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Abstract: Hafnium dioxide (HfO,) has a wide bandgap and high dielectric constant. We prepared
ceramic coatings on Ti6Al4V alloys via plasma electrolytic oxidation (PEO) in an electrolyte with HfO,
particles. The influence of the HfO, particles on the microstructure, phase composition, elemental
distribution, and corrosion resistance of the PEO coatings was systematically investigated. The results
showed that the addition of HfO, increased the oxidation voltage (from 462 to 472 V) and promoted
the microarc sintering reaction so that the thickness and hardness of the resulting PEO coating
increased. Moreover, the quantity of the micropores on the coating surface caused by the discharge
decreased after adding the HfO, particles. The X-ray diffraction patterns confirmed that the HfO,
particles were incorporated into the coating by remelting and sintering the microarc. Furthermore,
the corrosion resistance of the PEO coating was remarkably increased after introducing HfO,, which
was attributed to the increase in the electrode potential and the densification of the coating structure.
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1. Introduction

The Ti6Al4V titanium alloy is regarded as an important structural material in the
petrochemical, aerospace, and deep-sea-ships industries due to its high corrosion resistance,
toughness, and weldability [1-4]. However, with the development of the petrochemical in-
dustry, the Ti6Al4V titanium alloy cannot function in some harsh environments. Therefore,
using appropriate technology to increase the wear, thermal shock, and corrosion resistance
of the Ti6Al4V titanium alloy is necessary [5,6].

Plasma electrolytic oxidation (PEO), also called microarc oxidation (MAO), has been
one of the commonly used surface treatment technologies for valve metals (aluminum,
magnesium, titanium, and zirconium as well as their alloys) in recent years [7-9]. The
ceramic coatings, which have the advantages of wear and corrosion resistance, low ther-
mal conductivity, and a high bonding strength with the substrate, can be fabricated via
PEO [10-12]. In general, the PEO coatings are formed both by substrate oxidation and by
other electrolyte substances deposited onto the substrate surface, which allows for a wide
range of modifications of the coating’s composition and properties. For specific purposes,
fine powders of hard, high-melting-point materials and/or dry lubricants (for enhanced
friction and wear) and/or coloring agents (for optical properties and decoration) can be in-
troduced into the electrolytes to integrate the cataphoretic effects into the oxidation process.
Many researchers have focused on modifying PEO coatings based on the above theory.

Yang et al. [13] found that AIN-doped PEO coatings had an excellent thermal con-
ductivity and insulation performance due to the AIN properties. Li et al. [11] found that
the addition of ZrO, particles could increase the oxidation and wear resistance of PEO
coatings. Chen et al. [14] fabricated graphene and PEO coatings and found an increase in
the hardness and corrosion resistance compared with a single PEO coating. Zheng et al. [15]
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reported that PEO coatings with CeO; particles exhibited excellent corrosion resistance with
a self-sealing ability. Ma et al. [16] revealed that the addition of B4C/C particles during the
PEO process resulted in an increase in the thickness and a decrease in the friction coefficient
of the as-prepared PEO coating. Liu et al. [17] found that the addition of BiS, increased the
thickness and hardness of the PEO coating, but its thermal shock resistance decreased. In
general, researchers are still actively exploring the use of particle or component additives
to enhance the properties of PEO coatings.

Hafnium oxide (HfO,) is attracting attention in the ceramic industry due to its
wide bandgap, high dielectric constant, excellent corrosion resistance, and thermal and
chemical stability [18-20], and the high impedance of HfO; films was confirmed by Esp-
landiu et al. [21]. Therefore, HfO, is expected to enhance the properties of PEO coatings
fabricated on Ti6Al4V, especially their corrosion resistance.

Herein, HfO, particles as an additive during the PEO process are first reported, and
the influence of HfO, particles on PEO coatings was systematically investigated. The
components and compositions of the PEO coating indicated that the HfO, was successfully
introduced into the coating through remelting caused by the plasma discharge instead
of a new compound. With the introduction of HfO,, the insulation property of the PEO
coating was increased, which led to an increase in the oxidation voltage and more severe
plasma breakdown. Thus, more electrolyte components could be sintered onto the PEO
coating, which resulted in an increase in the coating thickness. Moreover, the hardness and
corrosion resistance of the HfO,-doped coating were higher than those of the nondoped
coating due to the densification of the coating.

