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Anotacija

Plazmas elektrolitiska oksidésana (PEO) ir process biezu (dazi desmiti mikronu), cietu un
ktmiski izturigu oksidu parklajumu veidoSanai uz metala virsmam. Gadu desmitiem So procesu
peta gan zinatnieki, gan industrijas specialisti, jo parklajumu iegtsSana ir videi draudziga,
tehnologiski ir relativi vienkarSa ar zemam ekspluatacijas izmaksam. Parklajumu izgatavoSanas
tehnologiskaja procesa ir daudz mainamo parametru, tadél pédgjos paris gados atri attistas
jaunas PEO procesa iegiitu parklajumu izmantoSanas iesp&jas: intensivi tiek pétita parklajumu
biologiska saderiba, antibakterialas, fotoelektriskas, fotokatalizes un citas Tpasibas.

Saja darba pétiti PEO parklajumu daZadi luminiscences Ipasibu aspekti. Pétitas gan
parklajumu iegtiSanas procesa modific€Sanas iesp€jas, gan ieglto parklajumu praktiskie
pielietojumi, Tpasu uzmanibu pievérsot korelacijai starp sint€zes parametriem un parklajumu
optiskajam Ipasibam.

Saja pétijuma apskatitas tris galvenas témas:

1) PEO parklajumu aktivésana ar piejaukumiem to luminiscences Ipasibu pé&tiSanai;
2) parklajumu izgatavoSana ar dozimetra IpaSibam un to pielietojamibas novertésana;
3) aktivéta stroncija aluminata kompleksa oksida sintéze PEO procesa fosforiscentu

parklajumu izveidei.

Apvienojuma ar agrak plasi pétitajam PEO 1pasibam (izcilu cietibu, lielisku adhéziju, kimisko
stabilitati un atru raZzoSanas procesu), parklajumu luminiscentas TpaSibas var pavert plasas §ada
PEO procesa iegiitu parklajumu pielietojuma iesp&jas dazadas zinatnes nozar€s un jaunajas

tehnologijas.



Annotation

Plasma Electrolytic Oxidation (PEO) 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 the low operational 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 coatings are 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 between synthesis 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 properties and evaluation 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
surface, chemical stability and quick production, the added luminescence properties can make
this coating technology promising for practical applications in various fields of science and

technology.



List of abbreviations

1T1C - one trap one center

AAO - Anodic Aluminium Oxide
BSE - Backscattered-Electron
CB - conduction band
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EDX - energy dispersive X-ray spectrometer
Ex - activation energy
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Standardization
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PED Plasma Electrolytic Deposition

PEN/PEC - Plasma Electrolytic
Nitriding/Carburizing

PEO - Plasma Electrolytic Oxidation
PES Plasma Electrolytic Saturation
PL - photoluminescence

PMT - photomultiplier tube

PSU - power supply unit

RE - rare earth elements

RER - relative energy response

S(E) - energy response value

SEM - Scanning Electron Microscopy
SrAl — SrAl,O4Eu?*, Dy*

TEM - Transmission Electron Microscopy
TLD — thermoluminescent dosimeter
TSL — Thermostimulated Luminescence
VC - valence band

XRD - X-ray diffraction
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pe - electrolyte resistivity
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1 Introduction

1.1 Motivation

From all the coating techniques Plasma Electrolytic Oxidation (PEO) stands out as one
producing the best adhering, hardest, most chemically stable and relatively 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 process 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 used to improve 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
atoms in the lattice makes PEO process suitable for production of “functional” coatings —
ones with added benefits of increased luminescence output or the ability to convert one type of
energy to another (e.g. X-rays to visible light). Although the process is suitable, 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.

1.2 Aim

The aim of this work is to explore the possibilities 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 the coating oxide structure with additives that alter
the luminescence output;

2) produce a PEO coating with dosimetric properties for detection and quantification of ionizing
radiation;

3) explore the ways to create a persistent luminophore coating using PEO.

1.3 Contribution of the author and 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

parameters and registration of measured voltage and current. The software is described in more



detail in section 3.1.3. Additionally, some modifications of PEO setup were performed to
improve crucial parameters of the PEO reactor (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 measurement
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 contributors in measurements, data analysis and
publication of the results in peer reviewed journals are reflected in the author list of respective
publications in section 7.1.

The author of this work is a main author of three publications related to the topic of this work
and a co-author of 3 PEO-related publications, as well as co-author in 27 other scientific
publications in indexable peer-reviewed journals. Full list of publications can be found in
section 7.

The author was a scientific advisor of one defended bachelor’s thesis connected with the
development of PEO luminescent coatings and one bachelor’s thesis about the dosimetry of

alumina.



2 Literature review

2.1 Electrolytic passivation processes

Since the first applications of metals and alloys it was evident that the corrosion is an important
and most often undesirable effect one should consider when designing, storing and using
metallic parts. Surface layer of chemically active metals and alloys is prone to corrosion when
in contact with the environment. With time, the corrosion can decrease structural rigidity of
metallic items thus limiting their usability and lifetime. Naturally, ways to protect the metal
from the environment were developed. Simplest approach is the physical coating of the metal
using liquid (paint) that upon drying leaves uniform, undisturbed and well-adhering layer
preventing the metal contact with the environment — a barrier coating. Although the process is
easy to implement, it has a range of drawbacks: high dependency on the initial surface
preparation, degradation overtime due to the organic base of most paints, difficulties to
uniformly cover parts, low mechanical resistance and others. In attempts to fix the downsides,
researchers have developed a wide variety of coating processes with varying characteristics;
however, paints are still the most used ways of protecting metals from the environment.

In 1800s, Christian Friedrich Schonbein [1][2] noticed that the reactivity of iron when placed
in nitric acid is hindered if the iron was prior placed in a much more concentrated nitric acid.
This led to the conclusion that iron forms a protective layer on the surface when placed in acidic
environment making the surface “passive” and preventing further corrosion. The passivation of
metals thus gained increased interest as it provided another solution to the corrosion of metals
and solved some of the drawbacks of barrier coatings. Other metals were found to exhibit
passivation properties and are forming thin protective oxide layer on the surface preventing
further corrosion. The most prominent example is aluminium and its alloys — it was observed
that the aluminium quickly forms a thin (2-3nm [3] [4]) oxide layer when in contact with air.
The layer, however, is too thin to withstand even slightest acidic environments, and the
thickness is often decreased if any foreign atoms are present in the aluminium [5] — a
requirement for improving the mechanical characteristics of metals by creating alloys.
Nevertheless, the passivation layer on aluminium is often the most important property of this
material for certain applications. With the development of electric circuits and discovery of
electrolysis the ability to increase the thickness of naturally occurring oxide layer emerged. The
science of anodization investigates the possibilities to use the electric potential to controllably
increase oxide layer on the metal surface. The electric circuit for electrolysis is therefore
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implied — the part to be coated is the anode (hence the term “anodic alumina oxide” or AAO)
with the counter-electrode (often inert metal like platinum, however, other options are possible)
as the cathode. The general setup of anodization is shown on fig. 2.1. Due to its widespread
use, the parameters of the process are well-established: anodization usually is performed in
slightly acidic or neutral electrolytes (pH 5-7) [6] [7] using constant voltage in range of 10-
100V. Most of the experimental setups track the current (thus acquiring current density value).
The current decays exponentially with process time, and current density correlates with the
coating thickness at a particular point in time. The maximum thickness of the coating, however,

is proportional to the applied voltage [8] [4].

===N

] - - - - -

*I

& + s
s2H —H T N
. w5 g

+ + "
Cations
+ '

PR

PRI

+ U
s Cat™ —Cat’, ¢
-

g~ + +_ ¢
\.-—"

Fig. 2.1 Overview of electrolysis of metals in aqueous solutions

Two distinct directions can be observed in anodization research — production of the barrier-type

coatings and porous oxide coatings.

Porous AAO

Historically, AAO was primarily used to increase corrosion resistance of the aluminium with
some benefits in mechanical performance of the coated parts. However, with the advancement
of nanotechnology, electron microscopy and material science, the focus of electrochemists
shifted from the development of coatings for straight-forward practical use as a protective layer
to the more specific application of AAO. Main catalyst for the use of AAO in nanoscience was
the discovery of porous AAO. Nowadays the amount of publications on porous AAO far
surpasses the amount of barrier AAO studies. When meeting a particular set of conditions, it
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was discovered that a highly ordered, uniform nanosized porous structure can be easily obtained
on the aluminium surface. In combination with other characteristics of alumina (good chemical
stability and hardness), the organized nanostructure is proven to be useful not only as the
material itself (e.g. in production of colored coatings) but also as a mask for the production of
other nanostructures. Naturally, a great amount of research was done on the porous AAO since
the first discovery of its usefulness mainly focused on the precise control of size, wall profile,
depth of the pores as well as large surface uniformity and porosity of the coating. In-depth
review of different parameters for porous AAO synthesis is out of the scope of this work;
however, two mechanisms for initial pore formation should be outlined. Core element for the
porosity is not the controlled growth of pore walls, but rather careful dissolution of the wells
that can be described with the two simultaneously occurring mechanisms — heat-induced and
field induced oxide dissolutions. While mechanism for heat-induced oxide dissolution is
straight-forward (lattice vibrations expand the chemical bonds on a surface layer of the oxide
to a point where bonds break followed by reaction with ions in the electrolyte), the mechanism
for field induced oxide dissolution is more complex and was first described by O’Sullivan and
Wood [9]. A notable characteristic of production of porous AAO that is used in theoretical
models, correlates with the experimental observations and should be considered in commercial
environments is the use of acidic electrolytes. The solubility of the anodic oxide in the
electrolyte is the deterministic factor in formation of pores. The sulphuric, chromic, oxalic and
phosphoric acid electrolytes are often used for porous AAO production. [10] [11]

The most widespread use of porous AAQ is corrosion protection with wear improvements [12]
[13] [14] [15], decorative coloring by filling the pores with dyes and subsequent “sealing” of
pores [16] [17]. However, other properties and applications of porous AAO are explored by
many scientific groups due to the simplicity of experimental setups and a wide range of
obtainable structures and materials. Some of them are electrical insulation and application in
electronics [18], hydrophobic and anti-icing performance [19], various photoluminescence-
based applications and use of optical properties [20] [21][22][23] [24] and as a matrices for
nanopillar materials (e.g. copper [25], CdS [26], gold [27] [28] , ZnO [29] and others). There
are currently 300-400 papers per year with the “AAQO” as a keyword (Scopus, last 5 year data)

—a clear indication of outstanding performance of this system for various fields of science.

Barrier AAO
Barrier oxide layer is a uniform, non-porous coating on a metal surface usually created to

protect the metal from corrosive environments and in addition improve mechanical
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characteristics of the surface. Even though compact amorphous layer of barrier AAO exhibits
less defects than porous AAO and provides much better stability of the layer at high
temperatures, applications of such coatings are limited and mainly applied in protection of
vacuum-deposited materials [30], gate insulator materials [31] and general protection of

materials from the environment.

2.1.1 Dielectric breakdown of oxide coatings

The oxide layer on the surface of metals exhibits much lower conductivity when compared to
the electrolyte or substrate, therefore a phenomena of dielectric breakdown through the coating
is often occurring when anodization is performed at high voltages. As mentioned before, some
anodization procedures require operation in galvanostatic (constant current density) conditions.
While it is required for the production of porous AAQ, it also can be applied for the barrier type
oxide coatings. That way, the thickness of the oxide increases linearly with time with the
subsequent rise of voltage. If the power supply is not current-limited and the oxidation is run
long enough, at some point in time the dielectric breakdown will occur — an event usually
considered parasitic in anodization - it prevents the uniform growth of the oxide and degrades
dielectric properties of the material. The threshold voltage (breakdown potential) is the
deterministic parameter for the breakdown and is defined as the electric potential applied to the
system for the first breakdown event to occur. In praxis, one can define an easier to understand
explanation of the threshold voltage: a critical potential difference between two surfaces of the
oxide — oxide/electrolyte and metal/oxide — for the dielectric breakdown to appear. Naturally,
oxides of metals used for anodization are dielectric, therefore the first parameter to directly
affect the breakdown voltage is the conductivity of the oxide itself. The greater the conductivity
— the less voltage is needed to induce electron avalanche effect in it, and conductivity of
dielectrics is determined by their bandgap between the valence and conduction bands. The metal
from which the oxide is formed has a great influence on the bandgap (e.g. Al.Oz has the bandgap
of 6.2-8.8eV [32] [33] and ZnO — 3.3-3.4eV [34] [35] [36]) ; however, the bandgap can also be
affected by the presence of defects in the amorphous structure of the oxide or the type of
crystalline structure, if present. Despite that, for all intents and purposes, all effects outside the
base metal are not taken into the account in determination of band gap due to the relatively low
amount of the defects in the structure and absence of crystalline structure.

