npj ‘ materials degradation

ARTICLE

www.nature.com/npjmatdeg

W) Check for updates

Pit growth kinetics in aluminum: effects of salt loading and

relative humidity

Philip J. Noell

Michael A. Melia' and Ryan M. Katona @'

'™ Benjamin T. Pham', lan Campbell'?, Brendan Donohoe', Demitri Maestas’, Eric J. Schindelholz®,

The growth kinetics of localized corrosion, e.g. pits, in corrosive environments often controls the service life of metallic components.
Yet, our understanding of these kinetics is largely based on coupon-level, e.g. mass-loss, studies which provide limited insights into
the evolution of individual damage events. It is critical to relate observed cumulative loss trends, such as links between changing
humidity and mass loss rates, to the growth kinetics of individual pits. Towards this goal, we leverage in-situ X-ray computed

tomography to measure the growth rates of over sixty pits in aluminum in four different humid, chloride environments over =3
days of exposure. Pit growth rates and final volumes increased with increasing droplet volume, which was observed to increase
with increasing humidity and salt loading. Two factors, droplet spreading and oxide jacking, dramatically increased pit growth rates

and final volumes.
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INTRODUCTION

The rate of localized corrosion in the form of pits frequently
controls part lifetimes in humid, chloride environments. In these
conditions, failure is often caused by one or a few instances of
damage, e.g. when a pit exceeds a critical size. The rate at which
individual pits grow as a function of material and environment is
thus an important factor when assessing part lifetime' . However,
predicting local damage rates during atmospheric corrosion
requires extrapolation from continuum scale measurements, a
challenging task. Classically, atmospheric corrosion rates are
evaluated using mass change measurements, but these give no
information about the growth kinetics of individual pits®,
Measurements from aqueous corrosion may provide insights into
electrochemical processes, but it is challenging to relate these
data to the highly localized attack typical of pits>. X-ray computed
tomography (XCT) recently emerged as an alternative method to
directly measure rates of localized corrosion in-situ*®=2%, XCT
allows attack to be characterized at a spatial and temporal scale
relevant to long term atmospheric corrosion processes without
significantly disturbing the evolving process®. This study leverages
this technique to examine how two environmental factors, salt
loading and relative humidity (RH), affect pit growth kinetics in
commercial-purity aluminum during atmospheric corrosion.

Both field and laboratory studies indicate that atmospheric
corrosion rates, as measured using mass change, generally
increase with increasing salt loading®’?'-23. For commercial-
purity aluminum, Schaller et al. and Blucher et al. both observed
that the corrosion rate of NaCl-loaded samples increased with
increasing salt loading®?%. Salts create electrolyte on the surface of
materials by water uptake from the air; salt loading thus
significantly influences the available cathode surface area. With
increasing salt load, electrolyte coverage and volume generally
increase, tending towards thin, continuous films®2°, The increase
in droplet size typically observed with increasing salt loading can
also intensify the impact of differential aeration’-26-28

RH also greatly influences corrosion kinetics?®. Depending on
the material and salt, a critical RH must be reached before an
electrolyte film forms. Above this critical value, RH, together with
salt loading, dictates the composition, volume, and many other
properties of the electrolyte’*3!, While it is challenging to draw
direct relationships between RH and atmospheric corrosion rates,
a few general trends have been observed. Studies of marine
environments found that the corrosion rate of zinc increases with
increasing water layer thickness; this, in turn, increases with
increasing RH32. Above some critical thickness value, though, the
corrosion rate is limited due to oxygen diffusion through the
water layer®3. For plain carbon steel, general trends of increasing
pit depth and corrosion rate with increasing RH were observed
both for samples loaded with NaCl and artificial sea water?>3*,
These results can be rationalized by considering that the droplet
size, which strongly influences the cathode area, increases with
increasing RH. The authors are unaware of data regarding the
effect of RH on atmospheric corrosion rates in commercial-purity
aluminum when salt loading is held constant.

Both synchrotron and laboratory-based XCT techniques have
been applied to many aspects of corrosion, ranging from the
growth rates of environmentally assisted cracks to the evolution of
galvanic corrosion?>9-1416-1835-38 = \Whijle the =1pum spatial
resolution of this technique prevents some aspects of corrosion
from being captured, e.g. pit tunneling and submicron crack
growth, it has provided valuable insights into the rates at which
localized damage progresses, e.g. pit growth rates*'%'2, Several
studies measured pit growth kinetics in aluminum and iron alloys
under potentiostatic control or while immersed in chloride
solutions'®3>3°, Because damage evolution is significantly differ-
ent under atmospheric conditions than immersed conditions,
others characterized the growth rates of pits and environmentally-
assisted cracks during atmospheric corrosion*'%'2, An important
conclusion of these studies is that corrosion rates obtained from
mass change data are often vastly different from the local
corrosion rates measured using XCT*1°,
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Prior XCT-based studies of pit growth kinetics in Al during
atmospheric corrosion produced several key findings. Pits in high-
purity (99.99%) Al loaded with 200 ug cm~2 of NaCl exposed at
84% RH generally exhibited sigmoidal growth kinetics*, i.e.
having an initial exponential phase, an intermediate phase which
was approximately linear, and a final phase during which the pit
volume approached an asymptote until all pit growth ceased. The
rates of growth of the 11 pits observed varied between 50 and
825 um3hr='4%. Similarly, for commercial-purity Al samples
exposed at 84% RH and loaded with 60 ugcm=2 of NaCl, the
rates of pit growth across the 9 pits observed varied by more than
two orders of magnitude, from 30 to 3930 um* hr—'. Notably the
temporal resolution of the latter study was too slow to capture the
sigmoidal growth kinetics of most pits'®. In both studies, it was
observed that the rate of pit growth increased abruptly when the
droplet associated with the pit spread by forming one or more
secondary droplets. In commercial-purity Al, the fastest rates of pit
growth occurred after droplet spreading'®.

