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Abstract: The formation voltage oscillations have been analyzed during isother-
mal and galvanostatic anodizing of aluminum in two different in nature contact elec-
trolytes. Special attention has been paid to the two main events during breakdowns:
local breakdown of the film and its regeneration as a result of the increased current
density at the breakdown site. The fluctuations in the formation voltage have been
interpreted in terms of these aspects of electrical breakdowns. A Poisson distribution
of the probability density both at the occurrence of electrical breakdowns and during
the regeneration of AlyOs3-films has been established. The Poisson’s distribution of
breakdown and regeneration voltage differences has been calculated. The small differ-
ence in these values obtained for two very different contact electrolytes, however, seems
difficult to explain in the context of the strong influence of the electronic currents in
the (4+)Al/Al;O3/electrolyte system on the nature of the electrolyte.
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1. Introduction

The breakdown events are an important feature of the process of formation of anodic
oxide films on valve metals. They limit the maximum thickness of the obtained oxide
films. On the other hand, these phenomena are quite different compared to breakdowns
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in 7dry” dielectrics. Breakdowns in (4)valve metal/anode oxide/electrolyte system
have a peculiar mechanism and the classical concepts of breakdowns in dielectrics
cannot be applied. Breakdowns in these systems can be studied independently by
specific methods and can be used to found theories for their explanation. The formation
of barrier oxide films on valve metals is usually carried out under galvanostatic and
isothermal conditions in non-dissolving electrolytes. The anodizing kinetics under these
conditions is characterized by constant electric field strength (F), film growth rate and
also immutability of the film’s specific properties. The increase of formation voltage
(Ur) with time (t) is limited by the occurrence of electrical breakdowns. Upon reaching
the ”breakdown voltage” (Ug), breakdowns follow each other and Uy practically ceases
to increase. Determination of Up is carried out in different ways: by oscillations in Ut
[1], registration of high-frequency fluctuations of the anodizing current circuit [2], by the
sound effect accompanying breakdowns [3], by tracking galvanoluminescence brightness
[4] and others. Occurrence of electrical breakdowns has been explained by injection of
electrons from the electrolyte to the anodic oxide and their multiplication [5-7] in the
oxide bulk. On the other hand, since the electronic current strongly depends on the
nature and concentration of the contact electrolyte [8-10] it is expected that breakdown
phenomena should be influenced by electrolyte contact. The breakdowns are stochastic
in nature and occur for a very short time. In this sense it is of interest to determine
the probability density of the individual breakdown phenomenon, and the regeneration
of the film during anodic polarization in two different in nature contact electrolytes.

2. Experimental

The formation and breakdowns of barrier films on aluminum has been studied in many
different in nature and concentration electrolytes including aqueous and non-aqueous
electrolytes. Data for the breakdown phenomena were obtained during galvanostatic
anodizing of Al in an aqueous borate electrolyte (ABE, pH-6) [4] and in 1 M ammonium
salicylate in dimethylformamide (AS/DMF) [13]. In order to obtain more detailed
information on the stochastic nature of the breakdowns, experiments were conducted in
these electrolytes under the same experimental conditions (1072 A cm~2, 293 K). The
film formation was carried out in a two-electrode cell with a platinum mesh serving as a
counter electrode, using a high voltage galvanostat (600 V, 0.5 A). The dependence of
formation voltage (Ur) on time () was registered using a precision multimeter (Mastech
MS 8050) and a PC-based data acquisition system.

3. Results and Discussion

3.1. Breakdown Voltage Registered by Oscillations of the Formation
Voltage

Under galvanostatic (J = const) and isothermal (7" = const) anodizing conditions, the
kinetic Ug(t)-curves represent a linear increase of the formation voltage (Uy) with time
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(t). The increase in Uy, respectively of anodic film thickness (D), is limited by the
occurrence of electrical breakdowns. The breakdowns begin when U reaches the value
of " first spark” (Upg). At this point the increase of Ut slows down and some sparks begin
to appear occasionally on the electrode surface. Finally Ut reaches ” breakdown voltage”
(Ug), where breakdowns follow each other in the form of instantaneous point discharges,
sparks or as individual travelers chains of sparks and increase of Uy practically ceases.
During each breakdown, the formation voltage drops sharply and then increases quickly
as the film is regenerated as a result of the greater current density at the breakdown
site.

