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abstract

This work describes recent progress related to bipolar pulsed plasma electrolytic oxidation (PEO) ap-
plied to grade 2 titanium in 0.5 M H2SOa4. Corrosion resistance of oxide coatings was characterized by
anodic polarization, immersion tests in acidic environment and electrochemical impedance spectroscopy
(EIS). Scanning electron microscope (SEM), X-ray diffraction (XRD), glow discharge optical emission
spectroscopy (GD-OES) and visual observation were employed to describe oxide microstructure and
com- position. The influence of frequency and amount of cathodic polarization were rationalized in terms
of modification of the electrical double layer (edl) formed at the oxide-electrolyte interface. Depending
on its characteristics, different plasma regimes are established, leading to the growth of oxides
optimized for corrosion resistance in different environments. It is here shown how the selection of high
frequency (1000 Hz) and a negative-to-positive charge ratio (R) of 0.78 favors the establishment of a
strong plasma regime, promoting the growth of a coating optimized for corrosion resistance in
concentrated H2SO4 1t is also reported that low frequency (20 Hz) and cathodic polarization (R = 0.07)
should be used to enhance localized corrosion resistance.

1. Introduction

Plasma electrolytic oxidation (PEO) is a well-known technology

used to create oxides having thicknesses one or two orders of
magnitude larger with respect to traditional anodization per- formed
at voltages lower than the oxide breakdown [1-5]. Generally, PEO
in 0.5 M H,SO, is performed at voltages larger than 100/120 V in
direct current regime, leading to high energy consumption. For that
reason, it is preferable to use a pulsed signal, also favoring a better
control over the time scale of the electro- chemical processes
involved. Frequency and duty cycle, the latter intended in this work
as the relative amount between anodic and cathodic polarization,
rule the time allowed to the oxide layer to grow and to recover.
Their effects on spark formation were exhaustively studied by
Nominé et al. [6] for PEO of Al. They observed the suppression of
anodic discharges for values around 1500 Hz, making the anodic
half-cycle comparable with the life-time of a single glow. The
authors detected a threshold frequency (around 2500 Hz) at which
cathodic discharges start to develop, relating this evidence to the
mobility of ions (mainly Na* and K*). According to the authors,
ions are responsible for obstacling the formation of an electrical
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double layer (edl) able to shield the electrode from the externally
applied electric field. In Clyne’s study [7] on the effect of
frequency related to the development of cathodic dis- charges, a
threshold level of 1.75 kHz was found, below which only anodic
breakdown was present, with no further morphological
modifications upon frequency increase. Ishino [8] found a fre-
quency range between 50 and 150 Hz able to stimulate film growth
and to decrease inter-pore distance, while higher frequencies pro-
moted hydrogen evolution reaction (her) and coating degradation.
Torres-Ceron [9] found decreased grain size, pore dimension and
higher roughness upon frequency increase (1 to 2 kHz) on titanium
grade 2.

Takahashi et al. [10] reported that during the cathodic part of
the cycle, a local breakdown of the aluminum oxide was observed,
suggesting two main degradation mechanisms related to her: me-
chanical lift of the coating and pits formation by local alkalization.
Other authors, working on Al in AC regime, found different effects
on the amount of cathodic current: at low voltage (5-10 V) a high
amount of cathodic current enhanced film thickness and compact-
ness; on the other hand, higher voltages using cathodic currents
larger than the anodic one favored the growth of an oxide formed
by a stack of barrier layers due to the concomitant action of
film growth and exfoliation [8]. Other researchers [11] working on
titanium grade 5 using a bipolar signal at 2000 Hz found higher
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amount of rutile, increased thickness and lower surface porosity
with increasing cathodic polarization.

Electrochemical impedance spectroscopy is a valuable tool to
assess the electrochemical performance of an oxide coating. The
interpretation of impedance spectra is generally approached by fit-
ting them according to equivalent circuits. Diamanti et al. [12],
who performed EIS on anodized titanium in 0.5 M sulfuric acid,
used a Voigt model to describe EIS results of anodic titanium ox-
ides, relating the low frequency portion of the spectra to the pres-
ence of the oxide layer. According to Devilliers [13] as corrosion
proceeds, a second high frequency loop appears, related to the thin
titanium oxide still present over the metal surface or to the forma-
tion of corrosion products. Other authors [14] performing EIS on ti-
tanium oxide coatings produced by micro-arc oxidation (MAO) at-
tributed the high frequency relaxation (>50 kHz) to the morphol-
ogy of the porous layer, the intermediate portion (5 Hz to 50 kHz)
to the space charge region and the low frequency one (0.01 to
5 Hz) to the edl. A Voigt circuit was also proposed [15] substituting
C with CPE elements to describe her on porous electrodes in alka-
line solution, connecting the presence of the high frequency loop
to kinetic features (edl, charge-transfer) and the low frequency one
to mass transport phenomena like diffusion.

Based on well-established coulometric weight loss and polaro-
graphic analyses [16] it was confirmed that Ti in acidic media cor-
rodes as Ti+® until the potential is well below a critical potential,
Ecir» While it dissolves as Ti+* if the electrode is sufficiently nobler
(>100/130 mV) than E ., which is therefore considered a reason-
able threshold for passivation.

