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Revealing the growth kinetics of atmospheric corrosion pitting
in aluminum via in situ microtomography
Philip J. Noell 1✉, Eric J. Schindelholz1 and Michael A. Melia1

Understanding the mechanistic relationship between the environment, microstructure, and local kinetics of atmospheric corrosion
damage remains a central challenge. To address this challenge, this study used laboratory-based X-ray tomography to directly
observe attack in-operando over an extended period, enabling insights into the evolving growth kinetics and morphology of
individual pits over months of exposure. Damage progression associated with nine pits in a 99.9% pure aluminum wire exposed to
chloride salts in humid air was characterized. Most pits grew at a nominally linear rate up until pit death, which occurred within
12–24 h of nucleation. Exceptions to this were observed, with three pits exhibiting bimodal growth kinetics and growing for 40 or
more hours. This was explained by secondary droplets that formed near the pits, increasing the cathode area. A corrosion-driven
drying mechanism likely contributed to pit death in both cases. Pits first grew into the material followed by lateral expansion.
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INTRODUCTION
Predicting the kinetics and morphology of the localized damage
produced during corrosion of passive alloys is a foundational
challenge. This is especially the case for atmospheric corrosion,
wherein the complex mechanistic interrelationships between
environment, material microstructure and the electrochemical
processes driving corrosion remain poorly understood. A major
hurdle in assessing these relationships is the inability to directly
measure and track local corrosion damage rates and morphology
in-operando over extended periods without altering or interrupt-
ing the evolving process. Current procedures for studying
atmospheric corrosion kinetics are destructive, e.g., mass loss,
and provide little information on the evolution of individual pits in
relation to the environment and microstructure. Alternatively,
several studies in the past decade demonstrated that X-ray
tomography (XCT) can be used to characterize corrosion-related
damage non-destructively in-operando1–6. This study applies this
tool to elucidate the long-term growth kinetics of atmospheric
corrosion pits in aluminum.
Both laboratory-based and synchrotron XCT have been used to

study pit growth under immersed and atmospheric conditions, for
galvanic couples and the evolution of environmentally-assisted
cracking2,4–15. Several recent studies utilized X-ray microtomogra-
phy to directly measure the rate and morphology of intergranular
corrosion of AA7075 and AA2024 during the initial stages of
atmospheric corrosion under millimeter-sized chloride salt dro-
plets3,16,17. Du Plessis et al.17 observed the first 24 h of corrosion
attack for 85% RH under NaCl droplets for AA2024-T351. The first
hours of attack occurred as fine intergranular fissures into the
material that subsequently expanded laterally. Post-mortem
characterization using XCT of AA2024 and AA7075 samples
exposed for up to 7 days suggested a rapid increase in corroded
volume after the first ≈3 days of exposure18. This was explained as
localized corrosion throughout the grain boundary network18.
Such studies provide unprecedented insight into the initial stages

of pitting kinetics under millimeter-sized droplets, but the kinetics
and morphological evolution over extended times remain unclear,
particularly for pitting under the microscale droplets which are

typical for many natural atmospheric environments19. Understand-
ing how pits evolve under these conditions is critical to developing
robust damage models for corrosive environments20. Laboratory
studies of aluminum corrosion at longer times (weeks to months)
have shown that volume loss and attack depth can reach a limiting
value under a fixed amount of salt for high humidity conditions21–23.
Schaller et al. found the time at which corrosion stifled strongly
correlated with observed dry-up of electrolyte for NaCl droplets on
AA1100 at 98% RH23. This was attributed to corrosion stifling by a
reaction of the cathode electrolyte with atmospheric CO2 during
corrosion which precipitated sodium aluminum carbonate com-
pounds that dry the surface23,24.
As a first step towards evaluating the relationship between pit

growth, microstructure, and the evolving surface environment,
this study applied XCT to characterize the evolving kinetics and
morphology of pitting attack over 96 days of exposure for a 99.9%
Al wire loaded with 60 μm/cm2 sodium chloride salt particles at
84% RH. This material and environment were chosen both for their
pedagogical simplicity and for their relationship to previous work
by the authors on aluminum atmospheric corrosion kinetics23.
Focusing on this system provides insights into the effects of
corrosion-induced electrolyte changes on atmospheric corrosion
kinetics without the complicating factors of multiple phases or
inclusion types typical in many engineering alloys. Specifically, this
investigation examined the long-term growth kinetics of indivi-
dual pits, factors that influenced this growth rate, and how pit
morphology evolved over time.

