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Article Info  Abstract 

Article History:  Numerous subsystems make up a spaceship, requiring temperatures within 
narrow parameters to perform at peak performance. By carefully choosing the 
thermal and optical characteristics, notably solar absorption and infrared 
Emittance, the passive thermal controller plays a crucial part in keeping spaceship 
components within the necessary temperature ranges. Plasma electrolytic 
oxidation (PEO) of AA5052 studies to develop a solar glass coating suitable for use 
in outer space. An electrolyte of sodium silicate (Na2SiO3) to create these coatings. 
Specifically, the layer's thermal and optical performance is investigated as a 
function of pulse on time, process time and pulse frequencies, and the electrolyte 
composition used. The PEO coating thickness is personalized to achieve thermo-
optical qualities on par with or better than those achieved with standard sulphuric 
acid anodizing. The improved coating is put through its paces to ensure it can 
function as a thermal control surface in space, with testing including adhesion, 
humidity, and performance in simulated space conditions including thermal 
cycling and thermo-vacuum. The morphological, microstructural characteristics, 
and arrangement of coatings achieved through the PEO progression and 
conventional sulphuric acid anodizing are compared using X-ray diffraction (XRD), 
scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy 
(XPS). 
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1. Introduction 

The One side of a spaceship may be subjected to intense heat from the sun, while the other is 
subjected to freezing conditions in interplanetary space [1]. Even more so, as the spacecraft enters 
an eclipse, some of its non-operational components endure shallow temperatures while its 
operational features experience higher temperatures [2]. This severe thermal environment 
imposes a temperature difference of several hundred degrees Celsius. However, there is a small 
temperature range in which the various spacecraft components and electronics can operate at their 
optimum [3]. Thermal control is a fundamental design consideration to keep all mission 
subsystems within their temperature limits throughout the task. Using surfaces with suitable 
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thermo-optical properties, like absorption (α)and Emittance (ℇ), passive thermal control methods 
provide very reliable temperature management of spaceship components [4-6].  

Aluminum undergoes anodization, also known as electrochemical oxidation when it is immersed 
in an electrolyte solution and then electrolyzed to create a thin, protective oxide layer on its surface 
[7]. Emittance values as low as 0.03 can be achieved on a polished aluminum metal surface; this 
value can be significantly improved with anodization. The IR emissivity of a conventionally 
anodized sulfuric acid coating is 0.77, but the solar absorption is only about 0.34 [8,9]. As a result, 
the anodic film acts as a highly effective solar reflector. However, there are environmental concerns 
with the anodization process due to the use of powerful acids and the difficulty in properly 
disposing of them [10-12]. As a result, there is perpetual pressure to find a better coating method 
that may enhance functional characteristics while still satisfying the demanding standards of 
current environmental regulations [13].  

The basic idea is the same as anodizing, but the voltages are much higher, and the oxide is formed 
through a dielectric breakdown in the form of micro-discharges [14,15]. Generally speaking, 
researchers agree that all variations of the PEO process can be deemed environmentally friendly, 
as the electrolyte employed for this process comprises mild alkaline solutions [16-18]. Coatings 
made from polyethylene oxide (PEO) are renowned for protecting against corrosion, increasing 
hardness, and resisting heat and electricity. In recent literature, PEO coatings have even been 
proposed as an impregnate for sol-gel coating on Al and Mg alloys [19]. PEO coatings have several 
potential uses, including in the extreme space conditions, but little research has been done on their 
thermo-optical properties [20]. This study aims to use plasma electrolytic oxidation to create an 
oxide layer on AA 5052 alloy for heat management applications. Authors systematically examine 
the impact of various operating conditions to achieve an oxide coating with thermo-optical 
properties similar to those achieved through traditional sulphuric acid anodization.  

Due to the inaccessibility of a spacecraft once it has entered orbit and the extreme corrosiveness of 
space settings, coatings developed for usage in space applications require higher standards and 
more excellent dependability [21]. Coatings like this need to endure the extreme heat and pressure 
of the launch phase, the vacuum of space, ionizing radiation, high-energy charged particles like 
electrons and protons, and wildly fluctuating temperatures in orbit [22], [23]. If coatings on 
spacecraft parts aren't applied perfectly, it could negatively affect the functionality of a certain 
subsystem, which could cause problems throughout the spacecraft. Therefore, the coatings 
obtained using the finalized parameters are put through a battery of tests to determine whether or 
not they are suitable for use in space, including adhesion and humidity testing, thermal cycling, and 
thermo-vacuum experimental tests [24]. These expedited tests disclose any change in the coating's 
s and IR values that may have occurred over the spacecraft's entire operational lifetime [25], [26]. 
SEM, EDX, XPS, and XRD are all used to learn more about the coating.  

