POLITECNICO
MILANO 1863

Department of Chemistry, Materials and Chemical Engineering “G. Natta”

Doctoral Program in Materials Engineering and Nanotechnology

Pulsed anodizing treatments to increase the corrosion
resistance of CP titanium in acidic environment

Supervisor:

Professor Marco Ormellese
Tutor:

Professor MariaPia Pedeferri
Chair of PhD program:

Professor Chiara Bertarelli

PhD cycle: XXXIV

Doctoral dissertation of:

Luca Casanova



Alcune parole dedicate alle persone che hanno profondamente influenzato il
completamento di questo percorso...

Un ringraziamento speciale va alla mia amata Sofia per la scelta di fidanzarsi con un
ingegnere nonché per aver sopportato le assenze dovute alla passione dedicata al
presente progetto di ricerca.

Alla mia famiglia ed i miei amici per avermi aiutato a diventare quello che sono
0ggi, Ve ne saro sempre grato.

Ai fantastici colleghi che hanno contribuito a rendere questa esperienza ancora pill
Interessante.

Al prof. Ormellese per i consigli ed il sostegno ricevuto.



Contents

@01 =] 1 £ RS 2
N 1511 - o1 USRS 4
Chapter 1 Anodizing treatments on titanium ...........ccooveeiieieesie e 5
1.1  Production of Metallic Ti......cccceeiiiiiiiice e 5
0 Nt T 1 - Tox 1 [ o USRS 5
1.1.2  RefINEMENT ... 7

1.2 THANTUM QFAOES ....eeceeeeiecee et sre e sreesneeanee s 7
1.3 OXide FOrMALION ......ccveiiieciic et 8
1.3.1  Chemical oxidation of titanium...........cccccceveiiiieiiie e 10
1.3.2  Thermal oxidation of titanium ...........cccceeviiiiie i 12
1.3.3  Electrochemical oxidation of titanium ............c.cccceevviiviii v, 16
1.3.4  Standard an0diZING ........cceevveieeiie it 17
1.3.5 Plasma electrolytic oxidation (PEQ).........cccceviiiiiiiiiiieiiecie e, 22
Chapter 2 Selection of the aggressive enviroNmMeNt..........cccoovevverin e siieene e e 27
2.1 Materials and MEethods ..........ccoouiiiiii i e 28
2.2 RESUITS ...ttt nree e 30
2.3 SUIMIMAIY 1ottt e et e e e bt e e st b e e e anbae e e snbe e e e nnereeenes 38
Chapter 3 UnIpolar PEO .......cciii e 40
3.1 Materials and Methods.........cccoiieeiiii i 41
3.2 RESUIS ... 43
TR T I o0 3] (0] SRR SURPRTR 52
34 SUMIMAIY .ottt sttt sttt et e e nbe e e sbb e e srbeesnteesnbeeenbeeenes 56
Chapter 4 Bipolar PEO..........oooiiiiee et 57
4.1 Materials and Methods .........ccooiiiiiiii i 58
4.2 RESUIS ...t et 60
B I TS0t 011 o] o RSSO 63
A4 SUMIMATY .ottt e s e b e s e e s n e an e e be e e nnn e e nnneesnnee s 79
Chapter 5 PEO oxide CharaCterization ............ccoeeririeiiniie i 81
5.1 Materials and Methods .........ccooviiiiiiiniise s 82
5.2 RESUIS....oe i 83



D3 IS CUSSION .. e 100

5.4 SUMIMAIY .ttt ettt sttt ettt et st s st e et et e e bt e e nbbeenaneennbee s 107
Chapter 6 PEO oxide debonding.........ccoveieiiniie i 109
6.1 Materials and Methods ..........coceiiiiiiiie e 110
B.2  RESUIS ... s 111
CTC T D (S0t U111 o] o USRS 116
8.4  SUIMIMAIY ....eiiiiiie ittt sttt e et e e bt e e st e et e s be e e nbb e e saneesnbee s 124
Chapter 7 CONCIUSIONS ......cviiiieiee e 125
BibIOGraphy ... 126



Abstract

Titanium and its alloys offer a great opportunity and reliability when applied in those industrial
applications where the contact with an aggressive solution, or the occurrence of too serious
consequences in case failure, limit the use of other common structural materials like iron or
aluminum. For those reasons common fields of Ti implementation, listed in order of market demand,
are: aerospace, chemical, nuclear, and naval industry. In all cases, the contact with acidic
environments can severely affect the protective properties of the thin oxide layer that naturally grows
on the metal. This is particularly true when dealing with sulfuric acid often present, for example, in
the stratosphere where airliners fly or during metal pickling and synthesis of several chemicals like
fertilizers. Followed from those observations, electrochemical surface treatment, like plasma
electrolytic oxidation (PEO), offers a great deal to improve surface properties upon the growth of a

thick (even several microns) and hard conversion coating.

The aim of this research is to optimize PEO surface treatments for titanium grade 2 tested for
corrosion resistance in a solution of hot concentrated sulfuric acid (typically 10 %v/v at 60 °C, a
common environment adopted in metal pickling applications). In the first part of the thesis, the role
of the main technological parameters, like frequency and amount of cathodic polarization, was
investigated according to a detailed characterization made possible upon the use of transmission
electron microscopy (TEM). This allowed to probe the material structure, at the scale of the
nanometers, according to the use of electron energy loss spectroscopy (EELS). Detailed structural
maps were constructed improving knowledge about the barrier layer, i.e., the morphological region
of PEO oxides directly in contact with the metal and responsible for the corrosion resistance, and the
porous region, i.e., the oxide portion directly in contact with the external environment. It was verified
that upon the use of pulsed PEO with hybrid duty cycles, repeated at high frequency (1000 Hz), it
was possible to limit the amount of oxygen vacancies and to promote the formation of the most
thermodynamically stable TiO2 polymorph, i.e., rutile.

The latter verifications were found to be fundamental in characterizing the corrosion response of the
coatings, particularly in acidic environments, where the presence of electronic defects can favour
protons reduction and consequent atomic hydrogen ingress inside the oxide layer. The corrosion
mechanism was investigated through the use of electrochemical impedance spectroscopy (EIS)
allowing to extract proton diffusivities of oxides produced according to different PEO conditions.
Accordingly, a clear correlation between technological parameters, synthesized materials, and

corrosion response was established.



Chapter 1  Anodizing treatments on titanium

Titanium is a special transition metal element whose high popularity, in many industrial fields, comes
from the tendency to preserve its integrity thanks to the formation of a highly stable, compact, and
adherent oxide layer over its surface. The present peculiarity makes Ti a desirable material for
applications requiring high stability and corrosion resistance, while making its production and
workability a rather expensive and sometimes prohibitive choice. Discovered by Reverend William
Gregor in 1791 in England (Manaccan valley, Cornwall), it owes its name from the German chemist,
who found the new element in the form of rutile. The first attempts to purify the metallic form of the
element should be adduced to William Justin Kroll, a Luxembourgish metallurgist who reduced TiCl4
with Ca obtaining metallic Ti. Up to now the Kroll’s process is still the major actor in the field of Ti
production, however its high energy requirement and long extraction time poses a lower limit to the
price of the metal which generally, for commercially pure grades (e.g. Ti grade 2) oscillates around
20 $/Kg. For this reason, Ti finds applications where budget is not a restriction or where its use is
mandatory like in the biomedical field. After this brief general introduction section 1.1 has the aim to

collect the main technological processes to extract and refine metallic Ti.

1.1.1 Extraction

Still nowadays Kroll’s process is the most employed solution for metallic Ti extraction from its ores.
The raw material is initially treated with chlorine and coke involving inevitable production of
greenhouse gas according to Equation 1

TiO, + (x + y)C + 2Cl, - TiCl, + xCO + yCO, (1)

and the formation of TiCls which is then reduced thanks to the addition of Mg (or even Na in the so-
called Hunter process) at high temperature (~ 800-900 °C) according to Equation 2.

TiCl, +2Mg - Ti+ 2MgCl, @)

Ti reduction is an exothermic process requiring the reaction to proceed for several days in a closed
stainless-steel vessel and inert Ar atmosphere. After the reaction is almost completed cooling of
titanium sponge and removal of unreacted products occurs. Economic and environmental constraints
limit the application of extraction processes to ores containing more than ~ 90 % of TiO2, thus
imposing the utilization of rutile only. As the natural availability of the latter polymorph is decreasing



with time synthetic rutile can be produced from ilmenite (FeTiO3) for example by leaching in sulfuric

or hydrochloric acid *.

After extraction, a porous titanium sponge containing a high level of contaminants is obtained

requiring post-treatments, for refinement purpose, analyzed in section 1.1.2.

Alternative routes for metallic titanium extraction can be summarized as follows:

FFC Cambridge process: based on electro de-oxygenation of TiO2 in molten calcium chloride.
In this process titanium dioxide pellets are inserted in an electrolytic cell as the cathode, with an
electrolyte temperature generally held at 950 °C using a graphite electrode as the anode. Oxygen
delivered from the ore then reacts with the anode producing CO/CO>. The inventor claimed the
process to be around 5 times faster and ~ 30 to 40 % cheaper than the Kroll’s process 2.

OS process: the Ono-Suzuki process 2 is a calcio thermic reduction of TiO,. Calcium is dissolved
in molten CaCl, and TiO pellets immersed and reduced in the liquid. De-oxidized Ti metal
agglomerates and deposits to form a granular sponge. The reaction by-product (CaO) is then
decomposed electrochemically by reaction with a carbon anode and Fe cathode applying a cell
potential of 3 V, leading to the formation of liquid Ca at the cathode, dissolved in CaCl,, and
carbon dioxide at the anode. As the electrolytic reaction, of CaO decomposition and TiO>
reduction, occurs in the same reaction bath the energy consumption is claimed to be smaller than
the Kroll’s process.

Armstrong process: it uses almost the same chemistry of the Hunter’s process; however, the
reactor scheme and the way reactants are supplied is totally different. In this process TiCls is
introduced in a continuous flow of Na melt in a tubular reactor resulting in rapid reduction of
titanium in the form of powder separated from Na and NaCl according to washing, distillation,
and filtration.

Electrochemical reduction of TiOz: at research level in India DMRL (Defense Metallurgical
Research Laboratory) they tried to extract metallic Ti according to a cathodic treatment of
titanium dioxide powder immersed in a molten CaCl; heated at 950-975 °C using a graphite anode
with an applied DC voltage of 3-3.2 V. Quite recently Shi et al. * proposed the electrolytic
reduction of titanium dioxide in a solution of LiCl-Li»O at 650 °C using a cathodic reduction
potential of -0.3 V with respect to the Li/Li* redox couple. However, the author incurred in the
formation of highly stable and reversible rection intermediates, like LiTiO2, limiting the overall

reduction efficiency.



1.1.2 Refinement

After production of the Ti sponge purification from the molten salts and other contaminants, generally
entrapped in the porous Ti matrix, occurs. A common procedure is separation through vacuum arc
remelting. A strong DC current of several kA is used to ignite an arc between Ti and a counter
electrode leading to metal melting. During the process Ar is supplied in the chamber to avoid
contamination and consequent oxidation while a compressive stress is applied to compact the material
in the form of an ingot. The technology offers an easy control over the melting rate providing the
opportunity to tune microstructure and porosity, but also the chance to eliminate harmful
contaminants through evaporation, like: O, H and N. In this step several alloying elements could be
added to obtain the desired composition depending on which several Ti grades can be defined and

listed in the next section.

ASTM (American Society for Standard and Materials) was the first to introduce a detailed
classification of titanium and its alloys. The first four grades describe different compositions of
commercially pure titanium with level of impurities, listed in Table 1, scaling with the grade.

Table 1: elemental composition of commercially pure titanium grades °

ASTM | 0% (max) | Fe % (max) | C% (max) | N % (max) | H% (max)
Grade 1 0.18 0.20 0.10 0.03 0.015
Grade 2 0.25 0.30 0.10 0.03 0.015
Grade 3 0.35 0.30 0.10 0.05 0.015
Grade 4 0.40 0.40 0.10 0.03 0.015

The workhorse among all the Ti alloys, according to annual production, is for sure Ti grade 5, also
called Ti-6V-4Al, offering higher mechanical properties than unalloyed Ti at the expense of a lower
corrosion resistance provided by the addition of V and Al. Noteworthy is Ti grade 7, the outliers Ti
grade in terms of corrosion resistance keeping comparable mechanical properites to commercially
pure Ti grade 2. In fact, the alloy is almost equivalent to Ti grade 2 differing only by the addition of
~0.12-0.25 % of Pd responsible for boosting the metal’s passivation. Other Ti alloy grades are listed

below (impurity levels are not indicated):

= Grade5: 6 %V + 4 %Al

= Grade 6: 5 %Al + 2.5 %Sn

= Grade 8: 8 %Al +1 %V + 1 %Mo

=  Grade 9: 3 %Al + 2.5 %V

= Grade 10: 11.5 %Mo + 6 %Zr + 4.5 %Sn

= Grade 11: similar to Ti Grade 1 but with 0.12 < %Pd < 0.25



» Grade 12: 0.2-0.4 %Mo + 0.6-0.9 %Ni

» Grade 13, 14, 15: 0.5 %Ni + 0.05 %Ru

= Grade 17: 0.04-0.08 %Pd

= Grade 18: 3% aluminium, 2.5% vanadium and 0.04 to 0.08% palladium. This grade is identical
to Grade 9 in terms of mechanical characteristics. The added palladium gives it increased
corrosion resistance.

=  Grade 19 contains 3% aluminium, 8% vanadium, 6% chromium, 4% zirconium, and 4%

= molybdenum.

= Grade 20 contains 3% aluminium, 8% vanadium, 6% chromium, 4% zirconium, 4%

= molybdenum and 0.04% to 0.08% palladium.

= Grade 21 contains 15% molybdenum, 3% aluminium, 2.7% niobium, and 0.25% silicon.

= Grade 23 contains 6% aluminium, 4% vanadium, 0.13% (maximum) oxygen. Improved

= ductility and fracture toughness with some reduction in strength.

= Grade 24 contains 6% aluminium, 4% vanadium and 0.04% to 0.08% palladium.

= Grade 25 contains 6% aluminium, 4% vanadium and 0.3% to 0.8% nickel and 0.04% to 0.08%

= palladium.

= Grades 26, 26H, and 27 all contain 0.08 to 0.14% ruthenium.

= Grade 28 contains 3% aluminium, 2.5% vanadium and 0.08 to 0.14% ruthenium.

= Grade 29 contains 6% aluminium, 4% vanadium and 0.08 to 0.14% ruthenium.

= Grades 30 and 31 contain 0.3% cobalt and 0.05% palladium.

= Grade 32 contains 5% aluminium, 1% tin, 1% zirconium, 1% vanadium, and 0.8%

= molybdenum.

= Grades 33 and 34 contain 0.4% nickel, 0.015% palladium, 0.025% ruthenium, and 0.15%

= chromium.

= Grade 35 contains 4.5% aluminium, 2% molybdenum, 1.6% vanadium, 0.5% iron, and 0.3%

= silicon.

= Grade 36 contains 45% niobium.

= Grade 37 contains 1.5% aluminium.

= Grade 38 contains 4% aluminium, 2.5% vanadium, and 1.5% iron.

In this chapter focus will be given to the natural tendency of titanium to form an oxide even in
presence of a small amount of atmospheric oxygen or water vapor. This occurrence comes from the

high reactivity of the metal thanks to the very cathodic redox potential of the couple Ti/Ti*? ~ -1.63
8



Vshe 8. According to X-ray Photoelectron Spectroscopy (XPS) experiments, carried out at the end of
the 90° 8, the structure of the native oxide film was characterized as formed by TiO2 only. In fact,
traces of sub-oxides like Ti-Oz and TiO were initially recognized as artefacts introduced by the
sputtering procedure, (with Ar* or H* ion beam) used to ablate the material, necessary to obtain in
depth characterization. Only after the development of in-situ oxidation tests, carried out inside the
chamber of an XPS apparatus, the very first layers of titanium suboxide were detected 8° and
attributed to a natural occurrence. This can be seen by looking at the Ti 2p spectrum, highlighted in
Figure 1 and clearly showing in b), where upon dosing with 6 L of oxygen fingerprints of TiO-
(458.8 eV), Ti03 (457.5 eV), TiO (455.1 eV) and Ti (454.1 eV) manifested. However, beyond a
certain dose of O, the oxide chemistry levelled towards almost all TiO> (spectrum e)), as the electrons
of the first few suboxide layers, in contact with the metal and excited by the x-ray beam, were
prevented to reach the detector by scattering events in the thick TiO2 layer. On the other hand, as
temperature was raised to 850 °C, in absence of O, spectrum f) shown features only related to

metallic Ti and TiO, confirming the Ti?*- bearing oxide as the first layer in touch with the metal.
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Figure 1: Ti 2p XPS spectra of a clean Ti sample and after successive O, dosing b, c, d, e. In spectrum f de-oxidation
due to heating at 850 °C occurred 810,

This evidence allowed to conclude that the metal spontaneously covered with a first layer of titanium
sub - oxide characterized by 2+ and 3+ cation oxidation states, i.e., TiO and Ti2Os. Then the structure
of the upper portion of the oxide layer evolved towards TiO, according to the scheme highlighted in
Figure 2.
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Figure 2: schematic diagram of the natural Ti oxide.

To further confirm the three-layers model, of the native oxide growing on Ti, Pouilleau et al.
collected XPS spectra at different take - off angles (8), noticing that the TiO2 component was higher
for 6 tending to 40 °, confirming its stronger accumulation in correspondence of the surface. The
contrary held true in case of Ti2O3 and TiO where a total TiOx thickness ~ 6.1 nm rose according to
Equation 3

drio, = )l;iio" sin(8) In (;i:‘l) (3)

with I the intensity of the Ti signal in presence of the oxide, I7; the Ti signal of a sample sputtered

TiOy

with Ar* (supposed to be almost oxide free) and A

the attenuation length of e” in TiOx.

Having clarified the oxide stoichiometry, developed over the Ti surface when exposed to an oxidizing
environment, the next section will introduce the reader to the main technological processes used to
increase the thickness of this natural oxide scale. Attention will be focused on the different ways by
which energy can be supplied to the system to fulfill this task, i.e., chemical, thermal, and

electrochemical energy.

1.3.1 Chemical oxidation of titanium

Chemical oxidation can be a valid alternative route when thermal and electrochemical oxidation
appears to be prohibitive as occurs, for example, during in-situ oxide repairing. Chemical oxidation
in fact, does not require any supply of external current, finding its driving force directly from the
chemicals used and placed in touch with the workpiece. As a consequence, there is no need for using
an electrochemical cell or a hoven, saving space and equipment costs. First attempts regard the use
of hydrogen peroxide to allow the grow of thick and almost contaminations free titanium oxides.
Nanci et al. #'% used for example a mixture of H.SO4/H.0,, claiming to decrease surface
contamination with good reproducibility. According to XPS analysis they confirmed the gradient

10



composition of the oxide, previously highlighted by the studies of McCafferty et al. ’, also suggesting
that upon chemical oxidation part or even almost all the sub-oxides are converted into TiO,. Wang et
al.  instead used a mixture of 8.8 M H;0,/0.1 M HCI at 80 °C finding an almost linear
proportionality between treatment time and oxide thickness. Also nano structuring can be carried out
using chemical oxidation: Wu et al. ** prepared titanium dioxide nanorods by using a solution of 30
wt.% of H20- to oxidize the metal at 80 °C for 72 h. They also observed the opportunity to modulate

the structure upon addition of selected ionic species favoring respectively:

- F and SO42 — anatase formation

- CI" — rutile stabilization

Literature results, collected up to now, do not deal with chemical oxidation for corrosion resistance
enhancement but rather are focused on surface functionalization for biomedical application. Thanks
to recent investigation carried out by Prando et al. 1617 a solution of 10 M NaOH + 10 M H;0, was
optimized for Ti protection against 0.5 M ammonium bromide, a chemical found to induce strong
localized attacks on Ti. The author verified an optimum performing the chemical treatment at 60 °C
for 12 h. A mechanism of chemical oxidation in alkoxide and hydrogen peroxide was proposed

according to Equation 4 to 8

M™ + H,0, > M™*D+ L OH + OH~ (4)
M™ 4+ OH » MWD+ 4 LoH- (5)
OH- 4+ H,0, - H,0 + HO, (6)

leading to the competing formation of TiO2 and oxygen gas:
Ti 4+ 2H,0, — Ti0, + 2H,0 (7)
2H,0, - 2H,0 + 0, 1 (8)

As opposed to Al, Zn, Sn, and other amphoteric elements, whose contact with OH" determine the
formation of soluble metal hydroxides, Ti readily passivates with hydroxide ions forming a thick and

protective oxide layer.

Also Liu et al. 18 studied chemical oxidation of Ti for corrosion resistance purpose. They found a
beneficial effect in using a solution of 2 M H20: with the addition of 0.1 M HCI. Presence of chlorides
was found to be particularly beneficial in enhancing the electrochemical response in de-aerated
sulfuric acid as the presence of the halogen, in such a small quantity, was found to promote oxide

thickness.
11



1.3.2 Thermal oxidation of titanium

Thermal oxidation is a widely adopted alternative to produce titanium oxide generally characterized
by a mixture of anatase and rutile crystal structures. The technique is relatively simple, requiring only
the introduction of the sample in a hoven in oxygen containing atmosphere. In this way, playing with
final temperature allows to tune morphology and relative amount of both TiO2 polymorphs. The
morphology of Ti oxides grown by this technology is generally porous, with thicknesses even
reaching 10 - 20 um. Oxidation kinetics is very fast in the first minutes of the reaction, driven by the
initially high driving force dependent proportional to the high temperature gradient. Then, as a steady
state is reached, final thickness establishes proportionally to the temperature adopted, a trend
generally well approximated by a parabola. Saturation is a consequence of the too high energy
required for diffusion of oxygen ions and metal cations to occur as the oxide thickness overcomes a
critical value. To further boost the oxidation kinetics T and oxygen partial pressure should be
increased, favoring a higher titanium activity in correspondence of the oxide surface and faster
oxygen ions diffusion. According to Lin et al. 1° the oxidation process can be divided into five main
steps: 1 initial absorption of oxygen, 2 oxygen diffusion, 3 formation of a thin oxide, 4 oxide growth,
5 formation of a thick oxide layer. Aniotek et al. 2° grown a thermal oxide at 600, 700, and 800 °C
using different treatment times and obtained, upon XRD analysis, the formation of an upper layer of
rutile and an oxygen solid solution in correspondence of the metallic substrate with formula TizO. A
similar result was reached by several authors 2224 finding a titanium dioxide top layer and an oxygen

diffusion layer beneath it even ~ 10 um thick 2.

Structural aspects

Anatase is the metastable TiO2 polymorph generally formed at lower temperatures with respect to

other structures like rutile. The reason behind this evidence can be twice:

= From a structural point of view: anatase has a less constrained geometry thanks to a larger lattice
compared to rutile (overall rutile volume decrease ~ 8 % 2% due to contraction along the c-axis).
This can give an easier way to TiOs octahedra to arrange in space making easier its stabilization.
= Thermodynamic perspective: even if rutile is more stable (lower Gibbs free energy with respect

to anatase ?7) anatase surface free energy is lower 222°, thus favoring crystallization at lower T.

Apart from thermodynamics, the anatase to rutile transformation is highly dependent on a multitude
of factors influencing the reaction kinetics. This causes the transformation to not follow a rigorous
transition T but rather to span over a wide thermal window between 400 to 1200 °C 3°3! depending
on raw material, synthesis method, and experimental procedure used to evaluate the transition T.

12



Furthermore, as the anatase to rutile transition is reconstructive in nature (involving breaking and
reformation of bonds) it does not occur instantly but rather it takes several time to complete, thus
enlarging the number of possible contributions affecting the final structure. Some of them are related
to morphological features, like grain size and particle aspect ratio, but also to processing conditions
like heating rate, volume, nature of the sample container, and presence of impurities which can act as
nucleation centers. Among the technological factors affecting the transition, Diamanti et al. *,
working on Ti anodization, reported anatase and rutile formation temperatures as dependent on the
type of pretreatment undergone. For example, an oxide produced at higher voltage and then
successively thermally treated demonstrated an anatase formation temperature decreased from 500 to
400 °C attributing the effect to morphological modifications induced in the oxide layer upon the use
of higher forming voltage. Crystalline defects in the form of oxygen vacancies or element inclusions
strongly affect the phase transition. Oxygen vacancies in particular, were found to favor rutile
stabilization 333 while impurities can exert a profound influence on the kinetics of anatase to rutile
transformation. Substitutional elements, for example, can speed up the transition if the impurity
favors oxygen vacancy formation, while in case of interstitials the effect is a little bit more complex
and dependent on quantities like size, valence, and amount. In any case, if the solubility limit of the
dopant is overcome rutile formation is enhanced according to heterogeneous nucleation. According
to previous information a classification on the effect of the addition of different elements, based on

their chemical nature, is given.
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Figure 3: Valence/ionic radius plot of cations promoting or inhibiting anatase to rutile transformation. The plot was

provided by Hanaor et al. %,
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Cationic dopants: a rather simple discrimination on the influence of cation valence on promoting
or even retarding the anatase to rutile transition can be visualized in Figure 3 %3¢ and the concept
summarized as follows:

If cation valence < 4: oxygen vacancy formation is enhanced — rutile stabilization

If cation valence > 4: oxygen vacancy annihilation — anatase stabilization

Carbon doping: carbon is a well-known reducing agent for the TiO> system thus promoting,
according to Equation 9 to 11, oxygen vacancies (affecting rutile stabilization), Ti suboxide, and

titanium carbide formation:

TiO, + xC -» TiO,_, + xCO 9)
Ti0, + C - Ti0 + CO (10)
TiO, + 2C = TiC + CO, (11)

Consequently, C is expected to promote rutile formation even if no reports at all are present in

literature demonstrating such a result.

Anionic dopants: generally, it is reasonable to assume that doping using anions results in oxygen
vacancies filling. Again, the effect on the transformation can be rationalized in terms of size and
charge effects.

Doping with nitrogen: from the point of view of size, N is only 6 % larger than oxygen, so a
destabilization induced mechanism of the sub-lattice leading to rutile formation is not expected.
On the other hand, focusing on charge neutrality principle, the formation of three oxygen
vacancies every time two N* are added (as Ti°* is not allowed) should favor rutile formation.
However, to the best of our knowledge no reports are present in literature showing the influence
of N addition on rutile formation.

Doping with fluorine: fluorine is considered to be an inhibitor of the rutile transformation 3'. F is
around 6 % smaller than oxygen and if F*" is considered, the smaller anionic charge requires the
Ti** to Ti** reduction to occur. These observations result in lattice constraints, due to the higher
Ti®* ionic radii, decreasing the molecular mobility necessary for the transformation to occur.
Chlorine doping: chlorine is considered a phase transition inhibitor 3. The reason comes from its

high size, inducing stearic hindrance, (~ 33 % larger than O) making the transition less probable.

14



Morphological aspects

Apart from structural modification, morphology is also claimed to depend profoundly on
technological parameters. An example is reported by Mufioz-Mizuno et al. *° applying thermal
oxidation over previously synthetized titanium dioxide nanotubes by electrochemical route. He found
T to increase nanotubes diameter from 500 to 560 °C even if above 580 °C a densification effect, due
to sintering and crystallization, occurred. This was confirmed also by other authors %4 founding the
collapse of the nanotubular geometry, promoting the formation of nanopores, for T > 600 °C. Also
roughness was found to increase with temperature 3942, a strategy particularly beneficial to promote
cellular adhesion. Chen et al. *® thermally oxidized Ti between 750 - 950 °C looking for hardness and
tribological properties optimization. They found thickness, hardness and tribological performances
to scale with oxidation T with a maximum at 850 °C. After this threshold oxide delamination and

other morphological defects appeared.

Bansal et al. * observed the formation of spherical particles with radius ~ 10 nm treating Ti in the
range 200 - 300 °C. From 400 to 500 °C a rather compact and porous free morphology established
while as T was raised beyond 600 °C grain growth prevailed with respect to nucleation, resulting in
large clusters of titanium oxide (~ 800 - 1000 nm) and high porosity.