RESULTS
In-situ XCT characterization
A brief summary of the experimental methods is provided here;
detailed information is provided in the “Methods” section. The
growth kinetics of atmospheric corrosion damage was character-
ized using in-situ XCT observations of a 1.02mm diameter Al wire
having a nominal purity of 99.9% Al, see Supplementary Fig. 1 for a
schematic. Microscopy performed on samples of this material
revealed Fe-rich strings of ≈1 to 10 μm inclusions aligned with the
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wire fiber direction (FD), Supplementary Fig. 2. EBSD data, see
Supplementary Fig. 3, indicated that grains contained residual
dislocation structures distributed as dislocation boundaries as is
typically observed in deformed wavy glide materials such as Al25–30.
More information on the material microstructure is provided in the
Supplementary material.
The wire was cleaned and loaded with NaCl microparticles at a

loading of 60 μg/cm2. The salt-loaded wire was then exposed to
84% RH at ~25° C for 2277 h. A 2.5 mm length of the wire was
imaged by XCT periodically over the course of the exposure using
a 1.5 μm voxel size, giving a spatial resolution of 27 μm3 (2 × 2 × 2
voxels). A total of 15 XCT datasets were collected. Because of the
3.5 h required to collect individual XCT datasets, the temporal
uncertainty for all in-situ measurements is ±1.75 h. XCT datasets
were collected at intervals of 7 h or less for the first 88 h of
exposure. XCT scans of the sample were also begun after 1116 and
2270 h of exposure.
Within the 27 μm3 spatial resolution of XCT data, nine discrete

pits nucleated within the first 88 h of exposure. Eight more pits
formed between 88 and 2270 h of exposure, but the evolution of

these pits was not captured by the scan schedule used for this
study. Excepting Fig. 1, the eight pits that nucleated after 88 h of
exposure are not hereafter discussed. Based on XCT measure-
ments, cumulative volume loss over the area characterized with
XCT is plotted as a function of time in Fig. 1a. The total number of
pits observed at each time step per unit area of wire inspected are
plotted in Fig. 1b.
Plots of pit volume as a function of time for the nine pits

observed during the first 88 h of exposure are shown in Fig. 2. The
final volumes of all nine pits are provided in Table 1. Note that the
growth kinetics and morphology of the three pits not included in
Fig. 2, pits 7–9, were similar to that of the three pits shown in Fig.
2a, pits 1–3.
As this figure shows, pits can be separated into two general

categories:

● small pits: six of the nine pits ceased observable growth less
than 25 h after nucleation and had final volumes less than
4000 μm3 and

● large pits: three of the nine pits grew for 46 or more hours and
reached final volumes greater than 13,000 μm3.
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Fig. 1 Overall volume loss and nucleation rate kinetics. Cumulative volume loss (a) and cumulative pits per unit area observed at each time
step (b) are plotted as functions of time. Trend lines are added to aid data visualization.

Fig. 2 Growth kinetics of individual pits. Plots of pit volume as a function of exposure time are provided for six pits in (a) and (b). Note the
split in the x-axis between 90 h and 1110 h for (b). c Highlights a change in growth rate for pit 4, see boxed area in (b). Error bars represent
measurement uncertainty in volume and time as described in the “Methods”.
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Excepting pit 6, no measurable volume change was observed in
any of these pits after 71 h of exposure. The time elapsed between
observable pit formation and growth cessation for each pit except
pit 6 is summarized in Table 1. Pit 6 continued to grow after the
XCT scan that ended after 88 h of exposure. The volume of this pit
did not change measurably between scans after 1116 h and
2270 h of exposure, indicating that growth of this pit ceased
between 88 and 1116 h of exposure. At least 65 h elapsed
between when this pit formed and when it ceased growing.
Figure 2a indicates that the growth rate of all small pits was

approximately linear. Linear regression (r2 ≥ 0.96) was used to
measure the growth rates of small pits, as summarized in Table 1.
Figure 2b indicates that the growth rate of all large pits was also
initially linear. Measurements of the initial growth rates of these
pits using linear regression (r2 ≥ 0.98) are provided in Table 1. As
the arrows on Fig. 2b highlight, after an initial period of linear
growth, the growth rate of each of the large pits accelerated
nonlinearly until it reached a new, faster, growth rate. This
occurred at the same timestep for pits 4 and 5. For pits 4 and 5,
linear regression (r2 ≥ 0.99) measurements of this secondary
growth rate are listed in Table 1. Using the two datapoints
available, the secondary growth rate of pit 6 was measured to be
3930 μm3/h.
XCT data were used to measure the maximum depth of each pit

at each time step. These data are plotted as a function of time for
pits 1–6 in Fig. 3. Parabolic fits for the data for pits 3, 4, 5, and 6 are
overlaid; the pit depth data for pits 1 and 2 were insufficient for
parabolic fits. The final maximum depth of all nine pits are
summarized in Table 1. To better aid in understanding how pit
shape evolved over time, pit depth as a function of pit volume is
plotted in Supplementary Fig. 4 for the three largest pits.

