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Abstract

Plasma electrolytic oxidation (PEO) is an environmentally friendly technology
capable of forming coatings with excellent adhesion strength at high deposition
rates. The PEO process is particularly attractive for forming desirable oxide-based
coatings in transition metals (Al, Ti, Mg) to improve their surface sensitive
properties. At present, the PEO mechanism is not fully understood since the process
includes complex processes that are difficult to study. However, understanding the
PEO mechanism is essential to produce coatings with desirable characteristics for
a variety of new applications. One critical PEO process parameter is the applied
total current to the workpiece. The total applied current in this process is composed
of electronic current caused by sparking and ionic current caused by diffusion of
electrolyte ions into the oxide. In the present work, a wide spectrum of current
densities was applied on commercially pure titanium in alkaline electrolytes to
investigate its effect on the voltage response and produced coating characteristics.
The growth mechanism and oxide characteristics were investigated by studying the
correlation between the ionic/electronic current contribution rate at different
current densities during the PEO stages. The voltage-time response was found to
be essential because it enables the quantification of the information about different
PEO phases and correlate that information with the growth mechanism. It was

found that at low current densities (30 and 40 mA/cm?, the contribution of



electronic current is dominating and a large number of discharge channels develop
in the oxide. However, in this case there would not be enough ions (low ionic
current) to diffuse through the discharge channels for reaction. High density of
plasma discharges at this condition, forms large number of discharge channels and
increases the porosity and surface roughness of the coating. Also, these discharges
provide enough energy to raise the temperature facilitating formation of both stable
rutile and metastable anatase phases. By increasing the current density, the
incorporation rate of ionic current increases which results in the formation of dense
anatase coatings. It was found that in order to achieve high growth rates, an equal
or balanced contribution from ionic (diffusion of ions for reaction) and electronic
(generation of channels) charges is required. Transmission Electron Microscopy
studies showed that all coatings are composed of two layers: an amorphous layer
on the top produced by quenching from the electrolyte and a composite layer close
to the substrate. The bottom composite layer has a complex microstructure
consisting of nanocrystalline phases due to fast nucleation rate, amorphous
structure and nano pores. The thickness ratio between the bottom complex layer
and the top amorphous layer increases by increasing the applied current density.
Thus, the present research revealed clearly that both the electronic and ionic current
play a critical role in the PEO process and a balanced contribution is needed to
realize the benefits in the oxide growth process. Furthermore, it is shown that

electrolyte properties including composition and conductivity have significant



effects on breakdown voltage and contribution of the ionic charge and as a result

coating characteristics.
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Chapter 1

Introduction

1.1 Introduction and Motivation

Due to the unique combination of high strength to weight ratio, excellent
biocompatibility and high corrosion resistance, titanium and its alloys are widely
used in many industries such as aerospace, marine and biomedical [1, 2]. Poor wear
resistance has traditionally restrained industrial applications of titanium; however,
due to increasing technical demands, overcoming this limitation is an important

field of research [3, 4].

Different surface treatment methods have been used to improve tribological
properties of titanium and other light weight metals, include ion sputtering,
electrodeposition, physical vapor deposition (PVD), etc. [5-9]. Even though each
treatment has its own unique advantage, plasma electrolytic oxidation (PEO)
treatments have become increasingly popular for developing hard ceramic coatings
with high wear and corrosion resistance and excellent adhesion strength [10, 11].
This method relies upon creation of plasma microdischarges at the surface of a work
piece electrode immersed in an appropriate electrolyte by applying a high voltage

[12, 13].



To date, several investigations have been carried out on the effect of electrolyte
composition [14-16] electrical modes [17-19], additives [20, 21] and temperature
[22] on the surface morphology, corrosion resistance and wear properties of PEO
coatings. For example, Shokouhfar et al. [23] have studied the effect of the
electrolyte composition on the growth characteristics and corrosion behavior of
ceramic coatings on titanium. Also, Terleeva et al. [24] investigated the effect of
microplasma modes on the characteristics of PEO coatings on titanium for medical
applications. Several other studies reported the effect of processing parameters on
the produced coating characteristics and properties [25-28]. Despite these
investigations that have been carried out so far, the mechanism of PEQO is not fully
understood due to the difficulty in probing the short lived plasma discharges
specially at high current densities during the treatment [29, 30]. Therefore, in order
to study the PEO mechanism and microdischarge characteristics in the present
work, a spectrum of current densities was applied and the variation of voltage
during the process for each current density was recorded. This method is helpful
because it is easy to record and quantify the information about different PEO
phases. This information can also be utilized to elucidate the growth mechanism

and coating characteristics.



1.2 Research Objectives

The specific objectives of the present research are:

Develop a fundamental understanding of the PEO mechanism by
establishing a correlation between the relative contribution of the
ionic/electronic currents and the produced coating characteristics. This is
conducted by analyzing the voltage-time (V-t) behavior at different current

densities.

Understand the effect of electrolytes on ionic and electronic currents

through the oxide via modification of the electrolyte conductivity.

Use the knowledge gained of PEO mechanism to improve process controls

and enhance surface sensitive properties of the produced coatings.



Chapter 2

Literature Review

2.1 Titanium Characteristics

As the ninth most abundant element in the earth’s crust, titanium gained
industrial attention and application relatively recently. Its commercial production
began in 1948 fueled by the aerospace industry’s demand for the unique high
strength to weight ratio of titanium. Nevertheless, titanium offers other properties

as well including high corrosion resistance and biocompatibility [31, 32].

As mentioned above, titanium alloys are particularly attractive for the
biomedical industry because of their biocompatibility, followed by corrosion
resistance. For instance, titanium alloys are widely used as hard tissue replacement
such as artificial knee joint, artificial hip joints, bone plates, cardiac valve
prostheses and screws for fracture fixation. The underlying reason for good
biocompatibility of titanium is associated with its oxides. Titanium is naturally
covered by a thin passive oxide layer which promotes biocompatibility through its
physical properties: low electronic conductivity, low ion formation in aqueous

environments and high resistance to corrosion [33].



Titanium has two allotropes, namely o and B forms. The o phase has hexagonal
closed pack (HCP) and B has body centered cubic (BCC) structure. The a phase
starts to change to B phase at 882 °C. Titanium can also be alloyed with different
elements to form strong and tough alloys. Some of these elements like
aluminum, carbon, nitrogen, and oxygen are o stabilizers and form strong alloys.
Moreover, adding elements like molybdenum, vanadium, and zirconium promote
formation of B alloys. Due to the BCC structure of 3 alloys, they are more ductile
than the HCP a phase. Alpha- beta alloys have both types of stabilizers.Ti-6Al-4V,
which is widely used in biomedical implants is in this group [34]. Table 2.1 and
Table 2.2 summarize designations and physical properties of CP Ti and titanium

alloys.


https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Ti-6Al-4V

Table 2.1 Designation and nominal composition of some commercial titanium alloys [35].

Common allov designation | ASTM grade | UNS designation | Nominal composition, wi% Alloy type
CP 1(a) 1 R50250 Unalloyed fitanium u

CP 2(a) 2 R50400 Unalloyed fitanium a

CP 3(a) 3 R50550 Unalloyed fitanium u

CP4 4 R50700 Unalloyed fitanium o
Ti-Pd(a) 711 R52400, R52250 | Ti1-0.15Pd o
Ti-lean Pd(a) 16/17 R52402 R52252 | Ti1-0.06Pd o

TIRU or TiRu(a) 26/17 R52404/R52254 | Ti-0.1Ru i
SMI-ACE(a) 30/31 T1-0.3Co-0.05Pd o
AKOT(a) 33/34 Ti-0.4N1-0 015Pd-0.025Ru-0 15Cr | a
Grade 12(a) 12 R53400 T1-0.3Mo-0.8N1 o
Ti-3-2-5 9 R56320 Ti-3Al-2 .5V Near- o
Ti-3-2-5-Rufa) 28 R56323 Ti-3A1-2.5V-0.1Ru Near- o
Ti-3-2-5-Pd(a) 18 R56322 Ti-3A1-2.5V-0.06Pd Near- o
Ti-6-2-1-1 Ti-6A1-2Nb-1Ta-0 8Mo Near- o
Ti-5-2-5 6 R54250 Ti-5A1-2 55n i
Ti-5-1-1-1 32 R55111 Ti-5Al1-15n-1Zr-0.8Mo Near- o
Ti-8-1-1 R54810 Ti-8A1-1V-1Mo Near- o
Ti-6-2-4-2-8 R54620 Ti-6A1-25n-4Zr-2Mo-0.151 Near- o
Ti-6-4 5 R56400 Ti-6ALl-4V a -p
Ti-6-4-ELI 23 R56407 Ti-6A1-4V (0.13 max O) a—p
Ti-6-4-Ru(a) 29 R56404 Ti1-6A1-4V-0.1Ru (1.13 max O) a—P
Ti-550 Ti-4Al-25n-4Mo-0.551 a—p
Ti-6-6-2 RS56620 Ti-6A1-6V-25n-0 6Fe-0.6Cu a—p
Ti-6-2-4-6 R56260 Ti-6Al-25n-47Zr-6Mo a—P
Ti-6-22-22 . Ti1-6Al-28n-27Zr-2Mo-2Cr-0.1581 | a
Ti-17 RS58650 Ti-5A1-2Zr-28n-4Mo-4Cr a—p
Ti-10-2-3 Ti-10V-2Fe-3Al Near- p
Ti-5-5-5-3 Ti-5A1-5Mo-5V-3Cr Near- p
Ti-15-3-3-3 Ti-15V-35n-3Cr-3Al B
Beta-C(a) 19 R58640 Ti-3A1-8V-6Cr-4Zr-4Mo B
Beta-C/Pd(a) 20 R58645 Ti-3Al-8V-6Cr-4Zr-4Mo-0 06Pd B
Ti-13-11-3 Ti-3A1-13V-11Cr ]
Beta-215(a) 21 RS58210 Ti-15Mo-2 TNb-3A1-0 2551 B
Til5-5-3(a) Ti-15Mo-5Z7r-3Al B
Ti45Nb Ti-45Nb B




Table 2.2 Physical properties of titanium [36].