Kumar et al. *° noticed no oxide spallation treating Ti at 650 °C for 48 h. Furthermore, the surface
appeared to be relatively smooth up to 16 h, while beyond this value a considerable amount of surface
roughness developed according to the nucleation of large grains. Thickness was also found to be

highly dependent on treatment time, passing from 3.5 to 19 um from 8 to 48 h of treatment.

Aniotek et al. 2° observed modifications if increasing T of 100 °C from 600 to 700 °C, where the
higher T resulted in a finer morphology sign that agglomeration contributed to form a more compact
oxide. Things are different if working at 800 °C where the higher driving force allowed grain growth

resulting in a rougher morphology.

Corrosion behavior

As previously said, heating at high temperature induces rutile stabilization and sintering due to
crystallization. Consequently, beneficial effects are expected for what concern the electrochemical
response of the material towards harsh environments. This was confirmed by Mufioz-Mizuno et al.
% finding an optimum for samples treated at 600-620 °C and tested in Ringer’s solution. According
to Wang et al. “° a too high temperature (~ 800 °C) or a too long treatment time can cause oxide
spallation resulting loss of metal protection and biological properties. For this reason, the author

15



suggests using a maximum T of ~ 450 °C adjusting the treatment time to 6 h, increasing thickness but

also preserving a good oxide architecture.

Bansal et al. * studied thermal oxidation of Ti in the T range 200 - 900 °C optimizing process
parameters for corrosion resistance in body fluid. He claimed to obtain best electrochemical
performances by treating the metal at 500 °C according to the formation of an anatase — rutile - Ti.O3

mixture combined with pores closure.

Kumar et al. % investigated the effect of treatment time on the corrosion resistance in a Ringer’s
solution of CP - Ti treated at 650 °C. He found corrosion resistance, oxide thickness and hardness to

scale with treatment time, obtaining good performances with 48 h heating.

Bloyce et al. #’ used thermal oxidation of CP - Ti to protect the metal from immersion in 10 % HCI
at boiling T. He compared the treatment with palladium - treated thermal oxidation and plasma
nitriding finding a beneficial effect in using thermal oxidation. Also Jamesh et al. ?° characterized
thermal oxides, in acidic solution of nitric and HCI, finding important improvement with respect to
bare Ti thanks to the formation of ~ 20 um thick oxide offering a physical barrier towards proton
diffusion.

Arslan et al. 2 thermally treated Ti for 8 h at 850 °C inducing higher roughness upon using different
emery paper grades during pre-polishing. He noticed a decreased corrosion resistance upon roughness

increase.

Bailey et al. 222 verified that T and treatment time increase the thickness of the oxygen diffusion
layer inside the metal offered a further contribution in favoring metal protection against a solution of
0.9 % NaCl.

1.3.3 Electrochemical oxidation of titanium

Several processes can be grouped inside the heading of the present section depending mainly on one
of the most important parameter in electrochemical oxidation, i.e., voltage. Based on that, a first
classification can be proposed collecting several technologies allowing the formation of an oxide

scale driven by an electrochemical potential applied between an anode (the workpiece) and a cathode:

- Standard anodizing: a well-known relatively simple process involving the raise of the cell
potential below the spark voltage, i.e., the value in correspondence of which the electrolyte in
contact with the positive electrode start to be ionized. In this condition of growth the coating is
allowed to thicken according to a high field migration of oxygen anions, starting their path from
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the oxide electrolyte region, combining with Ti metal cations coming from the substrate. A very
different technique, exploiting higher voltages, will be covered in the next section.

- Plasma electrolytic oxidation (PEO): a relatively recent process involving the formation of
plasma - chemical reactions in correspondence of the electrode surface. Here the potential is raised
beyond the spark limit producing hard ceramic - like coatings with important oxide thickness
increase and porous morphologies often requiring a sealing procedure 8.

- Micro - arc oxidation (MAO): several authors %2 sustain MAO and PEO to be two sides of the
same coin while some others > consider MAO an extension of the PEO process manifesting
when the voltage is so high that small sparks become substituted by destructive arcs with large
size and long life - time. In the present dissertation the terms will be used interchangeably
propending for the more common PEO terminology.

- Soft spark PEO: this recent variant of the PEO process refers, as the name suggests, to a
modulation (softening) of the plasma activity during the oxidation process. This rather complex
event generally manifests by a sudden decrease in voltage, light, and acoustic emission resulting
in a more compact, thick, and high quality deposit.

1.3.4 Standard anodizing

Titanium anodizing was introduced for the first time by the British aerospace industry in 1923 and in

the US leading to the formulation of two updated standards:

- AMS 2487: this norm specifies the properties of Ti oxides as well as the requirements for
anodization carried out at pH < 12.4. These coatings are classified as abrasion resistant (type - 2).
- AMS 2488: this standard refers to anodization performed in a solution with pH > 13 producing

thick and protective oxides mainly for type - 2 and type - 3 applications (type - 1 is less common).

Depending on application type - 1 (uncommon) is followed by those processes intended for the
production of high - T coatings, type - 2 mainly for abrasion and corrosion resistance giving to the
object a distinctive gray color, and type - 3 also called “color anodizing”, is specific for coatings used

in the medical and dental field.

It is possible to say that generally standard anodizing allows the formation of compact mainly
amorphous or at least semi - crystalline coatings. Process can be controlled galvanostatically or
potentiostatically, the former finding wider industrial application as it allows control over the kinetics
and overall process duration. In both cases the process requires a positive voltage applied to the metal
in an electrochemical cell containing a counter electrode (generally an insoluble metal like activated

Ti) and an electrolyte providing the required ionic conduction necessary to close the circuit. Common
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electrolytic solutions, used for corrosion and wear applications, are acids (generally sulfuric or
phosphoric), salts (like sodium sulfate, ammonium sulfate...) or bases like NaOH or KOH. The oxide
growth appears mainly affected by the following parameters: — current density — final voltage —
treatment duration — electrolyte composition — pH — T and concentration — solution stirring — surface

finishing and chemical composition of the Ti electrode.

If the process is performed in potential - controlled regime (45 V in this example) current, I,

monitoring can allow the process to be described by three main steps as in Figure 4.
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Figure 4: current trend during standard anodizing in potential-control regime.

Initially the trend presents a sudden drop due to the formation of the first few layers of oxide, stage
I, then | increases (stage 1) according to the reaction of Ti** with hydroxyls leading to the formation
of a thick layer of TiO», acting as a barrier towards further ionic migration, causing inevitable | drop

(stage I1I).
Structural aspects

A rigorous control over the oxide growth rate, attained by adjusting the current density and the final
voltage, can favor the development of certain crystal structures. For example upon using higher
current density it is possible to increase the oxide fraction converted to anatase, as it is possible to see
in Figure 5 % where according to higher values (in a range 100 + 1080 A-m), in 0.5 M H2SO4, a

progressively higher anatase intensity resulted.
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Figure 5: Anatase intensity peak Vs cell potential for different anodization current densities .
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Also V allows to increase the amount of crystal phase present. Considering constant current density
(1080 A-m2) and previous electrolyte the following trend can be highlighted (Figure 6).

Intensity [count/s]

Figure 6: XRD plot collecting main anatase and rutile peaks at different cell voltages .

The diffractogram was magnified around the main anatase (~ 25.5 °) and rutile (~ 27.5 °) peaks. As
the V is increased beyond the spark limit (V ~ 130 V in present conditions) the process shifts from
standard anodizing to plasma electrolytic oxidation (PEO) involving the formation of a high quantity
of anatase and rutile.

Morphological aspects

Morphology is mainly affected by the final voltage used during the conversion treatment. Here in
Figure 7 it is reported an example of Ti grade 1 anodizing in 1.2 M H2SO4 performed by Mizukoshi
et al. %°. The treatment was performed galvanostatically (8 mA-cm) and images collected during
progressively increasing process time indicate the development of a porous surface as the cell V
reached 210 V after 33 min (well beyond the spark voltage threshold). With the treatment progress
pore diameter increases and eventually adjacent pores coalesce leading to an increase of the overall

surface roughness.

Figure 7: morphological variation induced during standard anodizing of Ti grade 1 6.
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Apart from porosity V highly affects surface coloring. This is due to an interference phenomenon
between light and the oxide layer, leading to different colors depending on oxide thickness. In fact,
the path travelled by the radiation through the coating plays a preponderant role in determining the
color hue. This in turns will be dependent on which frequencies will be promoted by constructive
interference. However, beyond a certain V, thickness increases too much and the interference
phenomena causes frequencies to move outside the visible spectrum resulting in coatings with opaque

gray tonality (this occurs e.g. at ~ 120 V in 0.5 M sulfuric acid).

Having established the correlation between coating thickness and surface optical properties a simple
experiment can be used to calculate oxide thickness simply evaluating its reflectance according to a
spectrophotometer apparatus. With the aim of doing that, knowledge of the refractive index n (found
to be V dependent according to material density variations °’) of the material and the wavelength A
giving construction interference (collected in correspondence of the maximum of the reflectance
curve) it is possible to use Equation 12 (Bragg’s interference law) to evaluate the coating thickness
d %8

nA = 2dsinf (12)
where 8 is the angle of incidence of light over the material.

Corrosion behavior

Even the application of a relatively low V can improve the corrosion response of Ti anodic coatings.
This was observed for example by Karambakhsh et al. 3 working between 0 + 80 V for oxides

optimization in Ringer’s solution. The following trend (Figure 8) was obtained:
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Figure 8: corrosion rate (mpy) dependence on anodization voltage ¥.

All the treatments outperformed pristine Ti grade 2 even if the benefits, provided by the conversion

coating, appeared to be non - monotonic with the cell potential. A maximum in corrosion resistance
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in fact, was obtained for treatments performed at 10 V representing a good compromise between

thickness and absence of surface porosity (both getting bigger with V).

Similar results were obtained by Saraswati et al. % working on Ti-6Al-4V. The author found that
anodizing in 1 M KOH in a V interval 10 + 30 permitted the formation of effective barrier coatings.
In particular, despite the slight porosity increase experienced when increasing the V, the corrosion
response seemed to be mainly affected by the thickness enhancement observed when increasing V

and evaluated according to potentiodynamic plots of Figure 9.
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Figure 9: potentiodynamic plots for Ti-6Al-4V samples anodized at different voltages °°.

Higher anodization V caused the corrosion potential, Ecorr, t0 move anodically and the corrosion

current, icorr, and the current in correspondence of the passive branch, ipass, to decrease considerably.

Also Prando et al. °° studied the corrosion response of Ti electrodes anodized below the spark voltage
limit. The author found an optimum for Ti oxides, grown in 0.5 M H2SOs, using 40 V reached
according to 20 mA-cm. Also increasing the voltage from 20 to 50 V seemed to be beneficial on Ti-
6Al-4V anodized in H3PO4 %! for corrosion resistance in artificial saliva, ringer’s and simulated acid
rain solution. Voltage dependence of the corrosion behavior of unalloyed Ti was also studied by
Kahar et al. %2 testing the electrode in 3.5 % NaCl and 0.1 N H,SOa. The author found an optimum in

corrosion resistance, in both electrolytes, for an oxide layer synthesized in 10 % KOH at 50 V.

According to this brief literature survey and the presence of a maximum of corrosion resistance for
relatively low values of V, it appears evident the need to apply another strategy to increase the
protectiveness of anodic coatings grown on Ti. For this reason the present dissertation, and the
following section, will be devoted to the investigation of plasma electrolytic oxidation regime, a

technique exploiting plasma chemical reactions in conjunction to high field ionic migration.
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1.3.5 Plasma electrolytic oxidation (PEO)

Plasma electrolytic oxidation, always abbreviated as PEO, is a rather recent technique, with TRL ~ 4
+ 6 %, actually employed in the research field but also present in some industrial companies like
Keronite (UK), Tagnite (US), and Ceratronic in France. For this reason the process can be considered
far from being completely understood, thus requiring further study particularly on the mechanism
behind the oxide growth and plasma ignition. Despite that, the process offers the opportunity to
considerably enlarge the voltage window, which practically remains limited only by the set-up
adopted, permitting to enhance considerably the opportunity for functionalization. Despite the set-up
used during the conversion treatment is similar to the one used during standard anodizing the

mechanism of oxide synthesis is totally different:

- Standard anodizing: as previously said, the oxide grows according to a continuous migration of
ions due to the high field produced inside the dielectric material.

- PEO: the metal is oxidized directly inside the plasma and the oxide forms as the plasma cools
down. This causes a PEO oxide to be continuously destructed and reconstructed, as the metal used

for oxide formation comes directly from substrate evaporation.

PEO was born initially as a surface treatment for Al and Mg where thanks to the insulating nature of
their oxides, inducing the formation of strong electric field, the process well develops. Also Ti
demonstrates to be PEO treatable, even if it is difficult to obtain coatings with thickness > 20 pm 5
as due to the semiconductive nature of TiO2 lower electric fields, compared to previous metals, are
expected to establish. Furthermore, as the enthalpy variation ® of Ti to give TiO- is lower, and more
similar to the energy gain of H oxidation (to give water), than the one of Al (to give Al>03) and Mg
(for MgO formation) water oxidation is expected to be more competitive thus decreasing the amount
of oxygen used to react with Ti. For these reasons, PEO can be successfully applied generally only
to so called “valve metals”, i.e., Al — Mg — Ti — Ta— Zr — Nb — Be. This terminology comes from the
natural tendency of those materials to form a stable oxide, over their surface, acting as a rectifier, i.e.,
allowing e to flow through the oxide only when the electrode is made the cathode, as a result of the

action of the metal - oxide junction.

PEO mechanism:

Several attempts were done to understand the physics behind the oxidation mechanism in a complex
phenomenon like PEO involving: plasma, liquid, vapor, and solid phases. According to literature they

can be divided into two main categories:
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- Models describing the oxidation mechanism

- Models describing plasma ignition

Models describing the oxidation mechanism

Starting from the first category Klapkiv et al. ® sustained Al oxidation to occur according to the
model of the steam and gas vial formation. In this case in correspondence of the discharge channel,
resulting from the failure of the first layers of oxide grown electrochemically, a gas vial with T ~
2000 K established at the electrolyte side as in Figure 10. According to the author the discharge
channel is responsible for substrate melting and subsequent evaporation, while in the gas vial H.O
dissociation with consequent formation of atomic O, H, OH radicals and other electrolytic species
occurred. The author suggested that within the time of existence of the gas vial (supposed to be even
longer than the one of the discharge channel) the EDL failed, allowing a considerable mass transport
towards and inside the oxide layer. After condensation, the still present high T favored polymorphic

transitions of the oxide.

Metal + Oxide Electrolyte _

Hﬁuqm
T=2000 K \~>HOE
o OH.
Al
!
‘ electric
O,H,CH, |\9— double layer
Al 10, AKOH),
alloying el. comp. of electrolyte T —— J

Figure 10: schematic drawing of the gas vial model 6°.

Sundararajan et al. ®" accounted, on Al treated by PEO, for a discharge mechanism in continuous
evolution, creating a connection for mass transfer between the top coating layer and the oxide - metal
interfacial region. Deviations from thicknesses evaluated according to Faraday’s law were attributed
to a constant oxide volume deposited in the form of the common pancake like morphology,

highlighted in Figure 11 b 8, reach in Al and typical of destructive discharges.
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Figure 11: SEM surface overview of b the pancake like morphology and c the nodular region 8.

As the process develops discharges become less distributed in space while their power increases
resulting in pancakes with larger holes. This strongly affected the microstructure where due to the
continuous contact with the relatively cold electrolyte rapid quenching favored y-Al.O3 to accumulate
on the coating surface. On the other hand, the harder and more stable a-Al.O3 developed as the
consequence of heat accumulation at the coating bottom.

Yerokhin et al. ® gave an interpretation of the Al oxidation mechanism as composed by two
concomitant reactions, i.e.: electrochemical surface oxidation and plasma chemical reaction.
According to a computer simulation the author demonstrated the phases present in the coating as

mainly dependent on relative amount of previously cited current contributions.

Matykina et al. " instead performed sequential PEO treatments over Al in alkaline solution containing
180 isotope verifying the reaction site, leading to alumina formation, to be localized in the deeper
coating region near the barrier layer. This allowed to conclude the process as mainly controlled by
transport of O - species in the inner part of the coating, resulting in ions and radicals formation

according to plasma interactions.

Models describing plasma ignition

Hussein et al. "-72 were the first to successfully apply in - situ optical emission studies during PEO
of Al. According to their evidences plasma can be ignited following three types of mechanisms, a
result confirmed by also other independent authors "

- Type - A: surface plasma, not involving the deeper coating regions, ignited in correspondence of
small features sizes, like defects, leading to electric field amplification beyond water breakdown.
- Type - B: dielectric discharges involving all the coating thickness. They are generally thought to
be ignited in correspondence of the metal substrate according to the electron avalanche theory.
Their occurrence can be roughly predicted, based on material type, according to this simple
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formula: %Eg (where Eg indicates the band gap of the material) representing the energy necessary

to accelerate a valence e", causing oxide breakdown, proportional to the material band gap.
- Type - C: plasma emission mainly occurring below the oxide surface in correspondence of holes

filled with gas and electrolyte.

An interesting perspective was introduced by Dehnavi et al. ®® working on Al in an aqueous
electrolyte of KOH containing sodium silicates. The author focused the analysis on the effect of duty
cycle on discharge modulation. He found that the use of low duty (lower applied polarization) allowed
to decrease the intensity of a single discharge even if the total number was dramatically increased
(constant I experiments). As a result, the higher plasma spatial density allowed to limit the amount of
foreign elements adsorbed on the surface, like Si, according to the forces exerted by the molten Al
ions ejected from the substrate. Cheng et al. ™ instead widened the spark mechanisms previously

proposed, hypothesizing the occurrence of other two additional forms of plasma, i.e.:

- Type - D: plasma ignited in large holes separating inner barrier and outer porous layer.
- Type - E: strong discharges, forming pancake morphology, confined to the outer portion of the
oxide layer (considered less penetrant with respect to type - B).

Corrosion behavior

PEO coatings are generally classified as highly resistant to corrosive attacks thanks to the relatively
high thickness and extreme adherence. Wang et al. ™°, for example, enhanced the corrosion response
of ZrO, PEO coatings by increasing the amount of cathodic polarization. This allowed to decrease
the number and intensity of destructive type - B discharges, to increase thickness, and also to decrease
the porosity according to sintering. Su et al. ’® studied the effect of increasing the working frequency
(from 100 to 1000 Hz) and improved the polarization resistance of Mg coatings by two orders of
magnitude justifying the result in terms of a less damaged structure obtained when using higher
frequency. Concerning electrolyte composition Salami et al. ” found that the use of 30 g-L™* Na,SiO3
was the best choice to improve the corrosion resistance imparted by PEO oxides on Mg substrates.
Asoh et al. "® instead studied the effect of adding alcohols like ethylene glycol (EG), glycerol (GLY),
and ethanol to a solution of sodium phosphate for PEO applied on Mg. He founded important benefits
in terms of coating quality by using both EG and GLY like: higher thickness, compactness and
decrease of roughness, all factors providing important corrosion resistance enhancement. Shokouhfar
et al. ® compared the PEO process, over Ti electrodes, using two different solutions: sodium
phosphates and sodium silicate. The author found the former to favor corrosion resistance as smaller

pores were left by the plasma activity. Hussein et al. 8 instead studied the addition of silicon oxalate
25



(Sox) and citrate (Sci) to an alkaline borate electrolyte during PEO treatment Al. He found the
preferential adsorption of Sox and Sci as an important strategy to locally smooth the detrimental action
of the plasma. In this way the corrosion resistance of the coating, tested in 3.5 % NaCl, was largely

improved.

Providing the generally high corrosion resistance imparted by PEO coatings grown over Ti substrates
the selection of a suitable aggressive environment will be the focus of the next section. Attention will
be paid to strong reducing acids responsible, in general, to make the stability of the anodic layer a

reason of concern.
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Chapter 2  Selection of the aggressive environment

Keeping in mind one the main objective of the present thesis, i.e., the study of titanium oxide
debonding, different acidic solutions were tested in order to assess the most aggressive environment
for Ti grade 2 and the most corrosion resistance Ti grade 7 alloy, the latter containing ~ 0.2% of Pd
responsible to boost the passivation of the metal making its application suitable for very aggressive
acidic solutions. Generally speaking titanium has a good corrosion resistance owing to a thin,
compact, and well adherent oxide layer extremely stable in a huge variety of environments. Despite
that, even Ti oxide can lose its protectiveness when in contact with strong reducing acids, particularly
in case of environments with low oxygen partial pressure. To overcome this weakness, it is possible
to perform surface treatments or change the composition of the metal adding proper alloying

elements. Following the latter procedure, two strategies can be addressed:

- nobility by alloying
- variation of anodic or cathodic overvoltage

A famous example, of modifications of the cathodic process responsible for Ti corrosion, i.e.
hydrogen evolution reaction (HER), was introduced in the 1950s by Tomashov et al. 8 who
demonstrated the role of metal additions like Pd or Pt to reduce HER overvoltage thus moving Ecorr

in the passivation region.

The acids analyzed in the present work (sulfuric, phosphoric, hydrochloric, sulfamic, and oxalic) are
for sure the most employed in the manufacturing and chemical industry. In particular sulfuric acid
production volume is so huge that it can be used as an indicator of the industrialization level of a
country. It is mainly employed for the production of fertilizers like ammonium sulfate 8, for the
synthesis of chemicals like hydrochloric and nitric acids, in the metallurgical field and during pickling
operations. As a consequence high concentrations ~ 10 — 20 %v/v and T are required, making the
bare metal particularly susceptible to uniform attacks. Some ions can be strategically used to decrease
the aggressiveness of sulfuric acid like Fe%*, Cu?*, and CI, favoring titanium passivation . Apart
from sulfuric, also phosphoric is very common in the chemical industry, for example in the production
of phosphates or as a catalyst during the synthesis of ethanol 8. It is also used in the electronic field
for the processing of PCB and semiconductors & but also in the beverage industry as an acidulant in
many soft drinks. It can also work pretty well as an etchant for the removal of mineral substances
depositing over apparatus used for water treatments. Ti grade 2 (UNS R50400) generally guarantees

a good protection to H3PO4 until 30 % concentration at Troom and in presence of oxygen 8386,
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HCl is a common mineral acid mainly derived from the reaction of chlorine with water. It is generally
used for oil wells cleaning even if its use is sometimes limited by the high aggressiveness and the
formation, upon reaction, of hazardous hydrogen gas. According to that the use of Ti grade 2 is only
advisable for T < 75 °C provided the concentration remains << 10 %v/v. In case of higher
temperatures/concentrations Ti grade 7 is strongly suggested, manifesting an appreciable stability up
to 37.1 % v/v at 15 °C or 10 %v/v at 100 °C. Beyond these values Pt or Ta should be used. Sulfamic
acid is an inorganic acid generally available in dry form and considered relatively strong in solution
with water. Sometimes it substitutes HCI for metallic and ceramic cleaning operations favoring rust
and lime scale removal without the drawbacks of HCI. Ti grade 2 shows relatively high stability up
to 10 %v/v at 75 °C which can be considered as an upper limit above which the corrosion rate becomes
unacceptable (~ 1 mm-year?) &,

Oxalic acid is a strong organic acid mainly used in the pharmaceutical industry as a purifying agent.
It is naturally present in human saliva, tooth tartar, and teeth with a concentration ranging from 0.09
mmol-L? for man to 0.17 mmol-L* for woman 88, Titanium, which is one of the most employed
material for dental prosthesis sustains oxalic acid up to 5 %v/v at 35 °C, while for concentration ~ 10

%v/v at 60 °C the corrosion rate becomes very high (~ 11.4 mm-year?) 8.

Having established the importance of the former chemicals, especially if considering the high
probability for Ti to be in contact with them, immersion tests have been performed (ASTM G31 8°)
in acidic environment in a 1 L Pyrex balloon, a condition sufficient to guarantee a solution volume —

specimen area ratio of 1 L-cm.

Table 2: concentration and T of acids used in the present investigation.

Acid Concentration (%v/v) T (°C)
Sulfuric 10 50
10 60
Phosphoric 30 60
40 35
50 35
60 35
Hydrochloric 2 60
40 35
50 35
60 35
Sulfamic 10 60
Oxalic 10 50
10 60
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Reflux condenser have been adopted to avoid evaporation thanks to the use of a cryostat/thermostat
Julabo 200F for temperature control of the fluid circulating in the coil wound of the condenser. Table
2 summarizes concentrations and temperatures used in the present assessment for Ti grade 2 in the
acids studied. Tests and data on Ti grade 7 have been collected in the same condition and results
reported and discussed only for weight - loss variations relevant for the resolution of our experimental
apparatus. Temperatures and concentrations were selected according to literature data availability for
direct comparison, economic, and safety reasons. Titanium coupons were washed in deionized water,
sonically cleaned in ethanol for 5 min, and dried by compressed air. The metal was pickled in Kroll's
solution (2 %v/v HF + 4 %v/v HNOg) prior to immersion. This allowed to measure the initial weight
(W1) using a Mettler Toledo MS105 balance (resolution 10 g) after 5 minutes immersion in the
testing solution. A procedure for corrosion product removal was adopted according to ASTM G1 %
in a 20 g-L* of NaOH polarizing the sample cathodically with current density of 300 A-m. Prior to
final weighting (W2) samples were put in a vacuum desiccator for 24 h. Corrosion rates (CR)

(expressed in mm-year ) were evaluated according to Equation 13

— k(W1 -W,)
Aty

CR (13)

where y = material density (in kg-m?), A = exposed surface area (m?), t = immersion time (h), and k

=8.76-10% is a constant used for unit conversion.

Planned intervals corrosion tests were performed considering three relevant time windows of
immersion: 24 h (T24), 48 h (Tas), and 72 h (T72), plus further 24 h (sample “B”) of immersion of a
new sample in the solution previously used for 72 h (this sample has been extracted after 24 h). In
this way it was possible to study: 1 the variation in metal corrodibility (from 24 to 72 h) 2 the variation
of solution aggressivity (according to sample “B”). Previous criteria can be summarized in Table 3
used to define unchanged, increased, or decreased solution corrosiveness (S) as well as the metal
corrodibility (M).

Table 3: criteria defined for planned interval test analysis.

Acid Criterion Status

Solution corrosiveness (S) Tx=B Unchanged
B<Ty Decreased
B>Ty Increased

Metal corrodibility (M) T=Tu Unchanged
T722> T2 Increased
Tr<Ta Decreased
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An optical microscope, LEICA DL ML, was used to evaluate the corrosion morphology while

roughness was investigated using laser profilometry collecting 500 points per mm of linear scan.

A Metrohm Autolab PGSTAT equipped with a FRA32M module for EIS was used for
electrochemical measurements of a standard three - electrode cell with a saturated silver/silver
chloride reference electrode (SSCsat.) and an Amel Pt counter electrode. A salt bridge, filled with agar
—agar and KClI, allowed to protect the reference electrode from the acidic solution. Electrochemical
tests have been performed on both titanium grade 2 and grade 7 immersed in HCI, H2SO4 ,H3POs,
oxalic acid, and sulfamic acid at 0.5 mol-L™ concentration. EIS tests were always performed at the
corrosion potential (Ecorr), after 1 h of stabilization, and using a sinusoidal signal of 10 MVims
considering a frequency spectrum between 10 mHz and 100 kHz. Ten impedance points were
acquired by the system for each decade of frequency and the corresponding spectra fitted according
to the use of the software Nova 2.1. As the solution conductivity was generally high data were not

corrected for ohmic drops.

The cathodic behavior was scanned with 10 mV-min? from +0.1 V/Ecorr Up t0 -1 V/Ecor. Origin
software was used to extract Tafel parameters by a linear regression method. Tests was conducted
following ASTM G5 °! prescriptions considering a repetition of three.

Table 4 collects CR of Ti grade 2 immersed in 10 %v/v sulfuric acid at 50 and 60 °C.

Table 4: results in terms of CR for Ti grade 2 immersed in H2SOa.

Acid ‘ conc. (%v/v) ‘ T (°C) l Sample ‘ CR (mm-year™) ‘ M ‘ S
H>S0s 10 50 To 3.76 7 1
Tas 4,50
T 5.20
B 6.20
H,SO, 10 60 Tor 8.08 1" 11
Tas 11.17
T2 14.16
B 14.40

CR demonstrate strong dependence on T and immersion time. It will be shown H>SO4 to be the

chemical promoting the highest CR values with respect to other acids.
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Table 5: results in terms of CR for Ti grade 2 immersed in H3zPOa.