The electric circuit used for anodization also contains a crucial element greatly affecting the

breakdown voltage — the electrolyte. It was established previously that the breakdown voltage
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correlates with the electric potential difference on both surfaces of the oxide, and while the
potential on the metal is fixed by the power supply, the potential on oxide-electrolyte surface
can be influenced by the resistivity of the electrolyte. In fact, it is well-established, that the
breakdown potential Ug increases linearly with the logarithm of the electrolyte resistivity pe,
Moreover, there are other parameters influencing the breakdown: uniformity of the surface
before anodization, presence of cracks and other damaged interfaces in the coating, purity of
the both electrolyte and metal and other factors affecting the breakdown indirectly (e.g.
electrolyte temperature changing its resistivity and affecting anodized coating). Interestingly,
current density was proven to affect the breakdown only in a minor way — and this is
understandable as only the potential difference is of interest. The movements of the electrolyte,
the history of the film and macroscopic surface roughness was reported to have negligible
effect. [37]

Prediction of the breakdown voltage is crucial for controlled production of high quality
coatings. Some studies on production of porous AAO reported that the best self-ordering of
pores required operation in a voltage range very close to the breakdown, therefore prediction
and avoidance of the breakdown is of essence. Nevertheless, the breakdown naturally limits the
maximum thickness of the oxide produced with anodization technique, and the event itself is
generally not desired as breaks the structure of the coating and pronounces localized “burning”
of the layer. However, with enough processing time and high enough voltage the breakdown
event can be used to even further enhance the mechanical properties of the coating. Operation
under “breakdown” conditions require a much higher power from power supply (to reliably
hold the voltage above breakdown potential) and will generate substantial amounts of heat. The
coatings produced under breakdown conditions will have a wide range of interesting properties
and will be drastically different from those produced with anodization, therefore, a completely
new field of electrolytic processing of valve metals was formed — plasma electrolytic oxidation
(PEO).

2.1.2 Plasma electrolytic oxidation
The PEO is a method to produce ceramic coatings on various metal and alloy surfaces
exhibiting outstanding corrosion, thermal, electrical and mechanical properties. 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 the relatively low time of production, wide variety
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of metals that can be coated (Zn [38], Mg [39], Ti [40], [41], Ta, Hf, Nb, Zr and others), eco-
friendly resource use and ease of scalability; therefore, the technology is already applied in
various fields - aviation, automotive, medicine and biology, maritime transport and others.
However, some drawbacks for a wider application range are still present, some inherited from
the process itself (e.g. porosity and amount of variable parameters described in detail later) and
others are financial (high upfront cost, complexity of required infrastructure).

During the early development of the technology, there was no consensus on a proper naming
of the process, which led to a confusion and description of essentially the same process using
different names. Plasma electrolytic saturation (PES), plasma electrolytic deposition (PED),
micro-arc oxidation (MAO), plasma electrolytic nitriding/carburizing (PEN/PEC) and others
were often used; however, mostly MAO and PEO are in use today due to the sufficient
definition and historical aspects [42]. Fig. 2.2 shows the amount of publications by year for
“Plasma Electrolytic Oxidation” or “Micro Arc Oxidation” keywords —as one can see, in 2000s,
a rapid development of the technology emerged and the interest in the field exhibits significant

growth every year.
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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 anodized

oxide layer. First mentions of the PEO process can be traced back 8 decades [42] and over the

years scientists and engineers formed concepts of the processes occurring during the oxidation.

Step by step representation of the mechanisms is presented in fig. 2.3.

The formation of the oxide layer starts with the initial, thin layer of amorphous oxide.
This is a crucial step for the whole process as low conductivity of the oxide is
deterministic for the increase of potential between the electrodes and, later, formation
of electrical discharges through the layer.

The growth of the oxide film continues forming porous layer and further increasing the
voltage drop, where most of the resistance is now corresponding to the thickness of the
coating. Up until this point, the formation of porous oxide film is exactly the same as in
anodization described previously; however, if the setup is not voltage-limited by design,
the further increase of voltage will enable dielectric breakdown of the coating forming
a “micro-arc”.

“Arching” or electrical discharge through the coating occurs at least resistance point
(inside pores) once the critical value of the electrical gradient is reached and is followed
by observable light emission. The oxide layer continues to grow further isolating the
substrate from electrolyte. Mainly impact ionization processes are occurring at this stage
of the process, like the dielectric breakdown of anodization coatings described
previously.

At some critical point the local temperature in the vicinity of micro-arcs reaches critical
value and thermal ionization processes take place significantly increasing the power of
the discharges. The increased voltage and current lead to the higher temperatures thus
allowing crystalline structures to form — with many reports describing the ability to
create even the hardest phases of alumina (a-Al203 with transition temperature of 1150-
1200°C)

The prolonged discharge processes on the surface will result in the increase of the pore
diameter and localization of pores. During micro-arching and sparking, the discharges
are mobile and “move” on the surface thus initiating the recrystallisation of oxide in
different parts on the surface. The increase of pores and thickness, however, will lead
to the presence of a much larger discharge channels with no movement. These

discharges have variable impact on the coating - they might form high-temperature
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crystalline phases of oxides and may cause excessive cracking of the layer or even cause

delamination of the coating.
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Fig. 2.3 Schematic representation of the evolution of the coating during PEO process and
current-voltage graph connected to each step.

It is important to note that, although distinct, the different stages of PEO process can occur at
the same time on different regions of the surface, therefore real current-voltage graph will rarely

resemble the one presented in fig. 2.3.

2.1.3 Variable parameters of PEO
The successful use of PEO implies precise control of all variable parameters to 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 greater 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 coating and
adds the ability to include foreign atoms in the crystalline lattice of the oxide - an extremely
useful property for modification of luminescence properties of the layer. Here, a list of all

variable parameters, their typical values and some key research is listed.
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Substrate

Since the first research on oxidation of metals it was evident that the substrate (metal) plays a
major role in final composition of the coating, regardless of the type of process (PEO,
anodizing). Metal ions, especially when subjected to electrical potential, bond easily with
oxygen, thus forming a metal oxide layer, which leads to the assumption that all atoms present
in the metal alloy will be present in the coating structure. For practical applications, where any
significantly pure metal is rarely used and mostly alloys are applied, this means that the coating
will never be truly free of any dopants or contaminations. Engineers and researchers, therefore,
are always wary of the ramifications of this property when trying to achieve any particular goal
with the coating.

Any impurities present in the structure of crystals and amorphous solids produce defects thus
altering the hardness and promote the formation and prolongation of cracks. Therefore,
mutually competing factors are present - on the one hand extensive research is done to produce
harder, stiffer alloys of metals by implementing different atoms in metal structure and on the
other hand those atoms prevent the growth of crystalline structures on the surface. In absolute
majority of applications the desire for structural rigidity of part is much more important than
the difference in quality of the coating arising from additional atoms.

As PEO process is often used to enhance mechanical properties of the surfaces of metals, one
of the main structural differences when compared to other coating technologies is the crystalline
structure of obtained oxides. There are reports on synthesis of gamma, eta or even alpha phases
[43] [44] [45] of alumina on aluminium surfaces thus increasing the surface hardness. A single
pure crystalline phase cannot be achieved, mechanical characteristics are improved with relative
increase of harder crystalline alumina phases in a mix with amorphous alumina.

Although incorporation of desired atoms in the coating from the substrate itself is possible,
most of the time this type of doping is extremely hard to implement and scale for any kind of
practical application as the preparation of specific alloy requires additional expenses and time.
Other factors against the use of this method are important too, for example: alloying element
that is good for luminescent properties might change mechanical properties significantly.
Moreover, alloying of metals is made in bulk whereas atoms participating in the preparation of
coatings are located in the surface layer of part; therefore, a waste of material occurs with some
of the atoms in bulk of the material remain unused after the coating process is finished. With
other much more promising methods of doping developed (doping from electrolyte or pore

filling technique), this method is rarely used.
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Surface quality

Decades of studies of anodization proved the ability to produce highly-organized porous
nanostructures on the surface of valve metals (aluminium, titanium and others). As previously
described, structures led to the development of various devices and are used for assistance in
synthesis of other nanostructures. One extremely important factor in production of highly-
ordered structures is the surface preparation - great amounts of time are spent preparing the
surface of aluminium for AAO growth mechanically (polishing) or chemically (etching,
chemical cleaning). Fortunately, PEO coatings are on another size scale - tens of microns of
thickness with micrometer pores in comparison with AAO, where tens/hundreds of nanometers
in thickness with nanoscale pores are typical. Therefore, the surface quality of the part before
PEO does not need to meet as strict requirements; however, some key operations should be
performed.

Large defects on surface (deep scratches, uneven surface) should be removed before the PEO
as sharp edges will exhibit larger current densities than flat surfaces thus incorrectly distributing
desired overall current density resulting in uneven structure of the coating. Polishing to 1000
ISO grit sandpaper is usually enough with less care needed for longer PEO processing
times/thicker coatings. However, during our studies we found that PEO process can be used to
produce ordered structures or highly-porous coatings much larger than anodic AAO (fig. 2.4)
and they do require careful consideration of surface quality - polishing with 1-2 micron diamond
paste was necessary - but due to the lack of potential applications of such coatings, this is rather

an exception.

- * M,
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277S 03 Apr 2011

BEC 11kV

Fig. 2.4 a- a typical SEM image of porous AAO with average pore diameter of 120nm [46] and

b — a typical PEO coating on aluminium surface [47]
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An interface between the substrate and electrolyte is extremely important, especially during the
first stages of the process. Oil and organics on the surface of the part might prevent wetting of
the surface by the electrolyte thus preventing the oxide growth in certain parts and increasing
current density in others. Therefore, a thorough cleaning and degreasing of part should be
performed before the PEO process using acetone, ethanol or other solvents.

As PEO will use some volume of the metal from the surface to create the oxide, not only
morphology is important, but also the surface structure of the metal. Some technological
processes will inevitably lead to the work-hardening of the metal or the alloy, changing the
grain size of the metal. It was reported that the corrosion resistance of anodized coatings is
affected by the grain size [48][49] .

Electrolyte

The electrolyte is one of the most important variables in the PEO process. The electrical
characteristics of it will mainly govern the parameters of power supply, while chemical
composition of electrolyte will influence the structure of the coating. With many variations and
types of electrolytes consisting of a range components and each component behaving differently
it is easy to get lost in selection of the needed electrolyte; however, over the years some general
rules were noted.

The most important role of the electrolyte is to allow the flow of charge in a circuit, therefore
free charge carriers should be present in the electrolyte. Contrary to anodization where mostly
acidic electrolytes were used, in PEO mainly alkaline electrolytes are used with pH values in
the range of 9-13, thus providing negatively charged OH- ions as a charge carriers; however,
less commonly (e.g. coatings on titanium [50] [51] [52]) the acidic electrolytes are used.
Usually, KOH and Na»SiO3 is added to deionized water in order to adjust the pH vale. Typical
amounts are in range of 0.2-5g/L. This will also determine the conductivity of electrolyte - an
important factor since the voltage drop on the electrolyte will alter the electrical field gradient
through the coating thus affecting the dielectric breakdown voltage. A simple calculation was

proposed in [53] allowing estimation of voltage drop caused by the electrolyte conductivity:

AV = 4hl (1)
~ wD%c¢
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where h and D are the height and diameter of the pore at breakdown spot, | is a discharge current
and o is electrolyte conductivity. Although the equation does not fully translate to the real
system, with all approximations (temperature, density, irregularity of pores etc.) allows one to
conclude that the voltage drop caused by the change in electrolyte conductivity can be as drastic
as tens of volts, even for relatively thin coatings (20 pm).

With the base of the electrolyte formed one can utilize the 4-component nature of the PEO,
where substrate, oxide coating, electrolyte and gas are in contact with the plasma and thus
participating in formation of the oxide and add additives in the electrolyte to alter the properties
of the coating. Both soluble and insoluble additives will work, with great scientific interest
devoted to suspension electrolytes [54].

Quite quickly it became evident that insoluble particles present in the electrolyte will still
participate in PEO as they will come close to the discharges and thus incorporate in the coating.
This opens a new range of possibilities to alter the properties of the coating and thus suspension
electrolyte (sometimes called “slurry electrolytes” [55]) studies can be considered as the
separate category. Successful application of nanoparticle suspension was reported to be useful
for improvement of wear and friction characteristics as well as corrosion resistance [54] [56]
[57]. While the former utilizes the adapted characteristics of the implemented particles (e.g.
hardness of Al>O3 alpha particles is much higher than the alumina coating in gamma phase)
the latter uses the ability of the particles to fill pores and cavities in the coating thus preventing
the contact of metal with the environment. The mechanism of practice inclusion in PEO was
briefly described in [58] where a distinction was made between particles that participate in the
coating creation maintaining the particle form and crystal structure and those undergoing
thermolysis in plasma discharges thus partially or fully mixing atomic structure of the particle
with the coating. Both of the cases are feasible and experimentally observable, although the use
of stabilizer/anticoaugulant (e.g. NasPsO1s [55]) does favor the degradation of particles in arc
discharges.

Pore filling technique described in detail in chapter 4.1.2 can also be considered a “suspension”
electrolyte as the processes occurring during particle inclusion in the coating are similar to the
suspension electrolytes; however, requiring much smaller amount of powder, thus making it
even more suitable for modification of optical properties where relatively expensive rare earth
oxides often are used.

Since the small changes in electrolyte (be it quality of reagents, measurement errors or other
factors) influencing the voltage-current characteristics of the system and coating quality in a

major way, the comparison of the results acquired in different laboratories and systems is
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extremely hard. This is one of the factors why mainly only general relations and concepts are
presented as conclusions of studies rather than a step-by-step instruction for one or another type
of coating. Nevertheless, some studies propose a “universal” type of electrolyte optimized for

both aluminium and magnesium coatings [59].

Electrical parameters

As PEO can be performed in a broad range of electrical regimes, a row of power supply
parameters can be controlled: maximum voltage and current, AC/DC mode of operation, current
density, overall power applied to the sample, pulsed DC frequency, assymetric bipolar ratio and
others.

