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Abstract: In this study, a new approach for producing phosphorescent aluminum coatings was
studied. Using the plasma electrolytic oxidation (PEO) process, a porous oxide coating was produced
on the Al6082 aluminum alloy substrate. Afterwards, activated strontium aluminate (SrAl,Oy: Eu?*,
Dy3*) powder was filled into the cavities and pores of the PEO coating, which resulted in a surface
that exhibits long-lasting luminescence. The structural and optical properties were studied using
XRD, SEM, and photoluminescence measurements. It was found that the treatment time affects the
morphology of the coating, which influences the amount of strontium aluminate powder that can be
incorporated into the coating and the resulting afterglow intensity.

Keywords: plasma electrolytic oxidation (PEO); aluminum 6082; luminescent coatings;
phosphorescence

1. Introduction

Persistent luminophores or “phosphors” are materials that exhibit long-lasting luminescence
that is often called phosphorescence, and these have been known and widely used for more than
a century in various glow-in-the-dark objects. During the 20" century, the most commonly used
persistent luminophore was zinc sulfide (ZnS) in combination with a suitable activator ion (e.g., copper,
cobalt) [1]. However due to the comparatively low intensity and duration of persistent luminescence,
the use of this persistent luminophore has decreased in favor of strontium aluminate-based persistent
luminophores. Discovered in the mid-20t century, strontium aluminate [2] activated with divalent
europium (SrAl,O4: Eu?*) has since become one of the most widely used persistent luminophores.
With the addition of Dy3* in the matrix in the 1990s [3], the afterglow time increased significantly
without the use of any radioactive materials. Compared to ZnS-persistent luminophores, it has superior
luminescence intensity, and its afterglow duration can reach up to 20 h [4]. There are various methods
for synthesizing strontium aluminates (commonly in the form of powder), the most popular being
the solid-state method [5], combustion synthesis [6], the sol-gel method [7], and the precipitation
method [8].

Long-lasting luminescence materials mostly find applications in places where lighting is necessary
in case of a power failure such as emergency exit aisles in buildings or public transportation vehicles.
Safety signs, road markings [9], and parts of glow-in-the-dark objects such as watch arms, remote control
buttons, toys, and other everyday items are another domain in which long persistent luminescence
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materials are used. At the moment, most of the persistent luminescence objects are created by applying
phosphorescent paint to the desired objects, which a lot of the time includes metallic surfaces, e.g.,
safety signs. With time, the phosphorescent paint can start to wear off and lose its brightness; thus, a
more durable method for applying luminescent coatings to different surfaces should be developed.

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO), is one of the
newest and most studied methods for treating valve metal surfaces, which creates a porous ceramic
oxide layer on the metal surface and is most commonly used on metals such as Mg [10], Al [11], Ti [12],
and Zr [13]. These metals naturally develop only a thin oxide layer of a few nanometers, which does
not protect the surface of the metal from mechanical damage; so, it is necessary to create an additional
protective layer. Although PEO phenomena have been known for around 100 years, more rigorous
research on this method was begun in the late 1990s by Yerokhin [14]. While similar to conventional
anodization, the main difference of PEO is the use of high voltages, which are usually above 400
V. During the beginning phases of treatment, a dielectric oxide layer is grown, and at some point,
dielectric breakdown occurs. This leads to local high-energy spark discharges through the dielectric
layer. These discharges cause small channels to form on the coating, which results in the increased
porosity of the coating [15]. The morphology and properties of the PEO coating can be modified by
changing the voltage and current density as well as the polarity and pulse duration [16].

Metal alloys such as aluminum or magnesium are widely used in automotive [17], aerospace [18],
and aviation industries because of their light weight and ease of workability. Despite being mostly
used for enhancing the wear and corrosion resistance properties of metals [19,20], the PEO method has
proven to be useful for creating functionalized coatings, and in the last few years, there has been a
growing amount of research devoted to studying these prospects. PEO has been used for producing
photocatalytic [21], gas sensing [22], and dosimetric [23] coatings as well as coatings for biomedical
applications such as dental [24] and orthopedic implants [25]. One of the more recent fields of study
has been PEO application for the development of luminescent coatings. Several articles report the
successful incorporation of rare earth luminescent ions in the coatings of different metals [26,27].

