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Abstract: Black coatings were successfully formed on Grade 2 (G2) and Grade 5 (G5) titanium alloy
by means of a direct-current Plasma Electrolytic Oxidation (PEO) process at a very low current density
of 0.05 A/cm?. The impact of two different treatment times (30 min and 60 min) was examined.
The electrolyte for the PEO process was a phosphate base solution NasP301( containing FeSO4 and
(NH4)sMo070,4 as coloring additives. PEO-coated samples were subjected to optical, morphological,
structural, chemical, and electrochemical characterization. XRD, EDS, and XPS data analyses revealed
that anion MOOZ_ and metal cation Fe** were successfully incorporated into the coatings. The results
demonstrated that PEO-coated samples prepared after 60 min exhibit a stronger black color than
those created after 30 min, with an absorptance maximum of 0.86. Furthermore, all prepared PEO
coatings improve the corrosion resistance of bare titanium. Among them, the 60-minute PEO coatings
on both alloys were the ones with the best corrosion properties.

Keywords: Plasma Electrolytic Oxidation (PEO); black coatings; titanium alloys

1. Introduction

Titanium and its alloys are often employed in many fields, including biomedical,
chemical, marine, aeronautics, astronautics, and automotive, due to their low weight,
high specific strength, low elastic modulus, biocompatibility, low density, and corrosion
resistance [1-6]. A wide range of titanium-based compounds are also used in decorative
coatings. Their primary purpose is to enhance the visual appeal of consumer products [7].
In aeronautics and astronautics, titanium improves equipment stealth and extinction prop-
erties [5].

Ceramic coating stands out as a prominent surface coating method, and its impor-
tance continues to increase alongside current technological advancements [8]. Ensuring
temperature balance in a spacecraft is essential. An effective method to do that is using
thermal control coatings (ceramics). These coatings have significant implications for the
spacecraft’s successful operation in the extreme temperature conditions of space. They are
applied to the surfaces of structural materials and are intended to have strong absorption
and emission properties, frequently appearing as black coatings [9]. Black coatings are
highly desirable in spacecraft internal components, notably electronic housing packages
used for thermal regulation [10-14]. Furthermore, they are widely used in various surface
treatments, serving functional and aesthetic purposes. They are commonly applied for
decorative purposes on items such as optical devices, heating elements, instrument panels,
and sports equipment and are even found in numerous industrial sectors such as 3C (Com-
puters, Communications, and Consumer Electronics) [15] and adiabatic engines [16]. It is
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worth noting that while we refer to these coatings as “black”, no material can absorb 100%
of light at all angles and wavelengths. Even objects that appear black reflect some light,
making ideal black material impossible to obtain [17].

Plasma electrolytic oxidation (PEO), sometimes referred to as micro-arc oxidation [18],
has evolved from traditional anodic oxidation methods [19,20]. It is a surface modification
technique that can be applied to various materials, including aluminum, magnesium,
titanium, and other valve metal alloys [14,18-21]. In contrast to traditional anodizing, PEO
offers an environmentally friendly approach [5,22-24] that typically employs fewer toxic
electrolytes, a method with lower preparation costs, and simplified processing steps [25,26].

Furthermore, PEO provides distinct advantages, such as the ability to produce thicker
coatings while maintaining excellent corrosion resistance, as well as favorable tribological
and thermal properties [24,27,28]. The increased voltage applied during PEO generates
the dielectric breakdown of oxide films, resulting in the formation of plasma discharges
on the surface of the treated sample [11]. Coatings are formed due to metal substrate
oxidation, electrolysis, electrophoresis processes, and plasma thermochemical reactions.
Different compounds, mainly oxides formed by electrolyte components, can be found in
the obtained coatings [29]. The microstructure of the PEO coating is usually multi-layer
and porous structures [30]. Several parameters can influence the microstructure of PEO
coatings, such as the electric regime, the electrolyte composition, the process’s length, and
the substrate’s chemical composition [10,27,31]. Among these factors, the electrolyte stands
out as the most significant variable influencing coating properties, particularly the colors of
the ceramic layers [18,32]. Furthermore, PEO coatings’ multi-layered and porous structure
can increase the specific surface area. This improvement helps incorporate desired elements
into coatings and develop diverse functional coatings [30-33].

The critical elements of electrolytes used for the development of PEO black optical
coatings fall into two broad groups: anions like VO*~, WOi_, MoOﬁ_, and transition metal
cations, including Fe?t, Cu?*, Co?t, Ni?* and Zr** [19,26,34].

To the best of our knowledge, only two papers have discussed the preparation of black
PEO coatings on Grade 2 (G2) titanium. These articles, authored by Guo et al. [5] and
Han et al. [14], both employed a silica-based electrolyte. The former utilizes [Cu(NHj) 4]2+
as a coloring additive, while the latter, in contrast, did not employ any additives and
concentrated on achieving the black color in the coating, which naturally arises from black
titanium oxide.

