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BEHAVIOR OF PIT INITIATION SITES IN ALUMINUM
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ABSTRACT

A repetitive polarization experiment was developed which allows
measurement of multiple pitting potentials from a single experiment.
Automated data analysis is used to extract potentials relating to metastable
and stable pit initiation. A multi-electrode sample was used to evaluate
the dependence between subsequent pits in aluminum. It was found that
the events have little or no dependence on prior sample history. The
repetitive polarization experiment was used to evaluate the effect of
sample size and purity on pit initiation in aluminum. Pitting potentials
increased for decreasing sample size. No clear difference in pitting
potential was observed for 99% and 99.99% purity Al. The presence of
inclusions was not found to control pitting behavior.

INTRODUCTION

Pitting of aluminum is often studied using samples having relatively large surface
areas (several mm’ up to tens of cm®) even though pit initiation occurs on a microscopic
scale, and stable pits may only be several microns in diameter. Assuming that pit
initiation is due to a heterogeneous distribution of flaws or defects in the Al oxide or in
the underlying material, the larger a sample, the more likely that the entire distribution
will be present. Thus, when a pitting potential is determined, the weakest site will
dominate the sample response and give rise to the observed pit. Even if a large
population of samples is tested, it is probable that only the lower tail of the true
distribution of pitting potentials will be observed. This artifact may be beneficial in
determining pitting behavior for engineering applications as it yields a conservative
estimate of a “safe” potential range. However, to study the mechanism for pit initiation it
is desirable to be able to explore the entire distribution of pitting potentials and how they
relate to the local structure of the material and oxide. Also, for very small structures (i.e.,
microelectronics and micro-electromechanical machines), the distribution of pitting
behavior determined using macroscopic samples may not be appropriate. It may be more
useful to think in terms of failure probabilities taking into account sample size as well as
material chemistry and environment.

Bohni and Suter used micro-capillaries to mask off very small areas (107 down to
10" cm?) of samples and made standard 3-electrode measurements on stainless steels [1].
They reported currents in the 50 fA range corresponding to metastable pitting that would
not have been detectable using larger electrode areas. Furthermore, they observed an
increase in pitting potential as:the surface area of the electrode was decreased. These
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results support the assumption of a population of defects controlling pit initiation. Other
researchers agree with this hypothesis-and have used statistical distributions to describe
pitting behavior in terms of both induction time and pitting potential [2-8].
Unfortunately, gathering statistically significant quantities of data can be a daunting task.
Induction times for metastable pits can be assessed using potentiostatic techniques but
gathering large numbers of pitting potentials usually requires one sample per datum
[9,10].

Previously, we reported a current-limited imposed-potential technique that
enabled the collection of multiple pit initiation potentials from a single experiment [11].
The CLIP test functioned by limiting the available cathodic current to a pit site through a
voltage divider scheme. The difficulty with the technique stems from the necessity to
carefully choose a sample area and electronic circuitry that work correctly with the
impedance of the native oxide. In the present work we show a new approach to gathering
entire distributions of pitting potentials from single experiments. We also investigate the
use of microelectrodes (down to 20 pm?) to evaluate the area dependence of pitting
potentials in pure Al. These techniques lend insight into the behavior of naturally
occurring low defect density oxides, the behavior of repassivated pits, and the
independence of pitting events.

EXPERIMENTAL

Materials

Al wire samples were used in the electrochemical testing. Wires were 500, 25
and 5 pm in diameter. Material purity ranged from 99% to 99.99% Al. Test solutions
were prepared from reagent grade chemicals and 18 M-Q water.