Friction riveting is an emerging technique for joining lightweight materials; however, its 
application is limited by the requirement of specialized force-controlled equipment. [27]. This 
study focuses on the development of Al-based metal matrix nanocomposites reinforced with 
graphene nanoplatelets (GNP) using powder metallurgy. The results show that the addition of GNP 
significantly enhances mechanical properties and corrosion resistance compared to pure 
aluminum [28]. Metal matrix composites (MMCs) exhibit superior mechanical and tribological 
properties compared to base alloys. [29]. The water-quenched Cr-reinforced Al/Cu composites 
exhibit superior hardness, compressive strength, and wear resistance compared to oil-quenched 
samples [30. 

Although plasma electrolytic oxidation (PEO) coatings have been widely investigated for thermal 
control applications on aluminum alloys, limited studies have systematically addressed the 
behavior of Mg-containing AA5052 and the influence of electrolyte concentration on its thermo-
optical performance and long-term environmental stability. A systematic correlation between 
Na₂SiO₃ electrolyte concentration, discharge characteristics, coating morphology, and resulting 
solar absorptance (α) and infrared emittance (ε) is established. Furthermore, unlike earlier studies, 
the optimized coatings are subjected to comprehensive space-simulated environmental testing, 
including thermo-vacuum, thermal cycling, and humidity exposure. This combined approach 
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provides both process-level optimization and application-level validation, contributing to the 
development of durable and environmentally sustainable thermal control coatings for spacecraft 
applications. 

2. Experimental Procedure 

Samples of AA5052 alloy in the form of disks are developed using plasma electrolytic oxidation 
coating using a silicate-based electrolyte. The plasma electrolytic oxidation (PEO) treatment was 
carried out using a pulsed DC power supply under galvanostatic mode at an applied current density 
of 10 A·dm⁻², with a corresponding voltage range of 300–520 V during the oxidation process. A 
pulse frequency of 1000 Hz and a duty cycle of 20% (ton/toff controlled) were maintained 
throughout the treatment. The total processing duration was 15 minutes for all coated samples. 
The electrolyte consisted of an aqueous sodium silicate (Na₂SiO₃) solution at optimized 
concentration of 90 gl-1, and the temperature was maintained below 30°C using continuous 
stirring and external cooling to ensure stable discharge behavior and uniform coating growth. The 
samples are degreased in room-temperature isopropyl alcohol for 10 minutes to get rid of any oil, 
lubricant, or dust. Rinsing the specimen with distilled water follows. A polypropylene tank with a 
25 ltr capacity holds the electrolyte, a sodium silicate solution with a concentration of 30gl-1. 
Authors used the sample as the anode and a thin sheet of stainless steel for the cathode. For this 
procedure, we employ a 25kW custom-built PEO power supply. This procedure utilizes a positive, 
unipolar, square-wave pulsed current. The processing tank has stainless steel cooling coils installed 
inside, which circulate cold water to maintain an electrolyte temperature below 25⸰C. The cleaned 
and prepped samples are given a final rinsing in DM water before being dried with a hot air pistol.  

Several factors, including pulse frequency, electrolyte arrangement, mean current density, process 
time, and pulse on time, are studied to understand the coating's thermo-optical performance better 
[31]. The concentration of Na2SiO3 is varied from 30 gl-1 to 150 gl-1, and the average current density 
is held constant at 9 Adm2 for 35 minutes. With a steady pulse frequency of 400 Hz and pulse on-
time of 550 µs, a duty cycle of 15% is achieved. To examine the effect of process time on coating 
viscosity and the associated thermal and optical characteristics, samples are processed at a mean 
current density of 9 A dm2 for 15, 25, 35, 45, 55, and 65 minutes employing a 90 gl-1 Na2SiO3 

electrolyte. To analyze the impact of pulse frequency on the thermal and optical characteristics, 
specimens are generated at variant frequencies (100, 250, 400, 550, and 700 Hz) while maintaining 
a constant pulse on-time of 550 µs and a persistent mean current density of 9 Adm2. Coatings are 
made with different average current densities (3, 6, 9, 12, and 15 A dm2) and pulse on time (100, 
250, 550, and 700µs) to further examine the impact on thermo-optical properties. On the other 
hand, traditional anodization calls for a sulphuric acid electrolyte, a current density of 3Adm2, and 
a hydrothermal sealing process of 1 hour in boiling water. To investigate the impact of coating 
viscosity on thermal, and optical characteristics, specimens are anodized for varying durations 
(from 15 minutes to 65 minutes).  

