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Abstract: Coatings with a thickness from ~40 to ~50 µm on Ti6Al4V titanium alloy were formed by
micro-arc oxidation in a silicate-hypophosphite electrolyte with additions of graphene oxide. Micro-
arc oxidation treatment was carried out in the anode–cathode mode (50 Hz) with a ratio of anode to
cathode currents of 1:1, a total density of 20 A/dm2, and a treatment duration of 30 min. The effect
of the graphene oxide concentration in electrolytes on the thickness, roughness, hardness, surface
morphology, structure, composition of micro-arc oxidation coatings, and its electrochemical corrosion
behavior in 3.5% NaCl solution was studied. The input of graphene oxide additives into the base
silicate hypophosphite electrolyte led to an increase in the hardness of micro-arc oxidation coatings.
Electrochemical polarization studies and impedance data showed that the best characteristics in
terms of corrosion-protective ability among coatings formed in electrolytes with graphene oxide
additives were those formed in the electrolyte with a graphene oxide concentration of 0.1 g·L−l. A
further increase in the graphene oxide concentration in the electrolyte did not improve the protective
properties of micro-arc oxidation coatings.

Keywords: titanium alloy Ti6Al4V; micro-arc oxidation; graphene oxide; MAO coating; thickness;
roughness; hardness; surface morphology; structure; composition; electrochemical polarization
curves; electrochemical impedance spectroscopy

1. Introduction

At present, the surface modification of titanium and, in particular, Ti6Al4V alloy,
which shows low density, high strength, fatigue resistance, and biocompatibility [1–4], has
found application in various industries (marine, automotive, aerospace, chemical, and
biomedical) [5–7]. Among various methods of modifying the surface of light alloys, i.e.,
CVD, PVD, and thermal oxidation [8–10], the drawbacks of which are presented in stud-
ies [11,12], micro-arc oxidation (MAO) is of particular interest because it has advantages
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over other methods such as processing cost, versatility, ease of operation, and environ-
mental friendliness [13–15]. A particularly important feature of MAO is the flexibility in
selecting electrolyte compositions, which makes it possible to obtain oxide layers with
different properties [16–18]. Due to the electrochemical nature of the oxide layers formed in
the MAO process, the characteristics of the electrolytes used, including conductivity, acidity,
chemical composition, and types of additives, can significantly influence the properties
of the deposited coatings, such as morphology, porosity, and surface phase composi-
tion [19–21]. Therefore, the incorporation of additives with micro- and nano-sized particles
into the formed layer can be an important strategy to improve the properties of coatings
and expand the range of chemical composition. Various electrolytes containing compounds
such as alumina [22], copper oxide [23], zirconia [24], graphene [25], and graphene oxide
(GO) [26] are used to impart special properties to MAO coatings on titanium alloys [27–31].
Of all the presented additives, GO is of greatest interest due to its ability to form stable
dispersions in water and organic solvents, as it contains on the surface various functional
groups (carboxyl, hydroxyl, phenolic, epoxy, etc.). These groups are easily formed during
the oxidation of graphene in a strongly acidic environment, and, in aqueous solutions, can
participate in ion exchange processes [32–34]. Chen et al. [25] obtained ceramic coatings
with different concentrations of graphene particles on 6063 Al alloy substrates by the MAO
method in an electrolyte containing sodium metasilicate (Na2SiO3), sodium fluoride (NaF),
trisodium phosphate (Na3PO4), and sodium hydroxide (NaOH) and concluded that the
best mechanical and corrosion properties were obtained at a graphene particle concentra-
tion of 0.15 g/L. Gao et al. [26] investigated the effect of MAO of a pure titanium substrate
when 100 mg/L of graphene oxide and 2 g/L of sodium dodecyl benzene sulfonate were
added to the aqueous solution of sodium silicate (Na2SiO3·9H2O, 20 g/L). To fabricate TiO2
ceramic coatings, the constant-voltage mode was selected and 450 V was predefined. The
MAO parameters were as follows: frequency 500 Hz, duty cycle 6%, and time 5 min. The
results showed that the obtained composite coatings have improved photocatalytic activity,
enhanced binding force, and excellent corrosion resistance. Wen et al. [27] synthesized a
MAO bioactive hydroxyapatite (HA) with 1 wt.% GO on a magnesium alloy substrate in
a phosphate electrolyte and found that HA/GO particles were successfully incorporated
into the composite coating, the number and diameter of pores in the coating decreased,
the corrosion current density of the HA/GO-coated sample decreased to 36.43 µA/cm2