Property Value
Atomic number 22
Atomic weight (g/mol) 47.9
Crystal structure
Alpha, hexagonal close packed
c(A) 4.6832+0.0004
a(A) 2.9504+0.0004
Beta, cubic, body centered
a (A) 3.28+0.003
Density (gcm=), 0°C c.p. titanium, Grade 2 45175
B-titanium at 1000°C 4.302
Amorphous titanium 3.54
Coefficient of thermal
expansion, a, at 0-100°C c.p. titanium, Grade 2 16.3
(10° K
Melting temperature (°C£15) c.p. titanium, Grade 2 1668
Boiling temperature (°C) High purity 3210
Phase transformation o
temperature (°C) c.p. titanium, Grade 2 882.5
Electrical resistivity (uQ cm) High purity 42
c.p. titanium, Grade 2 55
Modulus of elasticity (GPa) c.p. titanium, Grade 2 103
Yield strength/Density o
(10°N m kg) c.p. titanium, Grade 2 78
Ultimate strength/Density o
(10° N m kg™) c.p. titanium, Grade 2 107
107 Cycle fatigue o
strength/Density (x106 N m kg) C.p. titanium, Grade 2 >
Hardness, Bhn c.p. titanium, Grade 2 160




The phase diagram of Ti-O is shown in Figure 2.1. As it is shown, oxygen has
a large solubility in low-temperature o phase compare to the high-temperature bcc
form, p Ti. At low temperature, Ti20, Ti3O, and, possibly, TisO are formed with
some homogeneity range [37-39]. The stable condensed phase richest in O is rutile
(TiO2). Also, TiO2 has two nonequilibrium phases namely, anatase and brookite,

which will be discussed in the next section.
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Figure 2.1 Phase diagram of Ti-O [39].



2.2 Titanium Oxide Characteristics

At ambient room pressure, titanium dioxide, aka titania, is the only naturally
occurring form of oxide on titanium. This important wide-bandgap oxide has three
polymorphs; rutile (tetragonal, a = 0.4593 nm, ¢ = 0.2959 nm) which is the most
stable form, anatase (tetragonal, a = 0.3758 nm, ¢ = 0.9514 nm) and brookite
(orthorhombic, a = 0.5436 nm, b =0.9166 nm, ¢ = 0.5135 nm) which are metastable
[40-43]. As mentioned, these forms exist naturally at ambient pressure, however,

at high pressures; five phases of TiO. have been reported [44, 45]:

- Cubic fluorite — type polymorph

- TiOz Il or srilankite

- Pyrite type polymorph

- Monoclinic baddeleyite-type polymorph
- Continue type polymorph

Anatase has tetragonal structure.

Anatase and rutile have tetragonal crystal structure, but the interfacial angles of the
two minerals are completely different. Figure 2.2 presents the crystal structure of
anatase and rutile phases of TiO». As it is shown six oxygen anions surround one

titanium cation in rutile [46].



Figure 2.2. Crystal structure of (a) anatase and (b) rutile.

Thermodynamically, rutile is more stable than anatase, however, due to its
kinetically favorable open structure, anatase is usually the product of titanium
oxidation [47]. Therefore, at elevated temperatures denser and thermodynamically
stable rutile forms whereas at low temperatures often less compact anatase is the
product of oxidation [48]. This is because short-range ordered TiOg octahedra could

arrange easier to long-range ordered anatase compared to the dense structure of

10



rutile. Additionally, although the Gibbs free energy of rutile is lower than anatase,
its surface free energy is higher than anatase which results in slower
recrystallization of rutile compared to anatase [49, 50]. However, it should be noted
that through implementation of hydrothermal methods, it is possible to synthesize
rutile at room temperature by direct precipitation of TiO2 from liquid phase [51].
Depending on the method used, the resulting titania might be a mixture of either
anatase, rutile and amorphous phases. For instance, room temperature sol-gel
synthesis, could result in a titania product solely composed of amorphous phases in
which hydrolysis of TiCly is the underlying mechanism [52]. However, if PVD is
used all phases — anatase, rutile and amorphous — could be obtained through

deposition of evaporated Ti and its subsequent oxidation [53].

Compared to rutile TiO., anatase presents higher bandgap energy, higher degree
of hydroxylation and lower capacity to adsorb oxygen [54, 55]. Anatase is a key
component of injection process of photochemical solar cells with great conversion
efficiency [56]. Thin films of anatase has been shown to have different electrical
and optical properties than rutile; these films possess a wider optical absorption gap
with smaller electron effective mass which enables charge carriers to have higher
mobility [57]. Therefore, for solar cell applications, anatase is preferred over other
polymorphs because of its higher electron mobility, light weight and low dielectric
constant [58]. Tang et al. [59] have shown that at high doping concentrations,

donor-band conduction of anatase thin films demonstrate a Mott transition to

11



metallic behavior which is indicative of a comparatively large radius of donor
electron wave function in anatase. Additionally, by comparing optical absorption
and photoconductivity spectra, they realized a higher optical absorption edge for

anatase compared to rutile.

Metastable anatase can irreversibly transform to the stable rutile phase (ART).
Temperature and time are two important factors in anatase to rutile transformation.
Typically, the transition occurs between 600 to 1000 °C, this temperature can vary
based on the concentration and nature of impurities and dopants, atmosphere,
heating rate, etc. Also, since ART is a reconstructive process and bonds break and
reform again it needs time and it is not instantaneous. In ART nucleation and

growth occurs [47].

2.3 Fundamentals of Electrolytic Plasma Processing

Electrolytic Plasma Processing (EPP) is an electrochemical process involving
electrolysis of an aqueous electrolyte accompanied by several electrode processes
(Figure 2.3). The aqueous solution serves as a conductive bridge between two
electrodes. Depending on the desired process, the workpiece can either be treated
as the anode or cathode. In the anodic process, the sample is treated as an anode

and non-metal deposition occurs and oxide forms on the sample surface. In the

12



cathodic process, the sample is the cathode with negative charge and either cleaning
or deposition of metal species can take place. On the anodic surface, the liberation
of gaseous oxygen and metal oxidation occur. Depending on the electrolyte
chemical activity, the oxidation process can dissolve or form an oxide coating on
the surface. On the cathodic surface, the liberation of gaseous hydrogen and cation
reduction occur [13, 60]. A key aspect of the process is the creation of
microdischarges which form fine channels at the surface of the working electrode

through the application of a high voltage [61].

Electrolyte

Figure 2.3 Electrode reactions in electrolysis of aqueous solutions [13].
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Several process parameters can have an influence on the electrode reaction rate,

including the electrode itself, electrolyte, mass transfer, electrical, and external ones

. A schematic of the cell with these parameters are presented in Figure 2.4 [62, 63].

Electrode
variables

External variables

Material
Surface area (A)

Geometry
Surface condition

Mass transfer
variables

Temperature (T)
Pressure (P)
Time (1)

Electrical variables

Mode (diffusion,
convection, .. .)

Surface concentrations

Adsorption

Solution variables

Potential (E)
Current (i)
Quantity of electricity (Q)

Bulk concentration of electroactive

species (Cq, Cg)

Concentrations of other species
(electrolyte, pH, .

Solvent

ee)

Figure 2.4 Variables influencing the electrode reaction rate [62].
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The rate of an electrode reaction is proportional to the electrical charge passed
through the interface in unit of time (current). In electrochemical literature, current
is always used to express rate of an electrode reaction. Extent of this current

depends on many factors including [62]:

[
1

Mass transfer of species towards the electrode
2- Chemical reactions happening before or after electron transfer reaction.

Kinetics of electron transfer at the electrode.

w
1

4- Other physical-chemical reactions on the surface such as adsorption,

desorption and crystalization (electrodeposition).

Applied potential is a determinant variable for some of the processes mentioned

above, e. g. electron transfer and adsorption depend on applied potential.
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Figure 2.5 Pathway of a general electrode reaction.

Transfer of mass in the electrolyte arises either from concentration gradients or
movement of a volume element of solution under electrical or chemical gradients.

Therefore, three major modes of mass transfer are as follows:

1- Migration, movement of charged species under the influence of an electric field.

2- Convection: transfer of mass due to the bulk motion of units of volume within the
electrolyte with an average velocity.

3- Diffusion: movement of species within the electrolyte caused by concentration

gradients.
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2.3.1 Cathodic Plasma Processing

Cathodic EPP which is also referred to plasma electrolytic saturation (PES) has
been effectively used in cleaning and deposition of metal species. Cleaning of a
metal surface is an important process prior to many applications such as coating
and painting. Cleaning with PES yields the opportunity to remove the contaminants
such as oxides, dirt, lubricants, etc. from the metal surface in an eco-friendly, one-
step process. A NaHCOzs electrolyte is typically used in the PES cleaning to form
H* plasma and clean the surface. As it is shown in Figure 2.6(a) traditional acid
pickling method needs multiples steps including cleaning, rinsing, pickling, etc.
which is time consuming. However, cleaning the surface with PES can be done in
just one step and it is much easier. Figure 2.6 shows a schematic of the required

steps for acid pickling and PES cleaning [12].

(a)
Clean Rinse Pickle / Strip Rinse Pre-flux
15% Caustic Water + small 10-16 % HCI Water + small 10% Zn
Bath with amount of HC1 amount of HCI Ammonium
detergent and Room Chloride
wetling agents Room Temperature Room
76-87°C Temperature 15 min - 12 Hrs Temperature 60-82 °C
(h)
Clean Rinse
Sodium Bi
rhon: Hot Water
Carbonate -5 .
60-75 °C B

Figure 2.6 Required steps for (a) traditional acid pickling (b) PES cleaning [12].
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PES can also be utilized to deposit coatings like Mo, Ni, Zn, Cu, and Al to
improve surface characteristics such as corrosion, wear, etc. [64]. Previous work in
the Surface and Nano Engineering Laboratory has shown that the difference in
melting temperature between substrate and coating plays an important role in
substrate/coating interface evolution [65]. Three coatings namely Mo, Zn, and Ni,
were deposited on steel substrate by PES. It is shown that Zn with low melting
point, developed intermetallics at the interface as expected by the phase diagram.
In Ni coating which has similar Tm with steel substrate, a liquid phase with both
soluble elements formed at the interface and based on the phase diagram substantial
mixing occurred. The melting point of Mo is much higher than steel. These
coatings revealed different morphology. Substrate extended far into the coating.
Also, due to the difference in thermal expansion some cracks were present in Mo

coating.

