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Abstract

Due to increase in energy consumption it is important for researcher to develop an efficient thermal energy storage fluid
hat capture heat for electricity production system via thermal solar applications. The aim of this research is to investigate and
ptimized the anodization parameter to synthesize aluminium oxide film on aluminium foil, which is the primary component
f the nanoparticle thermal energy storage fluid. The temperature used for the formation of film via anodization procedure
as 281 K to 297 K. A Box–Behnken design method was adopt to design experiments and analysis statistical information
ased on experimental input. The output response of the derived polynomial equation was found to fit well with experimental
ata with R2 equalled to 0.98 and demonstrated insignificant lack of fit. From the ANOVA results, it is clear that temperature
nd concentration are significant parameters. As temperature and concentration changes the hardness of aluminium oxide film
anged between 169 to 201. An increase in temperature support the movement of charge along the electrolyte medium which
romote the formation of oxide film in the solution. Results illustrated the ectothermic activity of the anodization reaction and
he electric current movement in thing aluminium film. Future work will need to be conducted to fabricate nanoparticle from
he aluminium oxide film obtained from this experiment.
c 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

An increase in electricity consumption have caused the scientific community to develop alternative source of
nergy. Among different types of alternative energy, concentrated solar power plant (CSP) is a promising solution
or the energy crisis. However, the current status of the CSP technology still have many drawbacks that need to
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Nomenclature

X1 ANOVA Temperature parameter (◦C)
X2 ANOVA concentration parameter (M)
X3 ANOVA Voltage parameter (V)

be improve before it can be profitable in certain country. One of the important aspect of the CSP is in the thermal
energy storage liquid, which is used to transfer heat absorbed from solar to boil water to turn the turbine causing
the generation of electricity. Important characteristic of the TES liquid included specific heat capacity and thermal
conductivity both of which govern the heat transfer and storage of the liquid used for CSP. TES liquid usually
consisted of two main salts such as KNO3 and NaNO3.

Development of TES liquid have been conducted by combining different types of molten salt with nanoparticles
n the form of metal oxides. Metal oxides are porous material with high thermal conductivity which can be derived
rom both thermal, mechanical and chemical process. Zhu et al. reported fabrication of Sn encapsulated in aluminium
xide as high thermal conductivity enhancer for TES application. The combination of high stable component and
apid phase change behaviour make this material capable of storing energy between 100 ◦C to 300 ◦C [1]. Li et al.
roposed a novel phase change material consisting of aluminium oxide (gamma phase) and copper chloride that was
ound to improve heat transfer system [2]. Apart from metal oxide, graphene synthesis from exfoliation of graphite
aterial have also been used for the enhancement of thermal conductivity in TES liquid. Reduction of graphene

ayer was shown to cause significant increase in thermal conductivity of the phase-change material (PCM). This is
ue to the bending stiffness that graphene material imposed on the PCM [3]. Lugo et al. proposed a novel phase
hange material consisting of stearate and graphene which was found to increase thermal conductivity by 52%,
hereas addition of MgO nanoparticle instead of graphene oxide only enhanced thermal conductivity by 9% [4].
nother research confirmed the increase heat capacity as aluminium oxide content in water solution increases [5].
eat capacity also increases with the size of metal oxide nanoparticles used as additive
Over the years there have been many researches regarding the usage of metal oxides nanofluid blended in

thylene glycol solution as for TES application. These researches provided information on the thermophysical
roperties of nanofluid especially the thermal conductivity improvement [6]. An increase in Al2O3 concentration
n water solution from 0% to 22% resulted in significant raises in heat capacity of water. An increase in the size
f metal oxide nanoparticles was found to cause the specific heat capacity to increase [5]. Additional of SiO2
anomaterial was found to have a negative impact on specific heat capacity [7]. However, it was shown that addition
f SiO2-Al2O3 nanoparticles into the binary salt solid resulted in specific heat capacity enhancement [8]. Molecular
ynamic simulation was performed to investigate the interaction between the molten salt and nanoparticles. He et al.
emonstrated the effect of nanoparticle concentration on the energy of each atom or the Coulombic energy which
anipulate potential energy and cause the specific heat capacity to increase [9]. Apart from metal oxide, graphene

xide was also employed to enhance the specific heat capacity of the molten salt solution.
The improvement of thermophysical characteristic of nanofluids is influenced greatly by nanoparticles’ dispersion

n the molten salt matrix. Some researches employed ultrasonic vibration for the blending of nanoparticle with
olten salt. Additionally, ionic liquid has been use to combine with solvent before the mixing process. Aluminium

xide and copper oxide were widely used to increase specific heat capacity of nanofluid [5,10,11]. The conventional
ethod for preparation of nanoparticle included combination of nanoparticle with deionized water and then subjected

o heating at 120 ◦C and 200 ◦C [12]. Although quite simple this technique may result in agglomeration of the
anoparticle and potential contamination of the molten salt. A dry method was therefore proposed to solve this
roblem. For instance, TiO2 and CuO was mixed using 9 mm stainless steel [13]. However, it was found that
illing with stainless steel ball may resulted in conversion of nitrates to nitrites through decomposition reaction.

