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Localized corrosion of low-carbon steel at the nanoscale
Steven C. Hayden1, Claire Chisholm2,7, Rachael O. Grudt 1, Jeffery A. Aguiar 3, William M. Mook2, Paul G. Kotula4,
Tatiana S. Pilyugina1, Daniel C. Bufford5, Khalid Hattar2, Timothy J. Kucharski 1, Ihsan M. Taie6, Michele L. Ostraat1 and
Katherine L. Jungjohann2

Mitigating corrosion remains a daunting challenge due to localized, nanoscale corrosion events that are poorly understood but are
known to cause unpredictable variations in material longevity. Here, the most recent advances in liquid-cell transmission electron
microscopy were employed to capture the advent of localized aqueous corrosion in carbon steel at the nanoscale and in real time.
Localized corrosion initiated at a triple junction formed by a solitary cementite grain and two ferrite grains and then continued at
the electrochemically-active boundary between these two phases. With this analysis, we identified facetted pitting at the phase
boundary, uniform corrosion rates from the steel surface, and data that suggest that a re-initiating galvanic corrosion mechanism is
possible in this environment. These observations represent an important step toward atomically defining nanoscale corrosion
mechanisms, enabling the informed development of next-generation inhibition technologies and the improvement of corrosion
predictive models.
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INTRODUCTION
The ubiquity of steel in infrastructure makes aqueous steel
corrosion a global concern, with negative repercussions impacting
most industrial sectors.1 In the oil and gas industry, pipeline
failures and the resulting disasters are avoided primarily via
strategic replacement programs, which rely on predictive models
to develop appropriate replacement timelines.2 These predictive
models have been continually updated since their initial devel-
opment in the early 1970s;3 however, even the models employed
today often rely on semi-empirical correction factors derived from
field observations or bulk-scale experiments to fill gaps in basic
scientific understanding.4 As a result, these predictive models can
fail in practice, with repercussions of failure ranging from mild to
catastrophic.5

Despite longstanding research efforts, steel corrosion continues
to present challenges, due in large part to its intrinsic complexity.
Myriad self-compounding environmental factors can completely
alter the mechanisms by which corrosion progresses, even when
only one factor is changed. This complexity presents a formidable
problem for the scientific community to approach, resulting in
gaps in the mechanistic understanding of how corrosion
progresses in certain environments. Recent studies have sug-
gested that nanoscale processes at heterogeneous sites in
materials are a likely culprit for deviation between predictive
models and observed corrosion rates from the field.6 A time-
dependent understanding of accelerated nanoscale processes in
steel corrosion under aqueous flow will help to narrow this
knowledge gap.
Two known classes of concurrent mechanisms govern mild

carbon steel corrosion in wet environments—uniform and
localized corrosion. Uniform corrosion processes in low-carbon

steel are well accounted for on the bulk scale, where localized
corrosion events are generally incorporated into empirical
corrosion rates. Uniform aqueous corrosion involves non-specific
material loss via solvation of oxidized iron at the surface of the
steel.7 On the other hand, localized corrosion results when
discrete regions of the metal surface are selectively attacked by
the corrosive medium, resulting in accelerated corrosion rates in
specific regions relative to the bulk surface. With the tendency to
penetrate the steel surface in a relatively short period of time,
localized corrosion is difficult to predict or detect, making it the
cause of most corrosion-related material failures.8 The two
mechanisms work in concert; as localized corrosion exposes a
greater surface area to the corrosive medium, the damage caused
by uniform corrosion is also exacerbated by the increased exposed
surface area.
Pitting in steel initiates at or near inclusions within the

microstructure, such as MnS and iron carbides.9,10 However, it is
not known why some inclusions, even of the same composition,
are more electrochemically active than others.11 There are three
theories explaining the seemingly stochastic mechanism behind
inclusion-induced pitting: (1) iron matrix surface orientation,12 (2)
galvanic mediation,11 or (3) a disordered and strained iron
matrix.13,14 Iron carbide inclusions, specifically cementite, are of
particular interest in the study of carbon steel corrosion. These
cementite inclusions are a common microstructural feature of mild
steels, and cementite is cathodic to ferrite,15 leading to
preferential etching of ferrite when it is in contact with both
cementite and with an electrolytic medium (e.g., H2O). A better
understanding of the mechanisms by which corrosion initiates
and progresses at these types of interfaces in steel will be key to
mitigating corrosion-related losses.
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Real-time experimental observations of nanoscale solid-liquid
interfacial processes are limited by the complexity of replicating a
flowing corrosive environment within an instrument capable of
characterizing corrosion initiation events that are rare, stochastic,
and occur at the nanoscale.16,17 Previous studies targeting
localized corrosion mechanisms have generally been conducted
by examining the surfaces of steels ex-situ, using bulk-scale
electrochemical testing in combination with surface characteriza-
tion methods (e.g., scanning electron microscopy10 or scanning
probe microscopy.18,19) Unfortunately, these techniques are too
low in temporal and/or spatial resolution to conclusively identify
the associated nanoscale mechanisms. Since its first demonstra-
tion in 2003,20 liquid-cell scanning/transmission electron micro-
scopy (LC-S/TEM) has undergone drastic improvements, now
allowing for real-time structural and compositional characteriza-
tion of materials within a flowing liquid environment.16,21–23 This
technique has been used previously to study corrosion in model
materials, such as nanoparticles and thin metal films.24,25 The use
of in-situ LC-S/TEM to study more complex, less ideal “real world”
alloys has only recently begun.26