In another study, Smith et al. used PES to deposit Ni on low carbon steel
substrate [64]. Dense nanocrystalline Ni with average grain size of 20 nm at a high
deposition rate of 166 nm/s was formed on the substrate. It was shown that PES
coated Ni increased corrosion resistance of the substrate significantly by decreasing
the corrosion rate and increasing the corrosion potential. Also, electrochemical
impedance spectroscopy results indicated that the corrosion mechanism of PES

coated Ni is similar to the pure Ni. PES can be further utilized in carborizing,
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carbonitriding, boronitriding, etc. A summary of selected studies that have been

conducted on PES is presented in Table 2.3.

Table 2.3 Summarizing the recent investigations on PES.

; Current
Substrate Coating/ electrolyte Current Voltage Duty |Frequency density | Time Tem[lerature Ref
Process mode V) cycle (kHz) (Alem?) (°C)
2000 20%
. Pulsed bipolar| cathodic | cathodic
Al(SO,), .16H,0, AICI - - -
Pure Ti Al ,(80,), ) 3 DC 300 60% 1 [66]
anodic [ anodic
500-700 Cathodic
Annealed - Glycerol, borax, Boric |Pulsed bipolar| cathodic |[——=
CP-Ti Carboboriding acid DC 200-400 %rfcé%nc 10 0.5 - 40 [67]
anodic
6082 Al | Aluminum Glycerol based Pulsed DC | 400 5% 20 A : [66]
carbide min
Low carbon
(ielg'l Zn and Zn-Al ZnS0s DC 180-220 | - - |o11-078| 325 73 [60]
1010)
Stainless 30-60
steel (AISI |Nitrocarburizing (NH,),CO DC 220-260 - - - ) [69]
316)
Nitrocarburizing
Low carbon| Boronitriding Carbamide
chromium [Borocarburizing| Borax+Sodium nitride Initial V< .
steel Borocarbonitridi| Borax + Calciu carbonate De 150 ) i i 15 min i [70]
(AISI H13) ng Carbamide + Borax
LO\Aétzzbon Zn 16% ZnSO,*7 H,0 DC 170 - - 3 30s - [65]
Loviéiﬁbo” Ni 20% NiSO,*6H,0 DC 200 - - 3 |30s - [65]
LO\Aétzizbon Mo 10% Na,MoO, DC 170 - 3 30s - [65]
Low carbon 10-30
steel Ni 20% NiSO4 DC 200 - - 2.6 s 75 [64]
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2.3.2 Anodic Plasma Processing

Anodic plasma processing or PEO has tremendous advantages to form oxides
on light metals such as Ti, Al, and Mg. This process can form hard, wear and
corrosion resistant oxides on the metal surface at high deposition rates. PEO is
similar to anodizing but higher potentials (400-700 V) are applied which results in
generation of plasma discharges. Formation of these microdischarges produce high
temperatures resulting in conversion of the substrate into the coating and production

of high adhesion strength coatings [63, 71, 72].

2.4 Mechanism of Plasma Electrolytic Oxidation

During PEO, the work piece is surrounded by a continuous gas envelope of
oxygen. High voltage between the electrodes in the electrolyte leads to the highly
localized electric field. Due to this strong electric field, bubbles implode and gas
space inside the bubbles is ionized, and a plasma discharge is initiated. It has been
reported that, the plasma electric field strength can reach up to 10° V/m or higher.
The temperature of the microdischarges is estimated between 8,000 to 10,000 K in
the core and as high as 2000 °C at their surroundings [60, 61]. It is suggested that,

high temperature of the plasma discharges lead to the localized melting of the
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substrate close to the discharges and forming discharge channels. Also, anionic
species present in the electrolyte enter these channels under the strong electric field
and react with cations of substrate and forming oxides. During PEO processing,
cations move outwards and oxygen ions and other anions move toward the
substrate. Depending on the nature of the substrate, electrolyte, and mobility of

ions, the inward and outward growth rate can change [73-75].

2.4.1 Plasma Discharge Generation Models

The plasma discharge duration is expected to be about 30 ms for each individual
event. These microdischarges play a crucial role in the coating growth mechanism.
Since plasma discharge have short lived, it is very hard to catch them instantly to
examine the plasma processes in the channels. Therefore, there are some

disagreements over the PEO mechanism.

Hussein et al. [61] used optical emission spectroscopy to study the discharge
behavior of Al during PEO. They proposed three discharge models (Figure 2.7)
Type B discharges is attributed to the dielectric breakdown by the strong electric
field throughout the oxide. Type A and C discharges form at the micropores in the
oxide. Type A discharge forms at the micropores located at the surface of the oxide,

but Type C discharge occurs in relatively deep micropores. It is shown that the
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strongest signal peaks correspond to the B type discharges which likely have

penetrated the PEO oxide layer down to the coating/substrate interface

Electrolyte (Na;SiO3 + KOH)

Oxide laypr

Figure 2.7 Schematic diagram of the discharge models for the PEO process for
an Al sample [61].

Real time imaging has also been employed to study the micro discharge
characteristics during PEO of titanium [76]. It is shown that at 20 mA/cm? relatively
100 cm? st plasma discharges form on the sample surface in orthophosphate

electrolyte. The size and lifetime of microdischarges range between ~70 - 380 um
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and ~35 - 800 ms, respectively. In their study, the lifetime of microdischarges has
increased with treatment time. Pores may be formed due to the evolution of plasma

discharges during growth.

2.5 Processing Parameters in PEO

Most of the studies have been conducted so far on PEO cover the effect of
processing parameters on coating characteristics in different electrolytes under
different regimes. A summary of many works on PEO of CP Ti and one of its
popular alloys Ti- 6Al-4V, is summarized in Table 2.4. As it is shown, in terms of
current mode, alternative current (AC), direct current (DC), and pulsed DC have
been employed to form oxides. In terms of electrolyte, alkaline solutions are
typically used in PEO and phosphate, borate, citrate, and carbonate electrolytes are
among electrolytes are usually used in this process. Also, as it is presented, other
processing parameters such as substrate, current density, treatment time, and
temperature affect produced coating characteristics (thickness, mean roughness

(Ra), phases, etc.).
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Table 2.4 Summarizing the recent investigations on titanium and its alloys by PEO.

Current

Current - Time | Thickness | Ra .
Ref | Substrate Electrolyte density : Oxide
mode | (SIS | (min) [ (um) | Gum)
[15] CPTi Phosphate+ KOH AC 300 8 5 NS | 27%Rutile+Anatase
[15] CPTi Phosphate+ Borate+ KOH AC 300 8 7 NS | 29%Rutile+Anatase
[15] CPTi Phosphate+ Citrate+ KOH AC 300 8 11 NS | 41%Rutile+Anatase
[15] CPTi Phosphate + Silicate+ KOH AC 300 8 9 NS | 32%Rutile+Anatase
[77] CPTi Phosphate +KOH DC 150 8 42 NS | 27%Rutile+Anatase
[77] CPTi Phosphate +KOH+ Carbonate DC 150 8 53 NS | 54%Rutile+Anatase
[77] CPTi Phosphate +KOH+ Nitrate DC 150 8 47 NS | 31%Rutile+Anatase
[77] CPTi Phosphate+ KOH+ CO(NH?2)2 DC 150 8 39 NS | 22%Rutile+Anatase
(78] | CPTi | Aluminate + NaOH Pulsed 1 30-100 | * | 1224 | 7:9 | Rutile +Anatese
200- .
[79] TAl Ba(OH): AC 500 20 - - BaTiOs
[80] CPTi Phosphate+ KOH AC 200 NS NS 10 | Rutile +Anatase
[80] CPTi Phosphate+ KOH AC 200 NS NS 8 Rutile +Anatase
. Sodium aluminate+ Calcium 0.32 | Al2TiOs
[81] | TisAlV hypophosphite DC 200 5 3 -1 | +AIPO4+TiO2
6.2- KZr2(POa)s +t
[82] | TisAlsV | NaH2POus+ KaoZrFe AC 200 50 80-150 6 7 ZrOz+m- ZrOx+
) ZrP207
. . AlZTiOS +

[83] | TisAlsV | Aluminate DC 200 NS 60 3-4 Al,TiOs TiOs
[23] CPTi Carbonate+ KOH PlgSCEd 350V 3 8 NS | Rutie+ Anatase
[23] CPTi Aluminate+ KOH PlE)ISCEd 350V 3 5.2 NS | AlTiOs+Anatase
[23] CPTi Aluminate+ Fluoride Plgsced 350V 3 5 NS | Al:TiOs+Anatase
[23] CPTi Aluminate+ Fluoride+ KOH Plgzed 350V 3 31 NS | Anatase+Rutile

Ti-15V— - . .
4] 3AL Phosphatef Alummate+_ _ Pulsed 200 6 15 NS Al TiOs+Rutile+

3Cr-3sn Sulfuric acid+ Phosphoric acid DC YAl203
[84] | TisAlv | Phosphate+ Aluminate AC 200 | 60 | 2040 | 28 2:;8305 *Rutile+

Bipolar
[85] | TisAlsV | Phosphate+ Aluminate pulsed 200 60 60 5.3 | Mostly Al2TiOs
DC
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. Bipolar
[85] . Phosphate+ Aluminate+ ‘A : .
TisAlsV Silicate+ KOH pllj:;sced 200 60 13 4.1 | TiOz2: Al2TiOs~1:1
[85] Bipolar
TieAlsV | Silicate+ NaOH pulsed 200 60 60 10.4 | SiO2: TiO2~4:1
DC
[85] Bipolar
TisAlsV | Phosphate+ Silicate+ KOH pulsed 200 60 35 15 | TiOz2: Al2TiOs~1:1
DC
[86] | TisAlsV | Phosphate P‘gze‘j 800 120 15 - | TiO2
[86] . Pulsed ZrP207, mZrOg, t-
TieAlsV | Phosphate +K4 ZrFs DC 800 120 100 - 2100, ZrTiO4
[86] | risalv | Phosphate+ Aluminate P‘E)'Zeo' 800 | 120 | 160 - ﬁi'éTz'OS' Alz0s,

2.5.1 Electrolyte Composition

Different types of electrolytes can be used in producing oxide coatings on

titanium under different regimes. Electrolytes that can be utilized in generating of

oxide coatings on metal surface in PEO process may be divided into four common

categories:

1. Electrolytes that dissolve metal fast.

2. Electrolytes that dissolve metal slowly.

3. Electrolytes that slightly passivate metal.

4. Electrolytes that strongly passivate metal.
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Electrolytes from groups (3) and (4) allow the sparking voltage to be easily reached
and are the most helpful for coating formation by PEO [14, 87]. These electrolytes
can only add oxygen into the oxide or they can add anions and cations in addition

to oxygen.

