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Effect of electrolyte composition on corrosion behavior and
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Abstract: Four kinds of typical plasma electrolytic oxidation (PEO) coatings were prepared on TC4 alloy to investigate
the influence of electrolyte composition on the corrosion behavior and tribological performance of the PEO coatings.
The results show that both the corrosion behavior and tribological performance of the PEO coatings are highly
dependent on the electrolyte composition. The PEO coating fabricated from the electrolyte containing NaH,PO,
exhibits the best corrosion resistance owing to its denser inner layer. The PEO coating prepared from the electrolyte
containing NaAlO, reveals the best tribological performance due to the generation of Al;Os. To prepare a PEO coating
with satisfying corrosion resistance and wear resistance, a composite PEO coating was fabricated from the electrolyte

containing NaH,PO, and NaAlO..
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1 Introduction

Due to the low density, high specific strength,
and good corrosion resistance [1], Ti6Al4V (TC4)
alloy has received extensive attention and has been
widely used in the marine environment, including
power system, cooling system, sonar system, and
pressure shell parts of ships [2]. However, TC4
alloy has poor tribological property and is prone
to mechanical degradation during the sliding
wear or abrasion process, which limits its further
application [3—5].

Till now, several strategies have been explored
to improve the tribological properties of TC4 alloy,
such as physical vapor deposition (PVD) [6],
plasma spraying [7], laser surface modification [8],
ion implantation [9], and plasma electrolytic
oxidation (PEO) [10,11]. Among them, PEO has
received great attention in recent years owing to its
convenient operation, and good performance of the

prepared coating [12,13].

At the initial stage of PEO, the alloy undergoes
anodization. With the prolonging of electrolysis, the
voltage reaches a critical value, the initially formed
oxide film is broken down, and then plasma
discharge occurs, resulting in the formation of
PEO coating [14,15]. During this process, various
processes are involved, including chemical,
electrochemical, thermochemical, and plasma
chemistry reactions [16]. Generally, this in-situ
formed ceramic-like coating is well adherent to the
substrate and has good wear resistance and
corrosion resistance [17]. However, the tribological
performance of the PEO coating fabricated on
titanium alloy still needs to be further improved
during the service under severe conditions.
Additionally, the corrosion performance of the PEO
coating also needs to be clarified when the alloy
serves in a marine environment.

So far, parameters that affect the properties of
the PEO coating have been studied, such as metal
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matrix [18], power parameters [19,20], electrolyte
composition [21—24], additives [25], and electrolyte
temperature [26]. Among them, the electrolyte
composition has a great influence on the morphology
and properties of the PEO coating. Silicate-,
phosphate-, and aluminate-based electrolytes are the
most commonly used electrolyte systems in the
field of PEO. SHOKOUHFAR et al [21] reported
that compared to the PEO coating fabricated from
silicate-based electrolyte, the coating prepared from
phosphate-based electrolyte had higher spark
voltage, larger surface pores, and better corrosion
resistance. WANG et al [22] found that with
the increase of NaAlO, concentration in the
electrolyte, the corrosion rate of the PEO coating
prepared on pure titanium decreased first and then
increased. MALINOVSCHI et al [23] investigated
the influence of NaAlO; concentration on
the microstructure, mechanical properties, and
electrochemical behavior of PEO coatings formed
on pure titanium. Results showed that the increase
of NaAlO;, concentration in the electrolyte is
beneficial to increasing the hardness and thickness
of the PEO coating. However, to the best of our
knowledge, most of the researches were focused on
improving the corrosion resistance of titanium
alloys, and less attention is paid to the influence of
electrolyte composition on the wear resistance of
the PEO coating.

In the present work, four commonly-used
electrolytes (NaAlO,, Na3;PO4, NaH,PO,, and
Na,SiO3) employed to systematically
investigate the influence of electrolyte composition
on the microstructure, composition, corrosion
performance, and tribological behavior of PEO
coating prepared on TC4 alloy. To fabricate a PEO
coating with satisfying corrosion resistance and
wear resistance, plasma electrolytic oxidation was
performed in the electrolyte containing NaAlO; and
NaH,PO,. This work not only provides support for
further optimization of the PEO electrolyte to
obtain high-quality PEO coating on titanium alloy
but also provides an ideal for the preparation of
PEO coating on other alloys.

