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The evolution of pit morphology and growth kinetics in
aluminum during atmospheric corrosion
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Assessing the lifetimes of alloys in humid, corrosive environments requires growth kinetic information regarding individual
instances of damage, e.g. pit growth rates. Corrosion rates measured at the continuum scale using mass change convolute the rate
of pit nucleation and growth, providing limited information on local kinetics. The current study used in-situ X-ray computed
tomography to measure growth rates of individual pits in aluminum over 100 h of exposure in a humid, chloride environment.
While pits grew at relatively constant rates over the first hours after nucleation, significant growth-rate nonlinearities subsequently
occurred. These were linked to both droplet spreading, which altered the cathode size, and changes in the mode of pit growth. Pit
morphology appeared to influence the dominant growth mode and the duration of pit growth. Post-mortem serial sectioning
revealed pits preferentially attacked grain-boundary triple junctions and dislocation boundaries.
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INTRODUCTION

Predicting the lifetimes of metallic components in humid, chloride
environments remains a central challenge in the field of materials
science'. A key impediment to assessing the growth kinetics of
localized corrosion damage such as pits is the necessity of
characterizing sub-surface damage evolution without interrupting
the evolving electrochemical processes. Atmospheric corrosion
rates drawn from mass change provide little information about
how the size and shape of pits or other localized damage evolve
with time? Component failure is often driven by the evolution of
these individual damage events rather than the rate of corrosion
across the entire component®=, To directly characterize corrosion
over extended periods without significantly altering the evolving
process, 3D imaging methods such as X-ray computed tomo-
graphy (XCT) provide an appealing alternative to mass change
measurements®’. In the present study, 3D imaging tools were
used to measure rates of pit growth and characterize how pit
morphology evolves during atmospheric corrosion of aluminum.

Using both laboratory and synchrotron-based XCT, multiple
researchers have demonstrated the effectiveness of capturing the
complex materials degradation phenomena related to corro-
sion®*®~17. With a spatial resolution on the order of one micron
and a temporal resolution on the order of minutes to hours, XCT is
ideal for capturing long-term kinetic data of the entire life cycle
(nucleation, growth, and death) of individual pitting events, uniquely
so under atmospheric environments®. It must be noted that the
submicron features XCT misses can be important for determining
corrosion initiation and propagation mechanisms, such as the
tunneling phenomena observed in Al or metastable pitting
activities'®, Post-mortem sectioning using focused ion beam (FIB)
and scanning electron microscopy (SEM) can thus augment in-situ
XCT data, e.g. to assess relationships between corrosion damage and
the microstructure at submicron length scales'®2°,

In-situ XCT has been used to study both the kinetics of
corrosion damage and how it evolves relative to the micro-
structure in steel and aluminum alloys immersed in chloride
solutions*5~'7_ Electrochemical polarization has been employed to

provide direct relationships between electrochemical measure-
ments and corrosion damage morphology*’'. Because corrosion
under immersed and atmospheric conditions are often incompar-
able??, in-situ XCT has also been used to measure pit growth rates
and the evolution of environmentally assisted cracking in humid,
atmospheric, and chloride-containing environments'®22-25,

Two studies in particular focused on the growth kinetics of pits
during atmospheric corrosion. Glanvill et al.?® measured the growth
kinetics of a single pit over 35 min in Al 2024 at a 5-min temporal
resolution. The volume of this pit increased at a roughly linear rate.
Its morphology evolved irregularly, with only a small part of the pit
active at any given time. The relationship between the morphology
of this pit and the microstructure was not assessed, though the
authors suggested that intergranular corrosion may have occurred.
In commercial-purity aluminum, using a 7 h temporal resolution, it
was determined that pits generally grew at constant rates up to
repassivation except when droplet spreading occurred'®. After
droplet spreading, the rate of pit growth increased substantially,
suggesting a strong tie between the electrolyte at the surface and
the local kinetic response of the pit. In both cases, no clear
explanation of why pits grew at relatively constant rates was given.

Building on prior studies, this work seeks to understand the
interplay between droplet electrolyte conditions, pitting damage
kinetics, pit morphology, and the underlying microstructure by
using a combination of in-situ XCT and FIB-based serial sectioning
to evaluate the evolving morphology and growth kinetics of pits
in 99.99% (4N) purity aluminum wires. Pitting corrosion was
characterized over 100 h of exposure using a temporal resolution
of 80 min (1.3 h). Subsequent post-mortem serial sectioning, with
ex-situ FIB, was used to assess the influence of the grain structure
on the manner of pit growth.

RESULTS
Material and experimental overview

In the following we report: (1) salient details about the
microstructure of the Al wire used, (2) continuum-level
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observations of corrosion, (3) the growth kinetics of individual pits,
(4) the evolution of pit morphology, (5) the microscale morphol-
ogy of a pit evaluated via post-mortem cross-sectioning, and (6)
droplet evolution during pit growth. Four of the eleven pits
observed in this study were associated with droplet spreading,
which significantly affected their growth kinetics. For simplicity,
we omit discussion of these pits until the final paragraphs of this
section.