To process PEO samples of varying thicknesses, a solution containing 90 gl-1 Na2SiO3 is used, with a 
mean current density of 9 A dm2 two and pulse frequencies and pulse on-time, respectively, 400 Hz 
and 550 µs. The samples are then hydrothermally sealed in boiling water for 1 hour. Next, stuffed 
specimens are compared to unsealed samples of the same thickness and with the exact 
specifications regarding their thermo-optical properties.  

Each process's voltage-time response is measured and then compared. Each sample was assessed 
for its coating thickness on both sides, and then statistical procedures were applied to generate an 
average value with slight variation. The Solar Spectrum Reflectometer (SSR) and the micrometer 
(AE) are used to measure the absorption and emission [32]. Surface roughness measurements were 
performed using a Surtronic 3+ stylus profilometer with a cutoff length of 2.5 mm and an evaluation 
length of 8 mm. For each sample, measurements were taken at six different locations to ensure 
repeatability, and the average values of Ra (arithmetic mean roughness) and Rq (root mean square 
roughness) were reported along with standard deviations. The stylus tip radius was 5 µm, and the 
applied force was maintained constant to avoid surface damage. Similarly, the Surtronic 3+ is used 
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to assess the coating's surface roughness utilizing a stylus probe at an evaluation length of 8.00 mm 
[33,34]. Later, the surface roughness measurements from both techniques are compared.  

The energy-dispersive X-ray spectroscopy instrument is permanently attached to the scanning 
electron microscope and is used to determine the elemental composition of the deposit [35]. For 
our X-ray diffraction studies, authors employ a Philips X'pert-Pro instrument set to 45 kV and 35 
mA, radiating with Cu K rays (α= 1.6206) and scanning from 10° to 100° at a rate of 0.15° s 1 with 
a step size of 0.03°. A SPECS spectrometer using AlK radiation (1512.6 eV) at 160 W (13 kV, 14 mA) 
is used to conduct X-ray photoelectron spectroscopy (XPS) experiments on anodized and PEO 
coatings. The C1 s peak is positioned at 291.7 eV, and binding energies are provided about this 
value. One uses a pass energy of 80 eV and a step increment of 0.6 eV to acquire the survey spectra, 
whereas one uses pass energy of 45 eV and a step increment of 0.06 eV to obtain the individual 
spectra. The Si2p core-level spectra are cleaned of Shirley noise, and then the data is fitted using 
the Casa XPS program.  

The space routineness of a Plasma Electrolytic Oxidation coating is determined by putting it 

through tests in a space environment simulator after the parameters have been finalized [36]– 

[38]. The results can be trusted because they are replicated using the same four samples for 

each test. Coatings are monitored for consistent thermo-optical behavior by measuring their 

solar absorption (αS) and infrared Emittance (ℇIR) after each environmental test.  

3. Results and discussions  

3.1 Traditional Anodization Using an Electrolyte of Sulphuric Acid (H2SO4)  

The influence of processing time on anodic coating thickness is presented in Figure 1. The graphic 
makes it very clear that the slope of the thickness Vs. after 35 minutes of process time. To rephrase, 
the coating growth rate slowed after the initial 35 minutes of processing time elapsed. Since the 
electrical resistance of the coating increases with coating thickness, current flow is delayed, and 
the coating's growth rate decreases. As the coating thickness increases, the electrical resistance 
across the oxide layer rises, leading to localized temperature elevation at the metal–electrolyte 
interface, which reduces the effective coating growth rate due to enhanced oxide restructuring and 
partial breakdown. The rate of anodic coating breakdown increases with time, causing a decrease 
in the coating growth rate [39].  

 

Processing Time 
(min) 

Thickness (µm) 

15 7 ± 0.14 µm 
25 14 ± 0.28 µm 
35 21.5 ± 0.43 µm 
45 25.5 ± 0.51 µm 
55 29.5 ± 0.59 µm 
65 34 ± 0.68 µm 

 

Fig. 1. Comparison of coating thickness and process time for conventional H₂SO₄ anodization 

In Fig. 2, authors can see the measurements results of the thermo-optical properties of coatings of 
varying thicknesses. Coating emittance increased from 0.82 at 7 µm to 0.94 at 21 µm, and further 
to 0.96 at 35 µm, indicating a significant overall improvement of approximately 17%; however, the 
rate of increase beyond 21 µm is relatively small, suggesting a saturation trend in emittance with 
increasing coating thickness. The absorbance of the anodic film increased from 0.342 for a 7µm 
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coating to 0.378 for a 21µm coating and 0.436 for a 35µm coating. The outcome was a decrease in 
the α/ℇ ratio, reaching a minimum at a coating thickness of 25 nm, followed by an increase in that 
value. The hydrothermally sealed, 42 µm thick anodic coating's 0.382 absorptions and 0.98 
emittances make it an effective solar reflector.  