WEre

2 Experimental

2.1 Materials
The TC4 specimen (20 mm x 20 mm X 5 mm)
was polished with 220" silicon carbide sandpaper,

ultrasonically cleaned in degreaser and deionized
water for 5 min, respectively, and then dried with
air. All chemicals were used without further
purification and the electrolytes were prepared with
deionized water.

2.2 Preparation of PEO coating

A pulsed power supply (NHWYDMS800-5,
China) was employed to prepare PEO coatings with
a frequency of 1000 Hz, a current density of
5 A/dm?, and a duty cycle of 60%. The PEO lasted
for 20 min. The electrolyte used for the preparation
of PEO coating was composed of 2.0 g/ NaOH,
2.0 g/L phenol (CsHsOH), and 10.0 g/L sodium salt
(NaAlOZ, Na3PO4, NaHQPOQ, or Nazsi03'5H20,
respectively). The PEO coatings fabricated from the
electrolyte containing NaAlO,, Na;PO., NaH,PO,,
and Na,SiO3-5H,0 were defined as PEO-AI coating,
PEO-HP coating, PEO-LP coating, and PEO-Si
coating, respectively. An electrolyte containing
2.0 g/L NaOH, 2.0 g/L CsHsOH, 10.0 g/L NaH,PO.,
and 10.0 g/L NaAlO, was employed to fabricate a
composited coating, which is defined as PEO-AI-LP
coating. Table 1 lists the detailed -electrolyte
composition and PEO condition of each coating.

Table 1 Electrolyte and parameters used in preparation
of PEO coating

Specimen Electrolyte Parameter
2.0 g/L NaOH,
PEO-Al 2.0 g/L C¢HsOH, and
10.0 g/L NaAlO,
2.0 g/L NaOH,
PEO-HP 2.0 g/L C¢HsOH, and
10.0 g/L Na;PO,4 Frequency:
20 gLNaOH, (ol
PEO-LP 2.0 ¢/L C¢HsOH, and S
10.0 ¢/L NaH,PO > Aldm
Ve At Duty cycle: 60%
2.0 /L NaOH, Anodization
PEO-Si 2.0 g/L C¢HsOH, and time: 20 min
10.0 g/L Na,SiO3-5H,0
2.0 g/L NaOH,
2.0 g/L C6H50H,
PEO-ALLP 15 g/L NaAlO,, and
10.0 g/L NaH,PO;

During the PEO process, the TC4 alloy was
used as the anode, and two pieces of stainless-steel
plates were used as the cathodes. A stirring and
cooling system was employed to make sure that the
electrolyte temperature was lower than 30 °C. After
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PEO, the specimen was taken out from electrolyte,
rinsed with deionized water to remove the residual
electrolyte, and then naturally dried in air.

2.3 Experiment

The thickness of the PEO coating was
measured by a coating thickness gauge based on the
eddy current principle (TIME2501, China). The
data were taken from three parallel specimens. Ten
measurements were carried out on each specimen,
and the final value data were derived from the
average value.

The microhardness of the PEO coating was
measured by a digital microscopic Vickers hardness
tester (HVS—1000). The load was 9.8 N and the
holding time was 10 s. The data were taken from
three parallel specimens. Three measurements were
carried out on each specimen, and the final value
data were derived from the average value.

Top-surface and cross-sectional morphologies
of the PEO coating were characterized by a
field emission scanning electron microscope
(SEM, Quanta 400F, FEI, USA) equipped with
energy dispersive spectroscopy (EDS). X-ray
diffractometer (XRD, Empyrean, PANalytical) was
used to determine the phase composition of PEO
coatings using a Cu K, radiation (1=0.154056 nm)
at 40kV and 40 mA. The X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, Thermo-VG
Scientific, USA) was employed to analyze the
surface composition of the PEO coatings.

