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ABSTRACT

Keywords:
Titanium alloy

Coatings were prepared on TA6V alloy by plasma electrolytic oxidation (PEO) using a standard electrical signal.
Influence of electrolyte composition on coating characteristics was then extensively studied using four elec-

TA6V trolytes of increasing complexity, containing KOH, Na,SiO; and NaAlO,. The combination of SEM, GDOES, XRD

Plasma electrolytic oxidation
Coating characteristics
Electrolyte species
Thermodynamic calculations

characterizations on the one hand and of thermodynamic calculations on the other hand, deeply clarified coating
compositions, showing in particular that they include both amorphous and crystalline phases. Amorphous phase
resulted directly from the presence of silicate in solution, and was made of complex Si-based oxides difficult to

clearly identify. Depending on electrolyte composition, crystalline phases in coatings included simple oxide (i.e.
anatase and rutile TiO,) and/or mixed oxide (Al,TiOs), resulting from both substrate oxidation and deposition
from electrolyte. Therefore, this study successfully offered an innovative approach, combining both experi-
mental characterizations and thermodynamic calculations, to study and tune chemical characteristics of PEO

coatings on TA6V.

1. Introduction

Thanks to outstanding thermal and corrosion resistance properties,
titanium and its alloys uses are growing rapidly, e.g. for applications in
aerospace, marine and biomedical fields. Nevertheless, their tribolo-
gical properties often limit their application. Therefore, it has become
essential to develop new specific coatings in order to prevent the effects
of wear and friction.

Plasma electrolytic oxidation (PEO) is an innovating electro-
chemical process, allowing to preparing ceramic-like coatings showing
promising mechanical properties. Its operating parameters, which have
high influences on the prepared coating characteristics, can be divided
in three groups, linked with the metal substrate, or the applied elec-
trical signal, or the electrolytic solution. In the present study, TA6V was
chosen as the substrate, while a standard electrical signal was kept
unchanged.

The main aim of this work is to give a deep understanding of the
influence of electrolyte composition on PEO coating characteristics.

Concerning the electrolyte, previous studies were mainly focused on
the influence of the bath temperature and chemical composition. The
impact of bath temperature on coating properties was studied by
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Habazaki et al. [1] using Ti-15V-3Al-3V-3Sn in a mixed electrolyte
(K>Al,04, NagPO,4, NaOH), in the 5-40 °C temperature range. Higher is
the bath temperature, more porous and rough is the coating, while
coatings obtained at lower temperatures (5 and 20 °C) are more uniform
and smooth. Al,TiOs and y-Al,O3; compounds were always present,
while a-Al,03 was specifically formed at 5 °C and rutile-TiO, at 40 °C.
In the present study, bath temperature was kept constant (20 = 2°C)
to limit the number of variables.

In previous studies, electrolytes used for the PEO treatment of ti-
tanium alloys usually include aluminates, silicates, phosphates ions, as
single-component electrolyte or in mixed bath. Usually, silicate addi-
tion in the electrolyte allows obtaining coatings with higher thickness
but also higher roughness and lower adhesion [2-4]. On the contrary,
phosphate based electrolytes induce lower coating thicknesses and
roughness, but better adhesion [3]. The electrolyte composition influ-
ences the chemical composition of the PEO coatings [2,5-7], because
electrolyte compounds, especially anions, can either be directly in-
tegrated in the coating or combine with elements from the metal alloy.
For instance, mixed oxides (e.g. Al,TiOs) are formed by substrate oxi-
dation and integration of elements from the electrolyte [8,9]. Wang
et al. [10] showed that aluminate (NaAlO,) addition in the electrolyte



increases also the proportion of rutile, i.e. a hard phase of titanium
oxide TiO,, in the coating. With a mixed electrolyte including both si-
licates and phosphates, Li et al. [2] showed in particular the simulta-
neous incorporation of both compounds. Furthermore, Banakh et al.
[11] demonstrated that the incorporation of phosphate and calcium,
from the electrolyte {KOH + Cag(PO,),}, was preferentially carried out
in the coating amorphous phase. Khorasanian et al. [12] have studied a
low cost and original electrolyte composed of sodium silicate, hydrogen
peroxide, starch and sodium hydroxide. Resulting coatings were mainly
made of rutile and anatase TiQ, phases, and of non-stoichiometric ti-
tanium oxide, these dense coatings improving the anti-wear properties
of the TA6V substrate.

The first main idea resulting from these studies is that the electro-
lyte composition plays a key role in composition, growth kinetics and
morphology of PEO coatings, all these characteristics having a sig-
nificant impact on the subsequent use properties of the coatings. The
second is that two mechanisms (i.e. deposition from electrolyte and
substrate oxidation) contribute to the coating growth, but sometimes
compete with each other, especially when mixed electrolytes are used.
The third idea is that there is a lack of knowledge about the electrolyte
speciation, in relation with the chemical composition of both amor-
phous and crystalline phases included in PEO coatings.