Among all the reducing mineral acids, H,SO, is one of the most
aggressive towards Ti [17,18]. It is extensively used in pickling op-
erations, adopting concentrations up to 10/20% at temperatures be-
tween 60 and 90 °C [19]. Such conditions appear prohibitive for Ti
even for few hours of treatment. In particular, concentrated solu-
tions of sulfuric acid provide strong uniform attacks: in fact, sul-
fates are well known to complex with Ti ions stronger than other
anions like chlorides. It is therefore mandatory to reinforce the
natural oxide present over Ti. It will be shown how to fulfill this
task by PEO upon selection of precise technological parameters.

This study is aimed at identifying the best technological param-
eters of PEO on Ti grade 2 for corrosion resistance purposes and
this metal was selected as the most diffusely used among all the
commercially pure Ti grades. The screening procedure was based
on localized and uniform corrosion resistance tests. The role of
amount of cathodic polarization and frequency on oxide growth
was analyzed, rationalizing their influence in terms of modifica-
tion of the electrical double layer formed at the electrode surface.
Despite a good level of knowledge of the main parameters inves-
tigated is generally verified for Al and Mg, the contrary holds true
when dealing with PEO on Ti. Furthermore, an extensive analysis
based on EIS was provided to fill existing gaps in the knowledge of
the steps bringing passive anodized titanium to activity, correlat-
ing corrosion rates evaluated from weight loss data with the ones
extracted from EIS according to the application of physically mean-
ingful equivalent circuits.

2. Materials and methods
21. Sample preparation and plasma electrolytic oxidation treatments

PEO treatments were performed in a water-based solution of
0.5 M HzSO4 in a 1 L Pyrex beaker over 10 X 10 X 1.6 mm’ tita-
nium grade 2 (UNS R50400) samples cut by metal shearing. During
the treatment, the solution was stirred at 1500 rpm. A cylindrical
activated titanium net with a radius of 5 cm was placed around the
titanium coupon. Samples were incorporated into epoxy resin and
each sample was mechanically polished with silicon carbide papers

Ik

A%
C%

a.u.

%C.P. | —

Fig. 1. Duty cycle parameters description.

Table 1
Summary of all conditions tested.

Condition Cathodic peak (%) Frequency (Hz)
2-1000 2 1000

7-1000 7 1000

20-1000 20 1000

7-20 7 20

7-500 7 500

according to the following sequence: 100, 320, 600. After polish-
ing, specimens were sonicated in ethanol for 5 min and washed
in deionized water. A fully programmable power supply (Califor-
nia Instruments Asterion 751 series AC/DC power source) allowed
a complete design of the waveform applied to the electrochemical
cell. In order to completely define the signal, 3 main parameters
should be prescribed, corresponding to the quantities represented
in Fig. 1:

- %A:% of anodic polarization

- %C:% of cathodic polarization

- %C.P.:% of cathodic peak with respect to the anodic one (in
Fig. 1, 20%)

PEO treatments were performed considering a forming voltage
of 160 V reached in 320 s using a duty cycle 60%A-40C%. The
amount of cathodic polarization was varied according to the se-
quence 2, 7 and 20% while frequency was set to 20, 500 and
1000 Hz. Table I summarizes all conditions tested and related
sample labels, indicating amount of cathodic polarization and fre-
quency. Current and voltage curves were acquired using a Tek-
tronix TBS-1072B-EDU oscilloscope.

22 Morphological and structural characterization

Morphology was investigated using a Carl Zeiss EVO 50VP SEM,
equipped with an x-ray spectrometer for chemical microanalysis
(EDS). Crystal structure was characterized by grazing incidence x-
ray diffraction technique (GIXRD) considering a diffraction angle
¢=1° and using a Philips PW3020 goniometer with Cu KqQ; radia-
tion (1.54058 A”).

23 Electrochemical measurements

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 [20]) with a silver/silver chlo-
ride (SSC) reference electrode and an Amel Pt counter electrode.
All tests were repeated three times to confirm the quality of the
results. EIS tests in deaerated condition were performed after 1 h
in N, atmosphere with a flux of 25 ml/s.

To evaluate localized corrosion, anodic polarization curves were
recorded in a 0.5 M NaBr containing solution, based on previous
studies [21]; temperature was set to 50 °C using a Velp Scientifica



Arex with VTF digital thermoregulator system to increase aggres-
siveness. A potential scan rate of 10 mV/min was selected, starting
from 0.1 V/SSCsu. below Ecorr to 8 V/SSCyy. above Ecorr.

EIS and E.,. evolution upon immersion were studied in a so-
lution of 10%v/v H,SO, at 60 °C. The impedance was evaluated at
Ecorr, after 1 h of stabilization of the system at regular intervals of
time (1, 4, 20 and 24 h) during the immersion. The sinusoidal per-
turbation of 10 mV,,s was applied between 10 mHz to 100 kHz
collecting 10 points per decade. The software Nova 2.1 was used
to fit EIS spectra. As the solution resistance was always below 1
n, extracted values were not corrected for ohmic drop. The system
was checked for mass transfer limitation verifying a negligible ef-
fect (~3%) on impedance results (see Supplementary information).

