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ABSTRACT

Thermo-anodization technology has been considered as an effective means to improve the
thermal, physical and chemical properties for metal alloy. In this work, we achieve a porous black
layer on the surface of aluminium alloy through an environmentally friendly anodic oxidation
process, with a high thermal emittance (0.96) and a high solar absorptivity (0.921). In addition, the
black thermo-anodized coating layer shows a unique anti-corrosion property under UV irradiation.
A hybrid hydrophobic surface has been facilitated through treating the thermo-anodized porous
layer with silane. Moreover, an anti-icing feature can be realised that can effectively delay the
freezing of water droplet on the surface of AA2024 aluminium alloy. As such, the specific anodic
process of coating provides a simple method for improving the solar absorptivity and infrared

emittance of aluminium alloys, enabling broad applications in aerospace engineering.
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1. Introduction

Controllable thermo-anodized coating (CTC) with a passive and effective protection to a
spacecraft, has attracted considerable research interests in recent years [1-3]. Such coatings have
been widely used in the electronic housing packages of spacecraft with black CTC on the alloys,
to fulfil high solar absorptivity and high emittance. Recently, the demand of these coatings climbs
in response to the growing applications in aerospace engineering[4-9], where the common
technical focuses are to develop CTC surfaces with resistance against corrosion[10] and icing[11],
as well as high solar absorptivity (as)[12] and thermal emittance (¢)[13]. Some mechanisms have
been proposed to achieve controlled oxidation on alloys[14] and Plasma Electrolytic Oxidation
(PEO)[15]. Yao et al prepared a black high-solar-absorptivity and high-emittance coating on
Titanium alloy with a a;0f 0.93 and ¢ of 0.88[16]. Shang et al used micro-arc oxidation to prepare
a multi-layered GO coated Magnesium alloy with an improved corrosion resistance[17]. While the
coating technology on the surfaces of Titanium and Magnesium alloys advances| 18-20], their anti-
corrosion performance declines at the presence of solar light[21-24]. Anodic aluminium alloys
manufactured via traditional anodization methods exhibits mild anti-corrosion behaviour with
reduced solar absorptivity and thermal emittance[25-27]. Hence, a conventional process to achieve
high performance CTC coated Aluminium alloy has not been exploited elsewhere.

In this paper, we propose a conventional CTC strategy on the surface of aluminium alloys.
The combination of anodic current density and temperature accelerate the anodization process
without the need for involvement of changes to electrolyte concentration and provide
controllability over the porous structure formation on the anodized aluminium oxide surface [28].
The as-prepared coating layer presents an excellent property with both absorptivity and emittance

values above 0.9. The surface microstructure of coating layer can be adjusted by changing the



anodizing temperature and current density. The fabricated black CTC possess a unique anti-
corrosion property under UV irradiation. By constructing a hybrid layer with a silanization process,
an improved anti-icing property can be facilitated by delaying the frozen time for the water droplet

on the surface of AA2024 aluminium alloy.

2. Experimental Section

2.1. Materials and fabrication of black CTC layer. A sample slice of AA2024 aluminium alloy
(40 mm x 40 mm x 2 mm) was purchased from AA(Guangzhou) Materials Co Ltd. In the first
step, it was mechanically polished by SiC sand papers (from grit #1000 to #2500) to reduce the
surface roughness and improve the reflectance. In the second step, it was etched in 1 mol/L NaOH
for 12 min and rinsed by deionized (DI) water to remove contaminants. At last, the samples were
cleaned in a dilute sulfuric acid solution (1 mol/L) for 2~3 min and rinsed again with DI water.
The anodic parameters and components of anodization solution are given in the following table.

Table 1. The electrolyte composition and processing parameters for anodization process

H2S04 H2C204 C4H6Os Fe2(SO4)3 T I Time

(g/L) @L) (@L) (L)  °C (A/dm})  (min)
30 40 30 6 0 3-7 60
30 40 30 6 0-10 5 60

2.2. Characterization. The composition of anodized coating layer was examined by the X-ray
diffractometer technique (Shimadzu, LabX XRD-6100). The microstructure of coating was
analysed by scanning electron microscope (FE-SEM, HITACHI-SU8010). The thickness was
measured under an inverted reflected light microscope (GX51, OLYMPUS). The surface

roughness was evaluated by a surface roughness measuring device (S1910DX3, KLA-TENCOR).