Few research groups have contributed to the study of black coatings on Grade 5 (G5)
titanium alloy. Tang et al. investigated the effects of various additives in phosphate-based
electrolytes for the development of black coatings. Their study consists of several works that
provide a comparative analysis of additives (FeSO4, Co(CH3COO),, Ni(CH3COO), and
KyZrFg) [33], the effect of different concentrations of FeSO4 [35] and Co(CH3COO), [36]
on coating formation. Another research group, led by Madhuri et al. [37,38], provided
findings on the generation of gray-black coatings using only silicate and phosphate-based
electrolytes and no additives. A third group of researchers has also published several
papers on black coatings on the same alloy. Yao et al. investigated the effects of various
additives (FeSO4, Co(CH3COO),, Ni(CH3COO), and NaWO,) in phosphate-based elec-
trolytes [39], the results of coating preparation without additives using a combination of
silicate and phosphate-based electrolytes [40], and the influence of zirconium in two of
their papers [41,42]. A more recent study of G5 titanium alloy can be found in the literature,
authored by Yao et al. [9]. This research focuses on the development of black coatings
using a complex base electrolyte together with various additives (FeSO,, Co(CH3COO),,
NH4VO3). It is important to note that all the aforementioned studies employ pulse mode
PEO treatment, frequently with high current density or voltage.

The absence of studies involving the direct-current mode of PEO treatment motivated
our research. Our second goal was to prepare coatings at a deficient current regime and
to try the application of a novel combination of additives, FeSO; and (NHy4),M070,4,
for making black coatings on titanium and its alloy. Additionally, we chose G5 titanium
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alloy as a substrate, which has a substantial number of reported works on the successful
preparation of black PEO coatings on its surface. On the other hand, the lack of research
on G2 titanium (commercially “pure” titanium) prompted us to use this alloy and com-
pare it to the previously researched G5 alloy. Furthermore, this work investigated the
differences between two PEO process times, 30 min and 60 min. The prepared coatings’
morphology, chemical and phase composition, black intensity with UV-VIS spectroscopy,
and electrochemical corrosion properties were also characterized.

2. Materials and Methods

In the present research, Grade 2 (G2) and Grade 5 (G5) titanium alloys were em-
ployed as substrates for the Plasma Electrolytic Oxidation (PEO) process. G2 alloy is
known as commercially “pure” titanium [43] (nominal composition: Ti > 90%, Fe < 0.30%,
O <0.25%, C < 0.08%, N < 0.03%, H < 0.015%, purchased from Acciaierie Valbruna,
Vicenza, Italy). G5 possesses a nominal composition of: Ti = 87.6-91%, Al = 5.5-6.75%,
V =3.5-4.5%, Fe < 0.40%, O < 0.2%, C < 0.08%, N < 0.05%, H < 0.015%, and has been
purchased from Acciaierie Valbruna, Vicenza Italy. Before treatment, the samples went
through the standard metallography preparation. This included polishing with abrasive
papers of varying grits (320, 500, 800, 1200, and 4000) and polishing with colloidal silica
cloths (from Cloeren Technologies, Padova, Italy). Subsequently, they were cleaned with
distilled water and degreased using CoHgO (Ethanol; Carlo Erba Reagents, Milan, Italy) via
ultrasonic treatment for 5 min. The electrolyte used in the process consisted of a phosphate-
based solution containing NasP301¢ (Sodium tripolyphosphate; Thermo Scientific, Milan,
Italy), and two additives, (NH4),M070,4 (Amonium heptamolybdate tetrahydrate; VWR
Chemicals, Milan, Italy) and FeSOy (Iron (II) sulfate heptahydrate; Honeywell, Milan, Italy),
to achieve a black color. A thermostatic bath was used to keep the solution at room temper-
ature. A TDK-Lambda DC power supply with a capacity of 400 V/8 A, a carbon steel mesh,
and a cooling system were used in the PEO process. The titanium substrate served as the
anode during the process, while the carbon steel mesh was the cathode. Treatments were
performed in galvanostatic mode, with low current density and long treatment durations.
Table 1 contains detailed parameter information. Following the PEO treatment, the samples
were rinsed with deionized water and dried with compressed air.

Table 1. PEO process parameters (Current Density, PEO Treatment Time, Additives) for preparing
the black coatings on titanium alloys, G2 and G5.

Sample Current Density ~ PEO Treatment Time  NasP30q9 (NHy),Mo7054 FeSOy
P Alcm? min g/L g/L L
G2-30 0.05 30 108 10 4
G2-60 0.05 60 108 10 4
G5-30 0.05 30 108 10 4
G5-60 0.05 60 108 10 4

Optical reflectance measurements were performed with a Jasco V770 UV-VIS-NIR
spectrophotometer equipped with an integrating sphere in the 300-2000 nm range. Solar
absorptance (x) was calculated from reflectance spectra in the wavelength range 300-2000
nm according to the following equation:

2000 nm Isol(A)(l - R(/\)d)‘

_ J300 nm (1)
Isol (A)dA

o

2000 nm
300 nm

Here, R(A) represents the spectral reflectance of the sample at a given wavelength A,
while Iy (A) refers to the incident spectrum [34,44].

