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Annotation

Plasma Electrolytic Oxidation (PEQ) is a process for producing thick (tens of
microns), hard and chemically stable oxide coatings on metal surfaces. For
decades, the process is under investigation by both scientific and industrial
communities due to thewoperational cost and ease of production. Due to the
flexibility of the process, in the last couple of years, novel possibilities of PEO
are quickly emerging: biocompatibility, antibacterial, photovoltaic,
photocatalysis and other properties of the cgatiare intensively studied.

This work explores the different aspects of luminescence properties of PEO
coatings which was not studied prior. Both process modification possibilities and
practical applications are studied, with the focus on correlation batgyathesis
parameters and optical properties of the coatings.

Three main topics are covered in this thesis:

1) Doping of the coating oxide structure with additives that alter the
luminescence output

2) Production of coatings with dosimeter propertiesl &valuation of their
performance

3) Synthesis of complex oxide structure of doped strontium aluminate thus
creating persistent phosphorescent coatings

In combination with inherited PEO properties like outstanding hardness, great
adhesion to the surfacehemical stability and quick production, the added
luminescence properties can make this coating technology promising for
practical applications in various fields of science and technology.
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1. Introduction

From all the coating techniques Plasma Electrolytic Oxidation (PED)ds
out as one producing the best adhering, hardest, most chemically stable and easily
reproducible coatings on valve metals. Thanks to the many desirable
characteristics and in combination with acceptable cost and ease of production
of the PEO, the pe®ess gained large interest in both scientific and industrial
communities. In addition, large amount of variable parameters allows the process
to be modified to meet specific needs of each individual application. Historically,
the process is mainly useditoprove mechanical and chemical characteristics
of Al, Ti, Mg, Zr metals and their alloys by creating a thick (hundreds of microns)
protective oxide coating on the surface. However, the ability to create crystalline
structures and implement dopant atomthanlattice makes PEO process suitable
for producti on o f onésfwithradded benefaslofincreaseal t i 1
luminescence output or the ability to convert one type of energy to another (e.g.
X-rays to visible light). Although the process is ahle, there is a notable lack
of studies on the PEO coatings with the focus on their luminescent properties,
thus thorough search for practical applications of the technology should be
performed.

1.1.The aim of work

The aim of this work is to explore the gmibilities for PEO coating technology
to be used for production of coatings with enhanced luminescent properties.
The following tasks are set:
1) explore the different possibilities to dope tbeating oxide structure
with additives that alter theoatingluminescence
2) produce a PEO coatingith dosimetric propertiefor detection and
guantification of ionizing radiation;
3) explore the ways to create a persistent luminopboagingusing PEO.

1.2.The contribution of the author and the scientific novelty
of work

The author of this work participated in the PEO setup development: the
development of software for automation of PEO process that allows dynamic
pre-defined control of all electrical paranees and registration of measured
voltage and current. The software is described in more detail in secti@n 3.1.
Additionally, some maodifications of PEO setup were performed to improve
crucial parameters of the device (cooling, ventilation, sample holding)

The author developed the software for thermostimulated luminescence (TSL)
setup that was used to evaluate the dosimetric properties of the coatings. In



addition, some hardware modifications were performed by the author in this and
other luminescence msarement setups.

PEO sample synthesis was performed by the author unless stated otherwise in
the corresponding publications. Same goes for the data analysis, luminescence
measurements, the electron microscopy and structure measurements. Other
contributoran measurements, data analysis and publication of the results in peer
reviewed journals are reflected in the author list of respective publications in
section6.3.

The author of this work is a main author of three publications related to the
topic of ths work, is a ceauthor of 3 PE@elated publications and @wuthor in
27 other scientific publications in indexable peeviewed journals. Full list of
publications can be found in section 7.

The author is a scientif i besimabnnécedr of
with the development of PEO | uminesce:!
about the dosimetry of alumina oxide.



2. Literature review

2.1.Electrolytic passivation processes

With the development of electric circuits and discovery of electrolysis the ability
to increase the thickness of naturally occurring oxide layer on various metal
surfaces emerged. The science of anodization investigates the possibilities to use
the electrc potential to controllably increase oxide layer on the metal surface.
The electric circuit for electrolysis is therefore impliethe part to be coated is
the anode (hence the ter nncdsaofocodtings al
on aluminium with the counterelectrode (often inert metal like platinum,
however, other options are possible) as the catiode.to the widespread use

of the process, the parameters of the process aresgtablished: anodization
usually is performed in slightly acidic oruteal electrolytes (pH-&) (Diggle et

al.) (Keller et al.)using constant voltage in range of100V.

The PEO is a method to produce ceramic coatings on various metal and alloy
surfaces exhibiting wtstanding corrosion, thermal, electrical and mechanical
properties. Naturally, PEO evolved from conventional anodization by
application of substantially higher current and voltage to the part so that the
electrical discharge will occur through the anodizexide layer. The
characteristic factor of PEO is the use of high voltage power supply to apply the
DC, AC, bipolar or modulated DC electrical power on metal in appropriate
electrolyte. The process is of high interest for industrial applications due to th
relatively low time of production, wide variety of metals that can be codied (
(Grigorjeva et al,) Mg (White et al.) Ti (Aliofkhazraei and Rouhaghdam;
Martini et al.) Ta, Hf, Nb, Zr and otheysecafriendly resource use and ease of
scalability; therefore, the technology is already applied in various fields
aviation, automotive, medicine and biology, maritime transport and others.
Historically, PEO coatings are used for their outstanding mechanical and
chemctal propertie§ the benefits of a thick layer of oxide on a metal prone to
corrosion and scratching are hard to replicate with other coating methods (paints,
anodization). However, the variability of composition, possibility to obtain
crystalline structugs and relative simplicity of experimental setups motivated
scientists to expand the list of possible applications and create functional, optical
and other noftonventional coatings.