The observed breakdown events [4] are explained by models suggesting an avalanche
mechanism of these phenomena during anodizing [5-7]. According to those views break-
downs result from electron injection from the electrolyte to the oxide and their further
multiplication in the film bulk. The breakdown occurs when at any point of the surface
the film reaches a thickness sufficient for the increase of the electronic current (J,) to
a critical value, specific for the oxide and electrolyte contact. Microscopically barrier
anodic films have irregular topography and often contain inclusions built in the film.
For this reason, the first breakdowns are expected to occur in one of the film hetero-
geneities. In this sense, the breakdown has an occasional nature, and the crater [11]
formed in the oxide film is effaced through the rapid formation of new anodic film. As
a result the oxide surface becomes significantly rougher [12].

Figure 1 shows kinetic Uy (t) curves of galvanostatic anodization of aluminum in
ABE, (pH-6) [4] and 1 M AS/DMF [13]. These kinetic relationships give an idea of
the voltage oscillations and the influence of the contact electrolyte type on breakdown
characteristics.

In the present experiments particular attention has been paid to the two main break-
down events:

i) Local film breakdown (characterized by a sharp drop of the formation voltage
Us);

ii) Film regeneration due to the high current density at the breakdown point (fast-
growth of Ug).

3.2. Distribution of the Formation Voltage Oscillations

In order to analyze the distribution of the formation voltage oscillations, one time
interval [tpg,T] of the experiment can be examined, which is the time limited by the
appearance of the first spark (tpg) to its end (7). For this interval the following
indications may be introduced:

tps <ty <ty <t] <th <ty <ty <...<thy<tn<th <T,
where:
e N is the number of peaks in the Uy (t)-kinetic curves

o ti(i=1,2,...,N) corresponds to the beginning of the appearance of the i-th
breakdown (i —th crater in the oxide film begins to form)



26 S. Petkova, C. Girginov, T. Petkov

600

500 |- Ues %
; ; ABE
s J=10°Acm”
o 4001
(=]
£
(=] -
S 300
s
% 00| AS/IDMF
£ U,
|°_ B
L 100 |- u ‘
ks T=293K
0 1 1 1 1
0.0 0.5 1.0 1.5 2.0
Time (ks)

Figure 1: KineticUy(t) curves of aluminum anodization in two electrolyte so-
lutions (ABE and AS/DMF) are presented. The “first spark voltage” (Urg)
is denoted by broken arrows

e t;(i=1,2,...,N) the time, when the respective i-th crater has already been
formed, which corresponds to a lower peak in the kinetic curve

e t/(i=1,2,...,N) corresponds to the moment of a crater being filled (the oxide
film has regenerated)

In the present examination, as a random variable (X') can accept the variation (AU)
of the formation voltage Uy in the intervals [t/,¢;] (i = 1,2,..., N), which correspond to
the descending voltage oscillations, resulting in the occurrence of electric breakdowns.
The values for z, (i = 1,2,...,18) of the random variable X’ can be averaged by
weight in the interval (n — 1,n|, n = 1,2,...,18,(18,00), and are calculated with the
formula:
NMAUM™ ¢ NOAUSY 4 -+ N AT

T, = ; (1)
n Nl(n) +N2(n) 4ot N]iTz)

where:
e k is the number of different values of AU in the interval (n — 1,n];
° AUl("),AUQ(n), ...,AU,i") € (n—1,n];

° Nl(n), NQ(n), e N,E,n) are the absolute frequencies of AUl("), AUQ("),..., AU,E,n)'
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Figure 2: Breakdown probability density for (AU) in ABE and AS/DMF. The
points represent experimental data and the curves drawn - Poisson’s distribu-
tion parameters (4.50 and 6.66 respectively for the two electrolytes).