Since electrolyte composition plays a significant role on coating
characteristics, many studies have been conducted in this area. Here, some of these
investigations were summarized. Surface characteristics of coatings produced in

nine different electrolytes were compared and put in three groups. First coatings

prepared in, (sodium silicate (NS), sodium phosphate (NP), and sodium borate
(NB)) based electrolytes [14], second, ( sodium aluminate (NA), sodium carbonate
(NC) and calcium carbonate (CC)) and third, (NA, NA+ sodium fluoride (NF),

NF+ KOH (NKF)) based electrolytes [23] were studied. In conclusion, the growth

rate and differences of the coatings formed in these electrolytes were compared.
These coatings produced at 350V with frequency of 1000Hz and duty cycle of 40%

for 3 minutes.

First, three kinds of electrolyte, namely NS, NP, and NB were used to determine
the influence of the electrolyte composition on the surface properties of PEO
coating, Figure 2.8 [14]. It is suggested that voltage in which plasma discharge
events start to happen or sparking voltage has a significant role on surface

morphology, size and uniformity of pores, thickness and corrosion resistance of
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coatings. Increasing sparking voltage might lead to an increase in plasma discharge
energy and thus formation of larger non-uniform pores. Figure 2.8 (a) and (b) shows
the coatings produced in NS and NP electrolytes had a pancake shape structure due
to the formation of plasma discharges which leave behind porosity after cooling the

coating.

SEM VAJ: 2,00 kx CET.ESD
He 210k W0:243856 mm

:
2
y ,
i &
SCM MAC: 2.00 k;( DCT. BSD B s
HV. 200KV WD: 35.4542 mm 20 um Vega®Tescan

Figure 2.8 Surface morphology of PEO coatings prepared in (a) NS; (b) NP; and
(c) NB electrolytes [14].
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The coating produced in NP electrolyte showed higher sparking voltage (310 V)
and exhibit larger pores, compared to the coatings formed in NS electrolyte with
sparking voltage of 290 V. No sparking was seen in borate based electrolyte (NB),
and produced coating was very dense and thin, which is shown that the applied

voltage might not be enough in CC electrolyte to form plasma discharges

Second, surface characteristics of the coatings prepared in CC, NC and NA
electrolytes were investigated [23]. Figure 2.9 shows different surface
morphologies for these coatings. Pancake structure was not seen in the surface
morphology of the coating prepared in CC electrolyte similar to the coatings
produced in NB, Figure 2.9(a). Coatings formed in NC and NA electrolytes have
sparking voltage of 310V and 270V, respectively and show pancake structures
which attributed to the development of plasma discharges on the surface. The
coating fabricated in NC, Figure 2.9(b), had large number of non- uniform pores,
but coatings prepared in NA, Figure 2.9(c), exhibited fine and uniform pores. These
differences might also be attributed to the different sparking voltages. Moreover,
coatings produced from aluminate based electrolyte showed a better corrosion

resistance than the carbonate based electrolyte.
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Figure 2.9 Surface morphology of PEO coatings (x2000) prepared in (a) CC; (b)
NC; and (c) NA electrolytes [23].

It is suggested that lower porosity level, also presence of TiAl2Os in addition to
TiO2 phases (rutile and anatase) coatings fabricated in NA electrolyte might have
influence on increasing the corrosion resistance of the coating. All the coatings

significantly improved corrosion behavior of titanium.
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Finally, the effect of the addition of NaF and KOH to NA electrolyte was
investigated, Figure 2.10 [23]. All of these coatings have sparking voltage about
270 V, but as it is shown in Figure 2.10(c) the addition of NaF lead to the formation
of non-uniform pores. During the PEO process, fluoride ions in the electrolyte
partially become hydrofluoric acid (HF) which has detrimental effect on the coating

surface [23].

Figure 2.10 Surface morphology of PEO coated samples (x4000) prepared in
(@) NA; (b) NKF; and (c) NF electrolytes [23].
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It is also shown that incorporation of fluoride ions into the oxide by formation
of titanium- fluoride compounds can also decrease the adhesion strength of the
coating to the titanium substrate [87]. Pores are more uniform in coatings produced
in NKF than NF electrolyte, Figure 2.10(b), suggesting that presence of KOH is

beneficial for developing a uniform structure.

The thickness of the coatings produced in different electrolytes using constant
pulsed DC current is presented in Figure 2.11 [14, 23]. Coatings produced from NB
and CC electrolytes are thinner due to the fact that no plasma discharges developed
during the process. A coating formed in NC electrolytes had a thicker coating than
that of a coated sample produced in NA electrolyte which can be attributed to the
higher sparking voltage for that sample. The resultant coating produced in NF
electrolyte, is approximately as thick as that for the sample in NA electrolyte.
However, the NF coating adhesion to the substrate is the weakest among the other
samples. The coated sample in NP electrolyte has the highest growth rate among

other electrolytes.
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Figure 2.11 Thickness of the formed PEO layer in different electrolytes [14, 23].

It is shown addition of alumina particles to the electrolyte can enhance the
adhesive wear properties of commercially pure titanium under pulsed DC regime
[88]. Increase in concentrations of hard alumina nanoparticles result in higher level

of agglomeration and thus a lower wear mass loss rates of the coatings.

Two step PEO has also been employed to improve surface coating properties
of titanium alloys [4]. First, titanium oxide is formed on Ti-15V-3AI-3Cr-3Sn in
alkaline aluminate electrolyte in order to enhance the wear resistance of titanium
alloy. The coating possesses high wear resistance, but coating adhesion to substrate

due to the formation of a number of voids and pores in the oxide layer close to the
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substrate was not good. In order to improve coating adhesion second step process
was conducted in acid sulfuric and acid phosphoric. In this step voids and pores are
filled with an oxide produced in acidic solutions. Applying the second step, not
only decrease the high wear resistance of coating, but also increase the adhesion of
coating. All of these studies provide useful information about the coating properties
produced in different electrolytes. However, the underlying reason of these

differences in properties were not fully explained.

2.5.2 Current Mode

The type of applied current mode can also affect the intensity and density of
discharges during PEO [17, 87, 89]. As has been previously mentioned, most of the
reactions take place in discharge channels and affect the coating microstructure and
composition [61]. DC current mode develops long lasting micro discharges;
therefore, it is suitable to study the microdischarge characteristics and mechanism

of PEO. However, controlling the process is harder under this condition.

Pulsed DC current mode gives us this opportunity to have more control over
the process. By applying regular interruptions and changing the discharge size and

intensity, using frequency and duty cycle of the pulses, coatings with enhanced
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properties can be produced [13, 90]. Energy of each pulse (Ep) can be calculated

using the equation [91].

ton

Ep=J, Vp.Ipdt (2.1)

where Vp is the voltage of the pulse, I, is the pulse signal, and dt is the duration of
each pulse when it is on. By changing the pulse parameters such as voltage, current,
frequency, and duty cycle, plasma discharge characteristics can be changed and
affect the coating properties. Dehnavi et al. studied the effect of frequency and duty
cycle on microdischarge behavior during plasma processing by applying pulsed DC
current mode on 6061 aluminum alloy [28]. PEO coatings were created at different
power frequencies of 50, 500, 1000 and 2000 Hz and duty cycles of 10%, 20%,
50%, and 80% at constant current. Applying low duty cycles produced large
number of soft microdischarges which resulted in higher coating growth rate at
constant current, Figure 2.12. It was shown that by increasing the duty cycle,

microdischarges became stronger but their spatial density decreased.

34



LN
l

Average Thickness (um)
=)
|

N
|

(=]
I

50 20
Duty cycle (%)

Figure 2.12 Effect of duty cycle on coating thickness on samples coated at
1000 Hz [28].

Use of the AC current mode removes the additional electrode polarization and
improves the control over the process by interrupting microdischarges. However,
using only one frequency and limitation in reaching high powers are drawbacks

which inhibit commercialization of this mode [87].

As it was shown, most of the studies that have been performed so far focus on
the effect of electrolyte, current mode, time, etc. to enhance coating properties

without having a holistic understanding of the entire process and key variables.
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Understanding the PEO mechanism provides unique opportunity to fully utilize the
potentials of this process in many applications and for various systems, especially

low density reactive metals and alloys based on Ti, Al, and Mg.
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Chapter 3

Experimental Methods

3.1 Materials

Rectangular samples of CP Ti with dimensions of 25 mmx20 mmx0.5 mm were
used as the substrate material. Prior to PEO surface treatment, the samples were
polished with emery papers and alumina powder to achieve an average mean
surface roughness of Ra = 0.1 um following by cleaning with acetone and deionized

water.

3.2 Plasma Electrolytic Oxidation Setup

The coatings were prepared in a stable alkaline electrolyte containing 0.01 M
K4P207 and 0.02 M KOH at pH= 12 with a conductivity of 7.1 mS/cm. During the
oxidation process, the electrolyte was stirred in an 800 mL double walled beaker
with water coolant flow to keep the electrolyte temperature below 30 °C. The
samples were secured to an externally insulated metallic rod and suspended in the
center of the electrolytic cell as the anode, surrounded by a cylindrical stainless-

steel plate cathode, Figure 3.1.
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Figure 3.1 PEO reactor and setup.