Acid Conc. (%v/v) T (°C) Sample CR (mm-year?) M S
H3PO, 30 60 To 2.59 = =
Tus 2.57
Tz 2.65
B 2.38
HsPO, 40 35 Tas 0.71 = l
Tus 0.47
T2 0.43
B 0.39
HsPO, 50 35 Ta 1.58 1 1l
Tus 0.10
Tz 0.33
B 0.29
HsPO, 60 35 Ta 0.41 1 1
Tus 0.69
Trn 0.52
B 0.65

In fact, sulfates are well known to complex stronger to Ti** ions (with Ti(OH)sHSO4 %, demonstrated
by Beukenkamp et al. *3 to be the preponderant species up to 2 M concentration, responsible to inhibit
re-oxidation) than other anions such as Cl- and PO4?. As CR of sample B is almost two times the one
of sample To4 it is possible to say that solution aggressiveness largely increased with time. T was
found as the main agent responsible for aggressivity of phosphoric acid, in fact, the CR obtained for
H3PO4 30 %v/v at 60 °C was around one order of larger magnitude with respect to the one obtained

using a lower T (35 °C) but larger content of acid (60 %v/v) (see Table 5 above).

Table 6: results in terms of CR for Ti grade 2 immersed in HCI.

Acid l Conc. (%v/v) ‘ T (°C) ‘ Sample ‘ CR (mm-year™) ‘ M ‘ S
HCI 2 60 Toe 0.05 7 7
Tus 0.07
T 1.13
B 1.76
HCI 6 50 To 0.80 = 1
Tas 1.05
T 0.98
B 0.98
HCI 10 60 To 3.97 " "
Tas 5.64
T 6.65
B 6.40

Furthermore, an increase of [H3PO4] at constant T did not produce appreciable increase of CR,
perfectly correlating with the observed decrease of solution aggressivity S when using 40 %v/v at 35
°C.
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On the other hand, even hydrochloric acid 2 %v/v at 60 °C raised the CR, averaged over 72 h of
immersion, beyond 1 mm-year? (Table 6). Also in this case metal self - passivation and formation
of protective corrosion products were not effective to preserve the metallic substrate, as a result the

metal corrodibility (M) increased with immersion time.

The use of 10 %v/v and 60 °C induced the CR to rise up to 6.65 mm-year over 72 h of test thereby
making the use of Ti grade 2 a dangerous material selection. Also, in this case when T > 50 °C S

increased with time.

Table 7: results in terms of CR for Ti grade 2 immersed in sulfamic acid.

Acid ‘ Conc. (%v/v) T (°C) Sample CR (mm-year?) [ M S
0.35

Sulfamic 10 60 Tos 0.34 1 ™
Tus 0.47
Tz 1.92

Due to the relatively high stability of commercially pure titanium in sulfamic acid, immersion tests
were performed in a solution 10 %v/v at 60 °C. While M demonstrated only a slightly increase, S
varied more than five times with the immersion time (Table 7). This evidence can find justification

by monitoring the pH, evaluated at t =0 h and t = 72 h, and corresponding to 3.8 and 2.0.

Even if Ti is generally not attacked by organic acids, oxalic acid was demonstrated to be more
aggressive than HCI when high concentration and temperature are employed. CR was always > 1.5
mm-year?, saturating towards ~ 10 mm-year® at t = 72 h in 10 %v/v at 60 °C (Table 8). During
immersion in this solution a strong color variation towards pale violet manifested * due to the
formation of Ti** complex with the oxalate anion. However, the restoration of the original transparent
color indicated that almost all the Ti** complexes were oxidized to Ti**. No color variation was
encountered at all in case of solution T < 60 °C, corroborating the influence of T in favoring the

stability of the complex hexaacquatitanium (I11).

Table 8: results in terms of CR for Ti grade 2 immersed in oxalic acid.

Acid ‘ Conc. (%v/v) ‘ T (°C) ‘ Sample ‘ CR (mm-year™) M S
Oxalic 10 50 To 1.89 1 =
Tus 1.83
T 2.09
B 174
Oxalic 10 60 To 5.67 1 1
Tas 8.45
Trn 9.75
B 6.46
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Thanks to previous results it was verified how the use of Ti grade 2 should be avoided when dealing
with H2SO4 and oxalic acids in case of hot concentrated solutions (10 %v/v at 60 °C). According to
that, Ti grade 7 was tested in these environments and results reported in Table 9.

Table 9: results in terms of CR for Ti grade 7 immersed in H,SO4 and oxalic acid.

Acid | Conc. (%v/v) | T (°C) Sample | CR (mm-year™) | M ‘ S
H2S0, 10 60 To 054 I 1
Tus 0.29
Tr 0.22
B 0.73
Oxalic 10 60 To 0.12 1 1
Tus 0.15
Trn 0.22
B 0.21

The addition of Pd was found to be very effective in promoting the decrease of the CR of even 1 order
of magnitude. M slightly decreased with time in presence of sulfuric acid while the opposite was
found to occur for oxalic acid, in accordance with the color shift of the solution, indicating the

formation of stable complexes.

Corrosion morphology, of Ti grade 2 immersed in all previous acidic solutions, considering
experimental conditions 10 %v/v at 60 °C, was investigated by optical microscopy (see Figure 12)

and average crater areas were evaluated using ImageJ software.
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Figure 12: corrosion morphology of Ti grade 2 immersed in a HCI, b H,SO4, ¢ H3PO4, d oxalic, and e sulfamic acid.
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Greater craters were observed when dealing with HCI, evidencing the highest prominence of ClI" to
induce strong localized dissolution while the smaller depression regions were evidenced in tests
conducted in sulfuric acid corroborating the uniformity of the attack. Table 10 summarizes all the
roughness parameters (Ra, Rmax, Rqg, Rz, and Ry) extracted according to laser profilometry performed
(see Figure 13) on samples immersed for 24 and 72 h, in the most aggressive condition (10 %v/v at
60 °C), for all the acids.

Table 10: roughness parameters extracted according to laser profilometry performed over Ti grade 2 exposed in
different acidic solutions.

Sample HCI H,SO,4 H3PO, Sulfamic Oxalic
T24 T72 T24 T72 T24 T72 T24 T72 T24 T72
Ra (um) 1.0 18 0.7 0.8 0.5 0.5 0.6 0.8 1.9 2.6
Rq (um) 1.3 2.6 0.9 1.2 0.6 0.6 0.7 0.9 2.4 3.2
R, (um) 7.0 14.2 6.2 74 34 3.7 41 5.4 124 17.0
Re (Hm) 8.4 16.1 7.1 114 38 4.4 45 6.2 14.2 19.1
Rmax (LM) 8.3 15.3 7.0 114 35 4.2 4.2 5.9 135 17.7
Area (Um?) 283 3503 37 30 22 313 94 177 113 336
Depth (um) 2 8 0.5 15 0.2 0.7 0.8 3.0 15 5.0
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Figure 13: laser profilometry profiles of Ti grade 2 samples immersed in different acids.
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Irrespectively of the solution used, an increase in surface inhomogeneity is always noticed by

increasing texposure. Numbers confirm HCI to be the corrosion agent inducing deeper craters, especially

after 72 h of immersion (sample T72).

By looking at the roughness profiles, however, also oxalic acid imprinted a very irregular

morphology (see also Figure 13d) denoting suitability for those Ti etching procedures with the aim

of transferring to the metal a high degree of surface roughness (for example where high adhesion is

required like before application of a top coating). On the other hand, H2SO4, which favored the highest

CR, determined a more uniform attack and no appreciable morphological variations upon different

texposure. Profiles related to phosphoric and sulfamic acids confirmed their lower aggressivity towards

Ti grade 2. In Figure 14 cathodic polarization tests, performed on Ti grade 2 and 7, are shown.
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Figure 14: cathodic polarization of Ti grade 2 and 7 samples performed in different acidic solutions.

i (Acm?)

Regardless the type of acid utilized Ti grade 7 manifested Ecorr more noble than Ti grade 2 confirming

the beneficial action of Pd in moving the reaction potential in the passivation region °. The higher

current density, generally seen in the present experimental potential window for Ti grade 7, acts as a
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demonstration of the catalyzing ability of Pd towards HER. Ecor and Tafel slopes, evaluated in
correspondence of the low and high overvoltage regions, have been extracted and reported in Table
11. Oxygen reduction reaction (ORR) is the only cathodic reaction expected to occur for both
electrodes when the potential is only moderately shifted from Ecor. However, differences in terms of
reduction kinetics (| bc) are manifested for the alloy as the presence of Pd can further enhance even
ORR 96,97_

Ti grade 2 shown always lower catalytic properties towards ORR, apart when immersed in HC| where
b ~ 58 mV-decade® while in sulfamic acid both metals behaved almost the same in the low

overvoltage region.

Table 11: electrochemical parameters of Ti grade 2 and 7 extracted according to cathodic polarization performed in
different acidic solutions.

Acid (0.5 M) | Material ‘ Ecorr (V/SSCaqt) be°¥ (mV-decade™) b (mV-decade?)
HCI Grade 2 -0.138 58 152
Grade 7 0.134 20 194
H>S0, Grade 2 0.126 170 136
Grade 7 0.185 150 239
H3PO, Grade 2 0.125 107 163
Grade 7 0.152 61 347
Sulfamic Grade 2 -0.082 86 149
Grade 7 0.081 85 269
Oxalic Grade 2 0.081 101 169
Grade 7 0.179 88 286

Using the equation linking Tafel parameter and transfer coefficient (which can be found elsewhere
%) and considering higher coverage in the high overvoltage zone (o= 0.5), a be ~ 118 mV-decade™
was extracted, demonstrating electrochemical desorption to be the rate - determining step for HER
on titanium grade 2 at 25 °C in all the acids tested. On the other hand, substantially higher bc were
observed on Ti grade 7 in the high overvoltage region, with be ~ 347 mV-decade™* for HsPO..

E IS were performed at Ecorr for both Ti grade 2 and 7 considering Trom and 0.5 M acid concentration.
Results are reported in Figure 15 in the form of Nyquist and Bode representations. Immersion test
results were confirmed by looking at EIS finding sulfuric, oxalic, and hydrochloric acids to promote
the stronger attacks. Passivity was evidenced by observation of only one broad time constant (- phase
angles approaching - 90 °) compatibly with the low acidic concentration (0.5 mol-L?1) %,
Electrochemical information was extracted according to the use of physically meaningful equivalent
circuits. As the system denoted the presence of only one broad time constant, a single R — CPE parallel
was used, with the constant phase element (CPE) accounting for surface innomogeneities *°. Diffusion
phenomena, once present, occurring in the solid - liquid interface (like the electrical double layer)

were modelled with a finite space Warburg element (T) 1% as in Figure 16b.
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Figure 15: Nyquist (a and c) and Bode (b and d) representation of Ti grade 2 and 7 immersed in different acidic
solutions.

Figure 16: electrochemical equivalent circuits used to fit EIS spectra of Figure 15.

In case of negligible mass transport the circuit reported in Figure 16a was considered, as for the case
of Ti grade 7 when immersed in less aggressive electrolytes like H3PO4 and sulfamic acids, while the
circuit in b was used for all the other cases. The absence of diffusion related phenomena was
indicative of the lower tendency of charges to accumulate inside the EDL as the result of the tendency
of Ti grade 7 to behave as a partially blocking electrode. This correlated with the maximum of the —
phase angle, observed in Figure 15d, maintaining a high value (~ - 85 °) even at the lowest frequency
portion of the spectrum (102 + 10! Hz). Fitting parameters of EIS spectra are collected in Table 12,
where Ry, stands for polarization resistance, Yo and n are the admittance and the exponent of the CPE,

while Ryq is a diffusion resistance. Fitting quality was verified according y? values.
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Table 12: parameters extracted according to fitting of EIS data of Ti grade 2 and 7 immersed in different acids.

Acid Ti R, (Q-cm?) Yo (S-s"-cm?) ‘ n | Ry (Q-cm?) 1

HCI Grade 2 455-10° 9.86-10° 0.95 31.6 3.4-10°
Grade 7 9.11-10° 4.93.10°% 0.91 99.3 6.8-10°

H2S04 Grade 2 3.08-10° 8.81-10° 0.97 20.8 7.0-10°
Grade 7 3.67-10° 4.34-10°% 0.92 27.0 5.1.10°

H3PO, Grade 2 7.78-10° 7.67-10° 0.97 34.3 7.1-10°
Grade 7 1.97-10° 3.21.10°% 0.93 - 8.8-10°

Oxalic Grade 2 4.88-10° 8.35-10° 0.96 26.7 5.2:10°
Grade 7 6.39-10° 4.23-10°% 0.89 32.1 6.2:10°

Sulfamic Grade 2 9.26-10° 9.01-10° 0.96 75.0 6.6-10°
Grade 7 1.24-10° 3.87-10° 0.91 - 7.6:10°

Looking at Rp it is clear how Ti grade 7 shows a higher resistance to ongoing faradaic reactions as
compared to Ti grade 2. This is particularly true in case of immersion in HsPO4 and sulfamic acids
where the capacitive response was preponderant (higher - phase angle) and R, ~ 7.78 and 9.26 x 10°
Q-cm?. Same conclusions can be drawn by looking at “n” always close to one (see Table 12) as a
demonstration of the capacitive character of the electrode in all the solutions tested. Only in the case
of oxalic acid “n” decreased to 0.89 compatibly with the high surface roughness promoted by its
attack (see Figure 13d). According to impedance analysis, the use of Ti grade 7 seemed to be

particularly advantageous, doubling Rp and Rq, when considering a solution of HCI.

As a result of weight - loss and electrochemical investigation, it is possible to draw the following

observations:

= Hot concentrated oxalic acid was very aggressive toward unalloyed Ti forming very rough
surfaces and CR comparable with H2SOa.

= Pd promoted ORR kinetics leading to lower bc near Ecorr While in the high overvoltage region it
favored film stability resulting in larger bc.

= EIS results well correlated with previous trend: in particular, Ti grade 7 was found to behave like
a blocking electrode when immersed in 0.5 M HzPO4 and sulfamic acid.

= Sulfuric acid promoted the highest CR ~ 8 mm-year? thus deserving the attribute of most
corrosive agent, for Ti grade 2, among all the tested solutions in agreement with the progressively

increasing solution aggressivity and metal corrodibility.

With a certain degree of confidence, after this analysis, the use of Ti grade 7 when hot concentrated

solutions of H2SO4, oxalic, and hydrochloric acid are predicted to wet the metal is strongly advised.
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Alternatively, a more economic strategy can be the functionalization of the surface with a conversion

coating through an anodization process.
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Chapter 3  Unipolar PEO

Plasma electrolytic oxidation (PEO) offers the possibility to create metal oxides with peculiar features
depending on final applications 1°21%2 This is particularly true for PEO on titanium, stimulating a lot
of interest in actual research, specifically in the biomedical field, thanks to the possibility to form
hydroxyapatite, and in the corrosion sector "%1%3-105 thanks to the formation of hard, thick, and
adherent oxides. Even if bipolar PEO %197 favors a higher oxidation rate 1%, leading to thicker and
more protective coatings 1%, due to the actual global concern for CO, emission an upper limit of the
energy consumption raises the demand of more environmentally friendly technologies. For this reason
research regarding unipolar PEO, involving only the use of anodic polarization, for a controllable
amount of time, is still popular. It is well documented 1%'2 that voltage (V) is the more reliable
parameter for controlling coating thickness and morphology **. For example, Kuromoto et al. 14
found higher porosity and larger pore diameters as V passed from 50 to 250 V. Similarly
Asumpinwong et al. 4 observed higher roughness and amount of crystal phase when using higher
V. V control is also important for determining the elemental retention from the electrolyte. In fact,
working ~ 100 V ! limits the deposition of electrolyte species while the opposite holds true when
higher V (~ 450 V) are employed >,

Other strategic parameters widely studied with the advent of pulsed anodizing are for sure frequency
and duty cycle. Torres-Ceron et al. 126 studied extensively the effect of the former parameter: higher
values were found to promote a decrease in crystal size, pore diameters, and higher surface roughness.
Concerning duty cycle Williamson et al. '’ found benefits in using larger duty cycle (with
progressively higher anodic polarization). In fact, this allowed the author to reach the same coating
thickness with lower forming voltage with respect to the use of a lower amount of anodic polarization.
This effect, manifesting even when too high frequencies are selected, should be related to

modifications of the plasma activity developed over the electrode surface 8.

Both alkaline and low pH electrolytes can be used to PEO treat a valve metal. HoSO4 with respect to
other acids used during PEO of Ti, like H3sPQOg4, favors surface porosity, a more homogeneous oxide
stoichiometry 1*°, and the development of rutile *?°. These observation can be related to the particular
plasma activity promoted at the electrode surface. For this reason several attempts were done to
understand and characterize the different types of plasma developing over the material " previously
described in section 1.3.5 and here briefly summarized:

= purely surface sparks produced by water breakdown — type - A
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= dielectric discharges — type - B

= sparks promoted at the bottom of pores filled with gases — type - C

Apart from the electrolytic bath even the correct choice of electrical parameters can favor one
discharge type with respect to another one. This can considerably widen the degree of
functionalization of the coating: for example PEO Ti oxides resistance towards harsh environments
containing Br, known to promote severe localized attacks, can be easily enhanced by simply
increasing the voltage 22124 beyond the spark limit, thus promoting the formation of thicker and more
crystalline oxides. Moreover, as in section 2 it was shown that Ti can suffer uniform corrosion if
strong reducing acids are considered, the oxide prepared in the present section was tested for uniform
attacks immersing the metal coupons in sulfuric acid, while localized corrosion resistance was studied
according to anodic potentiodynamic scan in a bromides containing solution. Oxides were
synthesized in 0.5 M sulfuric acid considering investigation of the following experimental

parameters:

= Forming voltage
= Duty cycle
= Frequency

Conversion treatments were performed on 10 x 10 x 1.6 mm?3 titanium grade 2 (UNS R50400) with
a fully programmable power supply (California Instruments Asterion 751 series AC/DC power
source) in potential - controlled regime. The natural oxide was removed, before any treatment,
according to mechanical lapping using silicon carbide papers: 100, 320 and 600 grit. After polishing,

samples were sonically cleaned in ethanol for 5 min and washed in deionized water.
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Figure 17: schematic representation of unipolar duty cycle.
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Figure 17 allows the reader to be confident with the definition of duty cycle where A% stands for
percentage of anodic polarization and R% for percentage of rest time, i.e. no polarization applied at
all. The combination of three voltages (120, 160 and 220 V), two frequencies (20 and 1000Hz) and
two duty cycles (90 A%-10 R% and 10 A%-90 R%) allowed all the condition highlighted in Table
13 to be tested. Duty cycle and frequency values were selected as they represent the extreme
conditions reproducible by our potentiostat. The final voltage was reached according to a constant
voltage ramp with slope: 0.5 V-s. A Cambridge Stereoscan 360 SEM was used for morphological
analysis. A pore recognition macro, developed for ImageJ software, was run over five pictures for
each sample allowing to statistically evaluate results in terms of surface porosity and number of pores
per image. Structure was investigated thanks to X - ray diffraction (XRD) using a Panalytical
Empyrean XRD with Cu K, radiation (1.54058 A) and scanning angle varied between 20 ° and 40 °
to capture the main characteristic peaks of anatase (25.309 °© PDF 00-064-0863) and rutile (27.443 °
PDF 01-089-0553). Thickness was evaluated according to cross-section observations at SEM:
samples were incorporated, via hot pressing, into an epoxy resin and before observation they were
mechanically lapped down to ~ 0.8 um thanks to alumina powder.

Table 13: Unipolar PEO parameters used in the present analysis.

Sample ‘ Voltage (V) ‘ A% ’ R% ’ Frequency (Hz)
120-10-20 120 10 90 20
120-10-1000 120 10 90 1000
120-90-20 120 90 10 20
120-90-1000 120 90 10 1000
160-10-20 160 10 90 20
160-10-1000 160 10 90 1000
160-90-20 160 90 10 20
160-90-1000 160 90 10 1000
220-10-20 220 10 90 20
220-10-1000 220 10 90 1000
220-90-20 220 90 10 20
220-90-1000 220 90 10 1000

The electrochemical response was investigated according to the use of potentiodynamic tests in 0.5
M NaBr at 50 °C with a repetition of two per each anodization treatment performed in a standard
three - electrode cell *?° with KCI saturated silver/silver chloride (SSCsat) reference electrode and Pt
counter electrode. A scan rate of 10 mV-min was adopted, starting from 0.1 V below Ecorr up to 8 V
above Ecor. The cathodic region was instead investigated in 0.5 M sulfuric acid at 25 °C scanning
from 0.1 V to — 1.5 V with respect to Ecorr USing previous scan rate. Immersion tests were conducted
in 10 %v/v sulfuric acid with the same test apparatus described in section 2.1 and the minimum test

duration was evaluated as follows 8°:
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2000
hours = CRamDY) (14)

Experiments conducted in section 2, considering previously described solution, allowed to verify a
corrosion rate (CR) for untreated titanium grade 2 equal to ~ 8.1 mm-year? producing a minimum
test time of 6.3 h, derived according to Equation 14. However, to have a significant and measurable
mass loss in the presence of more corrosion resistant films the duration has been extended to 24 h

considering a repetition of two samples.

3.2 Results

Anodizing in an oxide dissolving solution forms a porous surface with increasing pore size increasing
the V from 120 (Figure 18a), 160 (Figure 18b), and 220 V (Figure 18c). Table 14 lists the number
of pores and the surface porosity extracted from ImageJ. A coefficient of variance (CV) was defined

as in Equation 15:

cv =-22_. 100 (15)

" AVERAGE

where STDEV stands for standard deviation and AVERAGE for the arithmetic mean. As previously
reported, V increase favored surface porosity and roughness. In particular, at 220 V pores
were substituted by interconnected tunnels and large deposits resulting in a less organized oxide
growth. Oxides produced at 120 V presented high inhomogeneity in both surface porosity and pores
number. Lower porosity (1.52 %) was obtained with condition 120-10-1000, where the use of small

duty and high frequency permitted the electrode to be polarized anodically only for 100 ps.

Figure 18: SEM images of sample anodized at a 120, b 160, and ¢ 220 V considering the duty 90 A%-10 R% at 1000
Hz.
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Table 14: results of the pore recognition macro applied on PEO treated samples.

Pores Porosity
Sample

n CV (%) % CV (%)
120-DC 207 321 4.7 47.6
120-10-20 133 36.8 3.6 235
120-10-1000 335 41.3 15 36.5
120-90-20 156 30.1 2.7 34.4
120-90-1000 178 234 23 46.5
160-DC 175 15.2 9.8 18.3
160-10-20 230 11.0 7.7 15.2
160-10-1000 291 49 7.1 15.2
160-90-20 216 12.7 111 15.0
160-90-1000 278 8.4 7.3 49
220-DC 155 21.8 10.7 13.1
220-10-20 175 24.2 155 4.0
220-10-1000 219 6.8 13.8 5.6
220-90-20 193 114 20.6 13.3
220-90-1000 90 14.2 12.4 15.1

Consequently, the power density used by sparks to locally melt the oxide was strongly reduced ™.
Previous considerations are valid also for the case where higher V are employed, allowing to conclude
the important role of duty cycle and frequency in controlling the time given to reactions, responsible
for local dissolution and porosity formation, to occur. However, even if higher frequency determined
a decrease of the overall surface porosity, the total number of pores was increased (pore smaller in
diameter) "®. The reaction leading to porosity formation can be thought as a two-step mechanism,

assisted by the high electric field:
— a proton transfer reaction: Ti0, + 4H* - Ti** + 2H,0
— formation of a soluble salt: Ti*t + 2507~ - Ti(50,),

Figure 18a highlights a sample anodized at 120 V, showing a smaller number of pores as compared
with the other conditions tested using higher forming voltage. This is related to the relatively low
potential applied, high enough to favour the formation of pores only in correspondence with defects
and small feature sizes amplifying the local electric field. Figure 18b presents the surface obtained
at 160 V with pores homogeneously distributed over the deposit. In both cases, only small short-

living and randomly moving sparks were observed.

The crystal structure of the oxides was analyzed by XRD. For sake of comparison, after

background removal, the area of the main anatase and rutile peaks was evaluated and collected in

histograms shown in Figure 19a to c.

44



a) 120 v
3000
5 2500
<
= 2000
=
% 1500
o 1000
] BANATASE
g S0 BRUTILE
o
W W oWt W
o o & o
o’ e o R
A o o P
ANODIZING REGIME
b) 160 V
3000
5 2500
2
= 2000
<
% 1500
1000 .
% ®ANATASE
o s
B s =RUTILE
[}
PN N oW N
g Bt &
O P W R
AR o g
ANODIZING REGIME
C) 220V
3000
5 2500
=
— 2000
<
‘é‘é" 1500
g 1000
E =ANATASE
& s =RUTILE
0
W W W W
& o & o
S o W N
o o P R

ANODIZING REGIME

Figure 19: area of the main anatase and rutile peaks, whose values are represented in the form of histograms, for
samples anodized at a 120 V, b 160 V and ¢ 220 V.

The increase in voltage determined a strong increase of the rutile phase (red histograms) which

however was very low at 120 V (Figure 19a) compatibly to the low AT involved during the treatment

(solution ATmax = 2). At 160 V (Figure 19b) a relatively high anatase quantity combined also with

the presence of rutile manifested, in particular the waveform 10 A% — 90 R% at 20 Hz promoted the

development of both crystal structures in similar quantity, making the signal appetible for those

applications requiring both phases 2.

Relative intensity

220 V - 90A%-10R%-1000 Hz
160 V - 90A%-10R%-1000 Hz
120V - 90A%-10R%-1000 Hz
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Figure 20: diffractograms of samples produced with the waveform 90 A%—-10 R% at 1000 Hz at different voltages.
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As previously said, at 220 V (Figure 19c), the high heat involved during the process, determining a
substantial ATmax = 41 of the solution, stabilized the formation of rutile. This was particularly true for
the waveform 90 A%-10 R% at 1000 Hz which converted the structure almost entirely to rutile thanks
to the development of long - lasting orange like sparks. For sake of representation the effect of V on
the bulk structure of the oxide, produced with the waveform 90 A%-10 R% at 1000 Hz, is displayed

in Figure 20:
Table 15: results of the thickness analysis performed on PEO treated samples where CV stands for coefficient of
variability.

Sample tmin (UM) tmax (M) taverage (M) CV%
120-10-20 0.73 1.35 1.02 18
120-10-1000 0.51 0.85 0.64 25
120-90-20 1.13 1.91 1.52 15
120-90-1000 1.48 2.99 2.19 23
160-10-20 1.25 2.05 1.60 17
160-10-1000 1.27 2.57 1.97 17
160-90-20 1.32 2.24 1.90 14
160-90-1000 1.90 2.89 2.41 14
220-10-20 211 3.25 2.64 13
220-10-1000 4.05 7.01 5.45 20
220-90-20 3.12 423 3.65 10
220-90-1000 6.93 8.56 7.78 7

As at 120 V the coating thickness was considerably lower (~ 2.2 pm) the reflection corresponding
to the metallic substrate was enhanced as the x-ray beam experienced an easier penetration towards
the substrate. By increasing V a raise of the anatase plane (101) is observed, enhanced by the presence
of more intense surface sparks, still not powerful enough to promote the heat up of the film —
electrolyte system (AT = 6 °C) required for the stabilization of the rutile structure ?’. Upon analysis
of the upper (continuous red line) diffractogram, it was observed that the anatase peak was substituted
by rutile, compatibly with the large electrolyte temperature variation (AT = 41 °C). The peak related
to metallic Ti was considerably decreased according to the large thickness (~ 8 um), verified by the
following analysis, common for treatments employing large duty cycles (90 A%) and high frequency
(1000 Hz).

Minimum, maximum, and average thickness values of the anodized samples are collected in Table
15.

The strong dependence of the oxide layer thickness on the forming voltage has been well documented
128 Unsurprisingly condition 120-10-1000 formed the thinnest coating (~ 0.5 um) as the time in

correspondence of which the electrode was polarized anodically was very low according to the use
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of high frequency and small duty cycles. The thickest sample (~ 7.8 um) resulted by using the signal

220-90-1000, previously found to favor rutile growth (Figure 21).