To study different electrolytes and to identify the specific influence
of each component on the coating characteristics, our strategy was
based on the implementation of electrolytes of increasing complexity,
i.e. first m ono-component { KOH}, then two-components {KOH + Si}
and finally t ri-components {KOH + Al + S i}. F or e ach electrolyte,
coatings were extensively characterized by SEM, GDOES, XRD techni-
ques. In addition, equilibrium calculations were carried out in order to
improve our understanding of the coating formation. First, the ther-
modynamic equilibrium of the electrolytes was computed to evaluate
the nature and the amount of the main ionic species in aqueous solu-
tion, as well as the nature of any solid phases. Second, high temperature
phase diagrams were calculated in order to discuss the nature of phases
that might form in the coating.

2. Experimental
2.1. Materials and electrolytes

Rectangular substrates (120 x 80 x 1 mm) made of TA6V alloy

Table 1
Aqueous electrolytes composition, experimental pH and conductivity values.
Electrolyte Composition pH Conductivity/mSem ™!
{KOH} 0.036 M KOH 12.98 7.5
{KOH + 5i} 0.036 M KOH 12.96 30.0
0.094 M Na,5i05
{KOH + Al + Si (Cy)} 0.036 M KOH 13.00 41.6
0.047 M NaAlOg
0.094 M Na,5i04
{KOH + Al + 5i (C2)} 0.036 M KOH 12.78 15.3

0.047 M NaAlO,,
0.0094 M NaySi05

(88 wi%Ti, 6%Al, 4%V) were degreased with acetone prior to being
treated by PEO. A stainless steel plate with identical dimensions was
used as a counter-electrode. A standard input electrical signal (Fig. 1)
was applied in all experiments using CER307-CIRTEM power supply.
During PEO treatment, the electrolyte was stirred and thermostated at
20 = 2°C. The treated samples were then cleaned with distilled water
and dried in air. In this study, KOH, Nay5i045H,0 and NaAlO; com-
mercial compounds were used to prepare four aqueous electrolytes,
whose compositions, experimental conductivities and pH values are
displayed in Table 1.

2.2. Electrolyte and coating characterizations

Electrolyte turbidity was studied using a Turbiscan LAB device
(Formulaction), and the associated Turbisoft Software. Gel formed in
{KOH + Al + Si (C1)} electrolyte was characterized using solid Nuclear
Magnetic Resonance spectroscopy (NMR) on a Brucker Avance 400
device; NMR spectra of 13C, 27Al and 29Si were analyzed with MNova
software.

X-ray diffraction (XRD) was used to analyze both gel and coatings.
XRD spectra were obtained in the 20-100° (26) range, with a Brucker
AXS D4 ENDEAVOR device using Bragg-Brentano 8-28 geometry with a
copper anticathode (CuKa, A = 1.541 A). JCPDS cards used for gel
characterization were 01-089-1667 (SiO;), 01-078-0190 (KOH), 00-
038-0337 (K»ALSiz0,02H,0), 00-019-1130 (Na,COs) and 00-008-
0448 (NazCOsHz0). Concerning PEO coatings, JCPDS cards 01-086-
0148, 00-021-1272 and 00-041-0258, for rutile-TiO», anatase-TiO» and
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Fig. 1. Schematic representation of the input electrical waveform at a 400 Hz frequency.



Table 2
Results of equilibrium calculations for the four electrolytes.

Electrolyte Solution species (molL™") Solids (gL~ ")
pH K* KOHyay) OH™ Na* NaOHjag) HSi05~ HoSi04°~ AlOs~

KOH 1247 35x10% 57x107% 29x107? None

KOH + Si 1284 35x107% 57x107% 69x107% 19x107' 1.6x107% 45x107% 20x1072 None

KOH + Al +Si(C;) 1312 48x107? 15x107% 1.3x107! 21x107! 36x107% 1.0x1072 12x107? 63x10°° 9.1

(KAISiO,, NaAlSi, 0 nH,0)
KOH + Al + 8i (C2) 1262 26x1077 20x107% 42x107%2 64x1072 38x107% 83x1077 25x1077 37x1072 1.5
(KAISIO,)

Al,TiOg respectively, were used. Crystalline phase proportions were
determined using the Reference Intensity Ratio method, while crystal-
lite size was calculated with Scherrer formula.