The treatments were performed at different current densities, i.e., 30, 40, 50,
60, 80, 100, and 120 mA/cm? using a 10 kW power supply (Sorenson model SGA-
3u). Initially, the voltage was increased to the desirable current density and then
controlled to maintain that level. The treatments were continued until intense arcing
was observed, in order to avoid the detrimental effects of these arcs on the coating.
During the PEO treatment, voltage and current were recorded continuously using a

Tektronix oscilloscope.
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3.3 Characterization Methods

3.3.1 X-ray Diffraction (XRD)

XRD was used to identify the crystalline phases present in the PEO coatings by
scanning in the 20 = 20-80° range (Bruker D8 Advance X-ray diffractometer).
Radiation was emitted from a Cu Ka source with a wavelength of 1.54 A and
accelerating current and voltage of 40 kV and 40 mA, respectively. A scan speed
of 3 sec/step and increment of 0.01° was utilized in order to get accurate results.
XRD scan were conducted in 6-26 mode for all the coatings and in low angle mode

for selected current densities.

3.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS)

The surface morphology of the coatings was examined using Hitachi S-3000N
SEM. All SEM micrographs were taken using an accelerating voltage of 30 keV
and a typical working distance of 15 mm. SEM was used to examine the cross-
sectional morphology of selected samples and measure the coating thickness in
order to find the growth rate. EDS was utilized for elemental mapping and analysis
of the coatings. Also, focused ion beam (FIB) was used to examine the cross-
sectional morphology of selected samples. Quantitative studies of coating porosity

were performed using an image analysis software (ImageJ).
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3.3.3 Optical Profilometry

White Light Interferometry (Bruker NPFLEX) studies were conducted to
evaluate the surface topography and roughness. A 10X objective lens was utilized
to measure roughness and surface indices. Ra and surface index values were utilized
to study the surface profile of the samples. Ra is the arithmetic average of all surface
heights in the sample shown in Equation 3.1, and surface index is the ratio of actual

surface area to the nominal area.

1
Rq = Xisalyil (3.1)

3.3.4 Transmission Electron Microscopy (TEM)

The microstructure of the coatings was studied by TEM. Cross-sectional TEM
specimens were prepared by the procedure of mechanical grinding, polishing,
dimpling and Ar-ion milling. Selected-area electron diffraction (SAED) patterns
and high-resolution (HR) TEM images were recorded in a Hitachi H-9500 electron
microscope with an accelerated voltage and point to point resolution of 300 kV and
0.18 nm, respectively. Moreover, ImageJ software was employed to measure the

crystalline area of the coatings in TEM micrographs.
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3.3.5 X-ray Photoelectron Spectroscopy (XPS)

The surface composition and chemical state of the elements in the coatings was
determined by XPS. XPS surface analysis was performed with a Perkin-Elmer
spectrometer using an Al Ko monochromatic X-ray source (1484.6¢eV). The
pressure was maintained below 10~° Torr. The XPS spectra of the coatings were
calibrated using the C 1s peak at a binding energy of 284.5 eV. High resolution
spectra for each element were obtained at 50 eV pass energy taken in increments of
0.2 eV with dwell time of 100 ms for at least 200 scans. The CasaXPS software was

used for XPS spectra deconvolution.
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Chapter 4

Results and Discussion

4.1 Plasma Electrolytic Oxidation

4.1.1 Voltage- Time Response

Figure 4.1 shows the V-t response as a function of current density. The anodic
process occurs in three distinct phases, easily discerned from the V-t graph. During
the initial stage (up to breakdown voltage), the voltage increases linearly with time
and the process is accompanied by the evolution of gaseous oxygen on the anodic
surface due to the electrolysis of water. In this region, no apparent sparks are found
on the metal surface and the total current is represented by the ionic current due to
the diffusion of electrolyte ions. According to Faraday’s law, the ionic current plays

the main role in forming the oxide [15, 92, 93].

In the second stage (up to the critical voltage), the system begins to deviate from
the previously observed linearity and the slope of the V-t curves is decreased. Due
to the high electric field, dielectric breakdown (electron avalanche) occurs and a
large number of small size sparks is uniformly distributed over the whole surface
in this stage. Once the sparking occurs, the current density is represented by the

sum of the ionic current and the electron current caused by the sparking. A
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relatively lower rate of voltage increase is needed to maintain the same current
value compared to the first region since the electron current density is mainly due

to sparking and as such is independent of the coating resistance.

500
b a
/i Critical voltage
300 L
Breakdown voltage
200
100 F
|
0 ’ 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Time (5)

Figure 4.1 Voltage vs. time plots obtained during PEO at current densities of

() 30 (b) 40 (c) 50 (d) 60 (€) 80 (f) 100 (g) 120 mA/ cm?.
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In stage Ill, the anodic voltage, attains a relatively stable value indicating that
the coating has reached a constant resistance configuration and no major increase
in the anodic voltage is needed to maintain the same current. The slope change in
this stage may be attributed to the significant increase in the fraction of the

electronic current in the total current associated with the dielectric breakdown.

Figure 4.1 shows that processing time before arc initiation decreases as the
applied current density increases. At 30 and 40 mA/cm?, long processing times can
be obtained and all three stages of the coating formation are visible. At these two
current densities, the electronic current is dominant. At current densities higher than
40 mA/cm?, the third stage is not present. As can be seen, by increasing the current
density both, the slope of the V-t curve and the fraction of the ionic to total current
increase. At 100 and 120 mA/cm?, the voltage increases almost linearly with time
maintaining a sharp slope. At these higher values, the current density exhibits only

the first stage of coating growth and the total current is mostly equal to ionic current.

4.1.2 Total Charge Considerations

Figure 4.2 shows the variation of total charge (Ixt) vs. the applied current
density. As discussed earlier, the time refers to the time just before the onset of

arcing. At 30 mA/cm?, the charge density exhibits a maximum value and a high

44



density of sparks is observed on the sample surface. The decrease in the charge
density at higher current density values can be due to the decrease in the
contribution of the electronic current to the total current. From 60 mA/cm? to 100
mA/cm?, the charge density exhibited a plateau indicating a balance between the
electronic and ionic current. For 120 mA/cm? arcs are more intense and the charge

density is lower compare to other conditions.
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Figure 4.2 Charge density vs. current density plot obtained during PEO processing.
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4.1.3 Incorporation Rate of lonic/Electronic Charge

The effective ionic charge can be obtained by measuring the average coating
thickness using cross-sectional SEM micrographs. First, the mass of the produced
coating was found, using the measured volume and density of the titanium oxide.
Then, by applying the Faraday’s law, the effective ionic charge is determined,

Equation 4.1 [94].

The various parameters in this equation are: m coating mass (g), Q the effective
ionic charge, F the Faraday constant (96485 C mol™!), M the molar mass of the
substance (g/mol), and z the valence number of ions of the substance (electrons

transferred per ion).

m= (D) (4.2)

For titanium oxide, the parameter values are:

e M=79.88 (gr/mol)
o p=4.23 (gr/cm®)

e Z =4 forthis reaction Ti*'+20%—» TiO;
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Also, the total applied charge composed of ionic charge (caused by diffusion of
ions) and electronic charge (caused by sparking) passed through the substance

(coulombs) was found in previous part, Figure 4.2.

Although discharge channels developed by sparking facilitate the reaction, oxide
formation is mainly the result of ionic current [95]. Therefore, the incorporation
rate of the effective ionic charge, was roughly determined by calculating the ratio
of the effective ionic charge, to the total charge. The remaining part is considered
to be the electronic charge contribution, Figure 4.3. The results show that by
increasing the current density, the incorporation rate of ionic charge increases,

while that of the electronic charge decreases.
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Figure 4.3 lonic and electronic current incorporation rate at different current
densities.

Furthermore, the results show three interesting stages of behavior. In the first
stage, for coatings processed at low charge densities (30 and 40 mA/cm?), the
contribution of ionic charge is very small. This means that a large number of
discharge channels develop in the oxide, but there are not enough ions to diffuse

through them and react. In the second case, for the coatings processed at
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intermediate values (50 to 100 mA/cm?), the incorporation rate of ionic charge
increases, but there is a moderate number of ions for oxide formation and the
contribution of electronic charge is still higher. In the third case, for the coating
processed at high charge densities (120 and 140 mA/cm?) equal amounts of ionic
and electronic charge prevail. This case results in the highest growth rate (Table
4.3) presenting an optimum balance of ionic and electronic charges. It clearly shows
a complementary action between available ions and discharge channels. Thus, in
order to achieve high growth rates, equal or balanced contributions from ionic
(diffusion of ions for reaction) and electronic (generation of channels) charges are

required.

4.2 Characterization

4.2.1 Surface Topography Analysis

Figure 4.4 illustrates the surface topography of the produced layers on CP Ti
processed at selected current densities. As can be seen, the coating surfaces become
smoother as the current density increases. In order to obtain a better understanding
of the topography, the average roughness (Ra) and surface index (ratio of actual
surface area/nominal area) are presented in Table 4.1. The results showed a general

trend indicating that decreasing the current density led to an increase in average
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roughness, surface index and porosity. Due to the major contribution of the
electronic current at low current densities, a high number of micro discharges forms
increasing the porosity and surface roughness. It is interesting to note that the
samples processed from 60 to 100 mA/cm? form a plateau in the charge vs current
density curve, and show rather similar characteristics in terms of roughness and
surface index. Moving to the highest current density, some deterioration of surface
occurs as reflected in the roughness and surface index. It is interesting to note that,
as the current density increases, the porosity decreases, due to the higher

incorporation rate of ionic current and sealing effect on the pores.

Table 4.1. Charge density, average roughness, surface index, and porosity of the PEO
coatings at different current densities.