Although consistency of parameters between studies is hardly observable, some general
considerations are outlined. For a successful PEO process couple of requirements should be
met — firstly, maximum voltage should be sufficient to cause a discharge through coating
depending on the material itself (aluminium usually requires slightly higher voltages than
magnesium [53] [60]) and the stage of the process (the longer the process — the thicker the oxide
— higher voltage needed to cause a discharge). Another important factor is the DC/AC mode of
operation. Often, a simple high voltage DC power supply is used; however, various studies
reported the benefits of using pulsed DC sources to control the duration of the plasma discharge
thus gaining more uniform structure of the coating [61][62]. Pulsed DC current, however, can
cause additional polarization of the electrode — an undesirable effect leading to the drift of
current density — a crucial parameter in PEO processing. To limit that, the unbalanced AC or
DC sources can be used with different positive and negative voltages [63]. Decades of studies
on PEO electrical parameters involve research of processes on macro scale. In praxis, for each
application, electrolyte and experimental setup the set of electrical parameters will be adjusted

uniquely based on the general observations in other studies.

2.1.4 The doping possibilities of PEO coatings
The large number of variable parameters implies the many possible ways to alter the
composition of the coating. Firstly, it is evident that the substrate composition is the main
determining factor for coating composition. Naturally, the effects of alloying elements if PEO
is performed on the alloy will cause structural changes of the coating — some studies reporting
the changes of corrosion performance and wear caused by the alloying elements [64] [65] and

unless the study is performed on a pure metal surface (extremely rare due to the lack of practical
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applications), the elements from the alloy will always be present in the coating and should be
taken into consideration. For luminescence applications, the Eu alloyed aluminium was used to
insert europium ions in the coating [66] and this study is presented in-depth in chapter 4.1.1.
The most popular way of doping the coatings is inserting the needed atoms from the electrolyte
by using insoluble particle addition. A significant amount of studies were performed with the
aim to improve wear performance, coating growth characteristics and anti-corrosion properties
using “slurry” electrolytes — reviewed in a paper by A.Borisov et.al. [58]; however, row of
studies by S.Stojadinovic and R. Vasilic utilize the approach for enhancement of luminescence
properties of the coating. Papers on PEO coatings on Zirconium [67] [68] [69][70][71],
Niobium [72] [73], Tantalum [74], Aluminium [75] [76] [77] [78] and Titanium [79] [80] [81]
[82] [83], all doped with various dopants demonstrate the effectiveness of the method to alter
photoluminescent properties of the coatings and enhance the application possibilities of the
technology. The method was also successfully applied to create a complex strontium aluminate
structure consisting of three different dopants added from the suspension electrolyte [84], [85]
and will be discussed further in chapter 4.3.

A derivation of the suspension electrolyte method — a pore filling technique - was demonstrated

in [86] and will be discussed in detail in chapter 4.1.2.

2.1.5 Applications of PEO coatings

Historically, PEO coatings are used for their outstanding mechanical and chemical properties —
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 structures and relative simplicity of experimental
setups motivated scientists to expand the list of possible applications and create functional,
optical and other non-conventional coatings. Therefore, the applications of PEO coatings can
be divided in two categories — structural and functional. The first one utilizes the mechanical
and chemical properties to enhance the performance of the part that is coated and the second
one utilizes the properties of the layer itself rather than improves the material.

Structural applications

PEO coatings are mainly used due to the two properties — firstly, great corrosion resistance and
secondly, high hardness and adhesion ensuring great wear characteristics. Apart from the
scientific studies, PEO is commercially applied to create coatings on car parts, marine

components, medical equipment, consumer electronics and aviation industry (e.g. Keronite
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International Ltd. [87] or IBC Coatings Technologies, Inc. [88]) Thermal/electrical insulation
Is another prominent feature of coatings [89] [45].

Due to the PEO being electrolytic approach, a uniform coverage of complex parts can easily be
achieved — another important feature of the process utilized to cover highly-porous or composite
structures [90] [91] [92] [93]. Rapidly developing metal additive manufacturing field is another
possibility for application of PEO technology [94] [95]

Functional applications

Outstanding mechanical and chemical properties of coatings motivated the search for more
advanced, enhanced applications of the technology. Notable examples of such applications are
antibacterial [96] [97] [98], biocompatibility [99] [100], photovoltaic [101], photocatalysis
[102] [103] [104][79][105] and many more due to the versatility of the process.

Luminescent PEO coatings are a relatively new field of study; however, in the last 5 years some
luminescence-based applications were developed: luminescence thermometry [106] [107], gas

sensitivity [38], dosimetry [108] and long lasting luminescence [84] [85].

2.2 Luminescence

Luminescence is a spontaneous emission of light by electron radiative transition from higher
energy level to lower [109]. For electron to emit a photon by decrease of its energy, firstly the
energy should be increased via the “excitation” process; therefore, a broad field of luminescence
is usually divided into the subsections by specifying the excitation process — e.g.
photoluminescence (PL) is the increase of electron energy by light photons, x-ray luminescence
(XRL) is the excitation of electrons using X-rays, bioluminescence is the increase of energy
due to the biological activity in the sample, chemiluminescence — excitation in chemical
reactions and so on. Some luminescence methods require complex mechanisms of electron
trapping in metastable positions, thus only a way of stimulation of charge carrier release is
specified in the name: thermostimulated (TSL) luminescence uses heat to initiate release of
already trapped electrons, optically stimulated luminescence (OSL) uses light in the same
manner. There are tens of possible luminescence mechanisms with most of them tied to the
practical applications. Light emitting displays, most of the modern lighting options, glow-in-
the-dark toys and emergency signs all use some type of luminescence and even more possible
applications are still under investigations in medicine, transportation, science, space, military

and sport industries.
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This work will mainly focus on the TSL, PL and XRL studies of materials. One of the main
applications of TSL is the field of dosimetry — detection and quantification of ionizing radiation

used mostly in medicine and nuclear energy.

2.2.1 Solid State dosimetry

Since the beginning of radiation research and first observations of ionizing radiation by Pierre
Curie, Marie Curie, and Henri Becquerel, the detection of radiation became the important aspect
of the field. While benefits of high-energy radiation became evident almost immediately, the
dangers associated with them were not obvious until the first studies of high flux ionizing
radiation effects on living organisms. Damage done by high intensity X-ray light can be seen
almost immediately; however, the high dose over prolonged period of time was proven to cause
cell mutations and increased risk of development of cancerous cells in the organisms. With the
first observations of such effects it was evident that accumulative acquired dose is an important
factor to control. A challenge was proposed — development of precise, simple and cheap
measurement device of acquired dose over a certain period of time. A subsection of physics
under the name of “personal dosimetry” was thus founded.

With ever increasing use of ionizing radiation in medicine, energy production and
manufacturing, the demand for personal and industrial dosimetry motivated scientific groups to
devote a lot of attention to this complex topic. Different approaches all tailored to a specific
application were developed mostly in the last century connecting many science fields (biology,
physics, chemistry, medicine, engineering etc.); however, there is still a demand for a specific
type of dosimeters, improved characteristics of existing dosimeters or development of

completely new ones meeting particular specifications.

2.2.2 Types of dosimeters
There are various possibilities to measure the presence of ionizing radiation and quantify the
intensity of it. Since the ionizing radiation can significantly affect various properties and
parameters of the materials, a range of physical effects can be used to detect it. Perhaps the
most notable is the temperature change of material upon irradiation — calorimeter-type
dosimeters detect the absorbed dose by measuring the temperature change of the measuring
medium. lonizing radiation can also induce chemical reactions and promote destruction of
chemical bonds and formation of others — thus, chemical dosimetry can also be used. One of

the most popular chemical dosimeters is Frickle dosimeter [110] — a color-changing liquid
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suitable for large dose measurements. Notable chemical dosimeter is the radiographic film —
usually silver bromide particles in a transparent medium extensively used in medicine due to
the great spatial resolution. Another widely popular high energy radiation detection system is
the ionization chamber detectors — a gas filled chambers with high voltage (400-900V) applied
to distant electrodes in direct contact with the gas. High energy photon will cause ionization of
the gas thus lowering resistivity of the chamber causing an electric discharge channel to occur.
Electronics device then registers number of pulses in a timeframe — a unit proportional to the
radiation flux. lonization can also occur in solid materials — ionizing radiation photon can
transfer its energy to detach an electron from an atom in a solid material (e.g. crystal) promoting
electron to the higher energy state, which then finds another vacant position and “relaxes” to it
emitting the difference in energy as a light photon. Solid state dosimetry studies the effects and
electron transitions in order to detect and quantify the radiation and will be discussed in the
next chapter.

Clearly, there are many techniques developed for detection of ionizing radiation and there is no
universal way to measure radiation. Most of the materials and approaches are specifically
tailored for a particular application, therefore different properties are utilized — high sensitivity
(for applications in power plants), spatial resolution (for X-ray scans and detection screens),
large measurable dose range (for personal dosimeters), high maximum dose (in industry),
immediate data output (for environment control) or quick operation (for pulsed radiation

measurement).

2.2.3 Solid state dosimeters

Solid state dosimeters are a type of dosimeters where a solid material is used for storage of
some of the energy acquired from ionizing radiation with the ability to “trigger” the energy
release by a specific process. The mechanism of energy storage an release is not trivial and
varies by the material, but the majority of solid state dosimeters use crystalline lattice of a
semiconductor with intrinsic or impurity defects, which create electron traps in the band gap of
the material. Since these traps are located above valence band of the semiconductor the energy
of electrons in these traps is increased (thus the electron is called “excited”) and an additional
energy is required to release the electron from the trap to the conduction band and promote
recombination with energy output in a form of light (luminescence). The simplest and most
used method for the application of this additional energy is temperature increase - the method

is therefore called thermostimulated luminescence and will be described in the next chapter.
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Other method for energy release is optical stimulation (in case of OSL) often used in the more
modern measurement systems. A main feature of the TSL and OSL materials is retrospective
analysis of the acquired dose, thus the approach gained a lot of use in personal dosimetry field
or environmental radiation analysis as it provides a convenient way to tell the dose acquired
during some defined period of time. Although the technology is well-studied and widely used,
TSL-based personal dosimeters have limitations and drawbacks described below.

TSL signal can be observed in a wide range of materials; however, a set of requirements was
defined for a material to be successfully used as a dosimeter for any application either in
personal dosimetry, medicine, environmental monitoring or powerplants:

1) Dose response — TSL based dosimeters exhibit some relation between TSL intensity and
absorbed dose. The best scenario for dose quantification is linearity range, where intensity | is
proportional to the acquired dose. However, the linear response is not possible for the infinite
range of doses — minimum detectable dose and saturation dose limit the usable range of the
dosimeter. Minimal detectable dose is dependant on many factors: e.g. material itself,
sensitivity of the detection system, size of the detector. Often, a technical specification requires
the use of complex bleaching procedures between each measurement (usually heating) to ensure
correct reading of low signals. Different dosimeters exhibit different usable dose ranges and
therefore are more suitable for one or another application. It is important to note that the
dosimeter can be used outside its linearity range, but that scenario will lead to the increased
error and complexity of data analysis thus losing the reliability. Another factor affecting
linearity region is the rate of irradiation of the material. Fast “impact” irradiation can skew the
results thus adding to the reading error. Some materials like BeO or LiF [111] have the dose-
rate-independent effects, albeit in a much smaller usable dose ranges. In addition, dose response
repeatability over time should be taken into the account by providing an expiration date to the

dosimeters.

2) Energy response — the amount of energy absorbed from the ionizing radiation source is not
the full energy of irradiation, thus the intensity of TSL signal during readout will only be
proportional to the absorbed radiation. Different materials absorb radiation differently, thus
absorption coefficient should be taken into the account when choosing the correct dosimeter for
application. The photon energy response value S(E) is used for that and is defined as the ratio

of mass energy absorption coefficient (uen/p) of the dosimeter to the uen/p of the reference (air,

tissue, water). The uen/p is formed by the radiation losses occurring due to the photoelectric
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interaction, Compton scattering or pair production. All those processes are dependent on the
energy of the radiation and material properties: its isotopic content and effective atomic number
Zefr. However, to compare different dosimeters, a relative energy response (RER) value is
defined as the ratio of S(E) to the %°Co y-rays of energy 1.25MeV: (RER)e=S(E)/S(1.25MeV
%0Co). By plotting (RER)e on a graph for LiF, CaF, and material with effective nuclear charge
Zefs = 55 (fig. 2.5), one can see that different materials will react to the same absorbed dose
differently depending on the photon energy. Thus, a conclusion can be made — the desired
energy response of the material should be as constant as possible for the measurement ranges
of irradiation. This is rarely the case, thus additional corrections should be performed. This
relation is true only for photon irradiation (X-rays, y-rays). For other types of irradiation the
response of the material will behave differently and should be considered accordingly.
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Fig. 2.5. Relative energy response as a function of photon energy for LiF (Ze#=8.14), CaF:
(Ze=16.3), and a theoretical material with Ze=55 [112]

3) Fading and stability — In the simplified case, the recombination rate of excited electrons
will be proportional to the exp(-E/KT), therefore any increase of the temperature will increase
the probability of each excited electron to recombine. Therefore, a fading is inevitable — gradual
loss of acquired energy after the irradiation. However, if a dosimeter is chosen correctly, fading
can be minimized to insignificance: for that, one must choose a TSL peak occurring at much

higher temperatures than the environment in which dosimeter will be used (large values of
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activation energies Ex for a trap). If chosen incorrectly, the dosimeter will emit all the light even
before the TSL measurement losing all usability. A stability of the materials at a set
environment temperature should be correctly defined and the unnecessary increases of
temperature should be avoided. In addition, TSL and OSL are often related, therefore,
dosimeters should be kept in dark environments to exclude bleaching effects.