Plots of final pit volume and initial pit growth rate as a function
of initial electrolyte volume are provided in Fig. 4. Because three
pits nucleated before the first XCT dataset was collected, only the
electrolyte volume after the pit nucleated could be measured. For
the other six pits, the volume of the droplets associated with the
pits in the time steps immediately before and after pit nucleation
was averaged and is plotted in Fig. 4.
The coverage area of the droplets associated with all pits are

provided as a function of time in Fig. 5. Note that corrosion
products and the electrolyte phase could not be clearly
distinguished in XCT data. Hence, after significant pit growth
occurred, it is likely that coverage area measurements include
contributions from both.
Time-lapse horizontal slices through X-ray tomograms of one of

the three large pits, pit 4, are shown in Fig. 6. The upper row
shows a top-down view of the evolving droplet and corrosion
product. The arrows in the image of droplets after 15 h of
exposure highlight the droplet under which the pit nucleated
(white arrow) and a nearby droplet (gray arrow). Arrows at
subsequent timesteps highlight droplet spreading or, for the
image at 46 h, droplet drying. The three lower rows show views of
the pit. Arrows in these images highlight approximately the same
location as those indicated in the upper row of images. Time-
lapse, 3D renderings of pit 4, and the associated droplet and
corrosion product are shown in Fig. 7. As in Fig. 6, the arrows
highlight droplet spreading associated with this pit.
The pit growth and droplet spreading shown for pit 4 in Figs. 6

and 7 (2D and 3D renderings, respectively) were typical of the
three large pits. For comparison, time-lapse horizontal slices
through x-ray tomograms of a typical small pit, pit 3, are shown in
Fig. 8. This pit nucleated between 22 h and 29 h and ceased

Table 1. Growth kinetics of individual pits.

Pit 1 Pit 2 Pit 3 Pit 4 Pit 5 Pit 6 Pit 7 Pit 8 Pit 9

Final volume (μm3) 3800 1300 800 13600 30900 69700 800 1440 2800

Initial growth rate (μm3/h) 194 39 30 172 370 439 32 65 194

Secondary growth rate (μm3/h) – – – 240 475 3930 – – –

Time growing (h) 12 19 24 46 72 >65 14 14 15

Maximum depth (μm) 26 13 12 30 22 44 14 16 22

The final volume initial and secondary pit growth rates the length of time during which the pit grew and the maximum depth to which the pit grew are shown
for 9 pits that nucleated within the first 88 h of exposure.

(a) (b)

Fig. 3 Pit depth as a function of time. Plots of pit depth as a function of exposure time are provided for six pits in (a) and (b). No change in
the maximum depth of any of the pits was observed after 81 h of exposure, including Pit 6. All depth measurements are ± 3.0 μm, see the first
and last datapoints plotted for Pits 1 and 5. 3D renderings of pit 6 at three different time steps are shown; images are at different scales. The
scale bar for the insets in (b) is 15 μm. Error bars represent measurement uncertainty in depth and time as described in the “Methods”.
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Fig. 4 Relationship between droplet size and pit growth. Initial pit growth rate (a) and final pit volume (b) are plotted as functions of initial
droplet volume. Diamonds mark the three pits for which only droplet size after pit nucleation was measured. Circles show the average droplet
volume associated with the other pits. The line spans the range between the size of the droplet before and after pit nucleation for these pits.
Data associated with large pits are colored orange. Data associated with small pits is colored white.

Fig. 5 Evolving droplet coverage area. Droplet coverage area associated with each pit is provided as a function of time in (a) and (b). For all
pits except pit 6, no change in droplet coverage area was observed after the final datapoint provided for that pit. Arrows indicate time steps
associated with the acceleration of pit growth for pits 4, 5, and 6. The time steps between which pits nucleated are also indicated. Note that
pits 1, 2, and 5 nucleated before the first scan was completed. Error bars represent measurement uncertainty in time as described in the
“Methods”.

Fig. 6 Two-dimensional views of a growing pit. Horizontal tomograms showing the evolution of Pit 4 are shown. a Shows top-down views of
the evolution of the droplet and corrosion product associated with this pit between 15 h (before pit nucleation) and 71 h. b Shows a top-down
view of the corrosion damage associated with this pit. c, d Show horizontal sections along the planes shown in (b). The scale bar in (a, b) is
20 μm and all images are at the same scale. Arrows in (a) at 15 h of exposure highlight the two droplets associated with this pit. The pit
nucleated beneath the larger of the two droplets. All other arrows highlight changes in the droplet and corrosion product.
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growing between 46 and 53 h after exposure began. Before this
pit nucleated, two discrete droplets (see Fig. 8(a), 15 h.) merged
(see Fig. 8(a), 22 h.). XCT data suggest that this pit nucleated
beneath the tertiary droplet that joined these two droplets.