The successful use of PEO implies precise control of all variable pa@snet

get desired and reliable results. When compared to anodization where electrodes,
electrolyte and voltage should be carefully thought through, PEO includes even
more power supply parameters (especially in pulsed bipolar DC mode) and
exhibits even grater dependence on quality, composition, and temperature of the
electrolyte. Although the amount of variable parameters is overwhelming at first,
it offers additional possibilities to control the structure and composition of the

7



coating and adds the abjfito include foreign atoms in the crystalline lattice of
the oxide- an extremely useful property for modification of luminescence
properties of the layer.

2.2.Luminescen®

Luminescence is a spontaneous emission of light by electron radiative transition
from higher energy level to lowefFox). For electron to emit a photon by
decreasefo i ts energy, firstly the energy s
process, therefore a broad field of luminescence is usually divided into the
subsections by specifying the excitation prodessy. photoluminescence (PL),
x-ray luminescence (XRLjioluminescence and so on. Light emitting displays,
most of the modern lighting options, gldnrthe-dark toys and emergency signs

all use some type of luminescence and even more possible applications are still
under investigations in medicine, transpticia, science, space, military and
sport industries.

This study will mainly focus on two major application fields of luminescénce
dosimetry (use of materials for storage of some of the energy acquired from
ionizing radiationrwithetéeremapyl releascs
process thus determining the acquired dasdjong-lasting luminescencguse

of materials for storage of some of the energy acquired from external sources for
a subsequent gradual release of it in a form of)ighthile in-depth explanation

is required to properly describe both fields, it is important to note that both fields
are applicatiordriven and therefore are widely used in industry for decades.

First PEO coatings with the specific purpose of studying their luminescence
properties were created in 200&mits et al.)however, while other studies were
performed later to investigate luminescence of different ions in PEO(&.g.
Stojad i nov i [(Steean Stejddinoli e t), nareal jpplicatiomriven
studies were performed until recenfB018,(Bite et al.), and no relastudy got

the PEO luminescence further than TRL4 yet. This shows the relative novelty of
the field with large potential for rapid development and adaptation.



3. Results and discussion
3.1.Methodology

3.1.1 Characterisation

Throughout the studiesarious setups were used for evaluation of crystalline
structure, analysis of elements in the coatings as well as morphology and coating
thickness. Although reader is advised to check the publications associated with
AResultsd chaptefollows: main devices are
X-Ray diffraction (XRD) was measured using two setups: a -taipladevice

Ri gaku Mi ni FI ex 600 and mor e advanc
di ffractometer with Cu KU radiation (
SEM topview and crossection images were taken usinther tabletop SEM
Phenom Pro or a Tescan Lyra SEM equipped with energy dispersiag X
spectrometer (EDX) operated at 15 kV for element mapping.

Transmission electron microscopy (TEM) measurements isO:AT and
strontium aluminate coatings were doneTatnai G2 F20, FEI operated at 200

kV. The samples for TEM studies were scratched from coating using diamond
pen and placed on a lacy carbon coated grid AGS1@gar Scientific).

Although most PEO studies use the wide range of mechanical and chemical
testing equipment to evaluate the performance of the coating from a structural
stand point, the studies in this work disregarded those measurements as the focus
was set on enhancing the luminescence properties. However, the assumption of
good mechanical rd@nce can be made from the large thickness of the coatings
and the harder crystalline phases of alumina present in some coatings.

For luminescence measurements, two setups were used: Andor Shamrock SR
303i spectrometer coupled with Andor iDus401 chargeplssl device (CCD)

was used for the acquisition of photoluminescence spectra, TSL studies and
XRL. Additionally, Horiba iHR320 imaging spectrometer coupled with
SampleMax sample chamber and Jobin Yvon/Horiba TRIAX320 excitation
monochromator was used fghotoluminescence and luminescence decay
kinetics. This spectrometer is coupled with photomultiplier tube (PMT) and
CCD. Spectra measured with CCD in PL, XRL and TSL were not corrected to
accommodate differences in detection at different wavelengths gsttoal
comparison study was performed. For a precise specification of hardware used
for luminescence measurement please refer to the corresponding papers of
research presented in this work.



3.1.2 PEO setup

To successfully perform PEO research a tlue@mponat system is required:
reaction chamber, power supply and PC. Thdigamation is shown ofig. 3.1
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Figure 3.1 The overview of the PEO setupy reaction chamber with two
electrodes is connected to the R§ which is managed using a PC.

The setup uses doublsalled glass beaker with 1L volume. Water inlet and
outlet are used to provide constant flow of iquality cold water (tap water)

thus preventing contamination of the electrolyte. Inside glass surfaces are easily
cleaned and are chemilgainert as opposed to copper or aluminium heat
collectors used in the industry. Use of glass chamber also provides the ability for
using the magnetic stirrer a better solution for improving convection of
electrolyte than widely used bubble stirrer taicfue.

To minimize thegenerated hydrogesxplosion probabilityabove the electrolyte

a high air flowis ensured to vent out the hydrogen and prevent bubbling. For this
purpose, an attachment was developed and manufactured with electric ventilators
blowing air to the electrolyte surface and appropriately sized venting holes for
effective removal.

A custom power supply unit (PSU) for PEO was developed by Latvian LLC
AApplied Electronics Labso. Thiemaxot al
current of 10A ad voltage of 1000V can be achieved. An important property of
the PSU is the ability to precisely control electrical parameters in various regimes
(unipolar, bipolar, pulsed) with currant and voltage limits in place. The precise
modulation of high powersgar e pul ses all ows pul se d
The PSU is fully automated through MODBUS communication prototble

PC control also allows linear parameter change throughout the process enabling
in-depth research of discharge characteristicsPC ®ftware packagewas
developedor control of the device
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3.2.Doping of PEO coatings

The modification of the PEO coatings by changing their chemical composition
is of interest in various applications as it might affect all properties commonly
associated with the PED high coating hardness, crystalline structure, wear
resistance, chemical stability and others. With every changing parameter of the
process there is a possibility to modify the coating and influence its structure
and/or compositionMoreover, known mechanisms of PEO coating growth agree
that formation occurs in the presence of four pértsubstrate, electrolyte,
previously formed oxide and plasma. First two of them are obvious candidates
for the implementation of the foreign atoiindopants in the coating.

