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Abstract

Phosphorus-incorporated oxide layers were grown on commercially pure titanium during
plasma electrolytic oxidation in sodium dihydrogen phosphate dihydrate solution.
Microstructure, mechanical and electrochemical behavior of the surface oxides indicated a

dominant anatase and rutile structure of TiO> with nanocrystallites ranging from 45-64 nm and
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48-98 nm, respectively as well as Ti**, Ti** and Ti* chemical species. Using a combination of
process time, applied current and electrolyte concentration, coating thicknesses up to about 10
um were fabricated. Best mechanical performance was observed for potentiostatic deposited
samples yielding a 453 HV3oo hardness, 19 N adhesive failure and 38 N full delamination
resistance. All PEO-coated samples in this work exhibit a corrosion current density with one

order of magnitude lower than CP-Ti when subjected to Ringer’s physiological solution.

Keywords: plasma electrolytic oxidation, CP-Ti, titanium dioxide layer, hardness/adhesion,

corrosion resistance, microstructure, incorporation of P

1. Introduction

Much has been written about titanium and its alloys due to their widespread use in various
areas including clinical applications, aerospace, marine, petrochemical, etc. [1, 2]. By
possessing favorable properties such as compatibility with the biological environment, good
mechanical behavior and corrosion resistance, commercially pure titanium (CP-Ti) was
particularly distinguished in medical and surgical usage [3]. In this regard, special attention
was devoted to the study of CP-Ti material from mechanical, microstructure, wear and
corrosion point of view [4-6]. Additionally, recent developments in the field of titanium alloys
were tailored for biomedical and industrial applications using surface modification-treatments,
such as selective laser melting [4], pulsed electron beam [7], chemical etching [8], plasma
spraying [9]. A recent suitable approach to enhance the surface properties of a pure light metal
(Mg, Al, Ti, Zr) or its alloyed form by growing corrosion and wear resistant and high-hardness
ceramic-like coatings is through plasma electrolytic oxidation (PEO) technique [32]. The PEO
process attracted attention due to its ability to form scratch-resistant films with controlled

morphology and composition [10]. On one hand, the porous oxide coating promotes cell



attachment and bone tissue formation [10] as well as mechanical engineering applications [2],
plasma electrolytic oxidized Ti alloy being appropriate for biological and industrial
environments. Moreover, research efforts have been made to achieve porous-coated Ti by
means of chemical treatment including acid, alkali and H2O> in order to improve
biocompatibility and bioactivity of titanium biomaterials [1, 8]. On the other hand, rutile, one
of the three crystalline forms of titania (TiO2) has been studied in the literature due to its
beneficial corrosion resistance. Shokouhfar et al. [11] showed that oxide layers exhibiting
increased rutile content were associated with increased corrosion resistance in contrast to
anatase phase. It is worth mentioning that the electrochemical response was investigated in
Ringer’s physiological solution and the best anticorrosion performance was obtained for the
oxide coating prepared in phosphate electrolyte. Furthermore, a similar observation was
reported by Kumar et al. [12] when using thermal oxidized CP-Ti in Ringer's physiological
solution.

Additionally, Xia and Jing paid particular attention to the role of phosphorus in constraining
anatase-rutile transition process for photocatalytic activity of TiO2 [13, 14]. Although further
literature studies indicate phosphorus as an inhibitor of anatase-rutile phase transformation by
stabilizing the anatase phase [13, 15], the present study shows the development of anatase-
rutile mixture phases with the increasing rutile content during film deposition.

Nevertheless, controlled phase transformation of TiOz using PEO processing technique has not
been reported in the literature. However, very few studies were conducted using plasma
electrolysis method on CP-Ti and sodium phosphate electrolyte as oxidizing environment, with
and without corrosion resistance testing and with no particular reference to anatase to rutile
phase transition [10, 16-18].

Summarizing, the aim of the present paper is preparation and characterization of the protective

oxide coatings developed for biomedical and industrial applications on commercially pure



titanium through electrochemical deposition process using sodium dihydrogen phosphate
dihydrate aqueous solution (NaH>PO4-2H>0). Both phosphorus and calcium are fundamental
for bone growth and development [1] enhancing mechanical properties and biocompatibility
[3] and hence, simulated body fluids were employed for carrying out the corrosion resistance
tests of the coated CP-Ti samples. We suggest that the first step towards calcium phosphate
formation is the preferential adsorption of phosphate ions into the coating layers [19], which
was proved in our present study. Thus, according to literature data, hydroxyapatite and
tricalcium phosphate possess the highest biological activity and osseointegration capacity [20].
In this paper, we investigate the effects of acidic electrolyte solution containing
NaH>PO4-2H>0 and of electric current density on phosphorus incorporation, microstructure,
mechanical properties and corrosion resistance in Ringer's physiological solution of the PEO
layers deposited on pure Ti. The novelty of our approach is to enhance rutile phase formation
and to increase the rutile/anatase fraction present in the surface layers by tailoring the
deposition parameters inside the electrolytic tank during film growth, both potentiostatically
and galvanostatically under various sodium phosphate concentrations and treatment times.
Further research work will include the effect of calcium and phosphorus based electrolytes
under different PEO processing conditions on CP-Ti for controlled TiO: phase transformation
and its corrosion resistance enhancement as well as in vitro bone-like tissue formation on

prepared Ti coatings.

2. Experimental
2.1. Preparation of PEO coatings
Plasma electrolytic oxidation of CP-Ti grade 2 samples was performed using a unipolar

pulsed DC power source with 150 Hz frequency [21].