24 Weight loss tests

Uniform corrosion was evaluated by immersion tests, per-
formed in acidic environments at high temperature using a 1 L
Pyrex balloon containing 10% v/v H,SO,, providing a solution
volume-specimen area ratio of 1 L cm=2 (for further details see
Supplementary information), with reflux condenser to avoid solu-
tion evaporation and a cryostat/thermostat Julabo 200F for temper-
ature control inside the condenser. Solution temperature was kept
at 60 °C and a magnetic stirrer was adopted to provide homog-
enization of the solution. According to standard ASTM G-31 [22],
Eq. (1) was used to evaluate the minimum test time required:

2000
hours= —— (D
mpy
Considering an average corrosion rate equal to 7.7 mm/y, evaluated
during preliminary measurements in similar conditions, a mini-
mum time of 6.6 h was estimated. However, to increase the mag-
nitude of the mass loss value and decrease uncertainty, the test
was run for 24 h. Corrosion rates were determined upon weight
loss measurements performed with a Mettler-Toledo MS105 bal-
ance with a resolution of 10—° g. Then according to ASTM G-31 wt
loss data were converted into corrosion rate.

3. Results

31 Surface characterization at different cathodic polarization and
frequency

The cathodic peak was set at 2%, 7%, and 20%. Acquisition of im-
ages using a professional camera during the PEO process (Fig. 2a-b-
c) allowed visualizing the establishment of different discharge be-
haviors, while Fig. 3 reports voltage, V, and current, I, profiles at
the millisecond time-scale collected 10 s before the ending of each
test. The plasma trend was not monotonic with the level of ca-
thodic polarization. At low level (2%) of cathodic polarization few
sparks were observed and the duty cycle was perfectly reproduced
(Fig. 3f)), while a cathodic peak of 7% promoted the formation of
violent yellow sparks well distributed all over the surface, more
intense and distributed than with a cathodic peak of 2% accom-
panied by several abrupt voltage and current spikes. At 20% most
of the discharges were extinguished but voltage and current spikes
were still observed, which were interpreted as a combination of
sparks and explosions of gas bubbles.

The coating cross-sections highlight the effect of the cathodic
regime to promote a larger amount of through-thickness poros-
ity Fig. 2d-e-f, in accordance with the more vigorous plasma pre-
viously described and with the higher amount of gas evacuated.
Apart from sample 7-20, a characteristic porosity band separates
the PEO coating into an inner and an outer layer, which may
be observed also for PEO applied on other metals such as alu-
minum [23]. For all samples apart from 7 to 20 (Fig. 21) a columnar

Fig. 2. 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 cor-
responding oxide cross-sections I-m-n. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

morphology is manifested, particularly visible in the upper por-
tion of the oxide 2-1000 (Fig. 2d), similar to the one obtained
on annealed TiO, [24,25]. This fact is probably related to a con-
dition of growth influenced by the higher temperatures reached
when working with higher frequencies, where the solution was al-
ways ~15 °C warmer than when using low frequency. Indeed, sam-
ple 7-20 (Fig. 21)) presents a different morphology with prevail-
ing roundly shaped particles, sign that lower frequency provided
enough time for Brownian motions to develop, favoring aggrega-
tion.

Fig. 2g-h-i proposes images captured 10 s before the ending of
the process (i.e. at 155 V), explaining the influence of frequency
on plasma. At 20 Hz white colored, slow moving sparks appear
over the electrode surface, even if their presence was not detected
according to current and voltage plots (Fig. 4c)). This might be
related to the surface nature of the sparks, not involving pene-
tration through the oxide [26] (see the compact morphology in
Fig. 21)) reaching a thickness of approximately 4.6 Um. At higher
frequency (500 Hz) a thinner (3.3 Um) and less uniform coating
was generated, presenting larger surface porosity (Fig. 2m)) and an
apparently higher surface roughness. In the latter sample visual
inspection evidenced moderately low plasma activity, apparently
in contrast with the observation of Fig. 4e) where sharp voltage
and current peaks indicate the occurrence of rapid and continu-
ous destruction/reconstruction of the oxide layer. Given the high
cathodic current (~ 3 A) and porous cross-section, discharges prob-
ably occurred below the oxide surface in correspondence of pores
filled with gas (mainly O, and H,) [27,28]. The use of high fre-
quency (1000 Hz) generated the same plasma transition observed
when increasing the cathodic peak from 2 to 7% (Fig. 2h-i); voltage
spikes were ascribed to current peaks reaching the highest value
sustained by the instrument (20 A) for a limited amount of time.
Observation of the V. trend (Fig. 5) allowed to verify an increase
in Ve at 1000 Hz caused by the larger I. applied [7]. Increasing
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Table II

Electrochemical parameters obtained from anodic polarization curves of grade 2 titanium samples

treated with different PEO parameters.

Condition Ecorr (V/SSCat)  Enp (V/SSCa)  jeomr X 1077 (A em™)  jpuss X 1075 (A cm~2)
Ti grade 2 —0.232 1.08/1.31 3.12 16.1
Ti grade 7 —0.294 1.90/1.74 245 3.60
2-1000 +0.348 / 0.08 0.16
7-1000 —0.197 / 2.14 91.3
20-1000 —0.202 / 105 31.8
7-20 +0.367 / 0.02 0.19
7-500 0210 6.23/6.48 47.9 345

the frequency inside the adopted range allowed to decrease the
impedance of the electrochemical cell, bypassing slow time scale
electrochemical phenomena like diffusion and adsorption.

32 Anodic polarization tests

Potentiodynamic tests were performed on all anodized samples,
plus on non-anodized grade 2 and grade 7 Ti for sake of compari-
son.

