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Theoretical Calculation of the Local Heating Effect on the Crystallization
of TiO, Prepared by Sparking Anodization
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Abstract: Sparks are frequently observed during dielectric breakdown on valve metal oxide films, and
several papers investigated their correlation with the oxide crystallization. In this work, the effect of
high temperature of a spark was studied using finite element method. An important result is that the
oxide area heated above the oxide fusion temperature is more than 50 times larger than the diameter of
the channel generated during the breakdown event, meaning that just a few numbers of sparks could
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lead to a large area of oxide crystallization. Besides, the heated area is proportional to the spark temperature and to the ox-
ide thickness. Finally, using a factorial design, a cross effect was also detected between the channel temperature and the

barrier oxide thickness.
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INTRODUCTION

Titanium and Titanium alloys are widely used in several
branches of industry, such as aerospace [1, 2], textile [1],
electronic [1], automotive [1] and biomedical [3-7], due to
their high corrosion resistance and compatibility with human
tissue. An improvement in the results of these applications is
achieved when the metal or metal alloys are coated with an
oxide layer. Such coating process decreases the friction coef-
ficient and also increases the wear [1, 8] and heat resistance
[1] of the final material.

Among those techniques employed to coat metals, spark-
ing anodization, also referred as plasma electrolytic oxida-
tion (PEO) [1, 9-13], has been extensively used to synthesize
oxide coatings over titanium. Sparking anodization can be
carried out through the application of either a constant cur-
rent or voltage in the working electrode. During the process,
localized electrical discharges, known as sparks, glow or
mircro-arc, can be observed on the surface of the working
electrode [11-15], which are, according to several authors
[16-20], consequences of the local dielectric breakdown of
the oxide film. The properties of the films prepared by this
technique are strongly influenced by the experimental condi-
tions. For example, their morphology can show a wide range
of characteristics, such as, homogeneous surface, non-
homogeneous surface with pores [9, 21], or, under special
conditions, partial crystallization [9, 22]. Concerning this last
property, in the past few years, the cause of the crystalliza-
tion was extensively discussed in the literature. There were
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two different theories to explain this phenomenon [23-26].
According to the first one, the crystallization of the films
could be attributed to the compressive stress accumulated
during the oxide growth [23], which is a quite plausible pro-
posal since the electrical field generated during the growth of
a barrier layer without any pores is about 10°-10” V em™.
However, this hypothesis can only describe compact layers
and is not valid for porous films. The growth of porous films
presents less resistive paths, so the current is localized, and
therefore its average value cannot be used to describe the
process.

The second theory assumes that an effect of the dielectric
breakdown, which is the increase in the local temperature, is
responsible for the conversion of amorphous oxide into a
crystalline one. This theory was recently supported by meas-
urements of the local temperature during micro-discharge
events. Several research groups have shown through optical
emission spectroscopy that the micro-discharges can reach
extremely high temperatures in the range from 3000-16000
K [21, 26-28], which is high enough to crystallize the amor-
phous oxide.

Recently, Houser and Herbert [29] published a model
about the growth of nanoporous alumina using the hypothe-
sis that the viscous flow originated by the stress of growing
oxide is the main factor responsible for the morphological
structure changes that are experimentally observed. Accord-
ing to those authors, the stress originated in the oxide growth
is released as newtonian viscous flow. Even though a migra-
tion transport should not describe the growth mechanism
where pores are observed, in that work, the authors demon-
strated the existence of a viscous flow during the growth of
the oxide. This model, however, disregards the variation of
the local thickness of the barrier film and hence also neglects
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the fluctuations in the applied electrical field. Therefore, it
seems that, despite the great result obtained, the main suppo-
sition of the model fails when considering that the porous
structure is formed by migration.

The breakdown is a localized event which leads to the
formation of a channel in the oxide film as well as the emis-
sion of a spark. When the dielectric breakdown is assumed to
be the cause of the observed sparks, it is implicit that the
high local electrical field is responsible for the breakdown of
the film. Consequently, the internal energy of the oxide is
released as heat to the surroundings and the open free resis-
tance channel formed is the preferred path for the current.
Therefore, this energy released can be measured by the
variation of local temperature in the oxide. According to
Diamantini and Pedeferri [26], the temperature of sparks is
high enough to promote the melting of the solid phases (ox-
ide and metal) in the surrounding region of a spark event.

