properties. Initially, the
surface roughness was found to be mostly lower than 150 nm,
which had an insignificant effect on the solar absorptance.
Based on the microstructural and elemental analyses, nano
sized Cr,0; particles and Fe,Oj; islands were formed disparately
depending on the laser power. At low power, Cr,O; particles
were dominant, and the solar absorptance of 91.78% was ach-
ieved. Although Fe,O; became dominant at higher power, it
yielded slightly lower solar absorptance up to 78.47%. The
resulting oxide formation clearly enhanced the solar absorp-
tance. Thermal emittance was also measured and found to be
mainly affected by surface roughness. Rougher surfaces
increased thermal emittance in a range of 9-158 nm in this
study. Finally, with the pulsed fiber laser modification on AISI
304, a solar-to-thermal conversion efficiency from 50.09% up to
81.69% could be achieved. The process was quick and effective,
and therefore has great potential for use in solar-absorbing
applications in CSP technology.
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