3.2.1 Alloying the aluminium with dopant atoms

Without a doubt, the metals present in the subsiraeit pure metal or alloy

will participate in the formation of the coating creating the mexade.
Therefore a very first méhod that was realized to produce a coating with the
specific purpose of enhancing its luminescence properties was done by using
alloyed metal. The study was then considered as a proof of concept without the
particular application in mind, therefore a witlown ion in alumina matrix
should be chosen as a dopant. The-eamth element europium fits wéllEu®*
exhibits very distinctive luminescence in red region of spectrusharp lines
representing transitions frorfDo to ‘F levels with the most intenskne
observable at 613 nm (transiti®Do Y “F») The lines are quite distinctive and

the position varies only slightly with the different crystalline matrices. In
addition, it is known that the Eu atom can incorporate in alumina matrix in
Ew?* state exhibiting blue luminescence that can be separated from intrinsic
luminescence of the alumina.
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Fig. 3.2. Normalized photoluminescence spectra of PEO, PEGu and
PEO-Eu-2 samples.
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The resulting photoluminescence spectra under 266nm laser irradiation are
shown infig. 3.2. The undoped coating (PEO) exhibits only the alumina intrinsic
green luminescence band peaking at 500nm. On the other hand, doped coatings
(A PEBU 0 a n-Eu-XdR)Ewo different PEO processéstimes higher

current density of in@si ti ve pulEs2é $ abothlheRE O
significant changes in the spectral distribution and intensity of the luminescence
isampl eeEEM®PE®OXxhi bits increased | umine
spectrumi a possible Etf ion in alumina matrix. Itis well-known that Eu
incorporates in a divalent ciguration in various aluminatg®avichandran et

al.) (Stevels)(Peng efal.). On the other hand, coating with the greater current
densi t  EUXA)PEOXx hi bits | uminescencie in t
sharp lines, although overlapping and not clearly resolved, indicate the presence
of EW**in the coating. The differeec of | umi nescence-bet we
Euo an#EuXPEOdi cate the possibility of
the presence of Btiin the coating should be explored in detail. First factor
confirming the presence of Bu n t h<€ u P E @ the greatly increased
photoluminescence intensitythe maximum intensity is approx. 50 times higher
than that of sample APEOO.

This first of its kind study was performed as a proof of conéepideed,
luminescence output of PEO coatings can beatéy doping of the coating
through one of the routdsuse of specific alloy to bring needed atoms in the
coating structure. In addition, study shows the ability to alter the luminescence

of the coating by changing PEO parametewltage, current, pulseidth and

process time can all change structure of the coating thus changing the
luminescence output. Complimentary, the luminescence of the doped PEO
coatings can be used to better understand coating formation mechanisms and
adjust theoretical approachegh the obtained information.

It should be noted that the use of Eu containing aluminium alloy will not be
commercially viable in most of the cases due to the high cost of alloy preparation.
Moreover, if other dopants or concentrations are needed iodding for a

specific application, preparation of new alloy will be necessary making research
and production expensive and labor intensive.

It is evident that other doping possibilities should be explored unless the
luminescence of the coating is based a dopant already present in readily
available aluminium alloys (like Cr, Mg, Mn and others often present in
industriatgrade aluminium alloys).

3.2.2 Pore filling method

A range of studies indicates the bene
(Borisov et al.)i electrolytes with high concentration of insoluble micoo
nangparticles. Some studies indicate the increased growth rate of the coatings

12



with nanoparticles actings the reinforcement of the coating, especially when
particles with high hardness are used. Some of the properties of the particles will
be transferred to the coatin@alyshev and ZorinYhis confirms the inclusion

of solid particles in the formation process of the coating; fhezethe same
principle can be used to alter the luminescence properties of the coating.

The present studig based on the two main conceptfrstly, only the particles

in a near vicinity of the plasma discharge participate in the formation of the
coating and can be implemented in the structure; secondly, pores of the PEO
coating can be filled with some sortrofterial. Therefore, the aim of this study

is to create highlporous coating on the surface of the aluminium, fill pores with
appropriatelysized powder of RRE oxide and perform the PEO on the porous
filled coating fusing the oxide in the structure. Tlehesmatic representation of

the process is shown digure 3.3. This approach could minimize the required
amount obften expensivpowder by placing it in the discharge channels directly
rather than relying on the electrolyte to bring the powder to thiéngoa

® ® ® ® .

vA-

Dopant

Electrolyte Rt ‘
ERTS ST vhe i

Fig.3.3 Schematic illustration of sample preparation stages: 1l production
of porous coating, 2 filling the pores with powder, 37 PEO processing, 4
T resulting doped oxide layer exhibiting luminescence.

First stage in achieving the goal is fiad the best parameters to produce
homogeneous porous structure. It is walbwn that pores are naturally
occurring during PEO process due to the formation of discharge channels;
however, the increase of porosity of the coating still proposes a claliray

can be solved by altering power supply parameters and initial surface
morphology.

Second stage is to fill the pores with Eu(@ipwder. To insert the Eu(Okl)
powder in the pores, it was first ground in a mortar for 10 minutes with addition
of ethanol to prevent the agglomeration of the particles. The resulting highly
concentrated dispersion of particles in ethanol was dripped on the porous alumina
coating The SEM imagefig. 3.4. B) gives an overview of the distribution of the

Eu powder on the ctiag. One can see that the size of the powder grains is in
range of 3 0Dnostly significantly2smallenthan the pores of the PEO
coatings. This allows the grains to stay in the pores even after rinsing with water,
during immersion in the constéy flowing electrolyte in the third stage and
during the plasma discharges in the oxidation process.