Based on the previous papers [1, 12, 14, 30-32] the aim
of the present work is to contribute to the explanation of the
relationship between the dielectric breakdown and crystalli-
zation process, studying the influence of the temperature on
the surroundings of the spark channel solving the Fourier’s
equation by finite element method using titanium sparking
anodization as model.

PROCEDURES
1. Experimental

To prepare titanium oxide films by sparking anodization
technique, a titanium plate (Alfa Aesar 99.5%) of 0.25 mm
thickness with 1 cm” area was used as working electrode and
two platinum plates symmetrically positioned at the titanium
electrode were used as counter electrodes. The films were
prepared in HyPO4 0.3 mol L™ aqueous solution using a con-
stant current density of 20 mA cm™ applied by a high voltage
and low current homemade current source measuring the
potential difference between working electrode and counter
electrode with an HP® 34410A multimeter coupled with a
computer by a homemade program routine using the HP-
VEE" 5.0 software. The samples were prepared using differ-
ent charges in the range of 1.8 to 216 C.

The temperature of the bulk of the aqueous solution was
maintained constant at 20°C using a Nova Etica HX 521/4D
thermostat/cryostat. The crystalline characteristics were in-
vestigated using an X-ray diffraction (XRD) Rigaku D/max
2500 PC diffractometer with Cu Ka=1.5406 A radiation at
40 kV and 150 mA. The diffraction patterns were analyzed
using the Rietveld Refinement.

2. Simulation

The equations were solved by Finite Element Method
using the COMSOL Multiphysics software [33], version
4.0a, which is a general purpose finite element software. The
calculations were run in a PC with 2.8 GHz processor intel i7
and 16Gb of RAM.

Model Development

In a published paper [22], we have found that the spark-
ing anodization process promotes the crystallization of the
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film (just anatase phase was observed in that specific growth
condition). In Fig. (1), the signed region, which corresponds
to the main peak of anatase phase (101), shows that the crys-
talline portion of the titanium oxide increases in the course
of the anodization process. The (A) XRD pattern is from a
pure titanium electrode; when the experiments starts a con-
stant current density is imposed to the metal and the oxide
grows, and the rise of the peak referring to anatase phase,
which is proportional to the applied charge is noticed. As
discussed in that paper [22], the thickness can be considered
as a function of the applied charge and the voltage attained
during the sample anodization. In addition, this conclusion
can be extended to the conversion of amorphous titanium
oxide to the anatase one. This argument can be supported by
the new experimental observations of an intensification of a
spark, bright to naked eye from the beginning to the end of
the film preparation, as shown in Fig. (2b and ¢). The inten-
sification of sparks means more energy released in a smaller
region, consequently the heating of the oxide over the fusion
temperature is higher, so more crystalline oxide is formed.

Intensidade Relativa
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Fig. (1). XRD patterns of (a) pure titanium sample and TiO, sam-
ples obtained after application of (b) 4.6 C, (c) 25 C and (d) 72 C.

Thus, one possible explanation for the crystallization of
the film would be the heat dissipated by each event of break-
down. Once we consider the sparks as a direct result of the
film breakdown, in thick films they become more apparent,
probably because the energy released in the breakdown of
the thick films is higher than the energy released during the
breakdown of thin oxide films. These experimental facts are
the origin of the present work, where different experimental
conditions were explored using computational experiments
in order to verify if the hypothesis of crystallization by heat
dissipation in each event of breakdown would be reasonable
or not.

In order to simulate the effect of the spark on the titanium
oxide films it is necessary to present a theoretical model to
describe the growth mechanism of titanium oxide under
sparking anodization conditions.