Potentiodynamic electrochemical measurement was performed to characterize the anti-corrosion
property. The testing solution consisted of DI water and reagent-grade NaCl (3.5 wt. %) in order
to simulate the seawater environment, with a sample area of 1 cm? exposed to the solution. The
electrochemical tests were conducted by employing the potentiodynamic polarisation method in a
conventional three-electrode cell. The CTC alloy, a platinum foil, and a saturated calomel
electrode (SCE) were used as working, counter, and reference electrodes, respectively. The
polarization curves were obtained using the PARSTAT 2273 Workstation, with the 3.5 wt. % NaCl
solution filled electrochemical cell after UV irradiation at a wavelength of 400 nm.

2.3. The solar absorptivity and emittance measurement. The solar absorptivity of coating was
assessed by a UV-3600 spectrophotometer at a range of 200—800 nm. The emittance was measured
by IR-2 dual-band emittance scope (Shanghai Chengbo) under the range of 8—16 um at room

temperature. The solar absorptivity o, was calculated using the following equation:

2
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where / is the wavelength, ps is the reflectance and S; is the solar radiation spectrum. For a thin

coating, the analytical expression of spectral absorptivity a(4) of coating can be obtained as:
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where pj, (1) is the substrate reflectance, p. (1) is the coating reflectance, d is the coating thickness
and k is the coating extinction coefficient.

2.4 Surface wettability assessment. The CTC layer was treated by silane, then annealed at certain
temperatures. Water contact angle (CA) was measured with an OCA-20 instrument (DataPhysics
GmbH, Germany) at room temperature. The anti-icing property of the prepared superhydrophobic
surface was evaluated by placing it on a cooling stage at a temperature of - 8°C and depositing a

water droplet of 10 pL on the sample surface.



3. Results and Discussion

3.1. Realization of thermo-anodized structural layer on the surface of aluminum

The thermo-anodization process (Fig. 1a-1b) was performed by utilizing an AA2024 alloy
sample as anode and a pure aluminium slice as cathode. By comparing the surface morphology
and polarization curves for the sample fabricated under different anodization duration (Fig. S1),
the coating layer show a decaying trend if the processing time exceeds 60 min due to the increasing
rate of the anodic oxide coating dissolution. Thus, a processing time of 60 min was selected for
the rest of study. We focus on the effects of anodizing conditions (i.e. temperature and current
density) on microstructure (thickness, surface roughness and porosity, Fig. 1b), where the
microstructure is anticipated to be tuned with the dependencies on the current density and/or the
anodizing temperature [29-32].

The SEM observation (Fig. 1c-1e) suggests a controllable formation of surface morphology
under thermo-oxidization with a uniform distribution of porous surface around 20 nm in pore
diameter at a current density of 5 A/dm? and temperature of 10°C. There is an interesting presence
of wavy structures in Fig. 1d, due to the break in equilibrium of a pristine coating layer before the
growth of porous structure is initiated. Further analysis from AFM profiling (Fig. 1f-1h) identifies
the increase in surface roughness when the pore structure is developed, which is in a good
agreement with SEM results. When the current density increases (Fig. S2), the thermal effect
accelerates the mobility of OH™ in electrolyte, leading to the dissolution of solid layer and an
increment in the pore size[33,34]. XRD results in Fig. S3a, show a broad, bread-shaped peak in
the range of 15°~ 30°, which may be affiliated with the amorphous alumina. Other sharp diffraction
peaks correspond to those from the y-Al,Os. As shown in Fig. S3c, S3f — S3h, an increasing

average pore size (from 10 nm to 16 nm) is discovered when the anodizing temperature increases



from 0 °C to 10 °C. The appearance of black surface is caused by the formation of magnetite Fe3O4
which is validated from the XPS analysis and resulted in binding energy at 284.6 eV with an
indefinite carbon Cls. The results in Fig. S4a show C, O and Fe elements on the surface of anodic
coatings, and Fig. S4b shows the binding energy of Fe 2p, which can be divided into two different
components, representing two different oxidation states for iron in the coatings, i.e. Fe*" at 710.4
and 724.1 eV, Fe*" at 712.3 and 726.1 eV. The peaks relate to 2p3/2 and 2p1/2 signals of octahedral
Fe?*, Fe*" and tetrahedral Fe*", respectively, which further confirms the existence of Fe3Oa.