The corrosion behavior of the PEO coating
was evaluated on an electrochemical workstation
(CHI760E, CH Instruments, China) in 3.5 wt.%
NacCl solution. A three-electrode system was used in
the experiment. Saturated calomel electrode (SCE)
was used as the reference electrode, a platinum
plate was used as the counter electrode, and the
PEO coating specimen or TC4 sample without
coating was used as the working electrode. All
specimens were immersed in 3.5 wt.% NaCl
solution for 30 min before the polarization tests.
The polarization measurement was carried out in
the range from —500 mV (vs OCP) to +1500 mV
(vs SCE) with a scan rate of 1.0 mV/s.

The tribological performance of the PEO
coating was characterized by the high-speed
reciprocating friction and wear tester (MDW—02G,
Jinan Yihua, China) with a GCrl5 steel ball of
6.35 mm in diameter as the counterpart. With a

frequency of 1 Hz and an oscillating amplitude of
10 mm, a load of 5 N was applied for 20 min. After
the test, the specimen was ultrasonic cleaned in
deionized water for 5 min and dried naturally in the
air. And the morphology and profile of the wear
tracks were characterized by SEM and confocal
microscopy (DVM6M, Leica, Germany).

3 Results and discussion

3.1 Evolution of cell voltage of PEO coatings

The evolution of the cell voltages during
the preparation of the PEO coatings from four
electrolyte systems is recorded in Fig. 1. It is
revealed that the growth of the PEO-Al, PEO-LP,
and PEO-Si coatings can be divided into three
stages. At the first stage (Stage I), the cell voltage
increases almost linearly with a high slope,
corresponding to the anodization process. When
reaching the breakdown voltage, the PEO enters the
second stage (Stage II). At this stage, the increase of
the voltage begins to slow down and small white
sparks emerge on the alloy surface. With the
prolonging of oxidation, the color of the sparks
gradually turns to be yellow, and the number of the
sparks increases. At the third stage (Stage III), the
voltages keep at relatively stable values and the arc
spots uniformly distribute on the alloy surface,
accompanied by a strong popping sound [27]. For
the PEO-HP coating, however, another stage can be
found (Stage IV). In detail, the voltage declines
sharply and the arc starts to gradually extinguish
after oxidation for ~900s. After that, large-area
spark discharge disappears and the sparking is
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Fig. 1 Evolution of cell voltage during preparation of
different PEO coatings
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intermittent at local regions [28]. It has been
reported that among the above four stages, the
third stage is of great importance for the growth of
the PEO coating and has a significant influence
on the thickness, quality, and performance of the
coating [2,29].

The energy (voltage) is a key factor affecting
the growth of PEO coating [30]. The voltages at
Stage III for the four electrolyte systems are ranked
as follows: PEO-LP (~450V) > PEO-Al (435-
440 V) > PEO-Si (~420 V) > PEO-HP (390-400 V).
Generally, the higher voltage represents the higher
pulse energy and the greater discharge intensity,
therefore benefiting the formation of a much thicker
coating [31]. However, as shown in Fig. 2, the
thickness of the PEO coatings is ranked as follows:
PEO-LP > PEO-HP > PEO-AI = PEO-Si, which is
not consistent with the cell voltage sequence at
Stage III. This phenomenon is attributed to two
aspects. On the one hand, the actual voltage applied
to the electrolyte is various for different electrolytes
due to different conductivities [32]. Therefore, the
actual voltage applied to the specimen deviates
from the apparent cell voltage. On the other hand,
the composition and surface structure of the PEO
coatings fabricated in different electrolytes are
different from each other, which will also affect the
cell voltage. GUAN et al [32] demonstrated that the
thickness and compactness of the coating had no
obvious relevance with the V-t curve, while the
composition and surface structure of the coating
were highly related to the F—¢ curve. Other
researchers also observed this phenomenon.
VENKATESWARLU et al [33] fabricated titania
(F-TiO,) films on commercially pure titanium from
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Fig. 2 Thickness of PEO coatings prepared from
different electrolytes

four fluorine-containing electrolytes. The results
showed that the stable voltage during PEO was
ranked as follows: KTF (Na3;PO4-12H,0, K,TiFg,
and KOH) > NF (Na3;PO4 12H,O, NH4F, and
KOH) > KF (Na3PO4-12H,0, KF, and KOH) > NaF
(Naz;PO,4-12H,0, NaF, and KOH), while the order
of thickness was ranked as follows: NaF > KF >
NF > KTF.