Coating thickness was measured using an Eddy current device
(Dualscope FMP20 - Fisher), ten measurements being performed on
each sample. Arithmetic roughness S,, was obtained using optical
profilometry (S-Neox, Sensofar), according to ISO 25178. Cross-sec-
tional views of the coatings were performed by Scanning Electron
Microscopy (SEM-JEOL JSM-6510LV) after a silver-metallization (JEOL
JFC 1200 Fine Coater). Additional Energy Dispersive X-ray
Spectrometry (EDS) mappings were performed using Princeton Gamma
Tech Spirit device. Coating composition was also characterized with
Glow Discharge-Optical Emission Spectroscopy (GDOES) technique
with a Go Profiler 2 (Horiba Scientific).

2.3. Thermodynamic calculations

Equilibrium calculations were carried out for each of the electro-
lytes. The main features of the thermodynamic model are as follows:

- The liquid aqueous phase is described according to an activity
coefficient model (modified Debye-Hiickel using B-dot equation),
which requires a single parameter for each compound. This ap-
proach is justified by the intermediate ionic concentrations of the
electrolytes (maximum ionic strength of about 0.5).

- All solid phases are considered as stoichiometric compounds (no
miscibility between compounds). Each compound having a satura-
tion index superior to zero forms a solid phase in equilibrium with
the aqueous phase (i.e. no supersaturation of the aqueous solution is
allowed).

- No gas phase is considered in the model.

The calculations are performed with the PHREEQC software [13],
and all model parameters (equilibrium constants and Debye-Hiickel
parameters for aqueous species) come from the 2017 version of the
Thermoddem database [14]. For each electrolyte, the input is the molar
concentration of each additive, the temperature (20°C) and the

pressure (1 atm). The calculation output provides the concentration of
each solution species (anions, cations and neutral species), from which
the pH is derived, as well as the amount and nature of the solid phases if
present.

In addition to these calculations specific to the aqueous medium,
high temperature equilibria were computed for the two binary oxide
systems TiO3-Al;03 and TiO,-8i0,. The phase diagrams are calculated
using the FactSage 7.2 software [15] and the FToxid database, which
includes models of the thermochemical properties of the oxide phases in
Ti-Al-O [16] and Ti-5i-O [17] systems.

3. Results and discussion
3.1. Single-component electrolyte {KOH}

The first electrolyte studied is a single-component electrolyte (noted
{KOH}), which contains only potassium hydroxide, at a concentration
of 2gL7! (3.6 x 1072 mol L™ 1). For this first electrolyte, the experi-
mental values of electrical conductivity and pH are 7.5mScm ™! and
12.98 respectively (Table 1), the simulated pH value being 12.47
(Table 2). Concerning PEO process, small orange sparks appear on the
surface of the substrate after 10 min of treatment.

Coatings prepared in this electrolyte are thin, their thicknesses do
not exceed 9pum after 50 min of treatment (Fig. 2). In addition, these
coatings are 2.5 times rougher than the uncoated TA6V, their roughness
(S;) being 2.1 + 0.1 ym, compared to 0.7 *+ 0.1 pm for the bare TA6V
substrate. Cross-sectional SEM views (Fig. 3a) confirm these small
thicknesses and these significant roughnesses, while both cross-sec-
tional and surface SEM views (Figs. 3 and 4) reveal a complex porosity.

Fig. 5 shows GDOES profiles in the coating prepared in {KOH}
electrolyte, its roughness (S.) having previously been reduced to 0.8 um
by manual mechanical polishing. Fig. 5 confirms, on one hand, that Ti,
Al and V elements are present in the substrate, their profiles being
stable for an erosion time greater than 120s. On the other hand, the
interface between the coating and the substrate does not appear pre-
cisely on the GDOES profiles; it is located between 50 and 100s of
erosion. This inaccuracy to rigorously detect the coating/substrate

Fig. 2. Evolution of coatings (a) thickness
and (b) roughness with treatment time in
different electrolytes: {KOH} in purple;
{KOH + Si} in red; {KOH + Al + Si (C1)}
in light blue; {KOH + Al + Si (C2)} in dark
blue. (For interpretation of the references to
= color in this figure legend, the reader is re-
-7 ferred to the web version of this article.)
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Fig. 3. SEM cross section views of PEO-treated TA6V plates in different electrolytes: (a) {KOH}; (b) {KOH + Si}; (c) {KOH + Al + Si (C1)}; (d) {KOH + Al + Si
(C2)}.

Fig. 4. SEM surface views of PEO-treated TA6V plates in different electrolytes: (a) {KOH}; (b) {KOH + Si}; (c¢) {KOH + Al + Si (Cy)}; (d) {KOH + Al + Si (Cp)}.