Secondary electron images and electron backscatter diffraction
(EBSD) data showing the microstructure of the 4N-Al wire used in
this study are provided in Supplementary Figs. 1 and 2. Grains
were elongated along the drawing direction. The average grain
length was 262 um and the average grain diameter was 61 pm.
EBSD revealed the presence of dislocation boundaries typical of
cold-worked Al

Exposure of four replicate Al wires loaded with 200 pg/cm? of
NaCl microparticles to 84% relative humidity (RH) resulted in a
total of 11 observable pits that nucleated and grew over the first
100 h after exposure. The total area inspected by the XCT
measurements for an individual Al wire was 3.2 mm?; thus a total
of 12.8 mm? was inspected over all four wires. The number of pits
on a given sample varied from 1 to 6. Pit nucleation is defined as
the first timestep at which the pit volume equaled or exceeded
15.6 um?3, the minimum resolvable feature size within these XCT
data. All pits ceased measurable growth within the 100-h period
examined.

Cumulative volume loss

A typical distribution of pits (blue circles) on one of the Al wire
samples is shown in Fig. 1a. This 3D rendering shows droplets
(dark gray) and the Al wire (light gray). Notably, each pit nucleated
and grew under a separate, non-neighboring droplet relative to
other pits on that sample. For a given sample, multiple pits were
observed to nucleate and grow simultaneously. All pits observed
in this study nucleated at the edge of droplets, see top-down
views in Figures (b) and (c).

The number of pits observed across these four samples is
provided on the plot in Fig. 2a as a function of time after exposure.
Combining measured pit volumes from all four samples,
cumulative volume loss is provided as a function of exposure
time in Fig. 2b. Both datasets were normalized by the measured
surface area. We note that pits were observed under a limited
number of droplets on each wire. This may be related to many
reasons, including the underlying surface characteristics or the
initiation time.

Cumulative volume loss exhibits stepwise sigmoidal growth
kinetics. Sigmoidal growth kinetics are defined as having (1) an
initial stage of exponential growth followed by (2) a stage of
growth at a roughly constant rate until (3) the growth rate slows
until the pit volume reaches an asymptote. After reaching an initial
asymptote =50 h after exposure, Figure(b) shows that volume
increased again before approaching a second asymptote =85 h
after exposure. This coincided with the nucleation, growth, and
repassivation of a single pit, see Fig. 2a.

To evaluate the rate of volume loss during each regime of
sigmoidal growth, the slope of the linear stage of each regime was
measured. This follows methods described elsewhere for evaluat-
ing the growth rate of sigmoidal functions®®2°, though we note
that many descriptors exist for sigmoidal growth kinetics. These
rates were 1059 and 634 um3/h (83 and 50 (um3/h)/mm? when
normalized by surface area) for these two regimes of growth.

Growth kinetics of individual pits

Plots of pit volume as a function of time for four pits
representative of the seven pits not associated with droplet
spreading are provided in Figs. 3 and 4. After reaching an initial
asymptote, the volume of all pits increased by =20%. Measurable
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Fig. 1 Three-dimensional rendering of wire. A 3D rendering of a
wire sample upon which 6 pits nucleated is provided in a, scale bars
are 200 pm. The spatial location of each of these pits is indicated
with a blue hemisphere and droplets are the darker gray contrast on
the Al wire surface. Top-down views of the droplets associated with
two pits are provided in b and ¢, scale bars are 50 pm. Red circles
mark the location beneath which these pits nucleated. Markers are
included to indicate location and do not indicate pit size.

pit growth subsequently ceased for the remainder of the period
characterized during this study. As highlighted in Figs. 3 and 4, we
define the growth before and after this asymptote as the initial
and secondary growth regimes.

During the initial growth regime, the growth kinetics of
individual pits were nonlinear. They can be described as roughly
sigmoidal. The divisions provided in Fig. 3 highlight these three
stages of growth. Due to the 80-min temporal resolution used in
this study, only 2 data points were captured in the exponential
and asymptotic growth regimes for several pits and the labels
shown in Fig. 3 are suggestions rather than definitive statements
of when transitions from one stage to another occurred.

Pit growth rates during the initial growth regime, i.e. initial
growth rates, were measured using the slope of the linear stage of
this growth regime, see Fig. 4, and are reported in Table 1.
Notably, initial growth rates varied by as much as 10% depending
on the region designated as the linear growth region. These
uncertainties are included in Table 1.

For all pits excepting the two pits shown in Fig. 4, the secondary
growth regime lasted less than 5 h; it lasted 19 h or more for the
two pits shown in Fig. 4. This relatively short secondary growth
duration limits assessment to determine what function(s), e.g.
sigmoidal, best fit the secondary growth regime. For simplicity, pit
growth rates during the secondary growth regime were assessed
using a linear function (see Figs. 3 and 4) and are provided in
Table 1. In all cases, secondary growth rates were slower than
initial growth rate.

Initial and secondary pit growth rates as a function of initial
droplet size are provided in Fig. 5a. The initial droplet size is
defined as the volume of the droplet in the first timestep after pit
nucleation. The duration of pit growth as a function of either initial
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Fig.2 Continuum-level characteristics of pitting. Combining data from all four samples, plots of the cumulative number of pits per unit area
and the cumulative volume loss per unit area as a function of time are shown in a and b, respectively. These data are normalized by the

surface area characterized using XCT.

pit growth rate or initial droplet size are provided in Fig. 5b, c. The
duration of pit growth is defined as the period elapsed between
the timestep preceding the first timestep at which the pit was
observed until the last timestep at which any measurable growth
occurred. Note that these figures include data from the four pits
associated with droplet spreading.