Aqueous solutions of sodium dihydrogen phosphate dihydrate (NaH>PO4-2H>O) at
concentrations of 10 g/L, 20 g/L and 30 g/L. were prepared from chemically pure reagents and
distilled water. pH and electrical conductivity measurements for the obtained electrolytes
yielded values of 5.0, 4.6, 4.4 and 6.0, 11.9, 15.8 mS/cm, respectively.

Prior to the PEO treatment, the CP-Ti grade 2 sheets were cut to rectangular shapes of
1.4 cm x 2.0 cm and used as substrate metal, followed by mechanical grinding using silicon
carbide sand paper of 240, 320 and 1200 grit. The samples were further ultrasonicated in
acetone and double-distilled water for 10 minutes before oxidation process.

Three sets of samples were subjected to plasma electrolytic oxidation treatment.

Samples from the first set (S1) were potentiostatically treated at 200 V for 10, 20 and
30 min in a 20 g/ NaH2PO4-2H>0 electrolyte solution. By slowly increasing the actual value
of the voltage, spark discharges (Us,=120 V) took place, the voltage being further increased to
200 V and maintained at this value for the designated treatment period. The electrolyte
temperature was kept at 20 °C.

In the second set of samples (S2), the oxidation process was carried out through a 20
g/LL NaH2PO4-2H>0 aqueous electrolyte for 10 min under a galvanostatic regime at current
densities of 0.18 A/cm?, 0.36 A/cm? and 0.54 A/cm?. The actual value of the voltage has been
increased such that the current intensity does not exceed 1 A, 2 A and 3 A (effective values),
respectively, until spark discharges occur. At this moment, the current intensity was rapidly
increased to one of the above mentioned values and maintained throughout the oxidation
process. An electrolyte temperature of 22 °C was held during the experiment.

For the third set of samples (S3), the electrochemical oxidation process was performed
for 10 min using a galvanostatic regime, applying a current density of 0.18 A/cm? in a

NaH>PO4-2H>0 aqueous electrolyte solution at concentrations of 10 g/L, 20 g/L and 30 g/L.



The electrolyte temperature did not exceed 15 °C during the treatment process. Table 1

summarizes the above oxidation parameters together with the values of impulse amplitudes.

Table 1

Sample codes and preparation conditions for the three sets of experiments.

Sample code/ PEO regime Electrolyte I(A) or U(V); n
set concentration/
PEO process duration
Til _10M/S1 Potentiostatic: 200V 20 g/L / 10 min. 1-1.2; 30%
Ti2_20M/S1 Potentiostatic: 200V 20 g/L /20 min. 1-2.2; 30%
Ti3_30M/S1 Potentiostatic: 200V 20 g/L / 30 min. 1-3.0; 30%

TilA_10M/S2
Ti2A_10M/S2
Ti3A_10M/S2
TilA_10g/S3

Galvanostatic: 0.18A/cm?
Galvanostatic: 0.36A/cm?
Galvanostatic: 0.54A/cm?
Galvanostatic: 0.18 A/cm

20 g/L. / 10 min.
20 g/L. / 10 min.
20 g/L. / 10 min.
10 g/LL / 10 min.

200-170; 30%
220-190; 33%
270-210; 37%
160-240; 33%

110-180; 30%

2
TilA_20g/S3  Galvanostatic: 0.18 A/cm?
2 100 -140; 27%

TilA_30g/S3  Galvanostatic: 0.18 A/cm

20 g/L. / 10 min.
30 g/L./ 10 min.

*I, U — actual values; n — duty cycle

2.2. Characterization of PEO coatings

XPS measurements were performed with an Escalab 250Xi1 system (Thermo Scientific)
equipped with a monochromated Al Ko (1486.6 eV) X-ray source and a base pressure in the
analysis chamber of 10® Pa. The acquired spectra were calibrated with respect to the C1s line
of surface adventitious carbon at 284.8 eV. An electron flood gun has been used to compensate
the charging effect in insulating samples.

The XRD analysis was carried out using a Rigaku Ultima IV diffractometer equipped
with a D/teX Ultra high-speed one-dimensional detector. Cu Kg1,02 radiation (1.5418 A, 40KV,
30 mA), a standard support, Bragg-Brentano (0-8) focusing scheme and a graphite
monochromator in diffracted beam were employed. Slit conditions are the following: DS=2/3°,
SS-open, RS-open, DHL=10 mm and soller slit 5° in the incident and in the diffracted beam.

Samples were scanned under a diffraction angle (20)=20-80°, with a step width of 0.05°

and a scan speed of 2°/min for the qualitative phase analysis.



TiO> rutile and anatase relative concentrations were estimated through Spurr-Myers equation
[22] by collecting A (101) and R (110) diffraction lines, as follows: scan range (20)=24-28.5°,
at a step width of 0.025° and a scan speed of 0.5°/min. The crystallite sizes were evaluated
from modified Scherrer formula [23, 36] by determining the broadening of the A (101) and R
(110) characteristic peaks of the TiO> anatase and rutile phase, respectively. For an accurate
microstructural analysis, instrumental broadening was taken into account by measuring the
(110) reflection of LaBs (SRM 660b) standard powder acquired in the angular range of 29.5-
31.5°, in the above-mentioned experimental conditions.

SEM/EDS investigations were carried out using a HITACHI SU-70 field emission
scanning electron microscope (FESEM) equipped with UltraDry energy-dispersive X-ray
analyzer (EDS) and MagnaRay wavelength-dispersive spectrometer (WDS), with an operating
voltage of 0.1-30 kV, magnification range between 30-800000X and 1 nm resolution at 15 kV
acceleration voltage.