Electrode preparation

Wires were coated with an insulating electrophoretic paint (PPG, part #
ED5050B). The paint was applied by immersing the wire and using a platinized niobium
counter electrode to apply between —4 V and —10 V DC (vs. the counter electrode) for
120 s. The wires were then baked at 175°F for 1800 s to cure the paint. The resulting
coating was adherent, continuous and electrically insulating and ranged in thickness from
4 to 10 um. The coated wires were mounted in an epoxy resin mould for physical
rigidity and ease of handling. Mechanical polishing down to 0.05 pm alumina was used
to achieve a mirror finish. Some of the electrodes received a final two-part etch. For
these electrodes, the surface was etched with 1 M NaOH for 300 s to remove any plastic
deformation due to mechanical polishing. A final etch in 50% HNO; for 60 s was
performed in order to promote a uniform oxide layer.

Repetitive polarization scans

Potentiodynamic experiments were performed in aerated 50 mMol NaCl solution
at 25°C. Prior to running the scan, samples:were polarized to a constant potential
(generally —0.95 Vscg) for a hold time ranging from 60 s to 600 s depending on the
experiment. After the hold time elapsed, the potential was ramped in the anodic direction
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at a sweep rate of 1 mV/s. The scan was terminated if a prescribed potential was reached
or if the current flow from the sample exceeded a threshold. Most experiments used a
current threshold of 2x107 A. Repetitive polarization experiments were run by
repeatedly cycling through the above sequence. After each sweep, the potential was
stepped back to the initial hold potential. Passive current density values and pitting
potentials were determined for data sets using in-house, automated software. The
solution in the vicinity of the sample surface was continuously stirred throughout the
experiment by either bubbling ambient air in the solution or by recirculating solution
using a peristaltic pump. This was done in an attempt to prevent any local alteration of
the solution chemistry.

Multielectrode testing

A multielectrode was fabricated from 9 wires of 99% Al with diameters of 500
um. These wires were arranged in a 3x3 array with several mm spacing between wires.
A Scribner Associates Multi-Microelectrode Analyzer (MMAT™) was used to short all 9
electrodes together through zero resistance ammeters (ZRA’s) and simultaneously record
the current flowing through each of the electrodes. The MMAT™ was also used to control
the applied potential and was programmed to perform the repetitive polarization
experiment.

RESULTS AND DISCUSSION

An example of the raw data generated by a repetitive polarization scan (RPS) run
for 999 iterations on 99.99% Al in 50 mMol NaCl is shown in Figure 1. Automated
software is used to analyze the data for trends indicative of pitting. A minimum %
change in the current value and a minimum absolute change in the current value between
consecutive data points is used to identify pit initiation. The first time the data exceed the
percent and absolute tolerances, the potential is recorded as the first instance of pit
initiation. If the pit does not repassivate before the current limit is reached, then the
potential where pitting initiated is recorded as the pitting potential. Finally, the potential
being applied when the current limit is reached is recorded as the final potential and is
indicative of the pit reaching an arbitrary stage of propagation. All three of these
parameters are metrics for pitting susceptibility. :

An example of analyzed data for 99.99% Al in 50 mMol NaCl is plotted as
critical potential (first pit, pitting potential and final potential) vs. scan number in Figure
2.a. and as cumulative distribution functions in Figure 2.b. There is extensive overlap in
the data, which is a result of the first pit initiated propagating quickly to the trigger
current level. In this case the potentials for the first pit and last pit are identical and differ
only slightly from the final potential. There is much more of a tail to the distribution for
the first pit potential than for the other two values. This suggests that the minimum
potential necessary for pit stabilization and propagation is bounded more tightly than the
potential necessary for pit initiation. A micrograph of the sample surface following the
999 scans reveals some areas of high pit density and other areas of the sample devoid of
pits all together (Figure 3). There are two plausible explanations for grouping of pit
locations. One, a repassivated pit may serve as a preferential site for future pit initiation
(either due to modification of the local solution chemistry or due to a less robust oxide
than the. original being formed upon repassivation). Two, clusters of pitting sites may




follow a defect structure inherent in the protective oxide or in the underlying material. [If
the former explanation is correct, then data from the RPS technique will not reflect the
behavior of the original oxide.