Figure 21: oxide overview of sample anodized with waveform 90 A%-10 R% at 1000 Hz at 220 V.

Apart from condition 120-10-1000 higher frequency always favored higher thickness, as higher

currents were involved during oxidation (~ 25 % higher).

After oxide and process characterization anodic curves are reported in Figure 22, collected

according to forming voltage.
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Figure 22: anodic polarization plot for sample treated at a 120, b 160, and ¢ 220 V.
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To demonstrate the improvements observed on the treated samples in each V-i plot the behavior of
pristine titanium grade 2 is reported, showing a breakdown potential (Egp) ~ 1.5 V/SSCsat.. Results
are grouped in Table 16 in terms of Egp, corrosion current density (icorr) and anodic current density
in correspondence of the passive branch (ipass). Even the less corrosion resistance treatment 120-10-
1000 (Figure 22a) was able to more than double Egp of titanium grade 2 even if icorr and ipass are
slightly larger probably due to the higher electrode crystallinity. This could be related to the smaller
thickness but not with surface porosity that was the lowest among all the conversion coatings.

Table 16: electrochemical data extracted from anodic polarization visualized in Figure 22.

Sample icorr (A M2) | ipess (A M2 ‘ Esp (V/SSCat)
Ti grade 2 8.70-10°3 2.97-107 1.20
120-10-20 1.38-102 2.51.10" 3.84
120-10-1000 2.88-10% 6.47 3.14
120-90-20 9.70-10° 8.37-10" 331
120-90-1000 2.41-102 6.43-10" 3.76
160-10-20 2.62-102 5.93-10" 3.76
160-10-1000 4.66-102 5.99.10% 4.16
160-90-20 6.10-10° 1.82-10" 7.27
160-90-1000 3.50-10° 7.44.10% 4.23
220-10-20 1.3210° 3.00-10" 6.54
220-10-1000 6.50-10° 6.45-10 8
220-90-20 1.17-102 1.21 8
220-90-1000 3.10-10° 5.75:102 8

No significant improvements were demonstrated by the anodic scan performed for samples anodized
at 160 V (see Figure 22b) except for the waveform 160-90-20 presenting Egp = 7.27 V/SSCsa. and
lower values of icorr and ipass. Figure 22c displays potentiodynamic tests of samples treated at 220 V:
an important improvement in terms of Egp was obtained and only sample 220-10-20 faced anodic
dissolution. Condition 220-90-1000 performed the best: absence of pitting and improvements in terms
of icorr and ipass With respect to pristine titanium grade 2 were the most important features. It is perhaps
worth noting that the increase in thickness of the coating determined important improvements with
respect to resistance towards localized corrosion 12°, This can be related to the voltage drop occurring
inside the oxide layer and proportional to the passive current flowing in the cell. This is not strange
as TiOz is semiconductive in nature (n-type) thus allowing a residual current to flow even in passive
conditions (ipass are not negligible). Keeping this in mind a larger thickness allows to increase the
ohmic drop providing a better screening of the effective electric field present at the metallic substrate,
applied during potentiodynamic test: this allowed to limit adsorption and diffusion of aggressive

anions like Br™ retarding considerably anodic dissolution. The concept can be better visualized in
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Figure 23 where the interfacial potential Vi in presence of deep oxide indentation can reach a value

Vo much more similar to the anodic potential experienced by the substrate (Vs), favoring dissolution.

0.5 NaBr . ' . .
.. b
TiO2
“ Ve
TiO2'? + 4Br + 4H* + 2¢ «+ TiBrs + H:0 e

Figure 23: schematic representation of the occurrence of anodic dissolution.

In this high field condition, Br~ chemisorption increased leading to oxygen displacement and
formation of the complex TiBr4 122, Low Egp and high icor and ipass Were observed on 120-10-1000:
thickness measurements clearly indicate a non-homogeneous growth (CV ~ 24.6 %), with high
probability of formation of defects and weak spots where preferential adsorption of Br~ can occur, but
also a low level of crystallinity (both anatase and rutile concentrations are decreased). The fact that
the latter sample manifested the lowest amount of surface porosity is a clear indication of its negligible
influence with respect to anodic dissolution. This agreed with observations carried out by others 118
verifying no improvements, in terms of anodic dissolution resistance, when anodizing with “small”
duty cycles. If V is increased, sample 160-90-20 behaved quite well, presenting a lower CV and
improved concentration of rutile phase, increasing Esp t0 7.5 V/SSCsat.. Apart from condition 220-
10-20, with thickness ~ 2.114 um, the use of 220 V seemed to be beneficial in avoiding anodic
dissolution particularly if high frequencies are employed %3, In fact, due to the high thickness, the
voltage drop inside the film was high enough to decrease the interfacial potential, thus avoiding
excessive accumulation and penetration of Br. Surface porosity determined a minor contribution to
the overall surface property, making thickness and degree of crystallinity the main factors affecting

anodic dissolution resistance.

Weight - losses were converted into CR and collected in Table 17 where also a percentual

improvement, with respect to uncoated Ti grade 2, is proposed:

Final CR values were expressed as the average of both repetition. A sensible reduction of CR ~ 27 %
occurred only in case of samples anodized at 220 V, presenting both higher quantity of rutile and
thickness. However, the present analysis demonstrates how those treatments are far from the

electrochemical response offered by Ti grade 7.
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Having assessed the higher protective ability of coatings composed by rutile it is necessary to
investigate the plasma regime developed over the electrode, responsible for the stabilization of the
latter structure, and its relationship with electrical parameters like: frequency and duty cycle. In fact
the different morphologies, encountered in Figure 18, suggest different phenomena to occur during

the oxide synthesis depending on V.

Table 17: results in terms of CR of samples immersed in 10 %v/v H,SO. at 60 °C.

Sample ‘ CR (mm-year) ACR (%)
Ti grade 2 8.10 -
Tigrade 7 0.21 +97.40
120-10-20 7.99 +1.09
120-10-1000 7.88 +1.09
120-90-20 8.27 -2.29
120-90-1000 7.73 +4.39
160-10-20 8.13 -0.62
160-10-1000 8.95 -10.73
160-90-20 8.38 -3.65
160-90-1000 8.23 -1.79
220-10-20 6.36 +21.26
220-10-1000 6.35 +21.44
220-90-20 6.37 +21.11
220-90-1000 5.91 +26.91

A preliminary understanding about the process can be extracted by looking at current — time plot
(Figure 24a and b): several ripples (black arrow in Figure 24b) appeared when the voltage was
increased from 160 to 220 V only for the signal 90 A%-10 R% at 1000 Hz. Visual observation
(Figure 24c and d) evidenced a transition between randomly moving white sparks, verified at 160 V,
and vigorous static discharges characterized by an orange-like hue manifesting at 220 V. The reason
why such powerful optical emission verified only for signal 220-90-1000 can be related to the
thickness enhancing ability observed when combining proper electrical parameters (like high
frequency and large duty cycle). In fact it is well known the strong relation between oxide thickness
and dielectric breakdown occurrence. Scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM-EDS) were performed inside the crater left by the discharge to quantify the
amount of foreign elements retained from the electrolyte (Figure 25c¢ and d) and the substrate. SEM
images demonstrate that the morphology is very different from a typical titanium oxide synthetized
in H2SO4 (Figure 18b) where a very rough surface mainly composed of droplets, with different sizes
and shapes of rapidly condensed oxide **2, developed. Using back - scattered electrons (Figure 25d)
provided the contrast necessary to see small white spots randomly distributed inside the crater and

corresponding to metallic titanium particles. This was the result of substrate evaporation confirming
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the presence of type-B discharges involving very fast kinetics not allowing complete oxidation of the

metal during the ejection process .
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Figure 24: current-time plot of samples anodized with waveform 90 A%-10 R% at 1000 Hz at a 160 and b 220 V.

As current ripples previously observed generally developed in a time scale of hundreds of ps the static
long lasting orange like plasma should be considered a cascade of several single events. To confirm
this evidence the sample was cut using a circular diamond saw (Figure 26) in correspondence of the

crater left by the plasma, measuring a diameter ~ 95 pum 4,

In correspondence of the crater a deep inward oxidation (~ 14.11 um) occurred and a growth rate of
~ 1.92 um-min in the spark site, higher than typical values obtained outside (~ 1.06 um-min-)
confirmed the presence of plasma - assisted diffusion phenomena of oxygen species through the
metallic substrate enhanced by the anodic polarization >, From image Figure 26c it is possible to
better separate the current contribution devoted to plasma occurrence, evaluated ~ 100 ps 34, in
correspondence of an anodic contribution lasting 0.9 ms.
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Figure 25: a, b schematic representation of a discharge and consequent EDS plot e, f of the spots highlighted in red
and yellow inside the crater c, d.
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Figure 26: a, b cross section of the discharge fingerprint and ¢ current-time plot at the ms time scale.

3.3 Discussion

Surface composition evaluated in correspondence of the discharge crater (at%; Figure 27e) was as
follows: Ti (25.2 %), O (48.8%), S (15.6 %; Figure 27¢) and Ca (10.4 %; Figure 27d) suggesting
TiO; as the main constituent. S and Ca are mainly deposited along the discharge borders, generally
called “nodules” 13138 Given the high content of S and Ca, retained from the electrolytic bath and

the current ripples previously observed, it is reasonable to assume with a certain degree of confidence
the concurrent action of type - A and B plasma.
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For sake of summary few steps based on previous observations combined with a schematic

representation of the plasma event (Figure 25a and b) are provided:
- e¢jection of substrate material — type - B;
- partial oxidation of the ejected metal;

- deposition of elements from the electrolyte — type - A spark "7,

Figure 27: SEM-EDS analysis confined in the crater left by the discharge visible in a.

Concerning TiO> stability, Pourbaix plots are well known thermodynamic diagrams providing useful
preliminary information regarding the possibility of an electrode to undergo dissolution in a certain
electrolyte. TiO2 is generally stable for pH > 0.4 and non - negative potentials with respect to standard
hydrogen electrode (SHE). If stronger acidic conditions are employed, or the potential is decreased
below 0.2 V/SHE, the overall anodic half reaction becomes:

Ti+ H,0 - TiOH?** + 3e~ + H*

where in presence of dissolved oxygen the cation can oxidize to Ti** in the form of TiOH2*. Vaughan
et al. 9 showed that with sulfates the pH threshold, below which TiOz corrodes, is further increased
(~ 3.5), leading to the formation of Ti0(50,)3~ complexes °2 (a plausible conjecture as no color shift
of the solution was observed **8). According to results previously shown in Table 17 no significant
improvements, apart from coatings synthesized at 220 V, appeared. In fact, sometimes CR larger than

untreated Ti were found as the coating acted as a crevice former 134!, This was confirmed by looking
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at the roughness profile (Figure 28a for untreated Ti grade 2) where deep indentations were
particularly evident for condition 160-10-1000 (Figure 28b), the most corroded one. Roughness
parameters are listed in Table 18 in the form of arithmetic average Ra; root mean square average, Ry;

A between highest peak and lowest valley, R; and the distance between the highest peak and lowest
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Figure 28: laser profilometry analysis carried out on a Ti grade 2 and b sample showing the highest CR in sulfuric

acid solution.

valley in a sampling length averaged over the five sampling lengths comprising the evaluation length,
R..

Table 18: roughness parameter extracted according to laser profilometry analysis shown in Figure 28.

Roughness (um) Ti grade 2 160-10-1000
Ra 1.337 1.691

Rq 1.666 2.324

R¢ 9.234 20.892

R, 8.586 13.306

In particular the presence of strong localized attacks in sample 160-10-1000 can be evidenced by

looking at Rt which was ~ 21 pm.

The best response of coating 220-90-1000 can be related to the relatively low surface porosity ~ 12.4
% and the abundant presence of rutile, demonstrated in other works 42 to be more stable than the
amorphous phase. Nonetheless, the high thickness increase promoted by condition 220-90-1000
provided only a rather moderate uniform corrosion improvement (< 30 %). This last observation can
find justification again in the particular mechanism of growth, where the high voltage employed

contributed to the formation of thick oxides with very rough architecture (Figure 18c) but also a low

54



adherent substrate. The latter hypothesis is demonstrated by the presence of a layer of porosity in

correspondence of the oxide - metal interface as in Figure 29.

Figure 29: oxide cross-section (220-90-1000) highlighting the porosity band at the oxide - metal interface.
In Figure 30 the cathodic behavior of sample 220-90-1000 is investigated and compared to the one
of Ti grade 2 and 7.
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Figure 30: cathodic polarization scan for sample 220-90-1000 (in orange), Ti grade 2 (in gray), and Ti grade 7 (in
black).

For the latter metal increasing cathodic current density (ic) with respect Ti grade 2 are generally
observed, in agreement with previous observation according to the presence of Pd %. In the first mV
below Ecorr the orange curve, related 220-90-1000, presented higher ic until a potential ~ — 0.5
V/SSCsat.. This could be related to the high content of surface impurities (like SO4*") demonstrated
according to EDS analysis to favor the development of the reaction SO4* / H2S (feasible at ~ — 0.35
V/SHE at pH = 7 and evaluated according to SO4* /HSO3™ at — 0.52 V/NHE and SOz* / HS at —
0.17 VINHE) occurring at a thermodynamic potential similar (~ 6 mV more positive) to proton
reduction (— 0.41 at pH = 7). However, as the cathodic potential moved below the stability line of
TiH2 (— 0.6 V/NHE), condition 220-90-1000 showed higher HER polarization with respect to

uncoated metals 143,
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Pristine Ti grade 2 and anodized titanium showed a diffusion control regime for OER, followed by a
Tafel behavior with a slope, in case of anodized titanium, ~ 179 mV-decade™ , in accordance with
other studies 1414 while no evident diffusion control region manifested for Ti grade 7 probably
masked by the faster kinetics of HER. Apart from that as Ecor Of the anodic layer, during free
corrosion tests, never reached values below — 0.6 V/SSCsa. it is reasonable to assume the high
retention of impurities and the rough morphology played a detrimental role in the corrosion resistance

in sulfuric acid.

According to the present analysis, conducted on titanium oxides synthesized by PEO in unipolar

regime, the following conclusions can be drawn:

= Important modifications at the level of morphology, porosity, structure, and thickness where
induced by the use of several forming voltages according to the development of different plasma
events. In particular, type - B discharges developed at 220 V using the signal providing the higher
coating growth rate, i.e., 90 A%-10 R%-1000 Hz.

= Localized corrosion resistance was favored by the use of higher V, well correlating with thickness,
uniformity, and porosity.

= Uniform corrosion, in concentrated H>SOa4, was improved only for coatings produced at 220 V
even if the advantages, in terms of CR, were rather modest. This was attributed to the rough
morphology and the high content of S containing impurities, retained during PEO, responsible to

modify the electrochemical response of the electrode.
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Chapter 4 Bipolar PEO

Despite the research effort spent on unipolar PEO mainly for its interesting opportunity of energy
saving, a rather low corrosion resistance enhancement was highlighted particularly when immersing
the materials in hot strong reducing acids environments. For this reason the present analysis will be
devoted to the investigation of the use of bipolar duty cycles where the combination of anodic and
cathodic polarization imparts to the oxide peculiar features, like thickness and crystallinity, greatly
enhancing the corrosion resistance towards both in localized and uniform attacks. Particular attention
will be paid to the investigation of the effect of electrical parameters, like frequency and duty cycle,
the latter intended in this work as the relative amount between anodic and cathodic polarization. Both
parameters are responsible to rule the time allowed to the oxide layer to grow and to recover, thus
covering an interesting opportunity to control the oxide functionalization. Nominé et al. ¢ studied
in detail their effect on PEO of Al, observing the decrease of the overall plasma using frequency ~
1500 Hz, a threshold value allowing the anodic half-cycle to be time comparable to the lifetime of a
single glow. The author also found a frequency threshold (~ 2500 Hz) in correspondence of which
cathodic discharges start to occur: reasons behind this evidence were related to the effect of frequency
in modulating the electrophoretic motions of very mobile ions (like Na* and K*) changing the
response of the EDL. Parallelly to previous investigation, also Clyne #’ found 1.75 kHz to be a
threshold below which only anodic plasma can form. A study mainly focused on the morphological
dependences on anodization frequency was carried out by Ishino et al. 1*® demonstrating a range
between 50 and 150 Hz responsible to stimulate film growth and to decrease inter-pore distances,
while higher frequency values only promoted HER and consequent coating debonding. Torres-Ceron
et al. 16 found lower grain size, pore dimension, and increased surface roughness passing frequency
from 1 to 2 kHz on Ti grade 2.

Also cathodic polarization is responsible of important modifications: Takahashi et al. 14° reported that
during the cathodic half-cycle Al oxide was locally degraded according to two main mechanisms
related to HER: 1 mechanical lift of the coating and 2 formation of pits by local pH increase. Other
authors 1“8 found at low voltage (5 — 10 V) the cathodic current (l¢) to favor oxide growth while at
higher V if Ic > la the oxide grown as the result of the overlapping of several barrier layers. This
evidence was related to the simultaneous action of oxidation (during the anodic half-cycle) and
exfoliation (during the cathodic one). Other researchers **° using high frequency (2000 Hz), during
PEO of Ti grade 5 with a bipolar signal, increased the amount of rutile and thickness while obtaining

a lower surface porosity.
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In this section electrochemical impedance spectroscopy (EIS) will be the diagnostic tool selected to
assess the electrochemical response of PEO surfaces. EIS is very good in determining coating
protectiveness whose interpretation can be achieved extracting information according to the use of
electrochemical equivalent circuits. Diamanti et al. '3, for example, performed EIS on anodized Ti
grade 2 and found a Voigt circuit as a good model relating the high frequency time constant to the
response of the EDL and the low frequency one to the presence of the coating. Devilliers et al. 1%
found that as corrosion advances, a second high frequency time constant manifests attributed to the

formation of corrosion products. Other authors 13

, performing EIS on TiO2 grown by micro-arc
oxidation (MAO), related the high frequency relaxation ( > 50 kHz) to the porous layer, the
intermediate (5 Hz to 50 kHz) to the space charge region and the low frequency one (0.01 to 5 Hz) to
the EDL. Generally Voigt circuits present C substituted by CPE *** when describing electrochemical
reactions like HER occurring on porous electrodes, attributing the high frequency portion to features

like EDL or charge-transfer and the low frequency one to mass transport phenomena like diffusion.

Apart from the EIS a deeper insight, regarding the thermodynamic response of TiO: in sulfuric acid,
is here provided. Based on well-established coulometric weight - loss and polarographic data **° Ti
was found to corrode in acidic medium as Ti** for Ecorr Well below a critical potential, Ecrit , While it
dissolves as Ti** Ecorr Was ~ 100/130 mV nobler than Ecit Which can therefore be considered as a

feasible limit to account for active — passive transition.

As we previously demonstrated in section 2 the higher aggressiveness of sulfuric acid, this study will
be devoted to verify the best amount of cathodic polarization and frequency for Ti corrosion resistance
enhancement in the latter acid. Their effects, on film growth, will be rationalized in terms of
modification of the EDL. In fact, despite the higher knowledge of PEO treatment on Al or Mg less

information is currently available on Ti.

PEO treatments were performed in a solution of 0.5 M H2SO4, stirred at 1500 rpm, in a 1 L Pyrex
beaker over 10 x 10 x 1.6 mm? titanium grade 2 (UNS R50400) samples cut by metal shearing. A
cylindrical cathode of activated titanium with a radius of 5 cm was placed around the sample. After
PEO, Ti coupons were incorporated into epoxy resin and then mechanically polished with silicon
carbide papers according to the following sequence: 100, 320, 600 followed by sonication in ethanol
for 5 min and washing in deionized water. PEO treatments were performed thanks to a fully

programmable power supply (California Instruments Asterion 751 series AC/DC power source) in a
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potential-controlled regime. In order to completely define the signal, 3 main parameters are required

and described as in Figure 31:

A%
C%

a.u,

%C.P. | ==

Figure 31: schematic representation of bipolar duty cycle.

- %A: % of anodic polarization
- %C: % of cathodic polarization
- %CP: % of cathodic peak with respect to the anodic one (in Figure 31, 20 %)

A forming voltage of 160 V reached in 320 s using a duty cycle 60 A%-40 C% was considered. The

amount of cathodic polarization and frequency were varied as in Table 19:

Table 19: bipolar PEO anodization conditions.

Sample ‘ CP (%) ‘ Frequency (Hz)
2-1000 2 1000

7-1000 7 1000

20-1000 20 1000

7-20 7 20

7-1000 7 500

Currents and voltages were acquired using a Tektronix TBS-1072B-EDU oscilloscope. Morphology
was investigated using a SEM Carl Zeiss EVO 50VP, equipped with an x-ray spectrometer for
microanalysis (EDS). Crystal structure was characterized by grazing incidence x-ray diffraction
technique (GIXRD) with diffraction angle ¢ = 1 ° using a Philips PW3020 goniometer with Cu K1
radiation (1.54058 A).

A Metrohm Autolab PGSTAT equipped with a FRA32M module for EIS was used for all the
electrochemical tests considering a standard 3 electrode cell (ASTM G5 °') with a saturated
silver/silver chloride (SSCsat) reference electrode and an Amel Pt counter electrode. All tests were
repeated three times. EIS tests in deaerated condition were performed after 1 h in N2 atmosphere with
a flux of 25 ml-s™X. Anodic polarization curves in a 0.5 M NaBr containing solution were used to
evaluate localized corrosion resistance 2, setting T to 50 °C with a Velp Scientifica Arex with VTF
digital thermoregulator system.
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A potential scan rate of 10 mV-min"* was selected, starting from 0.1 V/Ecorr t0 8 V/Ecorr. EIS and Ecorr
evolution were studied in a solution of 10 %v/v H2SO4 at 60 °C. EIS were evaluated always at Ecorr ,
after 1 h of stabilization of the system, at regular intervals of time (1, 4, 20 and 24 h). A sinusoidal
perturbation of 10 mVms was applied between 10 mHz and 100 kHz picking up 10 points per decade
of frequency. The software Nova 2.1 was used to fit EIS spectra. As the solution resistance was
always below 1 Q-cm, results were not corrected for onmic drop. The system was checked for mass
transfer limitation verifying a negligible variation of Z results (< 3 %).

Uniform corrosion was evaluated by immersion tests considering the same experimental set-up as in

section 3.1.

4.2 Results

The cathodic peak was set to 2, 7, and 20 %. Acquisition of images using a professional camera

during the PEO process (Figure 32 a to c) allowed to distinguish different plasma regimes depending

on the electrical parameters selected.

Figure 32: a-b-c images collected at different cathodic polarization; d-e-f oxide cross sections acquired by SEM; g-h-i
images collected at different frequencies and corresponding oxide cross-sections I-m-n.

While in Figure 33 are reported voltage, V , and current, | , trends at the ms time-scale acquired 10 s

before the ending of each test.

60



I g I N I ' I

200 | 20%-1000 Hz et 1 T —
} (T e

150 1
100

7%-1000 Hz

Cell voltage

0 100 200 300
Time/s

Figure 33: Voltage characteristics for coatings produced at different cathodic peaks a 2%, b 7% and ¢ 20%; current
and voltage tendency at the milliseconds time scale d 2%; e 7%; f 20%.

A non - monotonic plasma trend was observed using different cathodic polarization. For example at
low level (2 %) only few sparks were observed and the duty cycle was perfectly reproduced (Figure
33f), while at 7 % violent yellow sparks, well distributed all over the surface, developed
concomitantly with several V and | abrupt peaks. At 20 % most of the plasma was suppressed but V
and | spikes were still present concluding their relation also to the abundant formation and explosion
of gas bubbles. The coating cross-sections, highlighted in Figure 32d to f, show the effect of the
cathodic regime to enhance through-thickness porosity, compatibly with the more intense plasma and
higher amount of gas evacuated. All the PEO coatings, apart from sample 7-20, present a
characteristic porosity band separating the oxide into an inner and an outer layer, a common features
also verified on PEO Al oxides **°. A columnar morphology , particularly visible in the upper portion

of the oxides and similar to the one obtained on annealed TiO2 "% was observed for all samples
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apart from 7 - 20 (Figure 32I). This fact is probably related to a condition of growth influenced by
the higher T reached when using higher frequencies (AT ~ 15 °C higher than when low frequencies
are employed). Indeed, sample 7 — 20 (Figure 32I) presents a different morphology with prevailing
roundly shaped particles, sign that lower frequency provided enough time for Brownian motions to
occur and to favor aggregation. Images captured 10 s before the ending of the process (i.e. at 155 V),
explaining the influence of frequency on plasma, are proposed in Figure 34g to i. At 20 Hz white
slow moving sparks appear over the electrode surface, however their presence was not detected
according to V-1 plots (Figure 34c).
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Figure 34: Voltage characteristics for coatings produced at different frequencies a 20 Hz, b 500 Hz and ¢ 10 0 0 Hz;
current and voltage tendency at the milliseconds time scale d 20 Hz; e 500 Hz; f 1000 Hz.

This is because they are mostly ignited over the surface, not involving the oxide deeper portions "
(see the compact morphology in Figure 32l). Despite that thickness was enhanced to ~ 4.6 um. At
500 Hz a thinner (3.3 um) and less uniform oxide developed presenting higher surface porosity
(Figure 32m) and surface roughness. The low surface plasma activity is apparently in contrast with

both morphological and electrical data: for the latter (see Figure 34e), in particular, sharp V and |
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peaks indicate the occurrence of rapid and continuous destruction/reconstruction of the oxide layer.
Given the high Ic (~ 3 A) and porous cross-section, sparks probably were ignited below the oxide
surface inside pores containing gases like O, and H, "%°, a result typically related to type-C sparks.
At high frequency, 1000 Hz, was observed the same plasma transition verified when increasing the
cathodic peak from 2 to 7 % (Figure 32h to i) and V spikes ascribed to | values reaching the highest

limit sustained by the instrument (20 A) for a limited amount of time.

Observation of V¢ (Figure 35) allowed to verify higher V¢ when using 1000 Hz sustained by the larger
Ic 17, Higher | can be obtained using larger frequency as certain slow time scale electrochemical

phenomena, like diffusion and adsorption, could be by-passed.
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Figure 35: V. evolution in time, for coating produced at different frequencies.

In the following paragraphs it will be shown how the variation of the cathodic polarization can
influence the conductive state of the electrode and so the amount of plasma developed. According to
that the area under 1 and I¢ profiles was calculated from Figure 33d to f and shown in Table 20:

Table 20: evaluation of anodic, cathodic charges and their ratio (R) at 310 s for different cathodic peaks.

CP.% | Qa (1073 C) | Qc (107° C) | R(= g
2 1.87 0.13 0.07
7 1.77 1.39 0.78
20 1.92 2.15 1.12

defining R = % as a parameter of control to account for possible plasma regime transitions *6°,
A

Because of the transient nature of the experiment, calculations were repeated at three different time
intervals. However, since the trend was always respected only values collected at 310 s were

provided. Using 20 % cathodic peak determined Ic > la. This implied plasma suppression, a higher
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thickness and so a sensibly higher corrosion resistance %%, In these conditions, the Va diminished at

~ 100 V, a result which will be justified here in after.
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Figure 36: V. trend for PEO treatments performed at different cathodic polarization.

This particular V trend is generally caused by the formation of surface charge leading to a non-barrier
like oxide growth 37162163 requiring higher amount of I. to be transmitted to the sample. The latter
observation can be better demonstrated by looking at the evolution of V¢ as in Figure 36. When
passing from 2 % to 7 %, V. evolved from 1 V to 6 V entirely sustained by Ic (~ 6 A) (Figure 33e),
demonstrating the electrode to be in a fully conductive state with respect to cathodic reactions.
However, at 20 %CP V¢ rose up to 8 V (Ic = 7 A) at ~ 150 s then even reaching 16 V ~ 20 s before
the end. Based on that a strong influence of the cathodic conductivity of the electrode on plasma
formation should be considered. However not only conductivity, but also surface charge rules plasma
formation. Surface charge can be assumed to develop over the electrode depending on the
technological parameters used and also according to the nature of the material in contact with the
solution. Considering PEO coatings as mainly constituted by anatase and rutile but also reach in
sulfates, it is possible to assume an isoelectric point (IEP) ~ 5.2 to 6.8 4%’ During cathodic
conduction with high I¢ (cathodic peak = 7 %) HER was responsible for strong local alkalization of
the electrode 18, exceeding for sure the IEP of the material, thus inducing a negative charge over the
electrode. This contributed to the formation of a potential barrier, responsible to make more
impervious ions motion (whose magnitude can be estimated through Nernst equation 33169)
enhancing anodic breakdown. In fact, as the Debye-Huckle length, describing the EDL thickness, is
~ tens of nanometers, the electric field developed on it can reach very high values (100 — 200 kV-cm"
1 i.e., several orders of magnitude larger than the external field provided by the potentiostat, tens of
V-cm™). The enabling condition was only verified when using a 7 % cathodic peak, since at 2 % HER
was not enough powerful to increase the pH and to promote the required negative surface charge (Vc
<1V).
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Figure 37: a GD - OES chemical profiling of sample anodized using a cathodic peak of 20%; b and 2%.