 
Fig. 2. Thermal optical characteristics of anodic coating on variant viscosity 

3.2 Optimum of Plasma Electrolytic Oxidation Processing Factors 

3.2.1 Impact of Na₂SiO₃ Concentration 

The voltage and process time response are shown to be affected by the sodium silicate content of 
the electrolyte (Figure 3a). An increase in Na₂SiO₃ in the electrolyte has been shown to drastically 
reduce the breakdown voltage from 492 V to 324 V. According to prior research by author [40], 
this behavior can be understood as the result of an increase in the conductivity of the solution with 
a rise in Na₂SiO₃ of the electrolyte. When the Na₂SiO₃ concentration is 120 gl-1 or higher, the 
voltage-process time plot also shows significant voltage variations. 1. The metal-oxide boundary is 
thought to be the source of the powerful and long-lasting sparks responsible for this phenomenon 
[41,42]. These discharges are considered to the coating growth rate because they prevent the 
production of a protective oxide layer. Intense fluctuations in voltage as a function of time may be 
due to the dissolution of an oxide layer that grows thinner with increasing sodium silicate 
concentration. So, taking everything into account, the best silicate concentration for future studies 
is 90gl. 

 
(a) 
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3.2.2 Impact of Process Time  

In Fig 4, shows the coating thickness changed as a function of the applied voltage and processing 
time. Figure 4 illustrates (a) the variation of coating thickness with processing time and (b) the 
corresponding voltage–time response during the PEO process. When equated to the anodic 
process, the coating growth rate in PEO is dramatically faster. When correlated to the PEO 
procedure, which yields a coating thickness of 91 µm after 65 minutes of processing, conventional 
anodization causes a coating thickness of 35µm. The mechanism for coating production is different, 
which is the primary factor. Oxide production in the PEO process happens through melting and re-
solidifying the previously created oxide layer [43]. Hence the resistances of the oxide layer do not 
affect the growth rate in any way, in contrast to the anodization process.  

The thermo-optical properties are plotted against coating viscosity to determine the thinnest 
Plasma Electrolytic Oxidation coating that displays qualities identical to anode coating (Fig. 5). 
Coating emittance improved from 0.81 for a 14µm coating to 0.98 for a 91µm coating. It was 
determined that an emittance value of 0.98 corresponds to a coating thickness of roughly 42µm, 
which is on par with a conventionally anodic specimen with a viscosity of approximately 21µm 
[44]. But the ratio of Absorptance to Emittance systematically decreases as coating thickness 
grows, going from 0.439 for a 14µm coating to 0.353 for a 91µm coating.  

 
(a) 

Process Time 
(min) 

Coating 
thickness (µm) 

15 14 ± 0.28 
25 28 ± 0.56 
35 43 ± 0.86 
45 58 ± 1.16 
55 73 ± 1.46 
65 91 ± 1.82 

 

 
(b) 

 
 
 
 

Concentration 
Na₂SiO₃ (g l-1) 

Viscosity (µm) 

30 18 ± 0.36 
60 26 ± 0.52 
90 45 ± 0.90 

120 63 ± 1.26 
150 37 ± 0.74 

 

Fig. 3. (a) Impact of Na₂SiO₃ on coating viscosity, (b) Impact of Na₂SiO₃ on voltage–process time 
response 
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(b) 

Fig. 4. (a) Coating thickness Vs. Process time for the specimen in 90 gl−1 of Na₂SiO₃ b) Impact of 

process time on the voltage concerning sample time in 90 gl -1 of Na₂SiO₃ 

 
Fig. 5. Thermal optical characteristics concerning coating viscosity 

One possible explanation is that various coatings undergo distinct microstructures and 
compositions due to variations in the underlying process mechanisms [45]. Compared to a typical 
anodized sample with a 21µm, the absorptance value with a PEO coating thickness of 42µm is 0.382. 
Therefore, PEO covering 42µm thick was deemed adequate for a solar reflector. This means that 
35minutes is the settled-upon process time for the PEO procedure. 