Here, we present the application of in-situ LC-STEM to study
localized corrosion in 1018 carbon steel during exposure to a
flowing, aqueous solution. This study was designed to elucidate
the mechanism by which localized corrosion of steel at cementite
inclusions occurred by relating the known microstructure to
localized electrochemical processes resolved by in-situ observa-
tion. Advanced structural and analytical electron microscopy
techniques were combined to obtain time-resolved, site-specific
nanoscale imaging of localized corrosion processes occurring
simultaneously at the many different solid-liquid interfaces
present in a “real world” sample of pipeline steel. In-depth
structural and compositional analysis provided the deeper under-
standing necessary for studying the stochastic initiation events
associated with localized corrosion.
A new experimental methodology and workflow (Fig. 1) was

developed that paired in-situ, real-time data with extensive initial
(preliminary) and final (postmortem) structural and compositional
data sets in order to identify the critical nanoscale features in the

steel microstructure that were most susceptible to localized
corrosion. An electron-transparent sample was prepared from the
bulk exterior of a 1018 steel industrial pipe using traditional
focused ion beam (FIB) milling and lift-out procedures27 (see
Methods). In preliminary examination (ex-situ), full characteriza-
tion of the microstructure was performed using bright-field (BF)
and high angle annular dark-field (HAADF) STEM to image the
initial microstructure, including grain boundary locations. Grain
orientation mapping with precession electron diffraction (PED)28

was used to identify the microstructure, including distinguishing
cementite (orthorhombic crystal structure) from ferrite (body-
centered-cubic crystal structure) and quantifying relative misor-
ientation angles. In addition, several localized initial thickness
measurements were collected using electron energy loss spectro-
scopy (EELS)22 for later quantification of the total corrosion-
induced thickness change in the Z-plane via comparison to
postmortem data. Elemental composition examination was
performed for select regions of interest around the known
cementite grains using X-ray energy dispersive spectroscopy
(XEDS, see SI Fig. S5). Collectively, these data were used to
elucidate the complex microstructural relationships that governed
where and how accelerated, localized corrosion initiated and
progressed. This level of detail was necessary to simultaneously
study the many possible initiation sites in the sample.
For the in-situ LC-STEM corrosion experiment, the sample was

placed between two electron-transparent silicon nitride windows,
forming a well-controlled liquid cell. The cell was pre-loaded with
a droplet of deionized water to ensure complete wetting of the
sample surface and was then placed into a liquid flow holder. The
holder was then loaded into a transmission electron microscope,
and microfluidic pumping (2 µL/min) of an aqueous electrolyte
(pH 6.1) containing CO2 (aq., 6 μM), O2 (aq., 281 μM), and Na2SO4

(aq., 2.78 μM) was initiated. This solution composition was chosen
to simulate an aqueous, baseline corrosive environment employ-
ing atmospheric levels of aqueous gases and a minimal amount of
buffering salt to maintain pH. Solution flow was maintained with
no solution recirculation to ensure that reactants were not
depleted. Exposure times given herein indicate the total time
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Fig. 1 Experimental workflow for examining aqueous corrosion initiation in 1018 steel in real time at the nanoscale. The initial sample was
characterized using a suite of electron microscopy techniques, whose names, abbreviations, primary data types, and representative data sets
are provided. The fully characterized sample was placed in a liquid cell for in-situ real-time observation under aqueous flow. The corroded
sample was then characterized using the same suite of ex-situ electron microscopy techniques to aid in the interpretation of the in-situ
observations
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the sample was exposed to aqueous electrolyte; fluid flow
initiated after 10 min of static liquid exposure. STEM imaging
was performed to record the corrosion processes in real time.
Images were acquired sparingly over a 93 min period using low
electron-fluence conditions, and the beam was blanked between
exposures to minimize the production of—and interference by—
radiolysis products in the aqueous environment.29 The overall
electron dose was kept well below the threshold at which other
groups have observed interference by radiolysis products (see SI
for more details).30 The corrosion experiment was concluded after
1025min exposure to aqueous electrolyte. Extensive postmortem
characterization was conducted on the corroded steel sample to
ascertain (1) the final thickness using EELS and energy-filtered
transmission electron microscopy (EFTEM), (2) the final micro-
structure using S/TEM and nanobeam electron diffraction (NBED),
(3) the final composition using XEDS and EELS, and (4) the final
oxidation state of scale products using EELS. The initial, transient,
and final microstructures were compared using image averaging
and image overlays to identify active localized corrosion sites and
to determine the relative corrosion dissolution rates of the ferrite
and cementite.