In Fig. 1i, the increase in anodization current density drives the ion exchange rate higher
within the barrier, and increases the thickness (115 um) and roughness of coating layer (1.6 pm)
at a current density of 7 A/dm?, wherein the reaction efficiency seems to reach the peak since the
anodization equilibrium was supported by the local components of anodization along with
sustainable mass transportation in solution. However, further increase in the anodization current
density promote pronounced dissolution rate compared to oxide growth rate and the oxide
thickness begins to decrease (Fig. 1i). In Fig. 1j, both coating thickness and roughness decrease
when the anodizing temperature (7)) increases. The maximum thickness (103 um) is obtained at
T = 0 °C, with a maximum roughness (~ 2 pum) at T = 5 °C. While the increased dissolution rate
at higher temperature encourages the removal of residuals leading to a reduction on surface
roughness [35], the elevating temperature also accelerates the dissolution of anodized coating (i.e.
coating layer) to decrease the thickness. The average pore size vs anodic current density in Fig S5
unveils the trend when tuning the anodization current density and temperature. It should be noted
that the surface becomes rougher and achieves inhomogeneity when e either of the anodization

current density or temperature is increased.



3.2. Evaluations of solar absorption and emittance

We then investigate the solar absorptivity and emittance performances for the CTC layers.
In Fig. 2a, the reflectance of coating layer decreases gradually when the current density increases
from 1 A/ dm® to 3 A/ dm?. When the current density reaches above 1 A/dm?, the reflectance value
drops due to the intensive growth of anodized layer (Fig. S3b), which breaks the equilibrium to
nucleate pristine oxidized coating layer. When the current density further increases above 3 A/dm?
(Fig. S3d), the uniform growth of porous structure can be established to increase the reflectance.
It is notable that the coating reflectance increase as temperature elevates (Fig. 2b) at a fixed current
density of 5 A/ dm?, indicating that a higher temperature is thermodynamically favourable to create
the anodization equilibrium. However, cracking likely to occur on the coating film (Fig. 2¢) at a
higher temperature (8°C or above), due to the localized stress during the intensive growth of layer.
Hence, a combination usage of temperature and current density can fulfil a highly controlled
surface roughness with superior reflectance characteristics.

The solar absorptivity (as) and emittance (¢) for the anodized surfaces under different
processing conditions are summarized in Fig. 2d-2e. A set of absorptance («;) values are obtained
as 0.673,0.897, 0.921, 0.881, 0.845, at a various current density setting from 1 A/dm? to 9 A/dm?,
respectively. Compared with the smooth untreated aluminium alloy surface with an absorptivity
of 0.557 and an emittance of 0.16, significant enhancements are achieved with an absorptivity of
0.921 and an emittance of 0.96 for the anodized layer. When the anodizing temperature increases
(Fig. 2e), the solar absorptivity shows a decreasing trend from a value of 0.921 at 0 °C, to a value
of 0.862 at 10 °C. By plotting the absorptivity and emittance as a function of coating thickness
(Fig. 2f), both absorptivity and emittance increase when the thickness increases initially, then

reaches a plateau at around 50 um. Our hypothesis is that the surface homogeneity at around 50



um provides the best absorbing feature. Detailed 3D profiling on porous morphology (including
film qualities and structures) would be a direct evidence to support this point, however, the
challenge in instrumentation remains in exploring the 3D porous morphology at this moment,

therefore, we defer this part of investigation to the future work.

3.3. Corrosion resistance of black coated aluminium alloys under UV radiation

We next characterize the CTC coating layer under UV irradiation (400 nm). Prior to the UV
irradiation, the potentiodynamic polarization curves are benchmarked in Fig. 3a and 3¢, where the
best coating corrosion resistance appears with a maximum corrosion current density and a self-
corrosion potential of 1.148E-5 A/cm? and -0.545 V at a current density of 5 A/dm? under 0 °C.
After UV irradiation, the potentiodynamic polarization curves (Fig. 3b and 3d) suggest limited
changes on the overall corrosion current density. For the CTC layer fabricated at an optimal state
with a current density of 5 A/dm? and a temperature of 0 °C, the surface achieved a maximum
corrosion current density value of 1.659E-5 A/cm? and a self-corrosion potential of -0.565 V,
which shows an effective UV shielding feature for the CTC layer. This improvement is attributed
to an accelerated rate of dissolution of ions, leading to initiation of corrosion/pitted surface when

the temperature and anodic current density increase.