compared to the Mg substrate (2124 µA/cm2) in simulated body fluid solution, and the
polarization resistance of the HA/GO-coated sample increased significantly, indicating that
the HA/GO coating can provide a more effective barrier against corrosion ion penetration
than the MAO coating. Li et al. [28] obtained GO-containing coatings on Zr N36 alloy by
the MAO method. The oxidation in this work was performed in two electrolytes containing
Na2SiO3/NaF/potassium hydroxide KOH and Na2SiO3/Na3PO4/NaF/KOH. The GO
content ranged from 0 g/L to 0.1 g/L. The conclusions of their studies were that GO did not
change the phase composition of the coatings, and GO-containing coatings showed a lower
self-corrosion current density, more positive corrosion potential, and increased fretting
wear. Zhang et al. [29] investigated a ceramic MAO-coating, with GO sheets embedded in it,
on an Mg-Li alloy substrate. The base electrolyte consisted of Na2SiO3 and KOH, with GO
(10 mL/L) added to it. This resulted in ~60 µm thick coatings with reduced roughness and
porosity compared to those without GO. The addition of GO improved the hardness as well
as scratch resistance, and the GO-containing coatings also exhibited excellent anti-friction
and anti-wear properties. Askarnia et al. [30] applied the MAO process to AZ91 magnesium
alloy in an alkaline electrolyte with different GO contents (0, 10, 20, and 30 mg/L). The
coating with a GO concentration of 20 mg/L was characterized as optimal in surface quality
as well as in mechanical and corrosion properties. In addition, antibacterial studies showed
that coatings with 30 mg/L showed the best properties. Wang et al. [31] performed surface
layer modification on Ti-3Zr-2Sn-3Mo-25Nb titanium alloy by the MAO method at pulsed
direct current in an electrolyte containing 4.1 g/L of potassium dihydrogen phosphate,
19.62 g/L of calcium acetate, 21.94 g/L of EDTA-2Na stabilizer, and 5 mg/L of graphene
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oxide. The results showed that compared with the original MAO coating, GO added into
the system led to a more uniform surface, some pores were sealed, and the surface rough-
ness was reduced. After doping with GO, the overall thickness of the coating decreased
from ~50 to ~40 µm but the hardness increased from ~290 to ~310 HV, and the friction
coefficient was reduced by 50%. Electrochemical testing showed GO had an enhancing
effect on the corrosion resistance of the MAO coating. In [13], interesting results were
obtained on the thermal stability of coatings formed in a silicate-hypophosphite electrolyte
in the anode–cathode (50 Hz) MAO mode on the samples made by the method of electron
beam melting using additive technology from Ti6Al4V titanium alloy powder.

The aim of this work is to study the effect of GO additives in a silicate-hypophosphite
electrolyte on the characteristics (hardness, electrochemical, corrosion behavior, etc.) of
MAO coatings formed on a compact Ti6Al4V titanium alloy.

2. Materials and Methods

In this study, commercial graphite powder (Plasmotherm, Moscow, Russia) with
a median particle size d50 = 3 µm and carbon content ≥99.99% was used. The Raman
spectrum and SEM image of raw graphite powder are presented in Figure 1. Graphite
platelets have the form of flakes or a layered morphology. The Raman spectrum of the
graphite powder demonstrates the characteristic peaks located at ~1584 cm−1 (G) and it is
more intense than the 2D (2720 cm−1) and D (1350 cm−1) bands.
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Figure 1. Raman spectrum and SEM image of raw graphite powder.