Current Density (mA/cm?) 30 40 50 60 80 100 120
Charge Density (C/cm?) 43.4 38 19.5 15 148 | 152 | 108
Average Roughness (Ra) 2.0 1.6 15 14 14 13 15
Surface Index 7.1 6.8 55 3.5 3.6 3.9 55
Porosity % 201 | 152 | 133 | 128 | 119 8.2 7.9
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Figure 4.4 Surface profile using white light interferometry of the PEO-coated
sample at current densities of (a) 30, (b) 80 and (c) 120 mA/cm?,
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4.2.2 XRD Studies

Figure 4.5 presents the XRD patterns from the PEO produced layers at various
current densities. The peaks (marked by “A”) at 20 angles of 25.25°, 48.06°, and
62.68° have a lattice spacing of 3.52 A, 1.89 A, and 1.48 A and can be identified,

respectively, the (101) and (200) and (204) planes of the anatase TiO- structure.
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Figure 4.5 XRD patterns of the coatings formed at different current densities.
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The peaks (marked by “O”) at 26 angles of 27.8° and 54.36° have a lattice
spacing of 3.25 A and 1.68 A corresponding to the (110) and (211) planes of the

G

rutile TiO., respectively. The peaks (marked by “*”) are diffraction peaks of the
Ti substrate. The XRD results indicate that anatase TiO, was formed in all
coatings, while rutile TiO> was only formed in the coating produced at lower
current densities. At low current densities, the contribution of electronic current
is higher, and results in the development of a greater number of plasma
discharges. These microdischarges provide enough energy and raise the
temperature required for rutile formation. Additionally, sufficient time favored
the anion diffusion and time dependent transformation of metastable anatase to
thermodynamically stable rutile phase. On the contrary, the samples processed
at higher current densities, showed lower density of plasma discharges and

produced only the anatase phase. These results are in agreement with ART

findings which discussed earlier [47].

The broad peak around 26=20-35° observed mainly in samples processed at
low current densities and is attributed to the formation of an amorphous phase.
This was favorable to be a P containing phase that is discussed in a later section.
As the crystallite size becomes smaller, the XRD peak becomes broader and
amorphous phase can be considered as the accumulation of low order crystalline

phases
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4.2.3 Surface Morphology Analysis

Figure 4.6 presents SEM images of the coated layers obtained at selected PEO
current densities. It is clear that the surface produced at lower current densities
(higher charge density), Figure 4.6(a), shows a large number of fine pores compared
to samples processed at 80 and 120 mA/cm? shown in Figure 4.6 (b) and (c),
respectively. This surface appearance is consistent with the observed Ra and the
role of the ionic and electronic current discussed above. Porosity percentage of
different coatings is presented in Table 4.1. Moreover, pore size distribution of the
coatings produced at these current densities is presented in Figure 4.7. It is shown
that as current density increases, the number of small pores (<0.6 um) increased.

However, the density of larger pores (> 0.6 um) decreased.
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Figure 4.6 SEM images showing surface morphology of PEO coated samples at
current densities of (a) 30, (b) 80, (c) 120 mA/cm?.
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Figure 4.7 Pore size distribution of coated samples processed at current densities of (a) 30, (b) 80, (c) 120 mA/cm?.
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Figure 4.8 shows a typical EDS spectrum from a PEO coating surface. The

amounts of Ti, O and P were similar for all surfaces, as shown in Table 4.2.

These results show that the PEO processing condition has no major effect on the

coating chemistry.
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Figure 4.8 Typical EDS spectrum from the surface of a PEO coated samples.
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Table 4.2 Elemental compositions of coatings at different current densities
obtained by EDS.

%ngz/e:rtng)ensny Ti (at%) O (at%) P (at%)
30 30.8 62.0 71
40 32.9 59.4 76
50 31.7 61.2 71
60 29.8 62.3 78
80 34.2 57.1 8.7
100 29.9 62.3 78
120 34.4 56.9 8.7

Figure 4.9 presents SEM and corresponding EDS maps of titanium (Ti), oxygen
(0), and phosphorous (P) of a pore on the coating surface processed at 120 mA/cm?.
As it shown, titanium and some amount of phosphorous are present inside the pore,
however, no oxygen is detected. Thus, this provides some indications that the pore
might be extended to the titanium substrate. It can be suggested that after generation
of the microdischarge event, this discharge channel did not fill with oxide

completely and left behind a hollow pore.
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Figure 4.9 SEM of the coated sample processed at 120 mA/ cm? and Ti, O, and P elemental maps.
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Figures 4.10 (a), (b), and (c) are cross-sectional SEM images of three PEO
coatings prepared using current densities of 30, 80 and 120 mA/cm?. Coating
thickness is almost the same for all the coatings. However, the growth rate increases
sharply with increasing the current density due to the higher incorporation rate of
ionic current (Table 4.3). It is noted that for lower current densities, pores exist at
both the metal/oxide interface and throughout the coating which is in agreement
with the surface morphology observations, Figure 4.6. Titanium oxide is considered
to be an oxygen deficient n- type semiconductor [95, 96]. In this oxide, O*
migrated inward with transport number of.0.4 and Ti** cations move outward with
transport number of~0.6 [95]. Thus, TiO2 is expected to grow faster inward to the
substrate than in the outward direction [97]. Presence of some fine pores on the
coating surface and in coating/substrate interface, can be attributed to the outward
migration of Ti*" ions and lack of time for filling all the discharge channels during
the process. The X-ray map in Figure 4.11 provide some evidence for this type of

growth.

It is shown that the coating prepared with a smaller current density, i.e., 30
mA/cm?, have a smoother interface between the coating and Ti substrate, compared
to that prepared with a higher current density, i.e. 120 mA/cm?. In other word,
increasing the current density during the coating preparation increase the roughness
of the interface between the coating and Ti substrate. This can be attributed to the

diffusion of large number of ions with high energy at higher current densities.
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Figure 4.10 Cross-section SEM images of the coatings prepared using current
densities of (a) 30, (b) 80, (c) 120 mA/cm?.
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Table 4.3 Thickness and growth rate of the coatings processed at different current densities.

Current Density
(mAJcm?) 30 40 50 60 80 100 120
Thickness (um) 2.3 1.7 2.4 1.9 2.2 2.6 2.7
Growth Rate (nm/s) 1.6 1.8 6.1 76 | 11.9 | 171 | 30.0

Figure 4.11 shows SEM micrographs and EDS elemental maps of the cross
sections of the coatings for samples processed at 30 mA/cm?and 120 mA/cm?. No
significant difference can be detected in distribution of titanium and phosphorous
for these coatings. However, distribution of oxygen is different for these samples.
At 30 mA/cm? oxygen is distributed more evenly throughout the coating, whereas
at 120 mA/cm? high concentration of oxygen is detected at the bottom of the oxide

layer.

The distribution of the oxygen in the coatings could be attributed to the
incorporation rate of ionic and electronic current at different current densities. At
low current densities, the electronic current contribution is more and large number
of plasma discharges are produced during the PEO process which is evident in SEM
micrographs of the coating surface, Figure 4.6. This phenomenon, results in
formation of more discharge channels for oxygen ions to diffuse through in

different areas and distribution of oxygen within the coating would be uniform.
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However, at higher currents, ionic current incorporation rate is high and oxygen
ions have enough energy to diffuse in the oxide and reach the bottom layer of the
coating. High concentration of oxygen at the bottom layer, can assist the formation
of crystalline titanium oxide in that part of the layer which is discussed later in TEM

section.
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Figure 4.11 Left side: (a) SEM of the coated sample produced at 30 mA/cm?
and O, Ti, and P elemental maps; Right side: (b) SEM of the coated sample
produced at 120 mA/ cm? and corresponding O, Ti, and P elemental maps.
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4.2.4 TEM Studies

TEM studies have been employed to systematically study the microstructure of
the selected representative coatings and the influence of the current density on the
coating microstructure. Figures 4.12 (a), (b) and (c) show cross-section TEM
images of the coatings prepared using current densities of 30, 80 and 120 mA/cm?,
respectively. The micrographs show the entire microstructure of each entire coating
from the coating/Ti interface to the top surface. All three coatings are basically
composed of two layers: an amorphous layer on the top and a composite layer close
to the substrate. The amorphous layer on the top is dense and homogenous without
porous structure while the bottom composite layer has a complex microstructure
consisting of nanocrystalline structure, amorphous structure and nano pores. An
amorphous phase forms at the coating/electrolyte interface. It is suggested that
constant cooling of the electrolyte and low thermal conductivity of the oxide may
inhibit the top layer of the coating from overcoming the required crystalline

titanium oxide activation energy forming a crystalline phase.

The thickness of the bottom complex layer in general increases with the current
density for the coating preparation, whereas the thickness of the top amorphous
layer is not strongly affected by the current density. This is consistent with the
argument that quenching by the electrolyte produces the amorphous layer. The

average thickness of the top amorphous layer in three coatings is around ~700-800
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nm. In other words, the thickness ratio between the bottom complex layer and the
top amorphous layer increases by increasing the applied current density. The
crystalline phase area of the samples was measured by ImageJ software using TEM
micrographs. The percentage of crystalline area for the samples processed at 30,
80, and 120 mA/cm? is 18%, 56%, and 64%, respectively. Increasing the portion
of the crystalline phase in the coating by increasing the current density can be

attributed to the higher incorporation rate of ionic current.
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Figure 4.12 Cross-section TEM images of the coatings prepared using current
densities of (a) 30, (b) 80, (c) 120 mA/ cm?
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Figure 4.13 (a) is a zoom-in cross-section TEM image for the coating prepared
using a current density of 30 mA/cm? showing a detailed microstructure of the
entire coating. This layer basically consists of four sublayers which can be
characterized in the sequence starting from the one at the interface with the
substrate: (1) a dense fine nanocrystalline sublayer with a thickness of ~70 nm (SL
), (2) a sublayer of a high density nano pores (SL II), (3) a sublayer with a majority
of amorphous structure and a small number of nano pores (SL I11); (4) a sublayer
consisting of coarse nanocrystalline (SL 1V). The crystalline size in SL | is ~7-10
nm, whereas that in SL IV is ~8 - 25 nm. The interface between the coating and Ti
substrate is consisting of peak and valley regions. The thickness of SL | and SL Il
usually remains consistent regardless of the morphology of the interface. After
examining several regions of the coating structure, it was found that the thickness

of SL Il and SL IV is not consistent along the coating/substrate interface.
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Figure 4.13 (a) A-zoom in cross-section TEM image for the coating prepared using current
density 30 mA/cm?2. SAED patterns taken from (b) the interface between the coating and
Ti substrate, (c) top amorphous layer and (d) crystalline layer of the coating.