3.2 Microstructure and composition of PEO
coatings
3.2.1 Microstructure of PEO coatings

Figure 3 illustrates the top-surface SEM
images of the PEO coatings prepared from four
electrolytes. It can be noted that plenty of crater-
like micropores are found on all PEO coatings,
which are formed due to the molten oxide and
gas bubbles throwing out from the micro-arc
discharge channels [15]. Besides, the walls of the
micropores are full of small pores. Moreover, the
inhomogeneous stress distribution during the
formation of the coating results in the generation
of some cracks on the PEO coatings [5,34].
Interestingly, there are many granular protrusions in
the PEO-Si coating. These protrusions are derived
from the discharge process and molten material
ejected from the discharge channels [35].

The chemical composition of the PEO coatings
was analyzed by EDS. As given in Table 2, the
oxygen content of all PEO coatings exceeds 65%,
indicating that all PEO coatings are dominated by
oxides [15]. Besides, the coating composition is
highly dependent on the electrolyte composition.
Specifically, the Al content in the PEO-AI coating is
25.14%, while it is less than 2% in the other three
coatings. The P contents are 4.65% and 7.62% in
the PEO-HP and PEO-LP coatings, respectively.
And 1541% Si is detected from the PEO-Si
coating. These demonstrate that the formation of
PEO coating is the result of the oxidation of the
TC4 substrate and deposition of electrolyte-borne
compounds [15].

Figure 4 shows the cross-sectional SEM
images and the corresponding EDS composition of
the four PEO coatings. It is revealed that the
PEO-Al, PEO-HP, and PEO-LP coatings have a
two-layer structure, while the PEO-Si coating has
no obvious delamination characteristic. The outer
layer exhibits a porous structure while the inner
layer is relatively dense. Generally, the inner layer
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Fig. 3 Top-surface SEM images of PEO coatings: (a) PEO-AI; (b) PEO-HP; (¢) PEO-LP; (d) PEO-Si

Table 2 Chemical compositions of top surface of PEO

coatings
Element content/at.%

Coating

Ti Al \% 0] P Si
PEO-Al 7.74 2514 - 67.12 - -
PEO-HP 22.56 196 044 7039 4.65 -
PEO-LP 18.58 1.55 0.66 71.59 7.62 -
PEO-Si 1133 152 024 71.50 — 1541

plays an important role in preventing inward
diffusion of corrosion medium to the substrate.
Unfortunately, some micropores are found in the
inner layer of the PEO-Al and PEO-HP coatings.
And the PEO-Si coating with some micropores is
very thin in some regions. Therefore, it can be
deduced that the PEO-LP coating with a continuous
and dense inner layer may provide good resistance
against corrosion.

The elements mapping and linear distribution
at the coating/substrate interface were also analyzed
(Fig. 4). For the PEO-ALI coating, the Al content of
the coating near the substrate is much lower than

that of the outer layer of the coating. The
distributions of P and Si exhibit a similar
phenomenon for the other three coatings. According
to Ref. [36], the inner layer of the PEO coating is
formed due to the electrochemical reactions caused
by the applied voltage, and the outer layer with
porous structure is generated due to the plasma
interaction between the substrate and electrolyte.
Hence, it can be concluded from the results that the
growth of PEO coating mainly depends on the
reactive deposition of the electrolyte composition.
3.2.2 Phase composition of PEO coatings