One method to evaluate the propensity for a repassivated pit to serve as a
preferential site for future pit initiation is to record the time and location of pitting events
and determine if subsequent pits are occurring at the same approximate location. To
accomplish this a nine-electrode sample was constructed from 500 um diameter, 99% Al
wires. The nine electrodes are electrically coupled so that they act as a single larger
electrode. The current flow through each electrode is monitored using the MMA™ thus
allowing the location of each pit to be known to within the area of a single wire (Figure
4). The pitting potential and location is recorded for each scan. These data are analysed
to determine the number of times a given electrode pits in a row. Then the number of
times that n pits occur in a row is tabulated (i.e., an experiment might have no
consecutive pits occur 100 times, 2 consecutive pits occur 10 times, 3 pits 1 time, and no
more than three pits in a row at any time in the experiment). Figure 5 shows the number
of times n consecutive pits occurred during the experiment. For comparison, simulations
were run where the probability of a site pitting consecutively was a controlled parameter
of the simulation. The experimental data fall between the calculated lines for 0% and 5%
of the repassivated pits being the preferential site for the next pit. These data indicate
that the repassivated pits are not preferential sites for future pits. It is not clear from this
experiment whether or not the repassivated pit could have an induction time then become
a preferential site for future pitting. This issue will be addressed in more detail in a
separate publication.

For the cases where consecutive pits do occur on a single electrode, it is of
interest to know if the latter pits have lowered pitting potentials compared to the rest of
the population. Figure 6 is a graph of the distribution of the difference between the
pitting potential recorded in scan N and the pitting potential recorded in scan N — X.
When X is set to 1 a comparison is made between subsequent pitting potentials. When X
is set to an arbitrarily large number (i.e., 20), then the comparison represents the random
distribution of the difference between pitting potentials. The graph shows almost
identical distributions for X = 1 and X = 20 when pitting potentials from the entire
population of data are used. The same distribution is also observed for X = 1 when only
the data points from consecutive pits on the same electrode are used. This indicates that
subsequent pits do not correlate to lowered pitting potentials and serves as further
evidence that repassivated pits are not preferential sites for future pit initiation. It should
be noted that analysis of time series of metastable pitting in both Al and stainless steel
has shown non-Poisson behavior indicating interdependence of pitting events [12].
Though, in those experiments no measures were taken to flush the chemistry from the
pitting site. We can thus reconcile our results which relate to the behavior of repassivated
pits exposed to the bulk environment and the results of the cited work which relate to
native oxide exposed to a locally altered chemistry.

The repetitive polarization experiment was used to evaluate the effects of
electrode size and electrode purity on pitting potential distribution. Distributions for the
pitting potential are given for Al wires having 500, 25 and 5 pm diameters in Figure 7.
The 500 and 25 pm wires are 99.99% pure while the 5 um wire is 99.95% pure.
Although only 3 data points have been collected for the 5 pm wire, these data are still




shown as a CDF for comparison purposes. There is a clear difference between the
distributions for the 500 um wire and the two smaller wires. While there are not enough
data to accurately describe the 5 pm wire, it is apparent that much higher pitting
potentials may be observed for this sample size than for the larger diameter samples.
Thus these data agree with the trend of increasing pitting potential with decreasing
diameter observed by Béhni and Suter using capillary cells to test stainless steel [1].