3.4. Silane assisted superhydrophobicity and validation of characteristics

One of the essential criteria for a coating technology to be used in aerospace engineering, is
the surface icephobicity[36-40]. Alongside with the recent anti-icing perspectives by using heated
surface[41], textured surfaces[42-45], latest approach of liquid infused surface present a low cost
and programmable strategy to distinguish itself from above[46-48]. Here, we develop a hybrid

strategy by applying a silanization layer to seal the anodized porous surface (Fig. 4a), via a



hydrolysis reaction (Fig. S6), where the silanol groups react with the hydroxides to generate strong
Si-O-Me metal bonds. The silane reaction on the surface imparts the necessary hydrophobic
character due to the controllability over interpore distance present on the thermo-anodized
aluminium oxide surface by providing more contact area between liquid impregnated surface
(Wenzel state)[49]. Such Si-O-Me network is expected to collaboratively work with the anodized
porous surface to provide a robust superhydrophobicity to prevent the penetration of corrosive

solution (Fig. 4b). The above reactions are illustrated as following:

NH2(CH2)3S1(OC2Hs)3 + 3H,O—NH2(CH>)3S1(OH); + 3C,HsOH 3)
Al(OH)3 + NH2(CH3)3Si(OH); — (OH)2AI-O-S1(OH)2 NH2(CHz); + H20 4)
NH2(CH2)3Si0OH + NH2(CH2)3SiOH —NH»(CH»)3Si-O-SiNH2(CH); + H2O (%)

The optimal surface is achieved at an annealing temperature of 30 °C (Fig. 4¢), where the
surface roughness result shows a small value of 930 nm with no obvious changes on overall coating
thickness. The reflectance result (Fig. 4d) also reveals limited changes with stable plateau values
due to the well-maintained thickness. While the emissivity results can be measured, the solar

absorptance values are calculated from following equation, as= 1 —ps= Jinz paSadi/[iin2 pady, Wwhere

ps is the reflectance of coating and S;. is the solar radiation spectrum. An emittance peak value
(0.975) is obtained at a hydrolysis temperature of 50 °C (Fig. 4e), while the absorptance remains
almost unchanged. Considering the diameter of pores between 10-50 nm (Fig. S7), the light, whose
wavelength is normally in hundreds of nanometres, is too large to enter the oxide layer pores
caused by uneven roughness on the surface. Hence, the surface roughness should be considered
before annealing silane on the surface to determine a superior emittance and absorptance

characteristics.
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3.5. Anti-icing performance

The resistance of water residual onto the silane coated porous anodic aluminium oxide layer
can delay the formation of ice, which can be explained by the hypothesised wenzel to cassie-baxter
transition (Fig. 5a). In Fig. Sb-Se, contact angle (CA) results demonstrate the shifting of CA value
from 74° at an annealing temperature of 20 °C, to 134.5° when the silane layer is annealed at 40 °C.
For the porous alumina surface without silane layer, a contact angle of less than 60° is obtained
due to the impregnation of water droplet within the porous surface which present a typical
hydrophilic state. When the porous aluminium surface is incubated with silane layer at a low
temperature, a moderately increasing CA of 80° is appeared indicating a full wenzel or near-wenzel
intermediate state on the surface. When the surface is further incubated at a higher annealing
temperature of 30°C, a strong adhesion between silane coating and the anodic surface is facilitated
with an apparent CA of 125°, which show a complete or near-cassie intermediate state. A
programmable surface wetting state can be realised by varying the annealing temperature of silane

coating, to induce the transition between Wenzel to Cassie state.