Figure 5 presents the XRD patterns of the four
PEO coatings. The typical diffraction peak of a-Ti
derived from the substrate is detected owing to
the thin and porous structure of the coatings.
Meanwhile, both rutile and anatase TiO, are
identified from all PEO coatings. However, no
diffraction peak related to elements of P and Si is
observed. Combined with the XRD results and EDS
analysis (Table 2), it can be inferred that P and Si
mainly exist in the form of an amorphous phase. A
similar phenomenon has been also observed by
other researchers [12,37]. In addition, it can be seen
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Fig. 4 Cross-sectional SEM images together with elements mapping and linear distribution of PEO coatings:
(a) PEO-Al; (b) PEO-HP; (c¢) PEO-LP; (d) PEO-Si (The arrows marked in the images represent the direction and
position of the elements line scan measurements carried out)
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Fig. 5 XRD patterns of PEO coatings: (a) PEO-AI; (b) PEO-HP; (c) PEO-LP; (d) PEO-Si

that the diffraction intensities of rutile and anatase
in PEO-Si coating are much weaker than those in
the PEO-HP and PEO-LP coatings. This may be
because the PEO-Si coating is very thin and the
PEO-Si coating is mainly composed of silicate
oxide.

For the PEO-AI coating, Al,TiOs and Al,O;3 are
the dominant phases. The presence of Al TiOs
indicates that the following reaction occurs during
the PEO process [23,38]:

TiO,+A1,03— AL TiOs (1)

YEROKHIN et al [39] also observed ALTiOs
in the PEO coatings prepared from Al-Si (KAIO,
and Na,SiO3) and Al-P (KAIO, and NazPO.)
electrolytes.

3.2.3 XPS spectra analysis of PEO coatings

XPS characterization was carried out to further
determine the composition of the four coatings. As
shown in the survey XPS spectra (Fig. 6(a)), Ti, Al,
and O are detected from all coatings. Additionally,
P is detected from the PEO-HP and PEO-LP
coatings, while Si is found in the PEO-Si coating.

As for the high-resolution Ti2p spectra
(Fig. 6(b)), two spin-orbit doubles located at 459.05
and 464.75 eV are characteristics of Ti2p;» and
Ti 2p12 [12]. The difference in the binding energy
between the two peaks is 5.70 eV, which is
consistent with the previously-reported spin-orbit
splitting value for TiO, [12]. However, for the
PEO-AI coating (Fig. 6(b)), two other spin-orbit
doubles located at 463.71 and 458.22eV are
observed, indicating the presence of AL TiOs [40].
Figure 6(c) shows the high-resolution Al 2p spectra
of the PEO coatings. For the PEO-AI coating, the
Al 2p spectra can be deconvoluted into two peaks
at 74.85 and 73.90 eV, which can be assigned to
ALOs3 and Al,TiOs, respectively [41]. With a low
signal-to-noise ratio, the Al 2p spectra of the other
three PEO coatings can be fitted with one peak,
corresponding to Al,Os [32]. As displayed in
Fig. 6(d), the binding energies of P 2p spectra in
the PEO-HP and PEO-LP coatings are centered at
133.73 and 133.80 eV, respectively, which can
be assigned to PO;  [12]. The Si2p spectra of
the PEO-Si coating present only one peak at the
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Fig. 6 Survey XPS spectra (a) and high resolution XPS spectra of Ti 2p (b), Al 2p (¢), P 2p (d), and Si 2p (e) of PEO

coatings

binding energy of 103.05 eV (Fig. 6(¢)), indicating
the presence of SiO, [42].

3.3 Corrosion behavior of PEO coatings

As shown in Fig. 7, the polarization curve
collected from 3.5 wt.% NaCl solution at room
temperature was employed to evaluate the corrosion
performance of the PEO coatings. The corrosion
potential (¢corr) and corrosion current density (Jeorr)

derived from the Polarization curves are listed in
Table 3. Results show that the corrosion potential of
all PEO coatings is more positive than that of the
bare TC4 alloy, indicating that PEO is beneficial
to improving the thermodynamic stability of TC4
alloy [36]. Meanwhile, the corrosion current density
of TC4 alloy is dramatically reduced by one order
or two orders of magnitude after the PEO treatment,
manifesting the improved corrosion resistance. This
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Fig. 7 Polarization curves of bare TC4 alloy and PEO
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Table 3 Parameters derived from polarization curves in
Fig. 7