The effect of electrode purity on pitting potential distribution is shown in Figure
8.a. for 500 pm wires and in Figure 8.b. for 25 pum wires. There is no clear difference in
the span of pitting potentials for 99% and 99.99% Al. The distribution for 99% Al is
weighted towards slightly higher pitting potentials for the 500 um wires, however, for the
25 pum wires the distribution for 99% Al is shifted toward slightly Jower potentials. That
the lower purity may display as good as or better pitting resistance that the higher purity
Al is in conflict with conventional views. However, recent work by Fecke on various
purity Al alloys has also shown pitting potential to scale inversely with purity [13]. This
raises the question of whether or not inclusions in the high purity Al are preferential sites
for pit initiation during controlled potential experiments. Figures 9.a. and 9.b. show
micrographs of 99% and 99.99% Al samples that were pitted 5 times each. Although the
99% sample (Fig. 9.a.) contains numerous Fe-rich inclusions and is clearly not as clean as
the 99.99% Al (Fig 9.b.), the pitting potentials recorded were generally higher for the
99% Al Thus, the mere presence of these inclusions does not control the pitting
behavior of AL

SUMMARY

The repetitive polarization scan technique provides a means of acquiring entire
distributions of pitting potentials from a single electrode in a single experiment.
Although the sample is pitted numerous times, analysis of a multi-electrode sample has
shown that the repassivated pits do not skew the subsequent behavior of the sample.
Thus repassivated pits are not preferential sites for future pit initiation, indicating that the
oxide formed upon repassivation is at least as robust as the native oxide. Testing of 500,
25 and 5 pym samples has shown that pitting potential increases with decreasing surface
area for high purity aluminum samples. Similar distributions in pitting potential were
found for 99% and 99.99% Al samples even though the 99% sample has a much higher
Fe-rich inclusion content. These preliminary results suggest that the presence of these
inclusions does not control the pitting potential of the sample.
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Figure 1. An example of the raw data collected during a RPS experiment. 99.99% Al in

50mMol NaCl @ 25°C. Passive current increases with scan number. The pitting
potential is not a strong function of scan number (see Figure 2).
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Figure 2. 99.99% Al in 0.05M NaCl @ 25°C. RPS experiment run with 600 s holds at
-0.950 V¢ followed by anodic scans @ 1 mV/s terminated for I > 2x107 A. First pit
initiation detected (@), pitting potential (%) and final potential (+). (a) Critical potentials
vs. scan number and (b) cumulative distribution functions.
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Figure 3. SEM micrograph of 99.99 sample after RPS testing with 999 scans. (a)
Overview of sample surface showing clustering of pits. (b) Close-up of pit cluster
outlined with dashed line in ‘a’.
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Figure 4. Nine Al wires arranged in 3x3 pattern to form a multi-electrode. The current
through each wire is independently monitored with individual ZRA’s. All wires are
electrically shorted to act as a single working electrode.
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Figure 5. Frequency of consecutive pits on
a single electrode for 3x3 array of 99% Al
wires. Simulated data are used to show the
predicted frequencies of consecutive pits.
The probability indicates the chance that a
pit will predispose the electrode to pit
during the next scan.
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Figure 6. Distributions of the difference
between pitting potentials separated by X
scans. (+) All scans analysed with X=1,
(%) all scans analysed with X=20, and (e)
consecutive pits analysed with X=1.
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Figure 7. Distributions of pitting potentials for Al wires having diameters of (m) 500 pm,
(®) 25 ym and (A) 5 um. The 500 and 25 pm wires are 99.99% pure and the 5 um wire
is 99.95% pure. Wires tested in 50 mMol NaCl @ 25°C with a scan rate of 1 mV/s.
These data indicate that many regions of the Al samples have very robust oxides and
elevated pitting potentials compared to those observed on larger samples.
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Figure 8. Effect of electrode purity on pitting potential distribution. For 500 pm
diameter wires (a) the distribution is shifted to slightly higher potentials for the 99.99%
Al, whereas for 25 um wires (b) the distribution is slightly higher for the 99% Al.
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Figure 9. SEM micrographs of (a) 99% Al and (b) 99.99% Al after RPS testing for 5
scans each in 50 mMol NaCl solution @ 25°C. The pitting potentials for the 99% Al
were, in general, higher than those for the 99.99% Al even though the lower purity
material appears to contain a higher volume fraction of inclusions.




