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Abstract—We demonstrate that air annealing of oxide layers produced on titanium by plasma electrolytic oxi-
dation and containing WOz, MnWO,, and ZnWO, leads to the surface growth of nano- and microcrystals
consisting predominantly of WO;. The crystals are initially formed around the perimeter of the coating pores.
The size, composition, and number of crystals depend on the annealing temperature. We discuss possible

causes and mechanisms of crystal growth.
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INTRODUCTION

There is considerable scientific and technological
interest in gaining insight into general relationships
underlying controlled changes in the surface architec-
ture of oxide coatings produced on metals and alloys
by plasma electrolytic oxidation (PEQO). Metal/oxide
layer composites produced by this method find appli-
cation as protective coatings [1] and are potentially
attractive as catalysts [2], for medical applications [3],
and as sensing elements of sensor devices [4]. In all of
these cases, an important role is played by the surface
structure and composition of composite materials.

PEO is synthesis of oxide coatings on metals in
electrolytes at spark and microarc discharge potentials
in the electrode region [1]. Under the effect of spark
and microarc discharges, oxygen-containing com-
pounds based on electrolyte components can be formed
in the composition of a growing oxide layer [5].

Tungsten oxides and transition metal tungstates
have attracted research interest as photoluminescent
materials [6], materials with particular magnetic char-
acteristics [7], and catalysts [8]. PEO coatings con-
taining stoichiometric or nonstoichiometric tungsten
oxides and tungsten bronzes are commonly obtained
in aqueous electrolytes containing Na,WO, [9, 10] or
tungsten iso- and heteropoly oxoanions [11].

As shown by Jiang et al. [12, 13], air annealing at
650—850°C of titanium samples having PEO coatings
produced in a Na;PO, + Na,B,0, + Na,WO, +
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M(CH;COO0), (M = Ni(I), Zn(I1), Mn(Il)) electro-
Iyte and then impregnated with nickel(II) nitrate or
Zn(II) nitrate solutions or without additional impreg-
nation in the case of Mn(II) leads to the formation of
nanorods, nanogrids, nanoflowers, nanostrips, or
nanowhiskers from NiWO,, ZnWO,, or MnWO,,
respectively. According to Jiang et al. [12, 13], these
tungstates in an amorphous state are present even in
the initial PEO coating and act as nuclei for the growth
of nanostructures at elevated temperatures. Electro-
lyte or impregnation solution components accumulat-
ing in pores of coatings can serve as sources for the
growth of nanoparticles.

Similarly, 850°C annealing of PEO coatings pro-
duced on titanium in an electrolyte containing
Ce,(S0,); + Zr(S0,), leads to the formation of rutile
TiO, nano- and microcrystals on their surface [14].
Note that the nanocrystals first grow in or near pores.
The formation of crystals was tentatively attributed to
high-temperature titanium diffusion from the bulk
along pore walls to the surface and titanium oxidation
resulting in the formation of crystals of the rutile
phase, corresponding to this temperature. Prolonged
annealing increases the crystal size, and the entire sur-
face becomes covered with crystals.

There is conclusive evidence [12—14] that air
annealing of PEO layers with a complex oxide compo-
sition is a promising approach for the thermally stim-
ulated growth of nano- and microstructures of partic-
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Table 1. Compositions of the electrolytes and designations of the samples

Electrolyte composition

Designations of the samples

Basic: 0.1 M Na,WO, + 0.84 M CH;COOH + 0.01 M NaOH

Basic + 0.04 M Mn(CH;COO),
Basic + 0.04 M Zn(CH;COO),

Ti/W
Ti/W,Mn
Ti/W,Zn

ular composition and geometry attached to their sur-
face.

In this paper, we examine the effect of annealing on
the transformation of the surface composition and
architecture of PEO coatings produced on titanium in
Na,WO,-based electrolyte.

EXPERIMENTAL

Electrodes in the form of plates 2.0 X 2.0 cm in
dimensions were produced from VTI-0 titanium
sheet. To remove the surface layer of the metal and
standardize the surface, the samples were chemically
polished in a 1 : 3 mixture of concentrated HF and
HNO; at 60—80°C for 2—3s.

Electrolytes were prepared using commercially
available chemicals: Na,WO, - 2H,0 (analytical
grade), glacial CH;COOH (reagent grade), NaOH
(analytical grade), Mn(CH;COO), - 4H,0 (analytical
grade), Zn(CH;COO), - 2H,0 (analytical grade), and
distilled water. The compositions of the electrolytes
used and the designations of the samples obtained in
them are indicated in Table 1.

Coatings were produced using a TER4-100/460N
thyristor converter operated in pulsed unipolar mode.
Oxide films on titanium were formed in galvanostatic
mode at an effective current density i = 0.2 A/cm?.
The process was carried out for 10 min in a 1-L heat-
resistant glass vessel. The cathode had the form of
stainless steel pipe coil cooled by tap water. The initial
electrolyte temperature was 14—23°C. After PEO, the
samples were washed with water and dried in air at
room temperature.