Du et al [50] reported the ineffective performance for the sole Si-O-Me network on flat
aluminium to resist the icing of water, however, the Si-O-Me network on porous anodized surface
in our study remains hydrophobic after immersing in water for 100 hours (CA ~ 119° £ 9°), and
exhibited robustness (~ 15° decrease in static CA) after 50 rounds of icing tests, as shown in Fig.
S8. The summary of CA and contact angle hysteresis (CAH) in Fig. Sf shows that the surface is
mostly hydrophobic and has the lowest CAH value at an annealing temperature of 40 °C. It should
be noted that the CA value decreases with an annealing temperature of 50 °C, which agrees with
the rise in roughness in Fig. 5¢, because of the breaking of thermal dynamic equilibrium at a high

temperature, yielding an early termination of reaction to generate uniform surface silane network.
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The patchy surface is likely to cast negative impact on the initiation of homogeneous Si-O-Me
network, thus reducing the overall surface hydrophobicity. The icephobic measurement was
performed on the surfaces of untreated CTC coating (Fig. 5g) and hybrid CTC surface at an
annealing temperature of 40 °C (Fig. 5i). From Fig. 5g-5j, the icing process takes 15 sec for hybrid
surface, which is 150% of the time on untreated surface (10 sec) and demonstrates an improvement
in the anti-icing function for the hybrid surface. However, the overall anti-icing performance still
needs be improved since the icing time remains rather short, compared with a variety of existing
researches. But the improvement presented in this study point out a research direction which we

will investigate intensively in future.

4. Conclusions

A high-performance CTC coating technology is described by thermo-anodizing the surface
of aluminium alloy to achieve a black coating layer with an emittance of 0.96 and an absorptivity
of 0.921. By tuning the coating parameters, an optimized coating condition is achieved at the
current density of 5 A/dm? and anodizing temperature of 0 °C. Moreover, the CTC coating present
a good resistance to UV irradiation, which enables an UV shielding effect for the emerging
applications in civil and aerospace engineering. By further constructing a hybrid layer via creating
a silane layer to seal the CTC surface, a hydrophobic coating can be facilitated with anti-icing
feature that can delay the freezing of water droplet on the surface of AA2024 aluminium alloy.
This thermo-anodization strategy is expected to advance the coating technology towards future

aerospace engineering.
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Fig. 1 Schematic illustrations of (a) anodic oxidation mechanism and (b) formation of porous
surface layer on aluminium alloy during the thermo-anodization. SEM observations of surface
morphology for coatings at (¢) 1 A/dm?, 0°C; (d) 5 A/dm?, 0°C; (e) 5 A/dm?, 10°C. AFM profiles
for the surfaces fabricated at (f) 1 A/dm?, 0°C; (g) 5 A/dm?, 0°C; (h) 5 A/dm?, 10°C. Coating
thickness and roughness results as a function of (i) oxidization current density at a fixed

temperature of 0 °C, and (j) oxidization temperature at a fixed current density of 5 A/dm?.

Fig. 2 The spectral reflectance plots versus (a) different current densities at 0 °C for 60 min, (b)
different temperatures under 5 A/dm? for 60 min. (c) The SEM image of thermo-anodized surface
at 8 °C. Solar absorptivity and emittances at (d) different current densities and (e) different

anodizing temperatures. (f) absorptivity and emittance for the coatings versus coating thicknesses.

Fig. 3 Potentiodynamic polarization curves of coated aluminium alloys at 0 °C for 60 min under
different current densities in 3.5% NaCl solution, (a) without UV irradiation, (b) under UV
irradiation (400 nm). Potentiodynamic polarization curves of coated aluminium alloys at 5 A/dm2
for 60 min under different temperatures in 3.5% NaCl solution (c) without UV irradiation, (d)

under UV irradiation (400 nm).

Fig. 4 (a) The schematic of fabricating hybrid hydrophobic surface by silanization. (b) SEM of
hybrid AAO coatings by silanizing using KH-550 at 30°C. (c) The thickness and roughness of
coatings after annealing at different temperatures. (d) The reflectance results of untreated coating
and hybrid coatings at different temperatures. () absorptivity and emittance for the hybrid coatings

annealed at different temperatures.

Fig. 5 Schematic illustration of the hydrophobic state in (a). Observations of contact angles for
sample with (b) no seal and with AAO coatings annealed at (¢) 20°C, (d) 30°C, (e) 40°C. (f)
Summary of contact angles with contact angle hysteresis data. Observations of icing process of a
single droplet of DI water on untreated CTC surface (g) liquid as deposited and (h) frozen state,

and on hybrid surface with silane annealed at and 40 °C (i) liquid as deposited and (j) frozen state.
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