An Olympus GX71 metallographic microscope was employed to observe the layered
structure of the PEO coatings. The samples were prepared by cutting strips using a diamond
saw (Isomet4000) and embedding them in thermosetting resin with the METAPRESS-A
(Metkon) mounting press. The mechanical cleaning process including grinding and polishing
was performed with abrasive papers of 1200 and 2400-4000 grits, respectively.

Adhesion strength of the coatings to the substrate was performed using a Teer ST-30
scratch tester equipped with a 0.2 mm radius diamond tip. The applied load was ranging from
0 to 100 N across the coated surface with a scratch speed of 10 mm/min.

The hardness of the coating layers was measured with a Vickers microhardness tester
(AHOTEC 700 FM) under an applied load of 1000 gf and a dwell time of 15 s, using a diamond

Knup indenter, the average microhardness being tabulated and reported.



The electrochemical measurements were accomplished with a PARSTAT-2273
potentiostat/galvanostat (Advanced Electrochemical System, Princeton Applied Research) in
the voltage range of -0.3 to +1.0 V with a scan rate of 1.0 mV/s in a Ringer’s physiological
solution as a corrosive environment (8.6 g/LL NaCl, 0.3 g/L. KCl and 0.33 g/L CaCl,-2H;0) at

room temperature, using a conventional three-electrode electrochemical cell configuration.

3. Results and discussions

3.1. XPS analysis

X-ray photoelectron spectroscopy was employed to probe the surface chemistry of the PEO
coatings and to confirm the oxide layer formation as a result of the chemical interaction
between the phosphate-based electrolyte and the metal substrate. The XPS results were divided
into three groups corresponding to the experimental preparation conditions (Table 1).
Therefore, Figs. 1-3 show the experimental observations of the PEO-treated Ti surface with
respect to the three particular treatment conditions, such as: potentiostatic and galvanostatic
operation modes and concentration gradient effect, respectively. A general overview of the
results reveals a similar chemical behavior during oxidation process, the attached chemical
species on the coated Ti surface differing only quantitatively as a function of deposition
parameters (Figs. 1-3, Table 3). The assessment of the surface chemistry was done based on
the XPS transitions of interest, confirming the existence of Ti oxidation states. Thus, Ti2p core-
level spectra were fitted with three components located at 455.5 eV, 457.2 eV and 458.7 eV
corresponding to Ti**, Ti** and Ti* species, respectively, being in excellent agreement with
literature data [24, 25]. The deconvolution of P2p photoemission spectra showed the presence
of phosphates and phosphites and consisted of four contributions at 128.1 eV, 129.6 eV, 131.7
eV and 133.2 eV, which were ascribed to metal phosphides [24, 25], elemental phosphorus

[24], P-C bonds [26] and phosphate [25] respectively, well consistent with previous reports.



The oxygen chemistry was evaluated by deconvoluting the O1s level into three features located
at 530.2 eV, 531.5 eV and 532.7 eV and attributed to 0>, OH groups and H>O, respectively
[27]. Quantitative data analysis presented in Table 2 shows a rather constant amount of
phosphorus (~10%) available on the surface. Additionally, significantly differentiated results
were found in the case of the first sample set after 20 min plasma oxidation, indicating the
lowest amount of Ti** accompanied by the highest Ti** content (Table 3). The Ti®**
concentration has a constant contribution value, independent of the chosen experimental
conditions and of the other two Ti oxidation states, respectively (Table 3). Moreover, the
above-mentioned tendencies are in agreement with phosphorus chemistry since phosphides and
phosphates have the lowest and the highest values, respectively (Table 3). One possible
explanation for these findings could be the enhancement of OH concentration detected
following the 20 min treatment time (Table 3). From thermodynamic point of view, D.-J. Won
et al. [28] explains the constant value of Ti** and its formation and accumulation on the surface
at elevated temperatures using the comparison of standard heats of formation for titanium
oxides.

On the other hand, the theoretical approach of Ti* and (PO4)*" ions formation provides the
following mechanism to accomplish this [19]:

Ti(OH)(ox)™* + H2POy™ aq) > Ti(on ™ - HPO4™ (aas) + H20 (1)

Titox)"" * HPO4> (aas) + OH > Ti(on™* + PO4> (aas) + H20, (2)

where (ads), (ox) and (aq) represent adsorbed ions and ions in oxide and aqueous solution,
respectively.

Therefore, it can be seen that theoretical and experimental results are in close agreement
showing adsorption and incorporation of phosphate ions to the titanium surface and also
indicating that all PEO-treated samples consist of fully oxidized titanium layers. Moreover, the

oxide formed on the surface has a passivating effect on pure Ti, creating an interface between



the biological environment and the artificial material and hence, the biocompatibility of

titanium is closely related with its surface oxides [29].
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Fig. 1. The XPS superimposed spectra for the first set of samples: a) P2p; b) Ti2p; c) Ols. The XPS

deconvoluted high-resolution spectra for the first set of samples prepared after 10 min treatment time:

d) P2p; e) Ti2p; f) Ols.
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Fig. 2. The XPS superimposed spectra for the second set of samples: a) P2p; b) Ti2p; c) Ols. The

XPS deconvoluted high-resolution spectra for the second set of samples prepared after 10 min and 1

A treatment conditions: d) P2p; e) Ti2p; f) Ols.
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Table 2

Element relative concentrations (at. %).