RESULTS
Localized initiation
One region near the center of the steel specimen displayed clear
indications of localized accelerated corrosion. Crystallographic
data (Fig. 2a) and BF-STEM micrographs of this region before
(Fig. 2b) and during (Fig. 2c–f) exposure to aqueous electrolyte are
provided. The first evidence of localized corrosion was visible after
40min of exposure to liquid electrolyte (Fig. 2c), indicated by

rapid changes in intensity in the in-situ STEM micrographs. Cross-
referencing these brighter areas with the preliminary structural
data (Fig. 2a, b) revealed that the initiation event occurred at the
triple junction formed by an isolated cementite grain inclusion
(Fe3C) and two abutting ferrite grains (α), identified as αA and αB
(Triple Junction 1, TJ1). Crystallographic analysis indicated zone
axis orientations (direction out of plane) of [205] and [619] for
grains αA and αB, respectively, for a disorientation angle of
11 degrees across the ferrite grain boundary (see SI for full table of
ferrite Euler angles). The cementite grain had a zone axis
orientation of [295] (orthorhombic space group Pbnm, where
a<b<c).

Localized progression
Following initiation at TJ1, localized corrosion progressed over the
electrochemically active phase boundary formed by the interface
between the cementite grain and its neighboring ferrite grains.
Over the course of the 5mins that elapsed between Fig. 2c and d,
evidence of continued localized corrosion was apparent in the BF-
STEM micrographs (Fig. 2d), as the material corroded both at the
triple junction formed by Fe3C/αB/αC (TJ2) and at the triple
junction formed by Fe3C/αE/αF (TJ3). Grain αC was oriented along
the [618] zone axis, with 5 degrees disorientation relative to αB.
Grains αE and αF had a similarly low relative disorientation angle
of 4 degrees, with zone axis orientations of [207] and [104],
respectively. The accelerated mechanism laterally claimed up to
35 nm of ferrite (at TJ1) from grains αA/αB, after which the
accelerated material loss arrested (Fig. 2e).
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Fig. 2 Aqueous corrosion of 1018 steel visualized by in-situ STEM. Scale bar indicates 200 nm. The PED crystallographic orientation map and
bright-field STEM micrographs depict the region where localized corrosion was observed. Liquid exposure times are provided in each panel.
Regions of increasing intensity resulted from increased transmission of the beam (c–f) and correspond to localized corrosion events. Grain
boundaries are delineated in yellow to facilitate comparison between panels, and insets show a schematic of the grain boundaries with
regions experiencing localized corrosion highlighted in pink. a PED map indicating the various crystallographic orientations in the body-
centered cubic (α-ferrite) reference plane. Black pixels denote non-BCC phases (i.e., cementite). b BF-STEM micrograph showing the
microstructure of this region in vacuum prior to exposure to the aqueous electrolyte; the cementite grain inclusion was completely bordered
by a ferrite matrix. TJ1, TJ2, and TJ3 are indicated with white arrows. c–f BF-STEM micrographs depicting this region during exposure to
flowing aqueous solution. c Localized corrosion at the inclusion was first observed at the triple junction (white arrow) between Fe3C, αA, and
αB (TJ1). Total electron flux 0.905 e−/Å2*s. d At 45 min, localized corrosion was observed to have claimed the interface between the Fe3C grain
and grains αA/αB/αC, as well as the triple junctions (white arrows) formed by Fe3C/αB/αC (TJ2) and Fe3C/αE/αF (TJ3). Total electron flux
0.915 e−/Å2*s. e At 47min, the localized corrosion area stopped evolving. Total electron flux 1.23 e−/Å2*s. f Final in-situ micrograph acquired
after 102min of solution exposure. Total electron flux 5.15 e−/Å2*s
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Localized arrest
No further progression of localized corrosion was observed
between 47 and 102 min, when in-situ observation concluded;

the corroded area in Fig. 2e and f was measured to be the same
within the observation error of the experiment (± 2 nm2). To
facilitate investigation of the microstructure after localized
corrosion arrested, image averaging was used to increase the
signal-to-noise ratio of the in-situ image data. While initial
examination of single in-situ STEM micrographs (Fig. 2c–f)
suggested that the Fe3C corroded away during this period,
analysis of averaged BF (Fig. 3a) and HAADF STEM (Fig. 3b)
micrographs from 47 to 53min revealed that corrosion at the
phase boundary only occurred in ferrite. Diffraction contrast
changes in the cementite grain and removal of ferrite from the
inclined phase boundary in relation to the observation direction
account for the intensity variations co-localized with the
cementite grain position. The arrest of localized corrosion at
47min occurred either by the loss of physical contact between
cementite and ferrite, or by passivation of the area by deposited
corrosion product (vide infra).

