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A B S T R A C T

The energy-efficient flash-PEO (plasma electrolytic oxidation) approach is being investigated to develop thin 
black protective PEO coatings on Al10SiMg alloys fabricated through SLM (selective laser melting). The effects of 
various Flash-PEO treatment durations, ranging within 2–5 min, were investigated in an electrolyte composed of 
phosphate, Na-EDTA, and sodium hydroxide, with ammonium metavanadate added as a coloring additive. The 
correlation among the coating composition, black coloration, and corrosion resistance performance was exam
ined via structural analysis, energy consumption during the process, and EIS analysis. The findings indicate that 
treatment duration, up to the limit of 4 min, substantially influences the development of VOx compounds that 
demonstrate the black hue, with the color transition occurring between 2 and 4 min. However, extending the 
treatment time beyond this limit yielded no further enhancements in color intensity or corrosion resistance. 
Furthermore, the coating demonstrated an energy consumption of 1–2 kW h m− 2⋅μm− 1, increasing the system’s 
hardness by up to five orders of magnitude relative to the bare substrate, yielding |Z|10mHz 3 × 104 Ω cm2 after 10 
days of immersion in 3.5 wt% NaCl solution, while retaining up to 90 % of its ΔE (blackness).

1. Introduction

Additive manufacturing (AM) has rapidly emerged as an effective 
approach for manufacturing complex material components and expe
diting the materials revolution, which has been hindered by traditional 
production processes [1,2]. Aluminum‒silicon (Al‒Si) alloys with great 
machinability, minimum dimensional shrinkage, high fluidity, and good 
weldability have been shown to have significant applications in additive 
manufacturing [3,4]. However, their limited tribological performance, 
poor corrosion resistance and inadequate hardness hinder their appli
cation in scenarios requiring extended service life. Surface treatment has 
become an essential strategy for enhancing the performance of 
aluminum alloys. Among the various functional coatings, black surface 
coatings with high light absorption and infrared radiation are receiving 
significant attention because of their ability to improve the competi
tiveness of aluminum components for aerospace and optical applica
tions, in addition to providing enhanced corrosion protection. Black 
coatings for aluminum alloys have been developed through various 
processes, including organic paints, chemical conversion, electroplating, 
and anodic oxidation [5–9], with a growing need for innovative coating 

techniques that meet stringent environmental regulations, minimum 
energy consumption, and improve performance under harsh conditions.

Plasma electrolytic oxidation (PEO) has recently gained interest for 
the development of black coatings on Mg, Ti, and Al alloys because of its 
high emittance, strong coating/substrate adhesion, and superior corro
sion resistance properties [10–15]. PEO coatings are produced through 
electrochemical oxidation process, wherein metal oxides form through 
simultaneous inward and outward growth from the substrate surface. 
This mechanism creates a strong metallurgical bond at the sub
strate/coating interface, delivering excellent adhesion and structural 
integrity that significantly enhances performance and enhances the 
coating’s durability [16]. Recent studies have focused on understanding 
how process variables and electrolyte concentration influence the 
coating color and thermal control characteristics of black PEO coatings 
[17–21]. However, plasma electrolytic oxidation (PEO) is characterized 
by high energy consumption, with typical treatment times ranging from 
15 to 60 min, and operates at current densities and voltages between 10 
and 60 A dm− 2 and between 200 and 400 V, respectively [22–24]. 
Table 1 provides a comparison of the general conditions reported in the 
literature regarding the development of black PEO coatings on 
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Table 1 
Black PEO coatings on aluminum base alloys under different conditions reported in the literature.

Substrate Electrolyte Additive Treatment Conditions Coloring 
Analysisa

Corrosion resistance Ref

Al-12Si (NaPO3)6, NH4VO3 100 mA/cm2 ≥ 800 s As prepared: N/A 
Postcorrosion: N/A

N/A [25]

1060 Al (NaPO3)6, NaOH NH4VO3, 
Na2WO4

20 min at 900 Hz frequency and 20 % duty cycle with 
a constant current density of 150 mA/cm2.

As prepared: αs ~ 90 % 
Postcorrosion: N/A

N/A [26]

Al-Si 
alloy

(NaPO3)6, NaOH NH4VO3, 
Na2WO4

100–400 V negative voltage was fixed at 30 V 
1 kHz, and the duty ratio was 30 %. All the samples 
were PEO treated for 14 min.

L = 31.51, a = 1.37, b =
0.5 
Post corrosion: N/A

N/A [18]

6061 Al Na2SiO3 NaOH VOSO4 50 Hz 10 A dm− 2 

10 min
As prepared: N/A, αs/εIR 

ratio ≈1.0 
Post corrosion: N/A

N/A [27]

7075 Al Na2SiO3 (NaPO3)6, 
NaOH

NH4VO3 Constant voltage model of 460 V/− 40 V, duty cycle 
40 %/− 20 % 
100–600 Hz

As prepared: 
L = 19, a = 0, b = 1 at 
200 Hz 
Pos tcorrosion: 
N/A

|Z|0.01 107 after 1 h in 
3.5 wt% NaCl

[28]

6061 Al (NaPO3)6, KOH NH4VO3 

K2Cr2O7

Constant current of 1.8 A/cm2 and a pulse frequency 
of 900 Hz upto 40 min

As prepared: 
αs ~ 90 % 
Pos tcorrosion: 
N/A

– [19]

7075 Al 3 g/L Na2SiO4⋅9H2O +
6 g/L KOH

(NH4)6Mo7O24, 
K2TiF6, 

Na2WO4⋅2H2O

10 min at 1000 Hz frequency and 20 % duty cycle 
under a constant current density of 150 mA/cm2

As prepared: 
αs ~ 90 % 
Pos tcorrosion: 
N/A

icorr (μA/cm2) 10− 4 to 
10− 5 

in 3.5 wt% NaCl

[17]

a L-a-b (coloring parameters in color space model), αs - solar absorptance, εIR - infrared emittance.