3.2.3 Impact of Pulse Frequency  

The voltage and process time plot and the resulting coating thicknesses at various pulse 
frequencies are shown in Figures 6a and b, respectively. When processing at a low frequency of 
100Hz, the output voltage rises to a peak of 674.6V after 35 minutes of processing, which is 
significantly higher than the initial voltage of 571.4 V measured after 1 minute of processing. Since 
the power source can only produce up to 700 V, working at lower frequencies presents practical 
challenges, especially with more extensive surface area samples. Furthermore, the low-frequency 
voltage-time graph demonstrates several voltage changes during the process, albeit of less 
amplitude. The starting and ending voltages drop dramatically as the frequency rises; at 400Hz, the 
values are 396.4 V and 510.7 V, respectively. Voltage-time graphs show that significant voltage 
fluctuations begin at pulse frequencies above 400Hz. This method is found to work best with a 
pulse frequency of 400Hz. From 100 to 550Hz, there is a slight shift in coating thickness from 33 to 
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43 µm, and from 550 to 700Hz, the viscosity drops to 42µm (Fig. 6b). Thermo-optical 
characteristics also change slightly in figure. 6c.  

  

 
Fig. 6. (a) Impact of process time and voltage concerning pulse frequency, (b) Impact of pulse 
frequency on the viscosity of coating, and (c)Difference of thermal and optical characteristics 

function of pulse frequencies 

3.2.4 Impact of Pulse On‑Time  

The rate of growth in the process or the coating does not appear to affect the proportion of on-time 
occurrences. Sodium silicate's voltage-time response is positively affected by the on-time at a pulse 
frequency of 400Hz and a mean current density of 9 Adm2, as illustrated in Figure 7. Coatings 
developed had a thickness of around 42 m (±3 m). Therefore, their thermo-optical characteristics 
were also stable. For 35 minutes in a 90gl-1 electrolyte. 

3.2.5 Impact of Mean Current Density  

At sufficiently high output voltages, the same pattern emerges in the voltage-time responses over 
a range of average current densities. It was found that the average current density was 
approximately linearly related to the coating growth rate and, by extension, the coating thickness. 
Modifications in thermo-optical characteristics reflect these tendencies. Variation in findings 
cannot be attributed to average current density alone due to the influence of thermo-optical 
characteristics on coating thickness. Samples are manufactured at various current densities over 
varying times to ensure that the average coating thickness is approximately 42 m (±3 m) in each 
case, removing viscosity's effect on the established impact of average current density on the 
thermo-optical properties. Assuming a linear rise in thickness with time, the processing time is 
determined for each average current density by dividing the rate of thickness buildup by the 
average current density. Accordingly, procedures utilizing average current densities of 3, 6, 9, 12, 
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and 15 Adm-2 call for 100, 48, 34, 22, and 16 minutes, respectively. Fig. 8 shows that the mean 
current density has little impact on the coating's thermal optical characteristic, as absorption and 
emittance values are identical for all the layers. 

 
Fig. 7. Impact of process time and voltage concerning pulse on time 

  

Fig. 8. Thermal optical characteristics of mean current density for Plasma Electrolytic Oxidation 
coatings of around 42 ± 3μm viscosity 

3.2.6 Impact of Hydrothermal Sealing  

Thermo-optical characteristics of thin samples were shown to be unaffected by hydrothermal 
sealing, while thicker models were affected (Fig. 9). It's important to note that the ratio α/ℇ did not 
alter even when both emittance and absorption levels decreased. Due to its significance in thermal 
control design, the α/ℇ value is shown to be unaffected by hydrothermal sealing without 
compromising the coating's thermo-optical behavior.  

Table 1. Output factors for plasma electrolytic oxidation coating 

Electrolyte elements 
Sodium meta silicate (𝑁𝑎2𝑆𝑖𝑂3. 9𝐻2𝑂) 90 gl-1 

Process factors  
Duty cycle 15% 

Mean current density 9Adm-2 
Pulse on-time 550µs 

Processing time 35 min 
Pulse frequency 400 Hz 
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Authors comprehensively study how various operational parameters affect the coating 
development rate and the coating's thermo-optical behavior to produce a Plasma Electrolytic 
oxidation coating with a mean viscosity of 42±3 µm demonstrating thermal-optical attributes 
similar to that of standard anodized coatings. Table 1 displays the fine-tuned processing factors for 
creating a Plasma Electrolytic oxidation coating with ℇ=0.81 and α=0.386, ideal for use as a solar 
reflector. 

 

Fig. 9. Hydrothermal sealing of coating after Plasma Electrolytic Oxidation process and its effect 
on thermal and optical characteristics 

 

3.3 Properties of the Optimum Plasma Electrolytic Oxidation Coating  

3.3.1 Coating Existence and Roughness of The Surface  

Plasma Electrolytic Oxidation coatings are discovered to be roughly and whitish-grey, in contrast 
to the anodic coating's smooth and translucent look. Compared to an anodized sample with an RMS 
roughness of 0.31µm, a PEO-coated model has a roughness of 4.46µm.  