A modified Hummers method was used to obtain graphene oxide from graphite
powder (Figure 2).
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Concentrated sulfuric acid was added to a mixture of commercial graphite and nitric
acid while stirring in a thin stream for this purpose. The resulting solution was cooled
in an ice bath with constant stirring to T = 0–10 ◦C with a holding time of 25 min. Then,
under continuous stirring and constant cooling, potassium permanganate was added in
small portions with the reaction temperature control no more than 20 ◦C. The next step
was to heat the solution to 35 ◦C and stir for 3 h. Upon completion of the reaction, the
suspension acquired a dough-like structure and a dark brown color. After that, purified
water was slowly added to avoid the release of large amounts of heat. To reduce the
residual potassium permanganate and manganese oxide to colorless manganese sulphate,
a 3% hydrogen peroxide solution was slowly added, resulting in a pronounced exothermic
effect up to 98 ◦C and a color change of the solution to a dark yellow-brown. The reaction
mixture was stirred for 30 min and centrifuged (3700 rpm for 30 min). The remaining solid
material was washed with distilled water and centrifuged again until a neutral pH of the
solution (pH ~6–7) was reached [33,34]. MAO coatings were formed on disc samples with
a diameter of 27 mm and thickness of 7 mm made of the Ti6Al4V alloy (Lkalloy, Shanghai,
China, structure and chemical composition presented in Table 1). The samples with a
surface roughness equal to Ra = 1.8 µm and Rz = 11.5 µm were degreased with acetone
for 25 min in an ultrasonic bath, washed with distilled water, and then were cleared by
blowing pressurized air before post-mortem observations.

Table 1. Structure and chemical composition of Ti6Al4V alloy.

Structure Chemical Composition, wt.%

α + β Al V Fe Ti
5.5−6.75 3.5−4.5 0.3 Bal.

MAO treatment was carried out in a silicate-hypophosphite base electrolyte compris-
ing 10 g·L−1 of Na2SiO3·9H2O and 5 g·L−1 of Na(PH2O2)·H2O, with additions of 0.1, 0.3,
and 0.5 g·L−1 of graphene oxide. MAO treatment was carried out on an experimental setup
in the anode–cathode mode (50 Hz), with an anode-to-cathode current ratio of 1:1 and sum
current density of 20 A/dm2. The duration of the MAO treatment was 30 min. The pH
and conductivity of the electrolytes were measured using a pH meter and a conductometer
(Mettler Toledo, Columbus, OH, USA). The electrolyte temperature was monitored in real-
time using a resistance thermometer located in the zone of MAO treatment of the samples
and was maintained in the range of 23–26 ◦C. During the MAO treatment, the electrolyte
was stirred by bubbling with compressed air. To stabilize graphene oxide particles in the
electrolytes used, they were pretreated for 20 min in a homogenizer with ultrasound at
a frequency of 40 kHz. The sample code, composition of electrolytes, and their pH and
conductivity are presented in Table 2.
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Table 2. The sample code and main technological parameters of MAO process.