Table 2 
Chemical composition of the Flash-PEO electrolyte.

Electrolyte 
Composition

Conductivity (μS/ 
cm)

PEO treatment 
(min)

Sample

(NaPO3)n 20 g/L, 
Na2EDTA⋅2H2O 28 g/L, 
NH4VO3 9 g/L, 1 g/L KOH

pH = 9.3 
σ = 12.9 ± 0.02

2 PEO-2
3 PEO-3
4 PEO-4

​ 5 PEO-5

Fig. 1. (a) The variation in the voltage with time during the PEO process, (b) ΔE0 value of the PEO, and macroscopic images of developed PEO coatings, (c) PEO-2, 
(d) PEO-3, (e) PEO-4, (f) PEO-5.

Table 3 
Coating parameters obtained under certain conditions.

Specimen PEO thickness 
(μm)

Specific energy consumption, EPEO (kW.h.m− 2.μ 
m− 1)

PEO-2 4.9 ± 1.3 1.03
PEO-3 5.1 ± 1.1 1.47
PEO-4 5.9 ± 1.3 2.05
PEO-5 5.8 ± 1.2 2.20

M.A. Iqbal et al.                                                                                                                                                                                                                                



Ceramics International xxx (xxxx) xxx

3

aluminum alloys, highlighting that vanadate salts significantly 
contribute to the coloration of the coatings. It can be concluded that the 
energy consumption of the PEO process, corrosion protection and the 
stability of black color on exposure to harsh environments are critical 
factors for developing protective hard black coatings on an industrial 
scale.

Recently, the flash-PEO approach has grown into a more affordable 
PEO option, especially as a pretreatment strategy prior to post modifi
cation and for applications where corrosion and fatigue are more 
important than wear. This approach enables the deposition of thin 
coatings with limited treatment time under a controlled current mode 
[29,30]. In a recent study by Del Olmo et al. [29] thin functional 
Flash-PEO films (~5 μm) were developed with the ability to incorporate 
diverse corrosion inhibitors, achieving an energy consumption of 
1.1–1.3 kWh m− 2 μm− 1 while demonstrating strong adhesion to organic 
systems. Although research on functional Flash-PEO coatings is limited, 
the technique shows significant potential for commercial applications, 
particularly in the aerospace sector, which demands cost-effective and 
environmentally friendly surface treatments. Therefore, it is crucial to 
identify the most effective strategies for developing functional flash-PEO 
coatings with durable color and corrosion protection properties. 
Furthermore, this work aims to address the information gap regarding 
the behavior of additive-manufactured (AM) substrates in the PEO 
process, as AM alloys have a unique microstructure that is not attainable 
through typical casting [31,32].

This study introduces a low-energy Plasma Electrolytic Oxidation 
(Flash-PEO) approach for developing vanadium oxide (VOx)-enriched 
coatings on aluminum substrates. The formation of black ceramic 
coatings highlights the tunability of the coating structure and provides 
insights into the relationship between PEO processing conditions, en
ergy consumption, oxide layer morphology, and functional perfor
mance. Using NH4VO3 as a coloring additive, black ceramic coatings 
were successfully developed on additively manufactured Al10SiMg al
loys. These findings advance the understanding of vanadium-containing 
black coatings and pave the way for energy-efficient, durable hard 
coatings capable of withstanding harsh environmental conditions.

2. Methods

2.1. Additive manufacturing of AlSi10Mg

Al10SiMg samples (50 mm × 30 mm × 2 mm) were prepared by 
ERMAKSAN (Republic of Türkiye) via selective laser melting (SLM) 
equipment with a 400 W fiber laser (λ = 1064 nm) and a spot size of 70 
μm in a high-purity argon environment (>99.9 %). The following pa
rameters were used to design dense samples (relative density >99.0 %): 

laser power: 275 W, laser spot diameter: 140 μm, layer thickness: 40 μm, 
and scanning speed: 0.6 m/s. The Al10SiMg powder, with a spherical 
shape and a mean particle diameter of 44 μm, consisted of Al (balance), 
Si (9.11 wt%), and Mg (0.38 wt%). The Al10SiMg powder particles were 
deposited with the discrete element modeling (DEM) module from Flow 
Science, USA, which models the powder layer on the basis of the particle 
size distribution and packing density (63 %).

2.2. Flash-PEO coatings

Prior to the PEO treatment, the samples were etched for 10 min at 
60 ◦C in a 70 g/L BONDERITE C-AK 4215NC solution, then for 2 min at 
40 ◦C in an 85 g/L BONDERITE C-AK ALUM ETCH 2 AERO solution, and 
finally for 5 min in BONDERITE C-IC SMUTGO NC AERO. Following 
each stage, the samples were washed with deionized water and dried in 
warm air. PEO treatments were carried out using a DC voltage/current 
controlled power source (SM400-AR-8 Delta Elektronika) and a current 
density of 100 mA cm− 2 for various oxidation times, i.e., 2–5 min. The 
experimental setup included a jacketed 2 L cell with a cylindrical mesh 
cathode and continuous electrolyte agitation and re-circulating water at 
20 ◦C. Ammonium vanadate (NH4VO3) was added to the basic electro
lyte containing polymetaphosphate ((NaPO3)n, n = 5–8) and Na2ED
TA.2H2O to help develop a black coating. The electrolyte composition 
and coating design are shown in Table 2.