. Material and method

.1. Anodization process

Aluminium foil samples (AL5052-H32), purity 99.5% ASTM B479 - 19, with a thickness three different

hickness (5 µm, 10 µm, 15 µm) and area of 1 cm × 1 cm. The aluminium foil is an alloy consisting of various metals
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Table 1. Comparable standard and chemical compositions.

Alloy No. Comparable standard Chemical compositions (%)

ISO JIS DIN AI Cu Cr Zn Mn Mg Si

5052 AlMg2.5 A5052 3.3523 Base Max.0.10 0.15–0.35 Max.0.10 Max.0.10 2.20–2.80 Max.0.25

Table 2. Supplied condition and applications of alloy.

Alloy Yield strength Tensile strength Elongation Electrical conductivity Thermal conductivity Thermal expansion
No. (N/mm2) (N/mm2) (Min.%) (% I.A.C.S)a (W/m.k.) coefficient — COE

(u/k)

5052 70 170 10 34 138 23.8

aI.A.C.S is the International Annealed Copper Standard. % I.A.C.S represent the electrical conductivity of aluminium relative to copper.

mostly Mg metal. Physical, thermal and conductivity properties are shown in Tables 1 and 2. The square samples
were degreased in acetone solution under ultrasonic sonication for 15 min. Etching process was then performed in
sodium hydroxide solution (40 mg/L) at 313 K for 2 min and then de-smutted under nitric acid (200 mg/L) rapidly
at room temperature. Anodization parameters investigated in this research included anodization temperature in the
range of 281 to 297 K, sulphuric concentration of 0.24 to 0.60 M, and anodization voltage in the range of 8 to 9
V. The anodized aluminium foil from this experiment are shown in Fig. 1.

Fig. 1. Sampled aluminium foil (AL5052-H32) with different thickness after the anodization process.
722
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2.2. Hardness characterization of anodized aluminium

After the anodization process, the aluminium foils were tested to measure microhardness of the coated aluminium
xide using an automatic microhardness tester (MHT Omnitech). Calculation of the microhardness was performed
ia the Vickers method, which utilized the pyramid indentation to create indented shape with force load of 1 newton
n five different locations on the aluminium foil. Afterward, the indentation length observed through an optical
icroscopy was analysed using a picture processing software called image-J.

.3. Field Emission Scanning Electron Microscope (FE-SEM)

The textural image of anodized aluminium foil was captured using the field Emission Scanning Electron
icroscope (FE-SEM). The device used for FE-SEM analysis was JEOL JSM7800F, JAPAN and the software

sed was PCSEM.

. Results and discussion

.1. Box-Behnken design

A polyquadratic equation was employed to develop a relation between anodization parameters and hardness of the
nodized aluminium material. Anodization parameters included temperature, concentration and voltage are shown
n Table 3. The developed equation was fitted with the experimental data and an ANOVA (as shown in Table 3)
as generated to describe the impact of anodization temperature, voltage and acid concentration on the formation
f aluminium oxide after the chemical process. Statistical analysis revealed that the calculated hardness fitted well
ith experimental data, as shown in Figs. 2 and 3. The formulate equation is shown below:

y = 3167 − 17.82X1 + 362.3X2 − 78.90X3 + 0.029X1X2 − 34.72X1X3

+ 3.500X2X3 − 1.215X2
1 + 0.063X2

2 − 2.778X2
3 (1)

Table 3. Anodization parameters, experimental hardness and calculated harness of aluminium oxide
surface.

Trial Temperature Concentration Voltage Experimental Calculated Residual
(K) (M) (Volt) hardness hardness

1 281 0.24 8.5 201 199.5 1.5
2 297 0.24 8.5 188 189 −1
3 281 0.6 8.5 189 188 1
4 297 0.6 8.5 169 170.5 −1.5
5 281 0.42 8 196 197.25 −1.25
6 297 0.42 8 184 182.75 1.25
7 281 0.42 9 193 194.25 −1.25
8 297 0.42 9 182 180.75 1.25
9 289 0.24 8 194 194.25 −0.25

10 289 0.6 8 180 179.75 0.25
11 289 0.24 9 192 192.25 −0.25
12 289 0.6 9 177 176.75 0.25
13 289 0.42 8.5 186 186 0
14 289 0.42 8.5 185 186 −1
15 289 0.42 8.5 187 186 1

3.2. Effect of anodization parameters

Anodization is an electrochemical process consisting of electron exchange between anode and cathode of the
ystem. Various operating conditions have been shown to effect the characteristic of the aluminium oxide film form
uring the reaction. Different anodization parameters have been investigated in term of their effects on the hardness
723
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Fig. 2. Residual of the fitted value compared with experimental data.