Post-mortem characterization
Results of Fourier-transform infrared spectroscopy (FTIR) per-
formed on the corrosion product formed at pit 4 are provided in
Supplementary Fig. 5. These data indicated the presence of
Dawsonite (NaAlCO3(OH)2) in the corrosion product. Other
corrosion product compounds were not detected or could not
be definitively resolved. Similar results were observed at 5
other pits.
To characterize the relationship between pit morphology and

the underlying microstructure, focused ion beam (FIB) was used to
cross-section pit 4. A representative secondary electron image of
this pit is provided in Fig. 9a. The location of this cross-section
shows a similar slice of this pit to that shown in Fig. 6c at 71 h.
Comparing these images reveals that XCT did not resolve the
rough morphology around the edges of these pits, particularly
near the bottom of the pit.
Electron backscatter diffraction (EBSD) analysis of the FIB cross-

sectioned area shown in Fig. 9b further indicates that attack
propagated along dislocation and grain boundaries. Grain and
dislocation boundary attack appeared to have been non-selective
with respect to the misorientation angle, as exemplified by the
five labeled grain boundaries in Fig. 9c that were partially
corroded. The influence of inclusions, including the iron-rich
particles seen in Figures (a) and (b), on the propagation pathway
was not clear from cross-sectional analysis. Energy-dispersive X-ray
spectroscopy (EDS) data, provided in Supplementary Fig. 6,
indicated that the pit was largely Al poor and O-rich, indicating
that it was almost entirely filled by aluminum corrosion products,
Dawsonite/Al-oxide/hydroxide. EDS data indicated that the center
of the corrosion product was Cl rich and Na deficient. The

opposite was observed near the edges of the droplet/corrosion
product.

DISCUSSION
In-operando XCT provides an unprecedented window into how
individual corrosion events contribute to the overall mass-loss
behavior measured using conventional techniques. The trend in
cumulative volume loss observed in Fig. 1 is consistent with
previous studies of Al under fixed salt load and constant humidity
conditions: after some period of initial corrosion upon humidity
exposure22,23, measurable loss effectively ceases. This occurred
after similar exposure times (100–500 h) in both this study and in
those of refs. 22,23. In-operando XCT data show that this trend is
reflective of two primary factors. First, stable pit initiation occurs at
a relatively fast rate at the start of humidity exposure. The
appearance of new stable pits decreases to a negligible rate after
the first 3 days of exposure. Second, all growing pits individually
ceased growing, typically within 12–50 h of nucleation. XCT data
thus indicate that the trend observed in Fig. 1 is primarily related
to the pit-nucleation rate slowing over time.
While the growth kinetics of individual pits show some

similarities with the trend of cumulative mass loss, they exhibited
up to three stages of growth that are not apparent in cumulative
volume loss data: (1) initial growth showing linear behavior, (2) a
non-linear increase in volume loss followed by a second linear
growth regime, only observed for three of the nine pits, and (3)
the cessation of pit growth within the resolution of the XCT.
Because the limited temporal resolution of XCT in this study
impeded characterization of pit nucleation and the transition from
pit growth to stifling, these stages will not be discussed in detail.
Note that no correlation between the growth rate and the
presence, size, and/or number of Fe-rich inclusions under droplets
could be observed, which may in part be due to the resolution
limits of our method. Al-Fe inclusions, specifically Al3Fe

Fig. 7 Three-dimensional renderings of a growing pit. 3D renderings of Pit 4 and the evolving droplet and corrosion product are shown at
the indicated time intervals in (a) to (g). Each color change of the pit reveals additional growth of the pit relative to the two previous time
intervals. The initial droplet under which this pit nucleated and a nearby droplet are labeled in (a). The arrows in (a–c) correspond to the same
locations shown in Fig. 6 at each time step. The scale bar in (a) and the grid size around each rendering is 20 μm.
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intermetallics, are known to serve as local preferential cathodes
that can act as pit initiation sites in Al alloys31,32.
There are two key features of linear pit growth: the volume-loss

over time for each pit was approximately linear and the rate of
volume loss varied by more than an order of magnitude between

the nine pits, see Table 1 and Fig. 2. Linear volume loss implies that
the average cathodic current supplied to individual pits was
constant. Pit growth during atmospheric corrosion of aluminum in
neutral chloride electrolytes is thought to be cathodically controlled
and predominately driven by oxygen reduction16,33. Given this, it is