3. Characterization

The surface morphology and elemental content of the produced 
coatings were investigated by scanning electron microscopy (JEOL JSM- 
6400) with an Oxford Link energy dispersive X-ray (EDS). ImageJ was 
used to analyze the microporosity and pore size of the SEM images of the 
developed coatings, and magnification images (500 × ) were processed 
for quantification, followed by binarization and contrast correction. The 
X-ray diffraction (XRD) investigation used a Philips X’Pert diffractom
eter (Cu Kα 1.54 Å with a scan range of 2θ from 10 to 80◦, with a 
scanning speed of 0.04◦ per second, an incidence angle of 0.5◦, and a 
counting time of 2 s/step). The MicroRaman assessment is carried out 
using an NT-MDT NTEGRA Spectra spectrometer with a Solar TII 
MS5004i monochromator, a CCD Andor iDUS DU-420 detector (1024 ×
128 pixels), and an Olympus modular BX-100 microscope with an 
Olympus MPlanFL 20 × /0.45NA objective. The excitation source was a 
20 mW solid-state laser (filter attenuation 0.1 % ND) at a wavelength of 
532 nm. The grating and acquisition periods were 600 L/mm and 
300–600 s, respectively.

Surface roughness was assessed via an optical profilometer with 
variable focus and a × 50 magnification (Alicona InfiniteFocusSL). The 

Fig. 2. Dimensional representation of the CIE Lab color model: (a) General diagram of the color model, (b) CIE Lab color model of the PEO-4 specimen. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Vickers microhardness was measured as the average of the measure
ments using an AKASHI MVK-E3 at a load of 10 g for 15 s. Electro
chemical impedance spectroscopy (EIS) measurements were performed 
in a 3.5 wt% NaCl aqueous solution for up to 10 days using a typical 
three-electrode cell configuration associated with a GillAC computer- 
controlled potentiostat (ACM Instruments). The sample working area 
was defined as 1 cm2, and the counter and reference electrodes were 
graphite and silver/silver chloride (Ag/AgCl in 3 M KCl), respectively. A 
sinusoidal perturbation of 10 mV amplitude was applied in the fre
quency range of 100 kHz to 0.01 Hz. The EIS data were analyzed via the 
“ZSimpWin” 3.50 program.

Optical reflectance measurements were performed with a 
UV–VIS–NIR spectrophotometer (UV-2600i, SHIMADZU) equipped with 
an integrating sphere in the 300–2000 nm range. The Cielab parameters 

(L, a, b) were calculated from the reflectance spectra in the 380–780 nm 
wavelength range.

4. Results and discussion

Fig. 1 (a) presents the voltage‒time responses of the developed PEO 
coatings in current-controlled mode. The voltage‒time response was 
similar for all the examined samples, with minor variations in the final 
voltage levels. The formation of the barrier layer on the surface was 
characterized by an initial voltage increase until approximately 75 s, 
which commenced by the oxidation of a fine silicon network up to 
approximately 25 s, after which the growth of the barrier Al2O3 layer 
accelerated at a steeper rate. The voltage subsequently increased at a 
slower rate with visible oscillations as sparking occurred during the 

Fig. 3. SEM top views of the developed coatings and EDS spectra: (a, b) PEO-2, (c, d) PEO-3, (e, f) PEO-4, and (g, h) PEO-5.
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formation of the PEO coatings. The developed samples exhibited an 
energy consumption of 1–2 kW h⋅m− 2 μm− 1, with an obvious increase in 
energy consumption as the treatment time increased. Table 3 shows the 
measured energy consumption, thickness, and average growth rate of 
the PEO coatings under the investigated conditions. The oxidation time 
caused the color of the coating to gradually transient from grey to black 

with time. The coating turned strongly black after an oxidation period of 
≥3 min.

The blackness of the samples was described via a CIELAB color space 
model. This is a three-dimensional model with three parameters, “L”, 
“a”, and “b”, that correspond to a certain color. While the “a” and “b” 
numbers provide the color’s position in the red–green and yellow–blue 
color coordinates, the “L” value indicates lightness (Fig. 2). The black 
color value can be quantified by the ΔE value (Equation (1)). The greater 
the black hue is, the lower the ΔE value is. 

ΔE= [(L)2
+ a2 + b2)]1/2

(Equation 1) 

The “L”, “a”, “b”, and ΔE values initially decreased (strong black 
color) as the PEO oxidation duration increased but subsequently 
increased after 4 min of PEO processing. The absolute values of “a” and 
“b” are minimal (<2), suggesting that their coordinate geometry is 
extremely close to the line (L, 0, 0). This facilitates the use of the ΔE 
value as a measure of the PEO layer’s blackness (Fig. 1 (b)). In terms of 
blackness, the film formed in 4 min of treatment is the best since its hue 
has the lowest “L” value (20.9). The Δ E values of the developed black 
PEO coatings are 27.03, 25.88, 21.02, and 23.76 for PEO-2, PEO-3, PEO- 
4 and PEO-5, respectively. The blackness of the obtained Flash-PEO 
coatings is promising compared with the black PEO coatings reported 
in the literature, considering the energy consumed during the PEO 
process (Table 1). Fig. 1(c–f) shows optical macrographs of the PEO- 
treated samples.