A Cambridge Stereoscan 440 Scanning Electron Microscope (SEM) (Leica Microsystem
S.rl., Milan, Italy) equipped with a Philips PV9800 Energy Dispersive Spectroscopy (EDS)
system (Leica Microsystem S.r.1., Milan, Italy) was used to examine the morphological
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characteristics of the PEO black coatings as well as the elemental composition of both
the surface and cross-section of the samples. Samples were carefully cut, embedded in
epoxy resin, and polished using traditional metallographic techniques before performing a
cross-sectional analysis.

A stereo microscope Zeiss Stemi C-500 (Carl Zeiss, Jena, Germany) was used to obtain
surface images of black PEO-coated samples to visualize the surface in its natural form. All
image analysis was performed using the Image] software package (Version 1.53t 24 August
2022) [45].

Siemens D500 X-ray diffractometer (Siemens, Munich, Germany) using Cu K« ra-
diation with 20 ranging from 10° to 90° (0.05° step size and 5 s counting time per step)
working at 40 kV and 30 mA with Bragg-Brentano Geometry was used to characterize
phases of samples surfaces.

X-ray Photoelectron Spectra (XPS) were measured with a ThermoFisher Escalab QXi
spectrometer using a monochromatic Al K« radiation and argon-assisted charge compen-
sation. All signal positions are given in binding energy (BE). Both extended (survey: pass
energy 100 eV; dwell time 20 ms; step 1 eV) and detailed spectra (for Ti 2p, Mo 3d, Fe 2p, P
2p, Na 1s, O 1s, C 1s with pass energy 25 eV; dwell time 50 ms; step 0.1 eV) were collected.
Spectra were analyzed with ThermoFisher Advantage software (2023 version) using Shirley-
type backgrounds and Gaussian-Lorentzian product line shapes. All quantifications were
done from detailed spectra.

The corrosion characteristics of samples immersed in a 3.5% sodium chloride solution
were evaluated using a Potentiodynamic Polarization test (PDP) and Electrochemical
Impedance Spectroscopy (EIS). These electrochemical measurements were carried out at
room temperature using a three-electrode corrosion cell and a GAMRY Interface 1010E
potentiostat. The exposed surface area of the working electrodes of both PEO-coated and
uncoated Ti alloys was 1.0 cm?. The counter electrode was platinum, and the reference
electrode was represented as Saturated Calomel Electrode (SCE). All recorded potentials in
this study were referenced to the SCE scale. The frequency range of the EIS measurements
was 1072 Hz to 10° Hz, with 10 frequency points per logarithmic decade and a perturbation
amplitude of 10 mV. The experimental data were subsequently fitted by two equivalent
circuits using Gamry Echem Analyst software ( number 7.9.0.11572). The PDP test was
performed with a scan rate of 2 mV/s. Both the EIS and PDP measurements were performed
in triplicate to ensure reproducibility.

3. Results
3.1. Optical Measurements

To determine the color and the darkness of the coatings, optical measurements were
carried out with a stereo microscope observation and UV-VIS reflectance measurements.
Stereo microscope images presented in Figure 1 can convey the appearance and the color
of the coating’s surface. It can be seen from the images that all treated samples, both on the
G2 and G5 titanium alloys, are characterized by a dark, almost black color. However, by
increasing the PEO treatment time from 30 min to 60 min, a black color with fewer brown
spots characterizes the coatings.

The absorptance of the PEO-coated samples is reported in Table 2, and the reflectance
spectra are shown in Figure 2. Absorptance () was determined from the reflectance spectra
of the coatings, according to Equation (1) (see Methods). The lower the reflectance is, the
better the absorptance is [34]. Based on the spectra in Figure 2, all prepared coatings reflect
almost 10% of light in the visible range, with a maximum reflectance in the NIR range
of about 35%. The calculated absorptance of the coatings is over 0.8 for all the tested
conditions (see Table 2). As was visible from the stereo microscopic images, a blacker color
is present in the coatings prepared with a prolonged processing time after 60 min of the
PEO process, corresponding to an absorptance of 0.86, which is comparable to the results
in the literature, where the reported solar absorptance of the PEO black coatings is in the
range of 0.75 to 0.90 [13].
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Figure 1. Stereo microscope images of PEO-coated samples on two different titanium alloys and with
two different PEO treatment times: (a) G2-30, (b) G2-60, (c¢) G5-30, and (d) G5-60.

Table 2. The absorptance value of the PEO-coated samples.

Sample Absorptance (x)
G2-30 0.84
G2-60 0.86
G5-30 0.84
G5-60 0.86

3.2. Morphology and Composition of the Black PEO Coatings

Surface SEM micrographs are reported in Figure 3. In general, the characteristic porous
structure of PEO coatings can be seen in accordance with the literature [46,47]. Pores have
a diameter of a few nanometers to micrometers in size. In fact, with the prolonged PEO
process time, from 30 min to 60 min, a significant change in the morphology of the sample’s
surface is noticeable. PEO coatings obtained after 30 min have more pores of a smaller
diameter, while with an increase in the processing time, there is also an increase in pores
dimensions from nanometer to micrometer sizes, creating a channel structure. Yao et al. [9]
reported similar results, where after extending the reaction time, the nano-pores were
stacked and connected to form the micro-pores and particular channel structure.
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Figure 2. Reflectance spectra of PEO-coated samples.