Fig. 8 Two-dimensional views of a growing pit. Time-lapse tomograms showing the evolution of Pit 3 are shown. a Shows top-down views
of the droplet and corrosion product associated with this pit between 15 h (before pit nucleation) and 53 h. b Shows a top-down view of the
corrosion damage associated with this pit beginning at 29 h, the first timestep when a pit was observed at this location. c, d Show horizontal
sections along the planes shown in (b). The pit nucleated below the intersection of these two lines. The scale bar in (a) is 20 μm and all images
are at the same scale. Arrows in (a) at 22 h of exposure highlight the spreading of an initial drop to a nearby drop. The arrows at 53 h of
exposure indicate approximately the same location.

Fe-rich particle

Fig. 9 Post-mortem microscopy of a pit. Secondary electron images and EBSD maps from a FIB cross-section of Pit 4 are shown. a Shows a
secondary electron image of the cross-section and the dashed curve approximately indicates the original wire surface. b Shows a detail-image
of the boxed area in (a). Inverse pole figure (IPF) and kernel average misorientation (KAM) maps in (c, d) are from a location within proximity of
(b) with color-coded arrows highlighting the same locations across select corroded boundaries. The IPF map is colored with respect to the
fiber direction with the grain boundaries colored according to the misorientation angle (gray scale). Unindexed pixels in (c, d) are white
excepting corrosion damage that is surrounded by undamaged material within the area inspected in (d). This is colored black. The scale bars
in (a, b) are 5 μm. Data in (c, d) are at the same scale as those shown in (b).
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likely that pit-growth kinetics during this stage were primarily
controlled by the size and efficiency of the cathode. While these
quantities can evolve for Al during atmospheric exposure (see next
paragraphs), the initial corrosion rate was likely related to the initial
cathode size. Such a relationship was observed, see Fig. 3, with
increasing corrosion rates associated with increasingly large droplets.
Higher temporal resolution than that used in this study and further
observations of the relationship between droplet size and pit growth
kinetics will be necessary to develop a clear relationship between
initial cathode size and pit growth rate. Furthermore, why growth
rates can remain nominally constant for up to ≈56 h despite evolving
conditions remains an area for future study.
For three of the nine pits observed, after a period of constant

growth ranging from 13 to 56 h, pit growth accelerated
nonlinearly before stabilizing at a new and faster linear rate, see
Fig. 2b. The point of acceleration correlated to the appearance of
secondary droplets, as discussed subsequently. We hypothesize
these secondary droplets served to increase the available cathodic
area which in turn drove faster growth.
The droplet coverage area associated with all pits increased

during the initial growth stage until it reached a plateau, generally
within 12–24 h of pit nucleation, see Fig. 5. For small pits, this
plateau was associated with pit growth stagnation, discussed in
the next paragraph. As Figs. 6 and 8 show, increases in droplet
coverage area during initial linear growth were associated either
with droplet spreading to connect neighboring droplets, such as
that which occurred for pit 4 between 15 and 22 h of exposure, or
expansion of the droplet slightly in all directions, such as occurred
for pit 3 between 29 and 53 h of exposure. The latter observation
may be attributable to corrosion product formation increasing the
apparent droplet size rather than droplet spreading.
Consider now the evolution in droplet coverage area associated

with pits 4 and 5 between 22 and 39 h and that associated with pit
6 between 60 and 80 h. The droplet coverage area associated with
each of these remained at a plateau for ≈7 h then increased. The
increased droplet coverage area was created by the formation of
secondary droplets at the edge of the primary droplet. Significant
pit growth occurred beneath these secondary drops, see Figs. 6
and 7, accelerating the overall growth of this pit.
Secondary droplets and thin electrolyte films are commonly

observed to form around sodium chloride drops on corroding
aluminum and other alloys in humid conditions17,33–36. These
secondary electrolytes can be resultant from oxygen reduction
activity near the periphery of the original salt drop (cathodic
spreading) or metal dissolution associated with pitting near the
periphery (anodic spreading). Both have been observed for NaCl
drops on aluminum alloys17,33 and both can increase the available
cathode area, increasing the total cathodic current capacity. Du
Plessis17 observed that microdroplets attributed to cathodic
spreading formed shortly after exposure began and that the
secondary spreading region continued to grow throughout the first
week of exposure for AA2024 under NaCl drops. Severe localized
attack was found in the spreading region around the drop
periphery, suggesting that it can support both anodic and cathodic
processes. In the case of anodic spreading, Morton et al. found that
secondary droplets formed around pits near the edge of NaCl drops
on AA707533. This led to the primary droplet serving as the cathode
supporting intense anodic dissolution in the secondary droplet,
similar to what was observed in the current study.
Within the 27 μm3 resolution of these XCT data, the growth of all