Fig. 3 demonstrates the surface morphology of the PEO coatings 

Fig. 4. Cross-sectional images of the developed PEO films: (a) PEO-2, (b) PEO-3, (c) PEO-4, and (d) PEO-5.

Table 4 
The elemental composition (at. %) of the developed coatings (Figs. 3 and 4).

PEO-2 O Al P V Si

Surface (plan view) 59.0 22.8 8.4 4.3 6.8
Point 1 (outer region) 55.2 23.0 7.2 3.3 5.8
Point 2 (inner region) 52.8 37.2 4.2 1.1 2.6

PEO-3 O Al P V Si

Surface (plan view) 58.1 21.0 10.6 7.82 6.2
Point 1 (outer region) 55.7 28.6 9.43 6.65 5.6
Point 2 (inner) 39.7 44.7 4.58 3.20 3.2

PEO-4 O Al P V Si

Surface (plan view) 55.5 20.3 11.4 9.53 6.0
Point 1 (outer region) 53.4 25.4 10.33 8.94 5.7
Point 2 (inner region) 47.6 36.8 5.73 3.52 3.8

PEO-5 O Al P V Si

Surface (plan view) 54.0 20.4 12.7 9.3 6.0
Point 1 (outer region) 58.4 21.7 11.1 9.37 5.3
Point 2 (inner region) 58.6 27.1 5.61 3.54 3.2

Fig. 5. SEM and EDS mapping images of developed PEO coatigs elements.
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formed in electrolytes of various oxidation periods. The coating 
morphology varies with oxidation time, starting with shallow pores 
(PEO-2) and developing into crater-like shapes as the PEO treatment 
duration increases. After 2 min of oxidation, the surface morphology of 
the ceramic layer on the aluminum alloy resulted in micropores with 
circular shapes and sizes ranging from 0.1 to 0.5 μm. After 4 min of 
oxidation, the coating seems to be more compact, with a lower pore 
population density, which is also the reason for the glossier nature of 
PEO-4. After 5 min of treatment, the ceramic layer became coarser and 
more porous, with micron-sized pores (0.5–1 μm). In particular, the 
surfaces of PEO-4 and PEO-5 contain fewer micropores and larger pores, 
likely due to the development of smaller microdischarges. Increasing the 
processing time reduced the number of discharge channels while 
increasing the discharge energy, thereby producing larger pores on the 
coating surface and contributing to a relatively dense structure without 
through-thickness defects. The results further indicated a general trend 
where increased treatment time corresponded to a more uniform dis
tribution of surface hills and valleys, with a reduction in surface 
roughness (discussed in a later section). According to the EDS spectra in 
Fig. 3, all PEO coatings were predominantly composed of Al, V, and O, 
confirming the successful incorporation of electrolyte additives into the 

coatings. The formation of distinct ceramic compounds on the coating 
surface further resulted in a gradient of colors ranging from greyish 
black to intense black. The PEO-4 coating exhibits the lowest porosity at 
4.1 %, with an average pore area of 4.7 μm2, as analyzed using ImageJ 
software. In contrast, PEO-2 shows the highest pore population density, 
emphasizing the impact of treatment time on micropore refinement. 
Meanwhile, PEO-5 displays a slight increase in porosity to 4.7 %, with 
defects visible on the surface and edges, and an average pore area of 5.1 
μm2.

The cross-sectional analysis and elemental distribution of PEO films 
were studied to better understand the role of various components in 
coating development. While no significant differences were observed in 
the ceramic layer thickness (≈5 μm), some voids or pore bands were 
noted at the coating/substrate interface in the PEO coatings. The coating 
thickness increased slightly with increasing oxidation time; however, 
after prolonged PEO treatment of 4–5 min, no further increase in film 
thickness was observed, with thicknesses ranging from 5 to 5.8 μm.

The EDS results show that the elemental distributions vary between 
the inner and outer layers (Table 4). Notably, a distinct compositional 
gradient is observed between the outer and inner layers of the PEO 

Fig. 6. Surface roughness, (a) PEO-2, (b) PEO-3, (c) PEO-4, (d) PEO-5.

Fig. 7. X-ray diffraction patterns of the developed black PEO coatings. Fig. 8. Raman spectra of the developed PEO coatings: (a) PEO-2, (b) PEO-3, (c) 
PEO-4, and (d) PEO-5.
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coatings. The amount of P (7.1–11.1 at. %) and V (3.3–9.3 at.%) in the 
outer layer of the oxide coating was found to be higher, while it 
decreased alongside the thickness (inner layer) of the PEO coating (P 
(4.2–5.61 at.%) and V (1.1–3.5 at.%)). In contrast, the amount of Al 
decreased toward the outermost layer of the coatings (due to its direct 
availability from the substrate). Compared with the inner layer, the 
outer surface has a significantly higher vanadium concentration, where 
the vanadium content is approximately one-third of that on the outer 
surface. Furthermore, in planar mode, EDS analysis revealed vanadium 
(V) content ranging from 4.3 at. % to 9.5 at.%, progressively increasing 
with extended oxidation times. This trend indicates enhanced incorpo
ration of vanadium into the coating with extended processing durations. 
Furthermore, the EDS cross-sectional mapping (Fig. 5) reveals distinct 
compositional gradients within the coating thickness, providing valu
able insights into the element distribution. The porous upper layer 
demonstrates a pronounced enrichment of vanadium (V) and phos
phorus (P), indicating their incorporation from the electrolyte during 
the plasma electrolytic oxidation (PEO) process. In contrast, aluminum 
(Al) concentration is predominantly dense near the substrate. This in
verse distribution of V and Al is consistently observed across all coatings, 
highlighting the outer porous and inner dense layer structure typical of 
PEO coatings. Notably, the optimized, black-colored specimens (i.e. 
PEO-4) exhibit a significantly higher vanadium concentration in the 
upper porous layer, correlating with their superior functional properties, 
including enhanced absorptivity and black color.