69



Figures 4.13 (b), (c) and (d) show SAED patterns taken from the regions X, Y
and Z, respectively. Figure 4.13(b) shows an overlap EDP of the [021] zone of Ti
substrate and the SL I confirm the presence of the nanocrystalline structure in SL
I. Figure 4.13(c) shows a pure amorphous structure in region B within the SL 1II,
while Figure 4.13(d) presents a crystalline structure for the SL IV. The diffraction
rings 1, 4, 5 in Figure 4.13(d) have a lattice spacing of 3.52 A, 2.33 A, 1.89 A which
can be determined to be the (101), (112), and (200) diffractions of TiO, anatase
structure, respectively [98]. The diffraction rings 2 and 3 have a lattice spacing of
3.25 A and 2.49 A, corresponding to the (110) and (101) diffraction of the TiO2
rutile structure, respectively [99]. This result indicates the coexistence of both TiO>

rutile and anatase structure in this layer.

Figure 4.14(a) is a bright-field TEM image of the crystalline structure in the SL
IV sublayer within the coating prepared using 30 mA/cm?. The grain size in this
image varies from 10 to 50 nm. The part marked by “A” has an anatase structure,
while that marked by “R” has a rutile structure. It looks like that the rutile structure
tends to form in larger size particles, which is consistent with ART findings [47] .
It in indicated that grains nucleate as anatase can transform to rutile at high
temperatures and grain growth occur during the process. Figure 4.14(b) is a

HRTEM image taken from the nearby area of the particle R in Figure 4.14(a)
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showing the presence of both rutile and anatase structure. The lattice fringes in
grains marked by a1, a, as, and as have a lattice spacing of 3.5 A and are identified
as the (101) of the anatase structure, while the lattice fringes in grain R have a lattice
spacing of 3.25 A that can be identified as the (110) of the rutile structure. Figure
4.14(c) isa HRTEM image of the interface region between the Ti substrate and SL
| showing two nanoparticles (as and as) embedded in the amorphous matrix. The
fringes of nanoparticle as have a lattice spacing of ~3.5 A corresponding the (101)
of TiO; anatase structure while those of nanoparticle as have a lattice spacing of
~2.4 A corresponding the (103) of TiO; anatase structure. Nanocrystals with a rutile
structure were not found in SL I nearby the interface. Formation of anatase grains
around the pores can be attributed to the low activation energy of crystal formation

for anatase while rutile with high activation energy develop away from pores.
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Figure 4.14 Bright-field TEM image of the crystalline structure in SL IV of the
coating prepared at 30 mA/cm?, (b) HRTEM image taken from the nearby area of

R particle in (a) and (¢) HRTEM image of the interface region between Ti substrate
and the SL I.
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The microstructure of the bottom complex layer in the coating prepared using a
current density of 80 mA/cm? was quite similar to that prepared using 30 mA/cm? and
can also be classified into four layers, similar to those shown in Figure 4.13(a). Figure
4.15(a) is a cross-section TEM image of a region near the interface in the coating
prepared using 80 mA/cm? showing a dense fine nanocrystalline sublayer (SL 1), a
high density nanoporous sublayer (SL Il) and an amorphous sublayer (SL IlI). The
dense fine nanocrystalline sublayer (SL 1) has a thickness of 290 nm and can be further
classified into two layers la and Iy, Figure 4.15(b) is a magnified TEM of Figure
4.15(a) showing the detail structure of the two layers Iy, and la and its interface with
the Ti substrate. The layer Ia has a thickness of ~30 nm and presents a high dense
continuous structure without pores and visible boundaries. Electron diffraction
analysis shows that the crystals in the coating prepared using 80 mA/cm? have an
anatase structure, Figure 4.15(c). The layer Iy consists of nanocrystals with a size of
about ~5-15 nm, between which discrete boundaries, nano or subnano cracks were
formed. Figure 4.15(d) is a HRTEM taken from layer la presenting closely packed

nanocrystalline with a size of a few nanometers.
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Figure 4.15 (a) Cross-section TEM image of a region near the interface of the
coating prepared using 80 mA/cm?, (b) Enlarged TEM image of the interface, (c)
SAED pattern taken from the SL I and (d) HRTEM image of the layer Ia in (b).
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Figure 4.16(a) is a cross-section TEM image of the bottom complex layer in the
coating prepared using a current density of 120 mA/cm?. The four distinct sublayers
observed in the coatings prepared using a current density of 30 and 80 mA/cm? are not
clearly seen in Figure 4.16(a). The four sublayers are blended. It can be found that the
crystals formed in this coating have a TiO2 anatase structure as identified by both
SAED and XRD. The amount of the crystalline structure in this coating is more than
that in the previous coatings and is distributed irregularly. Figure 4.16(b) is an
enlarged TEM image of a region near the interface presenting fine nanocrystals close
to the Ti substrate and coarse nanocrystals away from the Ti, such as grains marked
by D1 and D». The size of the coarse grains D; and Dz is ~300 nm and 500 nm,
respectively. Electron diffraction analysis shows that each coarse grain has a single
crystal structure. Figure 4.16(c) is a TEM image from the coating/Ti interface
showing nano-porous rich cluster structure. This nanoporous cluster is surrounded by
an amorphous structure and is composed of high dense nano pores and TiO2 anatase
nanocrystals. Figure 4.16(d) shows EDS spectra from the crystalline region,
amorphous located in the middle and the top of the coating. The crystalline regions
are P free, while the amorphous regions consist of a certain amount of P. The
amorphous region on the top of the coating consists of more P than that located in the
middle section of the coating. Higher P on the top of the coating can be attributed to

the low mobility of phosphorous species which cannot diffuse though the oxide and
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remain on the top layer, as opposed to the oxygen ions with higher mobility which

diffuse throughout the coating.
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Figure 4.16(a) Cross-section TEM image of the bottom complex layer of the coating
processed at 120 mA/cm?; (b) and (c)enlarged TEM image of a region near the
interface showing large nanocrystals and a nano-porous cluster, respectively; (d) EDS
spectra taken from the crystalline area, amorphous regions located in the middle and
top of the coating.
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4.2.5 XPS Analysis

XPS studies were conducted in an effort to further investigate the nature of the top
amorphous layer that was observed in all PEO treated samples. Figure 4.17 shows
high resolution spectra for the sample processed at 30 mA/cm?. Figure 4.17(a) presents
the high resolution spectrum of the Ti2p peak. The Ti2p spectrum of the coating
mainly consists of two peaks, which correspond to the 2p12 and 2ps2 spin orbital
doublet peaks in Ti-O-Ti located at 464.5 ¢V and 458.8 eV, respectively. The two
contributions are separated by 5.7 eV, which is in agreement with spin-orbit splitting
values reported previously [100]. Figure 4.17(b) shows the high-resolution spectra of
the P2p peak. The peak at 133.5 eV is the main assignment of P in PO;~ [101]. Figure
4.17(c) shows the high resolution XPS spectra for oxygen. O1s can be deconvoluted
to 3 peaks at 531.4, 532.2, and 533.3 eV. The peak at 531.4 eV corresponds to Ti-O-
P and the peak at 532.2 is associated to the P-O-H. The results revealed that the atomic
ratio of Ti-O-P to P-O-H is 2. Also, the peak at 533.3 eV corresponds to O-C due to

the coating contamination [102].
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Figure 4.17 Typical high resolution XPS spectra of peak (a) Ti 2p (b) P 2p and (c)
O 1s of the PEO coated samples coated at 30 mA/cm?.

Based on the present results TiO2 and PO3~ are present in the top layer of the
coatings. Also, the oxygen high resolution spectrum illustrates that oxygen has been

bonded with titanium, phosphorous and hydrogen. This would suggest the presence
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of amorphous titanium hydrogen phosphate compound like Ti (HPQO4)2 on the top

layer of the coating [98, 103].

In this study, a range of current densities were applied in the same electrolyte and
their effect on ionic/electronic current contribution rate and growth mechanism were
studied. Investigations in chapter 2 showed that electrolyte composition plays a
significant role on electrochemical reactions. The knowledge gained in this chapter
can be employed to further investigate electrolyte composition effect on coating

growth mechanism, which will be presented in the next chapter.
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Chapter 5

Effect of Electrolyte Chemistry on lonic/Electronic Current

As it is shown in literature review, many studies have been conducted on the effect
of electrolyte chemistry on coating properties. However, the reason why coatings
produced in different electrolytes exhibit different properties along with the
underlying mechanism have not been fully understood. Here, the acquired knowledge
from the previous part of the study is used to develop a better understanding of the
role of electrolyte chemistry on ionic and electronic current and coating growth
mechanism. Thus, an electrolyte was selected with higher conductivity in an effort to

explore its effect on ionic and electronic currents.

5.1 Experiment

Coatings were prepared in a stable alkaline electrolyte containing K4P207 (1.7 g/l),
Na>CO3 (1.7 g/l), and KOH (1.2 g/l) with conductivity of 8.7 mS/cm and pH of 12.
The coatings prepared in this electrolyte are denoted as C. These PEO coatings were
compared to those that have been studied in the previous section. The latter electrolyte

was consisting of K4sP207 (3.4 g/l) and KOH (1.2 g/I) at pH= 12 with a conductivity of
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7.1 mS/cm. The produced coatings in this electrolyte are denoted as P. Treatments are

conducted at 30 mA/cm? and 120 mA/cm? for both electrolytes.