Samples
Code Base Electrolyte Graphene Oxide

Addition, g·L−1 pH Conductivity,
mS·cm−1

0 GO
Na2SiO3·9H2O +
Na(PH2O2)·H2O

0 12.25 31.23
0.1 GO 0.1 12.21 37.87
0.3 GO 0.3 12.12 41.34
0.5 GO 0.5 12.04 47.61

The surface morphology and cross-sectional structure of MAO coatings were studied
using the scanning electron microscope (SEM) VEGA 3 LMH (Tescan, Brno, Czech Republic)
equipped with an energy-dispersive X-ray spectrometer (EDS). Images were obtained at
the accelerating voltage of 10 kV using a secondary electron detector (SE), which formed a
topographic contrast. EDS was carried out at an accelerating voltage of 20 kV to activate all
the main lines of the elements and the working distance of 15 mm. By EDS-analysis, the
elemental composition of the studied areas and the distribution map of the elements were
obtained. The thickness of MAO coatings was measured with the eddy current thickness
gauge VT-201 (KID, Moscow, Russia). The roughness was measured using the optical
system MicroCAD premium+ (GFM, Berlin, Germany). The microhardness of the MAO
coatings was measured using a PMT-3M microhardness tester (LOMO, Saint Petersburg,
Russia) with a load of 0.98 N g and a loading time of 10 s. X-ray phase analysis was
carried out with Cu Kα radiation at a voltage of 30 kV and angles 2θ from 15 to 80 degrees
on the diffractometer Difrey-401k (Scientific Instruments JSC, Saint Petersburg, Russia).
Raman spectroscopy was performed on a DXRTM2 (Thermo Fisher Scientific, Waltham,
MA, USA) using a 532 nm laser with a power of 2.0 mW for the characterization of the
obtained coatings.

The electrochemical behavior of bare and coated samples was investigated in an NaCl
solution with a concentration 3.5%, which is typical for such studies [26,35]. The studies
were carried out in the three-electrode cell with separated anodic and cathodic spaces using
an IPC-Pro MF potentiostat (LLC Volta, Saint Petersburg, Russia) with potentiodynamic
polarization from the cathode to the anode field with a sweep rate of 1 mV/s. The Ti6Al4V
alloy substrate and coated samples were used as working electrodes, the silver chloride
electrode (Ag/AgCl) as the reference electrode, and a platinum plate as the auxiliary elec-
trode. Potentiodynamic polarization measurements were carried out at room temperature.
Polarization measurements were started after 30 min of immersion in the corrosive solution.
After this time, the steady-state open-circuit potential (OCP) corresponding to the corrosion
potential of the working electrode was obtained. The potentials are reported versus the
standard hydrogen electrode (SHE).

Electrochemical impedance spectroscopy (EIS) was carried out using the potentiostatic
complex IPC-FRA (Moscow, Russia) [36] with a corrosion potential (open-circuit) with the
superimposition of a sinusoidal alternating-current signal with an amplitude of 10 mV in
the frequency range of 0.1 Hz . . . 10 kHz. The subsequent calculation of the parameters of
the equivalent impedance scheme according to the program was carried out with reduction
to S = 1 cm2. The error bars for all electrochemical measurements in parallel experiments
did not exceed 10%.

3. Results and Discussion

Table 2 shows that with an increase in the content of graphene oxide in the electrolyte
from 0 to 0.5 g·L−1, its pH slightly decreases, while the conductivity of the electrolyte
increases by about 1.5 times. This means that the voltage drop across the discharges
increases, and this should intensify the MAO process.

Figure 3 shows SEM images of the surface morphology of MAO coatings formed
in electrolytes with different contents of GO. It can be seen that with an increase in the
concentration of graphene oxide, the open porosity of the coatings noticeably decreases,
which should lead to an increase in their corrosion-protective ability.
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Table 3 presents the results of measuring the thickness, roughness, and Vickers hard-
ness of MAO coatings formed in electrolytes with different contents of graphene oxide.

Table 3. Thickness, roughness, and hardness (HV) of MAO coatings.