2. Experimental Procedure
2.1. Sample Preparation

The Ti6Al4V samples had dimensions of 15 x 15 x 3 mm?3. The main elements of the
contents (mass percentage) were (5.5~6.8%) Al, (3.5~4.5%) V, (0.3%) Fe, (0.15%) Si, (0.1%) C,
(0.05%) N, and (0.2%) O, with Ti balance. Prior to the PEO coating preparation, the Ti6 Al4V
samples were ground with abrasive papers (400-2000#) and then cleaned with deionized
water for use.

The PEO processes were conducted at a peak current density of 10 A/dm? for 30 min
with a fixed frequency of 500 Hz and a duty cycle of 50%. The selected electrolyte for-
mulations were Na;SiO3 (4 g/L), NazPO4 (6 g/L), NaOH (0.5 g/L), EDTA (0.3 g/L), and
C3HgO3 (3 mL/L). In addition, HfO, was added to the electrolyte as an additive (5 g/L).
Both the basic and modified electrolyte were stirred and placed for 24 h before the PEO
process to make the ions in the solution more stable. During the PEO process, the electrolyte
temperature was maintained at 25 = 5 °C, and it was continuously and mechanically stirred.
Finally, the samples were sealed with 95 &= 5 °C deionized water for 20 min, and then they
were naturally cooled in the air.

2.2. Coating Characterization

The morphology of the coatings was investigated by using scanning electron mi-
croscopy (SEM, ZEISS EVO MA15, Oberkochen, Germany), and the elemental content and
distribution were detected via energy dispersive spectroscopy (EDS, OXFORD 20, Carl
Zeiss Microscopy GmbH, Oberkochen, Germany) coupled to the SEM. The compositions
of the coatings were determined by using X-ray diffraction (XRD, DX-2700B, Liaoning,
China) with a scanning speed of 0.04°/s and a range of 20 from 10° to 80°. An X-ray
photoelectron spectrometer (XPS, ESCALAB 250X, Waltham, MA, USA) was used to detect
the target elements. A digital microhardness tester (HXD-2000TM /LCD, Chengdu, China)
was used to evaluate the surface hardness of the coating at a load of 1 N for 15 s, five points
were measured for each sample, and the average value was recorded. The thickness and
roughness of the coatings were measured by using an eddy current thickness gauge (TT230,
Beijing, China) and a surface roughness meter (HD350, Beijing, China), respectively. A Tafel
plot and electrochemical impedance spectroscopy (EIS) of the PEO coatings were evaluated
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by using an electrochemical workstation (Reference 3000, Philadelphia, Commonwealth
of Pennsylvania, Harrisburg, PA, USA) with a saturated calomel electrode (SCE) as the
reference in a 3.5 wt.% NaCl solution.

3. Results and Discussion
3.1. Voltage-Time Response

Figure 1 shows the voltage-time response curves before and after HfO, was added
during the PEO process. Three stages were clearly observed on the two curves. From 0
to 1 min, a passivation film with a high impedance was rapidly formed on the surface of
the Ti6Al4V anode after the circuit was turned on, which resulted in a sharp rise in the
voltage, which indicated the general anodization stage [22]. In this stage, the slopes of
the two voltage-time curves were roughly the same. Subsequently, when the oxidation
voltages increased to the breakdown voltages (355 and 367 V for the PEO and PEO + HfO,
samples, respectively), we observed that a soft spark with low brightness appeared on the
anode surface (called the sparking anodization stage). The discontinuous PEO ceramic
coating began to form on the surface of the sample, and the weak parts of the coating
were constantly broken down by soft sparks [23]. As shown in Figure 1, the PEO + HfO,
sample showed a relatively higher voltage rise rate than the PEO sample in the 1 to 3 min
stage. Finally, the two voltage—time response curves reached the plateau voltages (~462
and ~476 V for the PEO and PEO + HfO, samples, respectively) for the 3 to 30 min stage
and then slowly increased. In this stage, we observed that the number of sparks decreased
and the intensity considerably increased (also called microarcs), which indicated a higher
sintering temperature and pressure around the spark-modification area. The higher plateau
voltages of the PEO + HfO, sample suggest that adding HfO, can change the discharge
characteristics during the PEO process, which facilitates the deposition of HfO, particles
on the coating.
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Figure 1. Voltage—-time response curves of PEO and PEO + HfO; coating.