The present study examines the influence of two environ-
mental factors, RH and salt loading, on pit growth rates in
commercial-purity Al (1100 Al). Based on our understanding of
pit growth rates from prior studies, the present study addresses
two questions: 1) how does the distribution of pit growth rates
change as a function of either salt loading or RH? 2) for a given
environment, what factors produce the fastest pit growth rates?
XCT was used to characterize the morphology and growth
kinetics of pits in 1100 Al wires loaded with either 60 or
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200 ug cm—2 of NaCl and exposed at either 84% or 98% RH over
the first 60 to 90 h after exposure. We use the abbreviations
84RH-060, 84RH-200, 98RH-060, and 98RH-200 to distinguish
between these four conditions. The material and environments
were chosen both for their close relationship to previous work by
the authors®'%4° and their pedagogical simplicity. This study has
the same minimum resolvable feature size and temporal
resolution, 15.6 um® and 1.33 h,, as used in ref. *°, see Methods
for more information.

RESULTS

Droplet coverage

The total area covered by droplets increased as a function of both
salt loading and RH, see Fig. 1a. Figure 1b shows that increasing
RH, regardless of salt loading, increased droplet volumes.
Representative 3D renderings showing top-down views of
droplets (dark gray) on the surface of Al wires (light gray) in each
of these environments are provided in Fig. 1c-f. In addition to
droplets, thin layers of electrolyte between the droplets were likely
present on the surface of wires, though these could not be
observed using XCT*°. For a given RH, the distribution of
individual droplet volumes remained relatively constant at the
two salt loadings examined, but the number density of droplets
increased with increasing salt loading.
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Continuum-level characteristics of droplet coverage. The fraction area covered by droplets on the surface of each of these samples is

shown in (a). The distribution of individual droplet volumes on the surface of samples exposed to four different environments is shown in (b).
Representative 3D renderings collected 10 h after exposure showing the distribution of droplets on the surface of these samples are provided
in (c—f), all images are at the same scale. The Al wire is colored light gray. The drops appear as dark gray on the surface of the wires. CDF in this
figure and all others is an abbreviation of cumulative distribution function.
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Table 1.  For each of the environments of interest, the number of samples characterized, the total number of pits observed across these samples, and
the number of pits associated with droplet spreading or oxide jacking are provided.
RH (%) Salt Loading Number of samples Total number of pits Percent drops Pits associated with Pits associated with
(g cm™?) characterized observed across all associated with pits droplet spreading oxide jacking
samples (%)
84 60 3 18 1.6 5 1
84 200 2 12 0.9 2 -
98 60 1 17 33 -
98 200 1 16 3.2 -
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Fig. 2 Continuum-level characteristics of pitting. Plots of (a) the cumulative number of pits per unit wetted area and (b) the cumulative
volume loss per unit wetted area as a function of time for the first 90 h after exposure are shown for all four environments. As discussed in the
methods, machine errors caused two samples exposed at 84% RH to terminate 73 and 64 h after exposure, truncating these experiments

prematurely.

Cumulative pitting characteristics

Prior studies characterizing pit growth rates in Al indicate that, for
a given material and environment, ~10 pits provide a sufficient
sample size to investigate statistical variations in pit growth
rates'%4°, The total number of pits observed across all samples
exposed at each environment are summarized in Table 1. In total,
across all four environments, the growth kinetics of 63 pits were
characterized, with a minimum of 12 pits observed in each
environment. At 84RH, it was necessary to characterize 3 and 2
replicate samples at salt loadings of 60 and 200ugcm—2
respectively, to observe a total of at least ten pits that exceeded
the minimum resolvable feature size, 15.6 um>. For each salt
loading exposed at 98RH, a single sample was sufficient to
observe at least ten pits. Given the time-consuming nature of
testing and data analysis, in-depth study of specimen-to-specimen
variability in the rate of pit nucleation for a given environment was
outside the scope of the present investigation.

Across all samples, only a small percentage of drops were
associated with pits, see Table 1. In all but two cases, pits
nucleated and grew under separate droplets relative to other pits
on that sample. Additionally, simultaneous nucleation and growth
of multiple pits under widely separated drops was observed for all
tested environments. The percentage of droplets from which pits
nucleated increased with increasing RH but was not a strong
function of salt loading; given sample-to-sample variability in pit
nucleation, more replicates are necessary to confirm this
observation.

The rate of pit nucleation per unit wetted area increased as a
function of RH but was not a strong function of salt loading, see
Fig. 2a. Except samples exposed at 84RH-060, all samples
exhibited similar rates of volume loss per unit wetted area over
the first 60 h after exposure, see Fig. 2b. The volume loss for
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samples exposed at 84RH-060 was an order of magnitude smaller
than for all other environments of interest.

The evolution of individual pits

Plots of pit volume as a function of time for two pits are provided
in Fig. 3. The absolute error in pit volume measurement was
between 1 and 5% of the total pit volume, see refs. 1%4° for more
details. Nonphysical decreases in pit volume, e.g. Figure 3b, are
within this measurement error, see representative error bars in
Figs. 3, 4.