In the beginning of an anodization experiment, the oxide
grows due to ionic migration [18, 34]. As consequence, an
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increase in the voltage is necessary to sustain the current flux
at a constant value, as can be seen in the anodization curve
shown in Fig. (2). After that, due to the high voltage applied
to the oxide, the electrical field inside the film reaches a
critical value for dielectric breakdown to occur and as conse-
quence, voltage oscillations in the anodization curve (Fig. 2)
are observed. Different papers propose a change in the
growth mechanism, where both ionic and electronic current
assume an important role [16, 18]. In this region, the local
breakdown event (electronic) destroys the oxide film at a
specific point. As a side effect of the local breakdown,
sparks can be observed over the surface of the titanium elec-
trode, as shown in Fig. (2) at the right.

Once the channel is open due to the breakdown event, the
charge carriers have a preferred path with zero resistance to
current flow. Therefore, the migration mechanism is no
longer successful to describe the film formation after the
breakdown begins. In the present work we have used the
same arguments utilized in the current burst model (CBM)
[35-38] to describe the initiation of the sparking anodization,
which is briefly reported below. In the CBM, the charge
transfer occurs only in the regions where the breakdown is
active.

In this case the electrical field is given by = % . Even in

those cases where the film has two components: a barrier and
a porous layer, this model is valid since the most important
part is the barrier layer, i.e., the following approximation is
valid:

e (1)

Where U, is the applied voltage, R, is the resistance of
the porous layer, I is the applied current and s, is the thick-
ness of the barrier layer. This equation means that, even with
the porous layer, the breakdown phenomena always occurs
in the barrier layer because the voltage drop in the porous
layer is insignificant.

In the present work, only one spark event in the barrier
layer will be considered in order to decrease the computa-
tional effort. The Fourier equation was solved by finite ele-
ment method (FEM) in order to simulate the spark effect on
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its surroundings. The application of FEM is based on the
modeling of the domain through its division in an equivalent
system but with smaller units, which are called finite ele-
ments. These elements are connected by common points,
between two or more elements, which are called nodes [39].
The formulation of the problem using finite elements results
in a system with simultaneous solutions of algebraic equa-
tions instead of solving the overall differential equations of
the domain.

As domain for this simulation, we have considered the
three media involved: metal, oxide and electrolyte, as pre-
sented in Fig. (3). The domain represents a small region of
the electrode that is in contact with the solution. We have
also considered the system's dimension, i.e, we have not used
a dimensionless approach which is very common in compu-
tational experiments. This decision is based on the fact that
the system’s size is important to follow the extension of the
effects on the surroundings of a spark.

When considering all the parts of a sparking anodization
system, the gas phase should be included, once the solution
next to the channel passes from the liquid phase to the gase-
ous one due to the high local temperature. However, in a
simulation work, simplifications must be made to minimize
the computational effort. Thus, we disregard the gaseous
phase, once it detaches quickly from the surface of the elec-
trode and is replaced by electrolytic solution.

In the first frame of Fig. (3) the complete domain is
shown. It was considered that the oxide has 100 um of thick-
ness with a symmetric pore with no ramification. The main
objective of this investigation is to comprehend how the heat
released by a 'one spark' event can affect the properties of the
films. To accomplish this, a pore with a diameter of 1 um
was proposed, in agreement to experimental results obtained
previously by scanning electron microscopy [22].

The encircled region in the frame A of Fig. (3) is pre-
sented amplified in frame B. In this frame the pore region
and the interface between the oxide and the solution is pre-
sented, which is marked as C. In this last subregion, the ox-
ide layer that separates the metal from the solution is smaller
by many orders of magnitude compared to the thick oxide
without pores.