Figure 3. Surface SEM micrographs of black PEO coatings of the sample: (a) G2-30, (b) G2-60,
(c) G5-30, and (d) G5-60.

Cross-section SEM micrographs are presented in Figure 4. In the micrographs, the
titanium substrate is shown in gray, the epoxy resin in black, and there is a PEO coating
between them. From the resulting images, the change in the compactness of the outer
layer can be noticed by increasing the processing time. Likewise, after 30 min of the PEO
processes, coatings contain many pores full of grooves and empty space. Although there is
no significant change in the general thickness between the PEO coatings, a difference in
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(a)
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the barrier layer can be observed. The 30-minute coatings have an almost invisible inner
barrier layer, while with the 60-minute coatings, it can be seen that this space is almost
completely filled (indicated by arrows), suggesting a thicker inner barrier layer.

(b)
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Figure 4. Cross-section SEM micrographs of black PEO coatings of the sample: (a) G2-30, (b) G2-60,
(c) G5-30, and (d) G5-60.

Based on the EDS analysis of the surface and the cross-section, coatings consist of
the following elements: O, Na, P, Mo, Ti, Fe, V, and Al, as shown in Table 3. In particular,
coatings are rich in oxygen and phosphorus, with less iron, molybdenum, and sodium. The
presence of molybdenum, iron, phosphorus, and sodium is due to the electrolyte used to
prepare PEO coatings, while titanium, vanadium, and aluminum are from the substrate.
Small amounts of vanadium and aluminum are present only in G5 titanium alloy, which is
expected considering the chemical composition of titanium G5 [48]. Sodium is present only
in the EDS analysis of the sample’s surface, which may suggest that sodium compounds
do not go in-depth in the coating.

3.3. XRD and XPS Characterization of the Black Coatings

XRD analysis was performed to evaluate the phase composition of coatings. Results
are reported in Figure 5. The XRD was conducted on all treated samples, G2-30, G2-60,
G5-30, and G5-60. All the pattern peaks are duly assigned using the 5.2.0 HighScore
(Plus) software database. Similar results were obtained in all samples with a difference
in the intensity of diffraction patterns. According to the database, the reflections of TiO,
(anatase and rutile), Ti, NazPO,4, NaMoQOy, YFe;O3 can be distinguished. The reflections
of crystalline Ti are due to the substrate, while all the other compounds can be found in
PEO coatings. Two different mineral forms of TiO,, anatase, and rutile, are typical for PEO
coatings on titanium alloy substrates [49]. Diffraction peaks assigned to them are situated
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at 20 =24.9°,27.9°,36.4°, 37.1°, 41.1°, 47.3°, 61.7°, respectively [ICSD 98-007-4532; ICSD
98-016-1908]. NazPOy (20 = 20.9°, 22.5°, 33.1°, 46.0°, 47.5°) [ICSD 98-003-3719], NaMoO,
(26 =21.0°,23.8°,29.6°, 30.3°, 47.1°) [ICSD 98-015-1972], yFe, O3 (26 = 30.2°, 35.6°, 62.9°,
74.8°) [ICSD 98-017-2906] are all present in the PEO coating due to the composition of the
used electrolyte. These XRD analyses are in accordance with the EDS and XPS data.

Table 3. Results of the Semi-quantitative EDS analysis of PEO-coated samples performed on the

surface and the cross-section of samples. Results are present in Wt.%.

Elements (Wt.%)

Sample
(@) Na P Mo Ti Fe Vv Al
(G2-30 surface 52.8 2.8 17.3 3.1 22.8 1.2 - -
G2-30 cross-section 40.2 - 17.6 4.3 36.0 1.9 - -
G2-60 surface 51.0 3.5 17.0 29 24.3 1.3 - -
(G2-60 cross-section 47.0 - 17.5 3.1 31.2 1.2 - -
Gb5-30 surface 50.4 4.0 18.1 3.2 20.3 1.1 0.9 2.0
Gb5-30 cross-section 55.5 - 19.7 4.4 19.0 14 - -
G5-60 surface 49.1 34 17.9 3.0 22.5 12 0.9 2.0
G5-60 cross-section 47.6 - 14.1 4.2 32.8 1.3 - -
I I ' I ' I 4 I ' I ' I '
- = TiO,(Rutile) » TiO,(Anatase) o Ti
,_ ¢ NazPO, Na,MoO, & Fe,0;4
©o ca ol o o Oa oo 3 G5-60
3
(1]
> " G5-30
®
(]
et
=
G2-60
o A
‘.\ A
:':/) N y [ ] :
294 * of\ o 2400 A G2-30
1 1 n 1 1 1 " 1 n 1 "
10 20 30 40 50 60 70 80 90
2-Theta, deg.

Figure 5. XRD patterns of PEO-coated samples: G2-30, G2-60, G5-30, and G5-60.