Coating ¢corr (Vs SCE)/V Jeor/(A-cm™?)
Bare TC4 —0.263 1.25x1076
PEO-Al 0.08 1.53x1077
PEO-HP 0.194 1.06x1077
PEO-LP 0.2 2.88x10°8
PEO-Si —0.025 1.66x1077

is because the thickness of the PEO coating is
obviously larger than that of the nature passivation
film, whose thickness is 1.5—10 nm [18]. Moreover,
the current density of the PEO coatings at the
anodic branches is much lower than that of the bare
TC4 alloy, suggesting that the PEO coating could
efficiently impede the anodic reaction and protect
the substrate from corrosion attack. The order of
corrosion current density of the four PEO coatings
is as follows: PEO-LP < PEO-HP < PEO-Al <
PEO-Si. The PEO-LP coating exhibits the lowest
corrosion current density, indicating the best
corrosion resistance. And this result is consistent
with the cross-sectional SEM image (Fig. 4). The
inferior corrosion resistance of the PEO-Al and
PEO-Si coatings may be attributed to the
non-compact coating/substrate interface structure
and small coating thickness.

3.4 Tribological performance of PEO coatings
Figure 8 shows the evolution of the friction
coefficients of TC4 alloy and PEO coatings tested
under dry sliding conditions. It can be seen that
the friction coefficient of the PEO-Al and PEO-HP

coatings is similar to that of the TC4 alloy, and all
of them fluctuate at ~0.2, whereas the friction
coefficient of the PEO-LP coating is slightly higher
and fluctuates at ~0.3. The large fluctuations of the
friction coefficients can be attributed to the volcanic
micropores on the surface of the PEO coatings
(Fig. 3) [36]. Notably, the PEO-HP and PEO-LP
coatings are destroyed in a few seconds. Meanwhile,
it is notable that the friction coefficient of the
PEO-Si coating drops sharply when the wear test is
conducted for 700 s, suggesting that the PEO-Si
coating is completely destroyed by the counterpart
at this moment. This suggests that the wear
resistance of the PEO-HP and PEO-LP coatings is
inferior to that of the PEO-AI and PEO-Si coatings.
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Fig. 8 Evolution of friction coefficients of bare TC4
alloy and PEO coatings

After the wear test, the surface morphology,
3D topography, and chemical composition of the
coatings were characterized by SEM, confocal
microscopy, and EDS, respectively. As shown in
Fig. 9, obvious wear tracks are observed on bare
TC4 alloy and all PEO coatings. Additionally, the
PEO-HP, PEO-LP, and PEO-Si coatings are
completely destroyed and the substrate beneath the
coating is also severely worn. Despite this, the
width of the wear track in the PEO-Si coating is
narrower than that of the PEO-HP and PEO-LP
coatings. Meanwhile, plenty of abrasive grooves
and some adhesive peeled pits can be observed.
Despite this, the adhesive peeled pits on PEO-HP,
PEO-LP, and PEO-Si coatings are much less than
those on TC4 alloy. It can be concluded that
the dominant wear mechanism of bare TC4 alloy,
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Fig. 9 SEM images and 3D topographies of bare TC4 alloy (a, b) and PEO coatings (c—j) after wear test: (c, d) PEO-AL,

(e, f) PEO-HP; (g, h) PEO-LP; (i, j) PEO-Si

PEO-HP, PEO-LP, and PEO-Si coatings is abrasive
wear, accompanied by the adhesive wear [43].
Interestingly, only a few wear marks are observed
on the surface of PEO-AI coating and no obvious
abrasive grooves and adhesive peeled pits are
found, indicating that only slight wear damage
occurs during the sliding test.