Table 11 and Fig. 6 present a collection of the main electrochem-
ical parameters extracted, i.e., Ecor, jeorr (determined from Tafel ex-
trapolation of the linear region of the anodic and cathodic branch),
oxide breakdown potential Egp (when present) and current in cor-
respondence of the passive anodic branch, jp.ss. No anodic disso-
lution of the oxide was observed, even reaching the highest cap
of the testing apparatus; however, when high anodic potentials
were reached some metastable pits formed, leading to sharp in-
creases in current followed by repassivation. At low cathodic po-

larization (2%) and low frequency (20 Hz) E., was largely more
noble, maybe related to the more compact morphology of the ox-
ide (Fig. 2), allowing to better isolate the metallic substrate from
the aggressive electrolyte. The thicker, more porous coatings pro-
duced at higher cathodic polarization still exhibited good resis-
tance towards anodic dissolution although jeor and ju.es values
were slightly higher. Oxide breakdown phenomena were only ob-
served at 500 Hz frequency.

Indeed, the coating presents a relatively low thickness (3.3 pm),
higher porosity, which may improve Br~ diffusion inside the oxide
layer (higher jpss over all the anodic branch) and higher rough-
ness, enhancing the probability of pits initiation [29,30].

33 Immersion tests

Results of immersion tests performed in 10% v/v H,SOj4 at 60 °C
are presented in Table III. The corrosion rate of titanium grade 2
was estimated to be approximately 7.7 mm/y, while for grade 7
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Table 1T
Results of immersion test in 10% v/v
H>SO4 at 60 °C for all anodized samples.

Condition C.R. (mm/y) 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% /

(Ti-0.2%Pd) it decreased to 0.21 mm/y. The improvement resulted

by the treatment was evaluated with respect to non-anodized tita-

nium grade 2 according to Eq. (2) [31]:

C.R.(Ti gr. 2) — C.R.(Ti anodised)
C.R (Tigr.2)

Improv. % = 2)
Higher cathodic polarization provided important benefits: in par-
ticular, condition 7-1000 allowed to obtain a coating outperform-
ing titanium grade 7 with an average corrosion rate over the 24 h
of 0.03 mm/year. Also 20—1000 gave excellent results, decreasing
corrosion rate below 1 mm/y while all other coatings detached af-
ter few hours of immersion.

According to Evans, in order to better understand the corrosion
mechanism, the evolution of E, in time was recorded for non-
anodized Ti and the treatments showing best (7—1000) and worst
(7-500) results during immersion tests (Fig. 7). Ecor for titanium
lies in the passive region; however, shortly after immersion in the
highly aggressive solution, E., presented two distinct drops:

- a first drop from E ,+>0 to —0.48 V/SSCs,. (passive to mixed
active-passive state transition);

- a second drop from ~ —0.48 V/SSC,, to a stable active state
(~—0.65 V/SSCs,) with subsequent development of visible hy-
drogen bubbles.

Such intermediate potential corresponds to a critical value
(Eit) below which Ti is considered to be active [16] due to the
dissolution of the natural oxide layer, with subsequent formation
of a monolayer of adsorbed species or the reduction of TiO, to
lower valence oxides, like Ti,03 [32,33]. A similar trend is observed



8 - - - - - -
'
grade 2 a) grade 2 i b
'
1
64 = -grade? 1+ = = grade7 : 1
- 1
% 1
7 20, b)
) 2% 20 Hz :
S 0, 5 '
= % 500 Hz :
o '
I P J===-1000 Hz i/ M-
. ¢ ." 1
L0~
’
o ’
. .
0 < s x -
W e
10° 107 10° 10 10° 107 10° 10°
- Py ) o )
J/Acm” 1/ Aem”

Fig. 6. Anodic potentiodynamic test results for samples anodized at different: a) cathodic polarization; b) frequencies.

0.2 Mii2H 2ee in]” 0,253 V/SSC
— Titanium grade 2
GOA-0C-T-500 He
= —— G0AY-400%-7%-1000 Hz
CF 00
-
wn
=
S Y I 5 P NN Ry RIYS SRR ) S S [y
f 0.2 110, H41 se T3 1200 E'=-0.197 V/SSC
3
= .04

BHOE D717 VS

12 16 20

Time/h

Fig. 7. Ecorr time evolution for 7-500, 7-1000 and non-anodized Ti.

also on the least performing coating (7-500), confirming its de-
lamination, while sample 7-1000 was always passive, confirming
its protective character. Accordingly, those three samples provide
the basis for a comprehensive case study addressed by impedance
spectroscopy, with the aim of describing the passive-to-active tran-
sition and coating delamination.

34 EIS

On Ti grade 2 at 1, 4, 20 and 24 h of immersion in sulfu-
ric acid (Fig. 8) two time constants were always encountered, at
low (~10-! Hz) and middle-high frequency (~10%> Hz), resulting in
a Nyquist plot with two capacitive loops. Ecor evolution in time
suggests that the sample was always active during measurements;
hence, those features should be related to the description of a
multi-step faradaic reaction with adsorption intermediates like her,
showing high frequency features related to charge transfer and a
low frequency loop related to adsorption/desorption [34-37]. As
immersion time goes on, both semicircles reduce their diame-
ters, indicating the occurrence of a corrosion process. Interestingly,
impedances extracted after one hour of immersion were smaller
than Z collected after four hours. Looking at Fig. 7 Ecor' " appears
much more similar to B¢ than Ec..* ", supporting an assumption
of faster dissolution. In addition, comparing Nyquist plots high-
lighted in Fig. 8 allowed to understand that her, initially controlled

Table IV
Evaluation of anodic, cathodic charges and their ratio
(R) at 310 s for different cathodic peaks.

