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Abstract: Wear resistance and optical properties are the key point for the application of
titanium alloys as structural materials in the aerospace field. To enhance the wear resistance
and optical properties of titanium alloys, a black plasma electrolytic oxidation (PEO) coating
incorporating MoSi, nanoparticles was fabricated on the TC4 alloy via the PEO process,
with the MoSi, nanoparticles being in situ doped into the coating. The doping of MoSi,
nano-particles can effectively reduce the pore size of the PEO layer. The nPEO coating
exhibited lower surface roughness than that of the PEO layer. The surface hardness of the
nPEO coating increased to 42.5 HRC, significantly enhancing the wear resistance of the
PEO layer (40.7 HRC). Furthermore, the PEO coatings exhibited better optical property
compared to TC alloy, and the incorporation of MoSi, particles further improved the
performance in most wavelength ranges. The infrared emissivity of the nPEO coating
was 0.87, a dramatic increase from the 0.38 value of the TC4 alloy. This coating strategy
effectively enhances the wear resistance and optical performance of TC4 alloy, which is
critical for the surface design of titanium alloys used in aerospace applications.

Keywords: black coating; PEO; nanoparticles; wear resistance; optical property; Ti alloy

1. Introduction

Titanium alloy has the advantages of low density, high specific strength and high
corrosion resistance, thus is widely used in the aerospace field [1,2]. At present, the pro-
portion of titanium alloy in aircraft, especially in fighter jets, is becoming larger. However,
the performance of titanium alloy at high temperatures (exceeding 600 °C) is relatively
poor [3]. In addition to the rapid oxidation rate, low hardness and poor wear resistance
is also the main reason for its failure [4]. In addition, the optical properties of aircraft
structural materials are closely related to their concealment properties, which is also an
important factor to be considered. Light absorption and emissivity of titanium alloy are
reported to be quite low [5]. How to improve the wear resistance and optical properties is
crucial to promote the application of titanium alloy.

Performing a tinted coating is a recently developed approach to fulfill the requirement
of the optical properties. Various tinted coatings were fabricated on the surface of metal-
based materials, while various agents were employed to confer different colors [6,7]. The
tinted coatings improve aesthetics and have a function of decoration [8]. The enhanced
optical properties are beneficial to improve the concealment effect of the matrix [9]. Plasma
electrolytic oxidized (PEO) coatings exhibit superior performance in various preparation
methods of colored coatings [10]. Ceramic coatings have excellent corrosion and wear
resistance, and good adhesion with matrix due to the in situ formation process. However,
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intrinsic porous morphology increases surface roughness, together with the existence of
defects and discharge channels in the coatings, leading to a deterioration of wear resistance.

Considering the high performance requirements of tinting PEO coating, further im-
proving the performance is imperative. In addition to adjusting the electrical parameters
and electrolyte composition, in situ doping of nano-reinforced particles in the PEO layer
has been a common strengthening method. The PEO coating can be multi-functionalized
by doping particles with different physiochemical properties, thus improving its biological,
corrosion resistance, wear resistance and other properties, etc. [11,12]. M. Nadimi et al. [13]
prepared ZnO-ZrO, nanoparticles incorporated with PEO coating on TC4 alloy, and the
addition of particles modified the morphology and had a positive effect in improving the
corrosion and antibacterial property of PEO coating. Sidra et al. [14] selected MoS; nanopar-
ticles as a reinforcement of PEO coating on TC4 alloy. PEO coating with the inclusion of
MoS; nanoparticles displayed superior corrosion resistance and cell proliferation property.
Other reinforcements, including hydroxyapatite (HA), SiO,, Ta;Os, TiO,, and lanthanum
manganite, have already reported to be in situ incorporated into PEO coatings on Ti alloys,
and the properties of PEO coatings were remarkably enhanced [15-18]. MoSi, nanoparti-
cles possess relatively high hardness and excellent high-temperature stability [19,20]. A
smooth surface can be obtained via MoSi; inclusion which benefited in improving the wear
resistance [21]. Therefore, it is an ideal candidate as a reinforced particle for PEO treatment.