Sample code Ols Nals P2p Ti2p
Til_10M 65.7 1.3 10.1 22.9
Ti2_20M 67.9 2.7 10.8 18.6
Ti3_30M 65.7 1.2 8.8 243

TilA_10M 69.0 1.7 10.4 18.9

Ti2A_10M 68.3 0.9 9.8 21.0

Ti3A_10M 65.5 1.7 10.2 22.6

TilA_10g 67.2 1.1 9.2 22.5

TilA_20g 66.0 1.7 8.8 23.5

TilA_30g 66.6 2.2 10.0 21.2
Table 3

Phosphorus, titanium and oxygen chemistry: Surface chemical species and chemical states

relative concentrations.

Sample  Phosphorus  Phosphorus  Titanium Titanium Oxygen Oxygen
code chemical chemical chemical chemical chemical chemical
species states relative  species  states relative  species  states relative
concentrations concentrations concentrations
(%) (%) (%)
Til_10M TiP 21.0 Ti** 114 o~ 61.6

P 39 Ti* 30.8 OH 33.9



P-C 11.5 Ti* 57.8 H>O 4.5

(POy)* 63.6
Ti2_20M TiP 7.3 Ti** 5.0 o* 48.2
P 2.6 Ti** 29.9 OH 48.4
P-C 11.6 Ti** 65.1 H,O 3.4

(PO4)* 78.5
Ti3_30M TiP 21.5 Ti** 11.7 o* 64.8
P 4.8 Ti** 30.5 OH 32.1
P-C 13.9 Ti** 57.8 H,O 3.1

(PO4)* 59.8
TilA_10M TiP 15.9 Ti** 9.6 o* 57.5
P 4.4 Ti** 29.1 OH 38.6
P-C 15.5 Ti** 61.3 H,O 3.9

(PO4)* 64.2
Ti2A_10M TiP 16.3 Ti% 9.8 o~ 51.7
P 35 Ti 29.7 OH 40.4
P-C 13.0 Ti* 60.5 H,O 7.9

(POg)* 67.2
Ti3A_10M TiP 20.8 Ti% 12.8 o~ 60.1
P 2.3 Ti* 30.0 OH 36.7
P-C 12.9 Ti* 57.2 H,O 3.2

(PO4)*> 64.0
TilA_10g TiP 19.2 Ti** 10.8 o~ 60.8
P 3.3 Ti** 29.4 OH 35.4
P-C 11.8 Ti* 59.8 H,O 3.8

(PO4)* 65.7
TilA_20g TiP 22.0 Ti** 11.2 0~ 62.5
P 3.0 Ti** 29.2 OH 33.9
P-C 10.8 Ti* 59.6 H,O 3.6

(POy)* 64.2
TilA_30g TiP 17.0 Ti** 9.8 0~ 58.7
P 3.3 Ti 27.7 OH 36.3
P-C 14.1 Ti* 62.5 H,O 5.0

(PO4)* 65.6

3.2. XRD analysis

The results of XRD qualitative phase analysis for all the PEO samples prepared in this study
(Table 1) are shown in Figs. 4a, 5a and 6a, indicating a mixture of polycrystalline anatase
(JCPDS 89-420) and rutile (JCPDS 76-1938) TiO, with a low amount of amorphous phases,
present throughout the deposited layers. The X-ray pattern of the substrate was identified and

attributed to polycrystalline Ti-a phase (JCPDS 89-2762).
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Fig. 4. X-ray diffraction patterns for the first set of samples: a) indexed XRD reflections of

the PEO coatings; b) A(101) and R(110) reflections used in Spurr-Myers and Scherrer

methods.
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the PEO coatings; b) A(101) and R(110) reflections used in Spurr-Myers and Scherrer

methods.
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methods.

In contrast to Fig. 4a, Fig. 7 shows the superimposed diffraction patterns of the PEO layers

obtained for the first set of samples after removing the X-ray diffraction peaks corresponding

to the Ti substrate in order to illustrate the possible presence of amorphous phases.
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The XRD diffractograms, shown in Fig. 7, exhibit a peak diffraction width due to amorphous
phases in the angular range of 20-35° found under the 100% intensity diffraction lines of
polycrystalline TiO; anatase (101) and rutile (110), respectively. A similar peak diffraction
broadening can also be observed experimentally in the diffraction patterns of the PEO oxide
layers deposited on the second and third set of samples (Fig. 5a and 6a). During the PEO
process, a large number of micro-arc discharge channels are produced and are randomly
dispersed on the sample surface when the anodic voltage exceeds the breakthrough voltage of
the layer in the micro-zones of the surface. The plasma temperature is between ~4500 and
10000 K [30] and the micro-spark or micro-arc discharges occur for ~10* s [31], in the
electrical discharge channels (pores). Additionally, due to the very high temperatures, heating,
evaporation and ionization of wall substances and bottom of the channel phenomena take place.
Thus, titanium from the electrical discharge channels is subjected to the following chemical

reactions [32]:

Ti > Ti*" +4e” 3)
Ti*" +20° > Tio, 4)
Ti* +x-OH™ —|[Ti(0H), ., (5)
[ri(oH ), ]!, - Ti(OH), +(x—4)-OH~ (6)
Ti(OH), — TiO, + 2H,0 (7)

Sudden cooling of the titanium dioxide formed under the above reactions as a result of the cold
substrate in the vicinity and of very short time period of the electrical micro-discharges, favors
the formation of both TiO2 amorphous and polycrystalline phases [10, 33]. The TEM analysis
reported in [34] indicates that the TiOz layer generated in the phosphate-containing electrolytes
during PEO process shows mainly a nanocrystalline structure along with a small amount of
amorphous phase. A possible hypothesis regarding the role of phosphorus in formation of

amorphous phases across the PEO coatings could be described considering the occurrence of



Ti(HPOs)2 and/or TiPOys in the surface layer. For Ti(HPO4), polycrystalline phase (JCPDS 89-
7024), the 94.5% and 75% intensity diffraction lines are located at 26.01° and 26.19°,
respectively, while for TiPO4 polycrystalline phase (JCPDS 86-1193), the 100% intensity
diffraction peak is found at 24.6°. Furthermore, incorporation of phosphorus from the
electrolyte environment during the electrochemical deposition process, in the form of PO4>
and TiP species, was confirmed by XPS (Figs. 1-3, Table 3). Consequently, the influence of
phosphorus on film growth could be explained taking into account the above-mentioned
statements, particularly the amorphous and crystalline forms of the films within the 26=20-35°
range as well as the attached phosphorus chemical states on the surface. It is worth stressing
that a similar mechanism was proposed by Khan et al. [18].