Thanks to GD - OES analysis it was possible to see that using higher cathodic peak (20 %) allowed
to limit the amount of substances retained from the electrolyte (H in red, S in yellow) *"®1"*, GD -
OES analyses also allowed to confirm oxide thickness which was the highest for sample 20-1000 (~
7 um) quite in agreement with SEM (~ 7.8 pm) indicating a growth rate of 1.46 um-min versus 1.12
um-min! obtained when using a lower cathodic peak. Based on previous results 17 it is possible to
assume that the increase in thickness and the higher defectiveness, promoted when using higher
cathodic peaks (Figure 32f), favored the polarization of HER. Consequently, acidification and
variation of the oxide zeta potential induced the formation of a positive surface charge favoring the
decrease of the potential barrier generated by the EDL.: this was in turn the strategy found to be
effective in lowering the plasma formation 14619, Similar results were not verified for sample 2-1000
whose thickness and defectiveness were not enough to polarize HER which instead was particularly

enhanced by the high crystallinity of the oxide, causing strong alkalization 173,

To conclude, it was discovered how the use of the cathodic peak can modify the local pH near the
electrode leading to a decrease in surface potential below water breakdown (~ 1 MV-cm™). This

permitted to tune the plasma emission sometimes even causing its total suppression 174,

Frequency modulation allows to tune the migration of charged species in correspondence of the EDL.
This can result in the formation/suppression of a potential barrier limiting/favoring electrochemical
reactions at the electrode. According to that it is not surprising to use frequency, in the same way as
we previously did with cathodic polarization, to control the plasma activity amplifying or even
limiting sparks and their effect on film growth *°. For sake of quantification the Debye - Huckel
theory was used to evaluate the relative positions of the main ions present in solution with respect to
the growing oxide layer and depending on the applied polarization. According to that Equation 15

was used to calculate the EDL thickness (stern + diffuse layer):
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1

tp_y = EDL thickness = (%;Ikﬂ)z -

I=2%E ezt (16)

v; = WwE (17)

where ¢o is the dielectric permittivity of vacuum, ew the permittivity of H.O, Na = Avogadro’s
number, ks = Boltzmann’s constant, T = temperature, F = Faraday’s constant and I is the ionic
strength of the electrolyte calculated according to Equation 16. The velocity of charge carriers
migration vi (Equation 17) can be evaluated according to the knowledge of the external electric field

multiplied by the mobility of the i - th ion, while the distance (Equation 18) travelled as:
di = Ul't (18)

with t the time corresponding to the anodic/cathodic half-cycle strictly related to duty cycle and
frequency. In particular, at high frequency the amount of time at which a certain polarization was
held decreases, thus avoiding the complete local depletion of the reactants necessary for a certain
process to occur. Electric fields generated during anodic and cathodic half - cycles, used in Equation
17, are the one extracted in correspondence of the spark voltage. To extract this value precisely, the
acquisition system was triggered to acquire the waveform once an abrupt V change, involving a rise
front with a slope > 0.5 Vs (the prescribed voltage ramp), occurred. Voltages extracted were
collected in Table 21 while mobility of ions in water were taken from Atkins' Physical chemistry 8"

edition 175
-y [2]3.623-107
- hon-[1=2.064-107

- hgo- [2]=8.200-10°

The analysis was restricted to common ions present in 0.5 M H2SO. water based solution, i.e., H,

S04> and OH, the latter produced at the cathode according to Equation 19 176:
H,0 +e™ - ~Hy + OH~ (19)

The Debye-Huckle length was evaluated as 7.986-10° m, considering 1 M of H" and 0.5 M of SO4*
ions, being negligible the amount of OH" contained in an acid (apart from those OH" produced at the

cathode according to Equation 19 which are however difficult to quantify). The bisulfate ion was
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assumed to be deprotonated '’ according to the high electric field experienced at the electrode and

thanks to the reaction displayed in Equation 20 to give H.O:
HSO, + OH™ - S0;~ + H,0 (20)

Table 21: list of parameters used for calculations in the Debye - Huckel theory.

Cathodic peak | 20 Hz 500 Hz 1000 Hz
V. [V] 84 84 84

V. [V] 3 3.2 45

ta [s] 0.03 0.0012 0.0006
te [s] 0.02 0.0008 0.0004

At 1000 Hz, OH™ and SO4*" accumulated inside the EDL (see Figure 38) thus inducing higher amount

of negatively charged ions adsorbed on the oxide surface.
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Figure 38: graphical outcome of the Debye - Huckel theory.

As a consequence, the local alkalization combined with the acidic IEP gave rise to a potential barrier
favoring sparks occurrence 46160169 Differently as frequency was decreased less anions were
retained inside the EDL and in fact a lower plasma was observed according to Figure 32. For sake of
summary, a brief literature survey regarding the effect of frequency and cathodic current is presented

in Table 22. It is evident how the lack of notions regarding PEO on Ti justifies the present analysis.

Previously described samples are now investigated for localized corrosion: potentiodynamic tests (see
Figure 39) were performed on all PEO oxides, plus untreated Ti grade 2 and 7 as in Table 23,
reporting all the electrochemical parameters extracted like Ecorr , icorr, OXide breakdown potential Egp
(if present) and current in correspondence of the passive anodic branch, ipass. Apart from sample 7 -
500, presenting lower thickness (~ 3.3 um) higher porosity and roughness 12212°, no anodic dissolution
was observed for all the other coatings. In fact, they reached the highest cap (8 V) of the testing
apparatus even if in correspondence of high anodic overvoltages some metastable pits formed, leading

to sharp increases in “i”” followed by repassivation.
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Table 22: Comparison among literature and results obtained in the present study, where R stands for the cathodic to

anodic charge ratio transferred after a single duty cycle.

Reference Effect of cathodic polarization (CP) and frequency (F) R(= S—Z)
Present study F: 1 frequency favors accumulation of negative surface charge and alkalization — plasma formation ~ /
CP: strong alkalization — plasma formation — rutile stabilization, 1 growth rate and porosity:
Present study . . . . . . . 0.78
maximum corrosion resistance in reducing acid environments
CP: electrode polarization towards her — acidification — plasma suppression: 1 growth rate and
Present study . . 1.12
corrosion resistance
146 F: 1 frequency (2000+-2500 Hz) — surface charge accumulation — cathodic breakdown /
178179 F: 1 frequency favors pores branching, microhardness and growth rate /
50 F: 1 frequency favors homogeneity and growth rate as spark density, size, and lifetime | /
" F: 1 frequency: smaller but higher number of discharge channels. Corrosion resistance is increased /
when working at 1000 Hz
150 CP: favors formation of rutile and higher coating density. Thickness | 0.2;05
176 CP: 1 oxide conductivity — local pH modification — subsequent anodic cycle is favored 1.045
180 CP: Discharges are delayed, smaller in size and lifetime, thickness 1 and porosity | 111
181 CP: 1 growth rate, uniformity and | defectiveness 1.25
182 CP: 1 thickness and uniformity and | number of large discharge channels 112
153 CP: I modifies the oxide structure and allows precipitation of foreign elements thus determining “soft 125
sparking” and a rougher surface '
184 CP: 1 coating adhesion, corrosion resistance, hardness, compactness, thickness /
185 CP: |, favors crystallization by promoting resistive heating /
186 CP: | oxide space charge — 1 oxide conductivity — 1 crystallization and growth rate /

Table 23: electrochemical parameters extracted according to anodic polarization performed in Figure 39.

Sample icor-107 (A M) ipass -105 (A M?) Ecor (V/SSCaar) Eep (V/SSCar)
Ti grade 2 3.12 16.10 -0.232 1.08/1.31

Ti grade 2 2.45 3.60 -0.294 1.90/1.74
2-1000 0.08 0.16 +0.348 /

7-1000 2.14 91.30 -0.197 /

20-1000 10.50 31.80 -0.202 /

7-20 0.02 0.19 +0.367 /

7-500 47.90 345.00 -0.210 6.23/6.48
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The compact morphology observed for samples 2 - 1000 and 7 - 20 (Figure 32) determined a nobler
Ecorr and lower icorr, Ipass. ON the other hand when producing thicker coatings, by increasing frequency

or cathodic potential, the loss in compactness favored higher icorr and ipass €ven if the passive branches

did not manifest any sign of instability.
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Figure 39: anodic polarization scan performed on sample anodized with a different cathodic polarization and b using
different frequencies.

Concerning uniform corrosion, Table 24 summarizes results, in terms of CR, related to previous
samples (immersed in 10 %v/v H2SO4 at 60 °C) and the improvement defined by Equation 21 123

related to untreated Ti grade 2 whose CR was defined in section 2.1:

CR(Ti grade 2?—CR(Ti anodized) .100 (21)
CR(Ti grade 2)

Improv.% =

Table 24: immersion tests results in terms of CR (mm-year?) and improvement parameter (%) with respect to untreated

Ti grade 2.
Condition | C.R. (mm-year™) | Improv. %
2-1000 6.04 + 7% 21.5
7-1000 0.03 +31% 99.6
20-1000 0.36 + 22% 95.4
7-20 6.02 £ 9% 21.7
7-500 8.03 +12% /

Important benefit were achieved when using high cathodic potential: condition 7 — 1000 outperformed
titanium grade 7 (CR ~ 0.12 mm-year!) with a CR averaged over the 24 h ~ 0.03 mm-year™. Also 20
— 1000 gave excellent performances, decreasing corrosion rate below 1 mm-year? and not showing

oxide debonding, a condition verified for all the other oxides after few hours of immersion.

Before electrochemical characterization a brief crystalline structure survey (Figure 40) is here
provided based on XRD results of conditions 7 - 500 and 7 - 1000, i.e., the one leading to worst and
best behaviour in the low pH solution. As observed in section 3.2 the intensity of the reflections

related to the metallic substrate were highly dependent on oxide thickness. For this reason they appear
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more intense for sample 7 - 500 (~ 3.3 pum) than 7 - 1000 (~ 6 um). Moreover, a phase inversion
occurred, with the coating produced at 1000 Hz showing rutile as the dominant structure. Relative
amount of both phases (anatase and rutile) was calculated applying the Spurr-Myers equations

(Equation 22 and 23) 8" on the more intense peaks for anatase (20 =25.316 °) and rutile (20 = 27.434
O)-

100
X% = —2 22
2 = est) %2
Xp% = —— (23)
(1+0.81—A>
R

where the weight fraction (Xa and Xr) of anatase and rutile were extracted from the peak intensities

Ia and Igr:

- 7-500: A=59.4%; R =40.6 %

- 7-1000: A=359%; R=64.1%
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Figure 40: XRD diffractograms of sample presenting worst (dashed red) and best (blue) corrosion response in sulfuric
acid.

As a first step Ecorr evolution was investigated for both 7-500 and 7-1000, i.e. worst and best oxides
in free corrosion. According to Evans, in fact, important information can be extracted observing Ecorr

trend. For sake of comparison also untreated Ti grade 2 was included in the analysis (Figure 41).

Initially all the electrode presented Ecor in the passive region, however after an incubation period

dependent on the quality of the surface treatment, two potential drops occurred:
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- 1%t drop: from Ecorr > 0 to ~ - 0.48 V//SSCsa:. (passive to mixed active-passive state);

- 2" drop: from ~ - 0.48 V/SSCa. to a stable active state (~ — 0.65 V/SSCsat) With evident HER.

Titanium grade 2
= 60A%-40C%-7%-500 Hz
60A%-40C%-7%-1000 Hz

0.2 Ti+2H"+2e < TiH, E’=0.253 V/SSC,,, i

0.0 —\\ i
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Ti,05 g+ 10H +10e S TiH,+3H,0 E'=-0.717 V/SSC,,,
I ' I ! I ! ' v
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Time /h

Figure 41: Ecor evolution of Ti grade 2 (in gray) and samples presenting worst (in purple), and best (in orange)
corrosion behavior in sulfuric acid.

Such intermediate potential (~ - 0.48 V/SSCsa.) corresponds to a critical value (Ecrit.) below which Ti
is considered completely active *°. For potential more cathodic than Erit. it is reasonable to assume
the electrode as covered by a monolayer of adsorbed species or by a reduced form of TiO: like Ti2O3
145 Sample 7 — 500 presented a similar behavior confirming no substantial improvements with respect
to uncoated Ti. On the other hand, sample 7 - 1000 held passivity for all the 24 h of immersion. To
better investigate the reasons behind these trends EIS will be applied on all samples and results

highlighted in the form on Nyquist and Bode representations.

Starting from Ti grade 2 data were collected at 1, 4, 20 and 24 h of immersion in sulfuric acid (Figure
42) and two time constants were always observed, one at low (~ 10! Hz) and the other at high

frequency (~ 102 Hz) suggesting the occurrence of a reaction ruled by two activation energies.

As Ecorr Was always in the active region and provided the abundant amount of gas developed over the

electrode surface it is reasonable to relate the two time constants to the development of a multi - step
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faradaic reaction with adsorption intermediates like HER. In particular the high frequency portion of
the EIS spectrum should be related to charge transfer while the low frequency one to
adsorption/desorption 188191,
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Figure 42: a Nyquist and b Bode plot for non-anodized Ti.
According to the corrosion process as immersion time increases both semicircles decrease their
diameters and interestingly, data collected after 1 h of immersion were smaller than Z collected after
4 h, correlating with the position of Ecorr Which after 1 h immersion was much more similar to Ecrit..
Comparison of Nyquist plots in Figure 42a allowed to understand that the cathodic reaction was
initially controlled by the adsorption/desorption step (higher diameter of the low frequency
semicircle) but at high immersion time the process switched to charge transfer control, as a
consequence of the complete reduction of the native TiO> layer. A more complex behavior was found
for sample 7 — 500 (Figure 43), where the initially larger semicircle diameters agree with the presence
of the anodic film. Only one time constant appeared in the 1% h of immersion, corroborating the
passivity of the electrode. After only 2 h of immersion, the drop of Ecor and visual observation
confirmed coating debonding: consequently a third time constant appeared at intermediate frequency
(in between 10° + 10 Hz). However, after an immersion time more or less coincident with the
complete removal of the oxide layer impedance data saturated towards the ones of untreated Ti grade
2. A simpler electrochemical response was observed in case of sample 7 — 1000 (Figure 44) denoting

the maintenance of a passive behavior for all the immersion period.
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Figure 43: a Nyquist plot b highlight of delaminated 7 — 500 oxide and ¢ consequent Bode plot of sample 7-500
immersed in 10% v/v H,SO4at 60 °C in aerated environment.

a) 60A%-40C%-7%-1000 Hz b)
8000 T . . : 10000 ey ey ey 9
6000 | 8000 4'. Q;,,,mm‘.,..‘.;;\ L 70
~ € - :‘li‘ .
§ e " " | E co00f Y W Lso o
d 4000 4 © n “,‘1 }
-~ 9 F‘ [ X o ,_E
N = 40004 W L30 &
" 2000 1 g~ A\ N
- AR &
‘\ b\ .“:L(
20004 v & \\‘ F10
vy 0 W
T T T T 0 — ““w'-ii&" - - . -10
0 2000 4000 6000 8000 107 107 10° 10" 100 100 10° 10°
4 2
Z / Q-cm” Frequency / Hz

Figure 44: a Nyquist and b Bode plot of sample 7 — 1000 immersed in 10% v/v H,SO4 at 60 °C in aerated
environment.

Apart from qualitative information extracted simply by simple inspection of the Nyquist
representations circuit fitting analysis, using a Voigt model modified by the addition of an inductance

L to account the high frequency set-up related features (Figure 45c), was used.
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Figure 45: Circuit models used to describe Ti a in passive state, b with a delaminated oxide and c in active state.

Results regarding untreated Ti grade 2 are collected in Table 25:

Table 25: Electrochemical parameters obtained from EIS tests carried out on Ti grade 2 immersed in 10 %v/v H,SO4 at
60 °C. Rprefers to LPR test carried out immediately after the corresponding EIS.

Time (h) | Ecor (V/SSCea) | Ret(Q-cm?) | Ceq (UF-cm?) | Rags (Q-cm?) Cads (MF-cm?) Rp (Q-cm?) | o

1 -0.459 44.7 480 50.9 36.4 96.8 1.31-10°
4 -0.573 725 213 85.1 24.2 132.1 2.63-10°%
20 -0.669 413 190 30.9 69.6 70.5 6.38-10°
24 -0.643 33.3 210 26.5 71.1 59.4 5.44.10°

Given the good reproducibility only average values are presented. CPE where converted into effective

capacitances according to Brug’s equation (Equation 24 %):

n-—1

1
a1 1\ 1

Generally obtained values were > than typical Ceq (10 + 60 pF-cm2) evaluated on metal oxide
systems immersed in conducting media °+1921% This is particularly true if considering Cags extracted
from the low frequency portion of the spectrum, whose high value (mF-cm™) is similar to
pseudocapacitances arising from faradaic reactions validating the hypothesis of adsorption/desorption
of electroactive species like H*. On the other hand, values extracted from the high frequency portion
Cear Very well agreed with literature data of experiments performed in similar conditions . To
confirm the results linear polarization resistance (LPR) tests were immediately performed after EIS
allowing the estimation of R, as in Table 25 and whose value was found to precisely correspond to
Rct + Rads, i.€., the faradic impedance at ® — 0 in presence of hydrogen adsorption limitations coupled
with evolution (no diffusion or absorption controlling the process) 1%, As a further prove of the quality
of the result a corrosion current icor'- was extracted from weight - losses and compared with the

evolution in time of both R, . o and the resistance associated with the largest loop diameter, assumed

74



to account for the rate determining step, Rrs (Figure 42a) of the cathodic reaction responsible for the

corrosion of the electrode.
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Figure 46: Linear fit of icor WL with a Rigs and b R, _, o extracted from EIS at different time intervals.

Figure 46 demonstrates an interesting linearity between icor'Vt and both Ry, . o and Rias obtained from
EIS. Consequently an equivalent Stern-Geary coefficient Beq. was extracted from the slope. With the
aim of obtaining anodic Taffel coefficients from Bgg. the cathodic Tafel slopes be were extracted
according to investigation of the high over-voltage region: for sake of briefness only results related
to Ti grade 2 in a solution of 10% v/v H2SO4 at 60°C are presented and the linear fit of the region of

interest was selected according to the following simple rules:

- n>120mV.
- Linearity should be verified at least on one decade of “i”.
0.50 T T . . . . .
s —— Ti grade 2 10% v/v H,SO, at 60°C
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Figure 47: cathodic polarization of Ti grade 2 in sulfuric acid and linear fitting of the high overvoltage region for Tafel
parameter extraction.
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Polarization curve was plotted in Figure 47 after 15 min of Ecorr Stabilization. Origin software was
used to perform the linear regression and results highlighted in the insert of Figure 47. Here the “i”
range adopted for b estimation was:

0.011 A-cm2< |i| > 0.1247 A-cm? — n = —0.57 — 0.147 logli|
b values and related anodic parameters (ba) are collected in Table 26.

Table 26: CR and collection of electrochemical parameters.

Time CRW: CRE!S be e b,
h mm-year? mm-year? mV-dec? mV-dec? mV-dec*
1 5.04 4.90 0.147 408 122
4 3.03 2.93 0.143 442 125
20 6.21 6.04 0.145 424 123
24 7.69 7.48 0.149 393 120

Interestingly, considering Beq™® a value of b, near 120 mV-dec™ was found, compatibly with the
monovalence of HER and the nature of the metal while calculations associated to Beq® ~ ° gave
inacceptable results. Since titanium is a metal generally not showing a Tafel kinetics in the anodic
direction 1% b, values should be considered only as a demonstration of the quality of the procedure
but other routines must be adopted for CR extraction avoiding the use of Tafel parameters. With this
aim, considering the low overvoltages applied during EIS, the Butler - Volmer relation was expanded
at the 1% order to obtain the exchange current density corresponding, for a corrosion process, to icor
Equation 25 %

icorr = o (25)
Posing R = Rgs and considering an equivalence of 1 e (according to the monovalence of HER) values
collected in Table 26 were obtained. It is possible to see that the procedure well approximated CRW:
calculated from icorr V. Further EIS tests were conducted purging the solution with N2 (Figure 48) to
demonstrate the assumption previously attributed to the nature of the two capacitive loops. After 45
min of immersion, the two loop diameters were considerably lowered with respect to the
corresponding aerated condition. This was attributed to inhibition of the Ti tendency to passivate,
making the process charge transfer controlled. Surprisingly, in an extreme way the disappearance of
the low frequency loop occurred after ~ 90 min of immersion. In this condition be = 124 mV-decade’
Land Ecorr = — 0.516 V/SSCsat,, according to typical HER, as a result of the lower tendency of TiO, or
other lower valence oxides to form. Furthermore hydrides instability, observed once Ecorr approached
Ecrit. 1%, should contribute to the observed behavior, thus favoring H* adsorption with Rt saturating

to ~ 20 Q-cm?.
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Ti grade 2 in N, atmosphere
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Figure 48: a Nyquist and b Bode spectra of Ti immersed in 10% v/v H,SO4 at 60 °C in deaerated environment.
The increase in conductivity enhanced by the extensive adsorption of electroactive species, combined
with the high corrosion rate as a consequence of deaeration (evaluated by weight - loss to be 15.01
mm-year?) favored the development of a maximum in the |Z| plot at low frequency. Table 27 collects

parameters extracted from circuit fitting of spectra related to sample 7-500:

Table 27: Electrochemical parameters obtained from EIS tests carried out on sample 7 — 500 immersed in 10 %v/v
H,SO4 at 60 °C. Rpwas estimated from LPR tests carried out immediately after the corresponding EIS.

Time Egar CRW: CRE® Rt Cal Rwmr Cer™M* Rads Cads Ry ¥ -10°8
h V/SSCea mm-year? mm-year? Q-cm? | pF-cm? Q-cm? | pF-cm? Q.cm?> | mF-cm? | Q.cm?

1 -0.173 / 0.03 / / 7954 1047 / / 7542 2.36

2 -0.627 / 1.88 3.44 256 47.8 755 132.3 11.6 147.2 5.83

4 -0.578 / 2.56 11.4 285 40.7 797 97.4 9.0 139.3 511
20 -0.678 5.12 5.77 36.5 142 / / 43.2 185 75.7 3.84
24 -0.618 8.02 10.84 23.0 149 / / 20.9 25.0 48.4 2.15

Itis possible to see that Ry dropped by almost two orders of magnitude as the coating started to detach
from the substrate. Consequently common phenomena related to HER, like charge transfer and H*
adsorption, developed. The 3 time constant, observed at middle frequency, was attributed by Lasia
et al. 1 to proton absorption. Consequently this further potential - dependent process required an
additional R-CPE parallel added in series with respect to the previous circuit (as in Figure 45b).
However, as this loop disappeared once the coating fully detached from the metal and more cathodic
Ecorr established the spectra overlapped to the one of pristine Ti where absorption was so fast to make

the third time constant no more discernable. CR were evaluated again from weight - losses, but only
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values picked up at 20 and 24 h were considered compatibly to the resolution of the apparatus. Slight
deviations between CRE'® and CR!" were observed at 20 h probably caused by the initial presence of
the coating while in the last 4 h of immersion the rapid increase of CR™" was probably determined
by the action of the residual coating acting as a crevice former 1%, This further evidence allows to say
that PEO coatings if not properly done can detrimentally affect the final behavior of the electrode.
Table 28, referred to sample 7 - 1000, demonstrated smaller values of capacitance compared to other
samples, compatibly with the lower amount of faradaic reactions, like oxide reduction, occurring on
it. This can be related to the abundant presence of the more stable rutile phase, well known to be
characterized by a smaller crystal lattice volume probably offering a better protection towards H*

intercalation 1°7.

Table 28: Electrochemical parameters obtained from EIS carried out on sample 7 — 1000 immersed in 10 %v/v H2SO4
at 60 °C. R, was estimated from LPR tests carried out immediately after the corresponding EIS.

Time Ecorr CRW- Rt Cal Ry X2

h V/SSCat. mm-year* Q-cm? WF-cm? Q-cm?
91

1 +0.059 / 216 8887 5.25.10°%
45
94

4 +0.057 / 0 225 9274 3.03-10°%
87

20 +0.021 / 66 222 8543 5.08-10°%
40

24 -0.112 0.032 . 240 4191 2.02-10°%

When the sample was passive the electrochemistry was described according to the circuit highlighted
in Figure 45a including a Finite Space Warburg element (T), in series to an R-CPE parallel,
accounting for diffusion related phenomena . This choice is common when dealing with reflecting
boundaries showing — phase angles > - 45 °. However, in the initial hours of immersion this should
not be the case as — phase angles were less negative than - 45 °. Only after 24 h of permanence in the
acidic solution it assumed values more negative than - 45 °, sign that the diffusing charges started to
feel a reflecting boundary. Despite that, the use of a Finite Length Warburg (FLW), used in case of
absorbing/transmitting boundaries (and so — phase angle < 45 °), did not allow convergence of the
fitting process hence the use of FSW was proposed according to the fact that the finite diffusion
process developed with a characteristic frequency wp (for sample 7 - 1000 corresponding to ~ 2-3
Hz) too low for allowing a complete detection by EIS. In fact, with respect to wp only two additional
frequency decades were provided by the test to detect the presence of a reflective condition, making
the use of a wider frequency window necessary. Accordingly, as after 24 h wp became ~ 187 Hz the

phase angle at 10 Hz overcame — 45 ° making consistent the previous hypothesis. Equation (26)
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offers the opportunity to extract diffusion related parameters, collected in Table 29, like Rp

corresponding to a low frequency diffusion related resistance

coth jo
Zo =Rp %\/_D) (26)
&
and the already defined wp used to separate a pure Warburg diffusion process (for ® > wp) from finite

diffusion (for ® < wp).

Table 29: Diffusion parameters for electrodes in passive state.

Time Ecorr Lo Ro Co

h V/SSCsy. um Q-cm? mF-cm?
7-5001h -0.173 7.6 6.56 0.855
7-10001 h +0.059 57.1 49.15 6.363
7-10004 h +0.031 335 31.12 3.473
7-100020 h +0.021 247 26.11 2.259
7-1000 24 h -0.112 7.4 10.13 0.525

Lo is the diffusion length, i.e., the distance from the oxide surface where the concentration of reactants

decreases by a factor 1/e, calculated using Equation 27:

Lp = D (27)

wp

being Ecor always > the redox couple Ti**/Ti**, which is the thermodynamic condition for H*
intercalation to start, it is reasonable to assume the diffusion as a process occurring in the liquid phase.
Accordingly Einstein equation can be used to calculate the diffusion coefficient D of H* 1™, finding
avalue of 10 m?-s™ at 60 °C. As immersion time increased the diffusion length shortened compatibly
with the concentration gradient established at higher coating permeation levels. Consequently, Rp
decreased and as less H* were involved in the diffusion process, Cp changed accordingly. These
parameters can be used to show that sample 7 - 500 presented, only after 1 h of immersion, similar

values of permeation of sample 7 - 1000 after a prolonged immersion of 24 h.

The information collected in this research, focused on bipolar PEO applied on titanium grade 2,

allowed the following conclusions to be drawn:

= Corrosion resistant coatings were obtained: when promoting high thickness (3/4 pm) and low

porosity icorr and ipass Were lowered and anodic dissolution avoided. On the other hand, if the
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material should be utilized in low pH environments high thickness and high quantity of rutile play
a major role with respect to compactness.