[e4]

Ti
36 -
8
24
& o Al
&
£2
0 AT~ :
0 100 200 300

Erosion time /s

Fig. 5. GDOES depth profiles of PEO coating prepared in {KOH} electrolyte
with an applied current of 40 A and treatment time of 50 min.

interface may be due to the coating roughness (0.8 pm) but also to
GDOES technique itself. Concerning the coating (i.e. between 0 and
505s), oxygen, as well as titanium and aluminium are detected, the
concentrations of the last two increasing when approaching the TA6V
substrate. GDOES analysis also shows the presence of very low content
of potassium, while vanadium is absent. Figs. 6 and 7 present respec-
tively the raw and analyzed X-ray patterns of the uncoated TA6V sub-
strate and of the coating prepared in {KOH} electrolyte. Peaks asso-
ciated with TA6V substrate (noted “T”), as well as with two phases
(anatase “x” and rutile “+”) of titanium dioxide TiO, can be identified
(Fig. 7), relative intensity ratio of anatase and rutile being close to 44%
and 56% respectively.

The formation of titanium dioxide results from the electrochemical
oxidation of the titanium contained in the TA6V substrate, most likely
according to the following reactions:

8000
(KOH+AI4Si (C,)}
{KOH+AI+5i (C,)}
{KOH+5i}
{KOH}
6000 1
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Fig. 6. Raw XRD-pattern of PEO-layers produced in different electrolytes with an applied current of 40 A and treatment time of 50 min.
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Fig. 7. Analyzed XRD-pattern of PEO-layers produced in different electrolytes with an applied current of 40 A and treatment time of 50 min.
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Fig. 8. GDOES depth profiles of PEO coating prepared in {KOH + Si} electro-
lyte with an applied current of 40 A and treatment time of 50 min.

Ti — Ti*+ + 4e- (€8]
Ti** + 2H,0 — TiO, + 4H* 2
Ti** + 20H- — TiO, + 2H* (©))

The presence of both anatase and rutile phases provides essential
information on surface temperatures and mechanisms, occurring during
the PEO treatment. Indeed, Smith et al. [18] have shown that the
transformation from bulk anatase to bulk rutile is thermodynamically
favorable at all temperatures between 0 and 1100 °C, indicating that
bulk anatase does not have a thermodynamic stability field. Rutile,
however, is metastable with respect to anatase when the TiO, particle
size is below roughly 14 nm. This implies that PEO first induces the
formation of nanosized anatase grains, which transform into larger
rutile grains because of the high temperature prevailing on the surface
of the substrate.

Moreover, it should be noted that the coatings do not seem to
contain other metastable titanium oxides (TiO, Ti»Os, TiOs), which
were nevertheless potentially conceivable [19,20]. X-ray patterns
(Fig. 7) do not reveal either crystalline compounds comprising alumi-
nium or vanadium, which are nevertheless the two main alloying ele-
ments of the substrate. GDOES analysis (Fig. 5) confirms the absence of
vanadium and, in contrast, the presence of aluminium in the coating.
This is likely to result from the electrochemical oxidation of the sub-
strate (Eq. (4)) [20] and the possible subsequent formation of an
amorphous phase.

Al > AP+ + 3¢~ (C))

As for the minor presence of potassium in the coating, it could result
from its incorporation from the electrolyte {KOH}, which contains,
according to the PHREEQC simulation, K* ion at a concentration of
3.5 x 107 ?mol L ™! (Table 2).

Considering the small thicknesses (6 to 9 um) of the coatings pro-
duced in {KOH} electrolyte, it seems worthwhile to thicken the coatings
by promoting other crystallization mechanisms and by allowing in
particular the incorporation of other elements from the electrolyte into
the coatings. As the literature has shown that addition of silicon-based
compounds to the electrolytic bath significantly increases coating
thicknesses, this strategy was envisaged for the second electrolyte, de-
noted as {KOH + Si}.

3.2. Bi-component electrolyte {KOH + Si}

The bi-component electrolyte {KOH + Si} was prepared by adding
sodium  silicates  (NaySiO35H,0 at  Cp; =20gL™'  (ie.
9.4 x 10”?>mol L™ 1)) to the previous electrolytic bath comprising po-
tash (KOH), at a concentration of 2gL~! (i.e. 3.6 x 10 2molL™1).
The experimental conductivity then increased from 7.5 to 30 mScm™?,
while the measured pH remains alkaline at a value of 12.96 (Table 1),
the simulated pH value being 12.84 (Table 2).