The influence of PEO treatment on the surface roughness was 
investigated further through an optical profilometer (Fig. 6). When the 
treatment duration was changed from PEO-2 to PEO-3, the roughness 
value initially increased, but a subsequent increase in oxidation time 
resulted in surface smoothness, with a value of Sa = 1.95 μm for PEO-4. 
In contrast, additional increases (PEO-5) revealed a higher value of “Sa 
= 2.11 μm” but a lower value than those for PEO-2 and PEO-3. The black 
hue of the PEO coatings appeared strong for PEO-4 and PEO-5, making 
them difficult to discern with the human eye; however, the surface 
roughness values differed slightly, i.e., within the range of 1.95–2.55 
μm. Given the intensity of the observed black color (ΔE) and surface 
roughness, PEO-4 has the smoothest glossy surface.

According to the XRD patterns (Fig. 7), all the PEO coatings under 
study had AlPO4 and γ-Al2O3 as their primary composition [33–35]. This 
is the typical behavior of PEO coatings on Al alloys produced in phos
phate electrolytes. Previous investigations have shown that lower volt
ages (350–400 V) promote the synthesis of γ-Al2O3, whereas higher 

voltages (450 V) increase the possibility of developing α-Al2O3 [36,37]. 
AlPO4 is formed when P6O18− hexamer anions decompose into PO4

3− in 
a plasma environment [38]. Due to the coatings low thickness, Al peaks 
from the substrate were also detected. The incorporation of complex 
salts into the electrolyte significantly influences the crystallization 
behavior of the oxide layer during the Flash PEO process, suppressing 
the characteristic γ-Al2O3 reflections and broadening the XRD peaks 
[29]. This disruption hinders the complete crystallization of gamma 
alumina and the absence of distinct VOx phases, resulting in a 
mixed-phase structure dominated by amorphous or poorly crystalline 
components. Fast cooling rates of the resultant small and short-lived 
micro discharges at lower voltages are insufficient to promote crystal
lization. These findings correspond with the short treatment times and 
low energy consumption characteristic of the flash-PEO process, 
emphasizing its potential for creating amorphous oxide layers with 
functional properties. The broad diffraction halo observed between 2θ 
values of 15◦ and 27◦, characteristic of amorphous materials, highlights 
the predominantly amorphous nature of the coatings, with approxi
mately 80–85 % of the oxide layer being amorphous. This observation 
aligns with the elemental composition data obtained from EDS analysis, 
which confirms the successful incorporation of vanadium species into 
the amorphous matrix. Raman spectroscopy, discussed in the subse
quent section, provides further validation of these findings, offering 
complementary evidence of the amorphous structure and the presence 
of vanadium oxides within the coatings.

The Raman spectra (Fig. 8), analyzed to confirm the presence of 
amorphous VOx compounds, exhibited a dominant broad peak 
(800–1000 cm− 1), characteristic of the wide bands associated with a 
mixture of amorphous VOx [39–41]. The broad band at 300 cm− 1 is 
attributed to the bending vibrations of the triply coordinated oxygen 
(V3─O), doubly coordinated oxygen (V─O─V), and terminal oxygen 
(V═O) bonds in a disordered V─O─V framework [42–44]. Therefore, 
these results support the formation of VOx compounds on the PEO sur
face [45]. The orthophosphate (Q0) group is represented by a 590 cm− 1 

band for the symmetric stretching of the P-O bonds [46]. The Raman 
spectra of amorphous γ-Al2O3 exhibit week shoulder at approximately 
401 cm− 1, which corresponds to the characteristic vibrational mode of 
the Al-O bond in the amorphous phase. In addition to this, several 
medium-intensity bands are observed in between 550 cm− 1 and 875 
cm− 1. These bands are indicative of the disordered structure of the 
amorphous oxide [47]. The amorphous nature of the deposited VOx 
compounds suggests that although their concentration increases with 
treatment time, the low voltage and short treatment duration of the 
Flash-PEO process (2–5 min) are insufficient to facilitate crystallization. 
During PEO coating, the salt of NH4VO3 dissociates into NH4+ and VO3− , 
which interact with the molten flux to form amorphous non
stoichiometric VOx [48]. Li et al. [48] reported similar findings when 
NH4VO3 was used as an electrolyte in the PEO coating process of 
aluminum alloys. In this process, VO3− ions in solution were absorbed 
onto the surfaces, forming an adsorption layer that reduced the surface 
energy of the newly formed metastable phase. This phenomenon ex
plains the black coloration observed, which is attributed to surface de
fects and oxygen vacancies in VOx compounds rather than the formation 
of dark green phases. Prolonging the PEO duration increased the spark 
energy, promoting the transformation of VO3− and leading to a greater 
accumulation of vanadium oxides in the heat-affected zones, which 
progressively darkened the coating layers, transitioning from grey to 
black within 2–4 min. The spectral band at 666 cm− 1 is attributed to the 
vibrational modes of VO3 and is predominantly observed in the PEO-4 
and PEO-5 samples [39]. The PEO-4 samples exhibited a strong black 
hue, and further processing did not enhance black coloration, suggesting 
that the mean spark energy reached a critical value beyond which no 
additional color variation occurred. It appears that a ~9.5 at.% vana
dium content and the resultant amorphous VOx compounds are pri
marily responsible for the black coloration observed in the coatings. 
Their disordered structure leads to broad absorption of visible light 