The chemical compositions of the wear tracks

in the PEO coatings are displayed in Table 4. Si, C,
and Fe derived from the GCrl5 steel counterpart
are detected from the wear track of the PEO-Al
coating, indicating the formation of the transfer
layer during the friction process [11]. However,
only Ti, Al, and V are detected from the wear
tracks of the PEO-HP and PEO-LP coatings. This
manifests that the PEO-HP and PEO-LP coatings
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are destroyed by the GCrl5 steel counterpart,
resulting in the exposure of the TC4 substrate. As
for the PEO-Si coating, besides Ti, Al, and V, tiny
Si is also detected.

Table 4 Chemical compositions of wear scar area

Element content/at.%

Coating

Ti Al V o Si C Fe
PEO-Al1 4.87 17.29 0.26 63.57 0.29 6.17 7.55
PEO-HP 8539 11.09 3.51 - - - =
PEO-LP 86.37 10.30 3.32 - - - =
PEO-Si 8533 10.76 343 - 049 - -

To further investigate the tribological behavior
of the PEO coatings, the depth profile of the wear
tracks and the wear rate of the PEO coatings were
characterized (Fig. 10). It is obvious that the
wear track depths are various from each other
(Fig. 10(a)). The order of the wear tracks depth of
the four coatings is as follows: PEO-Al < PEO-Si <
PEO-HP = PEO-LP. And it can be noted that the
depth of PEO-HP, PEO-LP, and PEO-Si coatings is
much greater than their thickness, indicating that
these coatings have poor wear resistance. This is
consistent with the SEM images (Fig. 9).

The wear rate is (w) calculated by dividing the
volume of the wear track (V/mm?®) by testing load
(F/N) and total sliding distance (L/m) [25]:

w=VI(F-L) 2)

As shown in Fig. 10(b), the wear resistance
of four coatings is ranked as follows: PEO-AI >
PEO-Si > PEO-LP > PEO-HP. In detail, the wear
rates of PEO-Al, PEO-HP, PEO-LP, and PEO-Si
coatings are 7.5x107°, 1.2x107°, 9.9x107*, and
6.6x10™* mm’-N""-m"’, respectively. The wear rate
of PEO-ALI coating is only 10.4% that of the bare
TC4 alloy, which has the best wear resistance
among the four coatings. The hardness of the PEO
coating was also measured. As shown in Fig. 11,
PEO treatment is beneficial to improving the
hardness of the alloy. In detail, the hardness values
of bare TC4, PEO-Al, PEO-HP, PEO-LP, and
PEO-Si coatings are HV 303, HV 480, HV 353,
HV 401, and HV 440, respectively. The PEO-Al
coating reveals the highest hardness because
the PEO-Al coating contains Al,Os; (Vickers
microhardness: HV 2085 [25]) and Al,TiOs [24].
Moreover, Al,O3 also has high fracture strength
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Fig. 10 Profiles (a) and wear rates (b) of bare TC4 alloy
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Fig. 11 Microhardness of bare TC4 alloy and PEO
coatings prepared from different electrolytes

(282—1084 MPa) and high fracture toughness
(3.5-5.2 MPa-m'?) [25], which can improve the
wear resistance of the coating. Due to the loose
structure, the hardness of the PEO-HP coating is
lower than that of PEO-LP [44].

The schematic diagram of friction between
PEO-Al coating and GCrl5 counterpart ball is
shown in Fig. 12(a). Because the hardness of the
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coating is higher than that of the counterpart ball,
no obvious damage emerges during the grinding.
The schematic diagram of friction between the
other three coatings and the GCrl5 counterpart ball
is illustrated in Fig. 12(b). With the porous structure
and relatively low hardness, these PEO coatings
wear out quickly when ground by a relatively
harder counterpart ball. For the PEO-Si coating,
because the outmost layer is full of particles and the
depth of the micropores is relatively shallow, the
worn debris can be filled into the micropores to
increase the contact area and reduce the unit area
lords [36,45], therefore exhibiting better wear
resistance than PEO-HP and PEO-LP coatings.
Based on the above results, it can be concluded
that among the four PEO coatings, the PEO-LP
coating exhibits the best corrosion resistance,
while the PEO-AIl coating performs the highest
wear resistance. To prepare PEO coating with
good corrosion resistance and wear resistance, a
composite coating, defined as PEO-AI-LP coating
was fabricated from an electrolyte containing

GCrlS

Rec1procatmg friction

(@

Cui-ping YANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 141-156

NaH,PO, and NaAlO..