One of the latest innovations is the development of long-lasting luminescence coatings using
the PEO process. The combination of the protective properties of a PEO coating and long-lasting
luminescence opens up possibilities for different practical applications. By adding raw materials in
powder form to the electrolyte, it was possible to synthesize strontium aluminate luminophore on an
aluminum substrate in a single-step PEO process [28]. However, the method has a few disadvantages
that need to be addressed. Large amounts of lanthanide oxides need to be mixed in the electrolyte in
order to produce a coating with long afterglow, which significantly increases costs. Another problem is
the aging or degradation of the electrolytes, which leads to a decreased quality of the coating, as it
affects the characteristics of discharges and the porosity of the PEO coating [29]. Lastly, the quantum
yield of such coatings compared to commercially available activated strontium aluminate powder is
still relatively low. Although the method of developing long-lasting luminescence coatings is very
promising for various practical applications, the shortcomings of it must be overcome, and different
approaches should be studied.

In this article, a new method of filling the cavities of PEO coatings with commercially available
activated strontium aluminate powder to produce phosphorescent aluminum oxide coatings is
developed and studied. Such a method would decrease the amount of raw material consumption and
possibly increase the luminescence quantum yield of long-lasting luminescence coatings.

2. Materials and Methods

2.1. Materials

Commercial aluminum alloy Al6082 was used as a substrate material (Al: 95.2%-98.3%; Cr: 0.25%
max; Cu: 0.1% max; Fe: 0.5% max; Mg: 0.6 to 1.2%; Mn: 0.4% to 1.0%; Si: 0.7%—1.3%; Ti: 0.1% max;
Zn: 0.2% max; residuals: 0.15% max). The aluminum was cut using a mechanical cutting blade to



Coatings 2019, 9, 865 3o0f12

form specimens in 60 mm X 15 mm X 3 mm sizes with a total area of 22.5 cm?. The electrolytes

consisted of 600 mL of deionized water (conductivity 0.0555 uSm/cm) and 1.0 g/l KOH (“RK Chem”).
Commercial Sigma Aldrich strontium aluminate powder doped with europium, and dysprosium ions
(Srg.95Eu0,00Dy0.03A1 Oy, purity > 99%) were used for pore-filling purposes.

2.2. Synthesis

For the production of the PEO coatings, a custom-built power supply unit BS4000 (A5V1000/300)
by Elgoo Tech Ltd (Jelgava, Latvia) was used. The power output of the unit is up to 5 kW with a
voltage limit at 1000 V and a current limit at 5 A. The unit is controlled via a computer interface to set
up the desired voltage and current parameters. All the samples were prepared using a non-pulsed
direct current with 700 V and 3 A limiting parameters. The surface area covered during PEO treatment
was 16.65 cm?, which yielded a current density of 0.18 A/cmz. Before the PEO process, aluminum
substrates were washed with deionized water and acetone. The container for the PEO process is
made of double-walled glass with inlets for water cooling. To ensure sufficient cooling, the electrolyte
was constantly stirred using a magnetic stirrer. During the PEO process, large amounts of heat are
dissipated, and a part of the electrolyte evaporates. To keep the amount of electrolyte unchanged,
constant refilling is necessary. After the PEO process, samples were washed with deionized water and
dried in air at room temperature. Afterwards, approximately 0.1 g of commercial activated strontium
aluminate powder was mixed with ethanol and milled in an agate mortar with a pestle for 5 min.
Then, the mixture was applied to PEO coatings using a pipette and using the tip of the pipette equally
distributed along the surface of the sample. Then, the sample was put in a furnace at 80 °C for 5 min to
evaporate the ethanol. When the powder had dried, the sample was laid on a firm surface, and another
similarly sized non-treated aluminum sheet was carefully placed on top of it, and constant pressure
(approx. 1 kg/cm?) was applied to the system for 5 min to ensure that the powder was pressed into
the pores. Afterwards, the sample was washed thoroughly with deionized water to flush away any
particles that did not adhere well enough to the surface. In total, 11 PEO samples were synthesized
using different treatment durations and studied during this research. The parameters for all samples
are shown in Table 1. A graphical step-by-step process representation is shown in Figure 1.
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Figure 1. Graphical step-by-step process representation.
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Table 1. Plasma electrolytic oxidation (PEO) sample synthesis parameters.