XPS analysis was carried out to investigate the kind and chemical state of elements
on the samples’ surface. The survey spectra of all PEO coatings on G2 and G5 titanium
alloys reveal the presence on the surface of all the expected species, namely Ti, Mo, Fe, P,
Na, O, and C. V contained in the G5 titanium alloy was not detected because of the small
amount or not segregate on the surface. Traces of Al, N, and S derived from substrate and
electrolytes were also observed.

The peak fitting analysis of the more relevant elements is reported in Figure 6. The
peak shape and binding energies at 458.4 and 464.2 eV, respectively, for Ti 2p3 /5 and 2p; /»
suggest the presence of Ti(IV) in TiO; in all prepared PEO coatings regardless of the alloy or
the time of the treatment [50]. The Mo 3d5,, and Mo 3dj3,, XPS peaks at 231.8 and 235.0 eV,
respectively, are ascribable to a 3d doublet of Mo(VI) in NaMoOQy, in agreement with XRD
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data [51]. The doublet of Fe 2p (at 709.8 and 723.5 eV for Fe2p3,, and 2p; /», respectively)
is ascribable to Fe(IIl) in Fe;O3 [51] in agreement with XRD data. Both G2 PEO coatings
show an O 1s peak, which is the sum of three contributions at 530.3, 531.3, and 532.5 eV,
respectively. The one at lower BEs is characteristic of reticular oxygen of TiO; and Fe, O3,
the one in the middle is ascribable to oxygen bond to Mo(VI), while the contribution of
higher BEs is distinctive of oxygen in phosphates [51]. The XPS core level of P 2p also
confirms the presence of this last species. The peak positions (132.5 and 133.5 eV) of two
components of the doublet P 2p3,, and 2p;/, well agree with P(V) in phosphates [51]. This
agrees with the XRD data, which demonstrated the presence of NazPOy. In the G5 PEO
coatings, another contribution at 534.6 eV, which becomes more significant on the sample
G5-60, is present in the O 1s region. This could be due to absorbed moisture.

T12p Mo 3d

O1s P 2p

G2-30

G2-60

G5-30

£
2 {1 IA E .
FAN R VIR
G560 |, /% i .%o
= e /
T T T T LI L L B | T T T T T T T T T T
470 465 460 455 | 238236 234232230 228 730 720 710 536 532 528 136 134 132 130
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 6. XPS peaks of PEO coatings formed at 30 and 60 min: XPS core levels of Ti 2p, Mo 3d, Fe 2p,
P 2p, and O 1s are shown. (Black is used for the sample G2-30, gray for the sample G2-60, dark blue
for the sample G5-30 and light blue for the sample G5-60).

In Table 4, the XPS atomic composition is shown. The quantitative analysis reveals a
higher amount of oxygen and phosphorus, which agrees with the formation on the surface
of phosphate species.

Table 4. XPS atomic percentage recorded on the different samples.

Sample 0% P% Ti% Fe% Mo %
G2-30 76.3 17.0 5.5 0.6 0.6
G2-60 78.2 16.6 4.0 0.9 0.2
G5-30 79.0 17.9 2.0 0.9 0.2
G5-60 80.1 16.3 2.2 1.3 0.2

3.4. Corrosion Resistance of Black Coatings

The corrosion resistance of PEO coatings, formed on two distinct titanium alloys,
G2 and G5, through two different treatment durations (30 and 60 min), was evaluated
using both PDP and EIS tests. It is important to note that PEO coatings are robust ceramic
insulating coatings, which limited the utility of PDP primarily to qualitative assessments
among the coatings and the original, untreated titanium alloys. Due to the inapplicability of
the Tafel law [52], quantitative analysis was not possible. Figure 7 indicates the polarization
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curves, showing improved corrosion resistance for samples subjected to 60 min of PEO
treatment on both titanium alloys, G2 and G5. The noticeable shift towards lower current
densities, spanning up to one order of magnitude, demonstrates the improved corrosion
resistance of the PEO-treated samples compared to the untreated titanium alloys. This
transition occurs in the following order: substrate coated for 60 min > substrate coated
for 30 min > uncoated substrate. Furthermore, shifting the corrosion potential in the PEO-
treated samples toward the anodic position indicates improved corrosion resistance. Such a
shift towards a more positive corrosion potential typically implies greater thermodynamic
stability for the tested specimens [14].

(a) 25 =7 (b) 25 | —G5
20 | 20
; 15 F -G2-30 ; 15 -G5-30
g 10r —G2-60 g o —G5-60
w o5 | v o5 L
K 2 00
= 0.0 i G5-60 G5-30
5-05 [ G2-30 5-05 |
5—10 F 5_10 L v
- - G5
a—-15 r . o G2 a-15 r o
—20 | D —20 |
—25 PRI Ll L ul Ll y —-2.5 L1 uoul PRI PR M
1x107° 1x1077 1x1075 1x10™3 1x107? 1x10™° 1x1077 1x10~° 1x1073 1x1071!
Current density (A/cm?) Current density (A/cm?)

Figure 7. Potentiodynamic polarization (PDP) curves of the PEO-coated samples and as-received
titanium alloys: (a) G2 and (b) G5 at the 3.5% NaCl.