For the seven pits not associated with droplet spreading, within
the resolution of XCT data, the transition from the initial to the
secondary growth regime was neither associated with droplet
spreading nor other significant changes to the droplet, e.g. droplet
merging. To highlight this, 3D renderings and 2D tomographs
showing the evolving morphologies of pits 1 and 2 and their
accompanying droplets are presented in Figs. 3c-g and 4c-g,
respectively.

The transition from the initial to the secondary growth regime
was associated with a change in the manner in which pit
morphology evolved, as is now described. The evolving morphol-
ogy of pits 1 and 2 during the initial growth regime are shown in
Figs. 3c—f and 4c-f, respectively. During this regime, pits primarily
grew by the formation and extension of tendrils away from a
central pit body. This arborescent-like mode of pit growth will be
referred to as mode 1 growth. Note that many volumes within the
pits shown in these figures appear to be physically separated from
one another. These volumes were likely connected by tunnels that
were below the 15.6 um* minimum resolvable feature size.

The evolving morphology of these pits during the secondary
growth regime are shown in Fig. 3g-h and Fig. 4g-h. During this
period, corrosion occurred on nearly the entire surface of the pit.
Rather than creating new tendrils, existing tendrils expanded
radially. This mode of pit growth will be referred to as mode 2
growth. The most dramatic example of mode 2 growth can be
seen in Fig. 4, where the overall morphology of the pit changed
relatively little over the final 24 h of its life, but the volume
increased by more than 4000 um? as existing tendrils expanded
radially.

During the initial growth regime, mode 1 and mode 2 growth
appeared to occur simultaneously, though most volume appeared
to be added via mode 1 growth. During the secondary growth
regime, no mode 1 growth was observed. Instead, all observable
pit growth was mode 2 growth.

From the pit volume data for pits 1 and 2 and their
accompanying change in surface area, estimates for the average
current density of each pit over a single time interval were

Published in partnership with CSCP and USTB

calculated. These are shown in Fig. 6a. For both pits, the current
density dropped to zero when no measurable change in volume
and/or surface area occurred. From the current density values, pit
stability product (i-x) values could be tabulated with respect to
time for both pits. These are shown in Fig. 6b, c. Since pitting
occurred at multiple depths throughout a pit's life, a spread of
(i-x) values were calculating using 1D diffusion distances from 2
to 50 um for pit 1 and 2 to 120 um for pit 2, respectively. The
maximum diffusion distance chosen was based on the furthest
distance a pit tendril propagated from the original pit mouth and
the minimum was based on the resolution limit of the XCT. For
reference, the red lines and shaded area are the range of (i-x)
values associated with metastable and stable pitting for Al,
respectively>>3!, The current density reported in Fig. 6 should be
regarded as the local current density. Because the real local
current density evolves significantly faster than the 80 min
temporal resolution of this study, the estimation reported in Fig.
6 may include errors. These data are thus a best estimate based
upon the available data.

3D serial sectioning

To assess the microstructural features associated with tendrils, FIB
serial-sectioning combined with EBSD was performed. After
attempts to cross-section pits 1 and 2 failed, a pit which formed
near pits 1 and 2 was selected for detailed analysis. This pit, which
will be labeled pit 12, nucleated after the first 100 h of exposure;
thus, the growth kinetics of pit 12 cannot be evaluated. A 3D
rendering and 2D slice of pit 12 are shown in Fig. 7a, b. These
reveal that its morphology consisted of both elongated tendrils
similar to pit 2 and a large network of meandering tendrils similar
to pit 1.

EBSD data from serial sectioning pit 12 are presented in Fig. 7c,
d at different locations and orientations within the pit. These are
presented as kernel average misorientation (KAM) maps with the
pit volume colored blue. For these maps, all misorientations
greater than or equal to 10° i.e. high-angle grain boundaries, are
assigned the same color, yellow. The KAM maps reveal how the pit
propagated relative to grain and dislocation boundaries, labeled in
Fig. 7¢, and highlight a tendril that propagated along a grain
boundary triple line. Flythrough videos sliced parallel to the X, Y,
and Z axes showing these 3D KAM maps are provided in the
Supplementary Data. Note that the pit is colored red in the
flythrough videos.

npj Materials Degradation (2023) 12
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Fig. 3 Growth trends for two individual pits. Plots of pit volume as a function of time for pits 1 and 6 are provided in a and b, respectively.
These exemplify pits with secondary growth regimes shorter than 5 h. 3D renderings of pit 1 at the timesteps highlighted yellow in a are
provided in c to h, all at the same scale. Yellow represents new growth from the previous time step and black represents previous growth. 2D
slices of pit 1 at multiple time steps are provided in i and j. In the 2D slices, black regions are air, dark gray regions are the droplet, the light
gray is the Al metal, and the dark gray within the metal is the pit. Error bars represent measurement uncertainty in time as described in the
“Methods” section. Scale bars in ¢, i, and j are 25, 20, and 20 pm, respectively.
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Fig. 4 Growth trends for two individual pits with extended periods of mode 2 growth. Plots of pit volume as a function of time for pits 2
and 8 are provided in a and b, respectively. These pits exemplify pits with secondary growth regimes greater than 5 h. 3D renderings of pit 2
at the timesteps highlighted yellow in a are provided in c to h, all at the same scale. Yellow represents new growth from the previous time
step and black represents previous growth. 2D slices of pit 2 at multiple time steps are provided in i to k. In the 2D slices, black regions are air,
dark gray regions are the droplet, the light gray is the Al metal, and the dark gray within the metal is the pit. Error bars represent measurement
uncertainty in time as described in the “Methods” section. Scale bars in ¢, i, j, and k are 50 pm.