In this second case, sparks are initiated from the start, continue until
the end of the treatment, and are numerous and well distributed on the
surface of the substrate. However, their light intensity, low at the be-
ginning of the treatment, seems to increase slightly until reaching a
maximum after approximately 15min of treatment. Fig. 2a firstly
shows a significant increase in the coating thickness, compared with
those obtained in {KOH} bath. Moreover, in this two-component elec-
trolyte, the thickness seems proportional to the treatment time, ranging
from 25 to 53 um. Concomitantly, a strong increase of the coating
roughness is observed (Fig. 2b), ranging from 3 to 6um in the
{KOH + Si} electrolyte, compared to about 2 pm, after the treatment in
{KOH} bath. To summarize, the longer the treatment time, the greater
the thickness and roughness. Cross-sectional SEM views (Fig. 3b) cor-
roborate the formation of a coating that is both porous and rough, while
EDS mappings (not shown) attest the presence of the elements Ti, Al, O,
Si within the coating.

Fig. 8 shows GDOES profiles for the coating obtained in {KOH + Si}
electrolyte. The interface between the coating and the substrate is again
difficult to identify precisely; it may correspond to the beginning of the
vanadium detection, this element being absent up to 900s (in the
coating), then increases from 900 to 1400s (at the interface), and fi-
nally stabilizes thereafter (in the substrate). It should be noted that the
erosion time (900-1400s), necessary to reach this interface, is longer
than the previous one (50-100 s) corresponding to the coating prepared
in {KOH} electrolyte. This result can be explained by a thicker coating,
i.e. 37 um in {KOH + Si}, instead of 3 um at most in {KOH}.

In the coating, the oxygen content decreases as the erosion time
increases. Conversely, aluminium and titanium concentrations increase
and then stabilize once the coating has been completely eroded and the
substrate is reached. Potassium, silicon and sodium are also identified
in the coating, their concentration profiles decreasing as the coating is
eroded. Sodium distribution in the coating appears to be the most
singular since its content is greater in the coating than at the extreme
surface or near the interface.

Raw XRD results (Fig. 6) clearly show a difference in the baseline of
the pattern corresponding to the coating produced in the {KOH + Si}
electrolyte, this hump being attributed to the significant presence of an
amorphous phase. By reporting the XRD pattern to the baseline (Fig. 7),
a single peak associated with the TA6V substrate appears, while the
anatase and rutile phases of the titanium oxide are again identified. The
respective proportions (13 and 87%) of these two crystalline phases
(anatase and rutile) are, however, different from those obtained (44 and
56%) in the {KOH} electrolyte. XRD pattern also allows calculating an
average crystallites size present in the PEO coatings. For the coatings
elaborated in the {KOH + Si} electrolyte, crystallites are very fine, their
diameters ranging, depending on processing time, from 21 to 40 nm and
from 67 to 85nm for the TiO,-anatase and TiO,-rutile phases respec-
tively. This result is in full agreement with the knowledge already
mentioned, namely that anatase is stable only in the form of fine



Ty

1000 |

Liquid
s SAILTIO,
500 TiOy(rutile) + ALTIO. AlLTIO; + AlLOs(corundum) -

500 | TiO(rutile) + ALO;(corundum)
oL PN L - L — -
0 0.2 0.4 08 08 1

ALO/(TiO,+ALO,) (mol/mol)

Fig. 9. Phase diagrams of (a) TiO,-SiO, and (b) TiO»-Al,O3 systems.

2500 -
(a) ,.-"
i
{
2000 /
1500 f
E TiO,(rutile) + SiO,(tridimite)
1000 |
500 TiO(rutile) + SiO,(quartz)
0 0.2 0.4 06 08
$i0,/(TiO,+Si0,) (mol/mol)
8

Intensity /a.u.
i

0 500 1000
Erosion time /s

Fig. 10. GDOES depth profiles of PEO coating prepared in {KOH + Al + Si
(Cy1)} electrolyte with an applied current of 40 A and treatment time of 50 min.

particles (below roughly 14 nm), while rutile prevails at larger grain
sizes and high temperature [18]. These small diameter values also ex-
plain why the crystallites are not detectable on SEM images and asso-
ciated EDS mappings (not shown).

The results thus confirmed that the addition of silicates in the bath
significantly increases coating thickness, as previous studies [2-4,12]
have pointed out. The addition of sodium silicates in the electrolyte
induces the existence of different anions in solution (Table 2) that are
incorporated in the coating during the treatment, which is attested by
GDOES analysis (Fig. 8). In particular, the presence of HSiO; ,
H,Si04%~ ions might allow the formation of SiO,-containing phases in
the coating (and especially on its surface), according to the following
reactions:

2H,0 — O, + 4H* + 4e~ 5)
HSiO;~ + H* — SiO, + H,0 (6)
sti0427 + 2H' — SiO, + 2H,0 7)

The absence of silicon compounds (oxides in particular) on the XRD
pattern (Fig. 7), mean that this element has integrated an amorphous
phase. This result would imply also that the interfacial temperature was
below 1723 °C, i.e. the crystallization temperature of silica SiO, [21].
The absence of crystalline silica (Si05) could also be explained [22], by
a hot SiO, redissolution (at 1400 °C) in an alkaline medium (Eq. (8)).