EIS measurements were carried out to better understand the corrosion resistance
of the PEO coatings. EIS measurements were performed under the same conditions as
PDP at room temperature in 3.5% NaCl. Results from the EIS test are presented in the
form of Bode plots, Figure 8, and Nyquist plots, Figure 9. As seen from both plots for
G2 titanium alloy (indicated with the letter a), sample G2-60 has the highest impedance
value through all applied frequencies. A higher value of the impedance indicates a better
corrosion resistance of the system. From the Bode Modulus plot and the Nyquist plot for
G5 titanium alloy (indicated with the letter b), sample G5-30 shows a higher impedance
value at higher frequencies, while sample G5-60 shows a higher impedance value at lower
frequencies. Generally speaking, the corrosion resistance of titanium alloys is improved by
PEO coatings. Bode plot representation of phase angle (Zphz) as a function of frequency
can be used to visualize the relative contributions of capacitive and resistive elements,
with ideal capacitance at Zphz = —90° and resistive processes indicated by Zphz = 0 [53].
Capacitive behavior is observed mainly at medium and low frequencies, while resistive
behavior is evident at high frequencies. All four samples coated with PEO have a two-
time constant compared to a one-time constant in pure titanium alloys. The first-time
constant appears in the high-frequency region with a minimum of about 10* Hz, while the
second appears in the low-frequency region with a minimum of about 10° Hz. It proves
the presence of two layers in PEO coatings—an external porous layer and an internal
barrier layer—in line with our previous research on PEO coatings [54,55] and the work of
Mohedano et al. [56]. A one-time constant in the as-received samples indicates the presence
of only an oxide layer.
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Figure 8. Results of the EIS tests in the form of Bode Modulus plots (impedance vs. frequency (Zmod
vs. Freq)) and Bode Phase plots (phase vs. frequency (Zphz vs. Freq)) for the (a) PEO-coated samples
on the G2 titanium alloy and the G2 titanium alloy without the coating; (b) PEO-coated samples on
the G5 titanium alloy and the G5 titanium alloy without the coating.
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Figure 9. Results of the EIS tests in the form of Nyquist plots (impedance vs. frequency (—Zimag vs.
Zreal)) for the: (a) PEO-coated samples on the G2 titanium alloy and the G2 titanium alloy without
the coating; (b) PEO-coated samples on the G5 titanium alloy and the G5 titanium alloy without the
coating.

To compare samples with only PEO coatings, the results, including PEO coatings
on both titanium alloys, G2 and G5, are shown in the form of a Bode Modulus plot and
Nyquist plot in Figure 10. In general, the corrosion resistance of PEO-coated samples on G2
titanium alloy is better than that of samples on G5 alloy, while the best corrosion resistance
is found in sample G2-60. The larger arcs on the Nyquist graph and higher impedance
values support this conclusion.
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Figure 10. Results of the EIS tests in the form of (a) Bode Modulus plot (impedance vs. frequency
(Zmod vs. Freq)) and (b) Nyquist plot (impedance vs. frequency (—Zimag vs. Zreal)) for the
PEO-coated samples on the G2 titanium alloy and the G5 titanium alloy.
EIS data were fitted, applying two distinct equivalent electrical circuits for quantitative
assessments of the PEO-coated samples. One circuit was designed for untreated samples
(Figure 11a), while the other was developed for PEO-treated samples (Figure 11b). Since
the untreated sample contained just a natural oxide layer, it was examined using a simple
Randles Rs(Ro,CPE,) circuit configuration. On the other hand, the analysis of PEO-treated
samples required a dual-circuit Rs (R, CPE, (R, CPE,,)) configuration due to the presence of
two distinct layers: an external porous layer and an internal barrier layer. A Constant Phase
Element (CPE) was used in both electrical circuits, according to the typically less-than-ideal
nature of capacitance measurements [57]. CPE can be represented as follows:
Z=(1/Yy)/(jw)" )
a b
(a) (b) o
Ro Rp
M
Rs Rs
—W— metal CPEb | metal
I Il
11 11
CPEo CPEp

Figure 11. Equivalent electrical circuits employed to fit the EIS data, (a) simple Randles circuit
Rs(RoCPE,); (b) dual-circuit Rs (RpCPEp (R,CPEy)).

In the given expression, Yj represents a constant phase element (CPE), w stands for
angular frequency, and « is an empirical exponent. o can assume a value of 1, indicating a
perfect capacitor, and 0 perfect resistor. Within the equivalent circuit, various components
are delineated: R, which signifies the resistance of the solution; R,, serving as a measure of
the corrosion resistance of the natural oxide layer; Ry, indicative of the corrosion resistance
of the porous layer; and Ry, representing the corrosion resistance of the barrier layer. A
CPE includes (CPE,) connected to the oxide layer, (CPEp) connected to the porous layer,
and (CPE,) connected to the barrier layer.

The fitting results of the experimental EIS data are reported in Table 5 in the case of
the PEO-coated samples and Table 6 for the as-received samples. Good fitting results were
obtained, as confirmed by chi-squared values varying around 0.01 and 0.001.
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Table 5. Results of the experimental EIS data fitting with the equivalent electrical circuit for the
PEO-coated samples.