An inverse pole figure (IPF) map of the grain structure around
the pit at the same slice as that shown in Fig. 7c is provided in (e).
IPF coloring is relative to the surface normal the Z-axis defined in
Fig. 7a. These images highlight that the pit grew selectively in
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grains oriented with a {111} normal to the wire surface. A
secondary electron image from the same 2D slice as Fig. 7¢, e is
presented in Fig. 7f. The surface of the pit was smooth as opposed
to a sharp, crystallographic etching-type morphology.

npj Materials Degradation (2023) 12
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Table 1.

uncertainty in defining the linear stage.

The initial pit growth rate secondary growth rate (if applicable) post-spreading growth rate (if applicable) the growth duration and the final
volume are shown for all eleven pits Growth rate calculations assumed a linear trend Pits 3 4 and 5 were associated with multiple post-spreading
growth rates The average and standard deviation of these growth rates are provided Plus minus for in initial growth rate measurements reflect

Pit 1 Pit 2 Pit 3 Pit 4 Pit 5 Pit 6 Pit7 Pit8 Pit9 Pit 10 Pit 11
Initial growth rate (pm3/h) 825+75 634+11 68+8 14516 76+6 124+9 71+6 535 108+10 121+10 103+6
Secondary growth rate (um?3/h) 680 165 - - - 114 - 22 73 54 59
Post-spreading growth rates (um3/h) - - 235+60 253+16 115+11 - 60 - - - -
Growth duration (h) 18.1 373 19.4 31.8 304 9.9 19.4 249 12.6 7.2 12.6
Final pit volume (pm3) 9497 11402 1856 3601 2166 757 839 743 547 394 502

Droplet spreading

The plots of pit volume as a function of time provided Fig. 8a, b
are characteristic of the four pits associated with dorplet
spreading. For all of these pits, all measurable growth ceased 5
to 10 hours after the pit nucleated. After a period of inactivity,
which ranged from 1.3 to 6.5 h, one or more secondary droplets
formed near the pit mouth at the edge of the main droplet. This is
highlighted in Fig. 8c—e. In all cases, in the timestep immediately
after this secondary droplet formed, measurable pit growth
resumed and continued for several hours. The secondary
droplet also continued to grow and spread. For some pits,
including both shown in Fig. 8, this cycle of growth stagnation
followed by a significant increase in pit volume occurred multiple
times. These cycles were not clearly tied to the formation of new
secondary droplets or significant changes in the volume of the
droplet.

Prior to droplet spreading, the growth kinetics of these four pits
could generally be described as sigmoidal. Pre- spreading pit
growth rates were measured from the linear growth stage for
these four pits and are provided in Table 1. The temporal
resolution of this study was insufficient to determine the function
best describing the post-spreading growth kinetics. As shown in
Fig. 8, a range of post-spreading growth rates could be
approximated as the linear slope of each stepped region. The
average and standard deviation of these post-spreading growth
rates are provided in Table 1.

DISCUSSION

In-situ XCT combined with 3D serial sectioning reveals the
complex evolution of pit morphology and growth kinetics in
relationship to the local electrolyte and microstructure. These
measurements provide baseline data for comparisons to pit
growth models and provide insights into the dominant corrosion
mechanisms. To clarify the factors common to the growth of all
pits observed in this study, we begin by presenting an overview of
the lifecycle of an individual pit, see Fig. 9. Subsequently, we
discuss four key questions in light of the results of this study: (1)
what governs the rate of pit growth, (2) what governs the lifespan
of an individual pit, (3) how can droplet spreading affect the rate
of pit growth, and (4) how does the cumulative corrosion rate
compare to the growth rate of individual pits?

Pits nucleated at the edge of droplets, likely at specific
microstructural features susceptible to pitting, see Fig. 9b. Notably,
Al generally has excellent corrosion resistance due to the dense
oxide film on its surface and this must be compromised by
chloride ions before pit nucleation can occur®?33, Nucleation at a
droplet edge, where a relatively higher flux of oxygen is expected
than near the droplet center, suggests that oxygen flux was critical
to nucleation®®. In Al alloys, pits have been observed to
preferentially nucleate at the intersection of droplet edges with
microstructural features susceptible to pitting, e.g. intermetallic
particles®>=3’, In the absence of intermetallic particles, pits are

npj Materials Degradation (2023) 12

known to preferentially attack grain boundaries, dislocation
boundaries, and grains oriented with the {111} plane normal to
the surface'938, Regarding the latter, it is known that, in Al, the
pitting potential of the {111} plane is relatively low compared to
other orientations'>3®. Metastable pitting events below the
resolution of XCT likely occurred underneath many droplets but
never achieved the conditions for stable pitting, perhaps due to a

lack of cathodic current to meet the anodic current demand of the
+£39,40
pit3240,