The sigmoidal growth kinetics exhibited by the pits in Fig. 3
were typical of 51 of the 63 pits observed in this study. As
observed in ref. *°, the limited temporal resolution of this study
prevented clear differentiation between the exponential, linear,
and asymptotic periods of pit growth. The separations in Fig. 3a
are suggestions for when these periods occurred, not definitive
delineations.

To illustrate the morphological evolution typical of the 51 pits
that exhibited sigmoidal growth kinetics, 3D renderings and 2D
slices of the pit shown in Fig. 3a at 6 timesteps after nucleation are
provided in Fig. 3c-k. As observed in prior studies of pitting in Al,
pits across all environments exhibited an arborescent-like
morphology, with meandering branches or tendrils propagating
into the Al material*. These tendrils were occasionally difficult to
discern using 3D data. For instance, it is likely that the two
volumes observed in Fig. 3d are physically connected; however, it
was not until 7.8 h after this pit nucleated that the tendril joining
these volumes became large enough to be resolved using XCT,
see Fig. 3g. Additionally, as observed in prior studies of pit growth
in AI'94% only a portion of the pit grew between any given
timesteps, e.g. compare Fig. 3g, h.
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Fig.3 Growth trends for two typical pits. Plots of pit volume as a function of time elapsed after nucleation are provided for two typical pits
in (@) and (b). Insets show tomographs of these pits. 3D renderings and 2D tomographs of the pit shown in (@) at the points highlighted with
yellow are provided in (c-h) and (i-k), respectively. In (c-h) the droplet is colored blue, the surface of the wire is colored gray, yellow indicates
new growth relative to the previous time step and black represents growth at the prior time step. (g) shows a top-down view of the pit. (h)
and (i) show cross-sections of the pit along the axes shown in (g). Error bars represent absolute error in pit volume measurement.

For the remaining 12 pits observed in this study, the growth
kinetics were piecewise, with strong similarities to sigmoidal
kinetics. Examples are provided in Fig. 4. For these pits, after
reaching an initial asymptote, pit volume increased nonlinearly for
hours until a second asymptote was reached. For some pits, such
as that shown in Fig. 4a, this process was repeated multiple times
until the pit reached its final volume. The morphology of these 12
pits both before and after reaching this asymptote evolved in a
manner similar to the other 51 pits.

For the 12 pits that exhibited piecewise growth kinetics, we
define initial and secondary growth regimes as the regimes before
and after the initial asymptote was reached, see labels in Fig. 4. In
all 12 cases, the initial growth regime exhibited sigmoidal growth

npj Materials Degradation (2023) 61

kinetics. The kinetics of the secondary growth regime varied pit to
pit. In some cases, e.g. Figure 4b, sigmoidal growth kinetics were
observed. In others, e.g. Figure 4a, piecewise linear growth kinetics
were observed. In the latter case, it is possible that the temporal
resolution of this study was insufficient to resolve sigmoidal
growth kinetics.

The transition from initial to secondary growth regimes was
associated with one of two distinct events: droplet spreading or
oxide-jacking. These are illustrated in Figs. 4, 5. For clarity, the
terms droplet spreading and oxide jacking are now defined.

Droplet spreading by the formation of secondary droplets is
known to occur around NaCl or MgCl, drops associated with
growing pits in aluminum and other alloys*'=**. It can be caused

Published in partnership with CSCP and USTB



1 | |

|

10500 ' '
84 RH QE) -...tlI.!.!.Il
2 5 oy
9000 -| 60 g em™ | §§“ & -
5 = .Ei S8
" 83 & o3
7500 E | A 5 Y108
a _B S w.oF
£ o000 £ | LIRS
2 TE o o ®
24500 5 N
° 5
g 3000 4 L -
S IS ?‘
Q',.Q.o !T . b
1500 453 gl
." a
. |
0 wE— T T T T T T T

0 5 10 15 20 25 30 35
Time after nucleation (hr)

(b)

Volume (/1,m3)

npj

P.J. Noell et al.
5
1 1 L I I
16000 | 98 RH _4e0oof
60 2 ¢
140004 °°H&m | 4 -
4
12000 fooy =
¢ %
a L <) -
10000 Initial c 3
Growth Regime ' Q
8000 ¢ | R =
S
6000 — /’ r
& 'f Secondary
4000 S P R4 Growth Regime
m@“\’ s |
2000 s & ~
- I
04+¥ T T T T T
0 5 10 15 20 25 30
Time after nucleation (hr)

(e) 10.4 hr

————p—mm

Fig. 4 Growth trends for two pits displaying secondary growth regimes. Plots of pit volume as a function of time elapsed after nucleation
are provided for two pits that exhibited piecewise sigmoidal growth kinetics in (a, b). Dashed lines separate the initial and secondary growth
regimes. 3D renderings of the pit shown in (a) at the six timesteps highlighted red are provided in (c-h). The droplet and wire surface are
colored gray. Yellow indicates new growth relative to the previous time step while black represents growth at the prior time step. The arrow at
(d) highlights the beginning of droplet spreading. (i-k) show 2D slices of this pit at 8 timesteps. (i) shows a top-down view of the droplet

above the pit while (j) and (k

) show cross-sections of the pit along the axes shown in (i). Arrows indicate droplet spreading at 3.9 and 6.5 h.

after this pit nucleated and oxide jacking at 18.2 and 24.7 h. after this pit nucleated. Representative error bars indicate absolute error in pit

volume measurement.

by 1) the creation by oxygen reduction and/or hydrogen
reduction of OH ions near the edge of droplets (cathodic
spreading), or 2) the production of metal ions by corrosion
migrating from within the pit into the droplet (anodic spreading).
In either case and under equilibrium conditions, added ionic
species, e.g. OH’, near the edge of the electrolyte can cause water
to be absorbed into the electrolyte. This leads to growth and
spreading of the electrolyte®'3,

An example of droplet spreading is shown in Fig. 4a. A small
secondary droplet formed at the edge of the main droplet
approximately 6.5 h. after this pit nucleated. This droplet grew and
spread in subsequent timesteps. Shortly after this droplet formed,
all measurable growth of this pit ceased for approximately 1.3 h.