S102 + 2NaOH — N328103 + Hzo (8)

According to the phase diagram (Fig. 9a), there is no mixed oxide
compounds in the TiO,-SiO, system. However, Na,O and K,O are
classic additives for the preparation of SiO, glass, and ions of these two
elements are present at high concentration in the electrolyte. Given the
respective GDOES profiles for potassium and sodium (Fig. 8), the
amorphous phase formed in the outside part of the coatings is thus
likely to be a SiO»-K,0-Na,O glass phase, even if experimental evidence
of such phase is difficult to provide due to analytical difficulties.

This incorporation of elements from {KOH + Si} electrolyte in the
coating, is very interesting from the point of view of its thickening.
However, it would also be advantageous to form additional crystalline
compounds (for example Al,TiOs and Al,O3) within the coatings, in
order to increase for instance the mechanical properties thereof.
However, results have shown so far that the amount of aluminium in
the TA6V substrate is not sufficient to induce the formation of simple
(Al,03) or mixed (Al,TiOs) aluminium oxides. To promote the forma-
tion of such oxides, it would therefore be beneficial to add aluminates
and thus prepare a tri-component electrolyte {KOH + Al + Si (Cy)}.

3.3. Tri-component electrolyte {KOH + Al + Si (C1)}

The tri-component electrolyte was prepared on the basis of the
previous two-component bath, to which was added sodium aluminate
at a concentration of 3.8gL™! (4.7 X 10 2mol L™ ). This third elec-
trolyte has an electrical conductivity equal to 41.6mScm ™' and an
experimental pH of 13.00 (Table 1), the simulated pH being 13.12
(Table 2). It is important to note that, following the addition of alu-
minates in the electrolytic bath, it becomes white and turbid, whereas
the previous electrolytes, {KOH} and {KOH + Si}, were translucent.
Because of the bath opacity, the sparks phenomenon could not be ob-
served in this electrolyte.

The morphological characterizations show that the coatings are as
thick as those obtained in {KOH + Si} electrolyte, but are on the other
hand much rougher (Fig. 2b). SEM views also reveal a porosity that
does not seem significantly different from that of the previous coatings
(Fig. 3¢).

GDOES analysis (Fig. 10) reveals a coating/substrate interface for an
erosion time between 600 and 900s, i.e. longer than the one corre-
sponding to the coating elaborated in {KOH} (50-100s), but shorter
than the one associated with the coating elaborated in {KOH + Si}
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(C»)} electrolyte with an applied current of 40 A and treatment time of 50 min.

(900-1400s). GDOES profiles of sodium, silicon and potassium (from
the bath), and titanium and vanadium (from the substrate) elements are
almost identical to those (Fig. 8) obtained for the coating developed in
{KOH + Si}. Aluminium content is higher since the specific intensity is
about 1 a.u. (arbitrary unit) while it is only 0.5 a.u. in the coating ela-
borated in {KOH + Si} electrolyte.

On raw diffractogram (Fig. 6), the presence of an amorphous phase
was highlighted, while on the analyzed X-ray pattern (Fig. 7), peaks
corresponding to the TA6V substrate have almost disappeared and
mainly the two TiO, isomorph anatase and rutile are identified. The
proportions of the anatase and rutile phases are 16 and 84% respec-
tively, i.e. values close to those obtained (13 and 87%) by using
{KOH + Si} electrolyte. No crystalline structure including either alu-
minium or silicon can be evidenced.

The aluminium present in the coating comes partly from the TA6V
substrate and partly from the aluminates of the electrolyte, these two
simultaneous contributions inducing a higher content than the previous
one. Since aluminium did not form any crystallized phase, the precise
nature of the amorphous Al-containing compounds is difficult to de-
termine.

However, these results can be related to empirical observations of
precipitation/decantation phenomena observed in the bath (Appendix
A.1) and to the formation of a gel on the samples surface during the
PEO treatment. Additional characterizations (Appendix A.2) of solid-
state Nuclear Magnetic Resonance (NMR) and X-ray diffraction (XRD)

were performed on the gel. NMR analysis shows that the undried gel is
an alumino-silicate compound having Si—Al and Si—Si—Al bonds, while
the XRD analysis shows that the dried gel (at 80 °C in an oven under air)
includes KgSizOg, SiO, and KOH but also K,Al,Siz0,0.These char-
acterizations are in rather good agreement with equilibrium calcula-
tions. Indeed, modelling using PHREEQC software indicates the pre-
sence of tiny amounts of aluminium ions in the aqueous phase (around
6 x 10" °molL™1) and the precipitation of large amounts of alumino-
silicate phases, i.e. KAlSiO4 and NaAlSi,O¢nH,0 (Table 2).