Sample No. Voltage, V Current Density, A/cm? Duration, Min  Powder Filling
P15N 15
P20N 20
P30N 700 0.18 30 No
P40N 40
P45N
P6ON 4560
P15Y 15
P20Y 20
P30Y 30
P40Y 700 0.18 40 Yes
P45Y 45
P60Y 60

2.3. Analysis Methods

Sample morphology and phase composition were studied using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). SEM images were taken using a Phenom-World Phenom Pro
scanning electron microscope registering backscattered electron (BSE) images with 10 kV acceleration
voltage. Cross-section images were taken using an SEM Tescan Lyra equipped with an energy
dispersive X-ray spectrometer (EDX) operated at 15 kV. X-ray diffraction patterns were acquired using
a Rigaku MiniFlex 600 X-ray diffractometer using a cathode voltage of 40 kV and current of 15 mA with
Cu Ko radiation (1.5418 A). The step size for the XRD measurements was 0.05 20 with a scan speed of
10 20/min. Photoluminescence (PL) spectra measurements were made using an Andor Shamrock B
303i spectrograph in combination with an Andor DU-401A-BV CCD camera. The excitation source for
PL measurements was a CryLas Nd:YAG laser (266 nm) (spot size on sample: approximately 3 mm
in diameter). Luminescence decay kinetics were measured using a Horiba iHR320 monochromator
coupled with a Hamamatsu R928P photomultiplier tube using a 5 mW 405 nm diode laser as the
excitation source.

3. Results and Discussion

The pore-filling method developed and used during this study allows the production of long
afterglow phosphorescent PEO coatings. The naming of this method may be debated, since the powder
is filled in the cavities or cracks of the PEO coating rather than pores, but the idea of filling up empty
space in the coating remains. The produced samples can be seen in Figure 2. Visually, the appearance
of the coating does not differ before and after filling the pores. During normal conditions, the coating
is light gray and does not exhibit any luminescence properties. When the sample is illuminated
by UV light, the electrons from Eu?* are transferred to the traps, and after ceasing the excitation,
the electrons from traps recombine with Eu®* [30,31], and the sample exhibits a bright green long
afterglow visible with the naked eye, which is characteristic to the SrAl,O4: Eu?*, Dy>* luminophore.
The phosphorescent coating has good adhesion to the aluminum alloy surface as it was obtained
during electrochemical oxidation, and it is also to some extent water-resistant, although strontium
aluminate is partly soluble in water, and the luminescent coating might degrade over time without
additional protection.

3.1. Structure and Morphology

The XRD patterns of the acquired PEO coatings before and after pore filling are shown in Figure 3.
The samples mainly contain y-Al,O3; phase alumina and small traces of x-Al,O3 phase. Al peaks from
the substrate are also visible in the pattern. The sample after pore filling additionally contains peaks
that correspond to SrAl,O4. The detected phases in all the samples are presented in Table 2. While
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the y-Al,O3 phase can be detected in all the samples, the «-Al,Oj3 is only visible in samples with a
treatment duration longer than 30 min, although some samples that exceed the 30-min duration still
do not show an «-Al,O3 phase. This is due to the presence of an x-Al,O3 phase in a small quantity,
and therefore, it is right on the detection limit of the XRD device. The SrAl,O, phase is detected
only in samples with longer PEO durations, i.e., 40 and 45-min treatments. This is because the longer
treatment time allows more powder to be filled into the coating, which can be explained by analyzing
SEM images. Although samples P15Y, P20Y, and P30Y have the luminescent powder in them (as
confirmed by luminescence measurements later), the content is not enough to be detected by XRD.
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Figure 2. Sample (a) before PEO (P45N), (b) after PEO and pore filling (P45Y), and (c) after excitation
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Figure 3. XRD patterns of 45-min sample before and after pore filling.

Table 2. Detected phases by XRD analysis in samples.

Sample Name v-Al, O3 «-Al, O3 SrAl,Oy4
P15N X - -
P20N
P30N
P40N
P45N
P60N
P15Y
P20Y
P30Y
P40Y
P45Y
P60Y
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The SEM images displaying morphology of the coatings after different PEO treatment times are
shown in Figure 4. It can be seen that longer PEO treatment duration develops thicker and more
densely packed cavities and pores. After 15 and 20 min (Figure 4a,b), the pores are very small with a
size of around 1 micrometer. After 30 min or a longer time of treatment (Figure 4c—e), the pores and
cavities are larger (2-10 micrometers) and denser.