CP% Qa (10270 Qc (1020 R(= &)
2 1.87 0.13 0.07
7 1.77 1.39 0.78
20 1.92 2.15 112

by the adsorption/desorption step, became limited by charge trans-
fer, meaning that a complete reduction of the native TiO, layer
probably occurred.

A more complex behavior is monitored on sample 7-500
(Fig. 9), whose larger semicircle diameters are due to the presence
of the anodic film. Only one time constant appeared in the first
hour of immersion, corroborating the electrode passivity. After 2 h
immersion, E.. and visual observation confirmed coating delam-
ination, and a third time constant appeared at intermediate fre-
quency (10°+10' Hz). As the oxide was fully removed, impedance
features coincided with non-anodized Ti.

On the contrary, sample 7-1000 (Fig. 10) shows always a pas-
sive behavior, with only one time constant and increasing loop di-
ameter until 20 h of immersion.

4. Discussion

41 Effect of the cathodic peak

Results show that the selection of proper cathodic peaks allows
controlling the plasma state, which in the following is correlated
to the conduction state of the electrode. The area under the an-
odic and cathodic current profiles was calculated from Fig. 3d-e-
f) (Table 1V); the index R = %i was used to account for possible
plasma regime transitions [38]. Because of the transient nature of
the experiment, calculations were repeated at three different time
intervals. However, since the trend was always respected only val-
ues collected at 310 s were provided. At 20% cathodic peak the ca-
thodic current was greater than the anodic one, causing the sup-
pression of plasma, while improving oxide thickness and corrosion
resistance [39]. In these conditions, the anodic voltage decreased
eventually reaching approximately 100 V.

This is commonly referred to as a non-barrier-like oxide growth,
and is attributed to the softening of a potential barrier gener-
ated in correspondence of the electrode surface [38,40—42]. Defi-
nitely, the increase in cathodic peak requires a higher amount of
I. to be transmitted to the sample in order to achieve the pre-
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scribed increase in V. (Fig. 11). In fact, when passing from 2% to
7%, Ve evolved from 1 V to 6 V entirely sustained by I (around 6
A) (Fig. 3e)), demonstrating conduction of the electrode. However,
when working at 20%, the situation changed drastically: V. rose up
to 8 V (I. =7 A) at 150 s, reaching 16 V about 20 s before the
end. These observations allow to correlate the suppression of the
plasma regime to the variation in conductivity of the electrode.
Not only conductivity, but also surface charges are involved in
determining the plasma regime. For PEO coatings, mainly consti-
tuted by anatase and rutile (see Supplementary Information), con-
sidering also dehydration and the presence of sulfates, it is rea-
sonable to assume an isoelectric point (iep) in between 5.2 and
6.8 [43—46]. During cathodic conduction with high I. (cathodic
peak=7%) vigorous her leads to local alkalization of the electrode
[47], eventually exceeding the iep of the material, determining a
negative charge over the electrode. Consequently, the edl opposes

a potential barrier favoring anodic breakdown, whose magnitude
can be estimated through Nernst equation [6,38,48,49]. Since the
Debye-Huckle length, describing the edl thickness, is of the or-
der of tens of nanometers, the electric field can effectively reach
very high values (100200 kV/cm, i.e., several orders of magnitude
larger than the electric field provided by the external power sup-
ply, tens of V/cm) thus opposing a strong barrier towards ions mi-
gration. The enabling condition was only verified when using a 7%
cathodic peak, since at 2% her was not sufficiently vigorous (Ve
< 1 V). This was confirmed by GD-OES analyses showing lower
H and S retention at 20% cathodic peak (Fig. 12), thus providing
a “cleaning” effect onto the coating [50,51]. GD-OES analyses also
allowed to estimate oxide thickness according to the trend of O
and Ti which was highest for sample 20-1000, 7 pm were mea-
sured, quite in accordance with SEM measurements (7.8 4m) with
a growth rate of 1.46 um/min versus 1.12 pm/min at lower cathodic
peak. Based on previous results [38] it is possible to assume that
the higher thickness combined with a higher defectiveness of the
coating (Fig. 2f)) promoted the polarization of the electrode against
her. Consequently, acidification and zeta potential variation of the
oxide surface induced the suppression of the potential barrier gen-
erated by the edl [6,48].

On the other hand, for sample 2—1000 thickness and defective-
ness were not enough to decrease her kinetics which instead was
enhanced by the high crystallinity of the oxide (see Supplementary
Information) leading to strong alkalization [52]. Based on these ob-
servations, it is reasonable to consider the use of the cathodic peak
as a fundamental technological parameter allowing to modify the
local pH near the electrode. This behavior in turn may lead to a de-
crease in surface potential below water breakdown (~1 MV cm-'),
thus modifying the plasma regime as initially hypothesized, caus-
ing discharge suppression [53].