Drawing from extensive literature on aluminum corrosion*'"*?,

we briefly describe the likely electrochemical processes within the
pit. As shown in Fig. 9b, the cathode exists in the droplet
surrounding the pit's mouth and possibly extends to adjacent
droplets if thin water layers, including monolayers, exist connect-
ing them. Chloride ions (CI7) diffuse from the cathode to the
anode, i.e. the base of the pit highlighted orange in Fig. 9b. Metal
hydrolysis occurs at the anode, reducing pH. The cathode
consumes O, and generates OH™, increasing pH. Corrosion
product forms in the cathode and near the pit mouth, increasing
Ohmic drop.

After nucleation, pit volume increases roughly exponentially as
the pit grows normal to the wire’s surface, forming the pit mouth.
Eventually, the rate of pit growth reaches a maximum value and
remains at this rate for several hours as tendrils extend from the
pit mouth along susceptible microstructural features, see Fig. 9c. A
constant pit growth rate indicates that the separation and IR drop
between the anode and cathode remain relatively constant.
During this period, both mode 1 and mode 2 growth likely occur
simultaneously, see Fig. 9d, though most volume is added by
mode 1 growth. As individual tendrils extend away from the
cathode, ohmic drop within them increases until further growth of
that tendril can no longer be sustained and growth within the
tendril slows below the resolution of the XCT, possibly to
complete repassivation.

Under the constant salt loading and humidity conditions,
tendrils propagate in an arborescent manner along preferred
pathways, shown in the plasma FIB serial sectioning analysis from
Fig. 7 to be associated with dislocation boundaries, grain
boundaries, or susceptible crystal facets such as the {111} planes
for Al (observed to be bound by {100} type planes)*>*.
Additionally, the widely spaced Fe-rich particles present in this
material may lead to preferential corrosion near these particles.
This highly selective attack is indicative of a limitation in corrosion
kinetics to the point where only the weakest microstructural
features are capable of being corroded. At the leading interface of
a pit front, the phenomena known as tunneling may occur as well,
which tends to propagate along specific grain orientations at a
feature size around 1 um in diameter (below the resolution of the
XCT) 1 8,43,46.

Eventually two factors cause the growth rate of the entire pit to
slow, see Fig. 9d, e. First, accumulation of corrosion product within
the pit increases ohmic drop between the cathode and anode®.
Secondly, the migration of AI** and OH ions into the droplet
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droplet size are provided. Pits associated with droplet spreading
(DS) are highlighted separately. Note that the droplets associated
with 3 pits extended outside the region of interest - these pits are
excluded from these figures.

Published in partnership with CSCP and USTB

P.J. Noell et al.
@ 90
—e—Pit 1
& 80 ——pit2
5 701 (AV-p-F-n)/
< o llawl= ™" /aa
2
‘7 50
=]
3 40
5 301
B
O 20
10 |
0 T T T T T
0 5 10 15 20 25 30 35 40
® Time after Nucleation (hr)
)
= 10 I This study
5 —=s— Range in critical i.x
<\f 10 | | from Shridhar/Pride [X, Y]
=
=42
5 107 5
S
2107+
>
:E X =2 pm
= 1044
w2
& -
10-D T T T T

0 2 4 6 8 10 12 14 16 18 20

© Time after Nucleation (hr)
10° .

=

g xE 120 um

=107 4

=

5 107

=]

<

Q. 10'.’ -

;“ X =2 um

B

< 107+ _

b7 1 s 1 his study

= —=— Range in critical 1.x

s 5 from Shridhar/Pride [X, Y]
10 - T T T T T

0 5 10 15 20 25 30 35 40
Time after Nucleation (hr)

Fig. 6 Electrochemical characteristics of pitting. Estimated current
density versus time for pits 1 and 2 based on XCT data in a; see
Supplementary Material for details on the equation used to calculate
this. Pit stability product (i-x) calculations for b pit 1 and c pit 2
versus time. The (i-x) was calculated for two different x values to
show the range over which the product could have varied over
during the life of the pit. The red lines and gray shaded region are
indicative of expected pit stability product values for Al with the
upper bound (1072) being for transition to stable pitting while the
lower bound (10~%) is a threshold value above which metastable pits
have been observed to eventually stabilize.

npj Materials Degradation (2023) 12

npj



P.J. Noell et al.