However, MoSi, nanoparticles have not been reported in situ incorporated into a
PEO coating. The incorporation of the MoSi, nanoparticles on the coating formation
and properties is indispensable to be revealed, and the synergistic effect of the particles
and coloring agent is also required to be investigated. In the present work, black PEO
coating was introduced on Ti alloy to enhance the wear and optical properties, and MoSip
nanoparticles were incorporated into the coatings to further improve the performance.
The black PEO coating was systematically characterized, the wear and optical properties
were investigated, and the influence of the incorporation of MoSi, nanoparticles on the
morphology and properties of PEO coating was discussed in detail.

2. Experimental
2.1. PEO Process

Commercial TC4 alloy (>99.9%) was employed in the present study. The specimens
were wire-electrode-cut into a size of 15 x 15 x 4 mm?, then polished by SiC abrasive
paper from 400 to 1200 grids. A black PEO coating was fabricated and 5 g/L FeSO4 and
Ni(CH3COO),-4H,0 were utilized as color agents. A titanium plate was used as the
cathode, and the polished TC4 specimens were the anode. The basic electrolyte contained
15 g/L (NaPOs)s, 30 g/L EDTA-2Na, and 0.5 g/L MoSi, nanoparticles were added into
the electrolyte. To ensure the uniform distribution of the nanoparticles, the electrolyte was
firstly ultrasonic treated for 30 min, and then stirred at the rate of 300 r/min during the
whole deposition period. The PEO process was carried out under a current constant mode
at 0.2 A/cm?. The terminal applied voltage was settled as 400 V and the whole oxidation
period lasted for 20 min with a frequency of 500 Hz and duty circle of 10%, respectively.
The obtained sample was labeled as nPEO. To investigate the impact of MoSi, nanoparticles
on the coating properties, a PEO layer was fabricated using an electrolyte without MoSi,
nanoparticles simultaneously for comparison.

2.2. Coating Characterization

The morphology and elemental composition of the coatings were analyzed by scanning
electron microscope (SEM, Tescan, Hamburg, Germany) equipped with EDS detector,
under 15 kV accelerated voltage. Surface topography and roughness (R,) of coatings were
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investigated by atomic force microscope AFM and laser confocal microscopy (FV1200,
Olympus Corporation, Tokyo, Japan). The phase composition of Ti and PEO coatings was
analyzed by Bruker D8 Advance diffractometer using a Cu K« radiation source at 40 kV
and 40 mA. The scanning range was from 10° to 80° with a scanning rate of 0.01°/s. Vickers
hardness was measured at room temperature, six points were selected for each specimen,
and the average of six values was adopted to determine the final hardness values. Surface
porosity of PEO coatings was calculated by Image ] image processing software (fiji w7).

2.3. Dry Sliding Wear Tests

The dry sliding wear tests of Ti alloy and PEO coatings were performed with a Tribotec
oscillating tribometer. A stainless steel ball of 6 mm diameter served as friction partner. The
wear tests were carried out at a sliding speed of 5 mm/s under 5 N load with oscillating
amplitude of 10 mm. The tests lasted for 40 min while ambient conditions were controlled
at 25 £+ 2 °C and 30% r.h. by a temperature-regulating device; 3D morphology and profile
of the wear tracks was monitored via laser scanning confocal microscope (LSCM) after the
wear tests.

2.4. Optical Measurements

The optical properties of the specimens were measured employing an infrared emis-
sivity tester (TSS-5X) and infrared diffuse reflection tester (Shimadzu UV-3600i Plus, Kyoto,
Japan) at room temperature. The wavelength of infrared emissivity was 4-22 pm, and
the length of absorptivity was 200-2500 um. For the tests, the accuracy was controlled at
£0.01 at the detection distance of 12 mm. The data were acquired every 2 nm at a mediate
scanning rate. Each test was carried out three times to ensure the repeatability.