Next, the samples were calcined in a muffle fur-
nace in air for 1 h at temperatures of 700 or 850°C.

The phase composition of the samples was determined
by X-ray diffraction (XRD) on a D8 ADVANCE diffrac-
tometer (Germany) with CuK,, radiation by a standard
procedure. The compounds present in the samples
were identified in automatic mode using EVA search
software and ICDD PDF-2 data.

To determine the elemental composition of the
coatings and examine their surface microstructure, we
used a Hitachi S-5500 scanning electron microscope
(SEM) (Japan) equipped with an energy dispersive X-ray
microanalysis system. The depth of the analyzed layer
was ~1 um.

RESULTS AND DISCUSSION

Figure 1 shows an unannealed coating surface
(Fig. 1a) and coating surfaces after annealing at 700
(Figs. 1b, 1c, 1e) or 850°C (Figs. 1d, 1f). In all cases
examined, after annealing at a temperature of 700°C
we observed chains of regularly shaped crystals formed
around the perimeter of the pores (Figs. 1b, 1c, le).
Annealing at 850°C led to the formation of markedly
larger crystals (Figs. 1d, 1f). Moreover, annealing at
850°C led to changes in surface structure over most of
the coating. Both before (Fig. 1a) and after annealing
at 700°C (Figs. 1b, Ic, le), the surface layer was dense
and appeared uniform at the magnification used, but
annealing at 850°C converted it into an array of grain-
like nanoparticles (Figs. 1d, 1f).

Changes in the architecture of the surface and the
formation of crystalline nano- and microstructures on
it are well consistent with XRD data. The unannealed
Ti/W coatings were poorly crystallized (Fig. 2a). In
addition to an amorphous halo, there were relatively
weak reflections from WO;, Na,,sWO; tungsten
bronze, and anatase TiO,. After annealing at 700 and
850°C, the coatings contained well-defined crystalline
tungsten oxide phases (Figs. 2b, 2c). After annealing at
850°C, XRD characterization showed that the coat-
ings contained no tungsten bronze and that titanium
oxide was present in the form of rutile, a high-tem-
perature phase.

Annealing the Ti/W,Mn and Ti/W,Zn coatings
produced in electrolytes containing manganese(1I) or
zinc(II) acetates generally leads to similar changes in
the surface structure and composition of the coatings
(Figs. le, 1f, 2d—2f). The main distinctions are a more
complex surface morphology over most of the coating
after annealing at 850°C (cf. Figs. 1d and 1f) and the
presence of reflections from crystalline MnWO, and
ZnWO, in the XRD patterns of the annealed coatings.
Note also weak reflections from these phases in the
XRD patterns of the unannealed coatings (Fig. 2d).

Table 2 presents the average compositions of the
coatings and the crystals formed. Calculations using
the data obtained in this study suggest that the compo-
sition of the annealed materials corresponds to the
presence of TiO, and WOj; in the Ti/W samples; TiO,,
WO;, and MnWO, in the Ti/W,Mn samples; and
TiO,, WO;, and ZnWO, in the Ti/W,Zn samples.
Thus, the elemental compositions of the coatings are
consistent with the XRD data (Fig. 2). The presence of
carbon in some cases may be due either to its incorpo-
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Fig. 1. SEM images of the surface of the (a—d) Ti/W, (e) Ti/W,Zn, and (f) Ti/W,Mn samples: unannealed (a) and annealed at

700 (b, c, e) and 850°C (d, f).

ration from the electrolyte during PEO or to the con-
tamination of samples during handling.

The crystals formed during annealing at 700°C
consist predominantly of tungsten and oxygen, but the
percentage of oxygen is insufficient for the formation
of the stoichiometric oxide WO;. The elemental anal-
ysis data lead us to assume that the crystals consist of
WO, + ?W (Table 2). After annealing at 850°C, the
crystals contain titanium as an additional phase, so we
assume their composition to be WO; + TiO, + ?W + ?Ti.

INORGANIC MATERIALS  Vol.55 No.7 2019

Thus, annealing the coatings at temperatures above
700°C leads to the formation of tungsten oxide-con-
taining nano- and microcrystals on their surface. The
annealed Ti/W,Mn and Ti/W,Zn coatings typically
contain crystalline MnWO, and ZnWO,, respectively.
At the same time, unlike Jiang et al. [12, 13] we did not
detect growth of crystalline nanostructures containing
such phases on the surface. According to Jiang et al.
[12, 13], assumed necessary conditions for the growth
of MnWO, and ZnWO, nanocrystals are the presence
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Fig. 2. X-ray diffraction patterns of the (a—c) Ti/W, (d, e) Ti/W,Mn, and (f) Ti/W,Zn samples: unannealed (a, d) and annealed
at 700 (b, f) and 850°C (c, e).