Sample
Code

Thickness,
µm

Roughness, µm Hardness
(HV)Ra Rz

Substrate 1.8 11.5 302
0 GO 40.9 3.3 19.2 317

0.1 GO 48.5 6.4 35.3 331
0.3 GO 48.7 6.9 37.8 352
0.5 GO 49.5 7.1 39.4 366

It can be seen that with an increase in the graphene oxide content in the electrolyte
from 0 to 0.1 g·L−1, the coating thickness increases by about 20%, and with a further
increase in the GO concentration from 0.1 to 0.5 g·L−1, a very slight increase in the coating
thickness occurs. This may be due to the fact that excessive amounts of graphene oxide
particles block discharge channels, which prevents an increase in the growth rate of coatings.
Another explanation may be that an excess amount of GO coagulates in the electrolyte and
does not participate in the formation of MAO coatings [36]. The surface roughness of the
samples after oxidation in the GO-free electrolyte increases approximately doubles. Adding
graphene oxide to the electrolyte leads to about the same effect as in the case of the coating
thickness. Adding 0.1 g/L of GO to the electrolyte still increases the roughness by about
double, but when the concentration of graphene oxide in the electrolyte is further increased,
it almost does not increase. MAO treatment of the Ti6Al4V alloy in the base electrolyte
increases its surface hardness by approximately 5% from 302 to 317 HV. Introducing GO to
the electrolyte leads to an almost monotonic increase in hardness of MAO coatings from 331
to 366 HV with an increase in the GO concentration from 0.1 to 0.5 g·L−1. Approximately
such a hardness growth was found in work [36], in which an increase in the GO content
in the electrolyte from 5 to 15 mL·L−1 led to a monotonic increase in the hardness of
MAO coatings on the Ti6Al4V titanium alloy from 345 to 375 HV. It is known [37] that
the interaction of titanium and carbon at ~2000 ◦C results in the formation of titanium
carbide, and the temperature in microarc discharges can reach 2000–3000 ◦C [14]. Therefore,
an increase in the hardness of coatings with an increase in the concentration of graphene
oxide in the electrolyte can be explained by the synthesis in discharges during MAO of
increasing amounts of titanium carbide TiC and the formation of a composite structure of
coatings similar to hard alloys. It can be noted that there are no peaks of the TiC phase in
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the X-ray diffraction patterns. This may be due to the small volume fraction of TiC or to
the fact that the TiC phase can be in the amorphous state. The amorphization of the oxide
layer is also indicated by the presence of a “halo” in the diffractograms at small angles
2θ (less than 30 degrees). It should also be noted that a decrease in the open porosity of
the coatings can hardly lead to an increase in their hardness. The open porosity of the
coatings decreases due to the fact that open pores in the process of micro-arc oxidation are
filled with graphene oxide, including a partially reduced one, and they have a much lower
hardness than titanium or silicon oxide, which form the basis of MAO coatings formed on
alloy Ti6Al4V in the silicate-hypophosphite electrolyte.

The wettability is usually related to the surface separation energy and bonding process,
and recent work [38] has reported that the functional composition would exert obvious
influences on the density-of-states distribution, bonding states, and surface separation
energy. This, in combination with the lubricating effect of graphene, which can be reduced
from graphene oxide during cathodic half-cycles of the MAO mode, should lead to an
increase in the wear resistance of MAO coatings.

Figures 4 and 5 show the SEM-EDS elemental distribution maps and the cross-sectional
microstructure of the MAO coating as well as the element distribution along the marked
line, respectively, for 0.5 GO samples.
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It can be seen that the carbon from graphene oxide, along with titanium and oxygen,
alloying elements of the Ti6Al4V alloy (aluminum and vanadium), as well as elements of the
electrolyte (silicon, phosphorus, and sodium), comprise the MAO coating. Figure 6 shows
X-ray diffraction patterns of MAO coatings formed in electrolytes with different contents
of graphene oxide. It can be seen that the height of the peaks of the high-temperature
phase of titanium dioxide TiO2-rutile (the temperature of the anatase-rutile polymorphic
transformation is 620–650 ◦C) increases with an increase in the GO concentration in the
electrolyte. This can be explained by the fact that at a higher concentration of graphene
oxide, the electrolyte conductivity increases, and the discharge voltage and temperature in
the discharge increase. It should be noted that anatase is observed only in thicker coatings
formed in electrolytes containing graphene oxide. This may indicate the “immersion” of
the high-temperature region of discharges deep into the pore channels of the MAO coating
and insufficient heating of its surface layer.
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Figure 6. X-ray diffraction patterns of the 0 GO (a), 0.1 GO (b), 0.3 GO (c), and 0.5 GO (d) after
MAO treatment.