Final microstructure
Postmortem TEM micrographs (Fig. 4a, b) revealed a crevice in the
region of the solitary cementite inclusion. The crevice had grown
outward along the grain boundary at the top of the inclusion (as
shown) between grains αC and αD and at the bottom of the
inclusion between grains αG and αH (Fig. 2a). The material
occupying the gap within the crevice was characterized as
corrosion product that overlapped the cementite inclusion in its
original position. Rapid galvanic corrosion at this phase boundary
likely induced a local spike in the concentration of solvated iron
ions, leading to preferential deposition of corrosion product in the
area. Product deposition increased with proximity to the
cementite grain. Linear profiles extracted from the EFTEM intensity
map (Fig. 4c) show that the corrosion product deposition on either
side of the crevice was roughly evenly distributed, indicating that
product deposition was independent of fluid flow. Contrast in the
BF and HAADF postmortem S/TEM micrographs also revealed the
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presence of bridging structures – determined via elemental and
crystallographic analysis to be amorphous iron oxide – connecting
the two walls of the crevice (Fig. 4a, inset), which may have
implications for corrosion product deposition/dissolution mechan-
isms. Further understanding of the corrosion product deposition
mechanisms could be achieved by implementing new instrumen-
tation and methods that are complementary to in-situ TEM and
that enable tracking of the iron oxide evolution in-situ.22,31

Overlaying the initial grain boundary outline onto the
postmortem image (Fig. 4a, b) revealed that the cementite grain
had moved relative to its initial position (confirmed via TEM and
spot diffraction analysis), rotating from its initial 25 degrees to a
final 20 degrees relative to the fluid flow direction (Fig. 4c, d). This
movement indicated that corrosion at the phase boundary
advanced sufficiently during the unobserved portion of the
experiment to liberate the cementite grain from its original
position in the ferrite matrix while leaving it confined within the
crevice. A dip in intensity was visible to the left of the displaced
cementite inclusion in both the HR-S/TEM micrographs (Fig. 4b)
and the relative thickness map (Fig. 4c). This intensity change is
indicative of re-initiation of galvanic corrosion at the interface
between the two phases, which occurred when the cementite was
reconnected to the ferrite prior to the ferrite being fully converted
to corrosion product.

Uniform corrosion
Running concurrent to the localized, accelerated corrosion
discussed above, much slower, uniform corrosion was also
observed over all the ferrite grains present in the sample. Fig. 5
shows overview S/TEM images of the entire steel coupon in
vacuum before (Fig. 5a) and after (Fig. 5b) exposure to the liquid
electrolyte. Initial EELS relative thickness measurements and
EFTEM relative thickness maps were used to determine the
average overall iron depletion to be between 70 and 85% over the
course of the experiment (Fig. 5c). Electron diffraction and EELS
analysis determined that all ferrite was converted to iron oxide
(see SI) by the end of the experiment. EELS relative thickness
measurements in the pearlite grain present in the bottom left of
the sample (Fig. 5b-inset) illustrate the preferential corrosion of
ferrite and the relative resistance of cementite to corrosion. The
starting thickness of all grains in this region was 85 nm: the
corrosion-resistant cementite grains underwent no change in
thickness, whereas the corroded ferrite regions returned a final
thickness of 55 nm (indexed as Fe2O3).

DISCUSSION
Corrosion product formation and material loss during uniform
corrosion are generally nonlinear in rate; significantly higher
corrosion rates are often observed over the first several hours of
uniform corrosion, followed by a steady-state rate once the iron
surface has been converted to corrosion product.32 Qualitatively,
we determined that the steel sample, which may have been
exposed to the solution on both sides of the sample, was not
completely converted to corrosion product within 102 min of
exposure. This was evident in the in-situ image acquired at
102min (Fig. 2f), where observable diffraction contrast within the
ferrite grains (due to crystallographic orientation differences)
indicated the presence of crystalline ferrite. However, these
diffraction contrast differences were not present at the conclusion
of aqueous exposure; postmortem EELS and XEDS revealed that
the ferrite was fully converted to amorphous corrosion product
following the 1025min of exposure (Figs 4a, b and 5b). At this
point, the ferrite regions of the sample were observed to have lost
ca. 30 nm of thickness, retaining 55 nm in the form of iron oxide.
Given the starting thickness of 85 nm and the quantitative ferrite
dissolution timeline, the corrosion material loss rate due only to