Inasmuch as the breakdown occurs and considering that
the electrical field is inversely proportional to the thickness
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Fig. (2). Sparking anodization curve for titanium in 0.3 mol L™ phosphoric acid solution, 20°C and applying 20 mA cm™. At right: sparks on
the surface of the titanium electrode during the sparking anodization process at: (a) titanium electrode before the anodization. (b) and (c)
Sparks on the electrode surface at indicated points in the voltage x charge curve.
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Fig. (3). Domain used to carry out the simulation of the effect of the spark on its surroundings.

of the film, it is possible to conclude that the breakdown
event, and hence the spark will occur in the region where the
thickness is the smallest. Here we considered this thickness
as one of the variables to be investigated, using two different
values (10 nm and 50 nm). We suppose, based on the pub-
lished papers in the literature [30, 40-43], that the breakdown
will generate a channel with high temperatures (5000 K or
10000 K), and with diameter of few nanometers (5 nm or
20 nm), exposing the metal surface to the solution. Therefore,
three different variables are investigated: thickness of the bar-
rier layer, channel diameter and the spark temperature.

The heat influence on the surroundings of the spark was
studied through the bi-dimensional Fourier equation (Equa-
tion 2). Since the temperature is a function of space and
time, the Fourier equation is a partial differential equation
that describes the heat distribution by temperature variation
over the considered space domain.

oT O’T 9°T ) aT ’T 9T
— =0 | —+t— | —=a| —+— 2)
ot ’[ze asz ot ’[ze asz

where, T is the temperature, x and y are spatial coordinates, ¢
is time and is the thermal diffusion ¢; coefficient, which has
different values for each considered media. At the external
boundary condition, a Dirichlet one using the value of T=300
K was chosen. A Dirichlet condition was also chosen inside
the channel, which varies depending on the parameters con-
dition of the theoretical experiment (5000 K or 10000 K).
Since we have taken into account the three media involved,
the domain also has 3 subdomains, which have the character-
istics of each phase considered. These subdomains are in
contact with each other. Therefore, in these boundaries, the
Dirichlet conditions were not applied, and a continuity con-

. . o°’T o°’T o°’T o°’T
dition was used, ie., |— |, — | =|—| .| — | »
ox’ ; 9y’ ; ox’ ; 9y’ j

where the indexes i and j represent the interface of any sub-
domains in contact.

In order to investigate the effect of the three variables
(film thickness, spark temperature and channel diameter)
simultaneously, a Factorial Design was used [44]. The Facto-
rial Design is a chemometric tool which can be used to
measure the cross effects among the variables besides the
main effects. In this method, the total number of experiments
(in this case theoretical experiments) to be performed is i,
where “n” is the number of values for each variable and “k”
is the number of variables. In this work, 3 variables at 2 dif-
ferent levels were investigated, so 2'=8 experiments were
performed. All the conditions of the theoretical experiments
carried out are shown in Table 1.

Considering that a spark is a quantum tunneling phe-
nomenon, its duration time should be extremely short. So, in
this simulation a duration time of (#q+ )= 1 0”7 s was consid-
ered and as time step in the simulation Az = 10’ s was used.
According to Matykina ef al. [19], the life time of a spark is
in the range of 35 ms up to 800 ms depending on the applied
voltage. However, we believe those life time results are from
‘several sparks’ events occurring almost simultaneously with
a very short distance between them. As the authors [19] col-
lected their results using a camera with optical zoom of 10
times, it is impossible to acquire all the events with high pre-
cision, so the macroscopic answer could be different from
what really happens in the “nanoscopic” scale.

One of the characteristic of the finite element method is
the division of the domain into small elements, generating a
mesh. The mesh for the domain considered in this study is
presented in Fig. (4). As can be seen, the number of elements
increases in the region closest to the boundaries that are sub-
ject to Dirichlet condition. The number of elements in the
region of interest can be changed into a high value, which
refines the mesh. This procedure was used in the breakdown
channel region, amplified in Fig. (4b), until no changes in
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Table 1. Factorial Design 2’ used to investigate the influence of the variables on the local heating of the film.
Simulation Thickness (nm) Channel diameter (nm) Temperature (K)
1 10 5 5000
2 50 5 5000
3 10 20 5000
4 50 20 5000
5 10 5 10000
6 50 5 10000
7 10 20 10000
8 50 20 10000

Fig. (4). Refined mesh used to calculate the local heating effect.
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Fig. (5). Domain considered for the condition simulated, and (b) Results for the simulation considering T = 10000 K, s = 50 nm and

d =20 nm.

the results were observed. Therefore, the total number of
elements in the mesh depends on the conditions used.