In order to avoid these phenomena of formation and precipitation of
such gel, as well as to increase free aluminium ions content in solution
to promote the formation of aluminium oxides in the coating, silicate
concentration was subsequently decreased. The choice of silicate con-
centration was driven by equilibrium calculations. Indeed, as illustrated
in Fig. 11, an initial silicate concentration divided by 10
(C,=2gL7 ' =9.4 x 10 ®*mol L™!) should lead to a large amount of
aluminate ions in the electrolyte.

3.4. Tri-component electrolyte {KOH + Al + Si (C2)}

This fourth electrolyte {KOH + Al + Si (C2)} includes the same
compounds as the previous one {KOH + Al + Si (C;)}, but with a so-
dium silicate concentration (Na,SiO35H,0) of Cp=2gL7?!
(9.4 x 10 ®molL™1) compared with C,=20gL™?
(9.4 x 10"2mol L™ 1). This silicate concentration decrease (by a factor
of ten) leads to a lower bath conductivity, the experimental value being
15.3mScem ™! (compared with 41.6mS em™! in {KOH + Al + Si
(C)}). The experimental pH remains alkaline (pH = 12.78) (Table 1),
while the simulated value is 12.62 (Table 2). From the process point of
view, sparks become visible after about 20 min of treatment and persist
until the treatment is stopped. Moreover, during the treatment, the bath
remains translucent and no gelation or precipitation is visible, neither
in the bath nor on TA6V surface. In this fourth electrolyte, coating
thicknesses vary between 5 and 45 um (Fig. 2). At similar elaboration
time, thickness and roughness are lower in this case, in comparison
with the values obtained in the previous electrolyte {KOH + Al + Si
(C1)}, except for long treatment times (40 and 50 min.).

On the basis of vanadium GDOES profile (Fig. 12), the coating/
substrate interface appears for an erosion time between 600 and 900 s,
i.e. a value similar to those obtained in the preceding electrolyte
{KOH + Al + Si (Cy)}. In comparison with previous GDOES profiles
(Fig. 10), the elements Ti, Si, K, O and especially Na are at lower
concentrations in the coating, whereas on the contrary aluminium
content is higher. Indeed, the specific intensity of aluminium is about
4.5 a.u. in this coating, whereas it was only about 1 a.u. in the coating
obtained in {KOH + Al + Si (C;)} electrolyte.

On XRD pattern (Fig. 7), three crystallized phases appear: the usual
anatase and rutile (TiO5) phases, but also Al,TiOs mixed oxide. In ad-
dition, no allotropic phase of alumina (Al,0O3) is identified, while a
significant amorphous phase is present. Comparison of simulated spe-
cies (Table 2) in the last two electrolytes, shows that concentrations of
HSiO;~ and H,Si04>~ ions were divided by about 12,000 and 5000
respectively, while AlIO,™ concentration is more than 500 times higher.
Moreover, contrary to the preceding electrolyte (Table 2), a single
precipitate (KAlSiO,) is identified in {KOH + Al + Si (C)} electrolyte,
and its amount is much less significant (1.5 instead of 9.1 g per liter of
solution).

Therefore, the reduction of silicate concentration (from
C,=20gL™ ! to C;=2gL™!) allows to avoid the formation and



precipitation of alumino-silicate gel within the bath, but also to prevent
silicon incorporation into the coating. As a consequence, aluminium
incorporation from the abundant AlO, ™ ions in solution (Table 2) leads
to the formation of Al,TiOs mixed oxide. According to the TiO5-Al,03
phase diagram (Fig. 9b), the presence of this oxide indicates that
crystallization temperature of elements is comprised between 1250 and
1800 °C, which is the temperature range of Al,TiOs stability.

In this study, aluminates available in the bath allowed the formation
of Al,TiOs compound by combining titanium element from the sub-
strate TA6V (Egs. (1) to (3)) and elements from the electrolyte, i.e.
oxygen and aluminium. Our results showed that Al,TiOs formation
could not be achieved only from the aluminium contained in the TA6V
substrate, probably because of its too low content (6% by mass). In-
deed, for a TiAl alloy, having 48 at% of aluminium, Li et al. [23]
identified crystallized A1,TiOs phase in the coating. Furthermore, un-
like the Habazaki study [1], crystallized alumina did not form in our
tests. According to the phase diagram (Fig. 9b) and the present results,
higher concentrations of aluminate in the electrolyte might probably
induce the formation of alumina during PEO treatment of TA6V.