\Dislocati611 /
/ bOLljd}l‘ieS High-angle Grain bound:

grain boundary triple line

Kernel Average Misorientation (°)
0 4 6 8

|

Zi

Droplet L X

Elongated tendril -

Wire Surfacef Fiber Direction

—

~—Dislocation

/ boundaries

|

Grain boundary
triple line

Fig. 7 Serial sectioning of an individual pit. A 3D rendering of Pit 12 is shown in a. A 2D tomographic slice of this pit is provided in b. KAM
maps in ¢ and d show a cross section of this tendril and a view of this tendril parallel to its direction of propagation. All misorientations in the
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corresponding to the EBSD data provided in e is shown in f. Scale bars in a to f are 20, 10, 5, 2.5, 10, and 10 pm, respectively.

leads to the crystallization of Al/Na carbonate rich phases, drying
out the droplet and stifling cathodic kinetics*'. Once the anodic
overpotential drops below some critical level due to ohmic drop
and stifled cathodic kinetics, see Fig. 9e, the extension of tendrils
further from the pit mouth is no longer supported*'*. Thereafter,
the aggressive pit electrolyte chemistry formed by metal
hydrolysis at the anode could help destabilize the passive film
and maintain pitting conditions. However, due to ohmic drop, the
pit may only be capable of supporting small, confined areas of
corrosion, i.e. mode 2 growth. We note that this may explain why,
during the secondary growth regime of some pits, volume
increased sporadically followed by extended periods when no
measurable growth occurred. Such a conclusion is supported by
observing how mode 2 growth evolved in pit 2, see Fig. 4. During
this growth regime, the rate and duration of mode 2 pit growth
depends, in part, on the diffusion rate of these pit stabilizing
species, e.g. H', away from the interior of the pit. Eventually, a
combination of increasing ohmic drop and droplet drying causes
the available cathodic current to decrease below the level
necessary to maintain mode 2 growth, and the entire pit
repassivates.
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Finally, changes in droplet chemistry can lead to a thin layer of
concentrated electrolyte at the edge of a droplet, see Fig. 9d. This
could cause droplet spreading, creating a new cathodically active
region and causing the rate of corrosion to increase. For aluminum
and other alloys in humid environments, droplet spreading by the
formation of secondary droplets is commonly observed around
NaCl and MgCl, drops associated with active pits**“°=>'. It can be
caused either by the creation of OH™ ions near the edge of the
electrolyte by oxygen reduction or hydrogen evolution or by
metal ions produced by corrosion migrating from the pit into the
droplet. These are termed cathodic and anodic spreading,
respectively. In both cases, under equilibrium conditions, the
added ionic species (AI** or OH™) near the edge of a droplet can
lead to the absorption of more water, causing the droplet to grow
and spread>>*°. Calculations of the amount of water which must
be absorbed during droplet spreading to maintain equilibrium in
the droplet at 84% RH are provided in Supplementary Table 1.

The sequence described in the previous paragraphs produced
pits having piecewise sigmoidal and linear growth kinetics.
Sigmoidal growth kinetics are observed in many natural systems,
e.g. population growth in the presence of limited resources®?, and
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25, 25, and 25 um, respectively.

suggest that pits gradually repassivated as the cathode dried and/
or as ohmic drop exceeded a maximum. These observed kinetics
are in contrast to previous reports of pit growth kinetics using
either mass-loss data or in-situ XCT. The power-law growth
kinetics often reported from mass-loss measurements® may
primarily be a function of the rate of pit nucleation rather than
indicative of individual pit growth rates'®. Because, at a sufficiently
low temporal resolution, sigmoidal growth kinetics appear linear,
the linear growth kinetics observed in our prior study of
commercial-purity Al'® was likely an artifact of the limited
temporal resolution of that study compared to the present study,
7 versus 1.3 h. Lastly, while Glanvill et al. reported linear growth
kinetics of a single pit in 2024 Al, only the first 35 min of this pit's
life were observed?®. It is possible that significant nonlinearities
subsequently developed that were not captured in this study.
The previous section discussed several factors that affect the
kinetics of pit growth, including droplet size, local microstructure,
and pit morphology. The coupling between these factors is
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complex and is challenging to discern in the experimental data
presented in this study. These may be decoupled more readily in
modeling studies such as references*’>4°3,

Because pit size is governed by both the rate and duration of pit
growth, we now consider the factors that control these in light of
the results of this study. The initial growth rates of pits varied by
more than an order of magnitude, from 53 to 835 um?>/h. A similar
range, 30-439 um3/h, was observed in our previous study of
commercial-purity Al exposed at 84% RH'®. Noell et al. also
observed that the growth rates of individual pits in commercial-
purity Al increased with increasing initial droplet size'®. In the
current study, no relationship was observed between initial
droplet volume and either the initial or secondary growth rates,
see Fig. 5a. It is possible that the cathode associated with each pit
may have extended beyond its droplet, which would be the case if
droplets were interconnected by thin water layers too small to be
captured by XCT. The more than three time increase in salt loading
in this study compared to that of Noell et al. likely resulted in a
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Fig. 9 A schematic of pit growth. A schematic outlining the likely lifecycle of pits in 4N Al under droplets of NaCl solution at 84% RH is

provided in (a) to (e).

significant decrease in inter-droplet spacing, potentially facilitating
droplet interconnection. Additionally, by affecting cathode effi-
ciency, the susceptibility of the local microstructure to pitting may
have played a role in the rate of pit growth®®. Thus, both
microstructural features and droplet interconnectivity, in addition
to droplet size, may affect pit growth rates.

The growth durations of six pits were greater than 19 h. The
other five repassivated within, on average, 12 h after nucleation.
No relationship between pit growth duration and either initial
droplet size or initial pit growth rate was observed, see Fig. 5.
Droplet spreading was associated with increased duration of pit
growth, likely by increasing the size and/or efficiency of the
cathode, see Fig. 5b.