It should also be noted that the X-ray diffraction patterns do not contain peaks of
silicon-containing phases, such as silicon dioxide SiO2 (α-cristobalite and α-quartz), ti-
tanosilicates, and aluminosilicates, with a significant amount of silicon itself in the MAO
coating (Figure 4). This suggests that they are in an amorphous state. The amorphization of
the oxide layer is also indicated by the presence of a “halo” in the diffractograms at small
angles 2θ (less than 30 degrees).

The Raman spectra of the studied samples are shown in Figure 7. The peaks with
abscissas of 1356 cm−1 and 1597 cm−1 correspond to the D and G peaks of graphene oxide,
which indicates its presence in the MAO coatings on samples 0.1 GO, 0.3 GO, and 0.5 GO.
The absence of enhancement of the D and G peaks with an increase in the concentration of
graphene oxide in the electrolyte from 0.1 to 0.5 g·L−1 indicates that the content of GO in
the oxide layers does not increase in this case. This may be due to the fact that an excess
amount of graphene oxide coagulates in the electrolyte and does not participate in the
formation of MAO coatings.
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Figure 8 shows the potentiodynamic polarization curves for the bare Ti6Al4V alloy
(substrate) and samples with MAO coatings formed in electrolytes with different concen-
trations of graphene oxide.
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It can be seen that in this corrosive environment (3.5% NaCl) at room temperature,
the Ti6Al4V titanium alloy is in a passive state. This is evidenced by the values of the
corrosion potential Ecorr and current densities on the anode branch of the polarization curve.
During MAO treatment, thick oxide layers are formed on the alloy surface. This leads to
a significant ennoblement of the corrosion potential, i.e., its shift in the positive direction
by 150–250 mV compared to the bare alloy. In this case, the system enters the region of
complete passivation with the values of the anode current densities of complete passivation
icp corresponding to this state (Table 4). It can be assumed that when using MAO coatings
in a more aggressive way for titanium than the 3.5% NaCl corrosive environment, their
protective ability will also be high.

Table 4. Results of potentiodynamic polarization measurements; Ecorr—corrosion potential (SHE);
icp—anode current density of complete passivation at potential of 900 mV (SHE).