uniform corrosion was calculated to be between 0.015 and
0.16mm per year, with a depth of penetration between 0.044 and
0.44mm per year. These values are expected to be an upper
bound, as they were calculated assuming possible contact of both
sample surfaces with the solution.
Previous experimental workflows have struggled to separate

the contributions of uniform and localized processes to the overall
corrosion rate; LC-TEM provides a finite sample volume with
transmission imaging that is able to indicate changes in thickness
and material composition. While discrepancies may arise due to
differences in the steel surface roughness and density of surface
phase boundaries between bulk and nanoscale samples, the
ability to decouple the contribution of localized and uniform
processes could be a major boon to the development of more
robust corrosion prediction models capable of accurately model-
ing the individual mechanisms responsible for material
degradation.
It has been previously demonstrated that the final morphology

of low-carbon steel after attack by aqueous solution exhibited
surface structures described as “soft line form” features: widely
spaced, small-aspect-ratio ridges.33 The results of this work
indicate that these soft line microstructures may result from two
concurrent processes: (1) release of cementite grains following
complete dissolution of the phase boundary between cementite
and ferrite, leaving exposed troughs, and (2) increased corrosion
product deposition in regions where this type of localized
corrosion occurs. The combination of these two events would
generate lined crevices with softened features in the regions
where cementite grains were released. This realization was

Fig. 5 Analysis of uniform aqueous corrosion of 1018 steel. a BF-
STEM micrograph showing steel sample on a single liquid-cell
window prior to exposure to aqueous media. b TEM micrograph of
corroded sample on a single liquid-cell window. Scale bar indicates
2 µm. Inset, circles identify locations of corresponding EELS log-ratio
thickness measurements for the layered ferrite-cementite grains, as
discussed in the text. Inset scale bar indicates 100 nm. c EFTEM
relative thickness map of corroded sample with Si3N4 window
thickness subtracted
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achieved due to real-time, in-situ transmission-mode imaging of
the sample at the nanoscale, which captured finite surface-level
processes that were previously undetected.
Characterization data and key observations suggest that a re-

initiating mechanism may be involved in the deleterious
interaction between the cementite inclusion and the neighboring,
receded ferrite grains. Detailed image analysis contrasting the last
of the in-situ images with the postmortem images of the localized
corrosion region identified relocation of the cementite grain
(bright region indicated in Fig. 4b) as well as an intensity decrease
along the left side of the final position of the cementite grain
(visible as a slightly darker region to the left of the bright
cementite in Fig. 4b and in the line profiles in Fig. 4c). We propose
a schematic of this re-initiation process in Fig. 6. Localized
corrosion occurred first at the TJs and phase boundaries (vide
supra), leading to faceted pitting, and the spike in local iron ion
concentration led to preferential accumulation of corrosion
product in the area (Fig. 6b). During the unmonitored portion of
aqueous exposure, the corrosion-resistant cementite grain was
unaffected, but the ferrite grains etched in the Z direction (Fig. 6c),
leading to gaps in the corrosion product layer that were
highlighted by the TEM micrographs and relative thickness maps
(Fig. 4c, d). The formation of these gaps both allowed the fluid to
regain access to the cavity and left the cementite inclusion jutting
out from the surface. The final position of the cementite grain
suggests that the fluid flow pushed the cementite grain, which
was oriented at 25° to the flow direction, into αE/αF, reinitiating
accelerated galvanic corrosion (Fig. 6d) and leading to the dip in
intensity seen in the relative thickness map to the left of the final
inclusion position (Fig. 4c) as the reconnected cementite and
ferrite grains once again experienced localized corrosion at their
phase boundary. This process would have continued until either
the interface was no longer electrochemically active (ferrite
conversion to corrosion product) and/or the cementite grain lost
mobility (Fig. 6e), ultimately leading to the same result: a rotated,
confined cementite inclusion with a distinct intensity dip to its left
in the thickness map.
The labile nature of the cementite grain—following the

localized-corrosion-mediated dissolution of its surrounding ferrite
matrix at the phase boundaries—has far-reaching implications. On
the bulk scale, these types of inclusions and phase boundaries are
highly prevalent in the steel microstructure. Cavities formed
around them via the mechanism observed here would not only
allow infiltration of the corrosive medium into the inner structure
of the steel, but the dislodged cementite grains could re-initiate
galvanic corrosion in any ferrite regions of the steel surface to
which they were displaced. Additionally, turbulent fluid flow
combined with a cementite grain trapped within a ferrite cavity