42.  Effect of frequency

On the other hand, frequency governs the motion of species
contained in the electrolytic bath, and it can favor accumulation or
depletion of charges in correspondence of the electrode: this also
controls plasma activation/suppression, as the edl governed by ions
mobility screens or amplifies the externally applied electric field,
limiting discharges below the frequency threshold [6]. The Debye-
Huckel theory was used to evaluate the distance of most repre-
sentative anions from the electrode surface after a complete duty
cycle (see Supplementary Information) (Fig. 13). At the highest fre-
quency, OH- and SO42~ (being the bisulfate anion deprotonated
[54] according to the high field experienced at the electrode and
the reaction with OH~- to give water molecules: HSO4~+ OH-—
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S042~+H20) were retained inside the edl, determining a higher
amount of negatively charged ions adsorbed on the oxide surface.
The acidic iep combined with the local alkalization provided by the
treatment gave rise to a potential barrier helpful for the develop-
ment of discharges [6,38,48], confirming the influence of frequency
on determining the plasma regime.

As a final remark on the effect of cathodic polarization and fre-
quency, Table V provides a comparison of the main results attained
in literature with the one achieved in the present investigation. A
certain lack of information regarding Ti is evident, underlying the
novelty of the findings here presented. From the collected results
it is possible to see how the positive effects achieved when using
high frequency and cathodic polarization can be transferred also to
PEO applied on Ti.

43 EIS

In order to fit the EIS spectra of active Ti a Voigt circuit, mod-
ified by the addition of an inductance L to account for the high
frequency set-up related features (Fig. 14c)), was used. Results are
collected in Table VI (for CPE parameters, Ry and L see Supplemen-
tary Information). Given the good reproducibility only average val-
ues are presented. To exctract capacitance from CPE parameters,

Table V
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.

Effect of cathodic polarization (CP) and frequency
(F)

Reference R (= &)

Ca

Present study F: 1 frequency favors accumulation of negative /

surface charge and alkalization — plasma
formation
0.78

Present study CP: strong alkalization — plasma

formation — rutile stabilization, T growth rate
and porosity: maximum corrosion resistance in
reducing acid environments

CP: electrode polarization towards

Present study 1.12

her — acidification — plasma suppression: T
growth rate and corrosion resistance

[6] F: T frequency (2000+2500 Hz) — surface /
charge accumulation — cathodic breakdown

[55,56] F: T frequency favors pores branching, /
microhardness and growth rate

[57] F: 1 frequency favors homogeneity and growth /
rate as spark density, size and lifetime !

[58] F: 1 frequency: smaller but higher number of /
discharge channels. Corrosion resistance is
increased when working at 1000 Hz

[11] CP: favors formation of rutile and higher 0.2; 0.5
coating density. Thickness !

[38] CP: 1 oxide conductivity — local pH 1.045
modification — subsequent anodic cycle is
favored

[59] CP: Discharges are delayed, smaller in size and 1.11
lifetime, thickness T and porosity |

[60] CP: 1 growth rate, uniformity and | 1.25
defectiveness

[61] CP: 1 thickness and uniformity and | number 1.12
of large discharge channels

[62] CP: I, modifies the oxide structure and allows 1.25
precipitation of foreign elements thus
determining “soft sparking” and a rougher
surface

[63] CP: 1 coating adhesion, corrosion resistance, Not
hardness, compactness, thickness specified

[64] CP: I favors crystallization by promoting Not
resistive heating specified

[65] CP: | oxide space charge — 1 oxide Not
conductivity — T crystallization and growth specified
rate

Brug’s equation (Eq. (3)) [66] was used:
171 [l
Ceff = Yd" Rs + M (3)
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Table VI

Electrochemical parameters obtained from EIS tests carried out on Ti grade 2 immersed in 10%v/v H2SO4 at 60 °C. Rp
refers to LPR test carried out immediately after the corresponding EIS.

Time h Ecorr V/SSCat. Ret N cm? Cgi uF em=2 Rags N cm? Cadgs mF cm™2 R, N cm? )(2
1 —0.459 447 480 50.9 36.4 96.8 1.31°10-?
4 —0.573 725 213 85.1 242 132.1 2.63°10-3
20 —0.669 413 190 309 69.6 70.5 6.38°10-2
24 —0.643 333 210 26.5 71.1 59.4 5.44°10-3
tp. H* OH
D-H
SO&
@ || 35107 [3.7-1010 | 3.0-10°
S0 7.1:-107 | 1.1-10°® | 4.2:10°
4 . Ret Rabs Rads
R
&b CPEy CPEs CPEqqs
@ | 1.810°|2.5107|9.9-10%
H,80, @

Fig. 13. Results of the theoretical calculations: distance of ions from the electrode
surface after a complete duty cycle (i.e. anodic+cathodic); tp.u is the Debye-Huckle
length corresponding to 7.986°10~° m.

obtaining values larger than typical Cg (10+60 uF cm—?) of metal
oxides in conducting media [12, 67,68]. This is particularly true
when dealing with C,4s of the low frequency loop, with faradaic
pseudocapacitances of tens of mF cm~2, much larger than those
arising from simple electrostatic interactions [68], validating the
hypothesis of adsorption/desorption of electroactive species like
protons.