Fig. 9. Vicker hardness values of the bare substrate and PEO-treated substrate 
after different durations.
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across a wide range of wavelengths, resulting in black color.
Fig. 9 shows the Vickers hardness profiles of the surface, which 

indicate the mechanical characteristics of the coating system. PEO 
coatings formed with extended oxidation times, such as PEO-4 and PEO- 
5, show microhardness values approximately four times higher than the 
bare substrate, with PEO-5 exhibiting an even greater enhancement, 
approximately 4.7 times that of the substrate. Although the hardness 
measurement includes contributions from the substrate due to the thin 
layer thickness, the Vickers hardness measurements show a considerable 

improvement in the overall hardness of the system with increasing PEO 
oxidation time.

The preceding discussion elucidates the considerable effect of 
various PEO times on additive (V) incorporation inside the surface and 
affects the evolution of its geometry and microstructure, all of which 
affect its protective efficacy. EIS data were utilized to evaluate the 
corrosion resistance of the produced samples in a 3.5 wt% NaCl aqueous 
solution. The oxide coating formed during the PEO process displayed 
three distinct time constants in the EIS data (Fig. 10a–d). The high- 

Fig. 10. EIS spectra of the developed coatings for different immersion times, (a–c) after 1 day, and (d–f) after 10 days immersion in 3.5 wt% NaCl solution.

Table 5 
Evolution with time of the fitting parameters Rout, CPEout, αout, Rin, CPEin, αin Rct, Qdl, and αdl after 24 h of immersion.

Sample CPEout Ω− 1 cm− 2 sα αout Rout Ω cm2 CPEin Ω− 1 cm− 2 sα αin Rin Ω cm2 CPEdl Ω− 1 cm− 2 sα αdl Rct Ω cm2

PEO-2 3.24 × 10− 6±0.38 
× 10− 6

1.00 ± 0.09 4.51 ×
101±0.29

7.85 × 10− 7±0.58 
× 10− 7

0.91 ± 0.04 9.41 ×
104±0.15

4.45 × 10− 6±0.35 
× 10− 6

0.67 ± 0.07 2.7 ×
103±0.12

PEO-3 1.63 × 10− 8±0.28 
× 10− 8

0.74 ± 0.08 6.51 ×
101±0.37

2.09 × 10− 7±0.49 
× 10− 7

0.89 ± 0.04 7.75 ×
104±0.26

6.49 × 10− 5±0.39 
× 10− 5

0.96 ± 0.07 1.0 ×
105±0.11

PEO-4 8.68 × 10− 8±0.27 
× 10− 8

0.80 ± 0.07 1.02 ×
102±0.37

5.47 × 10− 8±0.37 
× 10− 8

1.00 ± 0.03 1.12 ×
105±0.29

1.34 × 10− 6±0.26 
× 10− 6

1.00 ± 0.06 6.0 ×
105±0.12

PEO-5 2.85 × 10− 7±0.29 
× 10− 7

1.00 ± 0.07 5.90 ×
101±0.46

1.68 × 10− 6±0.35 
× 10− 6

1.00 ± 0.03 8.99 ×
104±0.18

1.24 × 10− 6±0.24 
× 10− 6

0.88 ± 0.07 8.7 ×
104±0.30
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frequency response, characterized by the parameters (Rout, CPEout), 
corresponds to the porous outer layer, while the lower-frequency 
response, with parameters (Rin, CPEin), is attributed to the dense inner 
barrier layer. Additionally, the double-layer capacitance and charge- 
transfer resistance (CPEdl and Rct) provide insight into the electro
chemical reactions occurring at the interface between the coating and 
corrosive agents at lower frequencies. These EIS features align well with 
those reported in the literature, where similar impedance behavior is 

observed in PEO-formed oxide coatings [49]. The high-frequency 
semicircle reflects the characteristics of the porous outer layer, the 
lower-frequency semicircle corresponds to the inner barrier layer, and 
the Warburg element represents the diffusion of corrosion products from 
the metal substrate. Overall, these findings emphasize the critical role of 
PEO treatment duration in shaping the oxide layer’s structure and 
enhancing its corrosion resistance properties. After 1 day of immersion, 
the developed PEO coatings demonstrated the |Z|10mHz approximately 2 

Table 6 
Evolution with time of the fitting parameters Rout, CPEout, αout, Rin, CPEin, αin Rct, Qdl, and αdl after 240 h of immersion.