of crystalline nuclei of these phases in the composition  nation solution in the pores of the coatings. It seems
of the coatings and the delivery of components for likely that the distinction can be accounted for in
their growth from the electrolyte salts or the impreg- terms of the qualitative and quantitative compositions

INORGANIC MATERIALS  Vol. 55 No.7 2019
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Table 2. Elemental composition (at %) and calculated phase composition of the coatings and the crystals formed

Composition
Sample 700°C 850°C
coating crystal coating crystal
Ti 070.3; Ti 14.7, W 14.9 062.5;W37.5 070.3; Ti 19.2; W 10.5 067.7; Ti 12.2; W 20.1
i/W (WO; + TiO,) (WO; + ?7W) (WO; + TiO,) (WO; + TiO, + ?W + ?Ti)
C17.2;064.0; Ti 3.4; C 11.4; 0 66.0; C5.4;0624; C7.8; 0 58.5;
Ti/WMn |W16.7; Mn 6.8 W23.2; Mn 1.2 Ti 15.9; W9.7; Mn 6.6 Ti 5.9; W30.1; Mn 0.6
(WO; + TiO, + MnWO,) | (WO; + ?W) (WO3 + TiO, + MnWO,) | (WO; + TiO, + ?W + ?Ti)
C 23.0; 0 63.0; Ti 10.0;
. g ’ > 052.2; W47.8
Ti/W,Zn W14.0; Zn 3.0 (WO, + 2W) No data No data

(WO, + TiO, + ZnWO,)

“Coating” here means areas 100 % 75 um in dimensions; “crystal” means areas on crystals (Fig. 1e), in both cases average over three to five areas.
In parentheses, we give a tentative phase composition of the coatings and crystals inferred from their elemental compositions.

of the electrolytes for PEO, including the increased
sodium tungstate concentration in this study and the
reduced metal(IT) acetate concentrations in comparison
with the solutions used by Jiang et al. [12, 13].

As mentioned above, after annealing, the WO,
nano- and microcrystals are initially located around
pore perimeters and along cracks in the bulk of the
coatings (Figs. 1b—1d). The pore in Fig. 1c is seen to
also contain crystals. It seems likely that crystals begin
to grow in pores and that, as their size increases, the
growing crystals become forced out to the surface and
propagate over it. The described observation is consis-
tent with the assumption made by Jiang et al. [12, 13]
as to the role that the residual electrolyte in the pores
plays in the formation of nano- and microcrystals
during annealing. On the other hand, as shown earlier
[14] annealing in air at a temperature of 850°C pro-
duces TiO, nano- and microcrystals on the surface of
PEO coatings produced on titanium in a Ce,(SO,); +
Z1r(S0O,), electrolyte. Like in this study, the crystals
first appear near pores and then cover the entire sur-
face. The tentative mechanism behind this effect is the
high-temperature oxidation of the main metal in the
coating through oxygen diffusion, titanium counter-
diffusion along pore walls to the surface, and the
growth and displacement of TiO, crystals to the sur-
face. Most likely, both processes are responsible for
the formation of WO; crystals on the surface in this
study. For example, annealing at a temperature of
700°C produces WO, crystals in pores of the coatings
due to the residual electrolyte components, predomi-
nantly Na,WO, in our case. The crystals grow and
some of them become forced out to the surface. As the
annealing temperature is raised to 850°C, TiO, crys-
tals begin to form deep in pores. As a result of this pro-
cess, the WOj; crystals more rapidly leave the pores and
the TiO, crystals more readily reach the surface. This
is evidenced, albeit indirectly, by the presence of tita-
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nium in the composition of the crystals on the surface
(Table 2).

In addition, in a number of publications, reduced
metals present in both the electrolyte and the material
being processed were reported to be located in craters
and pores of coatings [15—17]. It also cannot be ruled
out that crystals are formed in pores as a result of the
high-temperature oxidation of these metals and then
reach the surface.

It seems likely that all of the above-mentioned fac-
tors contribute to the thermally stimulated formation
of nano- and microcrystals and their propagation over
the surface of PEO coatings. Further research is needed
to gain insight into the mechanism of crystal growth on
the surface of PEO coatings and assess the feasibility of
controlling their composition, size, and shape.

CONCLUSIONS

Annealing at temperatures above 700°C leads to
the formation of WO; nano- and microcrystals of reg-
ular geometric shape on the surface of PEO coatings
produced on titanium in sodium tungstate-based elec-
trolytes. The size and number of crystals grow with
increasing annealing temperature. Crystals begin to
form around pore perimeters and then propagate over
the coating surface. The addition of manganese(II)
and zinc(II) acetates to an electrolyte leads to the for-
mation of crystalline MnWO, and ZnWO, in the bulk
of the coatings.

The results obtained in this study, in combination
with previously reported data, demonstrate that
annealing in air at temperatures above 700°C can be
used to produce ensembles of attached nano- and
microcrystals of particular composition on the surface
of PEO coatings with a complex oxide composition on
titanium.
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