Sample Code Ecorr(SHE), mV icp, A/cm2

Substrate −50 2.65 × 10−6

0 GO 100 0.88 × 10−6

0.1 GO 200 0.81 × 10−6

0.3 GO 200 1.35 × 10−6

0.5 GO 200 1.25 × 10−6

Compared to the coating obtained in the base electrolyte, for MAO coatings formed
in electrolytes with additives of graphene oxide, there is a shift in corrosion potentials
by 100 mV toward more positive potential values (Table 4), i.e., into the area of deeper
passivity. This is consistent with other studies, where a decrease in porosity and an increase
in the density of coatings formed on titanium in electrolytes with additives of graphene
oxide were noted [22]. The cathodic polarization curves for the 0.1 OG, 0.3 OG, and
0.5 OG samples almost coincide with each other. The behavior of the anodic polarization
curves for samples with MAO coatings is still somewhat different. Thus, the minimum
value of the anodic current density of complete passivation is observed for the sample
0.1 GO with the coating formed in the electrolyte with a graphene oxide concentration of
0.1 g·L−1 (Table 4). Unlike steels that corrode in unstirred NaCl solutions with oxygen
depolarization, predominantly with cathodic control with the predominant role of oxygen
diffusion, titanium and its alloys retain a passive state in them, i.e., there is a predominant
anodic control (Figure 8) [39]. The method of electrochemical impedance spectroscopy (EIS)
makes it possible to describe the corrosion behavior by physical and mathematical models,
which, in particular, are used to study the effect of GO additives on the physicochemical
and protective properties of MAO coatings [31]. Figure 9 shows EIS results for different
MAO-coated samples obtained at an OCP in 3.5% NaCl solution. The approximation of the
EIS data is shown in the diagrams by solid lines.
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It can be seen that closed loops are observed in the Nyquist diagrams for MAO
coatings formed in electrolytes with additives of graphene oxide (Figure 9A,B). These
dependencies are nontrivial compared to those previously known—for example, [31]—that
require the equivalent circuits to be significantly more complicated. The Bode impedance
diagrams (Figure 9C) show that the difference in |Z| between the curves for MAO coatings
formed in electrolytes with different concentrations of graphene oxide does not exceed
5%. The frequency range for these coatings, which is responsible for the appearance of
loops, coincides and is in the range of 0.7–16 Hz. Based on these data, it can be assumed
that the degree of filling of the coating pores with graphene oxide for the range of GO
concentrations in the electrolyte of 0.1–0.5 g L−1 is approximately the same. It should
also be noted that in the entire studied frequency range (10−1–104 Hz), the values of the
impedance |Z| for MAO coatings formed in electrolytes with additives of graphene oxide
are lower than for the 0 GO sample (Figure 9C). This is apparently due to the presence
of highly conductive reduced graphene oxide in the pores of the outer layer of these
coatings (Figure 5). Graphene oxide, which is a dielectric [40], can be reduced to graphene
by photochemical and chemical methods [41], as well as thermally [42]. It can also be
assumed that during the anode–cathode MAO, as a result of cathodic polarization and
plasma-chemical reactions occurring in the discharge (pore) channels at relatively high
temperatures, graphene oxide in the pores of the coating can also be partially reduced.
Equivalent circuit elements used to model EIS data typically consist of a combination
of resistors (R), inductors (L), capacitances (C), or constant-phase elements (CPE). CPE
is preferable to pure capacitance C in the equivalent circuit in terms of modeling EIS
data for MAO coatings, which have a non-uniform structure and, consequently, non-ideal
capacitance characteristics [43]. The impedance of capacitive constant-phase elements ZCPE
can be calculated:

ZCPE = n/(jωT), (1)

where j is the imaginary unit;ω = 2πF is the angular frequency; F is the EIS frequency; T is
the capacity of the CPE; n is an empirical constant whose value ranges from 0 to 1. CPE
corresponds to an ideal capacitor when the value of n is 1 and the value 0 corresponds
to an ideal resistor [44]. The value of n depends on the inhomogeneity of the structure of
MAO coatings and the morphology of their surface. The inductance impedance ZL can
be calculated:

ZL = jωL. (2)
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Figure 10 shows the equivalent circuits proposed based on the fitted results of EIS for
samples with MAO coatings formed on titanium alloy in electrolytes without and with
GO additives.
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The elements of the equivalent circuit simulating an MAO coating formed on titanium
alloy in the base electrolyte without GO additives (Figure 10A) are: Rs is the resistance
of 3.5% NaCl solution; R1 and CPE1 are the resistor and the constant-phase element,
respectively, corresponding to the outer porous layer of the MAO coating; R2 and CPE2 are
the resistor and the constant-phase element, respectively, corresponding to the dense barrier
layer of the MAO coating. The elements of the equivalent circuit simulating the MAO
coating formed in electrolytes with GO additives (Figure 10B) are: Rs is the resistance of
3.5% NaCl solution; Rt is the resistance of the outer porous layer; RL and L are the resistance
and inductance, respectively, associated with the presence of graphene oxide (including
partially reduced) inside the pores; Rc is the resistance of the dense barrier layer; C is the
capacitance of the electrical double layer at the substrate–coating interface; CPE is constant-
phase element corresponding to the entire oxide layer of the MAO coating. It can be seen
that in addition to the standard R–CPE units responsible for the outer porous and dense
barrier (at the boundary with the metal substrate) layers of the MAO coating (Figure 10A),
in the case of coatings formed in electrolytes with the oxide graphene additives (Figure 10B),
to describe the loops in the Nyquist diagram (Figure 9B), the resistor RL and the inductance
L are introduced into the equivalent circuit, which is due to the presence of graphene oxide
(including partially reduced) inside the pores (Figure 5). The values of the parameters
of equivalent circuit elements (Figure 10), proposed based on the fitted results of EIS, for
samples with MAO coatings formed on titanium alloy in electrolytes without and with GO
additives, are presented in Table 5.
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Table 5. The value of the parameters of equivalent circuit elements for samples with MAO coatings
formed on titanium alloy in electrolytes without (0 GO) and with (With GO) graphene oxide additives.