4) Physical and chemical changes — some dosimeters will lose their properties and display
incorrect dose values if a physical damage was done producing additional defects in the
structure. Another way to damage the material unintentionally altering the dosimetric properties
is chemical effects — high humidity, acidic environment or concentrated chemicals can be a
factor for incorrect reading. Both of these factors can be minimized with the enclosed box
physically protecting the dosimeter from the environment, granted the box does not absorb the
radiation the dosimeter will acquire.

The undeniable usability and performance of solid state TL based dosimeters stimulated the
quick technology transfer to the various industries. Although there are no defined specifications
for a particular dosimeter for each application, there are some preferred materials in every field.
Since the great amount of systematic research was performed over the decades, couple of
dosimeters stand out as “standard” choice. The TLD (Thermo-Luminescet Dosimeter)
designation is often used to mark a commercially available standard dosimeter [113].

One of the “classical”, most studied and widely used materials for dosimetry of ionizing
radiation is a-Al203:C (aluminium oxide crystalline matrix in trigonal symmetry). Due to the
excellent thermal stability, effective atomic number (Zess = 10.2) close to human body, and
intense TSL signal [114] [113], carbon-doped o-Al2O3 is well established as a personal
dosimeter and is usually represented with the designation “TLD-500". Although the undoped
Al>O3 for dosimetric applications is extensively studied for decades, only with the works of
Akserod and Kortov in 1990s [114] [115] [116] [117] [118] the doping with carbon drastically
increased the usability of the alumina for detection of ionizing radiation due to the increase in
TL intensity. The effect is descried with the increase of the amount of F and F* centers
responsible for the visible luminescence output. The F centers - two electrons in the anion
(oxygen) vacancy field are the main luminescence centres in Al2Os host lattice, with F* center
— one electron in the anion (oxygen) vacancy field - forming by compensating the charge of
heterovalent impurity C?* ions [119] [120]. The main emission of the a-Al,03:C is at 460K and
420nm — well within the acceptable range for both the heater devices and photomultiplier tube
sensitivity range.

Dopants like Si and Ti [121], Mg [122] and Ca [123], Crand Ni [124] are often used in Al2Os.

29



Another large group of dosimeters is based on lithium fluoride doped with Mg, Ti, Cu, and P.
The designation used for LiF:Mg, Ti is MTS with the symbol representing if natural, 6Li-
enriched or 7Li-enriched lithium is used (MTS-N, MTS-6 and MTS-7 respectively). The use of
isotopes in production of LiF dosimeters allows the material to be used for detection of neutron
exposure in addition to gamma radiation. MTS-type detectors have the linear TSL dose
dependence up to 1Gy irradiation with a negligible fading of couple percent per year [125].
LiF:Mg, Cu, P are called MCP-type dosimeters with different isotopic composition, same as
MTS: MCP-N, MCP-6 and MCP-7, suitable for measuring doses from mGy to hundreds of kGy
due to the presence of high temperature peak [126][127]. This allows the MCP-type dosimeters
to be used in measurement of secondary fields of high-energy accelerators. Outside of LiF,
different Li-based dosimeters are often used: Li.B4+O7 with dopants [128] and LiAlO2 [129]
exhibit TSL signal proportional to the radiation dose too.

Another matrix used for dosimetry is CaSO4 with Dy [130] [131] , Mn [132] or Tm [133] [130]
as dopants with studies on CaSO4:Dy Teflon discs available [134]. These materials are often
used for the personnel dosimetry due to the low minimal detectable exposure, manageable
fading (1-2% per month) [130] as well as the good amount of measurable cycles.

MgO- based dosimeters [135], CaF.- based dosimeters [136][137], BaSO [138] should be
noted, all exhibiting their different strengths and weaknesses. For most applications, the type
of dosimeter used is chosen by the convenience, availability, and price of respective material,
which can be easily replaced by another material with similar properties, with small
modifications in the readout system.

Recently, a new form of a dosimeters gained attention — devices with spatial resolution or 2D
dosimeters. Mainly for use in IMRT (intensity modulated radiation therapy), couple of good
approaches can be outlined: the classical radiographic [139], ionization chamber arrays [140]
and diode arrays [141], optically-stimulated luminescence films [142] and
thermoluminescence-based devices [143].

To conclude, there are many different materials used in solid state dosimetry — rarely universal,
each is tailored for a specific application in mind. The different parameters that a material
should meet to be considered as a dosimeter and the amount of optimization of each system
already performed produced a field where materials are used mostly for their strength while
ignoring the weaknesses (e.g. the tradeoff of sensitivity to linear dose range etc.) However,
weaknesses inherit to all dosimetric materials are present: cost of production, stability
(mechanical and chemical), repeatability of the readings, scalability, uniformity and others.

Addressing any of the weaknesses to produce a novel material can promote a replacement of
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inferior material in existing application or even create a tailored material for emerging

application or technology.

2.2.4 Persistent luminescence

Another field of study of luminescence materials is the persistent luminescence (often called
phosphorescence, although the name is dated as most of the phosphorescent materials do not
contain phosphorus). The field investigates the long afterglow materials widely used in
emergency signage and lighting. Although the physical processes occurring in the
phosphorescent materials are similar to those in dosimetry (electrons are trapped in a metastable
states with gradual release dependent on the temperature), a crucial difference is present: while
fading in dosimetry is a parasitic effect on the property, it is necessary for the performance of
phosphorescent materials. The TSL maximum is therefore located near the desired operating
temperature (usually, room temperature) to cause a gradual recombination of electrons emitting
light photons. Two of the most popular phosphorescent materials are zinc sulphide and
strontium aluminate. Both, however, require dopants to enhance performance: Cu and Mn for
zinc sulphide [144] [145] with additions of radioisotopes (Radium, Tritium and Promethium)
to prolong the afterglow and Eu and Dy for strontium aluminate [146]. The outstanding
performance of strontium aluminate with detectable afterglow of more than 10h requires [147]
is replacing the use of radiation isotopes in ZnS in addition to providing better performance.
However, most of the applications of phosphorescent materials require the material to be coated
on a surface, and since the materials are in form of powder or ceramics, the coating is usually
performed by mixing of the particles in lagues and paints — an inefficient, two-step process
decreasing overall intensity of the afterglow and promoting the waste of material by
implementing it in the whole paint volume while only surface layer is participating in the

desired effect.
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3 Materials and methods

3.1 PEO setup

To successfully perform PEO research a three-component system is required: reaction chamber,
power supply and PC. The configuration is shown on fig. 3.1.
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Fig. 3.1. The overview of the PEO setup — reaction chamber with two electrodes is connected

to the PSU, which is managed using a PC.

3.1.1 Reactor chamber
A distinctive feature of PEO process is the use of high voltage and current. While high electrical
power is necessary, it will be unavoidably converted to heat. Most of the heat will be dissipated
in electrolyte, thus increasing its temperature. This can have drastic effects on the process pace
and reduce coating quality, especially if the electrolyte reaches boiling temperatures since vapor
not only has lower conductivity, but also lacks soluble salts and any insoluble particles. Vapor
bubbles reduce surface area covered by the conductive electrolyte, and if power supply operates
in constant current mode the current density will be much larger than defined and thus coating
structure will be hardly controllable. Great care should be taken for reducing the electrolyte
temperature, thus the vast majority of the reaction chambers (electrolyte baths) have some kind
of active cooling. Industrial high-throughput setups require water-cooled heat collector coils in
the electrolyte with constant water flow through the appropriately-sized radiator ensuring

effective heat removal. Some scientific setups utilize the same approach (heat collector inside
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electrolyte); however, additional elements in the reaction chamber do bring in additional
contamination to the electrolyte as well as provide additional surfaces to be cleaned between
synthesis sessions where drastically different electrolytes are used (e.g. residuals of rare earth
oxide particles even in low concentrations can affect luminescence properties of the coatings).
Our setup uses double-walled glass beaker with 1L volume. Water inlet and outlet are used to
provide constant flow of low-quality cold water (tap water) thus preventing contamination of
the electrolyte. Inside glass surfaces are easily cleaned and are chemically inert 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 technique. Constant flow of electrolyte around the
sample is even more important with the use of suspension electrolytes as particles tend to
segregate in liquids, thus magnetic stirring is preferred.

Despite all the advantages of the double-walled glass reaction chamber, its use is limited due
to the poor heat conduction between electrolyte and coolant as a plane of glass is present
between them (heat conductivity of glass is 80-100 times lower than aluminium alloys [148]).
In addition, the area of cooling surface is small (only the inside of the reactor) when compared
to conventional heat collectors and the scalability is limited. With all the drawbacks this
approach most probably will not be suitable for industrial application, especially taking into
account the absence of most advantages (e.g. electrolyte is usually held constant thus cleaning
and contamination are not as big of an issue).

Another requirement for the reaction chamber is high air flow above the electrolyte. As
described before, electrolytic process will produce hydrogen gas on the cathode, which will
eventually gather on top of the electrolyte. If the bubbles are formed, the hydrogen gas will
ignite from the plasma discharges occurring close to the electrolyte surface thus causing an
explosion. While harmful, the explosions can potentially cause the electrolyte reservoir
cracking or other excessive mechanical stress on the glass or the sample holding device. To
minimize the explosion probability a high air flow should be 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. The 3D render of the venting device and electrolyte reservoir is shown
in fig. 3.2.
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Fig. 3.2. 3d model of reactor chamber with a cooling head attached. a — air fan inside tube, b

— outlets of gas, ¢ — double-walled electrolyte reservoir

3.1.2 Power supply
A custom power supply unit (PSU) for PEO was developed and provided by “EIGoo Tech SIA”.
The total output power of PEO PSU is 10kW — max current of 10A and 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 power square pulses allows pulse durations as small as
1us. The PSU is fully automated through MODBUS communication protocol — if programmed
correctly, no human intervention is needed throughout the whole process. The PC control also
allows linear parameter change throughout the process enabling in-depth research of discharge
characteristics. Full readout of applied voltage and current data is ensured. In addition, a regular

manual control through front panel is also possible.

3.1.3 Software
For most industrial applications, a steady, purpose-built power supply is sufficient for
production of PEO coatings. Similar to anodization, PEO production lines are tailored for a
specific substrate material and electrolyte, therefore only minimal adjustments are necessary on
the power supply. Reducing the number of variable parameters leaving only the surface area of

different parts ensures constant quality of the coating. However, this is not the case for the
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scientific research, where not only flexibility of the hardware is crucial, but also the correct
control and readout of various parameters is necessary for successful analysis of the process
and making the correct adjustments. Custom-built power supply described previously offers
complete off-panel control through the RS232 port using standard MODBUS protocol,
therefore a PC software was developed.
General tasks for the software package are:

1) Automated control of the parameter setpoints

2) Readout of the parameters

3) Data storage and visualization

4) User interface
A graphical programming environment National Instruments “Labview” was used to create the
software. The environment is widely used for industrial applications, automation of large arrays
of devices and laboratory setups. Offering powerful tools for data analysis, visualization, user
interface, device input/output and memory management, Labview is suitable for automation of
PEO power supply.
The software is divided in 3 major modules. First one is a process creator tool - an application
that can be used to create rows of setpoints - desired values for the power supply to reach. By
design, power supply is voltage or current limited based on what is achieved first, therefore the
user is able to define only setpoint parameters and real output values may differ. Every variable
parameter (including time constants) can be defined by selecting points in time for the value to
reach (e.g. 400V at t=0s; 500V at t=600s and so on) and the software will calculate interim
values for linear change between points automatically. Other than linear change algorithms can
be implemented in the future if necessary. The process creator tool will then evaluate the user
input to prevent various mistakes (non-increasing time, values outside limits, wrong value
format etc.) and save the process in a separate, human-readable .txt file that can be later loaded
to the main program for execution. This approach accelerates workflow for operators (there is
no need to input hundreds of parameters to repeat the coating cycle) as well as removes all
human factors from the setup.
Second, and most important module is a main program - consisting of data communication with
the power supply itself, algorithms to change the variable parameters by the predefined routes
(setpoint file from the process creator tool) and user interface for on-line monitoring of setpoints
and real values. The window for process file loading contains a visualization graph for easy
evaluation and prevention of wrong file loading. Main operation window contains 4 graphs -

current and voltage for both polarities, as well as buttons for setting the parameters manually,
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launching/stopping the power supply, running the process and a window for adding a comment
during the process to save it in the log file. The software is also configured to save data in
convenient format - all graphs, parameters, log file, errors (if any) will be stored in a pre-defined
folder in human-readable .txt files and marked in a measurement table. This allows
straightforward reference of measurements from any point in time and long-term
troubleshooting capabilities. Safety features are also implemented in the software -
notifications, warnings and alerts are still in place.

Third module is used for organized storage and management of recorded measurement data.

This is done in the form of a table with timestamps, as well as path to the measurement files.

3.2 Characterisation

3.2.1 Structure and morphology

Throughout the studies, various setups were used for evaluation of crystalline structure, analysis
of elements in the coatings as well as morphology and coating thickness.

X-ray diffraction (XRD) was measured using two setups: a table-top device Rigaku MiniFlex
600 and more advanced device PANalytical X Pert Pro diffractometer with Cu Ka radiation
(1.5418 A).

SEM top-view and cross-section images were taken using either table-top SEM Phenom Pro or
a Tescan Lyra SEM equipped with energy dispersive X-ray spectrometer (EDX) operated at 15

kV for element mapping.

Transmission electron microscopy (TEM) measurements in Al,03:C and strontium aluminate
coatings were done on Tecnai 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
AGS166-4 (Agar 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 durability can be made from the large thickness
of the coatings and the harder crystalline phases of alumina present in some coatings.