pits eventually and abruptly ceased. This indicates that the current
demand for pit growth exceeded the available cathode supply and/
or corrosion product precipitation and electrolyte dry-up inhibited
both anodic and cathodic kinetics23,37. Regarding the latter, Schaller
et al. showed that, under similar conditions, sodium chloride drops
on aluminum can dry-up during corrosion due to the precipitation
of Dawsonite23,37. This drying behavior strongly correlated to pitting
stagnation. The presence of Dawsonite in the corrosion product

after exposure indicates that this corrosion-driven drying mechan-
ism likely played a role.
It is expected that pit geometry and/or the trajectory of pit

growth may change in the last hours of pit growth as cathodic and
anodic reactions become increasingly limited. For example, the
selective attack observed at the base of this pit, see Fig. 9, may be
characteristic of the last hours of pit growth rather than the faceted
morphology near the surface. Future XCT experiments with higher
time and spatial resolution than that used in this study may help
elucidate the transition from stable pit growth to pit death.
Assuming similar pit shapes, according to both cathode-supply

limitation and corrosion-driving drying, increasingly larger initial
droplets should be able to sustain larger pits, a trend generally
seen in Fig. 3. Exceptions to this trend may be explained by the
increased cathode size created by droplet spreading, which
impeded pit-growth stagnation. Pits that did not form secondary
droplets stagnated within, at most, 24 h of pit nucleation while
repassivation of pits that formed secondary droplets occurred
more than 45 h after such pits nucleated. Incorporating droplet
spreading and dry-up into cathodically governed pit growth
models may thus lead to improved predictions in final pit size37,38.
The irregular pit shapes along with volume loss trends indicate

that pits grew under severe cathodic limitation, likely near
conditions on the edge of passivity39–41. In this study, the attack
appeared to propagate along grain and dislocation boundaries.
Similar selective attack associated with grain boundaries has been
observed in particle-free Al42. It is generally assumed that high-
angle grain boundaries are more susceptible to localized corrosion
attack than low angle grain boundaries43,44. However, both high
and low-angle grain boundaries and dislocation boundaries
showed signs of preferential attack, see Fig. 9.
Understanding how morphology evolves during pitting is

critical to accurately predicting the stress concentration associated
with pits. Damage models typically assume that pits are
hemispherical or semi-elliptical45–48. However, in-situ measure-
ments of pit morphology in this study demonstrated that pits
were irregular and first grew into the material until reaching a
maximum depth and subsequently expanded laterally. This is
consistent with previous work by our group under similar
conditions and may be reflective of IR drop effects impeding
further growth into the surface23. Similar behavior was also
observed during intergranular corrosion of AA2024 under mm-
sized NaCl drops using XCT3,16–18. Given the significant evolution
in pit morphology during growth, it is possible that the largest
stress concentration created by these pits occurred before growth
ceased. Assessing stress concentration from post-mortem mea-
surements would then be non-conservative.
In conclusion, the XCT data presented in this study demon-

strated that the growth kinetics of individual pits are significantly
different from the kinetics of overall volume-loss. Cumulative
volume-loss exhibited logarithmic kinetics, with the rate of volume
loss decreasing significantly over time. XCT data from individual
pits showed that this trend was related to the rate of pit
nucleation, which slowed significantly after the first 3 days of
exposure, rather than the growth kinetics of individual pits. Most
pits exhibited a linear and roughly constant rate of volume-loss up
until pit death, which occurred within 12–24 h of nucleation.
Exceptions to this were observed, with three pits exhibiting
bimodal growth kinetics and growing for 40 or more hours. These
exceptions were explained by droplet spreading, which appears to
accelerate pit growth and impede pit death by creating a larger
cathode area. For both cases, a corrosion-driven drying mechan-
ism appears to contribute to pit death. These data indicate that
mechanistic atmospheric pit-growth models for Al and other
engineering alloys may be improved by considering the effects of
both droplet spreading and cathode drying.
This study also demonstrated the utility of laboratory-based XCT

to directly observe corrosion damage in-operando over an
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extended period. Synchrotron-based tomography techniques
provide spatial and temporal resolutions as low as 0.1 μm and
minutes, significantly superior to the 3 μm and 7 h spatial and
temporal resolutions used in this study; however, time constraints
limit the applicability of synchrotron-based techniques to atmo-
spheric corrosion, where damage evolves over extended periods
(days or weeks). The method used in this study is thus
complimentary to synchrotron-based techniques in that it enables
regular inspection of samples over extended periods. If needed, the
spatial and temporal resolution of laboratory-based XCT techniques
can be increased to ≈1–2 μm and ≈1 h, though at a cost of
characterizing a smaller area. By providing information about the
evolving pit and droplet in three-dimensions, it also provides data
that will complement that from other characterization techniques,
such scanning Kelvin probe or optical microscopy.