Fig. 3. Residual of each experimental trial compared with calculated data.

of the aluminium oxide film. Anodization temperature have been shown to control the formation of aluminium oxide
structure during the chemical reaction. According to Fig. 4a and b, an increase in temperature resulted in a reduction
in hardness due to microspore formation during the anodization process at higher temperature. Since anodization
reaction is an exothermic reaction, an increase in temperature resulted in an increase in reaction activity, which lead
to an increase in thickness of the aluminium oxide film and cause the hardness to increase as well. Li et al. also
investigated an increase in thickness in the oxide film as the temperature increased [14,15]. This relationship may
also be due to the improvement in electrical conductivity of the electrolyte [16]. An increase in concentration of the
sulphuric acid during anodization reaction also resulted in a reduction in the hardness of the aluminium oxide film.
This is due to the excess sulphuric acid which remained after the anodization reaction. This type of mechanism
also been observed for the Al–Cu alloy anodization system [17]. Sulphuric acid molecule promote dissolution of
724



D. Nualsing, N. Pannucharoenwong, P. Rattanadecho et al. Energy Reports 7 (2021) 720–729

t
h
V
F
v
v
t
t

Fig. 4. Relationship between temperature and concentration (a,b), temperature and voltage (c,d), and concentration and voltage (e,f).

he oxide layer which caused the hardness of the aluminium foil to also reduced [18]. This is also due to the
omogeneous nucleation activities of Al2O3 particles in the solution as the concentration of acid increased [19].
eys-Renaux et al. also demonstrated an increase in current density as the concentration of acid increases [20].
ig. 4c and d illustrated relationship between temperature, voltage and hardness of the aluminium foil. The applied
oltage during the anodization reaction have very little effect on the hardness of the foil. One of the main reason
oltage have insignificant effect on the hardness of the foil is because the foil used in this anodization is extremely
hin. Thin aluminium foil does not require high applied voltage for the electric current to bypass the structure of
he object. This result agrees well with other researches regarding anodization of aluminium [21,22]. An increase
725
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Fig. 4. (continued).

n temperature caused the electronic current to increase all well which also lead to formation of O2 [23]. Fig. 3e

nd f demonstrated effect of voltage and acid concentration on hardness of the aluminium oxide film. An increase

n applied voltages during anodization reaction help reduce the tendency of dielectric breakdown [24]. A threshold

oltage is necessary for the initiation of the breakdown in the dielectric properties of the material. For titanium

aterial the threshold voltage is 230 volts. An increase beyond this voltage have resulted in an increase in pore

ize of the oxide film [25,26]. In the case of aluminium material, an appropriate voltage range to generate optimum

urrent density field would be from 5 V and 10 V [27] .
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Fig. 5. SEM image of anodized aluminium foil (a) 5 µm, (b) 10 µm and (c) 15 µm thick via magnification of 10 000.
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3.3. Anodized aluminium foil characterization

The physical texture of the anodized aluminium films are shown in Fig. 5. The grains present in the image
s from the interface between aluminium and magnesium alloy. It is found that the grain size is relatively small
or the anodized 10-µm thick aluminium films compared with the 5-µm. The average grain size of the 5-µm foil
s 0.843 µm while the average grain size of 10-µm foil is 0.432 µm. The 10-µm anodized foil also have a more

uniform grain size. The standard deviation of grain size for 5-µm foil is 0.33 while the standard deviation of 10-µm
foil is 0.02. However, an increase in foil thickness to 15 µm caused the mean grain size and standard deviation to
increase to 0.983 µm and 0.42. The increase in size of the grain may be due to the higher penetration capability of
the current charge which is delivered on the metal surface via electrolyte solution. However, uniformity decreased
as the aluminium film thickness increased from 10 µm to 15 µm due to the shielding effect which reduce the current
density from the electrolyte solution. The anodizing results can also be affected by the metal alloy concentration [28].

4. Conclusion

Anodization of aluminium foil was performed in sulphuric solution at various operating parameters including
temperature, concentration, and applied voltage. The Box–Behnken method was utilized to design the experiment
trails and then developed into contour and three-dimensional response surface. According to ANOVA, both
temperature and concentration are significant value. Parameter interactions included X1 ∗ X2 and X2 ∗ X3 were
significant. The derived polynomial equation fitted closely with the experimental data as indicated by R2 of 0.98 and
an insignificant lack of fit. An increase in temperature and concentration was found to increase the hardness of the
aluminium foil. The hardness of aluminium foil obtained from the experiment varied from Results demonstrated the
exothermic behaviour of anodization reaction and electric current transfer in thin aluminium surface. Development
of polynomial equation is an important task that can be utilized for the manufacturing of nanoparticle aluminium
oxide as thermal energy storage fluid. The morphology of the anodized film was observed by SEM. Image captured
indicated an increase in uniformity of the grain size as aluminium thickness increased from 5 µm to 10 µm. The
next stage of this research would be to fabricate nanoparticles from anodized aluminium film and then combine
with molten salt to enhance heat capacity of thermal energy storage fluid.
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