Reader is advised to refer to the publications associated with “Results” chapters to get the full

list of characterisation devices used in a particular study.
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3.2.2 Luminescence

For luminescence measurements, two setups were used: Andor Shamrock SR-303i
spectrometer coupled with Andor iDus401 charge coupled 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 for photoluminescence and luminescence
decay kinetics. This spectrometer is coupled with photomultiplier tube (PMT) and CCD. A list
of parameters is provided below:

Andor Shamrock SR-303i: spectrometer: Czerny-Turner arrangement with imaging toroidal
optics; focal length of 303mm, aperture f/4; wavelength resolution 0.1nm (<0.2nm with 25um
pixel CCD detector), wavelength reproducibility = 0.05nm, wavelength accuracy + 0.2nm.
Gratings are mounted on interchangeable triple grating turret equipped with following gratings:
150 lines/mm, 600 lines/mm and 1200 lines/mm

Andor iDus401 (DU401A-BV) CCD: active pixels 1024x128, pixel size 26x26um, air cooling
up to -55°C, max. 81 spectra per second.

Horiba iHR320: imaging spectrometer: Czerny-Turner arrangement, 320mm focal length,
aperture f/4.1. Spectral range 150 to 1500nm with 1200 I/mm grating, triple grating turret.
Spectral resolution of 0.06nm, wavelength accuracy +0.20nm, repeatability + 0.075nm, spectral
dispersion 2.35 nm/mm, scan speed 159 nm/sec, step size 0.002nm. Three different gratings are
available: 1200 grooves/mm, 950 grooves/mm and 150 grooves/mm.

Jobin Yvon/Horiba TRIAX320: single grating excitation monochromator. Three different
gratings are availabe: 1800 grooves/mm, 1200 grooves/mm, 600 grooves/mm.

For luminescence measurements, different excitation sources were used: YAG:Nd laser
(266nm, 532nm), conventional Deuterium and Xenon lamps as well as X-ray source which is
directly connected to sample chamber in the Andor setup.

Spectra measured with CCD in PL, XRL and TSL were not corrected to accommodate
differences in detection at different wavelengths as only the 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.

Reader is advised to refer to the publications associated with “Results” chapters to get the full

list of luminescence devices used in a particular study.
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3.2.3 Thermostimulated luminescence

The first recorded observations of TSL phenomena were in 17" century; however, only in 20"
century the measurement technique was systematically studied immediately forming two main
use cases — ionization radiation dosimetry and archeological dating of minerals. Both directions
require comprehensive understanding of underlying mechanisms for TSL and efforts of many
scientific groups led to the development of related measurement technique — OSL. While TSL
based archeological dating is a complimentary technique in a vast field of archeology, ever
growing demand for good quality radiation control devices boosted the transition of TL
dosimeters from the laboratories to the practical application.

From experimental point of view, TSL is a luminescence of a pre-irradiated sample caused by
the increase of temperature. A graphical representation of TSL setup is shown in fig. 3.3 A with
the according graphs in fig. 3.3 B.

Here, a picture — left side is a basic main element scheme of TSL setup, right — T(t), I(t), N(t)

graphs

Fig 3.3 A - schematic of a simplest TSL setup, 1 — sample, 2 — ionizing radiation source, 3 —
heater element, 4 — lens system/monochromator, 5 — detector; B — light intensity, temperature
and number of excited electrons during the TSL measurement — | — excitation stage, Il —

afterglow stage, 111 — TSL readout stage

The solution of Schrodinger equation for electrons in a periodic potential (e.g. in a non-
conductive crystal) shows the separation of “allowed” energy states dividing the energy band
graph to valence, conduction and forbidden band. At absolute zero temperature in a non-

metallic crystal all the electrons are located in a valence zone, with the possibility to be
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“excited” to the conduction band to form the conductivity of the crystal. The minimal energy
required for the electron to reach lowest level in a conduction band from the highest level of
the valence band is called band gap. Although electrons are bound to the atoms in the lattice,
once electron in moved to the conduction band it can move freely in the crystal. When excited,
electron leaves a “hole” in a valence band (positively charged atom) and since there is a non-
zero possibility for electron from a nearby atom to “jump” to the positively charged atom, the
“hole” in valence band is mobile and can contribute to the conductivity of the crystal. However,
perfect crystals are nonexistent in a real world and some number of defects (intrinsic or
impurity) will always be present. Study of various defects in a crystal structure is one of the
main points of interest of a wide field of solid state physics and is crucial in almost any research
of optical properties of materials. Several well-defined defect types can be outlined:

Point defects — vacancy (missing lattice atom), interstitial defects (host lattice atom in a wrong
lattice spot), impurity defects (foreign atoms in-between the host lattice atoms). Frenkel defects
(one atom - usually a cation in ionic crystal - shifted from the position creating a vacancy),
Schottky defects (two nearby oppositely charged ions leaving their location creating vacancies)
and others.

Line and plane defects — dislocations (shift of a crystalline plane due to insertion of a half-
plane), grain boundaries (meeting point of two crystalline grains), stacking faults (shift of a
crystal structure by a fraction of lattice constant), twin boundaries (mirror symmetry plane) and
others.

Other important defect is the surface of a crystal — a disordered lattice structure often in contact
with the atmosphere. This defect is especially important in studies of nanoparticles, as surface
to body ratio is orders of magnitude higher than that of macroscopic materials.

To explain the TSL process from a theoretical standpoint a simplified “one trap one center”
(1T1C) model is used, sometimes also called OTOR for “One Trap One Recombination center”
or GOT — “General One Trap” approach. The basis for the model is a highly ordered crystalline
lattice of atoms with one type of defects creating a “trapping state” for the electron with the
corresponding “recombination center”. The schematic representation of the band structure in

shown in fig. 3.4. A with the corresponding electron paths marked.
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Fig 3.4. A — schematic representation of band structure for a simple OTOR model; B — more
complex system with 1 — distribution of energies for a single trap, 2 — irradiative recombination
from both traps, 3 — tunneling processes, 4 — overlapping of trap energies.

A set of differential equations was developed to describe the change in concentration of
electrons or holes in each of the possible states: n — amount of trapped electrons in traps per
volume unit, m — amount of trapped holes per volume unit, nc (amount of free electrons in a
conduction band) and n, (amount of free holes in a valence band). During the irradiation, the

equations are as follows:

%=An(N—n)nc—s*n*exp(—f—T @)
C;—T = B(M — m)n, — A,,mn, )

dT;c =X—-A,(N—-n)n, — A,mn, “)
dn, dn dn. dm ()

ar dr Tar  ac

The first equation (2) describes the increase of trapped electrons in time, with two concurring
parts: first term of the right hand side An(N-n)n. describes the trapping probability A (cm3cm
1 multiplied by the amount of free traps N-n (where N is the total amount of traps) and total
electron count in conduction band nc. The second term is the temperature dependent rate of
excitation of electrons in the traps, thus the term s*n*exp(-E/kT) is used, where s (s?) is a

frequency factor, E (eV) is the activation energy of the trap (marked as Ex in fig. 3.4 A), k (eV
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K1) is the Boltzmann constant and T is the temperature. This term will be crucial during the
release of electrons during the heating cycle and will be described later.

Second equation (3) shows the development of the amount of holes in a material with, again,
two concurring processes — B(M-m)n, describing the rate of hole trapping from the valence band
where B (cm® s?) is a trapping probability of holes and M(cm™) is a concentration of
recombination centres and Ammnc describing the rate of electron recombination with holes,
where An (cm? s?) is a recombination probability of electrons in a conduction band.

Third equation (4) shows the progression of the amount of electrons in the conduction band and
consists of three main components: X (cm?® s™*) — rate at which the electrons are excited to the
condiuction band (the intensity of ionizing radiation applied to the material); An(N-n)nc — rate
at which electrons “fall” into the traps (same as the one in the first equation) and Ammnc— rate
at which electrons recombine with holes.

And final equation (5) describing the rate of change of electrons in a valence band ties all three
states together, specifying that the valence band is the only source of electrons in the system
and assuming that no electrons are lost in the process.

The set of four differential equations provide general description of processes occurring under

ionizing irradiation in the simple material with one type of electron traps and one type of

recombination center. However, TSL technique does not examine the system under constant
flow of photons that excite electrons from valence band (VVC) to the conduction band (CB), but
rather describes the processes occurring upon heating of the sample without other external
energy sources. As mentioned previously, sample at the start of the TSL measurement is already
excited — some amount of traps is filled with electrons (n>>0), the irradiation is not present
(X=0), all electrons in conduction band recombined or relaxed into traps (nc=0), all holes in the
valence band are filled (n,=0) and thermal release of electrons from traps is negligible
(s*n*exp(-E/KT)=0). The last factor is what can be manipulated externally — the electron release
rate from the traps by increasing temperature. Usually, a linear temperature profile is used
T=To+p¢ ensuring a gradual increase of s*n*exp(-E/KT); however, some researchers report the
use of non-linear heating profiles.

The set of differential equations contains undefined probability values, therefore further
simplifications of the process are needed. An important assumption was proposed by Halperin
and Braner [149] stating that the amount of electrons in the conduction band during the heating
is much less than the amount present in traps (which is true for experimentally possible heating
rates) and the amount of free electrons in the conduction band does not change as quickly as

does the amount of electrons in the traps. Another assumption that can be made is that retrapping
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(trapping of thermally released electrons) probability during TSL is essentially zero (An=0). The
basis for this assumption is twofold: firstly, the amount of electrons in the conduction band
during TSL is much lower than during irradiation as it is limited by the amount of trapped
electrons present in the system and not the flux of electrons from VB thus lowering the number
of interaction between free electron in CB with unoccupied trap. Secondly, even in the
retrapping scenario the electron will immediately be released back to the conduction band as
E/KT energy is sufficient. Moreover, as OTOR model explains the processes with one type of
trapping centers and one type of recombination centers, an assumption can be made that the
amount of electrons in traps is equal to the amount of holes (n=m)

The TSL measurement is an optical measurement approach, therefore the intensity of acquired
signal during TSL is the value interest. The intensity of the TSL signal during heating at a
specific temperature I(T) will be proportional to the speed (first derivative) of recombination of
electrons or inversely proportional to the amount of excited electrons in traps -dn/dt. Taking
into the account all assumptions, a simplified equation for the intensity of TSL signal can be
written as follows:

dn E
= —-— = — — 6
I r sxnxexp ( o (6)

This equation (6) describes a first order process (single type of traps); however, majority of real
world systems contain a range of traps at different activation energies. The OTOR model then
can be expanded to simulate the intensity curve of a more complex, second or general order
process. The explanation of the formulae and all aspects required for deriving the intensity of
general order process is beyond the scope of this work. The end result is similar to the first
order process, but with addition of b — the order of kinetics and s’ — a value with the units of
(cm3®=D g7 1y:

E
I mbexn (- —— 7
ac ST e g (7)

From all models it is evident that the two most important parameters of traps in materials are

the frequency factor s and activation energy E. The determination of these parameters is of great
interest as it will give the direct insight on the lattice distortions caused by defects in crystals.
In addition, trapped electron interaction with other defects in a crystal will widen the range of
possible activation energies for each trap thus widening the TSL maximum causing overlapping
and increasing complexity of analysis. Complex systems exhibit overlapping peaks of different
intensities and full widths at half maximum (FWHM). The knowledge of activation energies of
overlapping traps will help distinguish peaks and correctly build theories of electron paths in a
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structure. A valuable feedback for the synthesis of the samples can then be provided to alter the
properties in a desired way. Two main directions of activation energy research are present —
TSL peak shape analysis and experimental techniques such as initial rise methods. Former
method relies on the iterative fitting of obtained TSL glow curves to find best combination of
theoretical peaks, sum of which will match the signal the best. The latter group relies on the
correct realization of some heating algorithm thus partially releasing electrons from the trap
and analyzing the rate of release through luminescence measurements. Simple mathematical

operations can then be performed to derive activation energy value and frequency factor.

In this work, a previously described luminescence setup was used for TSL measurements with
the heater attachment. TSL heating is achieved by using custom made heating device (with
different heating rates available) which is connected to computer. A full-spectrum registration
is implemented using CCD camera — this allows analysis of the luminescence spectral

distribution dependence of the temperature in a single measurement.
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4 Results and discussion

The results of this work are divided into three main sections. The first section comprises of the
results on the exploration of different doping possibilities to obtain luminescent coatings. Two
separate studies are presented — one focusing on doping from the metal itself and the other
describes a novel pore-filling approach. The second section will contain studies of two types of
radiation-sensitive alumina coatings: carbon-doped alumina close in composition to
commercially available dosimeter TLD-500 and chromium doped alumina. The third section
will include a research of the more complex material — strontium aluminate coating with long
lasting luminescence properties produced in a one-step process. All sections will relate to the

respective thesis and are accompanied by the publications.

4.1 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 PEO — 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 composition. Moreover, known mechanisms of PEO coating
growth agree that formation occurs in the presence of four parts — substrate, electrolyte,
previously formed oxide and plasma. First two of them are obvious candidates for the
implementation of the foreign atoms — dopants — in the coating.

4.1.1 Alloying the aluminium with dopant atoms
Without a doubt, the metals present in the substrate — be it pure metal or alloy — will participate
in the formation of the coating creating the metal-oxide. Therefore a very first method that was
realized to produce a coating with the specific purpose of enhancing its luminescence properties
was done by using alloyed metal on the surface. The study was then considered as a scientific
exercise to gain additional knowledge on coating formation mechanisms and without the
particular application in mind, therefore a well-known ion in alumina matrix should be chosen
as a dopant. The rare-earth element europium fits well — Eu®* exhibits very distinctive
luminescence in red region of spectrum — sharp lines representing transitions from °Do to ‘F
levels with the most intense line observable at 613 nm (transition °Do — ’F2) The lines are quite

distinctive and the position varies only slightly with the different crystalline matrices. In
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addition, it is known that the Eu atom can incorporate in alumina matrix in Eu?* state exhibiting
blue luminescence that can be separated from intrinsic luminescence of the alumina.