Cathodic polarization ruled PEO regime transitions: when the cathodic potential was set to allow
high I, strong alkalization and development of a negative surface charge enhanced plasma
formation. Once the electrode started to be polarized with respect to HER, acidity restored the
conditions necessary to suppress the plasma resulting in a non - barrier like growth leading to
thicker oxides with less impurity retained from the electrolyte.

Frequency also altered PEO regime: the strong accumulation of SO4% and OH™ inside the diffuse
layer when using high frequency amplified the plasma regime according to the formation of a
potential barrier making more impervious the migration of ionic species.

EIS analyses gave important mechanistic insights: this allowed to conclude that the corrosion
process, initially adsorption controlled, became charge transferred controlled at prolonged
immersion time. Moreover EIS allowed to understand that, if not properly done, a PEO coating
can dramatically compromise corrosion performances of titanium exposed in hot low pH

solutions.
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Chapter 5 PEO oxide characterization

Until now only few authors 1% used the outstanding power of transmission electron microscopy
(TEM) to extract local structural and morphological information from Ti oxides grown by PEO. A
first attempt was done by Mortazavi et al. 1% studying the effect of different amount of current density
on the anodic growth of Ti oxides produced in alkaline electrolyte (pH ~ 12). Coating substrate
interface was characterized by the presence of nano-crystalline domains and nano-pores while the
upper coating portion by a mainly amorphous layer. However, despite the long treatment time (>
1000 s) only modest thicknesses (< 3 pum) were reached, also justifying the quantity of amorphous

material present according to the development of a not so intense plasma regime.

Apart from the opportunity to obtain high resolution images down to the atomic scale the outstanding
lateral resolution of TEM can be exploited according to the use of electron energy loss spectroscopy
(EELS). This technique allows to measure energy losses arising from inelastic scattering events
between the analyzed material and the TEM e beam passing through it. This causes core level
electronic transitions of the material under investigation making possible the extraction of chemical
and solid-state information in a very competitive approach with respect to other techniques such as
X-ray absorption near edge spectroscopy (XANES), down to a spatial resolution < 1 nm and an energy
resolution even < 0.2 eV. Application of EELS on Ti requires a profound knowledge of the shape of
the L3 edges, corresponding to energy losses in correspondence of 2p — 3d electronic transitions.
By direct comparison of the obtained spectra with the ones present in databases it is possible to extract
crystal structure information and the actual chemical bonding environment of the cation under study.

In this way it is possible to discriminate among all the TiO2 polymorphs in a very confident manner.

The EELS work was carried out at the Canadian Centre for Electron Microscopy, a facility supported
by the Canada Foundation for Innovation under the Major Science Initiatives program, NSERC and
McMaster University. It was decided to apply such powerful technique to study the effect of two

main electrical parameters widely studied until now in the present dissertation, i.e.:

= Frequency

= Duty cycle

and how they modify crystalline and microstructure. The analysis will be approached considering the
two main morphological features characterizing a PEO coating, i.e., barrier and porous layer. An
innovative approach for data analysis and visualization will be applied on EELS images with the aim

of constructing colored structural component maps, with each component corresponding to a
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particular crystal structure. This allowed to extract thousands of spectra, from each pixel composing
an EELS image, according to an homemade script written in Python language exploiting built in
functions provided by the Hyperspy 2%° package. According to this competitive strategy it was
possible to link local structural information to the effect of previously defined macroscopic

technological parameters thanks to the visualization of maps representing relevant oxide portion on

the micrometers length scale.

Three electrical regimes were considered with the purpose of studying different conditions, i.e., direct
current (DC), unipolar and hybrid where for hybrid it is intended the conjunction use of anodic (A%)
and cathodic (C%) polarization separated by a rest period (R%) as in Figure 49. Following previous
studies a solution of 0.5 M H>SO4 was placed in a 1 L Pyrex beaker for the conversion of titanium
grade 2 (UNS R50400) coupons cut by metal sharing and presenting a volume of 10 x 10 x 1.6 mm?,
After incorporation into an epoxy resin samples were mechanically lapped with emery papers: 100,
320, 600, 800, 1200, 2400/4000 and alumina particles to obtain a mirror like surface with roughness
down to 0.8 um followed by sonication in ethanol for 5 minutes and washing in deionized water. The
electrochemical cell was composed by a cylindrical activated Ti cathode with radius of 50 mm and

magnetic stirring (1500 rpm) for solution homogenization.
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Figure 49: schematic representation of hybrid duty cycle.

The anodization signal was designed according to the fully programmable California Instruments
Asterion 751 series AC/DC power source in a potential-controlled regime with forming voltage of

160 V reached though a constant voltage ramp of 0.5 V-s! (i.e. total treatment time = 320 s).

Table 30 summarizes all conditions tested and related sample labels. Current (1) and voltage (V)

curves were acquired using a Tektronix TBS-1072B-EDU oscilloscope.
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Table 30: list of anodization conditions employed in the present analysis.

Sample identifier Duty cycle Cathodic peak (%) Frequency (Hz)
DC DC / /

25-75-20 25A-75R (unipolar) / 20

25-75-1000 25A-75R (unipolar) / 1000

25-25-20 25A-25C-50R (hybrid) 5 20

25-25-1000 25A-25C-50R (hybrid) 5 1000

Focused lon Beam (FIB) Zeiss NVision 40 was used to mill and extract an electron transparent
lamella (~ 100 nm thickness) for TEM. Given the sample preparation with a protective top layer on
the coating, with final thinning carried out at low energies, we expect the damage, induced by FIB
operations, confined to few nm and uniform across the section. This can be considered as a reasonable
confirmation of the absence of structural gradients through the lamella thickness. The sample was
positioned onto a supporting grid and attached via electron beam deposition of a precursor gas, then
stored into a double membrane layer. The bulk structure was firstly investigated by X-ray diffraction
using a Bruker D8 Discover Vantec500 Co 2D and the diffractograms refined by Rietveld using
GSAS Il software. Then, the phase distribution was investigated with EELS exploiting a FEI Titan
80-300 TEM working at 300 keV with a field emission electron source equipped with an electron
monochromator, allowing to improve the energy resolution to ~ 0.11 eV. As previously said EELS
spectra were extracted according to a home-made script developed in Python environment, with the
help of Hyperspy 2°° where each spectrum was identified according to a rigorous investigation of the
titanium oxide related EELS spectra, comparing reference data in the literature. The crystal structure
was also confirmed according to selected area electron diffraction (SAED). Elemental composition
of the coating was also studied according to glow discharge optical emission spectroscopy (GD -
OES) using a SpectrumA ANALYTIK GDA 750 HR analyzer. Plasma activity, developed during
PEO, was characterized by in situ optical emission spectroscopy (OES) with an Ocean Optics S2000
spectrometer equipped with a fiber optics P400-1-UV-VIS, capable of an overall spectral resolution
~ 0.3 nm in a window of 300-1100 nm.

| and V waveforms at the ms time scale were collected always five seconds before the end of the four
different treatments carried out in pulsed regime. Capacitive effects, like charging/discharging of the
EDL, determined the presence of a | peak as the result of the voltage rise front, particularly
accentuated when working at 20 Hz (Figure 50a and c). At 1000 Hz current damping was more

consistent, probably because of the PEO frequency interfered a little bit more with the time scale
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responsible for the EDL relaxation 2%, The lower | observed for sample 25-75-20, compared to 25-

75-1000, is related to the higher resistivity provide by the growing coating.
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Figure 50: Current-voltage trend for pulsed anodized samples.
It was already shown in section 4.3 the importance of collecting the charged passed during each half-
cycle permitting to make hypothesis about the plasma regime developed over the electrode. In

particular, making the ratio between cathodic and anodic charge and defining the usual parameter
R = Z—C it appears evident how using different frequency keeping constant the duty-cycle (25-25-20
A

and 25-25-1000) promoted different R values, affecting the relative intensity between anodic and
cathodic reactions. In fact, at 1000 Hz R = 0.84 while at 20 Hz a Ic > I, determined R = 1.01
demonstrating frequency to strongly modulates the transfer of charges %, However, the smooth I and
V shape presented by sample 25-75-1000 (Figure 50b) indicated that frequency alone cannot be
considered the only responsible of the different plasma regime encountered, indicating the need of

other physical parameters, influencing the electrochemical environment, to be considered.

Bulk structural information extracted according to XRD, and collected in Figure 51 in the

form of diffractograms, indicates all the PEO coating to be mainly crystalline.
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Figure 51: Rietveld refined XRD diffractograms of all anodized samples.

In particular, the condition 25-75-1000 (Figure 51c) provided the higher peak intensity related to
metalic Ti compatibly with a lower coating thickness. Rietveld refinement was applied to extract
additional knoledge: data were represented by black dots, while calculated and error values as purple
and light blue lines. The following phases were identified: titanium, anatase, rutile and TizOs and
details of the crystalline structures collected in Table 31. As TizOs peak intensities were too low to
provide meaningful numbers, this phase will not be considered for quantification. DC PEO (Figure
51a) promoted higher quantity of anatase (~ 77.7%) leaving the rest mainly constituted by rutile.
According to pulsed PEO, and confirmed by this analysis, it is possible to use duty cycle and
frequency to modulate the relative amount of crystalline phases. In particular, if low frequency is
employed in unipolar regime, the coating was mainly composed by ~ 94 % of rutile, while switching
to high frequency (1000 Hz) anatase formation was favored (~ 72 %). This is in agreement with 1-V
plots of Figure 50: the lower | promoted for sample 25-75-20 suggests lower electronic contribution
responsible for micro-arc proliferation and subsequent rutile stabilization 2°2. An opposite trend is
verified using a hybrid signal: in this case working at 20 Hz determined a structure mainly composed
by anatase (~ 75 %) correlating with a similar I trend previously observed in sample 25-75-1000. The
most interesting modifications were observed when increasing frequency with a hybrid duty cycle

where abrupt V and | peaks, gas evolution, and violent light emissions strengthen the hypothesis of
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type-B discharges to occur. As a result the coating was composed by ~ 92 % of rutile. Williamson-
Hall analysis was performed separating the contribution of the two phases composing all the
conditions tested (anatase and rutile) allowing to quantify the compressive residual deformation and

the average crystallite size collected in Table 31.

Table 31: Williamson-Hall analysis result, D stands for crystallite size (hnm) while ¢ indicates the lattice strain.

Condition Anatase (%) Rutile (%) Da (nm) €A Dr (nm) €R

DC 7.7 22.3 20 -8.12-10* 16 -1.62-10°%
25-75-20 94 6 18 -1.82-10° 16 -1.78-10°
25-75-1000 72 28 19 -1.15-10°% 18 -1.37-10°%
25-25-20 75 25 23 -5.88-10* 21 -6.94-10*
25-25-1000 92 8 / / 18 -1.38-10°

For sake of briefness only W-H plot of condition 25-75-1000 is shown in Figure 52:
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Figure 52: Williamson-Hall plot of sample 25-75-1000.

The presence of compressive stresses is a direct consequence of the high Ti/TiO2 Pilling and
Bedworth ratio 23, Generally the choice of the electrical regime seems not to influence the dimension
of the diffracting domains as only few deviations from average crystallite size were recorded for

sample 25-25-20 responsible also for a lower residual deformation.

Having clarified the main phases involved in the bulk material, it is now the time to extract high-
resolution structural information through the analysis of electron energy loss near-edge

structures. The absolute energy position of the spectral features depends on the correct calibration

of the zero loss peak. For this reason a more reliable approach is to consider the relative positions
among the main peaks. Nonetheless, for sake of comparison with other studies, here we provide the

absolute E position of Ti Lzand L, edges observed at 457 eV and 462.5 eV 293204 in comparison to
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Stoyanov 2%: Lz at 456 eV and L at 462 eV. This small deviation is due to a relative calibration of

the spectra without affecting the energy differences between the series of spectra and the Ti metal
edges.
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Figure 53: a EEL spectra of the main phases encountered in the present samples: b insert is the selected area
diffraction pattern of metallic Ti.

A selected area diffraction pattern (SAED) was acquired from the same spot used to acquire EELS
spectra on the Ti metal, reported in Figure 53 in gray, confirming the Ti hcp structure of the substrate.
Spectral intensities, related to the probability of a certain electronic transition to occur, were
normalized with respect to the Lz edge of Ti. This work found good agreement with the fine structures
observed by Cheynet 2% working with an experimental apparatus able to provide a similar energy
resolution (~ 0.11 eV evaluated at the FWHM of the zero loss peak). As the main peaks of the Ti L3
and L edges arise from e" transitions between 2p orbitals and 3d unoccupied states EELS can be used
to extract, in a very reliable manner, the oxidation state of the metal cation and information of the
surrounding environment. As a consequence specific spectral features can be related to bonding
symmetry, crystal field effects and degeneracy. Those concept can be clarified if looking at the
spectral modifications arising from the shift (see Figure 53) from metallic Ti to oxide phases,
characterized by the presence of Ti**, where the occurrence of a strong splitting of the Ls., doublet
(each one splitting into tog and eg peaks), attributed to crystal field effects occurred. Particularly
informative of the state of the Ti-O bond is the Ls-eq peak as the Ti 3d eq orbitals point directly
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towards the ligand. This can easily differentiate anatase to rutile where the former presents a peak
followed by a shoulder at higher energies and the latter polymorph two spread-out shoulders labelled
“c” and “d” before the main feature (“e”) (see Figure 53a). These differences were recognized also

by other researchers 2%

and attributed to the effect of long range band structure interactions permitting
an easy discrimination of both crystal phases according to comparison with reference spectra of pure
compounds. Other features are present before the Lz tog labelled as “a” and “b”, coming from atomic
multiplets, consistent with simulations based on atomic theory 2% of Ti** in octahedral environment.
Several other phases were found with valence in between metallic Ti and Ti*" oxides presenting
intermediate features along the energy loss diagram. The spectrum of TiO, presenting Ti%* valence,
was very similar to metallic Ti even if features are considerably broadened. The absence of crystal
field splitting for TiO arises from the presence of two electrons populating the d-orbitals of the cation
imparting to the material a metallic conductivity. Upon evaluation of 234 spectra a spin orbit splitting
~5.12 eV (stdev = 0.09) was found in good agreement with the one observed by Stoyanov et al. 2%°:
5.19 eV. As the cation loses one d-electron, two shoulders, pointing towards lower energy, appeared
concomitantly with a rightwards energy shift of ~ 0.2 eV of the whole spectrum. Radtke et al. 2% on
Ba,TiNbOs and Muller et al. 2%%21% with LaTiOs found the same spectrum, clearly indicating without
uncertainty the presence of Ti®*. When the Ti**/Ti®* ratio approached 1:2, the TizOs spectrum
presented features related to spin orbit splitting with energy separation ~ 5.43 eV, consistent with
Stoyanov et al. 2%° (309 spectra and stdev = 0.12) and two lower-energy and low-intensity shoulders.

At first glance the spectrum drawn in yellow color, of Figure 53, could be related to brookite 211212
however this should not be the case as despite its abundancy, verified by EELS, no evidence was
accounted according to bulk XRD analysis. A possible explanation could be related to the
superposition of the Ls-e4 features of anatase and rutile, leading to a single broad and smooth peak
however this fine structure manifested even when only one phase was present. A similar feature was

observed also in the following materials:

= Srand Ba titanates 2!3: showing an octahedral geometry sharing corners instead of edges.
= Nanotubular geometries 24 where a lowering or even elimination of the eq peak splitting occurs

as a consequence of the lower crystal field effects.

As the broadening of a fine structure feature corresponds to a higher degree of hybridization between
antibonding Ti eq orbitals with the one of the ligand 2%° a weaker Ti-O bond is expected 26, This

features will be particularly present in oxides with non-homogeneous structures, only partially
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converted to rutile, or when a considerable quantity of impurities affects the crystal lattice, like in

correspondence of the barrier region.

Based on spectral analysis of the main edges, a script for automatic crystal structure discrimination
was developed in the Hyperspy data processing environment 2%, This allowed to extract much
information from a single spectrum, such as the degree of oxidation of the metal cation, but also to
average the results over thousands of similar spectra, making the output statistically consistent. An
example of fine structures used as a marker to extract the degree of cation oxidation 21%2'" is the
intensity ratio between Ls-tog and Lz-eg4 peaks and the crystal splitting occurring at the L3 feature. In
fact, a higher intensity of the Ls-tog peak indicates stronger hybridization between O 2pn and Ti 3d
orbitals. For example, as the metal cation valence passes from 4+ to 3+ (3d orbitals partially filled) it
can be seen a sensible decrease of the tog intensity, as antibonding orbitals are populated. Accordingly
Equation 28, defined here in after, will be used to assess an oxidation-level based on previous fine
structures (labeled as Ox). A similar interpretation was provided by Bertoni et al. 218 to discriminate
between amorphous and crystalline phases. However, Tian et al. 2'° advanced doubts regarding this
procedure as even amorphous structures showing crystal field splitting and crystalline phases not
showing it can exist (e.g. cubic TiO 2®). As in our research, supported by a huge amount of data, a
rigorous agreement with L3 crystal field splitting will be demonstrated (known to be very indicative
of the cation valence) we believe this parameter to be more indicative of the valence state of the metal.
For a better interpretation of Equation 28, Figure 54 shows three different EEL spectra with a

different level of Ti valence and good correlation between Ox and ALs.
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Figure 54: Representation of the parameters used to discriminate the degree of oxidation (Ox) and crystal field
parameters applied on Ti»O3 (in purple), on a phase containing both Ti%* - Ti** character (in green) and a phase showing
stronger Ti** component (in orange).
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The Ox parameter assumes a zero value in case of pure Ti** bearing phase like in the purple spectrum
where pre-peak features are converted to shoulders. Since systematic variations of the Ox parameter
were detected inside precise range of values different colors will be assigned to structures showing a
different level of oxidation. For example, the material identified as “mix Ti®*”, drawn in green, was
indicative of a mixed Ti 3+/4+ character (with prevalence of the former) showing a 21 < Ox< 27. If
a higher level of crystal field was present, with ALs ~ 1.82 eV and 31 < Ox < 39 indicative of a higher
level of oxidation (“mix Ti*"), orange was used. Higher values of the Ox parameter were detected
for the all TiO2 polymorphs: in case of TiO2-D, anatase and rutile in fact, it was comprised in between
44 < Ox < 73. Another confirmation of the Ox parameter pertinence is its strict relation with the
position of the main spectral feature along the energy loss scale. In fact, as the valence of the metal
increases peaks undergo an energy shift towards higher energy losses. This was verified for “mix
Ti**” where a shift of 0.36 eV towards higher energies occurred confirming higher oxidation of the
cation. Furthermore, we provide here a collection of the splitting values between all the peaks
encountered in the present analysis, (Table 32 for barrier and Table 33 for porous layer) as the
outcome of several thousands of spectra, making the output statistically consistent. This in turns
allowed to distinguish the principle structures composing the coatings presented in the following

according to colored maps.

Table 32: relative position of the main edges extracted according to automatic procedure from the barrier layer.

Condition Ti TiO Tiy0s mix Ti*3+ mix Ti**** | TiO,-D Anatase (%) Rutile(%)
DC

AL3 - - - 1.68-0.05 1.78-0.03 1.82-0.10

AL, - - - 1.63-0.08 1.60-0.03 1.85-0.09

ALs, 5.83-0.1 5.11-0.04 5.43-0.12 3.84-0.08 3.88-0.05 3.59-0.07

25-75-20

AL3 - - - 1.78-0.06 1.87-0.09 2.24-0.25 1.95-0.08 2.68-0.11
AL, - - - 1.66-0.08 1.82-0.13 2.08-0.11 2.00-0.09 2.26-0.09
ALs, 5.76-0.11 - 5.65-0.25 3.80-0.08 3.67-0.13 3.24-0.25 3.53-0.09 2.81-0.11
25-75-1000

AL3 - - - 1.70-0.05 1.82-0.05 1.84-0.10 1.84-0.05

AL, - - - 1.60-0.11 1.85-0.11 1.88-0.10 1.89-0.07

AL3, 5.89-0.12 - 5.58-0.35 3.93-0.09 3.71-0.09 3.67-0.12 3.67-0.06

25-25-20

AL3 - - - 1.72-0.12 1.81-0.08 2.08-0.39 1.81-0.08 2.65-0.28
AL, - - - 1.71-0.09 1.73-0.08 1.98-0.21 1.91-0.13 2.14-0.17
ALs, 5.64-0.37 - 5.57-0.29 3.82-0.13 3.89-0.08 3.43-0.40 3.69-0.14 2.81-0.26
25-25-1000

ALg - - - 1.75-0.09 1.83-0.07 2.05-0.31 1.86-0.08 2.76-0.08
AL, - - - 1.65-0.38 1.81-0.13 2.00-0.14 1.98-0.11 2.30-0.08
ALs, 5.76-0.18 - 5.55-0.48 3.78-0.48 3.71-0.13 3.43-0.32 3.60-0.09 2.71-0.08
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Table 33

: relative position of the main edges extracted according to automatic procedure from the porous layer.

Condition Ti TiO Tiz0s mix T3+ mix Ti**** | TiO,-D Anatase (%) Rutile(%)
DC

ALg - - - 1.73-0.07 1.81-0.09 2.11-0.45 1.73-0.05 2.71-0.07
AL, - - - 1.62-0.09 1.68-0.14 2.06-0.20 2.01-0.09 2.25-0.08
ALs, 5.71-0.19 5.12-0.09 5.43-0.06 3.86-0.09 3.80-0.10 3.20-0.58 3.67-0.09 2.64-0.07
25-75-20

AL - - - 1.71-0.08 1.76-0.17 2.11-0.37 1.84-0.05 2.73-0.05
AL, - - - 1.59-0.08 1.81-0.07 2.05-0.14 1.97-0.06 2.28-0.09
ALz, 5.84-0.23 - 5.47-0.08 3.89-0.07 3.77-0.14 3.39-0.37 3.65-0.06 2.78-0.06
25-75-1000

ALg - - - 1.66-0.04 1.85-0.04 1.93-0.24 1.84-0.05 2.68-0.05
AL, - - - 1.59-0.08 1.90-0.08 1.93-0.12 1.90-0.10 2.21-0.07
ALs, 5.71-0.20 - 5.45-0.58 3.89-0.11 3.64-0.06 3.55-0.24 3.64-0.08 2.80-0.05
25-25-20

ALs - - - 1.65-0.06 1.80-0.04 2.23-0.41 1.83-0.04 2.74-0.04
AL, - - - 1.64-0.02 1.90-0.07 2.09-0.16 1.99-0.08 2.30-0.07
ALz, 5.68-0.50 - 5.42-0.34 3.63-0.12 3.69-0.06 3.26-0.41 3.64-0.07 2.75-0.05
25-25-1000

ALs - - - 1.71-0.07 1.74-0.06 2.32-0.55 1.81-0.08 2.77-0.04
AL, - - - 1.57-0.08 1.70-0.12 2.07-0.25 1.93-0.24 2.33-0.07
ALs, 5.73-0.17 - 5.39-0.24 3.87-0.11 3.82-0.11 3.16-0.47 3.65-0.20 2.68-0.04

In Figure 55 all the oxide lamella, which will be analyzed by EELS, are presented to understand the

overall morphological differences.

Figure 55: Oxide cross-section of sample a dc, b 25-75-20, ¢ 25-75-1000, d 25-25-20 and e 25-25-1000.
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As the different electrical parameters used in the present analysis strongly affected the few layers
immediately in contact with the substrate (a region generally referred as barrier layer), a first

attempt to clarify their structure is here provided, starting with Figure 56 reporting results for sample

“DC” where the components are discriminated based on the shape of the spectra color coded.
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Figure 56: a EEL spectra of phases encountered during analysis of the DC oxide barrier layer; b EELS component
map based on the spectra identified with a color in a) where gray corresponds to metallic Ti, green to mix-Ti%*, purple
to Ti»Os and yellow to TiO,-D; ¢ Ti integrated signal map and d bright-field image of the DC coating interface with the
identified region of interest for the EELS acquisition.

The use of DC field favored the formation of clusters of Ti2O3 (~ 152 nm thick in purple) alternated
by “mix Ti** (in green) and the presence of TiO crystals (in light blue) and TiO-D (in yellow). The
slightly lower oxidation state of Ti>Os with respect to “mix Ti**” is demonstrated by the presence of
an energy shift ~ 0.48 eV. Calvert et al. 2?° verified a similar structure in correspondence of grain
boundaries in CaCusTisO12 (CCTO). Automatic discrimination was relatively easy between Ti>O3
and “mix Ti®*”: in fact the former phase was characterized by only two peaks with spin orbit splitting
~5.47 eV (stdev = 0.06 over 432 spectra) but with considerably finer features with respect to metallic
Ti. The presence of small nanocrystals, in the barrier region, seems to be confirmed by the bright field
image of Figure 56d even if not clearly resolvable in the first oxide layers in contact with the metal.
Two layers stacked with respect to each other formed when a unipolar regime at low frequency was
used (25-75-20). The first 65 nm were composed by an oxide with Ti** and Ti** character, indicating
a partially higher oxidation state of the metallic cation with respect to sample anodized with DC field.
Then a layer ~ 396 nm thick, largely composed by TiO»-D, formed comprising also some traces of
rutile (in red) and anatase (in blue). Prior two sublayers can be distinguished even looking at
morphological features whose contrast can be enhanced according to dark-field analysis shown in
Figure 57d where the 1% layer appears to be mainly composed of nano-domains while the 2" clearly

demonstrates the presence of grains with diameters of even hundreds of nm.
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Figure 57: a EEL spectra of phases encountered during analysis of the 25-75-20 oxide barrier layer; b EELS
component map based on the spectra identified with a color in a) where gray corresponds to metallic Ti, green to mix-
Ti%" orange to mix-Ti**, red to rutile, blue to anatase and yellow to TiO»-D; ¢ Ti integrated signal map; d dark-field
image with the area identified for the EELS acquisition and e SAED pattern confined in the second layer.

The SAED pattern (Figure 57e) extracted in correspondence of the violet ROI, present in the 2"
layer of Figure 57c, indicates intermediate mono and polycrystalline features. Rutile planes, (110),
(200), with satellites and streaks near the main diffraction spots are the most important features
indicating the prevalence of a distorterted octahedral arrangement. As satellites near the main
diffraction spots are attributed to crystal lattice distortions by the presence of foreign elements 22! GD
- OES analysis, as in Figure 58, was carried out:
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Figure 58: GD - OES profile of sample 25-75-20.

It is possible to notice a large accumulation of foreign elements, mainly retained from the electrolytic

bath, like S, C, and H. As those elements generally tend to segregate inside octahedral sites, the

bonding environment would be altered in accordance with the broadening of the Ls-ey feature

observed in the TiO»-D spectrum.
93



a) b e iy
a ) WIS
; v/\/\\ T '.‘ 9,
%) 31 nm el
5 .
450 475

Energy loss (eV)

Figure 59: a EEL spectra of phases encountered during analysis of the 25-75-1000 oxide barrier layer; b EELS
component map based on the spectra identified with a color in a) where gray corresponds to metallic Ti, green to mix-
Ti%*, orange to mix-Ti**, blue to anatase and yellow to TiO,-D and ¢ Ti integrated signal map.

Using a unipolar regime at high frequency (Figure 59) allowed to establish an oxide with mixed
valence states where the first 31 nm, depicted in green, were characterized by prevalence of Ti%*
fingerprint. However, after ~ 19 nm thickness of “mix Ti**”, the structure stabilized towards anatase

(in blue) and randomly dispersed agglomerates of TiO.-D (in yellow).
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Figure 60: a EEL spectra of phases encountered during analysis of the 25-25-20 oxide barrier
layer; b EELS component map where gray corresponds to metallic Ti, green to mix-Ti%*, red to
rutile, blue to anatase and yellow to TiO>-D and c Ti integrated intensity map.
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Differences were accounted when a hybrid duty, comprising cathodic polarization, was used. In fact,
the valence transition leading to the establishment of Ti** bearing oxides seemed accelerated. In
particular, when working at 20 Hz, immediately in contact with the metallic substrate, a 16 nm thick
layer of “mix-Ti**” and TiO2-D formed (Figure 60b). Then, the formation of ~ 123 nm of anatase (in

blue), allows to speculate the idea that cathodic current can effectively favor coating oxidation.