The XRD patterns (Figs. 4b, 5b and 6b) were used to estimate the relative weight fraction of
rutile (XRr) and anatase (Xa) using the method developed by Spurr and Myers [22]. This method
is described by equation:

-1
xR:(Ho,s.j_AJ ; Xa=1-Xg (8)

R

where Ia and Ir are the integrated X-ray intensities of the strongest anatase and rutile peaks
corresponding to (101) anatase and (110) rutile planes at 25.3° and 27.4°, respectively.

By fitting the diffraction peaks (Figs. 4b, 5b, 6b) with the pseudo-Voigt analytical function, the
obtained integrated intensities of the reflections were used to calculate the volume fractions of
rutile (Xr) and anatase (Xa) TiO> employing equation (5). The estimated results are

summarized in Table 4.

Table 4
Rutile to anatase TiO: weight fractions of the PEO coatings and crystallite size values

calculated from physical integral breadth of (110) rutile and (101) anatase TiO> diffraction lines

Sample code Xr (Wt.%) Xa (Wt.%) Dr10) (nm) Dagorn (nm)
Til_10M 23.6 76.4 70 45
Ti2_20M 34.1 65.9 68 54




Ti3_30M 37.3 62.7 73 54

TilA_10M 20.8 79.2 61 56
Ti2A_10M 28.6 71.4 62 55
Ti3A_10M 34.0 66.0 68 53
TilA_10g 27.3 72.7 48 45
TilA_20g 20.7 79.3 65 56
TilA_30g 17.5 82.5 98 64

One can notice an increased TiO; anatase relative concentration, greater than 60% for all
treated samples (Table 4). However, in the case of the first set of samples, prepared in the
potentiostatic mode (U=200 V), the rutile phase concentration increases with increasing PEO
process time, from 23.6% to 37.3%. This behavior can be explained by the increase of the
electric current intensity during the deposition procedure, in the range of 1-1.2A, 1-2.2A and
1-3A (effective values) for 10 min, 20 min and 30 min time intervals, respectively.
Simultaneously, an enrichment of the rutile phase content as a result of current intensity
increase can be also observed when the galvanostatic regime was applied for the second set of
samples (I=1A; 2A; 3A). The tendency of rutile TiO> content increase with current intensity
increase under constant concentration of electrolyte has been previously reported [10]. In the
above-mentioned paper, the authors electrolytically oxidized CP-Ti under galvanostatic
conditions by applying current densities of 5, 10, 15 and 20 A/dm? in a solution of 5, 10 and
15 g/L trisodium orthophosphate (Na3POs) for a fixed duration of 10 min. All electrolyte
concentration values favored an enhanced rutile TiO2 phase formation with increasing current
density.

By contrast, an opposite trend was observed for the third set of samples which were prepared
under galvanostatic regime (I=1A) such that a decrease of rutile TiO, phase content, from
27.3% to 17.5%, with the increase of electrolyte solution concentration occurs. This behavior
was also described by [10]. In as much as the electric current density and the duration of PEO
treatment have the same values, it results that inhibition of anatase to rutile transformation is

due to the presence of phosphorus in the coating layers.



Additionally, the authors argue the above-mentioned mechanisms giving a further possible
explanation for their experimental observations. Thereby, analysis of the existing data in the
literature and our recent experimental results on relative mass concentration of rutile and
anatase TiO; phases in the PEO coatings deposited on commercially pure titanium using basic
electrolytes containing sodium phosphates indicated that there are no significant differences
between these values and those obtained by the present authors, from acid electrolytes. Thus,
in the current study, the authors assessed the rutile concentration within TilA_10g sample and
calculated an amount of ~27.3% (Table 4) obtained on CP-Ti grade 2 in 10 g/L. NaH>PO4-2H,0
aqueous acidic electrolyte solution (pH=5.0). In the work of Chu [17], the PEO layers obtained
on CP-Ti grade 2 in aqueous solution of basic electrolyte containing 0.04M NaH>PO4-2H,0
and 0.5M NaOH (pH=9.8) yield a TiO»-rutile relative mass concentration of ~ 30%. This
finding is in excellent agreement with the 1o(101)/Ir(110)=3 ratio calculated from [17]. The
PEO treatment was performed in a potentiostatic mode (Uamp=500 V), by applying unipolar
pulses. A similar result was obtained by Khan [18], which prepared oxidic layers on CP-Ti
grade 2 under galvanostatic regime (j=10 A/dm?), using unipolar pulses with a frequency
ranging from 0.1 to 1 KHz and duty cycles between 20 and 80 %, for a treatment duration of
10 minutes. The aqueous basic electrolyte solution used contained 10 g/L. NazPO4- 12H>0. The
sample developed under a v=100Hz and n=40% experimental conditions yielded a rutile TiO2
relative concentration of ~ 23%.