The high frequency region of the spectra was assigned to charge
transfer and edl description. Values of Cq very well agree with lit-
erature [69]. After every EIS a linerar polarization resistance test
was immediately performed (R, in Table VI). Values well corre-
late with Ry +R,4s, which correspond to the faradic impedance
at W—0 in presence of hydrogen adsorption limitations coupled
with evolution (no diffusion or absorption controlling the process)
[70], demonstrating the suitability of EIS for corrosion rate assess-
ment. Furthermore, a corrosion current jeor' - was extracted from
weight loss measurements and compared with the evolution in

Fig. 14. Circuit models used to describe Ti a) in passive state, b) with a delaminated
oxide and c) in active state.

time of both Rw-o and the resistance associated with the largest
loop diameter, assumed to account for the rate determing step, R;qs
(Fig. 15). Given the linear proportionality between jeo."" and both
resistances extracted from EIS, an equivalent Stern-Geary coeffi-
cient B.gwas obtained from the slope. In this way, evaluating the
cathodic Tafel slopes b, according to polarization in the high over-
voltage region (see Supplementary Information), it was possible to
estimate the anodic Tafel coefficient b, for Ti (Table VII). Interest-
ingly, considering Beq“ds a value of b, near 120 mV was found, in
accordance with the monovalence of her. Conversely, calculations
associated with Be, ?~0 gave inacceptable results.

Since Ti generally does not follow a Tafel kinetics in the anodic
direction [16], the obtained b, value should be considered only as
a demonstration of the quality of the procedure but other routines
shoud be adopted for a corrosion rate analysis leaving aside Tafel



Table VII

Corrosion rates analysis and kinetic parameters for non-anodized Ti. b, values were evalu-
ated from S-G coefficients extracted from Fig. 15: Beq_rd5=29 mV and Beg ¥~ = 47 mV.

Time h CRWYL mm/y CRS mm/y b, mV/dec b, "% mV/dec ba" 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
a) b)
9.00x1074 b 9.00x1071
7.50x104 '_,4 7.50x107
ak . Ak
=8 Pa Z 8
] / o—
6.00x1074 o + 6.00x107'
///I
4.50x1074 a8 7 | 4.50x10"4 ]
Slope 29 mV Slope 47 mV
RA2 0.904 { R"2 0.957
3.00x10* T —T— 3.00x10™ T — T —
0.008 0.016 0.024 0.032 0.008 0.016  0.024 0.032
-1 -1
ers R(o—-)O

Fig. 15. Linear fit of jeorW" with a) Rygs and b) Rw—o0 extracted from EIS at different time intervals.

coefficients. With this aim, considering the low overvoltages ap-
plied during EIS, the Butler-Volmer equation can be expanded at
the first order to obtain the echange current density correspond-
ing, for a corrosion process, to jecorr (Eq. (4) [71]).

_ ReT
= @

Jeorr

Again, R,4s was introduced as R parameter and an equivalence of
1 e~ was considered, compatibly with a single reaction step of the
main cathodic reaction (her). As it is possble to see (Table VII) the
procedure adopted well approximated CR WY calculated from jeor" -
In order to better understand the correlation between thermody-
namic data and features exctrated from EIS, further impedance
tests were carried out in the same solution, deoxigenated by N,
(Fig. 16). Even after 45 min of immersion, the two loop diame-
ters were considerably lowered with respect to the correspond-
ing aerated condition. This result is plausible and attributed to
the lower tendency of Ti to passivate. The process now is con-
trolled by charge transfer and after 90 min of immersion the
adsorption loop almost disappeared. In this condition a value of
b.=124 mV/decade and E .=—0.516 V/SSC,. suggested a typical
her kinetics, compatibly with the lower tendency of TiO; or other
lower oxides to be formed and the hydrides instability observed
once E.or approaches E ;. [16]. As a consequence, protons adsorp-
tion was highly favored while R saturated to a value around 20
n cm?.

As from the Bode plot a maximum in the |Z| at low frequency
appears, we believe this result comes from an increase in conduc-
tivity enhanced by the extensive adsorption of electroactive species
combined with the high corrosion rate favored by deaeration and
evaluated, by weight loss, to be 15.01 mm/y (averaged over 90 min
of immersion).

Parameters exctracted from fitting of EIS spectra realated to
sample 7-500 were collected in Table VIIL It is evident that once
the coating started to be detached the R, dropped by almost two
orders of magnitude and common features related to her, like
charge transfer and protons adsorption, developed. The third time
constant observed at middle frequency should correspond to re-
actions occurring on the residual oxide, as like proton absorption
[36,67] so a further R-CPE parallel was added in series to the pre-

Ti grade 2 in N, atmosphere
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Fig. 16. a) Nyquist and b) Bode spectra of Ti immersed in 10% v/v H2SO4 at 60 °C
in deaerated environment.

vious circuit (Fig. 14b)). However, this loop disappeared once the
coating fully detached from the metal.

As a result, the spectra overlapped to the one of pristine Ti with
values of R, similar to tests performed in deaerated conditions. It
is therefore plausible to say that the metal surface, exposed upon
coating delamination, exhibits fast kinetics towards her dictated by
difficulties to form even a thin protective layer.

Corrosion rates were evaluated again according to weight
losses, but only values picked up at 20 and 24 h were provided
according to the resolution of our experimental apparatus. In this
case CRFS at 20 h are quite similar to CRY" with deviations pre-
sumably related to the initial presence of the coating. The last
4 h immersion however determined a rapid increase in the CRV,
probably due to the detrimental action of the detached coating act-



Table VI

Electrochemical parameters obtained from EIS tests carried out on sample 7-500 immersed in 10%v/v H2SO4 at 60 °C. Rp was estimated from LPR tests carried out

immediately after the corresponding EIS.