3. Results and Discussion
3.1. Coating Characterization

Phase composition of the PEO coatings was examined and the diffraction peaks of
TC4 alloy were also listed as a contrast, as shown in Figure 1. Identified in a standard
PDF card (44-1294), all of the diffraction peaks belonged to TC4 matrix, and no additional
peaks of PEO coatings were detected. An unclear, wide bulk appeared at the range of 25°
to 35°. The corresponding diffraction intensity of Ti matrix decreased to a certain extent for
the PEO coatings, suggesting the existence of the PEO coatings. Fe and Ni elements are
magnetic materials that have a negative influence on XRD detection and always generate
indistinct diffraction peaks [22]. This might be also concerned with the formed amorphous
structure of the PEO coating, as proved by the existence of wide bulks in the patterns of
PEO and nPEO coatings. The incorporation of the Si element may intensify the formation
of the amorphous phase, as reported by Han et al. [23].

Surface morphology was affected after the incorporation of MoSi; nanoparticles, as
shown in Figure 2; local elemental analysis of the respective coatings are listed in Table 1.
Typical volcano morphology appeared as a result of intensive discharge and the effusion
of a large amount of gas. Some cracks and defects existed in both coatings which were
produced by the quenching effect of the electrolyte. Micro pores uniformly distributed on
PEO surface, and there was limited difference in the dimension of micro pores. More micro
pores could be observed on the surface of the nPEO coating, and the average size of the
pores seemed to decrease slightly after the incorporation of the nanoparticles. O, Ti, P, and a
small amount of Fe element were detected in the PEO and nPEO coatings, which originated
from the Ti matrix and the electrolyte. Aggregated regions of Si and Mo elements appeared
in the nPEO coating due to the incorporation of MoSi, particles.
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Figure 1. XRD patterns of TC4 alloy and the PEO coatings after 20 min of deposition.
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Figure 2. Surface morphology and elemental mappings of the PEO coatings after 20 min of deposition.
(a) PEO and (b) nPEO, the numbers was the selected region for elemental analysis.

The observed elements help to understand the composition of the coating system and
also certified the incorporation of the nanoparticles. The difference in composition, as well
as in the morphology, resulted in different performance characteristics. In the present work,
O, P, Tj, and Fe elements were found in both PEO coatings. O and P originated from the
electrolyte and Ti was from the Ti matrix, which composed the basic composition of the
PEO layer. Fe normally gives ferromagnetic properties to the Ti-sample, and also colors
the PEO coating in the present work. The addition of Fe always resulted in crystallites,
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which may be responsible for the undetectable peaks in XRD measurement [24]. Si and
Mo existed in nPEO coating, suggesting the successful incorporation of MoSi; particles.
The incorporation of MoSi, particles reduced the surface roughness and improved the
surface hardness, thus enhancing the wear performance of the PEO coating. Normally the
decrease in surface roughness may lead to a decrease in optical property. However, the
incorporation of MoSi, particles slightly improved the optical property while decreasing
the surface roughness. It can be inferred that MoSi, particles had a positive effect in
improving the optical property.

Table 1. Local elemental analysis (wt.%) of surface and cross-section morphology of PEO coatings.

Sample Position Region o Si P Ti Fe Mo
1 63.1 0.14 18.56 16.92 1.16 0
Surface 2 65.77 0.18 17.2 15.12 1.26 0
PEO
. 1 65.3 0.05 18.21 15.23 0.85 0
Cross-section 2 71.3 0.08 8.32 20.25 0.34 0
3 56.5 2.84 18.61 19.8 1.91 0.34
Surface 4 53.04 371 20.82 2034 1.9 0.17
nPEO
3 57.68. 3.03 20.32 16.78 1.85 0.28
_ t
Cross-section 4 68.21 1.36 7.85 19.98 0.96 0.13

To further understand the effect of in situ incorporated nanoparticles on the mor-
phology of the PEO coating, AFM and LSCM were employed to characterize the surface
morphology and evaluate the surface roughness, as shown in Figure 3. R, values were ob-
tained by both AFM and LSCM measurements. A wider range of local regions was scanned
by LSCM (2560 um x 2560 pm) than that of AFM (100 pm x 100 pm). A wider range of
local regions was scanned by LSCM than that of AFM. Abrasion scratches can be clearly
observed on the surface of Ti alloy (Figure 3a). A relatively smooth surface was presented,
with R, values of 455 nm and 3.685 pm, respectively. Rough surfaces were introduced after
PEO processing. Micro pores can be clearly featured in both PEO coatings. The R, values of
the PEO coating increased to 1.063 pm and 8.307 pum, respectively. After the incorporation
of nanoparticles, the values decreased slightly, indicating that the incorporation of MoSi,
resulted in a lower surface roughness.