A crucial element in this study — the Eu-Alloy was obtained from American Elements
(CAS#7429-90-5) containing 1wt% Eu. For a comparison, the pure Al (99.999%, NewMet)
alloy was used. After polishing with 1pm diamond paste, samples with surface area of 15cm?
were processed under a relatively low voltage pulses +350V and -100V, both for Ims with a
process time of 10-20 minutes (“PEO” and “PEO-Eu”). In addition, a Eu-containing sample
with 300V* for 5ms and 100V- for 1ms pulses at 180 and 90 mA/cm? respectively (“PEO-Eu-

2”") was prepared to compare the luminescence output with varying PEO parameters.
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Fig. 4.1. Normalized photoluminescence spectra of PEO, PEO-Eu and PEO-Eu-2 samples.

The resulting photoluminescence spectra under 266nm laser irradiation are shown in fig. 4.1.
The undoped coating (PEO) exhibits only the alumina intrinsic green luminescence band
peaking at 500nm. On the other hand, doped coatings (“PEO-Eu” and “PEO-Eu-2") with two
different PEO processes both have significant changes in the spectral distribution and intensity
of the luminescence — sample “PEO-Eu” exhibits increased luminescence in the blue region of
spectrum — a possible Eu?* ion in alumina matrix. It is well-known that Eu incorporates in a
divalent configuration in various aluminates [150] [151] [152]. On the other hand, coating with
the greater current density (“PEO-Eu-2"") exhibits luminescence in the red region of spectrum
— sharp lines, although overlapping and not clearly resolved, indicate the presence of Eu* in
the coating. The difference of luminescence between samples “PEO-Eu” and “PEO-Eu-2”

indicate the possibility of Eu recharging in the coating, thus the presence of Eu?* in the coating
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should be explored in detail. First factor confirming the presence of Eu?* in the “PEO-Eu”
coating is the greatly increased photoluminescence intensity — the maximum intensity is approx.
50 times higher than that of sample “PEO”. Second factor is the analysis of fast decay kinetics
obtained from the sample (fig. 4.2) — “PEO” and “PEO-Eu” samples show drastically different
decay curves. The undoped sample (“PEQO”) kinetic can be approximated by two exponents
with decay times of 23ns and 1.3pus, while the decay kinetic of Eu-doped sample (“PEO-Eu”)
shows a significantly longer, complex decay curve — a typical characteristic of partially

forbidden Eu electron transition.
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Fig 4.2 Fast decay kinetics of photoluminescence for samples PEO and PEO-Eu

This first of its kind study was performed as a proof of concept — indeed, luminescence output
of PEO coatings can be altered by doping of the coating through one of the routes — use 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 parameters — voltage, current, pulse
width 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 approaches with the obtained
information.

Although the study was performed without practical application as a main goal, 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
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are needed in the coating 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 on a dopant
already present in readily-available aluminium alloys (like Cr, Mg, Mn and others often present

in industrial-grade aluminium alloys).

4.1.2 Pore filling method

A range of studies indicates the benefits of the use of “slurry electrolytes” [58] — electrolytes
with high concentration of insoluble micro- or nano-particles. Some studies indicate the
increased growth rate of the coatings with nanoparticles acting as 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 coating. [55] This confirms the inclusion of solid particles in
the formation process of the coating; therefore, the same principle can be used to alter the
luminescence properties of the coating. However, one of the most used dopants in luminescent
materials are rare earth elements (RE) — lanthanides + yttrium and scandium. Although REs are
plentiful in Earth’s crust, their containing compounds are often expensive due to the dispersion
of RE-containing minerals requiring large amounts of ore to be processed [153]. Thus, a great
care should be taken when developing a process with the commercial application in mind —
excessive use of RE-containing chemicals and waste will render the technology not viable.
Slurry electrolytes require large amounts of powder for a volume of the electrolyte, thus the
approach is not feasible in the industrial setting. The present study is based on the two main
concepts — firstly, 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 sort of material. Therefore, the aim of this study is to create
highly-porous coating on the surface of the aluminium, fill pores with appropriately-sized
powder of RE oxide and perform the PEO on the porous filled coating fusing the oxide in the
structure. The schematic representation of the process is shown on figure 4.3. This approach
could minimize the required amount of powder by placing it in the discharge channels directly

rather than relying on the electrolyte to bring the powder to the coating.
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Fig.4.3 Schematic illustration of sample preparation stages: 1 — production of porous coating,

2 —filling the pores with powder, 3—PEQ processing, 4 — resulting doped oxide layer exhibiting

luminescence.

First stage in achieving the goal is to find the best parameters to produce homogeneous porous
structure. It is well-known 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 challenge that can be solved by altering power supply parameters and initial surface
morphology. An iterative study on the surface of AlI1050 alloy was performed to acquire the
coating with large amount of differently sized pores in order of a couple of micrometers. The
best example is shown in fig. 4.4 A. Important factor to note is the importance of the surface
quality prior to the first PEO step - aluminum samples were polished using SiC sandpapers
followed with Cr.0Oz and diamond paste and rinsed off with acetone. This step ensured removal
of the initially formed oxide on the aluminium and low surface roughness. Additionally, a
special three-stage algorithm was developed for the porous coating production, with all stages
performed in bipolar 10kHz regime: first stage - positive voltage held at 350V (negative pulse
voltage held at 400V (or less), current unlimited) for 5 minutes; second stage - linearly increased
positive voltage from 350V to 400V in 5 minutes (keeping all the other parameters same); and
third stage - positive voltage held at 400V for 5 minutes (keeping all the other parameters same).
Although complex, the algorithm can be easily executed and repeated using software-controlled
power supply described in methods section. The coating was produced in 2 g/L KOH, 7.5 g/L
NasPO4 and 6 ml/L glycerin electrolyte. After the total of 15 minutes of PEO the coating was
removed from the electrolyte, rinsed with deionized water and dried in air. Highly porous
coating produced in this way will show weak performance in corrosion resistance and
mechanical integrity and is only considered as a first step in a multi-step synthesis.

Second stage is to fill the pores with Eu(OH)s powder. The powder was prepared in a sol-gel
synthesis from 10 gL Eu(NOs)3 powder and 120gL* urea stirred in a 100ml of deionized water
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for 60min at 90°C. Resulting product was filtered and dried at room temperature. To insert the
Eu(OH)s 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 from the first step.
After drying, the excess of Eu(OH)3z was removed from the surface of coating. The SEM image
(fig. 4.4. B) gives an overview of the distribution of the Eu powder on the coating. One can see
that the size of the powder grains is in range of 300 nm to 2 um — mostly significantly smaller
than the pores of the PEO coatings. This allows the grains to stay in the pores even after rinsing
with water, during immersion in the constantly flowing electrolyte in the third stage and during
the plasma discharges in the oxidation process.

Third, and final stage is a final PEO process — porous coating filled with the powder containing
the desired dopant (Eu in this case) is submerged in the simple electrolyte of 1L deionized water
with 2gL* of KOH and unipolar DC 530V voltage-limited regime is applied for the extended
periods of time. Current density is set at 0.15 A/cm?. Uniform plasma discharges are achieved
on the surface of the sample, fusing the oxide with the powder in the pores and implementing
the dopant atoms in the oxide structure. The visual analysis of the SEM images of the final
coating with and without filling of the pores with Eu®* (fig. 4.4 C and 4.4 D) shows that there
is virtually no difference in morphology of the samples and Eu atom inclusion in the crystalline
matrix does not affect the growth dynamics of the coating. This can also be confirmed with the
assumption that any foreign atoms in the lattice in such low concentrations do not have scalable

effects, especially with large amounts of intrinsic defects.
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Fig. 4.4. Backscattered-Electron (BSE) top view images of each stage of the process — A —first
stage porous coating, B — filled porous coating after second stage, C — PEO-processed coating

after third stage and D — same process without second stage (without Eu-containing powder)

To verify and control the presence of Eu ions in the pores in stage 2, a photoluminescence
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 spectra. Figure 4.5
summarizes the spectra. A distinct Eu** luminescence (red) was observed from the Eu(OH)s
powder - the transitions from level °Do to ‘F in Eu®* ion. The most intense line, which is
observable at 613 nm marks the transition °Do — "F2. A combination of broad intrinsic alumina
band peaking at 450nm and Eu®* bands is observable from porous alumina filled with Eu(OH)3

powder, as expected.
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Fig. 4.5. Normalized photoluminescence spectra of Eu(OH)s powder, clean porous coating

(first stage) and filled pores with Eu(OH)s powder (second stage)

The application of a high voltage (third stage) leads to the plasma electrical discharges leading
to the almost immediate Eu®* luminescence disappearance from the spectra. However, a new
broad band of luminescence appears in the blue region. The same observation was made in [66]
where it has been reported as Eu®* recharging to Eu?*. 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 Eu®* in blue region of spectrum was also observed in other alumina
materials like translucent ceramics [154] and alkaline-earth aluminates [155] [156]. Fig. 4.6

presents a summary of the spectra obtained from the samples after the 3rd stage.
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Fig. 4.6 — Luminescence of coatings after third stage with varying voltage in third stage.

Thirteen samples were prepared with varying maximum voltage in the third stage to study the
effect of increased electric field on the implementation and recharging of europium. 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. The correlation between the
maximum PEO voltage applied to the sample in the third stage and the increase in 400nm
luminescence intensity is shown in fig. 4.7. The 400nm band occurs with the first anode sparks
(450V) and saturates at 500V. An unexpected plateau is observed at 480-490V — with no other

changes in the process it is assumed that the reason for this is measurement error.
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stage.

To analyze coating structure throughout the Eu?* line growth, XRD spectra were captured at
430, 480 and 550V. The results are shown on Figure 4.8. Main characteristics of XRD are the
presence of Al metallic lines (38.5 and 44.5 deg.) as well as magnesium silicate lines (marked
“b” in fig.4.8) indicating a range of intermetallic phase particles in raw material [157]. The
absence of lines indicating the alumina crystalline structure indicates that the porous alumina
after first stage has amorphous structure — this correlates with a range of studies indicating the
need for long processing times with high voltage for production of crystalline phases. This is
also evident by the appearance of n-Al>Oz lines [158] with processing voltage over 480V.
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Fig. 4.8 XRD spectra of samples after third stage with varying voltage.

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 persist: the high
dependence on the initial surface quality — vigorous polishing is required prior to the PEO for
the production of high quality pores. In addition, complex power supply is needed allowing the
precise change of bipolar pulsed voltage. Powder grain size also should be controlled to meet
the pore size of the coating after first stage. Most importantly, 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 approach — minimum amount of wasted powder. Pore filling technique offers extremely
efficient use of dopant-containing powder in comparison with widely used suspension or slurry
electrolytes, where the concentration should be factored for the whole volume of the electrolyte.
With 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 study enables economically-feasible way of production of modified PEO coatings even if

the insoluble dopant-containing reagents have high cost. Thus, a whole range of PEO studies
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that utilize costly materials (e.g. RE-containing powders or precious metals) can be scaled and

transferred to production.

This chapter demonstrated experimental process for altering 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 to alter 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

4.2 Dosimetric 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 and industrial radiation
protection is the use of solid-state dosimeters — devices for detection and quantification of the
acquired ionizing radiation dose. Lately, interest in 2d dosimeters emerged for applications in
medicine [159][160][161][162][163] motivating further research of possible materials for
emerging technologies. In addition, a scaling of the already developed and widely used ceramic
or crystalline dosimeters possess 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 [161], 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 technology 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: carbon-
doped Al>O3 and chromium-doped Al>Oz. Both dosimeters will be TSL-based. The schematic
representation of the proposed technology is shown in fig. 4.9.
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Fig. 4.9. Schematic representation of the production and use of TL-based PEO dosimeter.

Couple of factors will be kept in mind: both studies will be performed on a conventionally
available aluminium alloys (AlI6082 and Al1052) and will be considered as a single-step process
with one electrolyte composition to fit industrial setting and make the process commercially-
viable.

4.2.1 Al,O3:C coating

Historically, one of the main materials for PEO processing is aluminium and its alloys. Alumina
coatings produced with PEO are widely used for their mechanical characteristics and chemical
stability, therefore there is no lack of studies for production of tens of microns thick alumina
coatings even with the alpha-phase crystalline structure for maximum hardness. Naturally, for
production of PEO coating based dosimeter, an obvious idea is to mimic the already used
dosimeter of similar structure. The conventional and readily available dosimeter based on Al,O3
is TLD-500 — carbon doped alumina. Since the first studies of the material for dosimetry [115]
it was evident that Al>O3:C will perform well as TL dosimeter due to the intense and narrow
TSL peak showing linear intensity response to the wide range of gamma-ray doses (10°Gy —
1Gy). The material is grown as a single crystal rod and cut with diamond tool for the desired
shape [114]. The replication of the material using PEO possesses a row of challenges, with the
major one being the source of carbon. Conventional PEQ is performed in electrolyte containing
KOH, on aluminium alloy surface with no intentional carbon doping, therefore carbon atoms
will have to be implemented manually. A reliable source of carbon is needed — highly soluble
substance, like ethanol; however, other carbon-based 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.
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Al6082 aluminium alloy is used in this study. Main allying elements are Cr, Cu, Fe, Mg, Mn,
Si, Ti, Zn and other metals with concentrations varying from 0.1% to 1.3%. No initial
preparation of the surface was performed other than rinsing in deionized water. Simple, 3-
component electrolyte was used — deionized water, 2 gL KOH and 60ml/L ethanol. Square
voltage-limited non-symmetrical 5 ms pulses were used with the voltages of +700 V and —233
V. 1 ms pauses were set in-between pulses. Current density was 0.6kA m with minimal decline
over 15 minutes of processing time. The AC regime with the 1/3 ratio of positive and negative
pulses was chosen to reduce porosity [164].