Time h  Ecor V/SSCia.  CRYE mm/y CRFS mm/y R Mem? Cgq pF em=  Rur 1 em?  Ce™T pF em=2  Rags M em?  Cags mF cm=2 Ry, N em? X2
1 —0.173 / 0.03 / / 7954 1047 / / 7542 2.36°103
2 —0.627 / 1.88 3.44 256 47.8 755 132.3 11.6 147.2 5.83°10°3
4 —0.578 / 2.56 11.4 285 40.7 797 97.4 9.0 139.3 5.11°10-3
20 —0.678 5.12 5.77 36.5 142 / / 43.2 18.5 75.7 3.84°103
24 —0.618 8.02 10.84 23.0 149 / / 20.9 25.0 48.4 2.15°103
Table IX
Electrochemical parameters obtained from EIS carried out on sample 7—-1000 immersed in 10%v/v
H>SO4 at 60 °C. R, was estimated from LPR tests carried out immediately after the corresponding
EIS.
Time h Ecorr V/SSCsa.  CRY' mm/y Ree N om? Cgi pF cm2 R, N cm? X2
1 +0.059 / 9145 216 8887 5.25°10°3
4 +0.057 / 9410 225 9274 3.03°10°3
20 +0.021 / 8766 222 8543 5.08°10-3
24 —0.112 0.032 4031 240 4191 2.02°10-3
Table X

Diffusion parameters for electrodes in passive state.

Time h Ecor V/SSCsa.  Lp pm  Rp N cm? Cp mF cm—2
7-500 1 h —0.173 7.6 6.56 0.855
7-1000 1 h +0.059 57.1 49.15 6.363
7-1000 4 h +0.031 33.5 31.12 3.473
7-1000 20 h +0.021 24.7 26.11 2.259
7-1000 24 h —0.112 7.4 10.13 0.525

ing as a crevice former [31], indicating that if not properly done
PEO can be deleterious for corrosion performances of Ti in reduc-
ing acidic environments.

For the passive 7-1000 oxide smaller values of capacitance
were found (see Table IX), with oxide reduction substantially hin-
dered by the presence of a conspicuous amount of rutile, whose
smaller crystal lattice volume offers a better protection towards
protons intercalation [72]. In order to describe the electrochemi-
cal processes occurring in the passive state the circuit highlighted
in Fig. 14a) was proposed, where a Finite Space Warburg element
(FSW) was placed in series to describe the diffusion process (see
Supplementary Information) [73]. According to that, the diffusion
process was modelled with Eq. (5) [74]:

riosy
wp
Ta

wp

coth

Z =Ro (&)

where Rp is a low frequency diffusion resistance and Wp a char-
acteristic frequency which separates a pure Warburg diffusion (if
W>Wp) from finite diffusion (for W<Wp).

Results are collected in Table X, where Lp is the diffusion
length, i.e., the distance from the electrode where the concentra-
tion of reactants is decreased by a factor 1/e, evaluated according
to Eq. (6) [74]:

r—
D

Lp wr

(6)
The diffusion coefficient D was evaluated following Einstein rela-
tion starting from protons mobility in water [75], finding a value
of 1-10~® m?s at 60 °C. It is reasonable to assume diffusion of
species through the solution as the main contribution, being E o
always higher than the redox couple Ti*+/Ti**, which is the ther-
modynamic requirement for H* intercalation. As immersion time
proceeds the diffusion length decreases, and this could be related

to a decreased concentration gradient, since the coating becomes
more permeated by the solution.

Accordingly, Rp decreased and, as less charges are involved in
the diffusion process, Cp did the same. Finally, the lowest qual-
ity coating (7-500) after 1 h immersion already presented severe
permeation, while the best performing one was able to maintain
titanium in a passive state even after 24 h.

Conclusions

The information collected in this research on plasma electrolytic
oxidation applied on titanium grade 2 allow the following conclu-
sions to be highlighted:

1) Corrosion resistant coatings were obtained: a combination of rel-
atively high thickness (3/4 pum) and low porosity hinders an-
odic dissolution and decreases jcor and jps. For better resis-
tance to acidic environments, high thickness and rutile struc-
ture are of primary importance, even at the expense of com-
pactness, hence requiring a strong plasma regime.

Cathodic polarization influences PEO regime transitions: in partic-
ular, the use of an intermediate level of cathodic polarization
(7%) determines high cathodic currents, strongly alkalizing the
electrode, thus promoting anodic discharges. At higher V. her
restores an acidic environment, developing a positive surface
charge preventing violent sparks; oxides grow thicker and with

a lower level of impurities.

Frequency also alters PEO regime: high frequency processing de-
termines the accumulation of SO4?~ and OH- inside the diffuse

2)

3)

layer. This represents a necessary condition for the raise of a
potential barrier responsible for an enhanced plasma activity.
EIS analyses gave important mechanistic insights: as corrosion
proceeds the initially adsorption controlled, be-
comes limited by charge transfer, compatibly with oxide thin-
ning and reduction. EIS further proves that, if not properly
done, a PEO coating can be deleterious for corrosion perfor-
mances of Ti in hot, strongly reducing acids.

4)
mechanism,
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