Published in partnership with CSCP and USTB

Pit growth subsequently resumed at a rate faster than that
measured prior to the formation of a secondary droplet. In total,
seven pits exhibited droplet spreading. In each case, within the
temporal resolution of this study, the growth kinetics of these pits
after droplet spreading were piecewise linear. The number of pits
associated with droplet spreading are summarized in Table 1. All
cases of droplet spreading occurred at 84 RH.

Oxide jacking is defined as follows. Oxidation of many metals,
including Al, is generally accompanied by a net increase in
material volume*>#®, When this occurs within a confined space,
e.g. an occluded pit, the stresses generated by the net expansion
of material can be sufficient to fracture or deform the surrounding
material. This results in the phenomena known as oxide jacking.

npj Materials Degradation (2023) 61
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Fig. 5 Growth trend for a pit exhibiting oxide jacking. (a-c) show 2D slices of a pit that exhibited oxide jacking at four timesteps. (c) shows
top-down views of the droplet associated with this pit. Arrows highlight the oxide jacking that began 14.3 h. after his pit nucleated. A plot of
pit volume as a function of time after pit nucleation for this pit is provided in (d). The inset in (d) highlights a small area of the boxed region in
(b) 14.3 h after this pit nucleated. The 2D slices in (a-c) come from the timesteps highlighted in the plot in (d).

Commonly associated with cracking of steel-reinforced concrete,
oxide jacking has been observed in many metals during corrosion,
including Al*®,

In the current study, oxide jacking was associated with five pits,
e.g. see red arrows at 18.2 and 24.7 h in Fig. 4g-k. To better
elucidate this phenomenon, a second pit associated with oxide
jacking is shown in Fig. 5. As illustrated in Fig. 5d, all measurable
growth of this pit ceased 7.8 h. after it nucleated. Subsequently,
between 13 and 14.3 h after this pit nucleated, three simultaneous
(within the temporal resolution of this study) events occurred.
First, uncorroded metal around the pit mouth was forced away
from the surface of the wire, see red arrows in Fig. 5. Second,
cracks appeared in the corrosion product, as illustrated in Fig. 5d.
Third, measurable pit growth resumed, both near the pit mouth
and near the bottom of the pit, e.g. see region boxed red in
Fig. 5a. Over subsequent timesteps, uncorroded metal around the
pit mouth was forced further away from the surface of the wire. Pit
growth into the wire’s interior continued, see regions highlighted
by green and blue boxes in Fig. 5. Eventually, the rate of pit
growth slowed, and pit volume reached a new asymptote. For the
pit shown in Fig. 5, this process subsequently restarted, producing
an additional secondary growth rate. The number of pits
associated with this phenomenon at each environment are
summarized in Table 1. One pit, that shown in Fig. 4a, was
associated with droplet spreading and oxide jacking, in that order.

The growth kinetics of individual pits

For all pits observed in this study, both those with and those without
a secondary growth regime, the initial pit growth rate is defined as
the slope of the approximately linear region within the initial growth
regime. This linear region is labelled in Fig. 3b and Fig. 4a, b. This
approach follows methods described elsewhere for evaluating the
growth rate of sigmoidal functions***° and allows pit growth rates
reported in this study to be compared to those provided in prior
studies'%*C, Secondary pit growth rates are defined as the slopes of
the linear region(s) within the secondary growth regime, see Fig. 4.
For some pits exhibiting piecewise growth kinetics, e.g.,, the pit
shown in Fig. 4a, multiple secondary growth rates were recorded.
Note that pit morphology during both the initial and secondary
growth regimes evolved in similar manners. Figure 6a highlights
three key results of this study. First, for each environment, the initial
pit growth rates varied by more than an order of magnitude. Second,
the initial pit growth rates observed at 84RH-200, 98RH-060, and
98RH-200 were remarkably similar. Finally, the initial growth rates of
pits were significantly slower at 84RH-060 than at any of the other
environments. These results are also highlighted in Supplementary
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Table 1, which provides the minimum, maximum, average, median,
standard deviation, and skewness of initial pit growth rates for all
four environments.

Figure 6b shows two trends regarding secondary growth rates.
First, at all environments, secondary growth rates were generally
significantly faster than initial pit growth rates, see also Fig. 6c.
Second, the rate of secondary growth increased with increasing
RH but was not a strong function of salt loading. As highlighted in
Table 1, droplet spreading only occurred at 84RH, while oxide
jacking primarily occurred at 98RH.

A similar trend to that observed in the distribution of initial pit
growth rates was observed in the distribution of final pit volumes,
see Fig. 7b. The duration of pit growth was a weak function of RH,
see Fig. 7a, with the longest growing pits observed in the
conditions of lowest RH. Salt loading had no clear effect on the
duration of pit growth.

The droplet size associated with pit nucleation increased with
increasing RH, see Fig. 8a. At 84RH, the droplet size associated
with pit nucleation increased with salt loading, but this was not
observed at 98 RH. These data suggest that, for the conditions in
this study, a minimum droplet size of 1073 nL was necessary to
nucleate a pit larger than the minimum resolvable feature size,
15.6 um?>.

