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Structural characteristics of BaTiO; films prepared by microarc oxidation
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Abstract: BaTiO; ferroelectric films were prepared on titanium substrate by microarc oxidation(MAO) technology. The effects of
current density and electrolytic concentration on chemical composition, crystal phase, and surface morphologies of the films were
characterized by XRD, SEM and EDS. The results show that the films made by MAO technology have a two layer structure with a
good combinability between them and with the substrate. The inner layer is composed of Ti oxide without Ba, and the outer layer is
mainly composed of BaTiO; and Ti oxide. The compactability of the films decreases and the surface roughness of the films increases
with the increase of current density and electrolytic concentration. Films with a high content of primitive tetragonal and end-centered
orthorhombic BaTiO; are obtained in 0.2 mol/L Ba(OH), solution with current density of 5 A/cm? after 18 min.
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1 Introduction

BaTiO;, with a relatively large dielectric constant
and unusual electro-optical coefficient, has been widely
used in the electronics industry. BaTiO; ferroelectric
films have been proposed for applications such as thin
film capacitors, pyroelectric detectors, light modulators,
optical switches and dynamic random access memories|1,
2].

Microarc oxidation(MAO) is a new technology to
produce ceramic films. Films obtained by MAO treat-
ment on valve metals such as Al, Ti and Mg have super
hardness, wear resistance and favorable combinability
with the substrate in comparison with films prepared by
other methods such as classical anodization and plating.
MAO technology has been widely used in depositing
wear resistance and corrosion resistance coatings on Al,
Mg and their alloy in recent years[3—6]. Now the use of
MAO technology to produce functional films has been
interested[7,8]. As for producing BaTiO; films, a relative
large current density was used only by GNEDENKOV et
al[8]. Compared with the other technologies such as
sol-gel[9], metal organic chemical vapor deposition|[2],
pulsed laser deposition[10] and radio-frequency
sputtering[11], depositing BaTiO; films in aqueous
solutions by electrochemical deposition[12] and MAO
needs a lower deposition temperature (<< 100 °C).

Tetragonal BaTiO; can be got directly without annealing
after MAO treatment. Furthermore, MAO technology
has a relatively higher film deposition rate compared
with electrochemical deposition.

In the present study, 2—4 pm thick films are
prepared on Ti substrate by MAO treatment. Their
microstructure, surface morphologies and chemical
composition are analyzed by scanning electron
microscopy(SEM) with energy dispersive spectroscope
(EDS). Their phase composition is analyzed by X-ray
diffraction(XRD). The influence of current density and
electrolytic concentration on chemical composition,
crystal phase, and surface morphologies of the films is
studied.

2 Experimental

The substrates were industrial pure Ti (99.5%)
plates. After abraded by 900" emery paper, they were
etched and polished in a mixed acid composed of 25%
HF and 75% HNO; (volume fraction), and then washed
in distilled water. The power supply was a homemade 42
kW alternating current microarc oxidation equipment
whose current is continuously adjustable in the range of
3-60 A, and frequency can be set at 50, 100, 150, 200
and 250 Hz, respectively. The substrate and the wall of a
stainless steel container were used as two electrodes,
respectively. Three different concentrative Ba(OH),
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aqueous solutions namely 0.1, 0.15 and 0.2 mol/L. were
used as the electrolyte whose temperatures were
controlled in the range of 25—40 “C using a chiller. The
current density was 1, 2, 3, 4 and 5 Alem?, respectively,
at each concentrative electrolyte. The frequency was 250
Hz. The oxidation time was about 18 min.

XRD analysis was performed using Philips X’ pert
MPD diffractometer (Cu K,; radiation, 1=1.540 56 A,
monochromator used, 40 kV, 40 mA, scanning velocity
0.04 (*)/min) to identify the phases of the films. The
microstructure, surface morphologies and chemical
composition of the films were analyzed by SEM (LEO

1530VP) with EDS (OXFORD INCA 300).
3 Results and discussion

3.1 Phase composition of films

Figs.1 and 2 show the phase composition of the
films with the change of current density in two different
kinds
intensity of diffraction peaks of BaTiO; increases and the
ones of Ti decrease with the increase of current density,
when the electrolytic concentration is small (Fig.1). It is
likely that the relative areas of microarc discharge holes,
where X-ray can penetrate more easily, decrease with the
increase of current density (Figs.3 and 4), and
consequently, the relative intensity of diffraction peaks of
Ti decreases. The increase of relative intensity of
diffraction peaks due to BaTiO; manifests that the
formation ability of BaTiO; increases with the increase
of current density. This can also be seen in Fig.2. There
is considerable intensity of diffraction peaks of TiO,
(Tetragonal, JCPDS 83-2243) in the XRD patterns when
the electrolytic concentration is small. The presence of
TiO, in the film makes the capabilities of the film bad.
No distinct diffraction peaks of TiO, are observed when
the electrolytic concentration is high. Only the diffraction
peaks of BaTiO; and Ti substrate are observed and
BaTiOj; is the major phase in the film when the current
density and electrolytic concentration are 5 A/ecm* and

of electrolytic concentrations. The relative

0.2 mol/L, respectively. It is reasonable to confirm those
data by When the electrolytic
concentration increases, there is more Ba®" taking part in

other methods.
the reaction and the products tend to be substances with a
higher content of Ba. The height of the diffraction base
line is high at low diffraction angles, and there are weak
intensity diffraction peaks in the XRD patterns,
manifesting that there are amorphous phase and
crystallite in the films. It is likely that the melted
substances, produced in the process of microarc
discharge, are cooled rapidly by the aqueous solutions.
Some of them do not crystallize in the cooling process.
The structure of Ti substrate is primitive hexagonal
(JCPDS 05-0682). And the BaTiO; in the films are