Third, and final stage is a final PEO procésporous coating filled with the
powder containing the desired dopant (Eu in this case) is submergedimjpihe

13



electrolyte of 1L deionized water with 2glof KOH and unipolar DC 530V
voltagelimited regime is applied for the extended periods of time. Current
density is set at 0.15 A/émUniform plasma discharges are achieved on the
surface of the sampldusing the oxide with the powder in the pores and
implementing the dopant atoms in the oxide structure.

procésA " first stage
porous coating, Bi filled porous coating after second stage, C PEO-
processed coating after third stage

To verify and control the presence of Eu ions in the pores in stage 2, a
phobluminescence measurement was used in addition to SEM. The
luminescence was excited with a 266nm UV laser with the average output from
all sample surface accumulated in speckigure 3.5 (left) summarizes the
spectra. A distinct Eu3 + luminescence (red)s observed from the Eu(OH)
powder- the transitions from levéDo to ’F in EU* ion. The most intense line,
which is observable at 613 nm marks the transfiylY “F.. A combination of

broad intrinsic alumina band peaking at 450nm an#' Bands is bservable

from porous alumina filled witlkEu(OH) powder, as expected.

The application of a high voltage (third stage) leads to the plasma electrical
discharges leading to the almost immediate Eu3 + luminescence disappearance
from the spectra. However,reew broad band of luminescence appears in the
blue region. The same observation was madSimits et al.where it has been
reported as Eli recharging to Ett. The recharge of the Eu could be linked to
oxygen vacancies: Eu incorporates in the divalent state to compensate the charge
difference. The luminescence of #Lin blue region of spectrum was also
observed in other alumina materials like translucent cerafvienrgg et al.)and
alkalineearth aluminate§Singh et al.YUeda et al.)Fig. 3.5 (right) presents a
summary of the spectra obtained from the samples after the 3rd stage.

14
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Fig. 3.57 Left - normalized photoluminescence spectra of Eu(OH)powder,
clean porous coating (first stage) and filled pores with Eu(OR)powder
(secondstage); Right- luminescence of coatings after third stage with
varying voltage in third stage.

A tenfold increase in the photoluminescence intensity at 400 nm compared to the
undoped alumina (pores were not filled in stage 2) was achieved for the 550V
sample.

In conclusion, the developed pore filling method is a valid approach for doping
of PEO coatings. The results clearly demonstrate the successful implementation
of Eu ions in the coating structure. However, several drawbacks of the
technology still prsist: the high dependence on the initial surface quality
vigorous polishing is required prior to the PEO for the production of high quality
pores. Powder grain size also should be controlled to meet the pore size of the
coating after first stage. Mo@portantly, the process is performed in three
separate stages, which limits the applicability of the technology in the industrial
setting. All these factors and complications, however, might still be ignored due
to the main advantage of the appro&cminimum amount of wasted powder.
Pore filling technique offers extremely efficient use of dogamttaining powder

in comparison with widely used suspension or slurry electrolytes, where the
concentration should be factored for the whole volume of the eigetréVith
industrial processes often using tens of liters of electrolyte per coating with
frequent changes due to the degradation, the approach could offer a feasible way
for better resource management.

This chapter demonstrated experimental processlfering the luminescence
properties of PEO coatings using two completely different methods. In
combination with the previously known data from the literature, the following
thesis is therefore drawn:

Thesis 1:The doping of alumina PEO coatings taalter their luminescence
properties can be achieved in three ways: alloying the metal substrate; using
three-stage pore filling process and by adding dopants to electrolyte.
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3.3.Dosimetry of PEO coatings

Radiation protection and monitoring will always be an important field of
research, especially due to the rapidly growing use of radiation in medicine,
nuclear powerplants and countless industrial applications of ionizing radiation.
Big part in personal anihdustrial radiation protection is the use of sdaitdte
dosimeters devices for detection and quantification of the acquired ionizing
radiation dose. Lately, interest in 2d dosimeters emerged for applications in
medicine(De DeengStathakis et al(Chung et al(Davis et al.jArcher et al.)
motivating further research of possible materials for emerging technologies. In
addition, a scaling of the already developed and widely used ceramic or
crystalline dosimeters passses a challenge due to the large cost of production
and lack of repeatability between the samples preventing the use of dosimeter
arrays. With other drawbacks like low spatial resolution and small detection area
(Chung et al,)the need for unconventional production methods is needed. Since
many of the already developed dosimeters are based on the metal oxides, PEO
stands as a promising techogy since it produces a thick coat of oxide on metal
surfaces that is easily scalable and manufacturable to specs required for the
particular application. This chapter will explore the two possible PEO alumina
based dosimeters: carbdoped AYO: and chomiumdoped A}Os. Both
dosimeters will be TSlbased. The schematic representation of the proposed
technology is shown ifig. 3.6.

PEO Oxidation Irradiation Readout

Ionizing radiation
(X-rays)

Fig. 3.6. Schematic representation of the production and use of Tbased
PEO dosimeter.

Couple of factors will be kepth mind: both studies will be performed on a
conventionally available aluminium alloys (Al6082 and Al1052) and will be
considered as a singgtep process with one electrolyte composition to fit
industrial setting and make the process commereiddligle.