As Fig. 8b, c show, the initial pit growth rate and final pit volume
varied significantly for a given droplet volume. For a given droplet
volume, these data also indicate that an upper limit existed for the
initial pit growth rate and the final pit volume. This relationship
was nonlinear, with a significant increase in the maximum pit
volume and initial pit growth rate when droplet size exceeded
0.1 nL.

DISCUSSION

Predicting the distribution of pit sizes as a function of environ-
ment and time remains a key challenge within the field of
atmospheric corrosion. This is a function of both the rate and
duration of pit growth - this study focuses on the factors that
affect the growth rate of pits. In the present study, pits at all
environmental conditions generally exhibited similar growth
kinetics, i.e. sigmoidal, and similar morphologies, i.e.
arborescent-like. It is thus reasonable to compare pit growth
rates across these environments.

To understand the effects of RH and salt loading on pit growth
rates, we must first consider the effect of droplet size on pit
growth rate. The upper limits in Fig. 8b, c indicate that initial pit
growth rates and final pit volumes were strongly influenced by
droplet volume. These upper limits can be explained by cathodic

Published in partnership with CSCP and USTB
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Fig.6 Trends in pit growth rates as a function of environment. For
the four environments examined in this study, distributions of (a)
initial and (b) secondary pit growth rates are provided. Some pits
exhibited multiple secondary growth rates - all of these are included
in (b). (c) shows a plot of secondary growth rate as a function of initial
growth rate; connected points highlight secondary growth rates that
were associated with a single pit. Contour lines are provided in (c) as
a visual guide to compare initial and secondary growth rates.

limitations: increasing the droplet size increases the total possible
cathodic area, increasing the total cathodic capacity and
maximizing initial pit growth rates and pit volume. This suggests
that the fastest growing pits for a given droplet volume grew
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under cathodic control. Cathodic limitations on growth rate have
also been shown in mass-loss measurements in Al systems®.

Consider now the effect of RH and salt loading on droplet
volumes. Figure 1 shows that the median droplet volume
increased by an order of magnitude with increasing RH but was
not significantly influenced by salt loading. This explains many
observations from this study, e.g. the similarities in pit growth
rates at 98RH and the significant differences in growth rates
between 98RH-060 and 84RH-060 but does not explain the
difference between growth rates at 84RH-200 and 84RH-060.
Regarding the latter observation, Fig. 8a provides a key insight: the
distribution of droplet volumes beneath which pits nucleated at
84RH-200 was significantly larger than at 84RH-060. Notably, for a
given droplet volume, initial pit growth rates at 84RH-060 were
similar to those observed for all other environmental conditions.
However, the median droplet volume beneath which pits
nucleated at 84RH-060 was nearly an order of magnitude smaller
than the median droplet volumes beneath which pits nucleated at
other environments. Thus, the significant differences in pit growth
rates and final pit volumes between 84RH-060 and all other
conditions can be, at least partly, attributed to the distribution of
droplets beneath which pits nucleated for these environments.

We note that changing RH and salt loading also alter the
electrochemical processes associated with pitting, e.g. oxygen
solubility and diffusivity. As described in the Supplementary
Discussion, electrochemical calculations suggest that the total
cathodic capacity available for dissolution increases with increas-
ing RH and salt loading. We speculate that these effects were
muted by the significant changes in droplet size caused by
changes to RH and salt loading as discussed in the previous
paragraphs.

Figure 8 also shows that a wide range of pit growth rates
occurred for a given droplet size, even for a single environment.
Pitting is a stochastic process and factors other than droplet size
affect the final pit volume and initial growth rates of pits. A prior
study of pit growth in a 99.99% (4 N) Al material, which contained
relatively few, widely-spaced Fe-rich particles, indicated that pit
growth rates are affected by the local grain and dislocation
structure®®, In the present study, the distribution, size, and
morphology of Fe-rich intermetallics also likely influenced pit
growth rates. These intermetallics are known to serve as local
preferential cathodes and likely locally accelerate pit growth®'.
The limited temporal resolution of this study prevented char-
acterization of the local rates of corrosion near Fe-rich inter-
metallics, but their effects can be assessed indirectly as described
in the following.

Consider the difference in pit growth rates at 84RH-200
between this material and the 4N-Al material used by ref. 4, see
Fig. 9. Note that the 4N-Al material had a significantly lower
volume-density of Fe-rich intermetallics than the material used in
this study. Figure 9 suggests that, for a given droplet volume, the
presence of Fe-rich particles in the 1100 Al material significantly
accelerated pit growth rates. We speculate that the variations in
pit growth rates for a given droplet volume observed in this study
can be partially attributed to local variations in the density, size,
and morphology of second-phase particles, though grain bound-
aries and local dislocation density likely also played a role®2

The fastest rates of pit growth observed in this study occurred
after droplet spreading or oxide jacking. We first consider the
effects of droplet spreading on pit growth kinetics. Prior in-situ
XCT studies of pit growth in Al demonstrated that, by altering
cathode size and efficiency, droplet spreading tends to increase
the rate of pit growth'%4°, As Fig. 6¢ shows, the rate of pit growth
increased by 50% or more following droplet spreading. Addition-
ally, as shown in Fig. 7a, the longest durations of pit growth were
associated with droplet spreading. This is also attributed to the
increased size and efficiency of the cathode after droplet
spreading'®“°, These observations indicate the crucial role that
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droplet spreading plays in dictating the maximum pit size. Indeed,
all of the largest pits observed at 84RH-060 and two of the largest
pits observed at 84RH-200 were associated with droplet spread-
ing. It is thus relevant to consider the conditions which produce
droplet spreading during pitting of Al.