Then, as the hole present in the upper portion of Figure 60b is approached, the same structural
evolution seen before established, with “mix Ti*"” material followed by a thick portion of defected
TiO>. A rather thick and variegated interface was observed when working with condition 25-25-1000.
Differently from previous results this barrier region (see Figure 61b) was characterized by phases
presenting only Ti*" valence even in contact with the metallic substrate (~ 62 nm in orange). The first
layers of material in contact with the holes left by plasma and gas bubble explosions is characterized
by “mix Ti**” as the result of the de-oxidative condition promoted by high T and the presence of a
slightly reducing atmosphere. In between the main phase constituting the present coating (i.e. rutile)

~ 258 nm of TiO.-D developed also presenting some traces of anatase.
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Figure 61: a EEL spectra of phases encountered during analysis of the 25-25- 1000 oxide barrier layer; b EELS
component map based on the spectra identified with a color in a) where gray corresponds to metallic Ti, green to mix-
Ti%*, orange to mix-Ti*', red to rutile, blue to anatase and yellow to TiO2-D; c¢ Ti integrated intensity map.
Having characterized all the barrier regions of the coatings analyzed in the present research, in Figure

62b a first bright-field survey of the DC oxide, to highlight the porous layer features, is shown.
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Figure 62: a, and ¢ EEL component maps of the upper layer of the DC sample (anatase in blue, rutile in red and TiO»-
D in yellow); b bright-field overview; d detailed view of the area identified in green in Figure 62b from which the
selected area patter shown in e) is taken, e SAED pattern collected in the barrier-porous region shown in d); f EEL

component map highlighting structural evolution at the barrier-porous region (mix Ti** in orange, mix Ti** in green,
Ti20s in purple and TiO in light blue); g bright-field magnified view of the barrier region to highlight grains.

The overall structure seems to be three layers in nature: a compact barrier, a porous intermediate and
a relatively compact upper layer. Structures found by XRD analysis are confirmed according to EELS
confined in the upper oxide portion where large clusters of rutile and anatase are alternated through
the formation of layers of TiO.-D ~ 24 nm thick. A high density of TiO.-D particles can be seen,
particularly inside rutile grains, while the anatase cluster appears more uniform. As the main phase
detected by XRD was anatase, it is reasonable to say that the latter polymorph resulted in an
incomplete thermodynamic transition to the more stable rutile, constituted by a final distorted crystal
structure. A SAED pattern collected from the area identified with the green circle revealed that the
intermediate oxide region was polycrystalline in fact, as can be seen in Figure 62e the electron
diffraction contribution came from several small grains, denoting the presence of even Ti planes while
the image in Figure 62d shows small bubbles of entrapped O, and H. gas 1'%, A comparison of the
interplanar distances, extracted from SAED and d-spacings evaluated according to XRD (card PDF
01-089-0553), are in good agreement apart from the rutile plane (101) conserving a deviation ~ 3.74
% due to compressive stresses arising from the high Pilling-Bedworth ratio (1.95 ??2) encountered in
Ti-TiO2 system, as previously demonstrated according to Williamson-Hall analysis. In Figure 62f an
interesting structural gradient, with prevalence of TiO (light blue region ~ 8.5 nm thick) in contact
with the metal established, similarly to what previously observed in Figure 56b. As the surface is
approached the cation valence increases with ~ 50 nm of Ti>Os (Ti%* in purple) and 144 nm of “mix

Ti** (in green) also confirming the good spatial structural uniformity imparted by the treatment to
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the growing oxide layer. The intermediate layer, characterized by a porosity band (generated by the
abundant gas evolution) and a columnar structure with grains spanning from 100 (in contact with the
barrier layer) to 500 nm (in the upper zone) presented a higher level of oxidation, described by an

4+99

orange like color (orange layer ~ 103 nm thick) representing the “mix Ti

phase.

Figure 63: a dark-field image of sample 25-75-20; b EELS component map collected in the porous-upper region
(anatase in blue, rutile in red and TiO2-D in yellow); ¢ bright-field oxide overview; d SAED pattern collected in the
single grain located on top layer; e EELS component map highlighting structural evolution along all the coating
thickness.

Oxide growth was favored if using the signal 25-75-20 enhancing thickness (see Figure 63c) to ~ 3.2
pum. EELS map shown in Figure 63e collected from the green ROI indicates the vast presence of
rutile (in red, demonstrated by XRD to be the dominant phase) with even some traces of anatase.
With respect to DC condition a sensible temperature variation of the electrolyte (~ 31 °C), during the
oxide synthesis, demonstrates the development of a large amount of heat used to convert the structure
to the most thermodynamically stable form of TiO: (i.e. rutile). Consequently, differently from what
it was notice before, now a lower density of TiO.-D grains is observed in correspondence of anatase
clusters sign that now the thermodynamic equilibrium was shifted towards the stabilization of rutile.
SAED collected on the top surface layer in Figure 63d allowed to understand the presence of large
single rutile crystals with lattice parameters perfectly in agreement with the ones extracted from XRD

analysis.

The huge amount of rutile found in the upper portion of the oxide (demonstrated thanks to SAED and
EELS) is the reason why according to XRD a very small portion of anatase was found. According to
EELS component maps of Figure 63b and e anatase is relatively abundant in intermediate regions
where the x-ray signal can be subjected to a partial screening due to a sort of encapsulation effect 2.
In fact, this can strongly alter the XRD reflection intensities affecting the accuracy of the quantitative
phase assessment 31222, According to the relatively compact morphology and the abundant presence

of rutile in the upper portion of the oxide, plasma mainly developed on the surface without
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compromising the inner integrity of the oxide. This affected considerably the grain size distribution,
~ 50 nm immediately above the barrier region to ~ 500 - 600 nm in the middle-upper portion, similarly

to what previously observed when using a DC field.
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Figure 64: a SAED pattern collected in the upper layer; b bright-field image of sample 25-75-1000; ¢ EELS
component map collected along the coating thickness and d in the porous region (anatase in blue, rutile in red, mix Ti%*
in green and TiO»-D in yellow); e dark-field image overview.

Using high frequency in unipolar regime (condition 25-75-1000) did not favor oxide growth, as only
~1.03 um formed (Figure 64b). Structural investigation correlates with the relatively small thickness
encountered. In fact the huge amount of TiO»-D, particularly concentrated inside rutile grains, is a
demonstration of the mild plasma activity developed. Both anatase and rutile planes resulted from
SAED analysis confined in the blue region in proximity of the oxide surface showing polycrystalline
features and lattice parameters in very good agreement with d-spacings extracted from XRD. Dark-
field overview of Figure 64e highlights the presence of small nanograins (between 7 to 13 nm in
diameter) with consequent arrangement of a chaotic phase distribution (see Figure 64c) alternating
“mix Ti**” and “TiO.-D”. However, apart from this oxide portion, mainly confined in the upper
region, the grain size remained quite constant throughout the thickness, with average size ~ 100 nm,

considerably smaller with respect to previous cases.

Looking at Figure 64d it can be seen that holes are generally linked by elongated rutile grains
demonstrating the phenomena causing voids formation as the main actor in favoring the production
of heat and consequent phase transition. The microstructure was not altered if using a hybrid duty at
low frequency confirming rutile nucleation to start in regions near the porosity band (see Figure 65a,
d and g). A more ordered microstructure developed according to the lower TiO.-D density and larger
grains resulting in (~ 217 nm in the middle portion to ~ 414 nm on the topmost region) a lower density

of grain boundaries. SAED analysis (Figure 65e) was used to confirm the phase mapping performed
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by EELS: this allowed to verify a polycrystalline sample where the presence of multiple diffraction
spots resulted from the comparable size between diffracting domains and SAED aperture diameter (~
180 nm) whose lattice parameter generally agreed with d-spacing extracted from XRD (only for rutile

plane (210) a significant deviation due to compressive stress arose ~ 1.99 %).

Figure 65: a, b, e SAED pattern located in the porous layer of coating 25-25-20; ¢ bright-field overview; d, g EELS
component map collected along coating thickness and porous layer (anatase in blue, rutile in red and TiO2-D in yellow);
f bright-field magnified view of the upper layer.

The presence of larger grains even reaching ~ 480 nm demonstrated frequency as the dominant factor
in controlling the kinetics of growth of the oxide, which generally seemed not to be particularly
enhanced considering the low oxide thickness (~ 1.4 pm) obtained using such technological

parameters.

Condition 25-25-1000 permitted the growth of a very different morphology and structure, the latter
verified according to EELS to be mainly composed of rutile in accordance with XRD results. The
few layers of oxide immediately in contact with the holes present was constituted mainly by “mix
Ti**™ ~ 30 to ~ 60 nm thick. The presence of a high density of holes, the vast amount of rutile, and
the low content of TiO.-D served as an indication that there must be high temperatures developed
during the process. SAED analysis, confined in the purple ROI, confirmed polycrystallinity and the
only presence of rutile planes with d-spacing perfectly in agreement with card PDF 01-089-0553. The
near surface high magnification bright field image highlighted in Figure 66a indicated the presence
of grains ranging from ~ 170 to 254 nm, considerably smaller than the one observed if working at
low frequency or in DC regime. As a general remark one can argue that sometimes grains smaller
than the ~ 100 nm e transparent sample thickness could lead to projection mixing of different phases
encountered along the TEM lamella scanned by the e” beam path. However, the changes observed are
generally over larger length scales than 100 nm with clear indications that the fraction of mixing (if

any), due to overlapping grains of different titanium oxide phases, still occurs and is the reason why
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it is not due to the projection and overlap. While the overlap could not be excluded in individual
spectra or within small regions, overall, the maps clearly show trends in changes of relative fraction
of the phases over the thickness of the coating.

2 I/nm

Figure 66: a magnified view of the upper layer of sample 25-25-1000; b bright-field overview; ¢, e SAED pattern
collected in the porous region; d EELS component map (anatase in blue, rutile in red, mix Ti®* in green, mix Ti** in
orange and TiO2-D in yellow).

5.3 Discussion

According to results presented so far the following anodizing mechanisms can be drawn: a three
layers structure resulted from PEO carried out in DC regime with a barrier layer marked by the
presence of Ti in 3+ (Ti203) and 2+ (TiO) valence, a well-organized upper layer in contact with the
environment separated from the previous region by an intermediate porosity band. EELS mapping
and evolution of the Oy parameter (Figure 67) allowed to discover the DC oxide to be characterized
by an important structural gradient along the coating thickness where the lower degree of oxidation,
seen in the first 200 nm oxide portion in contact with Ti resulted from an oxygen deficient atmosphere
established during the oxide growth. In fact, a dynamic equilibrium between inward migration of
oxygen anions and outward movement of Ti cations occurred, where the spatial arrangement of the
reaction environment disposed according to transport numbers ~ 0.4 for Ti** and ~ 0.6 for 0% 224225
of the species responsible for the formation of TiO2. This led to stabilize the reaction region roughly
around the middle of the oxide thickness where the abundant heat, developed during the oxidation
process, favored the formation of crystalline domains contributing to a considerable amount of
parasitic currents, devoted to oxygen evolution, and consequent voids formation producing the
peculiar intermediate porosity band. As the electric field responsible for ionic migration inside the

oxide is inversely proportional to the coating thickness, after a while it is reasonable to assume less
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O? to arrive with sufficient rate at the barrier region favoring the formation of an oxygen deficient
environment. Accordingly a transition region, ~ 300 nm thick, along which the cation valence
adjusted from 2+ (in contact with the metallic substrate) to 4+ (in the bulk region) occurred.

Observation of the Ox parameter in Figure 67 and the lower AL3 splitting seen in Table 32 supported

this hypothesis.
00 Barrier layer 100 Porous layer
a) b) - -
| ] A a-C
" ITiO2-D
80 80 (000 Anatase

O, (%)

I
I
I
I
I
|
I
C 25-75-20 [25-75-1000| 25-25-20 |25-25-1000 DC 25-75-20 | 25-75-1000 | 25-25-20 |25-25-1000

Figure 67: Collection of oxidation parameter (Ox) for barrier a and porous layer b.

The upper coating region appeared sensibly different thanks to the higher O% availability and plasma
- induced local heating which favored the stabilization of rutile and the formation of large grains (~
500 - 600 nm) as a demonstration of a faster kinetics of growth with respect to nucleation. Despite
the lower degree of oxidation, interesting the barrier region of the DC coating, the upper layer
appeared characterized by a high oxygen content, an observation supported also by the finer Ls-tag

feature indicative of a higher degree of crystallization.

Pulsed anodizing, performed in certain conditions (as for the cycle based on 25 % of anodic peak, 75
% rest potential, frequency 20 Hz), favors the so called “recovery effect” 226 determining the growth
of a relatively compact and thick layer (~ 3.2 um). In this case the application of 12.5 ms of anodic |
determined enough Joule heating necessary for rutile stabilization showing elongated clusters of rutile
prevalently found near the surface, due to plasma activity, and the intermediate porosity band due to
defects enhanced stabilization 2. In fact, as the anatase to rutile transformation is a nucleation and
growth process defect - assisted heterogeneous nucleation can be effective in that region. This allowed
to think the crystallization process in TiO, as self-sustaining in fact other authors " found the
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formation of a nano-crystals to be generally accompanied with the delivery of an oxygen bubbles

promoting another defect responsible to sustain further crystal structure modifications.

Morphology, structure, and electrical characteristics demonstrated the importance of using a signal
with pulse duration different from the time scale required for the EDL relaxation. This allowed the
formation of smaller grains (~ 100 nm), a prevalent distribution of anatase and a small thickness. The
abundant presence of “mix Ti*”, denoted the impossibility of the structure to stabilize to a TiO>
polymorph in accordance with a less developed PEO process. EELS components maps and dark-field
image shown in Figure 64 agreed with this idea showing a non-homogeneous material with

prevalence of nucleation with respect to grain growth.

The porosity band was considerably enlarged using hybrid duty cycles as an evidence of the abundant
gas evolution developed. The higher content of Ti** bearing phases in the barrier region (anatase and
TiO2-D for sample anodized at 20 Hz and rutile and TiO2-D for sample grown at 1000 Hz) came from
the high resistive heating induced by the use of cathodic I. Sample 25-25-20 demonstrated a similar
phase distribution, in the porous region, as previous coatings with prevalence of rutile in the upper
portion and in correspondence of the porosity band. However this is not the case if looking at sample
25-25-1000 where the presence of large pores, in contact with the barrier region, denoted the
occurrence of intense phenomena like gas evolution and plasma activity. This is not strange as the
conjunction of anodic and cathodic polarization followed by a rest period permitted gas evolution to
be completed as in the case of O generated from water dissociation whose reaction according to

Equation 29 ¥ can stimulate the formation of nano-bubbles:

20% > 0, + 4e” (29)

In particular, this process was very effective if using high frequencies where the gas found no time
for an efficient evacuation according to the fast kinetics: this at least resulted in an enhanced ignition
probability of powerful discharges. In fact, dielectric strength of a gas (air ~ 3 MV-m? 2%8) js
considerably lower than the one of an aqueous electrolyte (water ~ 65-70 MV-m™22%), To confirm
this hypothesis optical emission spectroscopy (OES) was used to collect the optical transition
emitted during the PEO process. This allowed plasma characterization and the calculation of useful
plasma parameters like plasma temperature Te and the collection of the intensity lines of the major
elements involved. Results are highlighted in Figure 69a for sample 25-25-1000 and a typical OES

spectrum displayed here in Figure 68.
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Figure 68: example of OES spectrum collected during PEO of sample 25-25-1000.
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Figure 69: a Temporal evolution of the main reflections encountered during OES performed on sample 25-25-1000; b
SEM overview of sample 25-25-1000 to highlight discharge craters.

According to visual observation of the sample surface undergoing PEO (presented in the insert of
Figure 69a) an active area in between 0.2 + 0.4 mm? can be defined while the absence of color
variation of the plasma during the treatment indicated the optical emission to keep constant features
along the process evolution, even if they underwent a marked increase in size, passing from ~ 64 pm?

to ~ 2.59 10 mm?.

As those values strongly differ from the fingerprint (~ 1.38 10 mm?) observed by SEM image shown
in Figure 69b those events should be interpreted as the sum of collective phenomena. The plasma
process was characterized performing six acquisitions, during the last 150 s, with the aim of obtaining
a meaningful average description considering the spatial and time random nature of the event. An
integration time of 25 s was used and the first luminescence collected ~ 170 s. A fully developed
spectrum, as in Figure 68 developed only after ~ 245 s (~ 120 V). After background subtraction, the

temporal variations of the major emission lines 2%° in common to almost all the steps of the treatment,
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i.e. Ti 1497.92 nm, Ti 1538.29 nm, Ti Il (540.49 nm), O 111 517.12, S Il (671.74 nm) were collected
and reported in Figure 69a. From 220 - 254 s other signals both coming from elements contained in
the substrate material and electrolyte developed in the form of the following emission lines: Ti Il
(600.58 nm), O I (555.48 nm), O Il (558.32 nm), O IV (479.72 nm), S | (537.58 nm), S 11l (480.43
nm), He (656.28 nm).

Equation 30 can be used to calculate the plasma electron temperature Te and its time evolution during

the treatment upon the selection of Ti | reflections.

T = E’Iz'i I_AE’Il'i IA (30)
e 1 g
ke n (7220272)

According to that the lines peaked at 497.92 nm and 538.29 nm were used, considering the details

about electronic transitions as in Table 34:

Table 34: List of the Ti I lines used for the calculation of plasma temperature T.: A-wavelength; gk-statistical weight of
upper energy level; Aic-transition probability.

Reflection A (nm) Transition Energy (eV) A (106 s7) Ok
Til 497.92 3d°(D2)4s-3d°(G)4p 4.664 1 9
Til 538.29 30°(3G)4s-3d*(“F)dp 4175 0.18 7

Those lines were selected in accordance with other authors 23! suggesting better reliability to perform
spectral line shape analysis. Initially, as the PEO process was just ignited (~ 170 - 195 s), and the
plasma non uniformly distributed T. arranged ~ 2253 K, while as the process fully developed (in
between 270 - 295 s) ~ 2777 K were reached in good accordance with PEO on Ti results carried out
by others 232, In order to investigate how the plasma affected the oxide morphology and structure, a
TEM lamella was extracted from the crater region. Large holes were left in correspondence of the
substrate - oxide region as it is possible to see in Figure 70, were the deep inward indentation in the
metallic substrate were identified as an artefact induced by the excessive milling during FIB
preparation. Based on previous observations and keeping in mind the peculiar shape of the I-V curve
(Figure 50d), it is possible to draw the following discharge mechanism by comparing information
extracted from: OES, I-V plot, and EELS. First emission signal extracted from OES (170 - 195 s)
allowed to hypothesize a breakdown voltage in the range ~ 85 + 97.5 V where the presence of Ti |

lines suggests the involvement of substrate melting.

This found a very good agreement by looking at Figure 70 where considering a breakdown field for

titanium dioxide ~ 3.6 MV-cm™ 22 a barrier layer thickness of ~ 250 nm was derived from
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calculations. The use of cathodic I, and consequent delivery of resistive heating, enhanced the oxide
crystallization at the early stages of the treatment resulting in abundant gas formation 1762%, As a
result of the EELS fine structure analysis, a larger Ox parameter was verified for this coating,
indicating a rather lower presence of oxygen vacancies. This can make ions migration less favorable
leading to the development of higher electric field inside the lattice. This in turns can rise the holes’
formation probability, promoting e from valence to conduction band, favoring oxidation of 0% and
abundant oxygen evolution in correspondence of the oxide-metal interface were strong type-B

discharges were ignited.

Figure 70: Bright-field view of sample 25-25-1000 with large holes due to type- B discharge.

Upon failure of the barrier layer, the discharge found an easy path to propagate through the gas phase
so T increased even beyond the TiO2 evaporation threshold (corresponding to ~ 2500 K for the Ti-O-
H system) and the oxide was found to evaporate as TiO molecules #°. Upon contact with the cold
solution the evaporated material rapidly condensed to Ti2Os, TisOs or even TiO2 depending on

complex plasma-chemical reactions, T, and oxygen availability.

This intuition was justified by the presence of the Ti Il emission line (corresponding to Ti?* related
optical transitions) manifesting (195 - 220 s) when Te (~ 2492 K) approached TiO> evaporation T.
This caused the material immediately in contact with the plasma core to vaporize leaving behind holes
with size ~ 0.4 pm?. Figure 71 presents EELS mapping performed on the few oxide layers affected

by the interaction with the plasma.

The stoichiometric evolution, represented by the color gradient of Figure 71 satisfies common binary
Ti-O diagrams 23%237 where the first ~ 18 nm in contact with the hole were constituted by oxide with

105



prevalence of Ti%* valence, as the result of the rapid quenching summed to the presence of a slightly

reducing atmosphere, and the formation of a Magneli phase TizOs with few particles of Ti,Os. Before

rutile, which was the dominant component found in this system, it was observed a transition region ~

12 nm denoted as “T” with intermediate features between TizOs and subsequent TiO2-D layer ~ 13

nm thick.

TiO,-R

TiO,-D
T 12 nm

Ti;O4 85 nm

Intensity (a.u.)

EE

Ti,0,

mix Ti*> 18 nm

450 475
Energy loss (eV)

Figure 71: a Ti integrated intensity map used to perform EELS component map b (rutile in red, mix Ti** in green
Ti30s in brown, Ti,03 in purple and TiO2-D in yellow) collected at the boundary of the hole left by a discharge and
relative EEL spectra ¢ where T stands for transition region.

The following analysis has the aim in demonstrating that by comparing electrical characteristics like

I and V with structural information it is possible to model the discharge event inducing the thermal

gradient responsible for the structural evolution highlighted in Figure 71. Keeping this in mind,

Equation 31 and 32 were used to evaluate the resistive heating generated by a discharge event

relating the thermal gradient, induced inside the oxide, to current density affecting the overall crater

left by the collective phenomenon. Details and physical parameters related to TiO2, necessary for this

theoretical treatment, are collected in Table 35;

Table 35: physical parameters of TiOs..

Property Symbol Value
Specific resistance (Q-m) at 1387 K 2% p 102
Density (Kg-m®) 4250
Heat conduction (W-m™.K) 2% A 8.5
Molar heat capacity (j-molt-Kt) 20 cp = 17.14 + 0.00098T — 22 at 2300 K 80.88
Molar weight (Kg-mol™) 240 M 0.07987
Specific heat capacity (j-Kg?-K™) Cz% 1012.64
Thermal diffusivity (m?-s™) X= ﬁ 2.06 10°®
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q = i*pt; (31)

AT = q%vi (32)

where i is the current density, p the specific resistance and t; the duration of the discharge event.
According to phase diagrams of the Ti-O-H system, TiO2 should be reduced to TizOs only above ~
1400 K. Considering this T as the lower bound and accounting for an average discharge duration ~
15.5 ps (extracted from the FWHM thickness of | peaks observed in Figure 50d) a current density ~
304 kA-m is obtained as the output of Equation 31 and 32. At this point considering an average |
peak ~ 14 A (see Figure 50d) an active surface ~ 4.59-10" um? was derived. This result demonstrates
a good correlation with the average total area deduced by looking at Figure 69b were the sum of all
fingerprints left by discharges (occupying ~ 17 % of the total surface of the SEM image) was ~
3.35-10" pm?. Deviation between the two values can be manly related to the assumption of

homogeneous presence of craters outside the SEM image.

After this conclusive analysis it was clearly adduced a correlation between electrical parameters,
which could be monitored by simple investigation of the I and V plot, and structural features requiring
a nanoscopic investigation made possible according to EELS. Moreover, the improved data
visualization, guaranteed according to the design of an algorithm for automatic EEL spectra
discrimination, further enhanced the quality of the information extracted from a local technique like
EELS. This allowed to find PEO oxides as characterized by three layers: a metal-oxide interface
called “barrier layer”, an intermediate porosity band and an upper layer whose features appeared
strongly dependent on the plasma involved during the treatment. The structural evolution highlighted
in previous regions were found to be strongly related to the technological parameters selected,
particularly if considering crystallinity and degree of oxidation, the latter expressed according to the

definition of an oxidation parameter Ox. In summary the following important points can be drawn:

= preliminary XRD analysis found anatase, rutile and TisOs to be the main phases composing the
coatings appearing all subjected to compressive stresses as demonstrated by Williamson - Hall
analysis, and d - spaces extracted from SAED patterns. Crystallite size was found to be nearly
independent on anodizing conditions.

= The few layers immediately in contact with the substrate were found to be slightly reduced to
Ti**or lower valences: this was particularly true in case of PEO performed in DC where clusters

of Ti203 ~ 152 nm thick, showing almost no crystal field splitting, manifested. As the use of a DC
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field did not favor barrier layer recovery and oxidation, a coating characterized by strong
inhomogeneity between lower and upper portion resulted. This feature can be smoothed using a
pulsed signal with hybrid duty cycle, where the improved oxygen availability and the abundant
resistive heating favored crystallization and degree of oxidation. As the intermediate porosity
band is approached, a structural gradient (showing progressively increasing cation valency)
established with presence of Ti** component and grain size ~ 521 nm in correspondence of the
upper portion. A steeper low Ti valence - Ti*" transition occurred using pulsed anodizing,
particularly if using cathodic | responsible to favor crystallinity and an oxidizing environment.
Furthermore, in order to accommodate the lattice strain, caused by the contact between different
phases, a layer of TiO.-D was always present.

The microstructure was largely affected by frequency: in fact, the DC regime or using low
frequencies favored large surface grains (~ 500 nm) while the deeper oxide microstructure was
considerably finer (grain size ~ 100 nm). On the other hand, using 1000 Hz homogenized the
microstructure creating no difference between inner and outer coating regions.

Rutile presence was high in correspondence of the upper oxide portion and the porosity
intermediate region: this was due to plasma formation, above the electrode surface, and gas
evolution at the reaction zone. During anatase — rutile phase transition TiO.-D was found to be
particularly abundant in correspondence of anatase grains once the thermodynamic equilibrium
propended towards rutile formation.

Type-B discharges where ignited according to the use of high frequency (1000 Hz) and cathodic
polarization: direct comparison of I, V curves with local structural information demonstrated |
peaks as the summation of several thousands of discharges ignited at the oxide - substrate
interface. The oxide in contact with the emission phenomenon evaporated: then rapid quenching
and condensation allowed ~ 18 nm of oxide with strong Ti®* valence and the formation of ~ 85
nm of TisOs in agreement with phase diagram predictions. As T decreased the structure rearranged
through a transition region ~ 12 nm plus ~ 13 nm of TiO>-D to rutile.

TiO2 vaporized in the form of TiO molecules during direct contact with the plasma: this was
assessed according to detection of Ti 1 (Ti%*) lines collected by OES in treatments combining
1000 Hz and a hybrid duty cycle.
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Chapter 6 PEO oxide debonding

Oxide debonding is the main form of degradation when an anodic coating is exposed to a low pH
environment 241, Several intermediate steps are responsible for the degradation process, like oxide
reduction involving the diffusion of charged species through the material, a process generally highly
dependent on oxide thickness, structure, and morphology. When hydrogen makes its way into Ti
criticisms arise from TiHx formation, causing ductility losses and component failure 242, This can be
easily verified if the metal is employed in cathodically protected structures like heat exchangers,
present in desalination plants, where the formation of scales like Mg(OH). and CaCO3 can affect the
heat transfer coefficient prejudicing the overall rated capacity of the plant. To restore the operating
condition sulfuric acid is generally employed as a descaling agent 2*3>2* even if several literature
contributions 198:244-246 demonstrate the high susceptibility of unalloyed Ti to low pH environments
containing sulfates. In fact, corrosion rates (CR) ~ 8 mm-year™ 24 for pristine Ti grade 2 immersed
in 10 %v/v H2SO4 at 60 °C are generally observed. According to a relevant industrial interest Ti
corrosion in sulfuric acid has been well investigated and according to coulometric weight-loss and
polarographic analyses °® it was established that Ti generally goes in solution as Ti** when the
electrode is active (i.e. corrosion potential Ecorr < ~ 620 mV/SSCsat. for Ti in 2 M H2SO4) while it
corrodes as Ti*" if Ecor rises ~ 100/130 mV above a certain threshold, identified as the critical
potential (Ecrit) verified ~ -477 mV/SSCeat. (for Ti in 2 M H2S04) %247 |t is well - admitted that
provided Ecor is sufficiently cathodic and the pH low enough (in this analysis pH << 2) H* can not
only be adsorbed, contributing to charge accumulation in the EDL, but also to intercalate within TiO>

according to reduction described by Equation (33) 152248249
Ti*0, + H;0* + e~ o Ti3*(0)(0H) + H,0 (33)

becoming feasible for Ecorr < 197 mVssc 1% in present experimental conditions. During this reduction
reaction H* intercalate according to local charge compensation by formation of Ti3* centers. Before
electrochemical reduction, Blackwood et al. 2°%%! hypothesized a chemical dissolution mechanism
with reaction rate first order with proton concentration, a mechanism probably responsible for the
cathodic shift of Ecorr till values required for electroreduction to start. Based on previous analysis and
information present in literature 221! typical PEO oxides are known to be constituted by a porous
outer layer, imparting to the coating a rather high thickness, and a barrier layer, immediately in contact
with the metallic substrate, responsible for corrosion protection. Until now, few papers analyzed

morphology 32252 and microstructure 25325 of Ti PEO oxides however without providing exhaustive
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stoichiometric details about the barrier layer and its influence of the corrosion response in acidic

environment.