The porosity and average pore size were quantificationally calculated by image ]
software in determined regions and the results are shown in Figure 4. The porosity in-
creased slightly after loading the particles, from 7.9% to 8.2%. However, the average
pore size decreased noticeably from 4.9 pm to 3.6 um. The incorporation of nanoparticles
had a positive effect in reducing the pore size. This phenomenon was always reported
in particle-incorporated PEO coatings. A common interpretation is concerned with the
Zeta potential of the particles in the electrolyte and the physiochemical properties of the
employed particles. Normally, particles present electronegativity in the electrolyte and
move toward the anode (specimens) under the electric field force. Normally, particles
present electronegativity in the electrolyte and move toward the anode (specimens) under
the electric field force, as certified by Han et al. [25]. The attachment of the particles at the
interface somehow inhibits the uniform discharge of the PEO process. Higher breakdown
potential is required in the particle-adhered region, which leads to non-uniform discharge
in local regions. Higher Zeta potential means better distribution of the particles in the
electrolyte, as well as more uniformly adhered on the surface during the PEO process [26].
This has a more positive effect on reducing the pore size. Meanwhile, the addition of
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non-conductive particles normally leads to a decrease in the conductivity of the electrolyte
and impedes the voltage response to some extent, which also might result in a decreased
pore size. In most cases, the decrease in pore size would result in an improvement in wear
resistance, and the smaller the pore size was, the better wear performance was presented,
as also revealed by Babak et al. [27]. Two reasons are responsible for the improvement: The
first is the decrease in surface roughness, another is the increasing compactness of the PEO
layer accompanied by the decreasing pore size and porosity. As to the optical property, the
film with an average pore size of 0.45 um offers excellent spectral selectivity, as reported by
Zhu et al. [28]. The average size of micro pores in the present work was larger than this
value. The average size of the PEO coating was 4.9 pm and 3.6 pm for the nPEO coating. A
smaller value of nPEO coating may also contribute to a higher optical property.

Figure 3. Surface characteristics of TC4 alloy and the PEO coatings given by AFM and LSCM. (a) TC4,
(b) PEO coating, (c) nPEO coating.

Cross-section morphology intuitively reflected to change in coating thickness and
morphology after the incorporation of MoSi, particles, as shown in Figure 5. The local
elemental analysis was also listed in Table 1. Besides the defects, open pores, and discharge
channels, two layers can be clearly distinguished in both cross-section morphologies: the
outer porous layer and the inner compact layer. The thickness of PEO and nPEO coatings
was approx. 15 pm and 13 pum, respectively. The thickness of the coating decreased due
to a delay in voltage response. Micro pores were uniformly distributed in PEO coatings,
while a big difference existed in the pore size of the nPEO coating. Several large pores
(=5 pm) and a considerable amount of smaller pores (<1 um) can be observed. More
micro pores with smaller sizes were generated, and the pores presented non-uniform
distribution. Meanwhile, the composition of the outer porous layer and inner compact
layer showed obvious differences, as summarized in Table 1. Ti and O elements were the
main composition of the inner layer, while the content of the P and Fe elements increased
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noticeably in the outer layer. This was more concerned with the formation mechanism of
PEO coatings. The inner compact layer formed in the general oxidation stage, and the oxide
of the matrix materials was preferentially formed in this period. Afterwards, the outer
layer was deposited in a later stage, and more components in the electrolyte participated in
the coating formation process, and the content of P and Fe elements increased accordingly.
The content of MoSi, particles also increased with the prolongation of the deposition time,
and more particles moved toward the anode under higher transient voltage.
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Figure 4. Porosity and average pore size of the PEO coatings after 20 min of deposition.
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Figure 5. Cross-section morphology of the PEO coatings after 20 min of deposition. (a) PEO coating
and (b) nPEO coating, the numbers was the selected region for elemental analysis.
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3.2. Wear Performance