The high voltage and temperature [30] involved during the electrochemical PEO process can
led to a migration of phosphate ions originating from the electrolyte into the growing film,
penetrating the oxide layer, favoring the incorporation of phosphorus on titanium surface [35].
The above theoretical assumptions have been proven by means of surface and subsurface
experimental observation. Thus, the XPS and EDS analysis validated the presence and

chemical state of the integrated phosphorus through the coating layer. Moreover, the optical



metallography further confirmed the existence of the PEO layer on the metal substrate, ranging
from 2.9 to 10.8 um (Table 6).

On the other hand, the effect of phosphate ions incorporated into the surface coating can be
linked with an inhibiting mechanism of anatase-rutile transformation. This can be interpreted
as a suppression of anatase particles growth by limiting the contact between anatase particles
and thus, blocking the formation of conglomerates, the rutile phase being associated with an
increased particle size [14]. An experimental confirmation of this statement can be seen in
Table 4, where the rutile crystallites were found larger than anatase crystallites.

The crystallite sizes of the polycrystalline TiO> rutile and anatase phases were calculated from
the pure-specimen integral breadth of the A(101) and R(110) diffraction peaks using modified
Scherrer formula [23, 36]:

KA

By -c0s 0,
where Dy is the volume weighted crystallite size (nm); Ks is Scherrer constant; A is the wave

D, = 9)

length of the X-rays (A = 0.154056 nm for Cu Ko radiation); Onki is Bragg diffraction angle (°)
and Pnu is the integral breadth of physical profile (hkl) diffraction peak (in radians).

The integral breadth of physical profiles (Bra) and (Bsr) for the (101) anatase and (110) rutile
diffraction lines of TiO; were estimated by Fourier analysis of experimental and instrumental
profiles. The Scherrer constant was assumed to be Ks=(4/3)*(n/6)!/*=1.0747 [36] for spherical
crystallite. Calculated values of crystallite sizes are shown in Table 4.

The crystallite size values for anatase are lower than for rutile in all the investigated samples.
Significant variations in crystallite size were evidenced for the third set of samples at which
the anatase phase varies between 45-64 nm and the crystallite size for the rutile phase varies
from 48 to 98 nm. Moreover, when increasing the electrolyte concentration, the difference
between anatase and rutile crystallite size increases, from 3 to 34 nm (Table 4). A similar

crystallite size of 40 and 45 nm for anatase and rutile, respectively was calculated by Chu and



co-workers [33] when pure Ti was PEO oxidized using an electrolyte bath containing 0.04 M
(6.24 g/L) sodium dihydrogen phosphate dihydrate (NaH>PO4-2H>O) and 0.5 M NaOH
solution at pH 9.8. According to Khan et al. [18] 32 and 36 nm crystallite size values for anatase
and rutile, respectively were obtained on CP-Ti samples under galvanostatic conditions (j=10

A/dm?) for 10 min in 10 g/L Na3PO4- 12H,0 electrolyte solution.

3.3 SEM/EDS surface morphology of the PEO coatings

SEM micrographs of the PEO coated samples are illustrated in Figs. 8-10. During potentiostatic
growth of the films, the coating surface morphology is influenced by the deposition time
period. Thus, from low-magnification images, it can be seen a decreasing density of pores with
increasing PEO duration time (Fig. 8a, c, e). On the other hand, there is an increasing pore size
with increasing treatment time, from 1.1-1.4 pm to 1.2-2.9 pm. Additionally, the crater-like
morphology with smooth surrounding surface occurs for all deposition times probably due to
melting and solidification of the material as a consequence of abrupt change upon heating and
cooling attributed to discharging activity from the PEO process [10, 18]. The nanograined
structure of the surface was observed at high-magnification (Fig. 8b, d, f), clearly indicating an
uniform grains distribution tendency and uniform average grain sizes with increasing treatment
time period.

In contrast to the first set of samples, prepared in potentiostatic mode, the applied galvanostatic
regime impose different changes in surface morphology for samples subjected to increasing
current densities (Fig. 9). Thus, a mixture of grains and pores with varying dimensions and
densities are shown in high-magnification images (Fig. 9b, d, f). The crater-like surface
porosity with smooth edges visualized in the micron range (Fig. 9a, c, e) indicates an increasing
pore sizes and pore volumes with increasing electric current density. Thus, a pore size of about

305-870 nm to 1.5-1.8 um was noticed during higher discharge currents. This can also be



explained by the rapid heating and cooling rates combined with melting and resolidification of

the coating material due to microdischarging processes [10].
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Fig. 8. SEM micrographs for the first set of samples after 10, 20 and 30 min PEO process

time: low magnification (a, c, ); high magnification (b, d, f).
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Fig. 9. SEM micrographs for the second set of samples after 1, 2 and 3 A oxidation current

intensities: low magnification (a, c, e); high magnification (b, d, f).

An overview SEM image of the third set of samples (Fig. 10a, c, €) shows an increasing surface
porosity together with increasing electrolyte concentration. Simultaneously, the nanograins
size decreases when electrolyte concentration increases (Fig. 10b, d, f). As a conclusion, the

electrolyte concentration has an impact on surface morphology of the coatings leading to the



formation of low amount of pores with a high concentration of nanograins (Fig. 10c, d) and
vice versa, high concentration of pores accompanied by low amount of nanograins (Fig. 10e,
f), this behavior being influenced by electrolyte concentration variation. The pore dimension

ranged from 464 nm to 3.1 um.
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Fig. 10. SEM micrographs for the third set of samples prepared under 10, 20 and 30 g/L.

electrolyte concentration: low magnification (a, ¢, €); high magnification (b, d, f).
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Fig. 11. Surface micrograph of the PEO coatings for the three sets of experiments and point

element mass concentrations.