RESULTS AND DISCUSSION

Considering the initial conditions described above, the
results for the Fourier equation were calculated, which are
presented in Fig. (5) as a heat distribution over a 2-D space.
In this Figure, the variation in color is associated to the
changes in the temperature at each point of the domain,
which is presented in the side scale of the graphic. As it can
be noticed, the heat transfer is higher in the oxide and metal

than in the electrolyte. In the solution the heating effect only
reaches a small region, which can be neglected compared to
the heat released in the oxide and metal subdomains. Analyz-
ing these graphics horizontally, in the region of the channel,
a region with higher temperature than the melting tempera-
ture of the titanium oxide (7' = /840 K) can be observed, and
it is as large as 200 nm which is much wider than the channel
(5 or 20 nm).

Using the same reasoning as before, but now considering
the vertical direction of the channel, it is also possible to
observe a significant extension of this region inside the me-
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tallic phase which is at a temperature higher than the melting
temperature of the titanium (7'=1670 K). Therefore, accord-
ing to these results, in the breakdown region, both metal and
oxide are viscous fluids, since the temperature is higher than
the melting temperature. It is important to stress that such
melting is a local effect, which influences just the surround-
ing region of a spark event. In other words, there is no possi-
bility that the whole material can be liquefied by the tem-
perature increase. However, it can change deeply the proper-
ties of the oxide films, such as their morphology and crystal-
linity.

To quantify the influence of the heat transferred by a
spark, the heating radius was regarded as response for this
study. Inasmuch as we are interested on the influence of the
spark on the properties of the oxide layer, just the heating
radius for the oxide was analyzed, the heating radius of the
metal being disregarded. As heating radius, a line on the
metal/oxide interface was chosen, maintaining the y coordi-
nate constant and observing the changes away from the spark
event through the x coordinate. The size of the radius in the
direction x was obtained by setting the breakdown channel
(i.e., the highest temperature point) as the origin. The radius
end was positioned at the point where the temperature is

Sikora et al.

equal to the oxide melting temperature. Therefore, within
this radius, we can suppose that all oxide that was previously
in the solid phase is now fluid once it melted, and we called
this response as “melting radius” (7,,). The curve of T versus
x, from which the melting radius can be extracted, can be
observed in Fig. (6). Since the origin of the curve is in the
breakdown channel, the temperature decreases as x increases.
The physical meaning of the melting radius is to demarcate
the needed distance for the temperature to fall below the
melting temperature of the oxide, which is marked in Fig. (6)
by the line T}, This parameter was calculated for all theo-
retical conditions simulated in Table 1 and the results are
shown in Table 2.

Table 2 presents the results for the melting radius of each
simulated condition. As can be seen, when the spark tem-
perature is high, the melting radius also presents high values.
The effect of temperature is obvious considering just the
heating dissipation process. However, the values in the melt-
ing radius, considering the other simulation variables, are not
so simple to explain based just on the results presented in
Table 2. Therefore, these data were analyzed using the calcu-
lated effects, as shown in Table 3. It is important to stress out
that, in Table 3, the effects are not the melting radii them-
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Fig. (6). Temperature versus distance from the channel curve for a simulation carried out considering T = 10000 K, s = 10 nm and d = 5 nm.

The melting radius is marked by the line 7).

Table2. Melting radius for each condition simulated.
Simulation Parameters Results ry
Simulation

Thickness (nm) Channel diameter (nm) Temperature (K) (nm)
1 10 5 5000 153
2 50 5 5000 269
3 10 20 5000 153
4 50 20 5000 270
5 10 5 10000 238
6 50 5 10000 395
7 10 20 10000 240
8 50 20 10000 394
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Table3. Calculated effects for the melting radius. The rela-
tive error associated with the simulation is, + 0,01.

Mean Value 264

Main Effects
Thickness 136
Diameter 0.25
Temperature 106

Cross Effect
Thickness-Diameter -0.25

Thickness-Temperature 19

Diameter-Temperature -0.25
Thickness-Diameter-Temperature -0.75

selves but the changes in their values when the level of each
variable is changed.