3.2. Morphology of the Coatings

The SEM morphology and the element distribution on the surface of the PEO and
PEO + HfO, samples are presented in Figure 2. Many micropores were present on the
surface of the two samples, which were generated by the release of a gas associated with
the PEO process, and the micropores were surrounded by volcanic-rock-like stacks [24].
Regarding the surface of the sample without HfO, (Figure 2a), many small-sized micropores
could be observed; by contrast, the quantity of the discharge micropores of the coating
decreased and the size increased after the HfO, particles were added (Figure 2b). With
the increase in the oxidation voltage (after adding HfO,), the amount of melt ejected
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25um
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through the discharge micropores increased, and part of the melt solidified around the
micropores due to the liquid quenching by the electrolyte. Due to the repeated melting
and solidification of the volcanic-rock-like stacks, the various micropores were welded
together so that the size of the micropores increased, and thus some small micropores
were closed and disappeared. Moreover, the rougher surface of the PEO + HfO, coating
(Ra =1.268 pm) compared with the PEO coating (Ra = 0.847 um) could also be attributed
to the more violent discharge process under the high voltage (Figure 2b).
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Figure 2. Surface morphology and elements distribution of the (a) PEO and (b) PEO + HfO; coatings.

The EDS mapping results indicated that the Hf element was successfully introduced
into the coating (Figure 2b), and the other major components of the PEO coating fabricated
on Ti6Al4V were O, Si, and Ti. Table 1 lists the content of each element component of
the PEO coatings, and the Hf content of the PEO + HfO, coating reached 10 wt.%, which
verified that the changes in the microstructure and element content on the surface of the
PEO coating were caused by the addition of the HfO, particles.

Table 1. The contents of O, 5i, Ti, and Hf of the PEO and PEO + HfO, coatings.

Element (wt/%) (0] Si Ti Hf
PEO 494 16.7 33.9 E—
PEO + HfO, 41.6 28.6 19.6 10.2

Figure 3 reveals the cross-sectional morphologies and the element distribution curves
from the coating surface to the interior. We found that the coatings and substrates were well
bonded, and no explicit boundary existed between the dense and loose sublayers inside the
two coatings. The HfO,-doped coating was denser and thicker (~16 pm) than the nondoped



Coatings 2023, 13, 967

50f11

coating (~8 um). In general, the oxidation voltage directly affected the deposition rate of
the PEO coating: the higher the working voltage during the oxidation process, the faster
the deposition rate of the coating, and the greater the thickness of the obtained coating.
As shown in Figure 1, the high voltage (~476 V) during the PEO process with the HfO,
addition provided the necessary energy for the deposition and sintering of the materials.
Therefore, the PEO + HfO; coating was thicker than the PEO coating prepared under the
same conditions.
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Figure 3. Cross-sectional morphology and elements distribution of the (a) PEO and (b) PEO + HfO,
coating.

Regarding the elements’ distribution throughout the coating thickness, Ti gradually
increased from outside to inside, whereas O, Si, and Hf gradually decreased (Figure 3). By
comparison with the nondoped coating, the HfO,-doped coating (Figure 3b) not only had
an obvious Hf diffraction peak (which indicated the successful introduction of Hf into the
coating), but it also had a stronger Si diffraction peak. This could be attributed to the more
violent plasma electrochemical reaction at a high temperature and pressure.