The friction coefficient of the titanium matrix and PEO coatings is shown in Figure 6.
The initial friction coefficient of titanium alloy was relatively low, about 0.32. This might be
a result of considerable hardness and the smooth surface after polishing. With the increase
in friction time, the friction coefficient of titanium alloy gradually increased to 0.42, which
may be caused by the continuous accumulation of wear products on the surface hindering
the sliding of the steel ball. After PEO treatment, the initial friction coefficient of the surface
increased to 0.44 and 0.41, respectively, which may be caused by the increase in surface
roughness introduced by the PEO layer. The friction coefficient of the coating was basically
constant during the whole test cycle, indicating that the coating played an effective role
in protecting the matrix. The friction coefficient of the nPEO coating with nanoparticles
added was lower than that of the bare PEO coating, which may be related to the increased
hardness and reduced surface roughness.
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Figure 6. Friction coefficient of the specimens and the characteristics of the wear tracks. (a) Friction
coefficient and (b) the characteristics of the wear tracks.

The scratch width and depth of the three specimens are shown in Figure 6b, and the
accurate values are displayed in Figure 7a. The width of the three scratches was slightly
different. The value of titanium alloy (1350 um) and nPEO (1090 um) was significantly
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smaller than that of PEO coating (1425 um). There also existed a difference in the depth
of the scratches. The scratch depth of titanium alloy was about 75-80 pm, and the scratch
depth of PEO and nPEO coating was 81 um and 67 pum, respectively. The wear resistance
of the PEO layer was noticeably improved by the addition of nanoparticles. The surface
hardness value was also an important factor that determined the wear performance, as
shown in Figure 7b. The hardness value of TC4 alloy was 36.2 HRC. Ceramic PEO coatings
presented higher hardness, with a value of 40.7 HRC. The hardness further improved after
the incorporation of MoSi; particles, and the value increased to 42.5 HRC.
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Figure 7. Wear depth and width of the wear tracks and the surface hardness. (a) Wear depth and
width and (b) surface hardness.

The three-dimensional topography showed that the scale of PEO coating was larger
than that of Ti alloy (Figure 8), but this did not reflect the true scratch depth, due to the large
surface roughness value of PEO coatings. The approximate color of the scratch and the
surrounding scratch was helpful in determining the values, and the data in the outline were
more accurate. It can be seen from Figure 8 that the width of the scratch on the surface of the
titanium alloy was not evenly distributed, and the highest plane position was distributed
on both sides of the scratch, mainly concerned that the titanium alloy matrix caused plastic
deformation during the friction process, and the titanium matrix was squeezed to both
sides. The width and depth of scratches on the surface of PEO and nPEO coatings were
relatively uniform, and there was no obvious plastic deformation trace on both sides of the
scratches. Strips of bumps among the scratches survived on the surface which seemed to
be the leftover coating or substrate. The scratch was more like being flaked than squeezed.



Coatings 2025, 15, 21

10 of 14

Figure 8. Three-dimensional wear tracks of TC4 alloy and the PEO coatings. (a,b) TC4 alloy, (c,d) PEO
coating, and (e,f) nPEO coating.

Two factors play an important role in the wear performance of the materials (including
coatings): hardness and surface roughness [29]. TC4 alloy possesses a relatively smooth
surface after polishing, as proved by the lowest R, value. The lowest friction coefficient is
presented accordingly though the hardness of the Ti alloy is lower than the PEO coatings.
Interestingly, wear tracks of Ti alloy were inconsistent along the length direction, as seen in
Figure 8. This is mainly caused by the plastic deformation of the Ti matrix. The Ti matrix is
squeezed along the direction of the sliding partner travels, and generates an uneven surface
in the wear tracks. The different siding conditions in local regions introduce additional
sliding resistance against the partner. Thus, a non-uniform wear track is presented on the
TC4 surface (Figure 8a). The deformation of the Ti matrix, as well as the accumulation
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of friction debris, results in a relatively uneven surface, which leads to an increasing
friction coefficient.

Ceramic PEO coating exhibits a higher hardness value but lower plastic deformation
ability. The coatings suffer exfoliation more than deformation during the sliding process.
This ensures the surface stability to some extent, and a relatively uniform wear track can be
observed in Figure 8c,e. The largest surface roughness of PEO coatings leads to the highest
friction coefficient, as well as the largest wear depth and width values.