Sample CPEout Ω− 1 

cm− 2 sα
αout Rout Ω cm2 CPEin Ω− 1 cm− 2 

sα
αin Rin Ω cm2 CPEdl Ω− 1 

cm− 2 sα
αdl Rct Ω cm2 w Ω− 1 cm− 2 s5

PEO-2 1.28 ×
10− 7±0.38 ×
10− 7

1.00 ±
0.01

1.33 ×
101±0.17

1.34 ×
10− 5±0.28 ×
10− 5

0.97 ± 0.03 1.36 ×
104±0.15

4.27 × 10− 6 

±0.38 ×
10− 6

0.68 ± 0.02 1.0 ×
102±0.09

5.0 ×
10− 5±0.38 ×
10− 5

PEO-3 1.49 ×
10− 7±0.21 ×
10− 7

1.00 ±
0.02

8.47 ×
101±0.21

1.74 ×
10− 5±0.30 ×
10− 5

0.87 ± 0.04 1.48 ×
104±0.19

9.23 × 10− 6 

±0.28 ×
10− 6

0.99 ± 0.05 1.6 ×
104±0.11

2.4 ×
10− 6±0.27 ×
10− 6

PEO-4 3.77 ×
10− 8±0.23 ×
10− 8

1.000.02 9.52 ×
101±0.25

6.42 ×
10− 6±0.22 ×
10− 6

0.91 ± 0.03 2.09 ×
104±0.12

1.41 × 10− 6 

±0.17 ×
10− 6

0.78 ± 0.06 4.5 ×
104±0.14

2.0 ×
10− 6±0.28 ×
10− 6

PEO-5 7.78 ×
10− 7±0.21 ×
10− 7

1.00 ±
0.02

3.48 ×
101±0.19

6.82 ×
10− 6±0.19 ×
10− 6

0.63 ± 0.04 1.62 ×
104±0.13

1.19 × 10− 5 

±0.21 ×
10− 5

0.91 ± 0.04 1.4 ×
104±0.13

5.7 ×
10− 5±0.22 ×
10− 5

Fig. 11. Equivalent circuits used for the developed PEO coatings: (a) immersion time of 24 h and (b) immersion time of 240 h.

Fig. 12. Macroscopic images of the PEO-treated samples after 10 days of immersion in 3.5 wt% NaCl: (a) PEO-2, (b) PEO-3, (c) PEO-4, and (d) PEO-5; and CIE Lab 
color model of the PEO-4, (f) as-prepared, (g) after 10 days immersion in 3.5 wt% NaCl. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.)
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× 105 Ω cm2 (Fig. 10(b)). The differences in impedance magnitude 
among the observed samples initially are not very significant; this might 
be attributed to minor variations in film thickness. Further immersion in 
NaCl solution permits corrosive species to migrate from the outer to 
inner layers, resulting in the initiation of the corrosion process. After 10 
days of immersion, |Z|10mHz decreases by approximately one order, and 
PEO-4 has a better impedance value (Fig. 10(e).

The EIS data (Tables 5 and 6) were further fitted via “ZSimpWin” 
software to analyze the corrosion resistance properties. Fig. 11 presents 
the corresponding equivalent circuit models for PEO-coated samples at 
different immersion times. After 24 h of immersion, the experimental 
data for the PEO coatings can be modelled with the equivalent circuit 
(EC) Rs(CPEout(Rout(CPEin(Rin(RctCPEdl)))). For samples immersed in 
NaCl for 240 h, the experimental data are best modelled by a similar 
equivalent circuit with a Warburg diffusion coefficient (W). The War
burg coefficient is the consequence of ion diffusion from the electrolyte 
to the electrode interface. The quality of the fittings was assessed using 
chi-squared values, which ranged from 2 × 10− 4 to 4 × 10− 3. These 
values indicate a good agreement between the experimental data and 
the equivalent circuit fits, suggesting that the proposed model accurately 
represents the electrochemical behavior of the oxide coatings under the 
given conditions. The well-organized geometry of PEO-4 is found to 
promote superior barrier characteristics, resulting in a robust protective 
coating over aluminium alloy against corrosion. After 240 h of immer
sion, the resistance ascribed to the coating’s outer layer decreased 
drastically, caused by electrolyte penetration through cracks and defects 
in the oxide layer; however, the inner layer demonstrated sufficient 
stability (104 Ω cm2). After immersion, the PEO-4 and PEO-5 coating 
exhibited a smooth surface, in contrast to other PEO coatings, which 
showed a significant accumulation of corrosive species on their surfaces 
(Fig. 11). The coating resistance (Rct) of PEO-4 reflected the fact that this 
coating prevented the electrolyte from interacting with the underlying 
substrate more efficiently than others. During initial immersion, the Rct 
was greater for the developed samples (106 Ω cm2), but for longer PEO 
processing periods, it decreased to one order of magnitude (105 Ω cm2), 
most likely because of chloride diffusion induced by a larger outer 
porous layer and defects in the thin layer. Compared with PEO-2 (1.81 
× 104 Ω cm2) and PEO-3 min (1.48 × 104 Ω cm2), the PEO-4 and PEO-5 
coatings developed had considerably higher Rin values of 2.09 × 104 Ω 
cm2 and 1.62 × 104 Ω cm2, respectively. The impedance modulus varies 
with immersion duration, indicating that black PEO coatings, especially 

for 4-min treated samples, have higher corrosion resistance compared to 
other black PEO. The constant phase element coefficient for the inner 
barrier layer, CPEin, showed a relative decrease across all evaluated 
specimens for PEO-4, attributed to an increase in the inner barrier layer 
resistance. However, the CPEin values for extended oxidation time (PEO- 
5) were slightly lower than those for PEO-4. This could be due to the 
relatively weaker barrier properties of PEO-5, despite its relatively 
similar thickness. The low barrier layer of PEO-5 was further supported 
by its lower impedance modulus compared to PEO-4 after initial 
immersion.