In the present study, droplet spreading was only observed at
84RH and was associated with =25% of the pits. As discussed by
refs. 4144, droplet spreading can only occur when sufficient ions
diffuse into the droplet such that a significant change in droplet
chemistry results. By this reasoning, the likelihood of droplet
spreading is influenced by initial droplet size, the concentration of
NaCl within the droplet, and the rate of ion production, the latter
being directly linked to pit growth rate. Figure 8a suggests that, at
84RH, for a given droplet size, a minimum initial pit growth rate is
necessary, but not sufficient, for droplet spreading to occur in Al.
Because of the significant decrease in NaCl concentration with
increasing RH from 84 to 98RH, we speculate that significantly
higher rates of pit growth than those observed in this study would
have been necessary for droplet spreading to occur at 98RH.

The fastest rates of pit growth observed at any environment
were associated with the occurrence of oxide-jacking. Based on
the limited temporal resolution of XCT experiments, we hypothe-
size that oxide-jacking was produced by the following sequence
of events. First, the rate of pit growth gradually slowed due to the
formation of corrosion product within the pit increasing ohmic
drop and reacting with the electrolyte to form some combination
of aluminum oxides, hydroxides and hydroxycarbonates, such as
dawsonite (NaAICO5(OH),) 54°. Precipitation of the latter has been
shown to dry out NaCl electrolytes during corrosion of aluminum
under conditions similar to this present study®, though it could not
be clearly differentiated from the electrolyte using XCT. The
pressure created by the expanding corrosion product or other
debris within the pit eventually exceeded the local strength of the
Al surrounding the pit mouth, causing a portion of the Al to
rupture. The corrosion product precipitated in the electrolyte
subsequently fractured, potentially by the force of the uplifted Al.
These two events, which likely occurred nearly simultaneously,
would have significantly increased oxygen availability to the
surface. The sudden cathodic activity at the surface would act to
re-start and potentially accelerate the rate of pit growth.
Additionally, the fractured corrosion product could have created
a new ionic pathway to the cathode, increasing the cathodic
current available to support corrosion and hindering outward
diffusion of produced metal cations, therefore increasing the pit
growth rate®>.

This finding indicates that identifying conditions under which
oxide jacking occurs is critical to predicting the maximum depth
and volume pits can reach. We speculate that the occurrence of
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oxide jacking in this material is controlled by the rate at which
corrosion product is produced within the pit, i.e. the pit growth
rate, and the shape of the pit, particularly the size of the pit
mouth. Notably, all pits associated with oxide jacking were
associated with initial pit growth rates of 450 um3 hr=" or greater.
While the spatial resolution of this study was insufficient to
accurately characterize the size and shape of pit mouths, the
narrow mouth shown in Fig. 5 was typical of pits associated with
oxide jacking. Thus, pit morphology may play a controlling role on
the occurrence of oxide jacking within this material.

Although data on pit nucleation is relatively limited, this study
suggests that increasing RH affected the likelihood of pit
nucleation, with roughly 3 times as many droplets associated
with a pit at 98RH than at 84RH. This may be partially attributed to
the significantly larger droplets present at 98RH than at 84RH. The
likelihood of a droplet intersecting susceptible microstructural
features, e.g. the Fe-rich intermetallics shown in Supplementary
Fig. 1#'°%*> that can act as preferential pit nucleation sites
increases with increasing droplet size. Similar increases in the
likelihood of pit nucleation with increasing drop volume have
been observed in 1000-series steels, where pits preferentially
nucleate at inclusions beneath droplets®'S,

Over the first =70h after exposure, at all environmental
conditions, cumulative volume loss followed a power law. The
rate of volume loss at 84RH-060 was an order of magnitude lower
than all other conditions. No significant difference in the rate of
volume loss was observed between the other three samples. In
prior studies of mass change in commercial-purity Al exposed at
98RH, volume loss was observed to increase significantly with
increasing salt loading. However, this difference was only
observed 150 h after exposure began; within the first 70 h after
exposure, Schaller et al.® observed no significant difference in
mass change between samples loaded with 60 and 125 pug cm—2
of NaCl.

METHODS

Material

A 0.813 mm diameter 1100 Al wire material was acquired from
McMaster-Carr for this study. This material was in the O-temper,
i.e. it was annealed after drawing to the final diameter. The
composition of this material, in mass percent, was measured using
inductively coupled plasma mass spectroscopy and was: Zn
0.003%, Si 0.085%, Mn 0.002%, Mg <0.001%, Fe 0.45%, and Cu
0.047%, with the remainder (99.4%) being Al. The principal axes of
this material are defined as the fiber direction (FD), which is
parallel to the wire drawing direction and the length of the wire,
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Fig. 8 The relationship between initial droplet size and pit
growth. a A CDF showing the volume of droplets associated with
pits is provided. (b) and (c) show plots of final pit volume and initial
pit growth rate as a function of droplet volume. Blue lines in (b, c)
suggest upper limits for pit volumes and pit growth rates for given
droplet volumes.

and the radial direction (RAD), which is parallel to the diameter of
the wire.

Samples were extracted from this material perpendicular to the
FD and parallel to the FD to characterize the microstructure. Using
the methods described in the next section, microstructural
characterization was performed using electron backscatter
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diffraction (EBSD), energy-dispersive X-ray spectroscopy (EDS),
and secondary electron imaging. A backscatter electron image of
this material is provided in Supplementary Fig. 1. This image
reveals the presence of strings of =1-10 um long particles aligned
with the wire FD and dispersed throughout the microstructure. As
the example EDS maps provided in Supplementary Fig. 1b, ¢
show, these particles were Fe-rich and are presumed to be the
AlsFe intermetallics known to serve as local preferential cathodes
in Al alloys®'.