It is expected, in fact, stoichiometry to exert a preponderant function ruling the mechanism leading
to corrosion of electrodes immersed in low pH where the transport of H" generally requires low
activation energy thanks to combination of small dimension and the absence of an electron cloud.
Different models can be used to account for H* conduction at low T and in nanometric oxides 2>°: 1)
solid state diffusion through the crystal lattice 2) within an adsorbed H>O layer 3) within grain
boundaries and 4) beneath the space charge region formed at the water/oxide interface. The presence
of oxygen vacancies seems to be particular advantageous for H* conduction in perovskites 2° where
H>O molecules can find an easy path to dissociate into OH and H, the former incorporated inside
the oxygen vacancy while the latter forming a bond with a lattice oxygen 2%. As the present
electrochemical investigation is limited to almost compact barrier regions, it is reasonable to
hypothesize mass transport to occur in the bulk either through the lattice or within grain boundaries.
As a consequence, after H* adsorption, solid-state diffusion can be described according to 1) a fast
rotation around the host oxygen ion followed by 2) transfer to another oxygen ion through an hopping

process 2%,

Using results collected in section 5 here we demonstrate how the use of a pulsed regime, favoring the
growth of a barrier layer mainly constituted by Ti**, and containing a low level of S, results in
enhanced protection of the metallic substrate by limiting H recombination at the oxide - metal
interface. This retarded coating debonding preventing Ti corrosion from 24 h immersion in 10 %v/v
sulfuric acid at 60 °C, a common environment adopted during metal pickling operations 2.

Two PEO treatments were analyzed in this research, deeply characterized in section 5: a DC process,
further on referred as “PEO-DC”, and a pulsed signal with a hybrid duty cycle: 25 A%-25 C%-50
R%-5 CP% repeated at 1000 Hz called “PEO-H-25" with “A”, “C”, “R”, and “CP” having the usual

meaning.

All the electrochemical tests were performed using a Metrohm Autolab PGSTAT equipped with a
FRA32M module for EIS using a standard 3 electrode cell (ASTM G5 %) with a KCI saturated
silver/silver chloride (SSCsat) reference electrode and an Amel Pt counter electrode. All the tests were
repeated three times in 1 liter solution. EIS and Ecorr evolution, upon immersion, were studied in 10
%v/v H2SO4 at 60 °C using a Velp Scientifica Arex with VTF digital thermoregulator system. The
impedance was evaluated cyclically at Ecorr after 30 min of stabilization, until complete electrode
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activation, considering a frequency window between 10 to 10° Hz and collecting 10 points per
decade with a voltage amplitude, of the sinusoidal perturbation, of 10 mVms. Salt bridge, composed
by Agar-Agar and KCI were used to not expose the reference electrode directly to the aggressive
solution. EIS spectra were analyzed according to the software Nova 2.1. Potential step chronometric
responses were evaluated, in the above solution, considering a polarization of -1 V/SSCsa. held: 30,
45 and 90 s respectively monitoring the resulting | transient. Details regarding the corrosion rate
evaluation can be found in section 2.1. Glow discharge optical emission spectroscopy (GD - OES)
was performed according to a SpectrumA ANALYTIK GDA 750 HR analyzer considering an anode

diameter of 2.5 mm, an operating voltage of 700 V with internal Ar pressure of 2.3 hPa in RF regime.

As a preliminary step samples were immersed 24 h in 10 %v/v H.SO4 and investigated for weight-
losses and Ecorr (see Figure 72). A corrosion rate of 6.2 mm-year™ was verified on coating PEO-DC
while PEO-H-25 was found to be very resistant towards the aggressive solution with only ~ 0.03
mm-year?. Ecor Vs time indicated that PEO-DC oxide degraded after few hours passing from a
passive condition (region 1) to an active state (region 3). In region 2, denoted as an active-passive
transition zone, all the major processes resulting in oxide detachment occurred. For sake of clarity,
some relevant redox reactions are indicated by black dashed horizontal lines, corrected according to

the present experimental conditions.
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Figure 72: Ecor evolution for sample PEO-DC (in green) and PEO-H-25 (in red).

A first GD - OES analysis was done, on both samples, to extract the total thickness and for elemental

quantification purpose, allowing to define the profile of Figure 73:
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Figure 73: GD - OES profiles of sample a PEO-DC and b PEO-H-25.

thickness values very well agreed with data extracted from bright-field images of section 5 denoting
the presence of a high accumulation of S in correspondence of the barrier layer ?%° (denote as “B”).
According to that, a second run was performed removing only the porous layer (“P”) leaving metallic
Ti and a residual thickness corresponding to the barrier region (according to TEM ~ 190 nm for PEO-
DC and 320 nm for PEO-H-25). Ar etching parameters were optimized to reduce as much as possible
roughness and indentations (see Figure 74):
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Figure 74: laser profilometry analysis over the crater left after Ar sputtering of sample a PEO-DC and b PEO-H-25.

Arithmetical roughness (Ra) was evaluated for both craters ~ 93 nm and ~ 138 nm for PEO-DC and
PEO-H-25 and the values used as a “safety” tolerance to anticipate the shut - down of the sputtering
procedure. In this way the oxide portion relevant for further analysis can be assumed to be almost
preserved from indentations and other residual stoichiometric alterations (if any considering the

robust nature of titanium oxides) imparted by scattering with the energetic particles.
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As the trend was respected for both coatings only EIS results carried out on PEO-DC are presented

in Figure 75 in the form of Nyquist and Bode representation.
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Figure 75: Nyquist and Bode representation of PEO-DC immersed in sulfuric acid.
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According to the spectra the residual barrier layer held passivity for the first few minutes of immersion
according to Ecorr measured on the complete coating (i.e. also considering the presence of the porous
layer), demonstrating the relevant role covered by the barrier region in determining the corrosion
resistance of the coating. As the electrode was still passive only a single depressed semicircle was
present in the Nyquist representation. Time constants distribution became more evident at
progressively higher immersion time, where the depression in — phase angle, evidenced ~ 10 Hz and
more marked as the immersion time proceeds, determined the appearance of two peaks. The
imaginary impedance can be used as a reliable tool to get insight about the time scale governing the
electrochemical process, as it is unaffected by the solution resistance contribution. Accordingly

imaginary impedances were plotted for both coatings in Figure 76.
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Figure 76: imaginary impedance of sample a PEO-DC and b PEO-H-25.

Initially, as passivity was held, a single peak in -Z" established ~ 0.025 Hz for sample PEO-DC,
indicating a corrosion mechanism prevalently diffusion controlled. As immersion time increases
charged species diffused through the compact oxide lattice in a semi-oo manner according to the
appearance of a straight line with slope = 1 as in Fig 75c (- phase angle — 45 °). A change of slope -
Z" in correspondence of 0.25 Hz (for PEO-DC) and 0.32 Hz (for PEO-H-25) was indicative of the
presence of concomitant reactions occurring with different time scales, as in mixed diffusion-charge
transfer control reactions. The same relaxation frequency (0.25 Hz or 0.32 Hz) was verified for the
electrode in the active state where such a peak is generally related to electrochemical H* desorption
(Heyrovsky step) 19814519 1n case of electrode activity an additional feature in the middle frequency
range revealed (158 Hz for PEO-DC and 89 Hz for PEO-H-25) describing H* discharge reaction
(Volmer step), previously hindered by the prominent capacitive reactance of the protecting film.
Similar conclusions can be drawn for sample PEO-H-25 apart from the absence of the low frequency

diffusion related time constant.
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Figure 77: first derivative of the imaginary impedance plotted for sample a PEO-DC and b PEO-H-25.

This agrees, as it will be demonstrated, with the decreased diffusion coefficient of charged species
inside the latter coating, thus corroborating the occurrence of mass transport in a time interval not
detectable according to the experimental frequency window used in the present analysis (even in case
of lower bound decreased to 5 mHz). Deeper knowledge of the corrosion mechanism can be extracted
according to the first derivative of -Z" as in Figure 77 where a regime of semi-co diffusion was
detected. Despite the similar Ecorr (~ -160 mV/SSCsat) it is evident the presence of a high frequency
shoulder, manifesting in between 102 + 10° Hz, related to the occurrence of a potential dependent

relaxation process (HER).

By looking at Figure 75c, e, g and i formation of a vertical line, in the low frequency portion of the
Nyquist representation, reflects the transition between semi-oo to finite diffusion. This can occur if
charged species, involved in the diffusion process, approach a reflecting boundary or in case the
charge saturation limit of the material is reached. As a result -Z" values, confined in the low frequency
tail of the Nyquist plot, can be fitted by a vertical line with slope shifting from 1 (- phase angle = 45
° typical of semi - oo diffusion regime) to almost c (- phase = 90 °). The process can be better
visualized graphically in Figure 78 where a transition frequency (®tans ~ 39.1 mHz for PEO-DC),
between semi-co to finite diffusion and embedded by a red ellipses, can be extracted. As the corrosion
process advanced owans Shifted towards higher values passing from 0.025 Hz, after 102 min of
immersion, to 0.1 Hz for 180 min immersion. From Equation 34 it is clear that Amans Can be related
to modification of the finite diffusion length (probably reduced by material dissolution) or variation

of the diffusion coefficient according to a different state of charge of the electrode.

pH*

o« — (34)

wtrans 12
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Figure 78: normalized Nyquist representation for diffusion transition understanding.

After the blocking condition was reached oxide debonding occurred as a result of the complete
dissolution of the barrier layer loosing completely its protectiveness. This event can be related to the
formation of a low frequency capacitive loop with negative real impedance, describing the release of
charges accumulated in the redox capacitance (Credox) Of the material during immersion in the low pH
solution. The necessary condition for such phenomena to occur is Ecorr to become cathodic with
respect to the conduction band edge of TiO2 found to be ~ - 166 mV/SSCsa. 2422 according to its
Nernstian dependence on pH. After that the electrode can be considered as almost fully H*

transparent.

Immediately after immersion a strong concentration gradient favored H* diffusion inside the porosity
of the oxide filling all the active surface in contact with the acid. Proton reduction, at the oxide
interface, was highly enhanced by the almost free e provided by the presence of donor defects (n-
type in nature) like oxygen vacancies. As a consequence surface adsorption and oxide reduction,
according to Equation 33, occurred. As the Ecorr in the first period of immersion was very anodic no
HER was observed concomitantly to H* intercalation, thus only a low frequency relaxation (0.025
Hz) was detected and attributed to mass transport. As HER became feasible a time constant coincident
with the Heyrovsky step, generally well discernable on active Ti, appeared ~ 0.25 Hz while the
Volmer discharge reaction remained hindered by the capacitive reactance of the still present oxide

coating until the metallic substrate was exposed to the aggressive solution.
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Figure 79: Nyquist representation of a PEO-DC and b PEO-H-25 in correspondence of charge saturation and coating
debonding.

At progressively increasing immersion time semi-oo diffusion shifted towards finite diffusion due to
charge saturation of the oxide layer. So, according to previous observations, where a slightly different
electrochemistry characterized the very different corrosion behavior of both coatings, a procedure
based on EIS 263254 wijll be adopted to extract diffusion parameters. Accordingly the oxide redox
capacitance (Credox) Was extracted by fitting the low frequency portion of the Nyquist plot in Figure
79 according to the definition of capacitive reactance (Equation 35):

n — 1
2nCw

and the slope, extrapolated by linear regression of data shown in Figure 80, used to estimate Credox

(35)

arising from e coupled H* intercalation.

a) PEO-DC b) PEO-H-25
250 T T T - 1000 T T T
295 L] Data I ®m Data
> Fitting 1 900 - Fitting .
2004 E
800 e
<1737 ] &
f1/(2nC g
1504 4. ) 57007 I
g 1254 3 - .9600 i 1/2aC, 400 i
N i N
" 1004 !
500 E E
754 Equation y=a+b*x Equation y=a+b¥*x
Slope 1.53625 = 0.076 400 Slope 14525008314 | |
30 3 R-Square (COD) 0.99401 R-Square (COD) 0.99673
25 T T T T T - 300 T T T T T T
50 75 100 125 150 175 200 225 50 75 100 125 150 175 200 225
o’ (s) o’ (s)

Figure 80: graphical procedure for extrapolation of Credox of sample a PEO-DC and b PEO-H-25.
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By inserting Credox inside Equation 36 and using the low frequency resistance (R) as the intersection
between a virtual vertical line, fitting data in the charge saturation regime, and the real impedance
axis it is possible to evaluate proton diffusion coefficient describing the percolation process inside
the barrier layer of length “1”.

lZ
3CredoxR

pH* (36)

Slightly different values were observed for the procedure applied on both electrodes:
DEL e =261+031-10"1cm?2-s71
- DE . ,-=8514+087-10"2cm? 57!

It was reasonable to apply this strategy only when Ecorr Was such that to allow charge percolation i.e.
in correspondence of the active-passive transition region highlighted in Figure 72. Same tests were
carried out considering solution stirring to confirm the prevalence solid-state nature of the diffusion

process and only small deviations inside the experimental error were obtained.

From the value of Credox, €valuated immediately before oxide debonding, it is possible to quantify the
number of charges accumulated during oxide reduction. With the purpose of doing that, considering
10 mVms as the potential used to fill the Credox Of the oxides 1.66-10° and 3.412-10%® H* intercalated
inside PEO-DC and PEO-H-25. It is possible to compare those values with the amount of Ti** centers
reduced during immersion assuming PEO-H-25 barrier region to have ~ crystal cell parameters of
rutile. So, accounting for a cell volume of ~ 6.235-10% cm® and the presence of two Ti atoms per
cell, a total of ~ 4.62-10'® atoms can be assumed in an oxide volume of ~ 1.44-10° cm?® (320 nm
barrier layer thickness and exposed surface area of 0.045 cm?) affected by the intercalation process.
According to this analysis, oxide debonding occurred after the reduction of ~ 85 % * 9 % of total Ti**
sites, as the result of an immersion period of 28 h + 2 h. The smaller number of charges involved in
the diffusion process, before debonding occurred, correlated with the lower content of Ti** present in
PEO-DC (no chance to quantify according to structure highlighted in section 5) and time required for

the oxide to lose protectiveness (< 3 h).

Current transients, upon applications of potential steps, were monitored to confirm previous results.
In this way it was selected a sufficiently cathodic potential of -1 VV/SSCsa. held for 30, 45 and 90 s
such that to determine H* intercalation. In any case the polarization times were sufficiently small to

assume semi-co diffusion of protons, so justifying the adoption of the Cottrell equation (Equation 37)

for DH" quantification:
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37)

and used to fit of the linear portion of the i - t% trend. Table 36 presents results in terms of DH+,
demonstrating the decrease of the diffusion coefficient by increasing the polarization time to 90 s
where values found in saturation regime were measured: 8.6 + 0.23 - 10! and 7.51 + 0.41 - 102
cm?-s for PEO-DC and PEO-H-25 respectively. Numbers extracted from PEO-H-25 agreed with the
one obtained by the theoretical model used by Hupfer et al. ?%° based on Equation 38 applied in case

of protons diffusion in a rutile crystal along the c-axis.

—0.541

HY _ . 104
DH* =9.4-10 exp(ka

) =6.15-10"2 ¢m? - s71 (38)

As aslightly lower diffusion coefficient was verified with both electrochemical techniques for sample
PEO-H-25, it was confirmed the slower diffusivity occurring in oxygen rich oxides providing a more
efficient barrier against proton diffusion with respect to oxygen deficient materials like TiO (~ 12
nm) and Ti203 (~ 47 nm).

Table 36: electrochemical parameters extracted according to fitting of the current transient response highlighted in

Figure 81.
30s 455 90s

Parameters DC 25 DC 25 DC 25

Rs (Q-cm?) 1.624+0.1 1.7340.1 1.5540.1 1.634+0.2 1.7540.14 2.06+0.11

Ceal (F-cm?2-10) 2.774+0.2 1.38+0.1 2.7840.1 2.00+0.1 2.9240.31 2.49+0.27

B (109 16.3+1.8 39.1+2.7 11.940.9 5.76+0.7 1.85+0.08 0.58+0.42

F (A-cm?2-10?) 1.6740.1 0.88+0.0 1.6040.1 2.2540.1 1.434+0.06 3.7940.12

D" (cm?.s1-109) 3.8610.2 5.00+0.3 2.0740.1 0.47+0.03 0.086+0.004 0.007540.00026

Such a deduction was previously highlighted by Yen et al. 2%, emphasizing the importance of oxygen
content with respect to thickness of titanium oxides synthesized by thermal routes. It was also verified
in other systems, like WO3 2%, the role covered by oxygen vacancies in promoting Hags eventually
leading to substantial alterations of the corrosion mechanism, particularly when HER is involved.

Another model (which can be found elsewhere 268) can be applied to describe | transients
contributions coming from the EDL, mass transport, and residual ongoing faradaic reactions using

Equation 39.

)+ Eir 29)

i —Vex( :
T =P\ T o

Cedl
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V is the applied potential, Ceqi, R, B and F are fitting parameters evaluated according to non-linear

least square regression performed in SciPy 2% environment.
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Figure 81: Experimental data and fitting of the current transient of sample a PEO-DC and b PEO-H-25 arising from
application of a potential step of -1 VV/SSCsat. held for 45 s.

R is a series resistance related to electrolyte, electrodes, and cables; B is a mass transport index
representing the Cottrell equation while F is a current term arising from residual faradaic reactions
(mainly HER in this case). Results, in terms of cathodic i Vs time, are plotted in Figure 81 in case of
cathodic potential applied for 45 s on both materials, where the fitting quality (green line) was
evaluated according to y? values. Sample PEO-H-25 demonstrated larger deviations from the
theoretical model probably caused by the higher residual I due to HER, continuously increasing along
all the selected time windows. Fitting parameters are collected in Table 36 where it is possible to see
that generally PEO-DC was characterized by higher Cea, growing according to the polarization time
as charges continued to accumulate in the EDL according to the abundant Hags. The value of B,
dependent on diffusion, was high during the first 30 s of polarization (D™* ~ 10" cm?-s) according
to the prevalence of liquid phase diffusion. If longer polarization times are considered DH*
approached numbers associated to solid state-diffusion as in previous analysis. Generally, a higher
residual 1 on sample PEO-H-25 was indicative of a faster kinetics of HER occurring on the oxide
surface limiting adsorbed hydrogen to penetrate the semiconductor eventually reaching the metallic
substrate: this can be considered as an important mechanism retarding oxide debonding. The lower
HER Kkinetics verified on PEO-DC can be attributed to the high content of S retained during PEO
carried out with a DC anodic field and verified according to GD - OES. Sulfur species, in fact, are
well known cathodic poisoners inhibiting hydrogen recombination. Accounting now for the role of
crystal structure on hydrogen evolution kinetics can appear strange HER to be faster over an oxygen
reach oxide. In fact, the latter reaction was generally found to be favored in the presence of oxygen

vacancies, particularly over Ti,O3z (with band gap ~ 0.1 eV 27°) or even better TiO 2’* showing a
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metallic behavior. However, it is important to keep in mind that the 3™ layer composing PEO-DC,
surmounting previous structures as in Figure 62f (i.e. ~ 12 nm of TiO and ~ 47 nm of Ti203),
corresponds to a mixed Ti**/Ti** phase (with prevalence of the former valence) as can be
demonstrated according to analysis of the EELS spectrum visualized in Figure 82 in green (~ 131
nm thick). As a result, the intrinsic defected nature can be tough as partially responsible for the
polarization of the hydrogen evolution reaction. Demonstrated the inhomogeneity and the lower
oxidation state of the cation by looking at Ox parameter and ALs it is acceptable to say that the
presence of oxygen vacancies, and related Ti®* centers, can favor strong Hags making unlikely the

desorption step required for gas evolution.

The same kinetic result can be verified according to EIS considering Figure 79c and d where the
charge transfer resistance R¢t was extracted from the diameter of the high frequency semicircle: 24.1
and 5.5 Q-cm? for PEO-DC and PEO-H-25 respectively. Upon evaluation of the characteristic
frequency (omax), from the value in correspondence of the maximum of -Z" it is possible to calculate

Cea Using Equation 40:

1
Coat = Jrp—— (40)
AL, R
- mix Ti
AL AL 2
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Figure 82: EEL spectra and fine structure related parameters indicating different oxidation levels, corresponding to
mix-Ti** (in orange), mix-Ti** (in green) and Ti,O3 (in purple).

obtaining 2.97-10 and 3.07-10“ F-cm™ thus establishing a good correlation with values extracted

from previous current transient analysis, demonstrating that such high values of C did not merely
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arise from charge separation but also accumulation in the EDL. The faster kinetics of HER on PEO-
H-25, expressed by the lower Ret and Ceai, can favor the idea of higher near-surface pH of the
electrode, altering the material stability and so the electrochemistry occurring on it.

After kinetics and mass transport provided all the reactions responsible for the increase of Credox Of
the material charge saturation occurred resulting in oxide debonding by the formation of a growing
bubble (red arrow in Figure 83a) developed at the metal - oxide interface. Once the gas bubble
reached a critical thickness the coating was detached mechanically as can be seen in the insert of
Figure 83b highlighted by the blue arrow. Bubble formation can always be detected by the presence

of a capacitive low frequency loop with negative real impedances in the Nyquist representation.

Bubble formation: ~ -200 mV/SSC_,
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Figure 83: Nyquist representation of PEO-DC with corresponding images collected during the evolution of the
COrrosion process.

To get insight in this apparently strange behavior linear polarization resistance test (LPR) (displayed
in Figure 84) was performed immediately after EIS confirming the presence of a negative differential
resistance as a consequence of the negative slope of the V-1 plot in the anodic overpotential region.
The only presence of anodic I, during LPR test, is indicative of the natural tendency of the electrode
to shift cathodically as the result of oxide debonding. The progressively decreasing | in case of
increasing anodic overvoltages (responsible for the negative differential resistance) depends on the
abundant release of charges retained inside Credox during the oxide immersion suddenly returned to

the potentiostat once the coating failed.
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A similar behavior was already observed in different fields: researchers working on capacitors 272

found a similar trend after complete charging of the electronic device due to the occurrence of V

relaxation phenomena inducing charge release back to the system. Even in the corrosion field this

trend is not new: Boukamp et al. 2’3274 found it in case of corroding Cr electrodes immersed in H2SO.a.

The author addressed the observation to surface coverage variations during the active-passive

transition.

After manifestation of the negative real impedance data and consequent oxide debonding three

capacitive loops are generally observed before the two typical relaxations, referring to HER on an

active metal 190194275 stabilized (as in Figure 85b).
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Figure 85: Imaginary impedance versus frequency showing a three and b two time constants for active Ti electrode.

According to Lasia et al. 1% the appearance of the third time constant appears as the result of a slower

kinetics of H absorption. The reason why immediately after coating debonding kinetic limitations to

the former process should be present can be related to the aggressive condition employed in the
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present analysis (pH ~ -2 at 60 °C). In fact, it is reasonable to assume the critical solubility of H in Ti
for hydride formation (~ 0.002 + 0.004 in H:Ti atomic ratio) to be reached leading to the establishment
of a layer of titanium hydrides initially acting as a diffusion barrier, similarly to the first monolayers
of oxide/hydroxides always present on Ti when in contact with an aqueous solution. This made
possible the appearance of the third middle frequency time constant whose relaxation frequency (4
Hz) can be easily extracted from Figure 85a. However, as Ecor moved below ~ - 620 mV/SSCsat.
(near the TiO stability limit as highlighted in Figure 72) H absorption became so fast to make the
process no more easily discernable, a result coming from the loss of protectiveness of even the few

layers of oxide/hydroxide (the thermodynamic stability limit of TiO2 was reached).

According to the present analysis crystal structure was found to be an important PEO oxide feature
to be considered for corrosion resistance control. In particular, it was shown that upon using high
frequency (1000 Hz) and a hybrid duty cycle it was possible to induce the formation of an oxide
barrier layer composed by a homogeneous stoichiometry, comprising mainly Ti**, and a relatively
low content of S. This allowed to retard oxide debonding (not observed for 24 h immersion in our
test solution) as the result of decreased protons diffusion coefficient, evaluated electrochemically to
be ~ 10*? cm?-s, and enhanced HER occurring at the oxide - electrolyte interface. On the other hand,
using PEO in DC preserved the natural three - layer structure present on untreated Ti, resulting in the

following key points responsible for oxide debonding and high corrosion rate ~ 6.2 mm-year:

= oxygen vacancies enhance Hags and favor proton diffusion (D"~ 10t cm?2-s%).

= The presence of S species acts as a cathodic poison limiting hydrogen recombination and
increasing dramatically H accumulation in correspondence of the metal - oxide interface.

= Oxide debonding incubation time increases with the content of Ti**: after reduction of ~ 85 % +
9 % of Ti* cations coating debonding occurred as a result of the continuous increase of the
protonic conductivity of the material.

= This resulted in the formation of an H> bubble, over the metallic substrate, causing mechanical
debonding of the oxide layer. This can be detected by looking the Nyquist plot where the
formation of a low frequency capacitive loop with negative real impedance always anticipated the

coating failure.
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Chapter 7 Conclusions

In conclusion several plasma electrolytic oxidation (PEO) conditions were tested and found to be

effective in promoting surface functionalization for corrosion resistance enhancement. This allowed

to pursue the final goal of the present dissertation, i.e. the research of a PEO coating outperforming

corrosion resistance offered by Ti grade 7 in acidic environment. Among all the experimental

evidences the following interesting findings deserve to be summarized:

Sulfuric acid was found to be the most aggressive reducing acid for Ti grade 2 and 7 among: HCI,
H3POs, sulfamic, and oxalic acid. This was verified according to weight - loss and electrochemical
tests, like EIS and cathodic polarization, evidencing the use of Ti grade 7 as a necessary condition

when dealing with H.SO4, HCI, and oxalic acid at high T and concentration.

Despite the opportunity to decrease the high electrical power demand of PEO only small
improvements, in terms of corrosion resistance tested in 10 %v/v H2SO4 at 60 °C, were obtained
when using PEO in unipolar regime. In fact only treatments performed at 220 V with high duty
cycle (90 % anodic) and frequency (1000 Hz) manifested ~ 30 % improvement with respect to
untreated Ti grade 2. Corrosion resistance was improved by using bipolar PEO, where the
combination of high frequency (1000 Hz) and a moderate amount of cathodic polarization

permitted to obtain CR ~ 0.03 mm-year™ in low pH environments.

The use of electron energy loss spectroscopy (EELS) allowed to understand structural details with
a spatial resolution down to the nanometre. Cathodic current was found to be particularly
advantageous in promoting a more uniform stoichiometry along all the oxide thickness,
smoothing the strong Ti valence gradient observed when using PEO in direct current regime.

Electrochemical impedance spectroscopy (EIS) was used to get insights about the corrosion
mechanism leading to oxide debonding in a low pH environment. The degradation phenomenon
was found to occur in correspondence of the formation of a gas bubble, localized at the metal -
oxide interface, developing after charge saturation of the material. Outstanding improvements
were found upon the selection of high frequency (1000 Hz) and a hybrid duty cycle, recognized
to be important features promoting the design of a barrier layer mainly composed by Ti** and a
low content of S. This choice allowed to decrease the corrosion rate by almost one order of

magnitude with respect to performances offered by Ti grade 7 in hot concentrated sulfuric acid.
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