Apparently, by increasing process time, oxide growth is accelerated as the oxygen

concentration increases from ~28% to 49% (Fig. 11a, b), except for the 30 min treatment period




(Fig. 11c) which suggests a decreased oxygen content (~29%). As expected, the lowest oxygen
values are found inside the pores of the coatings, near the substrate, regardless of the deposition
regime used. Phosphorus was successfully embedded into the layer with a concentration of ~
6-8%. In contrast to the first set of samples, the PEO treatment achieved by increasing the
current density contributes to an enriched oxygen content (Fig. 11f) as compared to the samples
prepared for 30 min oxidation time (Fig. 11c). Furthermore, a higher phosphorus amount (~7-
13%) was incorporated during this galvanostatic electrodeposition. Although an increasing
electrolyte concentration was employed for the last set of samples, no dramatic incorporation
of phosphorus into the coating layer was observed (Fig. 11g, h, 1). However, from the EDS
quantitative analysis, best oxide coatings were obtained under both galvanostatic conditions
(second and third set of samples), phosphorus and oxygen chemical elements being enhanced
while titanium was inhibited, proving the formation of a protective oxide film. Additionally, a
further XPS surface quantitative evaluation confirms the above near-surface EDS composition,
phosphorus and oxygen being detected at a concentration of ~10 and 67%, respectively, on the
outermost surface layer (Table 2).

Calculated EDS concentrations (Table 5) indicate the chemical distribution of elements within
the coatings, suggesting an increasing amount of phosphorus with the increase of electrolyte
concentration followed by a decreasing relative mass concentration of rutile TiO2. These
findings highlight the inhibiting role of phosphorus throughout the coating layers. Detected
phosphorus concentration was ~ 10% for all treated samples, in excellent agreement with XPS

measurements (Table 2).

Table 5

Element relative concentrations (wt.%) for all PEO samples.

Sample Ti (wt. %) P (wt.%) O (wt.%)




First set of samples (potentiostatic regime U=200V=constant)

Til_10M 41.0 10.0 49.0
Ti2_20M 43.8 8.9 473
Ti3_30M 46.8 7.5 45.7
Second set of samples (galvanostatic regime [I=constant (1A; 2A; 3A);
20g/L]
TilA_10M 42.8 11.3 459
Ti2A_10M 42.8 9.0 48.2
Ti3A_10M 42.0 10.4 47.6
Third set of samples (galvanostatic regime I=1 A=constant; 10, 20 and
30 g/L)
TilA_10g 41.9 8.7 494
TilA_20g 37.3 9.6 53.1
TilA_30g 42.4 10.9 46.7
3.4 Layer thickness

Results of the metallographic examinations (Table 6, Fig. 13) confirm the PEO layer formation

on CP-Ti substrate and, at the same time, estimate the thickness of the oxide films. The

metallographic thickness measurements given in Table 6 indicate no major discrepancy

between the coatings, within the range of 3-10 pum. However, the influence of experimental

deposition conditions can be noticed for each sample set and also between the three sets of

experiments. Thereby, the process time has an influence on oxide growth and slightly increases

the layer thickness. Also, the current density induces a tiny increase in thickness. Additionally,

the effect of electrolyte concentration is reflected in an increase in thickness of the prepared

coatings. A brief review of the literature with respect to oxide layer thicknesses highlights a

roughly 10 pm thick coating formed on CP-Ti in phosphate-based electrolytes, well consistent

with our measured values (Table 6) [10, 11, 16, 18].
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Fig. 12. Metallographic images of polished cross-sections of the investigated PEO coatings

for the three sets of experiments.

3.5. Microhardness

The hardness results obtained from a three point arithmetic average measured along the coating
surface were summarized in Table 7. Firstly, as it can be seen in Table 7, the microhardness of
the prepared layers is maintained between 300 and 453 HV, respectively, all the experimental
values found being higher than that of the pure Ti substrate. Furthermore, one can notice an
increasing hardness tendency which can be correlated with increasing time exposure to
oxidizing conditions and electric current density for the first and second set of samples,
respectively. In contrast, with increasing electrolyte concentration the hardness decreases for

the last set of samples. The hardness behavior can be linked to increased or decreased presence



of rutile (Table 6). The highest hardness recorded was 453 HV for 30 min process time.
Although there is a lack of data on microhardness of PEO oxide layers, we have found some
additional values for comparison with our experimental results. Thus, Yerokhin reported
previously a lower hardness of ~349 HV (~360 HK) for the oxide films deposited on Ti-6Al-
4V alloy obtained in phosphate solution, possibly caused by the occurrence of TiO, anatase
phase. Higher values of microhardness were observed in samples prepared from aluminate-
phosphate and aluminate-silicate electrolytes [37]. Tekin and coworkers [38] have shown a 408
HV value for the PEO coatings developed on CP-Ti in silicate-phosphate solution. It can be

seen that the literature data does not exceed the best values obtained in the present work.

3.6 Adhesion strength

Critical loads of adhesive failure (Lc2) and full delamination (Lc3) of the coatings are
summarized in Table 7.

Similar to the above hardness results, the scratch resistance testing of the coatings show that
electrochemical deposition parameters influence the adhesion of oxide layers to the metal
substrate. Therefore, the surprising trend indicates an increasing adhesion resistance with
increasing treatment duration and electric current density. By increasing the electrolyte
concentration, the delamination strength decreases. The obtained critical load values can be
also related to the rutile transformation behavior (Table 6). Best adhesion resistance
performance was obtained at 30 min PEO duration time. Just as with microhardness, the little
literature found on scratch behavior show only the Lc2 critical loads with values of ~ 23 and 5
N for Ti-6Al-4V and CP-Ti materials, respectively, obtained in phosphate-based electrolytes
[37, 38]. Additionally, Gowtham et al. reported an increasing delamination resistance, from 15
N to 26 N when two different duty cycles and current frequencies were applied for 8 min in a

trisodium orthophosphate with added potassium hydroxide electrolyte solution [39].