5.2 Voltage- Time Response

V-t response of the C and P coatings processed at 30 mA/cm?and 120 mA/cm? is
presented in Figures 5.1(a) and (b), respectively. Figure 5.1(a) shows at 30 mA/cm?
long processing times can be obtained and all three stages of the coating formation are
visible for both C and P coatings. Furthermore, at this current density, the electronic
current is dominant. As can be seen, by increasing the current density, processing time
decreased and only the first stage of the coating growth was evident for both coatings.
It is shown that the breakdown voltage of the PEO coatings developed in P and C
electrolytes is 269 V and 302 V, respectively. The proposed model for breakdown
explains that during the PEO process, the electrolyte species enter the oxide as charged
particles. These anions, once incorporated into the oxide, behave as impurity centers.
Due to the high electric field, E, these centers can be ionized, releasing a current of
electrons into the oxide conduction band. According to the earlier breakdown theories,
these electrons, once in the conduction band, are accelerated by the anodization field
producing avalanches and plasma. Therefore, electrolyte characteristics including

conductivity and composition can affect the voltage where sparks start to occur
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(breakdown voltage). According to the Ikonopisov model, breakdown voltage is

represented by the following equation [104]:
Vo= ag + bg log () (5.1)

Where k is the electrolyte conductivity and ag and bg are constants for a given metal
and electrolyte composition. It can be concluded that difference in breakdown voltage
in P and C can be attributed to the difference in electrolyte conductivities and
compositions. Anions like PO;~ in P and CO4~ in addition to the phosphate ions in C
are incorporated into the oxide. It is suggested that by increasing the electrolyte
conductivity, larger number of ions react and diffuse through the oxide which
increases the ionic current incorporation rate. As it was discussed earlier, all the PEO
stages are not present at high current densities and it is hard to find the breakdown

voltage in Figure 5.1(b).
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Figure 5.1 Voltage vs. time plots of C and P samples processed at current densities
of (a) 30 and (b)120 mA/cm?.

83



5.3 Characterization

SEM micrographs of the coatings produced in different electrolytes at 30 mA/cm?
are presented in Figure 5.2(a) and at 120 mA/cm? in Figure 5.2(b). As it is shown, at
constant current, coatings prepared in P, develop a greater number of pores than in C.
Porosity percentage of the coatings is presented in Table 5.1. This phenomenon can
also be ascribed to the higher incorporation rate of ionic charge in C in which large
number of ions diffuse through discharge channels, fill these channels and form denser
oxides. Also, it is suggested that as breakdown voltage increases, energy of plasma
discharges increase which results in formation of larger discharge channels and pores
[14] . At 120 mA/cm?, due to the fact that incorporation of the ionic charge is already
high at elevated currents, increasing the ionic charge does not have much influence on

porosity percentage, and more intense arcs was observed in shorter time in C.
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Figure 5. 2 Surface morphologies of PEO coated samples of C and P at current
densities of (a) 30 and (b) 120 mA/cm=.



Figure 5.3 presents cross sectional SEM images of the PEO coatings deposited in
C at selected current densities. The average coating thickness is 6.6 and 6.8 um
respectively for the coatings processed at 30 mA/cm? and 120 mA/cm?. Coating
characteristics are presented in Table 5.1. It is shown that thickness and growth rate
of the coatings processed in C, at constant current, are higher than in P. This
phenomenon can be attributed to the higher contribution of ionic charge in C. The ratio
of the effective ionic charge to the total charge is calculated as it is described before

and presented in Table 5.1.

Table 5.1 Conductivity, growth rate, effective ionic charge incorporation rate,
porosity, mean roughness and surface index of coated samples in C and P
electrolytes at different current densities.

Current o
density | Electrolyte Conductivity G:le\erth Qeffective ionic | Porosity | Ra Surface
S/ T Qtotat | % i

(A (mS/cm) (nmis) Qtotal (um) index
30 P 7.1 1.54 011 20.1 21 7.12
30 C 8.7 711 0.48 12.8 1.8 3.96
120 P 7.1 33.19 051 7.9 15 5.53
120 C 8.7 41.41 0.71 9.4 1.6 3.38
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Figure 5.3 SEM cross-section images of C coatings at current densities of (a) 30
and (b) 120 mA/cm?.

Figure 5.4 illustrates the surface topography of the produced layers on CP Ti
processed in electrolyte C at the selected current densities. Coating surfaces for both

current densities look similar and smooth. In order to obtain a better understanding of
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the topography, the average roughness (Ra) and surface index (ratio of actual surface
area/nominal area) of the coatings processed in C and P electrolytes are presented in
Table 5.1. The results showed that the mean roughness and surface index, at constant
current density, is higher in coatings prepared in electrolyte P than those in C explain
the result of higher contribution of electronic charge in P and generation of higher

amounts of pores.
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Figure 5.4 Surface profile using white light interferometry of the PEO-coated
samples in C electrolyte at current densities of (a) 30 (b) 120 mA/cm?.
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XRD patterns of the P and C coatings prepared at 30 mA/cm? are presented in
Figure 5.5(a) and (b), respectively. The peaks (marked by “A”) at 20 angles of 25.25°,
48.06°, and 62.68° have a lattice spacing of 3.52 A, 1.89 A, and 1.48 A and can be
ascribed, respectively, to the (101) and (200) and (204) planes of anatase TiO>
structure. The peaks (marked by “O”) at 26 angles of 27.8° and 54.36° having a lattice
spacing of 3.25 A and 1.68 A corresponds to the (110) and (211) planes of rutile TiOz,
respectively. The peaks (marked by “*”) are diffraction peaks of the Ti substrate.
XRD results indicate that anatase TiO> structure was formed in all coatings, while
rutile TiO2 structure was only formed in the coating produced in P electrolyte using
30 mA/cm?2. Formation of rutile phase in phosphate electrolyte can be caused by
formation of large number of plasma discharges and high contribution of electronic

charge at this condition which provide enough temperature for rutile formation.
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Figure 5.5 XRD patterns of the coatings formed in P and C electrolytes at current
densities of (a) 30 and (b) 120 mA/cm?.
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It is shown that electrolyte properties including composition and conductivity have
significant effects on breakdown voltage and contribution of the ionic charge and as a
result coating characteristics. It is found that changing electrolyte composition with
higher levels of conductivity can have similar effect as increasing current density in
terms of elevating ionic charge incorporation rate and formation of dense oxides with

high growth rate.
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Chapter 6

Summary of PEO Mechanism

Understanding the PEO mechanism is essential to produce coatings with desirable
characteristics for a variety of new applications. Total applied current to the oxide, in
this process, is composed of electronic current caused by sparking and ionic current
caused by diffusion of electrolyte ions into the oxide. It was found that at low current
densities (30 and 40 mA/cm?), the contribution of ionic current is very small. This
means that a large number of discharge channels, develop in the oxide, but there are
not enough ions to diffuse through them and react which leads to the formation of
limited thickness titanium oxide. High density of plasma discharges at this condition,
form large number of discharge channels and increase the porosity and surface
roughness of the coating. Also, these discharges provide enough energy to raise
temperature facilitating formation of both rutile and anatase. For the coatings
processed at intermediate values (50 to 100 mA/cm?), the incorporation rate of ionic
current increases, but there is a moderate number of ions for oxide formation and the
contribution of electronic current is still higher. Moving to the higher current densities

(120 and 140 mA/cm?), balanced (almost equal) amounts of ionic and electronic
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current prevailed. This case resulted in the highest growth rate presenting an optimum
balance of ionic and electronic currents. It was concluded that in order to achieve high
growth rates, equal or balanced contributions from ionic (diffusion of ions to the
channels for reaction) and electronic (generation of fine channels) charges are
required. At this condition, oxide developed much faster and a more uniform and
dense anatase coatings were formed. Moreover, TEM studies showed all coatings are
composed of two layers: an amorphous layer on the top and a composite layer close
to the substrate. The bottom composite layer has a complex microstructure consisting
of nanocrystalline structure, amorphous structure and nano pores. An amorphous
phase forms at the coating/electrolyte interface, and its thickness is constant (~700-
800 nm) regardless of the coating condition. It is suggested that presence of P, constant
cooling of the electrolyte and low thermal conductivity of the oxide may inhibit the
top layer of the coating from forming a crystalline phase. When an envelope of an
oxygen bubble forms on the anodic surface other anions like phosphate, accumulate
on these bubbles close to the anode due to the high electric field. After plasma bubble
formation, these bubbles implode and oxygen ions are thrown to the surface, react and
form the oxide. This process followed by transfer of phosphate ions with lower
mobility which remain on the surface, freeze and form amorphous phase. The
thickness ratio between the bottom complex layer and the top amorphous layer
increases by increasing the applied current density. The percentage of crystalline area

for the samples processed at 30, 80, and 120 mA/cm? is about 18%, 56%, and 64%,
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respectively. Furthermore, the effect of electrolyte composition on ionic and electronic
current and coating growth mechanism was investigated. It is shown that electrolyte
properties including composition and conductivity have significant effects on
breakdown voltage and contribution of the ionic charge and as a result coating
characteristics. It is found that changing electrolyte composition with higher levels of
conductivity can have similar effect as increasing current density in terms of elevating

ionic current incorporation rate and formation of dense oxides with high growth rate.
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Chapter 7

Conclusion

The present research revealed clearly that both the electronic and ionic currents
play crucial roles in the PEO process and a balanced contribution of them is
needed to realize the benefits in the oxide growth process.

It was found that at low current densities, the contribution of electronic current
is dominating. Large number of discharge channels at this condition increases
the porosity and surface roughness of the coating. Also, these discharges
provide enough energy to raise the temperature facilitating formation of both
stable rutile and metastable anatase phases.

By increasing the current density, the incorporation rate of ionic current
increases which results in the formation of dense anatase coatings with high
growth rates.

TEM studies showed that all coatings are composed of two layers: an
amorphous layer on the top and a composite layer close to the substrate. An
amorphous phase forms at the coating/electrolyte interface, and its thickness
is constant (~700-800 nm) regardless of the processing conditions.

It was shown that electrolyte properties including composition and
conductivity have significant effects on breakdown voltage and contribution

of the ionic charge and as a result coating characteristics.
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« The results showed a clear correlation between the role of ionic current and
electronic current, obtained from v-t response, and coating growth mechanism

and characteristics.
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