EBSD maps reveal that grains are slightly elongated along the
wire drawing direction and roughly equiaxed in the RAD plane.
These maps are provided as inverse pole figure (IPF) and kernel
average misorientation (KAM) maps in Supplementary Fig. 2. The
average grain length, defined as the length of the grain parallel to
the FD, was 26 um. The average grain diameter, defined as the
length of the grain parallel to the RAD, was 20 um. By measuring
the misorientation between neighboring points within a kernel,
KAM maps provide a useful way to visual local misorientations
within grains created by geometrically necessary dislocations, see
ref. >7 for more information. These maps indicate the presence of
some residual dislocation structure in the presence of geome-
trically necessary dislocations within grains.

Microscopy

All  microstructural characterization prior to corrosion was
performed using a Zeiss Supra 55VP field emission scanning
electron microscope (SEM). An accelerating voltage of 20 kV was
used to collect all secondary electron images, EBSD data, and EDS
data. Oxford HKL AZtec™ was used to collect EBSD data using a
stepsize of 0.5 um. All EBSD data were analyzed using MTEX*%, an
extension for MATLAB. During post-processing, no methods were
applied to “clean up” the EBSD data, e.g. removing unindexed
pixels. For EBSD data analysis, grains were defined by assigning
adjacent points that were misoriented by less than 5° to one
another to the same grain. Grains smaller than 10 points were
merged with neighboring grains.

Specimen preparation

Seven specimens of the 1100 Al wire were prepared for in-situ
characterization using XCT. The same procedure used in ref. '° was
used to prepare these specimens. This method is now briefly
described.

Specimens approximately 25 long mm were cut from the as-
received material. Each specimen was cleaned for 90s in a
solution of 1.0 M NaOH at 60 °C. Each specimen was then rinsed in
deionized water, placed in a solution of 70% HNOs for 30 s, rinsed
again with deionized water, and, lastly, dried using compressed
air. After this initial preparation, the inkjet printing method
described in ref. 5° was used to deposit a uniform field of discrete,
picoliter-sized droplets of near-saturated NaCl along the entire
surface of the wire. A LogoJET ProH4 inkjet printer (LogoJET USA)
was used for this procedure. Four specimens were loaded with
60 ug cm~2 of NaCl. The remaining three specimens were loaded
with 200 pg cm~2 of NaCl.

After salt printing, each specimen was encapsulated in a plastic
tube, following the procedure described by ref. '°. The tube was
attached on one end to a sample holder that could be easily
inserted into the XCT system used in this study, see next section
for more details. A small sponge was inserted into the other end of
the plastic tube. Each sample was subsequently stored in a dry
atmosphere until tested.

Immediately before the commencement of each in-situ test, a
few droplets of a super-saturated KCl or K,SO, solution were
added to the sponge to create either a 84% or 98% RH
atmosphere within the tube, as described by ref. . Both ends
of the tube were subsequently sealed using a photo-cure epoxy
and the entire assembly was placed within the XCT system for in-
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loading with NaCl. Data in ref. *° were collected using the same temporal and spatial resolution as that used in this study.

situ characterization. Note that, aside from salt loading and the
super-saturated solution added to the sponge, all samples were
prepared and handled identically throughout the study. Lastly, we
note that the sponge remained saturated throughout the
experiment, i.e. it was still wet after the termination of each
experiment.

In-situ XCT Characterization

All XCT data were collected using a Zeiss Xradia Versa 520 (Carl Zeiss
XRM, Pleasanton, CA). This is a laboratory-based XCT system. All scans
were performed using the following settings: a 4X objective, no
beam filter, a power of 5W, and an accelerating voltage of 60 kV. To
give an effective voxel size of 1.25 um for all scans, the source to
sample and sample to detector distances were adjusted. The
effective spatial resolution, also known as the minimum resolvable
feature size, for all XCT data collected in this study was 15.6 um3, i.e.
2x2x2 voxels for three-dimensional features. This approximately
corresponds to a hemispherical pit 4 um in diameter.

Immediately after placing samples within the XCT system, the
top of the wire was identified using X-ray radiography. A 1.25 mm
tall portion of the wire 3 mm below the top of the wire was then
centered within the field of view of the XCT system. For each
sample, this same region was subsequently characterized for the
duration of in-situ characterization. During characterization, the
XCT system remained at room temperature, i.e. 25°C+ 3 °C.

After identifying the region of interest, in-situ characterization of
each specimen proceeded as follows. First, a one hour “warm-up”
scan was performed at 60 kV and 5 W, following the manufacturer’s
recommendations. This scan was intended to ensure that the X-ray
source fully stabilized at the desired accelerating voltage. For all
samples, no pits were observed to nucleate during this warm-up
scan. Next, 3D tomography data was collected over the 1.25 mm tall
portion of the sample within the field of view. This data was acquired
by rotating the sample through 360° and collecting a radiographic
projection every 0.225° for a total of 1601 projections. Each
radiograph was collected using an exposure time of 2s to ensure
that the manufacturer's recommended 5000 counts was reached
through the thickest part of the Al wire. Reference images were
automatically collected during the scan. Each reference image
consisted of ten frames without the sample in the field of view. These
reference images allowed radiographs to be normalized by
subtracting this reference image as background. After collecting
each dataset, a 3D dataset was automatically reconstructed using the
Zeiss XMReconstructor software. This software uses a standard
filtered back-projection method to reconstruct data. Simultaneously,
collection of the next dataset began. The total collection time for
each dataset was 80 min + 2 min. Thus, the temporal resolution of all
XCT datasets collected in this study was 1.33 £ 0.67 h. Note that the
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accumulated X-ray exposure may affect the pitting process to some
degree, but this effect is ignored in the present study.