Table 2. Surface roughness factors of the anodic specimen and Plasma Electrolytic Oxidation -
coated specimen 

Roughness factors Anodized aluminum PEO coated aluminum 

Rq  0.26±0.02 µm 4.34±0.15 µm 

Rq  232±5 nm 4528±90 nm 

Ra  181±4 nm 3612±72 nm 
 

Table 2 displays the roughness parameters—Rq is the root-mean-square roughness, and Ra 
(arithmetical mean roughness) is defined as the arithmetic average of the absolute values of the 
surface height deviations measured from the mean line over the evaluation length, in accordance 
with ISO 4287—attained for the two coating types. Results are similar to those obtained with a 
standard contact surface profiler in roughness. In Table 2, first Rq denotes surface profiler and 
second Rq denotes nano profilometry. 

3.3.2 Surface Morphological Properties and Elemental Arrangement 

Figure. 10a and b show corresponding scanning electron micrographs of a Plasma Electrolytic 
Oxidation -coated specimen and an anodized specimen. On the other hand, PEO-coated characters 
showed a very distinct morphology under the same magnification, most likely because of the 
differing coating growth mechanism involved in the two processes. Comparatively bigger pores can 
be seen in the Plasma Electrolytic Oxidation coated specimen compared to the anodized sample.  
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Immersing the anodized specimen in demineralized (DM) water at or near boiling temperature 
generates minor fractures in the film's surface, known as hot water sealing. Due to the enormous 
difference in the coefficient of thermal expansion between metallic aluminum and aluminum oxide, 
thermal pressures can cause anodic coatings on aluminum to crack or craze. The method of coating 
growth inherent to PEO coating is responsible for its characteristic shape. When the breakdown 
voltage is reached, the coating dielectrically breaks down, forming several discharge channels. The 
coating material melts due to the high temperature produced by the micro-discharges, and the 
liquid is then ejected down the discharge channels. As the electrolyte cools the molten material, the 
structure takes on a volcanic aspect as the gaseous products escape through the discharge channels. 
The increasing oxide layer undergoes multiple cycles of melting, melt flow, re-solidification, and 
sintering, which results in a consistent and uniform increase in coating thickness. Moreover, 
microcracks appear on the coating due to the inherent tension caused by the deposition process.  

  

Fig. 10. Scanning electron microscopic images of (a) plasma electrolytic oxidation -coated 
specimen and (b) anodic specimen 

Immersing the anodized specimen in demineralized (DM) water at or near boiling temperature 
generates minor fractures in the film's surface, known as hot water sealing. Due to the enormous 
difference in the coefficient of thermal expansion between metallic aluminum and aluminum oxide, 
thermal pressures can cause anodic coatings on aluminum to crack or craze. The method of coating 
growth inherent to PEO coating is responsible for its characteristic shape. When the breakdown 
voltage is reached, the coating dielectrically breaks down, forming several discharge channels. The 
coating material melts due to the high temperature produced by the micro-discharges, and the 
liquid is then ejected down the discharge channels. As the electrolyte cools the molten material, the 
structure takes on a volcanic aspect as the gaseous products escape through the discharge channels. 
The increasing oxide layer undergoes multiple cycles of melting, melt flow, re-solidification, and 
sintering, which results in a consistent and uniform increase in coating thickness. Moreover, 
microcracks appear on the coating due to the inherent tension caused by the deposition process.  

The EDX spectra of the PEO coating and the anodic coating (Figure 11b) are presented. Insets depict 
the parts of each coating type. There is little sodium in PEO coatings, along with Al, SiO2, and O2 
(Fig. 11a). Anion species from the electrolyte, most notably SiO32, contribute to the development 
of the coating, accounting for its comparatively high silicon content. Anionic species in the 
electrolyte enter the channel via electrophoresis under the influence of the strong electric field 
during the ejection of molten materials through the discharge channels, react with the molten 
material, and become incorporated into the coating during the rapid solidification process. The 
incorporation of the cationic species of the electrolyte into the layer during the plasma discharges 
is responsible, to a lesser extent, for the presence of sodium in the coating. The anodic coating 
consists mainly of aluminum and oxygen, with smaller amounts of sulfur (3.14 atomic %) and 
silicon (trace amounts) (Fig. 14b). Anodizing in a sulphuric acid electrolyte incorporates SO42 ions 
into the anodic oxide layer, giving the film a sulfurous tint. Because silicon is an alloying element in 
AA 5052, trace amounts of silicon can also be found in the coating.  
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(a) 

 
(b) 

Fig. 11 Energy Dispersive X-ray spectroscopy and elemental analysis of (a) plasma electrolytic 
oxidation -coated specimen and (b) anodized specimen 

3.3.3 X‑Ray Diffraction Analysis 

The X-ray diffraction patterns for PEO and anodic coatings are displayed in Figures 12a and b, 
respectively. Aluminum (substrate) peaks at two values of 41.5°, 47.2°, 69.2°, 81.2°, and 85.8° were 
attributed in the XRD examination of both coatings.  