3.3. Distribution of the Formation Voltage Oscillations in the Event of
Electrical Breakdowns

It was of interest to define the type of the random variable X’ distribution (which in
the considered problem is the variation (AU)of the formation voltage (Ur) during the
occurrence of electrical breakdowns). A hypothesis could be made, that the variation
of (AU)at breakdown occurrence has a Poisson’s character. In order to verify this
hypothesis x2-Pierson criterion, at significance level 0.05, was applied. The conducted
calculations on experimental data indicated a value for x?%,. ..., = 15.77. This value
is lower than x2.,;..; = 26.30, which allows the assumption of this hypothesis [14].

The probability density during breakdowns (decrease in formation voltage) at an-
odizing in the two investigated electrolytes is presented in Fig. 2.

3.4. Distribution of the Formation Voltage Oscillations during
Regeneration of the Anodic Film

The same procedure can be employed to define the probability density of the variation
(AU)of formation voltage (Us) during regeneration (growth) of the anodic film, in the
craters formed by breakdowns.

In this case the random variable (X") is the variation of Uy, but in the interval

[ti,t]] (1 =1,2,..., N). In these intervals the regeneration (growth) of the film occurs.
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Figure 3: Regeneration probability density for (AU) during breakdowns in
ABE and AS/DMF. Points denote experimental data, while the curves illus-
trate Poisson’s distribution parameters (5.41 and 6.61 for the two electrolytes,

respectively).
Parameter Contact Parameter of
electrolyte Poisson’s distribution
Breakdown difference 1 M AS/DMF 6.66
voltage [volt] ABE (pH 6) 4.50
Regeneration difference 1 M AS/DMF 6.61
voltage [volt] ABE 5.41
Number of current 0.1 M ammonium tartarate 6.86 [6]
pulses [number s~!] + Tartaric acid (pH 6)

Table 1: Values of probability density

The results for the two investigated electrolytes are presented in Figure 3.

The values of Poisson’s distribution parameters are presented in Table 1. The
results show that the contact electrolyte does not significantly affect the distribution
character of the formation voltage variation both in case of breakdowns and during
regeneration of the film during breakdown phenomena.

This result seems quite surprising, given the strong dependence of the electronic
conductivity of (4)valve metal/anodic oxide/electrolyte systems on the nature and
concentration of the contact electrolyte. One possible explanation for this result could
be the different thickness (for different electrolytes) where the electronic current (J,)
reaches a critical value, causing an electron avalanche.
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It is worth noting that other authors have also commented on the probability of
breakdowns. For example, Kadary and Klein [6] have investigated and registered the
breakdown voltage in anodization of aluminum by highfrequency current oscillations.
The results are interpreted by the stochastic succession of avalanche breakdown model
[5]. As a result the authors have found a dependence of the probability density on
the alteration distribution of the number of current pulses also finding a Poisson dis-
tribution (Table 1). Furthermore the reproducibility of the breakdown voltage value
has been statistically tested [13]. A high reproducibility of the value of Ug (from 216
independent experiments) has been established - (6%) deviation from the mean value.

4. Conclusions

The results obtained are in accordance with the characteristics of the breakdown voltage
estimated from other authors by other methods. The results support the mechanism
for dielectric breakdown which is due to electronic avalanche, accelerated under the
influence of the electric field applied. The formation voltage oscillations in case of
electrical breakdowns in galvanostatic and isothermal regime of aluminum anodizing
have been analyzed. The obtained results indicate that the contact electrolyte does
not affect significantly the character of formation voltage distribution during break-
downs. This has been found during the local breaking of the oxide, as well as during
its regeneration at the breakdown site. This result seems in some sense unexpected,
due to the definitely established dependence of electronic conductivity on the nature
and concentration of the contact electrolyte. A Poisson distribution of the probability
density has been established during the occurrence of electrical breakdown, as well as
during the regeneration of AlyOs-films. The Poisson’s parameters for both breakdown
voltage difference and the regeneration voltage difference distribution have been calcu-
lated respectively. The results are in accordance with breakdown voltage characteristics
identified by other authors in other methods. The results support the mechanism for
dielectric breakdown which is due to the electronic avalanche which is accelerated under
the influence of the electric field applied.
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