3.3. Phase Compositions of Coatings

The phase compositions of the PEO coatings are presented in Figure 4. Ti, SiO;,
anatase, rutile, and brookite were the main components. The characteristic peak of Ti
appeared in the spectrum because the X-ray could penetrate the coating with micropores to
detect the Ti6Al4V substrate. During the PEO process, the inward immigrant O?>~ could
move through the thinner oxidation coating and react with the outward immigrant Ti**
from the substrate to produce the titania ceramics (anatase, rutile, and brookite). The
characteristic peak intensity of SiO; increased with the addition of HfO, particles, which
was consistent with the EDS results in Table 1 and Figure 3. This could be explained by the
following phenomena: i. the addition of HfO; increased the oxidation voltage; ii. more
SiO3%~ was electrophoresed to the anode due to the high electric field strength; and iii.
the SiO32~ was sintered by intense plasma discharge and was deposited on the surface of
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the anode in the form of SiO,. Therefore, the amount of SiO, precipitation into the oxide
layer increased.
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Figure 4. XRD spectra of the PEO and PEO + HfO; coatings.

In addition, we found that the Hf introduced into the coating via HfO, particles still
existed in the form of HfO, (Figure 4); specifically, no new phase containing Hf was detected.
The temperature of the plasma discharge area was sufficient to melt the HfO, particles
(melting point of 2758 °C), and therefore the HfO, should be metallurgically combined in
the PEO coating instead of being mechanically mixed in it in the form of particles. Figure 5
shows the XPS spectrum of the PEO + HfO, coating; two fundamental peaks in the Hf4f
spectra were clearly observed, which were located at a binding energy of 16.9 and 18.3 eV,
which corresponded to Hf4f;,, and Hf4fs,,, respectively. The analysis results showed
that the Hf element mainly existed in the form of HfO, during the microarc oxidation
process, and no change in the valence state occurred [25]. According to the results of the
EDS, XRD, and XPS analysis above, the following reactions may have occurred during the
PEO process:

Ti —4e” — Ti** (1)
40H™ —4de” — Oy T +2H,0 )
25i0% —4e” — 2Si0, + 0y 1 )
Ti*t +40H™ — TiO, + 2H,0 4)

Ti+2 > [0] “%C TiO, (Anatase) %€ TiO, (Rutile) ®)
micro—arc cooling

HfO; (particle)  — ° " HfOp(melt) — ° HfO,(coating) (6)
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Figure 5. XPS spectrum of the PEO + HfO, coating.

3.4. Thicknesses and Microhardnesses of Coatings

The coating microhardness values are provided in Figure 6. With the addition of HfO,,
the hardness of the coating significantly increased, which illustrates that the addition of
HfO, can increase the deposition rate of the coating during the PEO process (Figure 3).
Additionally, the microhardness is generally related to the thickness and grain size [26]. The
hardness of the PEO + HfO; coating reached ~530 Hv, which contrasts with the ~480 Hv
of the PEO coating. The addition of HfO, not only refined the grain but also distorted
the crystal lattice, which increased the resistance to the dislocation motion and made slip
difficult to conduct; thus, the microhardness of the coating was increased.

500

400

300

200

Microhardness (HV)

100

Substrate PEO PEO+H{O,

Figure 6. The microhardness of the substrate and the two coated samples.

3.5. Corrosion Resistances of the Coatings

Figure 7 shows the polarization curve of the substrate and the two coated samples.
The corrosion current density (Ico+) and rate (Vo) were obtained via Tafel fitting according
to the Stern-Geary equation (Equation (7), where f; is the anodic Tafel slope and S is the
cathodic slope), and Faraday’s Law (Equation (8), where N is the equivalent weight and p is
the density), respectively [7,27]. The results of the Tafel-fitted polarization curves are listed
in Table 2. In general, the low Ey+ and/or high I, led to a bad corrosion resistance [27,28].
Compared with the coated samples, the substrate’s Ey+ value was the lowest and Icor
value was the highest, which implied that the PEO technology can increase the corrosion
resistance. Compared with the PEO-coated sample, the E,, value increased from —0.147
to 0.194 V, and the I, value of the sample treated with the doped HfO, decreased from
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1.210 x 107 to 2.420 x 107 A/cm?2. Moreover, the corrosion rate of the PEO-coated
sample was two orders higher than that of the sample with HfO,, which implied that
the addition of HfO, into the electrolytes was considerably beneficial at preventing the
Ti6Al4V alloy from permeating C1~ ions, which mainly comprise the corrosive medium in
the following solution:

_ BaxBe 1 )

I = X —
corr ,Ba +ﬁc RP

T —2
Icorr (A'Cm_2) % N(g) % 393.7(m11 cm )

p(g-em =)
_ . X365 x 24 x 3600 (m-year 1)
Vieorr (mlloyear ) = (8)
96500 (C-mol !
0.6¢ —=— Substrate
04+ —e—PEO
—a— PEO+H{Op
0.2r
Z 00
tm
S-0.2}
[8a)
—0.4r
—0.6
_08 1 1 1 1 1 1 1
-9 -8 =7 —6 =5 —4 -3
Log i (A/cm_z)
Figure 7. Polarization curves of the substrate and the two coated samples.
Table 2. Results of polarization curve analysis of different samples.
Sample Ecoor (V) Icoor (A/cm?) Corrosion Rate (mpy)
Substrate —0.510 440 x 107° 20.10
PEO —0.147 1.210 x 10~° 1.756 x 107!
PEO + HfO, 0.194 2.420 x 1077 1.148 x 1073

EIS is widely used to evaluate the corrosion mechanism of coatings [28]. Figure 8
shows the EIS Bode plots of the substrate and the two coated samples. In these equivalent
circuits, Rg, Ry, and R; represent the solution, external layer, and internal layer resistance,
respectively. C; is the constant phase element of the external layer, and C; refers to the
constant phase element of the internal layer. The electrochemical parameters of the PEO
coatings obtained by using EIS are shown in Table 3. From Table 2, the values of R; and R,
of the sample with HfO, were higher, which indicated that adding HfO, can remarkably
increase the corrosion resistance of the coating, and this was consistent with the results
of the Tafel-fitted polarization curves. This result can be attributed to the formation of a
relatively thick and less porous coating on the surface of the Ti6Al4V alloy substrate due
to the addition of HfO, starch into the electrolyte during PEO (Figure 2). Moreover, the
presence of more SiO; can further enhance the corrosion resistance because this compound
has a higher chemical stability in chloride environments.
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Figure 8. EIS Bode plots and equivalent circuits of the substrate and the two coated samples:
(a) impedance modulus; (b) phase angle; (c,d) equivalent circuits.

Table 3. Electrochemical parameters of the substrate and the two coated samples.

Sample Rs C1 n Rq Cz n R,
p (Q-cm?) Q1.em—28") 1 (Q-cm?) QO 1l.em—28n) 2 (Q-cm?)
Substrate 9.63 — — - 2.146 x 1075 0.8276 313.5
PEO 20.5 4134 x 107 1 302.2 9.454 x 10~ 0.4739 6468
PEO + HfO, 41.69 4.145 x 10~ 0.4498 442 6.13 x 107° 0.7793 13,730

In general, the HfO,-doped PEO coating showed potential applications for the surface
protection of the Ti6Al4V alloy. Researchers should focus on optimizing the PEO process,
such as by adding different amounts of HfO, particles and electrical parameters.

4. Conclusions

A PEO coating was prepared on a Ti6Al4V alloy via plasma electrolytic oxidation with
and without HfO; in the electrolyte, and the following conclusions may be drawn:

1.  With the addition of HfO,, the breakdown voltage increased from 355 to 367 V, and
the plateau voltage increased from 462 to 476 V. The higher oxidation voltage led to
more severe discharge and accelerated the coating formation.

2. The HfO, could be introduced into the PEO coating through remelting caused by the

plasma discharge.
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3. The HfO,-doped PEO coating had fewer discharge micropores with larger sizes. The
HfO; refined the grain and increased the microhardness of the coating because of the
TiOQ and SiOz.

4. The HfO, implanted into the PEO coating formed on the Ti6Al4V alloy could effec-
tively increase its corrosion resistance.
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