Using the Zeiss Scout & Scan software, XCT data was set to be
collected automatically for the first 101 h after exposure for all
samples. This included the 1-hour warm-up scan and 75 scans as
described in the previous paragraph. However, due to software
errors, in-situ characterization of 1 sample each at 84RH-060,
84RH-200, and 98RH-200 were interrupted 73, 66.3, and 91.7 h
after exposure, respectively.

3D data segmentation and analysis

Reconstructed tomography datasets were processed and analyzed
using the Dragonfly 3D Software 2021.1 (Object Research Systems
Inc, Montreal, Canada, 2021). Phases of interest, such as pits and
droplets, were segmented using a combination of deep-learning
based segmentation and manual segmentation based on local
grayscale values and voxel locations. The deep-learning model
used for segmentation is now briefly described.

Deep-learning based segmentation was performed using Keras,
an open-source machine learning framework. A three model
deep-learning pipeline was employed for data segmentation. The
first model (the pit detector model) was used to flag pits within
the volume. The second model (the pit segmentation model)
segmented the flagged areas. Lastly, a third model (the material
segmentation model) was used to segment the Al material from
all other phases, including pits, droplets, and air. This workflow is
now described in more detail.

First, the pipeline divided the entire volume into overlapping,
equal sized 3D subvolumes, or chunks, of size 64 x 64 x 64. These
chunks were passed to the pit detector model, which produced a
binary classification indicating if the current chunk contained a pit.
If so, the chunk was passed to the pit segmentation model which
performed a per-voxel segmentation on that chunk into one of
two classes: pit or nonpit. Lastly, the material model was applied
to separate wire material from air. The results from the pit
segmentation and material model were combined to obtain a full
segmentation for all three classes, pit, material, and air. Note,
when segmenting pits, droplets were segmented as air - a
separate approach using a conventional threshold-based
approach was used to segment the droplets whose volumes are
reported in Fig. 1. This process was repeated for all chunks in the
volume, and once finished, the subvolumes are joined into a full
segmentation of the input volume. These three models are now
described in more detail.

The pit detector model was a sequence of multiple 3D CNN
layers stacked in unison with the appropriate pooling and
normalization intermediaries. These layers re-scaled the resolution
of any particular chunk (passed in as input) and propagated useful
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pixel information downward for the final dense layer classification.
Our pit detector model took in subvolumes of size 64 x 64 x 64
and was trained to determine if any pit voxels were present in the
central 32x32x32 region of this subvolume. The additional
voxels in each dimension served to add additional context to aid
the model in performing its classification. This final classification
was a binary true or false, indicating whether pit voxels were
found in the center of the subvolume and was used to decrease
the overall false positive rate in the volume. The subvolumes that
were flagged by the pit detector model were first center-cropped
to a 32x32x32 window and then passed to the pit
segmentation model.

The pit segmentation model and the material segmentation
model both used a V-Net architecture®'. The segmentation models
act on input chunks (32x32x32 in the pit segmentation case,
128x 128 x 128 in the material segmentation case) and were
comprised of multiple downward convolution layers, successively
exchanging spatial context for channel context. That information
was paired with an equal set of transposed convolutions, which
served to gradually restore spatial context until producing the
same sized output. Combining these two results, this yields a per-
voxel segmentation for that particular chunk into one of three
classes for each voxel: material, pit, or air.

This deep-learning based model was used to perform initial
segmentation on all 3D datasets collected during this investiga-
tion. This initial segmentation then served as a baseline from
which to perform manual segmentation. Notably, all 3D datasets
were manually segmented using the features identified using
deep-learning as a reference. Subsequently, local grayscale values
and voxel location relative to the surface were used to identify and
segment pits. These segmented data were used to evaluate the
volume and surface area of pits.

Based on the voxel size used for this study, the minimum pit
size that could be identified was 15.6 um>. A pit was defined as
nucleated once it met or exceeded this threshold. The timestep
associated with pit nucleation was identified for each pit. Based on
this information, the duration of growth for each pit was
measured as the time elapsed from the timestep preceding that
at which it was first observed to the last timestep at which any
visible growth occurred. Two pits continued growing after XCT
characterization was terminated and, as such, no determination of
pit growth duration could be made for these two pits.

Droplet volume and coverage area were also assessed using
XCT data. Droplets were manually segmented based on local
grayscale value and location relative to the wire surface. The
minimum droplet size that could be assessed from XCT data was
15.6 um3. The volume of droplets and the total droplet coverage
area from representative samples exposed at each environment
were characterized using XCT data collected 10 h after exposure.

The volume of individual droplets associated with pits were
assessed at the first timestep associated with a linear rate of
growth for that pit. This timestep is highlighted in Fig. 3a. As this
timestep varied pit to pit, the time elapsed between pit nucleation
and when droplet volume was measured varied between 1.3 and
6.2 h. To assess if droplet volume varied significantly with time in
the first 7h after a pit nucleated, the volumes of droplets
associated with two pits were measured for the first seven hours
after each pit nucleated. In both cases, droplet volume varied by
5% or less over these first 7 h.
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