Figure 13(a) displays the SEM image of the
PEO-AI-LP coating. Obviously, the coating still
shows a crater-like morphology. The pore size
distribution of PEO coatings is shown in Fig. 14.
The region for calculating the pore size distribution
of the PEO coating is randomly selected and
analyzed by ImagelJ [46]. It can be found that the
pore size of all three coatings is mostly distributed
within 1 pum, but it is not negligible for the PEO-Al
and PEO-LP coatings which have larger pores
(>6 um), while the size of the pore in the
PEO-AI-LP coating is less than 4 pum. EDS analysis
indicates that 11.61% Ti, 17.37% Al, 0.22% V,
69.25% O, and 1.55% P are detected from the
coating (Fig. 13(b)). XRD analysis indicates that
besides the a-Ti derived from the substrate, anatase,
rutile, AL, TiOs, and Al,O; can be identified from the
PEO-AI-LP coating (Fig. 13(c)). Based on the EDS
analysis and XRD result, it can be confirmed that
the Al and P-based composite coating has been
successfully prepared.
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Fig. 12 Schematic diagrams of friction between GCrl5 counterpart ball and PEO coating: (a) PEO-AI coating;

(b) PEO-HP, PEO-LP, and PEO-Si coatings

Fig. 13 SEM image (a), EDS results (b) and XRD pattern (c) of PEO-AI-LP coating
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The corrosion behavior and tribological
performance of the PEO-AI-LP coating were
characterized. As shown in the polarization curve
(Fig. 15(a)), the corrosion current density of the
PEO-AI-LP coating is 5.25x107® A/cm?, which is
lower than that of the PEO-AI coating, indicating
the improved corrosion resistance. SEM image
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Fig. 15 Polarization curve of PEO-AI-LP coating (a),

SEM image (b) and EDS results (c) of PEO-AI-LP
coating after wear test

indicates that after the wear test the crater-like
micropores in the PEO-AI-LP coating disappear,
and many obvious furrows emerge on the wear
track (Fig. 15(b)). Interestingly, the direction of
the furrows is not consistent with the direction
of the sliding. Moreover, EDS analysis reveals
that the wear track is oxygen-enriched and Fe is
also detected (Fig. 15(c)). This indicates that the
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PEO-AI-LP coating is not completely destroyed and
a transfer layer is formed between the counterpart
ball and the coating during the friction process. The
wear resistance of the PEO-AI-LP coating is
inferior to that of the PEO-AI coating but superior
to that of the PEO-LP coating. Therefore, it can
be concluded that optimization of the electrolyte
composition can improve the overall performance
of the PEO coating.

4 Conclusions

(1) PEO-Al, PEO-HP, and PEO-LP coatings
show two-layered structures. The outer layer is
porous, while the inner layer is dense. However, the
PEO-Si coating has no obvious delamination
structure and the surface of the PEO-Si coating is
full of granular protrusions.

(2) The corrosion resistance of the TC4 alloy is
improved by PEO. The PEO-LP coating exhibits
the best corrosion resistance with the corrosion
current density of 2.88x107® A/cm?, which is two
orders of magnitude lower than that of the bare TC4
alloy.

(3) The PEO-Al coating exhibits high
microhardness and good wear resistance. No
obvious abrasive grooves and adhesive peeled pits
are found on the surface and the wear rate of the
PEO-AIl coating is as low as 7.5%107 mm*-N'-m™,
which is 10.4% that of bare TC4 alloy.

(4) The corrosion resistance of the PEO-AI-LP
coating is superior to that of the PEO-AI coating,
and the wear resistance of the PEO-AI-LP coating is
superior to that of PEO-LP coating.
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