3.3.1 AIl>0s:C coating

Historically, one of the main materials for PEO processing is aluminium and its
alloys. Naturally, for production of PEO coating based dosimeter, an obvious

16



idea is to mimic the already used dosimeter of similar structure. The conventional
and readily avédable dosimeter based on 8k is TLD-5007 carbon doped
alumina. The replication of the material using PEO possesses a row of
challenges, with the major one being the source of carbon. Conventional PEO is
performed in electrolyte containing KOH, on alumim alloy surface with no
intentional carbon doping, therefore carbon atoms will have to be implemented
manually. A reliable source of carbon is neetiddighly soluble substance, like
ethanol; however, other carbtwased chemicals can be used. To keep the
research as close as possible to real application, a single step synthesis is required
with the same electrolyte kept throughout the process.
Al6082 aluminium alloy is used in this study. Simples@nponent electrolyte
was used deionized water, 2 gL KOH and 60ml/L ethanol. Square voltage
limited nonsymmetrical 5 ms pulses were used with the voltages of +700 V and
1233 V. 1 ms phatwesnepslsesy Eurrent density was 0.6kA m
2with minimal decline over 15 minutes of processing time. ABeregime with
the 1/3 ratio of positive and negative pulses was chosen to reduce pEfosity
et al)

The TEM EDX study was performed to verify the amount of carbon in the
coating.Figure 3.7 shows the analysis of two sampiesarbonrdoped coating
(with ethanol in eleirolyte as described previously) and undoped coétsgme
parameters except no ethanol in the
0.277 KeV shows that the ethanol in the electrolyte does indeed result in a
significant amount of carbon atoms in @ating, with the inset demonstrating
the repeat measurement of five samples. The variation in C/Al line ration is quite
high probably due to the combination of factors like inhomogeneity of carbon
distribution in the coating and specifics of sample prafion for TEM
measurements.

C/Al Intensity ratio

0.8 4

Undoped coating
C doped coating

—_

0.6 4

normalized intensity

— C doped coating

o ~——— Undoped coating

20 25 3.0

E (KeV)
Fig. 3.7. TEM EDX measurements of two coating$ with and without
ethanol in the electrolyte. Inset shows repeated measurements from 5
samples.
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Next, TSL measurements were performed and compared to the signal from
commercally available TLD500 sample. The samples were irradiated with X
Ray lamp with W anode operating at 30kV and 10ffi#e results are shown on

fig. 3.8 (left) i carbondoped PEO coating demonstrates a wide TSL peak from
300K to 630K while TLD500 sample mawrium occupies much smaller
temperature range. The signal from T5DO0 is in a good agreement with other
studies of the materifiKaltaandChi t hambo, A Comprehensi v
of Ther mol umi nesAd e n2c eO PHPAKA\ dbgtd (AU
Weinstein et al.)The broad TSL maximum of PEO coating indicates the wide
distribution of activation energies of trapjsa characteristic of disordered
crystalline struaire and large amount of defects in the structure.

Although the width of the maxima is much larger for PEO coating, the maximum
occurs at the same temperatuirethis leads to believe that the same
recombination centers are participating in the luminescienibeth samples. To
verify that, the spectral distribution of TSL as well asay excited luminescence
was measured for both samples and results are shdign 38 (right)

., Photon energy, eV .

T
—— XRL PEO
TSL PEO
TSL TLD-500

e —PEO sample
'_\\‘ -----TLD-500 sample

Mormalized TSL intensity, a.u
-
Mormalized TSL Intensity, a.u

S A
00 |t N oo d—

350 400 450 500 550 600 650 700 750 800 850

275 300 25 350 375 400 425 450 475 500 525 550 575 GO0 625 650
Temperature, K Wavelength, nm

Fig. 3.8 Left - TSL glowcurves of the obtained carbordopedcoating and
TLD-500 sample Right - spectral distribution of TSL and XRL signal for
carbon-doped PEO coating as well as TLE50O.

The analysis of spectral distribution of both samples shows that main
luminescence of TLEB0O sample is located at 420nm asdéscribed as the F

center that is charge compensated By i@ns in trigonal crystalline lattice of

al umi nphasd(Akselldd and Kortov)Additional complex luminescence

band of TLD500 in red region of spectrum that is also present for PEO coating

is described as various metal oxides present in the samples. It-lenoredh that

Mg( Kalita and Chithambo, AOn the Sens
Stimulated Lu#Ain&sc@ngat ®@2ard 3Mn C, Mg o
( Mar tvPam d 2 n eand (¥(Balela @ al.) pxides exhibit luminescence in

the red region of spectrum; however, due to the mix of the metals as traces in
both samples the distinction between the each band is impossible (apart from
intense Ct R-line doublet at 69%94nm). However, main b for the TSL in
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PEO samples is located at 530nm. With the amount of tracing oxides that were
brought from the aluminium alloy, the identification of this line is challenging.
Similar luminescence band was found in alumina doped with Mg afM.G.
Rodriguez et al,)where EZ* (2Mg) center is a result of charge compensation for
the substitutional Mg ion in AP** site.

Both the TSL glowcurveand signal distribution studies indicate the irregular
structure of the alumina to verify that the XRD spectra were registered for
undoped (without ethanol in the electrolyte) and doped (with ethanol in the
electrolyte) coatingsThe eta or gamma pha® alumina maxima are present in

t he @ undo pwhikdame lnestarie abgent in the coating prepared with
ethanol

In conclusion, this study shows a valid approach to create a PEO coating with
TL sensitivity for ionizing radiation. The resulting ¢y exhibits a range of
drawbacks preventing its use as a dosimeter at room temperattiredarge

width of the TSL peak allows the trapped electrons to recombine at room
temperature leading to quick fading of acquired signal. Other drawbacks include
the nonuniform distribution of TSL intensity on the surface of the coating,
evaporation of ethanol from electrolyte and requirement for short PEO
processing times preventing the synthesis of harder, desired alumina phases.
Some of the drawbacks can be addeal by the use of other carbon sources in
the PEGI replacing the ethanol could not only add a more controllable way of
doping of the oxide, but also extend the PEO processing time to acquire at least
some crystalline structure.