METHODS
Material
The Al wire material used in this study was acquired from ESPI metals
(Ashland, Oregon). Independent compositional analysis of this material
was conducted using inductively coupled plasma mass spectroscopy49.
The composition of this material (in ppm) was measured to be Mg 14, V 3,
Cu 6, Zn 30, Ti 182, Ga 246, Fe 416, and Si 146, with the remainder being Al.
Energy-dispersive X-ray spectroscopy (EDS) analysis, described in a
subsequent paragraph, revealed that this material contained distributed
iron-rich particles, likely Al3Fe particles, which are common in commercial-
purity Al materials31. The principal axes of this material are defined as the
fiber direction (FD), i.e., parallel to the length of the wire, and the radial
direction RAD, i.e., parallel to the wire diameter.

Microscopy
To characterize the as-received microstructure of this material, specimens
were cut from the wire, mounted in epoxy, ground, and polished using a
final polish of 0.05 μm colloidal silica for extended periods. To characterize
the three-dimensional grain structure, specimens were prepared for
observation of both the planes parallel to the FD and RAD. Polished
specimens were subsequently examined using a Zeiss Supra 55VP field
emission scanning electron microscope (SEM). EDS was performed with an
Oxford Instruments X-Max SDD EDS to analyze the particles observed
within the microstructure. To characterize the grain structure in the Al
material, electron backscatter diffraction (EBSD) data were also collected
using Oxford HKL AztecTM software. All EBSD data collected in this study
were processed using MTEX50, an extension for MATLAB. Grains were
defined in MTEX by assigning neighboring points misoriented by less than
5° to the same grain and enforcing a minimum grain size of 10 adjacent
points. Using MTEX, EBSD data were also used to qualitatively evaluate the
dislocation structure in the Al material. Many metrics have been proposed
for assessing residual dislocation structure using EBSD data, see
reference51 for more information. The metric used in this study was kernel
average misorientation (KAM). KAM was calculated using the misorienta-
tion between each pixel in a grain and its two nearest neighbors, excluding
nearest neighbors that were part of a different grain.

XCT characterization
To prepare a specimen for in-situ characterization of atmospheric corrosion
damage, a 25mm long sample was cut from the Al material and cleaned as
follows: 1.5 min in 1.0 M NaOH at 60° C, deionized water rinse, 0.5 min in
70% HNO3, deionized water rinse, compressed air dry. The wire was then
attached to a plastic holder. Near saturated sodium chloride solution was
printed along the length and around the circumference of the wire at an
ambient RH of 80% and temperature of 21 °C onto the wire using a
LogoJET ProH4 industrial inkjet printer (LogoJET USA) following a
procedure similar to that of Schindelholz and Kelly52. Printing produced
uniform fields of discrete picoliter-sized droplets with a salt loading of
60 μg/cm2 around the entire circumference of the wire.
The entire wire was subsequently encapsulated in a plastic tube that

contained a sponge, as shown in Supplementary Fig. 1. The bottom of the
tube was sealed, and the experimental setup subsequently attached to an
Al post for easy insertion and removal from the XCT system (described in a
subsequent paragraph). Immediately before beginning XCT

characterization, a few droplets of a super-saturated KCl were added to
the sponge to create an 84% RH atmosphere within the tube53. The top of
the tube was sealed with a plastic cap and the assembly was placed within
the XCT system. When the assembly was not being analyzed in the XCT
system it was stored in a sealed jar that was maintained at 84% RH to
ensure that any leaks in the assembly did not result in the sample drying.
The sample remained at room-temperature (≈25° C) throughout exposure.
In-situ characterization was performed using a lab-based XCT system