Figure 4. SEM images of samples before pore filling (a) 15 min — P15N; (b) 20 min — P20N; (c) 30 min —
P30N; (d) 40 min — P40N; (e) 45 min — P45N (cavities are marked with dashed line), and (f) 60 min
— P60N.

The optimal PEO time was found to be 45 min, as continuing the treatment longer leads to the
transition of the coating to a different, less porous structure. The effect is shown in Figure 4f for P60N.
Beginning from the sides of the sample, the plasma discharges and gradually becomes less dense,
and the morphology transforms to one without large pores and containing thin long cavities. After
approximately 60 min, most of the sample morphology had transformed (P60N). This was found
to reduce the amount of powder that can be filled into the coating significantly. Figure 5a displays
commercial strontium aluminate powder. It can be seen that the average grain size is around 30-50
micrometers. To facilitate the incorporation of powder into the coating, milling was necessary. Figure 5b
shows strontium aluminate powder after milling for 5 min. The majority of grains after milling are
smaller than 10 micrometers. Sieving was not performed after the milling. SEM images with powder
filled into the coating are shown in Figure 5c. The particles build into the cavities that are formed
from round alumina structures. In Figure 5d, the surface is shown at a smaller magnification, which
represents how densely the powder has filled up the pores of the sample with 45-min PEO treatment.
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Figure 5. (a,b) Strontium aluminate powder before and after milling; (c,d) P45Y sample after pore filling

To analyze the incorporation of powder in the pores and evaluate the thickness of the coating,
a cross-section image of the P45Y sample was taken (Figure 6). As one can see, the thickness of the
coating varies greatly due to the high porosity of the alumina, and the average thickness is measured
at approximately 40 um. Moreover, evaluation of the composition of the coating gives a confirmation
of the presence of strontium aluminate powder in the pores. An interesting observation can be made:
the Mg atoms are also detected in both the aluminum alloy (Mg is the main alloying element in Al6082
alloy) and in the coating (taken from the alloy itself and incorporated in the structure of the alumina).
Other elements are below the detection limit of the setup.

Figure 6. Cross-section BSE SEM image of the coating with element mapping for Al, O, Sr, and Mg.
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3.2. Luminescence

To compare and study the optical properties of different samples, photoluminescence
measurements were carried out in identical conditions for all the samples. To ensure that luminescence
properties do not change after milling, the powder PL measurements were carried out for both powders.
The PL spectra of the sample after pore filling were compared to powder samples and are displayed in
Figure 7. All intensities have been normalized. Strontium aluminate powder before and after milling
shows no significant difference in PL spectra, which means that the structure of the grains has not
been disrupted; however, the absolute intensity decreased by 31%. The PEO sample with the 45-min
treatment time after pore filling also exhibits the characteristic strontium aluminate luminescence
band with a maximum at 530 nm. The additional peak can be seen at 693 nm; this includes the
characteristic R1 and R2 lines of Cr®* ion luminescence in an «-Al,O3 matrix (ruby). The intensity
of this luminescence band correlates with the a-phase content, which in turn is related to the PEO
processing time. The ion itself is acquired from the substrate, aluminium alloy, has the Cr as an additive
in it. An increase in intensity in the near-IR region for the PEO sample is a second order of the UV part;
the blue alumina luminescence is usually present in PEO coatings.

1.0 |- . Milled commercial powder
Unmilled commercial powder
PEO sample (45 min)

0.8

06 /

Intensity, a.u.

04
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0.0 1

L 1 ! 1
400 450 500 550 600 650 700 750

Wavelength, nm

Figure 7. Photoluminescence spectra of powder before and after milling and 45-min PEO sample
(P45Y).