3.3.2 Al20s:Cr coating

The carbon doped alumina is, although most popular, not the only akbasea

material exhibiting intense TSL signal. One of such materials is chrowmdred

alumina 17 however, previously noted by Akselrod et. al. that the use of
Chromium dopant, althalh increasing the sensitivity, shifted the TL glowcurve
maximum to 580K and 699niniii nconvenient for read]
available in 1990(M.S. Akselrod, V.S. Kortov, D.J. Kravetskiowadays, the

red region of spectrum is easily detectable by the conventional, cheap and readily
available CCDgOxford Instruments Grouphaking AkOs:Cr as a viable option

for dosimetry.

During our previous PEO dosimetric st
from oxideswas noticedwith increased acidity of theesdtrolyte. This led us to
believe that acidic electrolytes can produce coatings with increased dopant
concentration in the oxide coating without any other dopant needed in the
electrolyte itself or without the use of pefiing method. This motivated the

search of a particular electrolyte that will bring alloying elements from
commercial aluminiunalloy to the coatinde.g. Al1052 with alloying elements

of Cr, Cu, Fe, Mg, Mn, Si, Ti, Zn and other metals with concentrations of up to
0.4%) in the coatinghus altering the luminescence properties.
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In this study, a 2mm thick AI1052 aluminium sheet was cut into samples
2 51 2 5 13 siza,neach having the total surface area of approx. Aésed

in calculations of current density, a bit less than geomediticevdue to the nen
constant waterline). No special treatment, apart from rinsing with water, was
implemented before the PEO process.

The electrolyte for fidopedo sample con
1 g L*KOH (Stanlab) and 10 gicitric acid. For comparison, the second sample
(marked Aundopedod in this chapter) was
acid in the electrolyte. The pH of the electrolyte before the PEO process was 3.7
and 12.2 for doped and undoped samples, respectivedytefhperature of the
electrolyte was maintained at 30N5
DC constant voltage electrical parameters were chosen and kept constant
throughout the whole process. The total process time was set to 30min. Voltage
was set to 700V while current density remaingaktly constant (178 mA cf)

in the first half of the process and declined in the second half to 121 A cm
The current density for the undoped sample (without citric acid in the electrolyte)
was approx. 25 mA crhlarger throughout the whole synthesihis approach

leads to the formation of two main crystalline phases\l,0s; rhombohedral

a n dAl;0s cubic, which was verified by XRD.

To study the effect that citric acid inclusion in the electrolyte has on the
concentration of impurity metal ions ing resulting coating{RF measurements
were performed and presentedin 3.9. One can clearly see that although some
concentrations of Cr, Mn and Fe are present in the coating even without the citric
acid in the electrolyte, the addition of it increased Cr content drastically.

- Fe Ku undoped
Mn Ko — doped

Intensity, a.u.

5.0 55 6.0 6.5 7.0 75 8.0 8.5
Energy, kEv

Fig. 3.9Minor bands of XRF measurements of the undped and doped
PEO coatings.
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Sample luminescence consists of three major partdue, green and red,
representing visible light spectrum parts, as seefigo8.10

Blue luminescence (maximum at 4250nm) appears only under UV irradiation

in both sampds and it relates to alumina F arfdéxygen vacancies with one or

two electrons) centers and are often observed in anodic aluminium oxide films.
Both F and F centers are present, and the maxima are overlapping thus
producing a broad emission bafikbng).

Green luminescence band with maximum at 525nm is present under both UV
and Xray irradiation and in both samples. Wkilown band in amorphowsd
crystalline alumina is due to intrinsic defects of alumina matrix, specifically F
centers. The band is observed in alumina prepared by a wide range of methods.
(de Azevedo et al.; Baronskiy et al.; Gorbunov et al.; M. G. Rodriguez et al.)
Red luminescete is a complex band consisting of two sharp peaks (679nm and
693nm) and a broadand covering the whole red part of the spectrum. The sharp
peak at 679nm is interpreted as a result oPE¥ “Aq transition in Mri* ions
incorporated in alphalumina(Berezovskaya; van Die et alJhepresence of

this peak confirms the inclusion of Mn ions in crystalline lattice of the coating.
The 693nm sharp line dominates the XRL spectrum completely quenching the
Mn#* luminescence and is associated with widely studied and abbreviated in
literature afk1 and R2 line doubletof & ons i n Al-Al©simatexs o f
(fig. 3.10 bottom half
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Fig. 3.10Top half - PL spectra of undoped and doped samples, insit
intrinsic defect range 3406600nm; bottom half- XRL spectra of undoped
and doped samples, insetintrinsic defect range 340600nm.

The TSL glow curve and 3d matrix is presented fig. 3.11 Only Cr®*
luminescence is observed in TSL, meaning that any energy traps present in the
lattice recombine exclusively on Cr atoms, which correlates well with previous
observations even in other matrices. By analyzing only the 693nm line, one can
observe thiathe Cr doped sample exhibits intense TSL signal in temperature
ranges above room temperature consisting of two or more overlapping maxima.

Low temperature maximum (centered at about 375K) is producing afterglow at

room temperature and its intensity rel& t o t he del ay bet we
ionizing radiation dose and the measurement itself. The most intense glow curve
maximum (at 442K with FWHM of 60K) represents the trap center with an
activation energy of approximately 1eV (estimated RarAdédlkins equation

(J. T. Randal l and Wil kins, AThe Phospy
Randal | and Wil kins, fi P h o-sl.pThecStudysot e n c e
Trap Distri but inbWikits). Thd inten3ity of RRia madimuml  a
might correlate with the acquired radiation dose, so long as the center is stable
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enough at room temperature. Additionally, high temperature complex maximum
is observed (from 575K and up)

TSL Intensity, a.u.