4. Conclusion

Using a standard electrical signal, characteristics of coatings pre-
pared by PEO process on TA6V alloy depend on two main competitive
reaction mechanisms, i.e. substrate oxidation and deposition from
electrolyte. The respective influence of four different types of electro-
lytes, including different concentrations of potash, aluminate and sili-
cate, was studied. The combined approach of coating characterizations
and thermodynamic calculations applied to the electrolyte and the
coating, highlighted that:

— Both anatase and rutile crystalline phases of titanium oxide, are
present in the coatings regardless of the composition of the

Appendix A

A.1. Electrolytic bath instability

electrolyte, since they result of the substrate oxidation. Because of
the respective stability of these isomorphs, it is likely that anatase
crystallizes in the form of nanocrystals, which gradually transform
into rutile under the effect of local temperature.

— Proportion of amorphous phase in the coating is all the more im-
portant as the concentration of silicates is high in solution, this si-
licon incorporation in the coating being associated with a high
content of the Na* counterion.

— A high Cg;/Cy ratio in the electrolyte leads to the formation, in
solution and at the coating surface, of an alumino-silicate gel. Its
precipitation and decantation induces a destabilization of the highly
silicated electrolyte, incompatible with a long and extended use.

— At a low Cg;/Cy ratio, the formation of Al,TiOs mixed oxide occurs
from the aluminate ions, and not from aluminium included in the
titanium substrate, as alloying element.

— In these operating conditions, alumina was not formed, despite the
thermodynamic potentiality.

— Finally, it seems preferable for future wear applications, on the one
hand to remove the silicates in solution in order to limit the presence
of a soft amorphous phase in the coating, and on the other hand to
form hard crystalline phases, such as TiO, and Al,TiOs. But it could
be also interesting to improve superficial mechanical properties of
TA6V alloy by promoting corundum formation through new elec-
trolytes or optimization of the process electrical parameters.
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To highlight precipitation phenomena occurring in the {KOH + Al + Si (C;)} solution, turbidity analyses were performed as a function of time,
without solution stirring. Fig. A.1 shows the evolution of light transmission through this freshly prepared electrolyte, just after stirring (to) and after
60 min (t, + 60 min). At t,, the solution is entirely cloudy and light transmission is lower than 5%. After 60 min, the lower part of the sample is still
turbid (3% of light transmission), while the upper part becomes clear (89% of light transmission). Knowing that 89% of light is transmitted in
deionized water, this modification of light transmission in the {KOH + Al + Si (C;)} electrolyte clearly shows the sedimentation phenomenon,
correlated with alumino-silicates solid compounds identified by PHREEQC computation. Nevertheless, this sedimentation phenomenon was not
detected during PEO treatment because the electrolyte was under constant stirring.
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Fig. A.1. Evolution of light transmission through {KOH + Al + Si (C;)} electrolyte after agitation (to) and after 60 min (t, + 60 min).



A.2. Gel characterizations

During the PEO treatment in {KOH + Al + Si (C;)} electrolyte, a gel layer is also observed on TA6V surface, the gel amount increasing with
treatment time. Solid state NMR analyses were performed (Fig. A.2) on the solid phase in this electrolyte before any PEO treatment. >°Si NMR
spectrum corresponds to two coordinations, on one hand one silicon atom coordinated with four aluminium atoms, and on the other hand silicon
atom coordinated with three aluminium atoms and one silicon atom. Peaks on the '3C spectrum (Fig. A.2), correspond to carbonate compounds in
solution, induced by the incorporation of carbon dioxide initially present in ambient air.

Moreover, XRD was performed on powder resulting from the drying of the gel at 80 °C under air. Fig. A.3 shows an important amorphous phase
(inset), but also crystallized KOH, SiO,, Na;COs3, K¢Si3Og, K2Al»Siz010. XRD results are in agreement with previous NMR results, but do not perfectly
match the proposed compounds, calculated with PHREEQC software, i.e. B-Kalsilite (KAISiO,4), Na-Phillipsite (NaAlSi;Og:3H,0) and Analcime
(NaAlSi>O4:H-0). This difference could be probably explained by the drying step, inducing partial dehydration and precipitation modifications. To
summarize, these characterizations show that the gel probably consist of amorphous silicon oxides (SiO,...) and alumino-silicates compounds,
formed by sol-gel process [24,25] in the electrolyte, composed of potash, aluminates and silicates. I. Krznaric et al. [26] described the gel skeleton as
an aluminium atom in five-fold coordinated inside a complex network of aluminium, silicon and oxygen, neutrality being provided by sodium ion
(Na™) inside Al-O tetrahedral structure. This system is very stable and would explain that pH stayed unchanged (12.99 before any PEO treatment,
12.98 after 14 treatments) during PEO treatment.
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Fig. A.3. XRD pattern of the gel detected in {KOH + Al + Si (C;)} electrolyte after drying at 80 °C; inset: raw XRD data of the dried gel.
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