Pit morphology also appeared to influence the duration of the
secondary growth regime. Two pits were associated with
prolonged secondary growth regimes compared to all others, 19
or more hours compared to =5 h. These two pits are highlighted in
Fig. 5b. Both pits consisted of relatively few, elongated tendrils,
e.g. compare Fig. 4 to Fig. 3. Relatively fewer, elongated tendrils
would suggest a longer path for the diffusion of pit stabilizing
species, causing a more confined and longer diffusion pathway,
and keeping the Al passive film unstable for longer. As pit
morphology appears to be a strong function of the underlying
microstructure, we speculate that factors such as grain morphol-
ogy may play a role in the duration of pit growth.

In all but one case, the rate of pit growth increased significantly
after droplet spreading relative to the initial pit growth rate. A
similar result was observed in commercial-purity Al and was
attributed to an increase in cathode size created by droplet
spreading®. Additionally, secondary droplets can act as more
efficient cathodes than the initial droplet because of OH™ ions
from the cathodic reaction allowing for elevated solution
conductivity and oxygen solubility'®>”8, To examine the poten-
tial for enhanced cathodic kinetics, the pH, solution conductivity,
O, solubility, and solution density were calculated using OLI
Studio (Ver. 10.0, MSE Database) for three cases: the initial droplet,
which was assumed to contain only NaCl, the secondary droplet,
which was assumed to contain only AlCls, and a mixture of these
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two. These calculations, provided in Supplementary Table 2,
suggest an increase to solution conductivity and O, solubility in
the secondary and mixed droplets which could increase the rate
of corrosion and increase the transport limited current density,
respectively®°.

When all individual pit volume growth is summed to show
cumulative volume loss (directly proportional to mass loss) in Fig.
2b, the 4N-Al material had similar trends to other materials under
atmospheric corrosion scenarios and constant contaminant
environments where the corrosion rate slows over time*!0-62,
However, in the current study, the early stages of corrosion
damage did not show the commonly described power law
volume/mass loss relationship with time. Figure 2b instead shows
a multi-step sigmoidal-like behavior. At the onset of the
experiment, numerous pits nucleated (initial ramp in rate) and
grew (linear region), followed by a brief plateau in growth (stifling
of those pits). Subsequently, new pits nucleated, increasing the
growth rate again. Intriguingly, the continuum level kinetics of
volume-loss were remarkably similar to the growth kinetics of the
fastest-growing individual pits, suggesting that the continuum-
level rates of volume-loss were dominated by the growth rates of
these pits. We note that inflection points in the cumulative data
are smoothed over in typical corrosion mass or volume loss data
due to their limited temporal resolution. Additionally, the present
study characterized only 11 pits, while typical studies of mass or
volume loss during atmospheric corrosion likely include many
more pits and significantly larger surface areas than the 12.8 mm?
inspected in this study. These results thus suggest that, with
sufficiently fine temporal resolution, over a relatively small area,
growth kinetics of individual pits could be approximated from
continuum-level mass loss data. This could be useful in cases
when damage caused by localized corrosion, e.g. pitting, is of
concern.

Data from in-situ XCT allowed current density and pit stability
products to be calculated for two pits, see Fig. 6. The
“instantaneous” current densities were as large as 86 A/cm?,
though were generally =5A/cm?, common values for active
pitting regions®. These are one to two orders of magnitude
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greater than those measured by Glanvill et al. in AA20242° but are
consistent with the current densities observed in Frankel's 2D pit
measurements on thin film Al samples®*.

The measured (i.x) either meet or exceeded the range of (ix)
determined by others to be required for metastable and stable
pits for AI*®3!, The measured (i.x) values in Fig. 6 ranging above
and below the stable (ix) value determined by Pride et al.
complements the sporadic, largely unstable nature of the pits
measured with XCT here. This study shows the temporal and
spatial resolution of the XCT measurements here can accurately
portray the electrochemical parameters specific to individual pits
under corrosive atmospheric environments.

METHODS
Material

To study atmospheric corrosion kinetics in Al, a 0.813mm
diameter Al wire material was acquired from ESPI metals. The
composition of this material (in ppm), measured using coupled
plasma mass spectroscopy, was Mg 14,V < 1, Cu 23, Zn 16, Ti 5, Ga
2, Fe 42, Si 21, with the remainder being Al. We define the
principal axes of this material as the fiber direction (FD), which is
parallel to the length of the wire, and the radial direction (RAD),
which is parallel to the wire diameter.

Two samples were extracted from this material to characterize
the microstructure using scanning electron microscopy (SEM). One
was sectioned perpendicular to the FD, the other parallel to the
FD. The methods used to characterize these samples are
presented in the following section. Secondary electron images
were acquired from both samples and are provided in the
Supplementary Material. Energy-dispersive X-ray spectroscopy
(EDS) maps from both samples are presented in the Supplemen-
tary Material. Small (=1 um), widely spaced (>20pum) second-
phase particles rich in Fe were observed in this material.

Electron backscatter diffraction (EBSD) data revealed that grains
were elongated along the wire drawing direction (the FD) and
contained residual dislocation structure. EBSD data from both
specimens are presented as inverse pole figure (IPF) and kernel
average misorientation (KAM) maps are provided in the Supple-
mentary Material. KAM measures the misorientation between each
points and all neighboring points within the kernel and is a
commonly used way to visualize local misorientations in the
microstructure created by grain boundaries and geometrically
necessary dislocations®®. No cleanup methods were applied to
EBSD data to remove unindexed pixels.