8 6o
0
=

325 350 375 400 425 450 475 500 525 550 575 600 625 650
Temperature, K

Fig. 3.11TSL glow curve at 693nm (white line, right Y scale) overlayed on
top of full measurement matrix (left Y scale). Xscale is joint between
overlay and matrix. Color represents the intensity of the 2d graph
(temperature to wavelength).

To conclude, btainal material exhibits outstanding luminescence properties
promising for use in detection and quantification of ionizing radiation. Strong
Cré* emission is observed in PL, XRL and TSL, providing basis for a range of
sensor applications.

Since the proposeddenique does not require an artificial dopant to be added to
the electrolyte and rather uses the atoms already present in most aluminium
alloys, this method is easily and inexpensively scalable and is more
environmentally friendly than conventional-Basel electrolytes.

The research presented in last two chapters is a basis for the thesis 2:
Thesis 2: The PEO process is applicable for the doping of alumina coating
with carbon or chromium atoms thus making the material promising for
applications in detectbn of ionizing radiation.

3.4. Phosphorescent coatings

Oneof the materials often us eeahrthfdoped i gl
SrAl i a SrAbO4EW?*, Dy®* matrix that, when prepared correctly, can exhibit
long afterglow (>10H Cl abau et al . ; Chander et
Herrmandez et al.; Pan et gland high quantum efficiendfChen et al.; Liepina

et al.; Xue et al,)good thermal and chemical stabil{tyhoube et al.; Bisen and
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Sharma) environmental friendliness and no signs of toxi¢ifgrraschke et al.;

Wu et al.; Bisen and Shaaj However, the production of SrAl is complicated,
and if the intended use of material is to create any type of surface for illumination
or signage(Anesh et al.; Xue et al(R. E. RojasHernandez et al.; Bisen and
Sharma) the material then should be prepared in powder form and mixed with
lacquers or paints. This action createsow of complications both in material
performance (powder will ngierformas well in any medium for coating) and
manufacturing (additional production step is required). PEO might be the answer
for thati it is used for production of alumina on flat mleturfaces and the oxide

can be doped using various methods. The idea therefore is to develop a process
for the creation of rarearth doped SrAl using single step PEO process.

The method of doping from suspension electrolyte was chosen, and the
approprate electrolyte should be prepared: strontium carbonate ¢S6QMY),
europium oxide (ExDs, 0.5 gL?t), dysprosium oxide (DyDs, 1 gL) were used

as the starting materials, all obtained from the Alfa Aesar. All three components
have low solubility indeionized water, therefore an addition of 1'gif KOH

was used to create needed ions in the electrolyte. As a substrate, Al6082 was
used.

A voltagelimited (with voltage 700 V and a current density around 0.18 A cm

2) unipolar regime was applied. Thedge of the uncoated, coated and emitting
sample is shown ifig. 3.12

ILmpyum.lv lum.lv lum.lv
lemdv Tum.v8 v lum.lv

Itm.lv lum.ivigga.lv lum.lv
ltm.lv Ium.lv.'l.lv lum.lv

Itm.lv lum.lv 1lv lum.lv

ltm.lv m.lv
lum.lv. m.lv
Itm.lv m.lv
; Itm.lv m.lv

S om.lv m.lv

’ 5 mv lumlv lumlv lum.lv

Fig. 3.121 The photo of uncoated sample (a), PEQrocessed sample in

normal lighting (b) and PEO-processed sample after irradiation with UV
light in low-light environment (c).

Right away one can observe that indeed, after 60 min long PEO processing time
the coaing visually looks similar to the conventional coatings. After short
irradiation with 405nm UV light, the luminescence from the sample in a dark
environment is observed for a couple of minutes indicating the formation ef long
lasting luminophore.

Firstly, crosssection of the sample was prepared to analyze the thickness of the
coating as well as perform EDX analysisv@gify the distribution of the elements
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(fig. 3.13) The thickness iishe expeptedoaluie fomathee | y

electrolyte and pragssing

&8

time.

Fig 3.13 Left - cross section SEM image of the coating with two extreme
values of thickness markedright - EDX map of the elements present in the
coating.

Finally, XRD pattern as well as EDX pattern from the top of the coating was
measired i presented infig 3.14 The XRD pattern reveals several peaks
cor r es p o-auwninagystdlline stvucture as well as monoclinic DAl
phase. Another strontium aluminate phase was also dete@edl 2015. NO
crystalline phases of ramarth i d opant 0) oxi des wer e
can assume that the atoms are incorporated in the SrAl or alumina matrix. EDX
revealed the approximate ration of elements as 67% Al, 22% Sr, 4% Eu and 7%
Dy at. %- a combination fitting with the intended coowgition of SrALO4EL?,

Dy?*.

SrALLO,, JCPDS 26-0976

il 1 Lxl .[L]l N j

a) b) Eu

Intensity, a.u.
é
-ALO,

Normalized fluerescence intensity

SrAlLO, JCPDS 34-0379

00
E & ][ {n P Etl s st s . .
10 20 0 40 50 60 70 0 5 10 15 20
20, degree E, keV

Fig. 3.14a - XRD spectrum of obtained coating and i EDX spectrum of
the coating.

To further analyze the luminescence properties of the coating, the exeitation
emission spectrum was recorder and is showfigor8.15 For a comparison, a

commercially available SrAWas used as a reference (obtained from Sigma
Aldrich). Firstly, the afterglow of the obtained coating and commercial SrAl do
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match indicating the same recombination centers responsible for afterglow in
both samples. This luminescence is adb@mission 6 Eu?* (Katsumata et .

i therefore, a correct incorporation of Eu in the structure of PEO coating occurred
due to the reduction of Bufrom the powder. The similar process did occur in
the PEO pordilling study described in sectio®1.2. The second maximum in

the photoluninescence emission spectrum of the coating under UV irradiation at
455nm is associated with the Eincorporation in another Sr position in SrAl
matrix (Nazarov et al.with some contribution from the intrinsic amorphous
alumina luminescencéLi and Huang; Li et al.) Although some reports
suggesting that this maximum is quenchbdwe 150K(Aitasalo et al.; Liepina

et al.) the peak can also be explained with other SrAl phases present in the
coating (Dutczak et al.) (as observed in XRD spectra fig. 3.14). Other
aluminate matrices can also exhibifEluminescence in blue region of spectrum
(e.g. bariummagnesium aluminates BaMgAl or bariteuropium alumiates
BaEuAl) (Yen et al.; Van den Eeckhout et al.)
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Fig. 3.15 Excitation and emission spectrum obtainé from the coating and

reference sample. 4 excitation spectrum measured at 540nm emission

and b1 emission spectrum for PEO sample (green line) and afterglow

spectrum of PEO coating and commercially available SrAl.