could lead to a larger opening within the steel subsurface by the
same deleterious mechanism.
The localized corrosion at the TJs along the phase boundary of

the solitary cementite inclusion (e.g., Fig. 2c, arrow) showed
faceted pitting of the corroded ferrite. Identification of these
ferrite pit facets was determined by comparing the faceted edge
of the etched region (Fig. 2f) with possible faceted pit geometries,
their 3D intersection with the ferrite surface, and the ways these
would appear in a 2D S/TEM micrograph projection. Each of the
pits along the phase boundary of the solitary inclusion was found
to have {110} faceting. In comparison, no pitting was observed at
the cementite inclusions in the pearlite grain, which did not
exhibit any obvious TJs. This suggests that structural defects, such
as TJs, are important factors in the initiation of localized corrosion.
Structural defects may indicate increased matrix strain and/or
increased accommodation of dopants that can increase the
activity at these sites. TJ1 was likely not the most strained or
defected site along the phase boundary. If structural defects were
the only contributor to the onset of localized corrosion, then the
junction formed by the intersection of four grains (Fe3C, αC/αD/αE)
might be expected to corrode first. Instead, the initiation event
occurred at TJ1, located at approximately mid-length of the Fe3C
inclusion and having the highest contact area to the cathodic
inclusion of any grain-boundary-based defect. Furthermore, TJ2
and TJ3 were located about the same distance along the length of
the cathodic inclusion and pit at the same time, despite the TJ2
ferrite surfaces being more favorably oriented for pitting over
TJ3.34 This may indicate that some interplay between galvanic and
strain-based mechanisms is responsible for the pitting behavior
observed here.
We observed the advent of localized steel corrosion in-situ and

identified the nanoscale features implicit in the initiation and
progression of an accelerated corrosion mechanism. Localized
corrosion initiated at a site of interfacial heterogeneity: a triple
junction formed by the intersection of two ferrite grains and an
isolated cementite inclusion. The initiation event involved two
ferrite grains with a relatively long surface contact length with the
cementite inclusion and occurred at the most structurally defected
site along the phase boundary involved in these three grains.
Following initiation, accelerated corrosion progressed along the
electrochemically active interface formed by the ferrite-cementite
phase boundary, claiming adjoining portions of abutting ferrite
grains, leaving the cementite composition unaffected, and
trapping the dislodged cementite grain within the resulting
cavity. On the bulk scale, such a cavity could allow infiltration of
the corrosive medium into the inner structure of the steel and
could feasibly serve as the initiation point of a crack. The isolated
cementite grain was not the only cementite grain present in the
sample; however, it was the only cementite grain that exhibited
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Fig. 6 The post-corrosion landscape and characterization data suggest a reinitiating galvanic mechanism represented by this schematic
illustration. a Cross-section of the localized corrosion region with the cementite grain surrounded by ferrite and exposed to an aqueous
solution. b Ferrite at the phase boundary corroded, and the resulting local spike in solvated iron species caused corrosion product to form. c
Corrosion of ferrite progressed significantly enough to expose the cementite grain to fluid flow and to allow fluid access to the cavity, which
pushed the cementite grain into grain αB. d The reconnected cementite-ferrite interface reinitiated galvanic corrosion. e Galvanic corrosion
terminated due to loss of cementite mobility and/or severance of electrochemical activity, as ferrite was fully converted to corrosion product
by the end of the experiment. Incident beam direction from bottom as pictured
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clear signs of localized, accelerated corrosion, and it was the only
cementite inclusion that displayed clear triple junctions along the
phase boundary. Comparison of the relative activity of the pitted
locations along the solitary inclusion suggests that a combined
galvanic and strain-based mechanism may be responsible for the
localized corrosion observed in this work.
The experimental workflow and array of electron microscopy

techniques established herein allowed for the observation of
stochastic, nanoscale events using non-ideal, field-relevant
materials and conditions. TEM is particularly suited to this type
of investigation, as it provides elemental composition, crystal-
lographic orientation, and nanoscale observation of dynamic
events and transient states that could pass unobserved in
techniques with lower temporal and spatial resolution. Addition-
ally, other techniques that are primarily sensitive to topology (e.g.,
scanning electron microscopy or atomic force microscopy) would
be limited in this endeavor, as corrosion product deposition
concurrent with accelerated corrosion would generate a surface in
which any percolation pathways would be invisible to such
surface-sensitive techniques. The insight necessary to interpret the
in-situ LC-STEM data provided by initial and postmortem analysis
emphasizes the importance of full-spectrum characterization to
support a mechanistic interpretation. Future investigations will use
an approach that specifically targets the active electrochemical
interfaces in steel whose involvement in localized corrosion was
implicated in this work. New hardware and techniques are being
implemented to obtain real-time compositional information from
materials within the LC-STEM concurrent with in-situ
observation.23,31