In Figure 8, the PL spectra of samples with different PEO treatment times after pore filling are
shown. The shape of the luminescence bands does not change except for the intensity of luminescence
maximum. It can be seen that a longer PEO treatment duration leads to higher PL intensity, which
is displayed in the insert of Figure 8. The PL intensity is directly related to the amount of strontium
aluminate powder that can be incorporated into the pores and cavities of the coating. Samples with 15
and 20-min treatment time show almost identical PL intensity, while increasing the PEO processing
time further increases the amount of powder that can be incorporated in the coating; a steady growth
of luminescence is observed until 45 min of processing time (sample P45Y). One would expect that
increasing the PEO treatment duration even further would lead to an increase in PL intensity; however,
that is not the case. An even longer treatment time leads to the opposite effect, where the luminescence
intensity drops significantly. This can be explained by the morphology of the coating; all the samples
with a processing time longer than 45 min exhibit a transformation of the surface to a denser packed,
less porous structure (can be seen earlier in SEM Figure 4f). The dense coating without cavities prevents
the strontium aluminate powder adhering to the surface; there are no features for particles to attach to.
To compensate for that, one can use smaller particles and fill the pores still present in a coating (e.g.,
black spots in Figure 4f); however, not only the overall intensity of the powder will decrease with the
size of the particles, but the amount of powder that is possible to incorporate will decrease as well.
This leads to the conclusion that 45 min at given PEO parameters is the optimal time for the chosen
application. The 60-min sample (P60Y) is not presented in Figure 8 due to the low intensity of the
signal, as no luminescent powder is present in the pores.
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Figure 8. Photoluminescence spectra of samples after different PEO treatment durations. The inset
shows the intensity dependence on the PEO processing time.

To perform luminescence decay kinetics measurements, each sample was irradiated with a 405-nm
diode laser for 30 s. The kinetics measurements began 3 s after turning off the excitation source. Each
measurement was carried out until the kinetics reached a plateau (the dynamic range of the detector is
not enough to detect the changes in the intensity), which was around 4 min after ceasing excitation.
Despite different initial intensities (shown in the inset of Figure 8), the luminescence decay kinetics
characteristics for samples with various PEO treatment times did not vary (Figure 9), as the dual
exponent approximation is essentially the same for all the samples. This leads to the conclusion that
filling the powder into an aluminum oxide matrix does not disrupt the strontium aluminate powder
structure, as expected.

Model ExpDec2 15 min

10 | y = Al*exp(-x/t1) + A2*exp(-x/t2) + yO .
Equation 20 min
Reduced Chi-Sqr B09NTES 30 min
) 40 min

0.8 Ad). R-Square 0.99521 .
Value Standard Error 45 min

¥0 0.01036 4.20903E-4
Al 072141 0.00311
Normalized Y2 t1 570119 0.04922
06 - A2 0.30586 0.00244

2 47.91234 0.50124

04

Normalized intensity, a.u.

02

0 50 100 150 200 250
Time, s

Figure 9. Decay kinetics measured for different samples. Dual exponent approximation results are
presented in the inset table.
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Although the PEO samples are visible in the dark for a few minutes, the duration of the afterglow
is much shorter compared to commercial powder samples. This might be due to some surface effects
that need to be studied in more detail.

4. Conclusions

During this study, it was shown that it is possible to produce phosphorescent PEO samples using
activated commercial strontium aluminate powder and the pore-filling method. It was found that a
longer PEO treatment duration leads to the development of larger and more densely packed pores
and cavities, which in turn facilitates the filling process. The particle size of commercial strontium
aluminate powder is too large to fit into the cavities of PEO coatings, so the powder needs to be milled to
reduce the particle size. Luminescence measurements showed that milling and filling processes do not
change the luminescence characteristics of the strontium aluminate powder, although the luminescence
intensity is decreased. It was shown that PEO treatment duration influences luminescence intensity,
which is directly related to the amount of powder that is incorporated into the coating. Treatment
times until 45 min showed increasing luminescence intensity, but longer treatment times decreased
luminescence intensity.

This method could prove useful for many practical applications where both surface protection
and phosphorescent properties are necessary. Unfortunately, there are some drawbacks to this method.
Although the substrate material is well protected from environmental effects, the incorporated powder
is still vulnerable and prone to damage if exposed to water for prolonged periods of time. This means
that the coatings should be additionally treated with some type of lacquer to reduce the degradation of
the phosphorescent coating. Another obstacle that must be addressed in the future is how to ensure a
larger amount of particles to incorporate into the coating and achieve more homogenous and denser
distribution. Nevertheless, this method is promising and could be used as a substitute to currently
used phosphorescent paints.
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