composed of several phases, they are mainly primitive
tetragonal (JCPDS 74-1965) and end-centered orthor-
hombic (JCPDS 81-2199), which is also manifested by
the separation of the diffraction peaks of BaTiO; in XRD
patterns[13]. It is likely that the electrolyte temperature
increases with the increase of oxidation time, resultantly,
the cooling rate decreases. Moreover, the molten
substance produced in the microarc discharge has a
higher cooling rate at the surface layer contacted with the
electrolyte than in the under layer. The difference of
cooling rate leads to different phase formed in the
films[3,14]. The relative intensities of the BaTiO; peaks
with respect to those of the Ti substrate increase with the
increase of current density when it changes in the range
of 2-5 AJem”.
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Fig.1 XRD patterns of BaTiO; film prepared in 0.1 mol/LL
Ba(OH), solution: (a) 2 A/em?; (b) 5 A/em”
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Fig.2 XRD patterns of BaTiO; film prepared in 0.2 mol/L.
Ba(OH), solution: (a) 2 A/em?; (b) 5 A/em”

3.2 Microstructure of BaTiO; films

Figs.3 and 4 show SEM micrographs of surface
morphologies of the films. The films are composed of
solidified molten substances, and those substances
a compact whole without distinct
boundaries when the current density is small. While they
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substances gets worse with the increase of current
density and electrolytic concentration. There are holes
from hundreds nanometer to several microns in the film.
They are the channels of microarc discharge. Most of the
holes are filled partially, and their size and uniformities
decrease with the increase of current density. It may be
due to that the increased current density in the process of
discharge makes the splash in microarc molten region
increase and those destroyed region can not be healed
completely[3—5]. The defaults such as holes and
sparseness form in the film. The amount of those defaults
increases with the increase of current density and
electrolytic concentration, resultantly, the surface
roughness of the film increases and the density of the
ceramic layer decreases. The defaults may be affected by
the ones on the surface of the substrate. There are small
granules stuck on the film surface that can be removed
easily. The amount of those small granules increases with
the increase of current density and the decrease of
electrolytic concentration, and they connect with each
other when the current density and electrolytic density
are 5 A/em® and 0.1 mol/L, respectively. The
composition of those small granules is 2.3% Ba,
prepared in 0.1 moll. Ba(OH), solution: (a) 3 Alem’ 36%—-39%Ti and 58—62%0 (mole fraction) analyzed by
(b) 5 Alem?® EDS. Additionally, there are extended cracks in the films
caused by thermal stress, while the molten substance is
cooled in the electrolyte. Most of the cracks are across
the center of the discharge hole. The amount of the
cracks decreases with the increase of the current density,
while their width increases with the increase of the
current density. The result is similar to the one of MAO
treated alumina alloy in Ref [15].

Fig.5 shows a BES micrograph of cross-section of
the film formed in the conditions of 0.2 mol/L. Ba(OH),
and 2 A/cm® From the graph we can see that the film
contains two layers, a uniform inside layer of hundreds
nanometer thickness and a compact outer layer of 2—4
pm. Most of discharge holes in the outside layer are
blind whose depths are shallow. The change of thickness
of the films has no obvious relationship with the
change of technical parameters. There are no obvious
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Fig.3 SEM micrographs of surface morphologies of films

prepared in 02 mol/. Ba(OH), solution: (a) 3 Afem?
(b) 5 Alem®

are loose when the current density is large. The surface

roughness of the film increases with the increase of
electrolytic concentration. This manifests that the Fig.5 BSE micrograph of cross-section morphology of film: I
combinability ~ between those solidified molten Resin; IT Outer layer; III Inner layer; IV Ti substrate
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boundary between the substance and the inner layer, and
the inner layer and the outer layer, which manifests that
they combine well with each other. MAO treated films
can achieve metallurgic connection with the substance as
a whole.

The outer layer film is composed of 15.93%Ba,
32.76%Ti and 51.31%0 (mole fraction) analyzed by
EDS element mapping when the current density and
electrolytic concentration are 5 A/cm”® and 0.2 mol/L,
respectively. Besides BaTiO;, there are small amounts of
Ti oxides in the outer layer, consulting with the result of
XRD analysis. The inner layer film is composed of
43.29%Ti and 56.71%0 analyzed by EDS point analysis
when the current density and electrolytic concentration
are 5 A/em” and 0.2 mol/L, respectively. There is no Ba
in the inner layer. This manifests that the Ti oxide in the
inner layer is both a precursor for the formation of
BaTiO; and a transition layer, which decreases the
internal stress between the substrate and the outer
layer[16].

4 Conclusions

BaTiO; films were prepared on titanium substrates
by microarc oxidation technology. The current density
and electrolytic concentration are important parameters
affecting the films® properties such as chemical
composition, phase, microstructure,
morphologies. The films are mainly composed of BaTiO;,
Ti and its oxide. BaTiO; mainly presents in the forms of
primitive tetragonal and end-centered orthorhombic
phases. When the current density and electrolytic
concentration are 5 A/cm’ and 0.2 mol/L, respectively,
the film have a high content of BaTiO;. Films made by
MAO technology have a two layer structure with good
combinability between them and with the substrate. The
inner layer is composed of Ti oxide without Ba, while the
outer layer is composed of BaTiO; and Ti oxide. The
compactness of the film decreases and the surface
roughness of the films increases with the increase of
current density and electrolytic concentration.

and surface
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