The row of samples with varying concentration of ethanol and electrical parameters was made;
the sample with the mentioned parameters exhibited the most intense TSL signal and therefore
was analyzed further.

Firstly, the surface of the coating and thickness was evaluated using SEM (fig. 4.10). The cross-
section image shows the average thickness of 20um, top view reveals some porosity — a
characteristic property of PEO coatings which sometimes can be used as an advantage [165].
Overall, the use of ethanol in the electrolyte does not seem to affect coating morphology.

Fig 4.10. SEM images of the coating, a — top view and b — cross-section.

The TEM EDX study was performed to verify the amount of carbon in the coating. Figure 4.11
shows the analysis of two samples — carbon-doped coating (with ethanol in electrolyte as
described previously) and undoped coating — same parameters except no ethanol in the
electrolyte. The Ka line of the carbon at 0.277 KeV shows that the ethanol in the electrolyte

does indeed result in a significant amount of carbon atoms in the coating, with the inset
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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 preparation for TEM measurements. Nevertheless, the
increase of carbon in the coating is apparent. A signal from Cu and Mg is also observed —
originating from the Cu TEM grid or from the dopants in aluminium alloy. A weak C signal is

also observed in the undoped sample originating from the TEM grid.
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Fig. 4.11. TEM EDX measurements of two coatings — with and without ethanol in the

electrolyte. Inset shows repeated measurements from 5 samples.

Next, TSL measurements were performed and compared to the signal from commercially
available TLD-500 sample. The samples were irradiated with X-ray lamp with W anode
operating at 30kV and 10mA. Then, sample was heated with the rate of 12K/s with
simultaneous detection with PMT. The results are shown on fig. 4.12 — carbon-doped PEO
coating demonstrates a wide TSL peak from 300K to 630K while TLD-500 sample maximum
occupies much smaller temperature range. The signal from TLD-500 is in a good agreement
with other studies of the material [166] [167] [168]. The broad TSL maximum of PEO coating
indicates the wide distribution of activation energies of traps — a characteristic of disordered

crystalline structure and large amount of defects in the structure.

58



Although the width of the maxima is much larger for PEO coating, the maximum occurs at the
same temperature — this leads to believe that the same recombination centers are participating
in the luminescence in both samples. To verify that, the spectral distribution of TSL as well as

X-ray excited luminescence was measured for both samples and results are shown in fig. 4.13.
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Fig. 4.12. TSL glowcurves of the obtained carbon-doped coating and TLD-500 sample.

The analysis of spectral distribution of both samples shows that main luminescence of TLD-
500 sample is located at 420nm and is described as the F* center that is charge compensated by
C% ions in trigonal crystalline lattice of alumina in a-phase [115]. Additional complex
luminescence band of TLD-500 in red region of spectrum that is also present for PEO coating
is described as various metal oxides present in the samples. It is well-known that Mg [169], Mn
[170] and Cr [171] oxides 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 Cr3* R-line doublet at 693-694nm). However, main band for the
TSL in 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 and C [172], where F2?* (2Mg) center is a result of
charge compensation for the substitutional Mg?* ion in AI** site.
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Fig. 4.13. Spectral distribution of TSL and XRL signal for carbon-doped PEO coating as well
as TLD-500.

Both the TSL glowcurve and 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) coatings. The results are presented in
fig. 4.14. Apart from the main aluminium peaks at 38.44, 44.69 and 65.07 deg and various
intermetallic phases in 39-44° region (as well as peak at 48.7°) from the substrate, eta- or
gamma- phase alumina maxima are present in the “undoped” coating. The process, however, is
proven to be suitable for the production of a-Al.O3 [173] [174] but the processing time needs
to be much longer — in order of hours. The optimization of the coating in this study led to the
shorter processing times — 15 minutes only. A reason for that is probable evaporation of the
ethanol from the electrolyte preventing further growth of carbon-doped alumina. Such low
processing time only allows the creation of “softer” phases of alumina — as seen on the undoped
XRD. However, the inclusion of ethanol in the electrolyte does alter the process in a significant
manner preventing any crystalline structure to appear. Thus, amorphous alumina is created —
combined with the addition of defects due dopant atoms this can explain to the broad TSL

maximum.
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Fig. 4.14. The XRD graph of coating prepared with ethanol in the electrolyte (doped coating)

and without ethanol (undoped coating). Arrows indicate the peaks for n- or y- phase alumina.

Since one of the possible applications of dosimetric PEO coatings is the production of 2D
dosimeters, the Al>O3:C coating should be tested for the ability to measure a spatial distribution
of radiation. Four identical samples with the dimensions of 25x25x3mm were coated and
combined in a 2x2 grid to form a single surface with the area of 50x50mm. The “screen” was
then inserted in the path of unfocused X-ray beam, irradiated for 30 min from 10cm distance.
After the irradiation, the whole grid was quickly placed on the pre-heated to 300°C conventional
chemical beaker heater. A commercially available camera with complementary metal-oxide—
semiconductor (CMOS) sensor and long exposure of 35s was focused on the “screen” placed
on the heater. Throughout the whole heating process, the camera acquired light to form an
image seen in fig. 4.15. The color image reveals couple of interesting details —

1) the distribution of X-ray irradiation can be seen well indicating poor alignment of the
X-ray lamp in the housing — the circle is not uniformly illuminated.

2) the color of the image varies greatly — from dark green to bright green to red. This can
lead to the conclusion that the distribution of defects and dopants is irregular on the
surface — brighter and darker green spots can be observed. In addition, the larger current
density and poor heat conductivity on the edges of each of four tiles forming the
“screen” lead to the greater impact of “red” part of the emission — it seems that alloying
atoms from the aluminium alloy better incorporate in the coating with higher current

densities.
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3) Repeatability of the samples in PEO process is sufficient for this application with only
slight variation in overall intensity from each tile. This can be improved with thorough
control of electrolyte composition and pre- and postprocessing of the tiles.

The best case scenario in this application would be to create a single tile in a single PEO

process rather than combining tiles to achieve needed dimensions of the screen.

Unfortunately, this was impossible in the available setup due to the limitations of maximum

current provided by the power supply.

Fig. 4.15. Integrated image of PEO dosimetric “screen’ placed on the hot plate heater after

irradiation with X-rays.

In conclusion, this study shows a valid approach to create a PEO coating with TL sensitivity
for ionizing radiation. The resulting coating exhibits a range of drawbacks preventing its use as
a dosimeter at room temperatures — the large 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 non-uniform 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 addressed by the
use of other carbon sources in the PEO — 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.
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4.2.2 Al,Os:Cr coating

The carbon doped alumina is, although most popular, not the only alumina-based material
exhibiting intense TSL signal. One of such materials is chromium-doped alumina — however,
previously noted by Akselrod et. al. that the use of Chromium dopant, although increasing the
sensitivity, shifted the TL glowcurve maximum to 580K and 699nm — “inconvenient for
reading” with the devices available in 1990. [114] Nowadays, the red region of spectrum is
easily detectable by the conventional, cheap and readily available CCDs [175] thus making
Al>03:Cr as a viable option for dosimetry.

During our previous PEO dosimetric studies we noticed the increase of “red” luminescence
from oxides with increased acidity of the electrolyte. 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 pore-filling
method. As it was proven previously, if the substrate itself is alloyed with some element, the
same element will easily incorporate in the structure of the coating (chapter 4.1.1.) The
combination of these two observations motivated the search of a particular electrolyte that will
bring alloying elements from commercial aluminium alloy (e.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
coating thus altering the luminescence properties.

In this study, a 2mm thick Al1052 aluminium sheet was cut into samples 25x25x2 mm?in size,
each having the total surface area of approx. 14cm? (used in calculations of current density, a
bit less than geometric value due to the non-constant waterline). No special treatment, apart
from rinsing with water, was implemented before the PEO process.

The electrolyte for “doped” sample consisted of 3 components: deionized water, 1 g L KOH
(Stanlab) and 10 g L™ citric acid (Sigma Aldrich, 99.5-100.5% based on anhydrous substance).
For comparison, the second sample (marked “undoped” in this chapter) was prepared without
the addition of citric acid in the electrolyte. The pH of the electrolyte before the PEO process
was 3.7 and 12.2 for doped and undoped samples, respectively. The temperature of the
electrolyte was maintained at 30+5°C.

DC constant voltage electrical parameters were chosen and kept constant throughout the whole
process. The total process time was set to 30min. VVoltage was set to 700V while current density
remained mostly constant (178 mA cm? ) in the first half of the process and declined in the
second half to 121 mA cm. The current density for the undoped sample (without citric acid in

the electrolyte) was approx. 25 mA cm larger throughout the whole synthesis. Pt plate was
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used as a counter electrode. Although the setup uses water-cooled reactor with a substantial
flow of water, evaporation of the electrolyte was still present. To compensate, a constant influx
of deionized water was supplied to the reactor keeping the water level constant.

SEM measurements were performed to study the surface of the coating and compare the two
samples. It is evident that the samples prepared with citric acid (a and b in fig. 4.16) have larger
porosity than undoped samples, which can be attributed to the slightly larger current density
during the PEO of the undoped sample. Both coatings have many features characteristic to PEO,
like porosity, which sometimes can be used to an advantage [165], and cracks. Zoomed in
images (b and d in fig. 4.16) show a similar ceramic-like structure with visible grain boundaries

and irregular cracks formed by large temperature gradients.

Fig. 4.16. Scanning electron microscope image of doped coating (a and b with different scales)
and undoped coating (c and d with different scales)

The XRD measurements are crucial in almost any study of PEO coatings as the presence and
type of crystalline structure in the coating will manifest most mechanical properties and
capabilities. Figure 4.17 shows the XRD graph of doped coating with most major peaks

identified and connected to different alumina phases. Two main crystalline phases were
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identified — a-Al,O3 rhombohedral and y-Al2O3 cubic [176]. One can see that the 30 min
processing time is enough to produce a-Al203, which correlates well with literature [173], [174]
and previous investigations. By applying phase determination and peak index fitting using
Rietveld analysis in “Profex” software [177], the concentration of phases were 40.9% and
41.7% for a- and y- phases respectively with the remainder as amorphous alumina. Although
there is a close to 1:1 mixture of the hardest a- phase and a “softer” y- phase, the coating is still

expected to perform well in wear and hardness tests.
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Fig. 4.17 XRD measurement of doped coating with all major peaks marked with the

corresponding phase

The substrate for the coating (Al1050) is not pure, and during PEO process the coating is formed
at the interface of the substrate, previously formed coating and electrolyte. Therefore, some
presence of impurities from the aluminium alloy are expected in the coating too. The question
remains of the effect that citric acid inclusion in the electrolyte has on the concentration of
impurity metal ions in the resulting coating. To study that, XRF measurements were performed
and presented in fig. 4.18. 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. This correlates well with the PL and TSL measurements

presented later. The intensity of XRF presented in fig. 4.18 was normed to the sharp Al Ko line
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at 1.486keV (not presented in the graph for scaling purposes); however, it is important to note
that the detected concentrations of dopants are close to or less than 1wt%, therefore the
intensities are almost at the detection limit of this setup. Despite that, one can clearly see an

increased Cr content in doped sample.
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Fig. 4.18 Minor bands of XRF measurements of the undoped and doped PEO coatings.

Sample luminescence consists of three major parts — blue, green and red, representing visible
light spectrum parts, as seen on fig. 4.19.

Blue luminescence (maximum at 425-450nm) appears only under UV irradiation in both
samples and it relates to alumina F and F* (oxygen 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 band. [178]. Slight variation in
integrated intensity in this region between samples is due to the overlap of maxima (F and F*)
with different intensities as intensities of both bands are highly sensitive to the structure,
internal stresses and preparation conditions of the coating. [179]-[181]

Green luminescence band with maximum at 525nm is present under both UV and X-ray
irradiation and in both samples. Well-known band in amorphous and 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. [182]-[185]

Red luminescence is a complex band consisting of two sharp peaks (679nm and 693nm) and a
broad-band covering the whole red part of the spectrum. The sharp peak at 679nm is interpreted

as a result of the 2Eq—*Ayq transition in Mn** ions incorporated in alpha-alumina [186], [187].
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The presence of this peak confirms the inclusion of Mn ions in crystalline lattice of the coating.
The maximum is well observed under UV irradiation; however, virtually not present under X-
rays irradiation. The 693nm sharp line dominates the XRL spectrum completely quenching the
Mn** luminescence and is associated with widely studied and abbreviated in literature as R1
and R2 line doublet of Cr®" ions in Al sites of the a-Al,O3 matrix. The inability to distinct R1
and R2 (692.5nm and 694nm [188]) lines is explained by the irregularities in the crystalline
lattice of the coating the presence of other impurities. [188], [189] Cr®* luminescence is also
the only one present in TSL glow-curves (fig. 4.20).