Table 6

PEO coating thickness, microhardness and critical load values for the three sets of experiments.

Sample code Layer thickness HV300 (Lc2) (L)

(um) N) N)

CP-Ti substrate - 253 - -
Til_10M 5.0-7.8 390 11 13
Ti2_20M 5.5-8.6 409 13 17
Ti3_30M 5.2-8.8 453 19 38

TilA_10M 2.9-7.5 300 4 8
Ti2A_10M 7.5-10.1 370 7 11
Ti3A_10M 4.5-8.0 330 7 13
TilA_10g 5.7-6.7 407 8 14
TilA_20g 6.4-10.8 378 4 15
TilA_30g 42-93 374 6 10

3.7 Potentiodynamic polarization tests

Figs. 13-15 plot the potentiodynamic polarization curves of the assessed samples in Ringer’s
physiological solution at room temperature. A detailed inspection of Table 7 indicates a
superior corrosion resistance of the newly developed coating layers against pure Ti.
Simultaneously, for the first set of samples, the corrosion current density of the PEO-coated
samples decreases with increasing treatment time, from 280 x 10 to 60.0 x 10~ pA/cm? whilst
the rutile phase concentration increases, from 23.6% to 37.3% (Tables 6, 7) for 10 and 30 min
process time, respectively. Secondly, similarly to what observed above, the corrosion resistance
was improved with the increase of electric current density when the galvanostatic regime was
applied for the second set of samples, for a fixed duration of 10 min, accompanied also by an
enrichment of the rutile phase content (Table 6, 7). Nevertheless, an opposite corrosion
behavior occurs for the third set of samples when the electrolyte concentration increases. At
the same time, the rutile phase amount decreases with the increase of electrolyte solution
concentration. The best anticorrosion properties of the tested coatings was achieved under
galvanostatic regime at 3 A current intensity and 10 min PEO time yielding a corrosion current
density value of 20 x 10~ pA/cm?, which is 70 times lower than the value for the untreated CP-

Ti. Additionally, all the PEO-coated samples in this work exhibit a corrosion current density



lower with one order of magnitude than those reported in similar studies using PEO-oxidized
CP-Ti samples in sodium phosphate-based electrolytes and subjected to Ringer’s physiological

solution [11, 16].

Table 7

Results of potentiodynamic polarization tests in Ringer’s physiological solution at room

temperature.
Sample code Ecorr (mV) 1corr (pA/cmz) Veorr (mmpy)
CP-Ti substrate -719 1400 x 1073 1740 x 10
Til_10M -177 280 x 107 837 x 10
Ti2_20M -242 210x 107 208.7 x 10
Ti3_30M -116 60.0 x 1073 65.2x 10
TilA_10M -310 270 x 1073 209.1 x 10
Ti2A_10M -194 190 x 10 139.7 x 10
Ti3A_10M -31 20 x 107 16.0x 10
TilA_10g -118 90 x 1073 442 x 10
TilA_20g -250 250 x 1073 206.2 x 10
TilA_30g -395 360 x 107 509.5 x 10
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Fig. 13. Potentiodynamic polarization curves of the tested samples: CP-Ti substrate,
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Fig. 14. Potentiodynamic polarization curves of the tested samples: CP-Ti substrate,

TilA_10M, Ti2A_10M and Ti3A_10M samples.
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4. Conclusions

Deposited PEO layers on CP-Ti in acidic electrolyte solution (20 g/L. NaH2PO4-2H>0) operated
both in potentiostatic (first set of samples) and galvanostatic (second set of samples) modes
contain polycrystalline rutile and anatase TiO> phases and a small amount of amorphous
phases.

The relative mass concentration of rutile TiO2 in the coatings obtained under potentiostatic
regime does not differ significantly from those obtained in galvanostatic mode.

By using a potentiostatic mode, the oxide surface coatings yield much better mechanical
properties (390-450 HV 300 microhardness and Lco=11-19 N; Lc3=19-38 N scratch resistance) as
compared to the galvanostatic process (300-270 HV300; Leo=4-7N; Le3=8-11N).

The PEO layer thickness is between 2 and 10 pm and the corrosion resistance in Ringer's
physiological solution of potentiostatically (60-280 nA/cm?) and galvanostatically (20-270
nA/cm?) grown coatings is of 1-2 orders of magnitude higher when compared to CP-Ti (1800

nA/cm?).



From the microstructure point of view, the observed spherical nanograins were composed of
rutile (48-98 nm) and anatase (45-64 nm) TiO» particles, the anatase to rutile phase
transformation mechanism being restricted by the inhibiting influence of the chemisorbed
phosphate ions on the surface along with the critical particle size effect responsible for anatase
particle growth suppression as a result of lower surface free energy of anatase compared to
rutile. Thus, a decreasing relative mass concentration of rutile TiO, from 27.3% to 17.5% with
the increase of NaH>PO4-2H>O electrolyte concentration, from 10 g/L to 30 g/L (third set of
samples), confirms the above inhibition mechanism of anatase-rutile phase transformation as a
consequence of decreasing surface energy of anatase TiO: crystallites by increasing the number

of adsorbed phosphorus ions (H,PO4", PO4>).
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