When X-ray diffraction (XRD) patterns are examined, they show that neither the PEO nor the anodic 
coatings have any microstructure discernible to the X-ray beam. Peaks in the XRD pattern 
consistent with aluminum may be traced back to the aluminum in the substrate thanks to the way 
X-rays can pass through the coating and into the substrate.  
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(a) 

 

(b) 

Fig. 12. XRD pattern of (a) plasma electrolytic oxidation -coated specimen and (b) anodic 
specimen 

3.3.4 Analysis of X‑Ray Photoelectron Spectroscopy  

XPS survey spectrum of anodic and Plasma Electrolytic Oxidation coatings are displayed in Figure 
13. Al and O species can be seen in the ranges of an anodized coating, while Si and O can be seen in 
a PEO coating's spectrum. Figure 14a displays the XPS data for the Aluminum core levels of the 
anodic and Plasma Electrolytic Oxidation layers. Al2p has a peak at 75.3 eV in the anodized coating, 
and this energy is attributed to Al2O3. However, PEO coating has a modest Al2p elevation. Coatings 
made of polyethylene oxide (PEO) have a broad Si2p core-level spectrum, representing the 
existence of several Silicon species.  

Presented in Fig. 14b is a curve fit into the component-peak form of this spectrum. Peaks in the Si2p 
range at 104.6, 107.8, and 109.8 eV represent SiO, alumino-silicate, and Si-OH species. These peaks 
are 24, 65, and 18% concentrated, respectively. To be clear that the alumino-silicate species 
predominate in this region. Spectra at the oxygen score level for both coatings are depicted in 
Figure. 14c. The oxide of alumina/alumino-silicate species accounts for the dominant peak at 534.2 
eV. 
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Fig. 13. Survey spectrum of anodic and Polyethylene Electrolytic Oxidation coatings 

 
(a) 

 
(b) 

 
(c) 

Fig. 14. (a) The PEO coating's Si2p core-level spectrum, fit to a curve, (b) Anodized and PEO 
coating O1 score-level spectrum, and (c) Anodized and PEO coatings' Al2p core-level spectrum 
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3.4 Space Criterion of The Optimum Plasma Electrolytic Oxidation Coating  

3.4.1 Photographic Review  

The Plasma Electrolytic Oxidation -coated samples are inspected for discontinuities like fractures, 
patches, excessive buildup, or loose films using a stereo microscope at a magnification of 15. Space 
simulation tests did not cause any visible damage, color change, or coating deterioration, as seen 
under a microscope after the samples were put through the ordeal.  

3.4.2 Adhesive Testing  

The tape peel adhesion test is performed before and after being exposed to the elements. To 
conduct the test, masking tape is applied over the coated surface. After the tape has been 
appropriately positioned on the coated outward, a 2-kg rubber-enclosed roller is rolled over it two 
times. Finally, in one fast action, the tape is taken off. There does not appear to have been any film 
removal that would expose the substrate surface.  

3.4.3 Moisture Test  

This procedure replicates the wet, corrosive conditions present just before liftoff to evaluate how 
well the coating holds up. Authors can learn much about the coating's corrosion resistance and 
stability under humid storage circumstances by subjecting it to humidity tests at slightly increased 
temperatures. This procedure is carried out in a humidity chamber with a thermostatically 
controlled temperature of 52 ± 2°C. The samples are left in a humid environment (96 ± 0.3%) for 
48 hours. The coating's integrity is checked visually after each testing round to ensure it hasn't 
eroded. There was also no discernible shift in the tested values of thermo-optical characteristics.  

3.4.4 Thermo-Cycling Test  

A spacecraft will experience both extremely cold and scorching temperatures throughout its 
lifetime. To find out how well a coating can hold up against repeated high and low temperatures, a 
thermo-cycling test is done. Temperatures in the hot and cold chamber are controlled by a 
thermostat, ranging from -70⸰C to +125⸰C for the test. There are a total of 1500 cycles applied, each 
lasting 5 minutes at each extreme temperature. The samples' thermo-optical properties did not 
significantly alter during the thermal cycling test, and a visual check confirmed no damage to the 
coating afterward.  