(Zeiss Xradia Versa 520, Carl Zeiss XRM, Pleasanton, CA). Each scan was
performed using an accelerating voltage of 50 kV and a power of 4 kW. No
beam filter was used. The XCT scans were performed using a voxel size of
1.5 μm. The same 2.5mm portion of the wire was characterized throughout
the experiment. This section of the wire was approximately equidistant from
the top and bottom of the wire. To observe this length of the wire, two XCT
datasets were stitched together. For each dataset, a total of 1601 projections
(radiographs) over 360° was taken with an exposure time of 6 s for each
projection. 5 reference (full beam without sample) scans, each consisting of
10 separate exposures, at an interval of 350 projections were taken during
collection of each dataset for background subtraction and normalization of
the tomographs. The data collection time for an individual XCT dataset was
~3.5 h; the total collection time for each stitched XCT dataset was ~7 h. Save
for the exceptions described in the next paragraph, the volume of an
individual feature was thus assessed approximately every 7 h with a
temporal uncertainty at each timestep of ±1.75 h. The radiographs from
each scan were automatically reconstructed using the Zeiss XMReconstruc-
tor software, which uses a standard filtered back-projection algorithm.
A total of 15 XCT datasets were collected over 2273 h (94.5 days) with all

but two of these scans being collected in the first 88 h of exposure.
Following an initial 1-hour warmup scan to stabilize the beam, subsequent
scans started 1, 8.0, 15.0, 22.0, 29.0, 35.0, 38.6, 45.6, 52.6, 59.6, 71.1, 78.1,
81.7, 1115.7, and 2269.8 h after exposure began, respectively. The labeled
time elapsed after exposure for each XCT dataset is this time step rounded
to the nearest hour. Note that, for the two scans that began after 34 and
77.1 h after exposure, the source failed to stabilize before the second scan
was collected. Only the first of the two stitched datasets were collected for
these two timesteps. When this occurred, the software automatically
began collecting the next dataset. Thus, in two instances, the same
~1.5mm tall volume of the wire was characterized at an interval of
approximately 3.5 h. This area contained six of the nine pits which
nucleated in the first 88 h, pits 4–9.

XCT data analysis
The reconstructed tomographs were processed using the Dragonfly 3D
software, version 3.6.1 (Object Research Systems (ORS) Inc, Montreal,
Canada, 2020). No image filters were applied to the reconstructed
tomographs. Phases (pits and droplets) were segmented manually based
on gray scale values and location. A minimum of eight voxels were
necessary to resolve a feature, the resolution of these measurements was
27 μm3. Because volume measurements were based on manual segmenta-
tion some additional measurement uncertainty was present. This
measurement uncertainty decreased with increasing pit volume. Measure-
ment uncertainty was 15% for pits smaller than 4000 μm3 and 3% for pits
larger than 10,000 μm3, with an approximately linear decrease in
measurement uncertainty for volumes between 4000 and 10,000 μm3.
This was determined by manually segmenting the same feature in
different XCT datasets and comparing the volume measurements. Pit
depth measurements were ±3.0 μm.

Post-mortem characterization
Following the final XCT scan, the plastic tube was removed from the wire
to characterize the pits and corrosion product. Corrosion product analysis
was performed using reflectance Fourier-transform infrared spectroscopy
(FTIR) measurements collected using a Bruker Hyperion IR microscope with
a ×15 objective and an 8 cm−1 resolution. Samples were placed under the
microscope without further preparation. A knife-edge aperture was used to
limit the view to areas of interest on the sample, in this case the corrosion
product formed at a pit during the experiment. Recorded sample
absorbance data were the result of 32 scan co-averages and were
calculated using a background reflectance (128 scan average) from an
aluminum sheet.
Xe plasma focused ion beam tool (PFIB) and a Ga soured focused ion

beam (FIB) tool were used to cross-section a representative pit. The wire was
placed in the Xe PFIB (HyperFIB upgrade to an FEI DB235 Ga Dual beam FIB,
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Applied Beams, LLC, Beaverton, Oregon, USA) and material containing the
target pit was cut free from the surrounding material. This was accomplished
with an accelerating voltage of 25 kV and a beam current of 1 μA. The
sample was then transferred to an Ga sourced Dual Beam FIB (G2 Helios, FEI,
Hillsboro, Oregon, USA) for final sample preparation. The material milled free
in the Xe PFIB was lifted-out using standard methods that involved
attaching the sample to the micromanipulator tip (Omniprobe 200, Oxford
Instruments, Ma, USA). Once attached, the sample was transferred to a
standard lift out sample grid using standard lift out methods. The analysis
surface was then prepared for SEM and EBSD analysis by careful milling of
the sample surface using a 30 kV Ga ion beam at a variety of currents
followed by a series of lower voltage (5 kV followed by 2 kV) polishes to
produce a surface suitable for EBSD. EBSD data from the microstructure
around the pit were collected at 10 kV in a Zeiss Supra 55VP (Zeiss
Microscopy, Oberkochen, Germany) using an Oxford Instruments Symmetry
EBSD camera and Oxford Aztec EBSD analysis software (Oxford Instruments
Nanoanalysis, High Wycombe, UK).
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