Nanoscale corrosion pathways, like the one identified in this
work, could have a profound impact on the degradation behavior
of bulk materials. This work suggests that the types of
electrochemically active interfaces that typify and pervade the
steel microstructure may participate in accelerated corrosion
mechanisms that, extrapolated to the bulk-scale, would create
percolation networks that expose the interior body of the steel to
corrosive conditions much sooner than predicted by uniform
corrosion models. These types of scientific insights will prove vital
for the development of more robust corrosion prediction models
as well as the development of next-generation corrosion
prevention and mitigation strategies.

METHODS
Low-carbon steel sample
A small coupon (ca. 12.7 × 12.7 × 3.175mm) of cold finish mild steel, SAE/
AISI 1018, produced by the manufacturer S. Izaguirre, S.A, was used for
characterization and corrosion testing. The bulk chemical composition
provided by the manufacturer is (wt%): 0.16 C, 0.71 Mn, 0.169 Si, 0.016 P,
0.021 S, 0.116 Cr, 0.107 Ni, 0.017 Mo, 0.345 Cu, 0.017 Sn, 0.008 Al, 0.002 V,
0.0088 N, 0.001 Ti, 0.002 Pb, and balanced by Fe. The coupon was coated
with a thin layer of grease (Starrett M1 Oil) to preserve the surface state
during storage.

Focused ion-beam TEM sample preparation
The steel coupon was affixed to a scanning electron microscope (SEM) stub
after removal of the grease layer using isopropyl alcohol. An FEI Nova
NanoLabTM 600 DualBeamTM focused ion-beam(FIB)/SEM was used to
deposit a ca. 100 nm thick protective layer of Pt/C (ca. 83/17 at%35) with a
15 kV electron beam over a ca. 2 × 20 µm area of the coupon surface
followed by a ca. 1 µm thick protective layer of Pt/C with a 30 kV Ga ion
beam prior to 30 kV Ga ion milling of the foil. An Omniprobe
micromanipulator was then used for in-situ lift-out of the lamella to an
Omniprobe Cu transmission electron microscope (TEM) half-grid. The
sample was thinned to electron transparency and then received a final
10 kV Ga ion thinning step to reduce the Ga-ion-damaged surface layer.
The sample was characterized prior to corrosion testing in this
configuration.

For in-situ TEM corrosion testing, the steel lamella was removed from
the Omniprobe half-grid, again using standard FIB lift-out techniques with
30 kV Ga ion beam cuts, and transferred to the edge of a 50-nm thick
silicon nitride (Si3N4) window of a TEM liquid-cell chip (Hummingbird
Scientific), such that the lamella rested partially on the thick Si at the
window edge and partially overhung the window.

Characterization of initial structure and composition
The initial 1018 steel lamella microstructure was characterized using
precession electron diffraction (PED) phase and orientation mapping. The
PED data was acquired using a NanoMEGAS DigiSTAR™ precession unit
installed on a 200 kV JEOL 2100 TEM with a 7 nm probe size over a 3.3 ×
3.8 µm area with 10 nm steps and indexed using ASTAR™ (NanoMEGAS)
software. Sample composition was characterized using X-ray energy
dispersive spectroscopy (XEDS). The XEDS maps were acquired on a 200 kV
FEI Titan ChemiSTEM equipped with 4 windowless silicon drift detectors.
The XEDS maps were evaluated using multivariate statistical analysis with
Automated eXpert Spectral Image Analysis (AXSIA) software.36 Relative
sample thickness was measured in a grid of discrete points using the
electron energy loss spectroscopy log-ratio technique23 on a 300 kV Tecnai
F30 G2 TEM, equipped with a Tridiem 863 Gatan Image Filter.

Corrosion solution
The liquid for the in-situ TEM corrosion experiment was an aqueous
solution (pH 6.1) containing atmospheric levels of dissolved gasses (6 μM
CO2, 287.5 μM O2) and sodium sulfate (Sigma Aldrich, 2.78 μM), prepared
using ultrapure (18.2 MΩ*cm) water. Using a Hamilton syringe equipped
with a stop-cock, 5 mL of the test solution was withdrawn and loaded onto
the syringe pump for microfluidic pumping (at 2 µL/min) throughout the
experiment. The CO2 concentration was determined via titration with
NaOH (0.1 mM) using phenolphthalein solution as an indicator. The O2

concentration was determined using a dissolved oxygen meter (VWR). The
equilibrated water was prepared by allowing ultrapure water (18.2 MΩ*cm)
to equilibrate under atmospheric conditions overnight and then adding
the appropriate amount of sodium sulfate stock solution to reach 2.78 µM.
Sodium hydroxide solution (Sigma Aldrich, 0.1 mM) was prepared from
ultrapure (18.2 MΩ*cm) water.