Macroscopic images of the substrate and developed PEO coatings 
after 10 days of immersion in 3.5 wt% NaCl are shown in Fig. 12. After 
10 days of exposure, the substrate is severely corroded, and a thick layer 
of corrosive species can be observed. Owing to the strong black surface 
of PEO-4 and PEO-5 renders, it is difficult to identify corrosive species on 
the coating surface. This reveals that the color of the coating remains 
stable even after being exposed to a corrosive environment. The reten
tion of VOx compounds inside the PEO matrix during NaCl immersion 
ensures the functional integrity of the coating over time. This stability 
highlights an effective incorporation of VOx inside the PEO matrix, 
ensuring prospective effectiveness and color retention (Fig. 12(f and g)). 
Fig. 13 presents the ΔE values (Equation (1)) corresponding to the 
blackness of the examined samples. Despite 10 days of immersion, the 
ΔE value measured in the corroded region suggested high stability of the 
color intensity following immersion. Although the coating developed 
under PEO-4 consumes slightly more energy compared to PEO-2 and 
PEO-3, its blackness (ΔE/2.1 (before immersion)-ΔE/2.4 (after immer
sion) is notably higher than that of the other specimens and exhibit 
superior corrosion resistance properties, while retaining the black color 
up to 95 % after 10 days of immersion in 3.5 % NaCl solution.

5. Conclusion

In conclusion, this study successfully developed a thin black PEO 
(~5 μm) coating on Al10SiMg alloy, utilizing NH4VO3 additives, to 
enhance the structural and corrosion resistance properties. The results 
demonstrate that increasing the oxidation time results in a color tran
sition from grey to black, which is attributed to the increase in the 
amorphous VOx content. The 4-min PEO treatment resulted in relatively 
high corrosion resistance and smooth glossy surface characteristics, 
coupled with a low energy consumption of 2.05 (kWhm− 2μm− 1) and a 
characteristic black color before and after immersion in NaCl. Compared 
to the bare substrate, the PEO coating exhibited a significant improve
ment in hardness, showing an increase of 4 to 4.7 times at extended 
oxidation times, such as for PEO-4 and PEO-5. Overall, this study 
highlights the potential of a flash-PEO process to achieve a balance of 
low energy consumption, color, and enhanced performance of coatings, 
particularly in terms of corrosion resistance, hardness, and retention of 
>90 % of blackness in terms of ΔE after 10 days of immersion. Thin 
black PEO coatings, characterized by their exceptional UV–Vis absorp
tivity, sufficient corrosion resistance, and long-lasting color stability, 
offer an energy-efficient solution for high-absorption applications. These 
properties make them particularly well-suited for environments 
requiring enhanced thermal management and robust protection against 
harsh conditions.
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Lj Zekovic, Characterization of the plasma electrolytic oxidation of aluminium in 
sodium tungstate, Corros. Sci. 52 (10) (2010) 3258–3265.

[34] Ping Wang, Ting Wu, You Tao Xiao, Jun Pu, Xiao Yang Guo, Effects of Ce (SO4) 2 
concentration on the properties of micro-arc oxidation coatings on ZL108 
aluminum alloys, Mater. Lett. 182 (2016) 27–31.

[35] N. Xiang, R.G. Song, C. Wang, Q.Z. Mao, Y.J. Ge, J.H. Ding, Formation of corrosion 
resistant plasma electrolytic oxidation coatings on aluminium alloy with addition 
of sodium tungstate species, Corrosion Eng. Sci. Technol. 51 (2) (2016) 146–154.

[36] Arash Fattah-alhosseini, Seyed Omid Gashti, Maryam Molaie, Effects of disodium 
phosphate concentration (Na 2 HPO 4⋅ 2H 2 O) on microstructure and corrosion 
resistance of plasma electrolytic oxidation (PEO) coatings on 2024 Al alloy, 
J. Mater. Eng. Perform. 27 (2018) 825–834.

[37] Keqin Du, Xinghua Guo, Quanzhong Guo, Yong Wang, Fuhui Wang, Tian Ying, 
Effect of PEO coating microstructure on corrosion of Al 2024, J. Electrochem. Soc. 
159 (12) (2012) C597.

[38] Gu Wei-Chao, Lv Guo-Hua, Huan Chen, Chen Guang-Liang, Feng Wen-Ran, 
Zhang Gu-Ling, Yang Si-Ze, Investigation of morphology and composition of 
plasma electrolytic oxidation coatings in systems of Na2SiO3–NaOH and (NaPO3) 
6–NaOH, J. Mater. Process. Technol. 182 (1–3) (2007) 28–33.

[39] Petr Shvets, Olga Dikaya, Ksenia Maksimova, Alexander Goikhman, A review of 
Raman spectroscopy of vanadium oxides, J. Raman Spectrosc. 50 (8) (2019) 
1226–1244.

[40] Ferran Ureña-Begara, Aurelian Crunteanu, Jean-Pierre Raskin, Raman and XPS 
characterization of vanadium oxide thin films with temperature, Appl. Surf. Sci. 
403 (2017) 717–727.

[41] Dmitry S. Kharitonov, Jens Sommertune, Cem Örnek, Jacek Ryl, Irina I. Kurilo, Per 
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