Sample Rs, Ω R1, Ω
CPE1

R2, Ω
CPE2

Error, %T, F n T, F n

0 GO 33 4.2·103 8.1·10−6 0.76 2.2·1019 1.3·10−4 0.92 7.1

Samples Rt, Ω RL, Ω L, H Rc, Ω C, F
CPE

Error, %T, F n

With GO 2.2·103 8.4·102 27 4.4·103 9.4 10−4 1.6 10−4 0.48 7.1

It can be seen that the resistance R2 of the dense barrier layer of the MAO coating
formed on titanium alloy in the base electrolyte without GO additives is many orders of
magnitude higher than the resistance R1 of the outer porous layer filled with 3.5% NaCl
solution. A dense barrier layer adjacent to the metal substrate and responsible for the
corrosion-protective ability of the coating consists of rutile and anatase (Figure 6). The outer
porous layer apparently consists of X-ray amorphous silicon dioxide and titanosilicates, as
there are no silicon-containing phases on the X-ray diffraction patterns (Figure 6), and in
the elemental profile of the coating in this area, silicon is the dominant element (Figure 3).
Although the impedance |Z| for coatings formed in electrolytes with graphene oxide
additives is lower than for the 0 GO sample (Figure 9C), which may be due to the anode–
cathode MAO mode used in this work (in contrast to [31]) and, as a consequence, the partial
reduction of GO in pore coatings, at low frequencies, there is the tendency to significantly
increase the impedance for them, especially for the 0.1 GO sample (Figure 9C).

Electrochemical polarization studies also showed that the minimum value of the
anodic current density of complete passivation is observed for the 0.1 GO sample (Figure 8,
Table 4). Increasing the concentration of graphene oxide in the electrolyte to more than
0.1 g·L−1 does not improve the protective properties of the coatings.

4. Conclusions

MAO coatings with a thickness from ~40 to ~50µm were obtained in silicate-hypophosphite
electrolytes with graphene oxide additives on samples of titanium alloy Ti6Al4V. With
an increase in the content of graphene oxide in the electrolyte from 0 to 0.5 g·L−1, its pH
slightly decreases, while the conductivity of the electrolyte increases by about 1.5 times.
With an increase in the content of graphene oxide in the electrolyte from 0 to 0.1 g L−1, the
thickness of the coatings increases by about 20%, and with a further increase in the concen-
tration of GO from 0.1 to 0.5 g·L−1, a very slight increase in the thickness of the coatings
occurs. The roughness of MAO coatings also approximately doubles when g·L−1 GO is
inputted into the electrolyte, but with a further increase in the concentration of graphene
oxide in the electrolyte, it almost does not increase. The input of graphene oxide additives
into the base silicate-hypophosphite electrolyte leads to an increase in the hardness of MAO
coatings from 331 to 366 HV with an increase in the GO concentration from 0.1 to 0.5 g·L−1.
Electrochemical polarization studies in 3.5% NaCl corrosive solution and impedance data
showed that the best characteristics in terms of corrosion-protective ability among coatings
formed in electrolytes with GO additives are those formed in the electrolyte with a GO
concentration of 0.1 g·L−l. A further increase in the GO concentration in the electrolyte
does not improve the protective properties of MAO coatings.
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