In the first row of Table 3 the mean value of the melting
radius, considering all studied conditions, is presented. In the
second row the individual effect of each variable can be
seen. As it can be noticed, the thickness and temperature
have a strong influence on the size of the melting radius. The
value obtained for the thickness, for example, means that, if
the thickness of the barrier layer increases from 10 nm to
50 nm, the melting radius increases to 136 nm. This is a
change of about 89% if the spark temperature is of 5000 K,
and of 57% for the conditions in which the spark temperature
was considered to be 10000 K. This observation also shows
that there is a cross effect between, at least, two simulation
parameters used in this study.

The same behavior is not observed for the diameter of the
channel variable. In this case, the change in the value of the
channel diameter can be disregarded compared to the influ-
ence of the other two variables. So, it is clearly shown that
the thickness of the barrier layer and the spark temperature
have a stronger influence on the melting radius of the oxide.
The temperature effect is obvious since the higher the spark
temperature the greater is the dissipation, if the other condi-
tions are kept constant. With the increase in the thickness of
the film, there is also an increase in the melting radius,
which can be explained by the augment of the heat source
area, i.e., the increase of the channel length. Houser and
Herbert [29] have shown experimentally that there is a flow
of material during the growth of aluminum oxide, however,
their supposition about the causes were not discussed in their
work. So, here we present a confirmation obtained by a
simulation carried out and also a possible explanation for the
reasons why the oxide behaves as a Newtonian viscous fluid
during the oxide growth.

The results presented in this work supports the conclu-
sion that the mechanism for the crystallization of the film
growth by sparking anodization is the local heating caused
by the local breakdown in the titanium oxide films. Experi-
mentally, in Fig. (1) an increase in the crystalline portion of
the films during the sparking anodization was presented. As
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already discussed, a large number of low intensity sparks
were observed in the beginning of the measurements which
became more intense with a small number as the anodization
continued. Using the simulation results presented here, both
situations can be explained by the energy released during the
breakdown of the film. According to this line of reasoning,
thin films should have a lower crystalline portion than thick
films, which is exactly what is observed in the Fig. (1), and
confirm also the hypothesis already presented in the work of
Houser and Herbert [29]. Finally, it was demonstrated that
the heating effect of only one spark event occurring in a
channel with radius 2.5 nm (5 nm diameter) could reach a
radius of 400 nm of the oxide. The ratio of these two vari-
ables is 80, but considering the area of the electrode affected
by the heat release, the ratio is more than 25,000. This means
that a comparatively small number of sparks could melt a
much higher amount of the oxide film.

CONCLUSIONS

In this work the influence of the spark on the characteris-
tics of the titanium oxide films has been theoretically inves-
tigated by finite element method. The film breakdown can be
associated with the emission of sparks when the voltage is
high enough. Then, part of the energy stored during the ox-
ide growth is released as heat when the breakdown occurs.
This energy generates a local heating of the oxide, promoting
its melting in an extension that is dependent on the energy
released. Based on this supposition and using some values
for the spark temperature experimentally obtained by other
authors, we simulated the effect of the spark on the proper-
ties of the titanium oxide. In this simulation, using a factorial
design approach, the effect of three different parameters:
diameter of the breakdown channel, thickness of the barrier
layer, and spark temperature was investigated. As a response
the melting radius, which is defined as the diameter of the
region in the neighbor of a spark in which the temperature
reaches a value higher than the melting temperature of the
oxide was used. The results have shown that the local heat-
ing affects significantly the solid phases involved (metal and
oxide). Besides, the thickness of the barrier layer and spark
temperature strongly affect the region which is melted im-
mediately after a breakdown event. It was demonstrated that
the effect of only one spark event occurring in a channel
with radius 2.5 nm (5 nm diameter) could lead to the melting
of an area in the oxide which was 25,000 times higher than
the channel area. This means that a comparatively small
number of sparks could melt a much higher amount of the
oxide film.
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