G2-30 G2-60 G5-30 G5-60
Rs [Q cm?] 11.59 3.90 5.40 9.67
Rp [Q cmZ] 36.07 x 10* 13.07 x 102 28.82 x 10° 22.72 x 10°
Rb [Q cm?] 26.47 x 10° 17.12 x 107 22.68 x 10* 51.19 x 10*
Yop [Ss%em 2] 10.00 x 10~° 16.09 x 107 1320 x 10°¢ 15.70 x 10~
xp 0.73 0.79 0.63 0.69
Yoy, [Ss*cm 2] 80.62 x 107 30.12 x 1077 26.50 x 107° 44.05 x 10~
% 0.86 0.86 0.72 0.87
x> 82.99 x 1073 56.82 x 1074 12.00 x 10~* 18.67 x 10~*

Table 6. Results of the experimental EIS data fitting with the equivalent electrical circuit for the
as-received samples.

G2 G5
Rs [ cm?] 3.61 4.89
Ro [Qem?] 13.30 x 10° 50.83 x 10
Yo, [Ss*cm 2] 2871 x 10~° 33.71 x 10~
Xo 0.85 0.84
x> 11.59 x 1073 10.10 x 1073

A two order of magnitude increase in the corrosion resistance (considering both Rp
and Rb) was observed for the 60-minute treated samples on the G2 titanium alloy (G2-60)
compared to the 30-minute treated sample (G2-30). Furthermore, a similar value of the
Yob for the G2-60 and G2-30 indicated that prolonged processing time had no significant
effect on coating growth. These results showed a considerable increase in the corrosion
resistance value due to the improved compactness of the coating and a thicker barrier layer,
confirmed by SEM images.

Compared to PEO coatings on G2 titanium alloy, the corrosion resistance values
(regarding both Rp and Rb) of PEO coatings on G5 are lower even by three orders of
magnitude, which is compatible with potentiodynamic results. G5-60 shows higher values
in corrosion resistance compared to sample G5-30. Similarly, the values of Yob do not
change significantly, so we can conclude that the increase in corrosion resistance did not
result from an increase in coating size but an increase in coating compactness. Overall, a
PEO coating on both titanium alloys appears to increase corrosion resistance compared to
uncoated samples, except for sample G5-30, which showed a slight decrease.

4. Discussion

According to the optical analysis, all PEO-coated samples have an absorptance greater
than 0.80, indicating a black appearance. Similar outcomes can be found in the existing
literature [13], where black coatings are typically reported to have solar absorptance values
ranging from 0.75 to 0.90. Yao et al. [39] stated that the resulting coatings with an average
solar absorbance value of 0.76 were deemed appropriate for application in optical com-
ponents aboard spacecraft. Notably, the coatings have significant differences, especially
when examining the same titanium alloy but subjected to a longer PEO process duration.
The coating’s absorptance increases as the process time is extended. Coatings produced
during the 60-minute PEO process absorb up to 86% of radiation, and this difference is
visible in stereo microscope images. A more expressive black color is confirmed compared
to 30-minute PEO coatings.

The blackness of the coatings is affected by anions such as VO*~, WOi_, MoOi_ and
transition metal cations such as Fe?t, Fe>*, Cu®*, Co?", Ni** and Zr**, according to the
literature [19,26,34]. Regarding our present study, additives based on molybdenum and
iron were used. XRD analysis showed that Fe> and MoOi_ were successfully incorporated
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into all prepared coatings. XPS and EDS analysis further confirmed the presence of these
species.

As well as cations and anions, the black color of the coatings is influenced by the
microstructure. Irregular surfaces and micro-pores of the coatings constitute optical traps,
increasing multiple reflections of incident light on the surface of the coatings and resulting
in a decrease in the reflectivity [9,41]. Micro-pores dimensions correspond to the infrared
spectral range. The surface SEM examination reveals the formation of a channel-like
structure, which arises from the interconnection of nano-pores after 30 min. This particular
microstructure might be one of the contributing factors to the increased absorptance in
samples subjected to extended PEO treatment times. The nano-pores, on the other hand,
are most likely too small to accommodate light waves.

Additionally, Han et al. [14] reported that the black color comes from the titanium
ions themselves incorporated into the titanium dioxide. They believe that Ti*" and Ti?*
from the Ti-6Al-4V substrate are responsible for the black color of TiO,. Nevertheless, it is
known that TiO, is mainly used as a white pigment [58-60].

All PEO-coated samples have better corrosion resistance than bare titanium alloys,
G2 and G5, as confirmed by PDP measurements. Based on PDP analysis, the litera-
ture [14,37,38] also reported improved corrosion performance when using black PEO
coatings on titanium alloys in 3.5 wt.% NaCl solution. Despite the PDP curves shifting
towards lower current densities and more positive potentials, a higher anodic current is
evident in the case of 60-minute samples for both titanium alloys, G2 and G5 (Figure 7).
A similar occurrence was noted by Han et al. [14], who ascribed this phenomenon to the
increased formation of rutile due to repeated PEO discharges in the coatings formed at
longer treatment times, and Madhuri et al. [37] noted that the presence of rutile contributes
to better corrosion resistance, particularly when exposed to a NaCl solution [49].