Thus, a novel approach for productiohSrAl coatings is presented. Although
certain optimization routes should be explored to make the performance of the
phosphorescent coating comparable to the commercially available powder
samples, the approach exhibits a row of crucial advantages. Wheya to

most popular SrAl production methodolid-state reactioit PEO process offers
much smaller processing time, no need for- pmed posfprocessing to obtain
material in a coating form, the ecological friendliness of the process, less energy
requrements and efficient use of materials. The approach is also easily scalable
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and transferrable to the industrial setting to produce a range of products like
vehicle body panels, road and emergency signs and others.

The research of a production of strontialuminate coating in a singiep PEO
leads to the third thesis of this work:

Thesis 3: PEO processs a viable alternative to the solid statereaction in
production of complex oxide phosphorescent coatings
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4. Conclusions

PEO is a complex process with the large number of varying parameters,
therefore for a successful application of the technology the great care should
be taken in choosing ohé material, electrical parameters and electrolyte.
However, the number of variable parameters can also be used as an advantage
1 for a controlled implementation of atoms in small concentration (dopants) in
the structure of the oxide coatings. The roledopants in luminescence
materials is crucial, and many of the materials used for various luminescence
applications are based on metal oxides; therefore, a PEO process can be used
to produce coatings with a specific luminescence output. A set of PEO studies
with the aim of altering the luminescence properties of the coatings is thus
performed.

By implementing europium in the alloy, its luminescence can be observed from
the coating after PEO processing. Moreover, the Eu ion in the lattice undergoes
the trangtion from Ew* charge state to Bt However, the creation of specific
alloys is often expensive, and the mechanical properties can be altered to
disadvantage, therefore other methods for implementation of ions should be
considered. One of these methogghie use of suspension electrolyt¢he
insoluble powder is mixed in a PEO electrolyte. This approach, although
effective, has one crucial drawback often preventing the commercial
application possibilitie$ the use of large amount of powder is necessarg

with large electrolyte volume the cost becomes high very quickly, especially
so in production of luminescence coatings where high cost rare earth elements
are used. One of the solutions to this problem is the developedilpoge
approach this wak demonstrated that by filling the pores on the PEO coating
with a Eucontaining powder one can achieve the same effect as in the use of
suspension electrolytésthe powder particles participate in the formation of
the coating with the same effect of Elnarge state change that was observed

in a study with Etcontaining alloy. The porélling approach can significantly
reduce the amount of powder needed to achieve some sort of doped PEO
coating, although a minor drawback can be defihaglith prolonged EO
processes that are required to obtain hardest -qphses of alumina the
amount of Eu in the coating will reduce minimizing the effect of the doping.
To mitigate that a repeated pdiking should be performed adding additional
steps in the proce$san undesired factor for commercial applications.

To further explore the possibilities of PEO to create coatings with
luminescencdased  applications, the enhanced thermostimulated
luminescence signal was obtained from two different coaiinglsOs:C and
Al,O3:Cr coatings on aluminum surface. The cardoped coating was used

by implementing the organic soluble additive in the electrolyte, while the
chromium was implemented from the alloy itself, similar to the Eu
implementation from the Eoontaining allg previously. Both coatings exhibit
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enhanced thermostimulated luminescence intensity, however, with different
spectral and thermal distribution. Both studies describe a viable approach to
produce dosimetric coatings, and with combination of other PEO tayem

(low cost, scalability and energy efficiency) they present an interesting proof
of concept for further research: the performance of both approaches should be
improved and reevaluated. Additional TSL, dose response curve and OSL
measurements shoulde bperformed to fully understand the mechanisms,
drawbacks, and applicability of the technology.

The attempt at replicating of another type of luminescérased material using

PEO was made in the field of loilgsting luminescence. Previous knowledge
wasused to create a complex suspension electrolyte and an electrical parameter
set that enabled the synthesis of a PEO coating with strontium aluminate
structure exhibiting observable lofasting luminescence. This is a unique
approach to create a compleystalline structure of strontium aluminate doped
with europium and dysprosium. Notable advantages of the PEO process to
create phosphorescent coatings when compared to the conventional approaches
include the singlestep nature of the process, energy edficy and great
adhesion of the coating to the part. Despite the success of the research, the
coating luminescence output should be optimized (afterglow is observed for 10
minutes after the end of UV irradiation while the similar material created by
other ynthesis methods demonstrates tens of hours of afterglow) before any
commercial application. Nevertheless, the research demonstrated the
possibility of PEO process to create not only doped ruetiale coatings, but

also complex, mukkcomponent doped oxid#ructures enabling further search

of other PEO applications.
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5. Thesis

Thesis 1:The doping of alumina PEO coatings to alter their luminescence
properties can be achieved in three ways: alloying the metal substrate; using
three-stage porefilling process and by adding dopants to electrolyte.

Thesis 2: The PEO process is applicable for the doping of alumina coating
with carbon or chromium atoms thus making the material promising for
applications in detection of ionizing radiation.

Theds 3: PEO process is viable alternative to the solid state reaction in
production of complex oxide phosphorescent coatings.
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