PL measurements show additional, wide and complex red luminescence band. Based on
previous observations (from XRF), it is evident that broad red luminescence originates from
different metal ions (besides Mn and Cr) present in alumina structure which are obtained from

the alloy itself during the growth of the coating. [183]
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Fig. 4.19 Top half - PL spectra of undoped and Cr-doped samples, inset — intrinsic defect range
340-600nm; bottom half - XRL spectra of undoped and Cr-doped samples, inset - intrinsic
defect range 340-600nm.

TSL glow curves were measured with CCD, therefore quick analysis of the full spectral
distribution can be performed. The glow curve and 3d matrix is presented in fig. 4.20. 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 that the 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
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afterglow at room temperature and its intensity relates to the delay between the “impact”
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 Randall-Wilkins equation [190]-[192]); well within the broad
band-gap of the alumina. The intensity of this maximum might correlate with the acquired
radiation dose, so long as the center is stable enough at room temperature. Additionally, high
temperature complex maximum is observed (from 575K and up); however, the intensity is
relatively low and the limitations of the measurement setup deny complete study of this part of
the glow curve). It is important to note that no TSL signal above room temperature was observed
for the undoped sample; therefore, all glow curve maxima are due to the increased concentration

of defects (impurity ions) in the alumina matrix.

TSL Intensity, a.u.

0
325 350 375 400 425 450 475 500 525 550 575 600 625 650
Temperature, K

Fig. 4.20 TSL glow curve at 693nm (white line, right Y scale) overlayed on top of full
measurement matrix (left Y scale). X-scale is joint between overlay and matrix. Color
represents the intensity of the 2d graph (temperature to wavelength). Right — 3D surface graph

of the TSL measurement.

A new approach to produce Cr** doped hard ceramic alumina coating on aluminium alloy
(Al1050) surface is proposed. The coating is prepared during the PEO process with the use of
a modified KOH-based electrolyte by the addition of citric acid. Obtained material exhibits
outstanding luminescence properties promising for use in detection and quantification of
ionizing radiation. Strong Cr* emission is observed in PL, XRL and TSL, providing basis for

a range of sensor applications.
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Since the proposed technique 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 Cr-based
electrolytes.

To evaluate the coating for use as a dosimeter, additional measurements should be performed.
Moreover, although the alpha phase is well present in the coating, mechanical properties should
be studied if the approach is considered to be used for coating preparation with both mechanical
stability and functional properties.

Both of the studies (Al203:C and Al>Os:Cr) present a feasible approach for production of
dosimetric coatings on various parts. As an example, a mobile phone case can be covered in
such coating providing excellent protection of the device from the environment while
simultaneously providing the ability to read the acquired ionizing radiation dose if necessary,

thus removing the burden of carrying personal dosimeters.

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 detection of

ionizing radiation.

4.3 Phosphorescent coatings

The persistent luminescence mechanism is close to dosimetry — the acquisition of energy with
subsequent release of it in a form of light by gradual recombination of excited electrons.
However, while materials used in dosimetry should not release any of the stored energy while
at operating temperature (room temperature), the persistent luminophores should. TSL
maximum of such materials, therefore, should be close to room temperature. As described
previously, one of the materials often used for “glow in the dark” devices is rare-earth doped
SrAl —a SrAl,04:Eu?*, Dy** structure that, when prepared correctly, can exhibit long afterglow
(> 10 h [193]-[196]) and high quantum efficiency [197]-[199], good thermal and chemical
stability [200], [201], environmental friendliness and no signs of toxicity [201]-[203].
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 [199], [204] [201], [205], the material then
should be prepared in powder form and mixed with lacquers or paints. This action creates a row

of complications both in material performance (powder will not perform as well in any medium
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for coating) and manufacturing (additional production step is required). PEO might be the
answer for that — it is used for production of alumina on flat metal surfaces and the oxide can
be doped using various methods. The idea therefore is to develop a process for the creation of
rare-earth doped SrAl using single step PEO process.

The method of doping from suspension electrolyte was chosen, and the appropriate electrolyte
should be prepared: strontium carbonate (SrCOs, 6 gL™), europium oxide (Eu20s, 0.5 gL™),
dysprosium oxide (Dy20s, 1 gL™) were used as the starting materials, all obtained from the
large supplier Alfa Aesar. The ratio of powders was chosen based on the assumption of the
same incorporation probabilities of all components and with intended end composition in SrAl
matrix as in SrAl,O4:Eu®*, Dy**. No purification was performed on the powders. All three
components have low solubility in deionized water, therefore an addition of 1 gL of KOH was
used to create needed ions in the electrolyte. As a substrate, Al6082 was used : 25x25x3 mm
samples were cut with the “leg” for holding and electrical contact.

A voltage-limited (with voltage 700 V and a current density around 0.18 A cm) unipolar
regime was applied. For the first 150 seconds of the process no plasma discharges were
observed — the anodization process took place. Anodization stage was observed with no plasma
discharges for the first 150 s of the process, and for the rest of the 60 min process the uniform
plasma discharge distribution occurred on the surface of the sample, with minimal current drop
of 0.02 A cm due to the growth of the oxide. The resulting coating was rinsed in HCI solution
to remove traces of SrCOs from the surface. The image of the uncoated, coated and emitting
sample is shown in fig. 4.21.
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Fig. 4.21 — The photo of uncoated sample (a), PEO-processed sample in normal lighting (b)

and PEO-processed sample after irradiation with UV light in low-light environment (c).
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Right away one can observe that indeed, after 60 min long PEO processing time the coating
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 of persistent luminophore. By analyzing SEM images (Fig. 4.22) one
can see that with low magnification the coating looks like a classical PEO coating with slight
amount of pores and irregular surface; however, closer inspection reveals microcrystal
formations on the surface of the coating. The microcrystals have the length of 1-5um with the
thickness of 100-150nm. It might be that microcrystals contain the crystalline structure needed
for persistent luminescence. Additionally, cross-section of the sample was prepared to analyze
the thickness of the coating (fig. 4.23 left) as well as perform EDX analysis to see the
distribution of the elements. The thickness is approximately 40 um — the expected value for the
electrolyte and processing time. Cross-section also reveals absence of direct channels to the
substrate and large number of closed pores that might affect mechanical properties of the

coating.

Fig. 4.22 — SEM images of the obtained coating. a — low magnification, b and ¢ — high

magnification
EDX map (fig. 4.23 right) of the cross section confirms the presence of Eu, Sr and Dy atoms in

the coating; however, the concentration of Eu and Dy is close to the detection limit of the setup

thus large amount of noise is present seemingly in the substrate.
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Fig. 4.23. Left - Cross section SEM image of the coating with two extreme values of thickness

marked; Right - EDX map of the elements present in the coating.

Finally, XRD pattern as well as EDX pattern from the top of the coating was measured —
presented in fig 4.24. The XRD pattern reveals several peaks corresponding to y-alumina
crystalline structure as well as monoclinic SrAl,O4 phase. Another strontium aluminate phase
was also detected — SrAl12019. No crystalline phases of rare-earth (“dopant”) oxides were
detected, therefore one 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 composition of SrAl,O4:Eu?*, Dy?".
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Fig. 4.24 a - XRD spectrum of obtained coating and b — EDX spectrum of the coating.
To further analyze the luminescence properties of the coating, the excitation-emission spectrum

was recorded and is shown on fig. 4.25. For a comparison, a commercially available SrAl was

used as a reference (obtained from Sigma Aldrich). Firstly, the afterglow of the obtained coating
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and commercial SrAl do match indicating the same recombination centers responsible for
afterglow in both samples. This luminescence is a 5d-4f emission of Eu?* [206] — therefore, a
correct incorporation of Eu in the structure of PEO coating occurred due to the reduction of
Eus* from the powder. The similar process did occur in the PEO pore-filling study described in
section 4.1.2. The second maximum in the photoluminescence emission spectrum of the coating
under UV irradiation at 455nm is associated with the Eu?* incorporation in another Sr position
in SrAl matrix [207] with some contribution from the intrinsic amorphous alumina
luminescence [208], [209]. Although some reports are suggesting that this maximum is
quenched above 150K [198], [210], the peak can also be explained with other SrAl phases
present in the coating [211] (as observed in XRD spectra in fig. 4.24). Other aluminate matrices
can also exhibit Eu?* luminescence in blue region of spectrum (e.g. barium-magnesium

aluminates BaMgAl or barium-europium aluminates BaEuAl) [145], [212].
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Fig. 4.25. Excitation and emission spectrum obtained from the coating and reference sample.
a — excitation spectrum measured at 540nm emission and b — emission spectrum for PEO

sample (green line) and afterglow spectrum of PEO coating and commercially available SrAl.

Long afterglow of the luminescence is caused by thermally assisted charge release from
electron traps causing electron recombination at luminescence center with difference of energy
released in a form of light. To study the electron traps and recombination process the TSL
method is used, similar to the analysis performed for dosimetry. The TSL glowcurve obtained

from the sample is presented in fig. 4.26 with the data on the spectral distribution of the emission
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presented in the background. A single, broad (FWHM=144K), possibly multi-component glow
peak is observed with a maximum at 425K. The overlapping of the glow peak with the room

temperature enables gradual release of charged electrons.
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Fig. 4.26 TSL glowcurve of the coating (measured at 520nm) with 3D matrix on the
background: temperature/wavelength measurement with colors indicating intensity of the

signal. Right — 3D surface graph of the TSL measurement.

To evaluate long afterglow performance of the material, the decay kinetics were measured at
room temperature (fig. 4.27). The sample was irradiated for 10s and luminescence intensity of
520nm band was measured as a function of time for 3 hours. The stretched exponent function
was used for approximation of the curve (red dashed line in fig. 4.27). The physical
interpretation of approximation function can be found in [213]. The inability to approximate
the decay kinetics with a single or double exponent indicates the presence of a wide distribution
of energy levels (also confirmed by the relatively large FWHM of TSL maximum). It is
assumed that multiple trapping and detrapping events occur simultaneously during the

afterglow process causing a superposition of a number of exponential decay [214], [215].
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Fig. 4.27. The luminescence decay kinetic measurement from obtained coating with a stretched

exponent decay approximation (red dashed).

The method and reactions occurring during PEO process is described in detail in [84]. Thus, a
novel approach for production of SrAl 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. When compared to most popular SrAl production method — solid-state reaction —
PEO process offers much smaller processing time, no need for pre- and post-processing to
obtain material in a coating form, the ecological friendliness of the process, less energy
requirements and efficient use of materials. The approach is also easily scalable 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 strontium aluminate coating in a single-step PEO leads to the
third thesis of this work:
Thesis 3: PEO process is a viable alternative to the solid state reaction in production of

complex oxide phosphorescent coatings.
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5 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 of the
material, electrical parameters and electrolyte. However, the large number of variable
parameters can also be used as an advantage — for a controlled implementation of atoms in small
concentration (dopants) in the structure of the oxide coatings. The role of dopants 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. The aim of this dissertation was to explore the
possibilities for PEO coating technology to be used for production of coatings with enhanced
luminescent properties. As the work covers three distinctive topics, the conclusions are divided
into three sections.

Firstly, different possibilities to dope the crystalline structure of PEO coating to alter its
luminescence properties were explored. 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 transition from Eu®" charge state to Eu?*. 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 methods
is the use of suspension electrolyte — the insoluble powder is mixed in a PEO electrolyte. With
the nature of the process, inevitably the particles will come in contact with plasma discharges
thus participating in the formation of the coating structure. This approach, although effective,
has one crucial drawback often preventing the commercial application possibilities — the use of
large amount of powder is necessary, and with large electrolyte volume the financial cost
becomes high very quickly, especially so in production of luminescence coatings where
expensive rare earth elements are used. One of the solutions to this problem is the developed
pore-filling approach — this work demonstrated that by filling the pores on the PEO coating
with a Eu-containing powder one can achieve the same effect as in the use of suspension
electrolytes — the powder particles participate in the formation of the coating with the same
effect of Eu charge state change that was observed in a study with Eu-containing alloy. The
pore-filling approach can significantly reduce the amount of powder needed to achieve some
sort of doped PEO coating, although a minor drawback can be defined — with prolonged PEO

processes that are required to obtain hardest alpha-phases of alumina the amount of Eu in the
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coating will reduce minimizing the effect of the doping. To mitigate that a repeated pore-filling
should be performed adding additional steps in the process — an undesired factor for commercial
applications.

Secondly, to further explore the possibilities of PEO to create coatings with luminescence-
based applications, the enhanced thermostimulated luminescence signal was obtained from two
different coatings — Al.O3:C and Al>O3:Cr coatings on aluminum surface. The carbon-doped
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
Eu-containing alloy previously. Both coatings exhibit enhanced thermostimulated
luminescence intensity, however, with different spectral and thermal distribution. The broad
distribution of traps in a carbon-containing alumina produced a wide thermostimulated
luminescence maximum peaking at 520nm, while chromium doping enhanced Cr®* R-line
doublet luminescence at 613nm. Both studies describe a viable approach to produce dosimetric
coatings, and with combination of other PEO advantages (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 re-evaluated. Additional TSL, dose response curve
and OSL measurements should be performed to fully understand the mechanisms, drawbacks,
and applicability of the technology.

Thirdly, the attempt at replicating of another type of luminescence-based material using PEO
was made in the field of persistent luminescence. Previous knowledge was used 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 persistent luminescence.
This is a unique approach to create a complex crystalline 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 single-step
nature of the process, energy efficiency 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 synthesis 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 metal-oxide coatings, but also complex, multi-component doped oxide

structures enabling further search of other PEO applications.
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6 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 pore filling 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.

Thesis 3: PEO process is a viable alternative to the solid state reaction in production of complex

oxide phosphorescent coatings.

Please refer to the chapter 7.1 on the next page for the list of publications of experimental proofs

for the thesis.
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