3.4.5 Thermo‑Vacuum Behavior Test  

To study the effects of temperature cycling in the harsh space vacuum, a thermo-vacuum 
performance test is carried out. The process is carried out in a Thermovac chamber at a vacuum of 
105 Torr to replicate conditions in space. The PEO-coated samples are cycled through 
temperatures of +125⸰C and -70⸰C for 2 hours at each temperature. This procedure of alternating 
heat and cold soaks is repeated ten times. The optical properties of the test specimens are then 
assessed and analyzed after the tests have been completed.  

3.4.6 Evaluation of Thermal, Optical Characteristics 

After undergoing extensive accelerated aging experiments in a replicated space environment, PEO 
coatings maintained a consistent thermo-optical behavior. Table 3 shows that the tested values for 
solar absorption (αS) and infrared Emittance (ℇIR) do not deviate significantly from the as-
prepared state.  

Recent advancements in PEO-based thermal control coatings have demonstrated that processing 
parameters and electrolyte design significantly influence solar absorbance (α) and infrared 
emissivity (ε) on lightweight alloys. For instance, Tu et al. reported that PEO coatings on 6061 Al 
alloy with K₂ZrF₆ additive achieved substantially reduced solar absorbance and enhanced 
emissivity, with the lowest α (~0.16) and highest ε (~0.72) observed at 15 g·L⁻¹ additive 
concentration, attributed to tailored coating thickness and microstructure effects [46]. Other 
recent studies have explored modified PEO strategies, such as nanoparticle addition to fabricate 
flat absorber coatings with tailored electric shielding and thermal control on 6061 Al, highlighting 
multifunctional performance improvements [47]. In contrast to these reports, the current study 
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systematically optimizes Na₂SiO₃ concentration and electrical parameters specifically for AA5052, 
achieving a balanced combination of high emissivity and competitive solar absorbance while 
validating the coating’s stability under space-simulated environmental conditions, thus addressing 
a recognized need for alloy-specific process refinement and durability assessment in thermal 
control applications. 

Table 3. Experimental results of absorptance (αS) and emittance (εIR) before and after testing 

S. 
no. 

Experimental 
Testing 

Testing of Solar Absorptance (αS) Testing of Infrared Emittance (εIR) 

Before After Before After 

1 

As received 

0.382, 0.371 not applicable 0.96, 0.96 not applicable 
2 0.373, 0.382 not applicable 0.98, 0.98 not applicable 
3 0.379, 0.377 not applicable 0.98, 0.98 not applicable 
4 0.370, 0.371 not applicable 0.98, 0.98 not applicable 
5 

Moisture 

0.386, 0.382 0.393, 0.391 0.96, 0.98 0.98, 0.98 
6 0.370, 0.371 0.382, 0.381 0.96, 0.96 0.98, 0.98 
7 0.369, 0.371 0.381,0.382 0.83, 0.83 0.98, 0.98 
8 0.369, 0.371 0.382, 0.385 0.96, 0.96 0.98, 0.98 
9 

Thermo-cycling 

0.374, 0.372 0.388, 0.386 0.98, 0.98 0.96, 0.96 
10 0.376, 0.378 0.395, 0.392 0.96, 0.96 0.96, 0.96 
11 0.374, 0.372 0.381, 0.379 0.96, 0.96 0.96, 0.96 
12 0.373, 0.370 0.379, 0.388 0.96, 0.96 0.98, 0.96 

13 
Thermo-vacuum 

cycling 

0.373, 0.371 0.377, 0.373 0.96, 0.96 0.98, 0.98 

14 0.373, 0.369 0.378, 0.377 0.96, 0.96 0.98, 0.98 
15 0.372, 0.382 0.375, 0.377 0.96, 0.96 0.98, 0.98 
16 0.376, 0.382 0.379, 0.378 0.96, 0.96 0.98, 0.98 

4. Conclusions  

Using a sodium silicate electrolyte and a unipolar pulsed DC square wave current, PEO coatings on 
AA5052 alloy can be produced. Different operational parameters' effects on the coating's thermo-
optical characteristics are studied in depth. This procedure is improved such that Plasma 
Electrolytic Oxidation coatings with thermal, optical characteristics similar to standard anodic 
coating can be obtained.  

• 1. With a mean coating viscosity of 42 µm and absorption and infra-red emittance values of 
0.382 and 0.98, PEO coatings are shown to have a thermal-optical behavior similar to that of 
standard anodized coating.  

• 2. Coatings made under ideal conditions are put through their paces in space by enduring a 
battery of accelerated aging tests in a laboratory replicating the conditions of outer space. 
After testing, there was no discernible shift in the coating's thermo-optical properties, 
including its solar absorption (αS) and infrared Emittance (ℇIR).  

• 3. Additional techniques for characterizing the coating include SEM, EDX, XRD, and XPS, with 
results compared to conventional anodic coating about morphology, microstructure, and 
composition.  
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