Microscopy

The microstructure of the Al material before corrosion was
characterized using a Zeiss Supra 55VP field emission scanning
electron microscope (SEM). All images, EDS data, and EBSD data
were collected using an accelerating voltage of 20 kV. No phases
other than Al were identified using EDS. Electron backscatter
diffraction (EBSD) data was collected using Oxford HKL AZtec™
software. A stepsize of 0.5um was used. EBSD data were
subsequently processed using MTEX®S, an extension for MATLAB.
Adjacent points misoriented by less than 5° were assigned to the
same grain. A minimum grain size of 10 points was enforced.
For 3D serial sectioning of a pit, a different microscope and data
collection method was employed than was described in the prior
paragraph. A pit from a sample was serial sectioned in a dual
beam plasma focused ion beam (FIB)-SEM to characterize the
microstructural features associated with this pit. This pit was
identified and located using XCT data. Note that the methods for
collecting XCT data and analyzing it are described in the
subsequent section. The pit was serial-sectioned using a Helios 5
Laser PFIB. Each slice was 500 nm thick and EBSD data were
collected using a 500 nm stepsize. EBSD data were collected using
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Oxford HKL AZtec™. An accelerating voltage of 5kV was used.
EBSD data were subsequently reconstructed and analyzed using
DREAM3D®” and visualized using Dragonfly and FlJI. Kernel
average misorientation (KAM) maps were created from these
EBSD data using a 2x2x2 kernel size®.

Specimen preparation

Four specimens of 4N-Al wire were prepared for in-situ
characterization following the procedure described by Noell
et al.’®. Briefly, 25 mm specimens were cut from the as-received
material and cleaned for 1.5 min in a 1.0 M NaOH at 60 °C. They
were then rinsed in deionized water, placed in 70% HNOs for
0.5 min, rinsed with deionized water, and dried using compressed
air. Subsequently, a uniform field of discrete, picoliter-sized
droplets each loaded with 200 pg/cm? of NaCl was created across
the entire surface of the wire using the inkjet printing method
described in reference®®. Following salt printing, each wire was
encapsulated in a plastic tube that contained a sponge, as
described by Noell et al.'. For each specimen, immediately before
beginning in-situ XCT characterization, a few droplets of super-
saturated KCl were added to the sponge. This created an 84% RH
atmosphere within the tube®. This tube was subsequently sealed
with epoxy, and the entire assembly was immediately placed
within the XCT system for characterization. The top of the wire, i.e.
the portion closest to the sponge, was identified. A 1.25 mm tall
region 3mm below this area was subsequently characterized
using XCT for the remainder of the study, see next section for
more details on XCT characterization. The temperature within the
XCT system remained at room temperature, 25 °C + 3 °C, through-
out characterization. Following XCT characterization, samples were
stored in a sealed jar that was maintained at 84% RH and
remained at room temperature (=25°C) throughout the study.
Samples were subsequently inspected periodically up to a year
after this initial exposure. Note that all four samples were prepared
and treated identically throughout the study.

In-situ XCT characterization and 3D XCT data analysis

XCT was performed using the Zeiss Xradia Versa 520 (Carl Zeiss
XRM, Pleasanton, CA), a lab-based XCT system. All scans on all
specimens were performed using the same settings: an accelerat-
ing voltage of 60kV, a power of 5W, no beam filter, and the 4X
objective. The source to sample and sample to detector distances
were changed to ensure an effective voxel size for all scans of
1.25 um. This gives an effective spatial resolution of 15.6 pm3
(2 x2x 2 voxels) for features in three dimensions.

For each sample, a 1.25 mm tall portion centered on a region
3 mm from the top of the wire was characterized. The total surface
area of the sample characterized was thus 3.2 mm?2. Within each
sample, the same region was characterized throughout the
experiment. For all samples, each scan of this section took
approximately 80 min (1.33 h). The temporal resolution of in-situ
datasets was thus 1.33 £ 0.67 h. To emphasize that measurements
are not instantaneous, all results are reported with error bars
showing +0.67 h.

To characterize this 1.25mm tall portion of the sample, the
sample was rotated 360° and a total of 1601 projections was
taken. The exposure time for each projection was 2's to ensure a
minimum of 5000 counts through the thickest part of the wire, as
recommended by Zeiss. Reference images, consisting of ten
frames without a sample, were automatically collected during
each tomography scan. This allowed radiographs within each scan
to be normalized by subtracting this background. After each
tomography scan completed, it was automatically reconstructed
by the Zeiss XMReconstructor software using a standard filtered
back-projection algorithm and collection of the next tomography
dataset began.
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All samples were characterized for the first 100 h after the
sponge was saturated. Before the first tomography dataset was
collected, a 1 h “warm-up” scan was performed to ensure that the
X-ray source fully stabilized at the accelerating voltage. During
subsequent data analysis, it was determined that no pits
nucleated during this initial warm-up scan.

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 manually based on grayscale
values and location. These measurements were used to evaluate
pit volume and pit surface area.
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