Furthermore, upon examining the results of the EIS tests, the distinctions between the
samples are apparent. Those produced after a 60-minute PEO process display improved
corrosion resistance. This heightened resistance can be attributed to a thicker inner barrier
layer and, in general, more compact coatings, as demonstrated by SEM cross-section
observations. Compactness, uniformity, and interfacial stability are recognized as crucial
factors that dictate the protective effectiveness of oxide coatings. The presence of porosity
and inadequate interfacial adhesion between the coatings and the substrate can facilitate
the infiltration of corrosive agents into the coating, leading to substrate damage and,
consequently, rapid surface pitting [28]. Similar results were found in the literature, where
it was reported that the better corrosion resistance for the thin coatings was attributed to
the denser, more homogeneous inner (barrier) layer [14,61]. In addition to SEM observation,
the presence of two distinct layers in PEO coatings is also discernible from the appearance
of two-time constants on the Bode Phase plots (Figure 8) of PEO-coated titanium alloys.
The time constant observed at high frequencies corresponds to the porous (outer) layer,
while the second time constant is associated with the inner (barrier) layer. In contrast,
untreated samples exhibit only a single time constant. These findings align with previously
published research on PEO coatings applied to titanium substrates [28,62].

The enhancement of the barrier layer is particularly evident in the samples of the
G2 titanium alloy. Based on the fitting values of the EIS measurements, sample G2-60
shows even two orders of magnitude higher corrosion resistance in the barrier layer
compared to G2-30 (Table 5). Overall, G2 coatings exhibit superior corrosion resistance
compared to G5 coatings, and the G2 coating prepared after the prolonged PEO process
time of 60 min stands out as the best with the corrosion resistance of 17.12 x 107 Q cm?.
This can be related to the improved corrosion resistance of the substrate (G2 titanium
behaves better than G5 titanium), with an oxide layer resistance of 13.30 x 10°> Q cm? and
50.83 x 10* Q cm?, respectively. These values are consistent with the corrosion resistance
exhibited by similar PEO coatings on titanium alloys. For instance, Molaei et al. [62]
reported silicate-based PEO coatings on the G2 titanium alloy with resistance values
in the 10° ) cm? range, while Fattah-Alhosseini et al. [63] observed phosphate-based
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PEO coatings with resistance values in the 10° Q) cm? range. When focusing solely on
titanium substrates within the existing literature, it is again evident that G2 titanium alloy
exhibits greater corrosion resistance [62] than G5 titanium alloy [64]. Various PEO process
parameters, including electrolyte concentration, composition, processing time, and current
density, influence the corrosion resistance of PEO coatings [37]. These factors lead to
variations in the coating’s chemical composition, thickness, and compactness, ultimately
affecting its corrosion resistance [49]. Due to these variables, it is only feasible to provide a
broad comparison of coatings found in different literature sources.

5. Conclusions

Effective black ceramic coatings were successfully obtained on G2 and G5 titanium
alloy with the PEO process. The coatings were prepared to work in direct-current mode at
a constantly low current density of 0.05 A /cm?. The difference between coatings generated
at 30 min and 60 min was investigated. A novel combination of additives (FeSO4 and
(NHy4)4Mo7044), not previously documented in the literature, was employed as coloring
agents. The following conclusions can be drawn after examining the optical, morphological,
structural, chemical, and electrochemical characterization.

(A) All the coatings generated possess a near 10% reflectance in the visible spectrum and
a peak reflectance of around 35% in the NIR range. Under all tested conditions, the
calculated absorptance of the coatings exceeds 0.8, reaching a maximum peak of 0.86
in the instance of PEO coatings prepared following a 60-minute duration.

(B) The surface SEM images clearly demonstrate that the nano-pores are stacked and
connected after 60 min of the PEO process, forming micro-pores and a particular
channel structure. Since this morphology is suitable for trapping light waves, the
coatings provide a deeper black color. Cross-sectional SEM micrographs show no
difference in coating size after the PEO process is extended, but there is a difference
in homogeneity. After 60 min, more uniform coatings were obtained with a thicker
barrier layer.

(C) According to EDS analysis of the surface and cross-section, coatings are rich in oxygen
and phosphorus, with modest amounts of iron, molybdenum, and sodium. The
presence of TiO; in two different mineral forms, anatase, and rutile, NazPOy4, YFe,O3
and NapMoOQy, is confirmed by XRD and XPS.

(D) From the PDP, the noticeable shift of the current density towards lower current
densities demonstrates the improved corrosion resistance of the PEO-treated samples
compared to the untreated titanium alloys. The improvement is noticeable in G2 and
G5 titanium alloy and at both PEO process times.

(E) The EIS confirms that the coatings on G2 titanium are more corrosion-resistant than
G5. The internal barrier layer of G2 titanium, in particular, exhibits significantly higher
resistance, and G2-60 stands out as the best coating in terms of corrosion resistance,
with an internal barrier resistance of 17.12 x 10”7 Q.
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