Normally, the wear property is more concerned with the surface roughness and
hardness [30]. The enhancement of particle incorporation in wear resistance is manifested
in the following aspects. The first aspect is to increase the hardness value. MoSi; particles
possess relatively high hardness which benefits in improving the coating hardness. In
addition, the incorporation of particles reduces the average pore size of the outer PEO layer,
which increases the compactness of the PEO layer to some extent, which also increases
the hardness value of the coating. The decrease in surface roughness is another factor that
enhances the wear resistance. Intensive discharge is inhibited due to the incorporation
of particles, as discussed above, which introduces a smoother surface compared to the
coatings which are particle-free. A relatively shallow wear track is performed in Figure 8ef,
proving excellent wear resistance of the MoSip-incorporated coating.

3.3. Optical Property

Black PEO coating was fabricated on the TC4 surface with the aim of improving its
optical property. Absorptivity and infrared emissivity of the TC4 alloy and the two PEO
coatings are shown in Figure 9. The PEO coatings remarkably improved the performance
of the Ti matrix. The absorptivity of the PEO coatings was noticeably higher than that of
the TC4 matrix at the wavelength ranging from 200 um to 2000 pm, and presented lower
values from 2000 um to 2500 pm, as shown in Figure 9a. The infrared emissivity of TC4
alloy was merely 0.38, then dramatically increased to 0.84 after PEO treatment. The values
further improved to 0.87 after the incorporation of MoSi, particles.

The wear performance of the coatings was basically determined by surface roughness
Ra and the surface hardness. In the present work, R, was determined by AFM and LSCM,
respectively. R, of Ti alloy was 455.5 nm and 3.685 pm, which led to a relatively low friction
coefficient. The deformation in local regions during the friction process changed the real
R, in wear tracks, thus the friction coefficient increased gradually. R, of the PEO coating
(1.063 pm and 8.307 um) was higher than that of the nPEO coating (638.5 nm and 6.944 pm),
and poorer wear resistance was presented. Meanwhile, the disparity in surface roughness
has a different effect on the absorption and emission behaviors of the coatings. The lowest
R, values of Ti alloy resulted in the poorest optical property, and a noticeable improvement
can be identified in Figure 9 after PEO processing.

Many factors co-effect on the optical properties of the system. Besides the external
conditions, such as temperature, pressure, and wavelength, physiochemical properties of
the materials determines the optical performance. Ceramic materials normally present
higher absorptivity and infrared emissivity than metal materials, thus PEO coatings exhibit
better optical performance than TC4 alloy [31]. It can be inferred that MoSi, particles
benefit in improving the optical properties. In addition, the optical property is concerned
with the surface state [32]. A rough surface facilitates in production of higher absorptivity
and infrared emissivity. The PEO coatings exhibit excellent optical properties due to the
synergistic effect of ceramic components and rough surface state.
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Figure 9. Optical properties of TC4 alloy and the PEO coatings. (a) Absorptivity and (b) emissivity.

4. Conclusions

Black PEO coating with MoSi, nanoparticles incorporation was fabricated on the

surface of commercial TC4 alloy, with the aim of improving wear resistance and optical
properties. The incorporated coating was characterized and the wear and optical properties
of the coatings were investigated. The following conclusions can be drawn:

1.

The incorporation of MoSi, particles increased the porosity of the PEO coating but
decreased the average pore size (3.6 um). The incorporation content increased with
the prolongation of the deposition time.

Adhesion of particles impeded intensive discharge and thus presented lower surface
roughness values (R, 6.944 pm). The produced micro pores with smaller dimensions
increased the hardness value of the nPEO coating.

PEO coating possessed larger surface roughness (R, 8.307 um), and presented rela-
tively poor wear resistance. The addition of MoSi; particles remarkably improved the
wear property of the PEO layer.

PEO coating exhibited higher absorptivity at most of the wavelength range, and the
infrared emissivity increased from 0.38 to 0.84. The optical property was further
improved after the incorporation of MoSi, particles.
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