In-situ liquid-cell TEM experiment
The liquid flow TEM holder (Hummingbird Scientific) assembly is
composed of two liquid-cell chips, including a base and lid, that, when
compressed and sealed within the holder, create an environmental cell
with continuous liquid flow through a channel maintained with thin
spacers. Each chip has a thin Si3N4 window in the flow channel that
permits electron transmission with minimal loss of spatial resolution while
maintaining separation of the liquid from the vacuum of the TEM. A
250 nm SU-8 photoresist spacer, patterned onto the lid chip (as
purchased), was used to provide the minimal fluid thickness within the
cell before affixing the steel sample over the window. The base chip was
plasma cleaned for 3 min just prior to in-situ TEM corrosion testing to
produce a hydrophilic surface and to promote wetting and flow through
the thin channel. However, the lid chip with the steel lamella was not
plasma cleaned to avoid oxidation of the sample. The base and lid chips
were loaded into the holder such that the electron beam would pass
through the first window and sample before encountering the liquid to
enable the highest STEM imaging resolution. The base chip was pre-loaded
with a 6 µL droplet of equilibrated deionized water to ensure complete
wetting of the sample surface. Ten minutes elapsed between liquid
loading and the acquisition of the first STEM image under solution flow.
The sample was imaged in STEM mode at 300 kV using a beam current

of 13 pA, and images were acquired with a 2 µs dwell time. The sample
was imaged over a 93min period with images acquired about every
minute at various magnifications of 2048 × 2048 pixels: 25 images at
4.06 nm/pixel, 8 images at 2.03 nm/pixel, 9 images at 1.44 nm/pixel, and 25
images at 1.02 nm/pixel were acquired with 0.1, 0.4, 0.8, and 1.6 e−/Å2

fluence at each image magnification, respectively. As the radiation dose to
the specimen is dependent on the area scanned by the STEM probe, the
magnification was kept low for most of the imaging, minimizing
accumulated electron fluence in the region of the solitary cementite
inclusion to 51.5 e−/Å2. This was done to prevent the generation of
radiation species that could alter the sample during observation. It should
be noted that at the lowest magnification, the whole of the sample
contained within the Si3N4 window was imaged; therefore, reactions
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between the radiation species in the corrosion solution and on the sample
surface would be evenly distributed over the entire sample. No preferential
dosing would be expected, except at higher magnification, where the fly-
back in the scanning probe rests on the left side of the scanned image
region.
The experiment continued unobserved overnight with solution flow

maintained at 2 µL/min. The solution was kept sealed, and a continuous
flow of fresh solution was used throughout the experiment to ensure that
reactant depletion would not affect the solution composition. The
experiment was halted after 1025min of total exposure to liquid. The
sample was immediately removed from the liquid-cell holder, underwent a
cursory removal of liquid via wicking with filter paper, and then was left to
dry within a nitrogen dry box, where it was stored between postmortem
analyses.

Characterization of final structure and composition
An initial survey of the corroded steel sample was performed on the Tecnai
F30 TEM operated at 300 kV to image the microstructure and measure the
sample thickness. The corroded sample was affixed to the liquid-cell chip,
imaged using BF/DF STEM, and the relative sample thickness expressed in
units of mean free path were measured in a grid of discrete points based
on the Fourier log-ratio EELS technique. More extensive sample thickness
mapping was performed on the corroded sample using the same Fourier
log-ratio technique with energy-filtered TEM using a Tridiem 863 Gatan
Image Filter. Relative thickness maps (units of thickness divided by the
material-dependent 300 kV electron inelastic mean free path length) were
acquired and calculated using DigitalMicrograph (Gatan) and further
visualized with MATLAB.
Analytical transmission electron microscopy and core-loss energy loss

spectroscopy was performed on a 200 kV FEI Titan ChemiSTEM equipped
with a Quantum Gatan Image Filter. High-resolution EELS chemical
imaging was performed in STEM mode at 200 kV with an emission current
of 185 uA, 3900 V extraction, 32 mm camera length, and 50.5 mrad
collection angle based on a 5-mm filter opening aperture. Energy windows
extending from the oxygen-K to iron-L edge were collected using a
dispersion of 0.25 eV/pixel that was bias, gain, and drift corrected. A total of
70 individual spectra were collected along a line profile that were each
individually collected for 10 s. Using the L3,2 white-line-ratio technique over
the iron-L edge profiles, subtracted valence profiles were matched to
experimental and published data for a variety of iron oxide scale products,
including: α-Fe2O3, γ-Fe2O3, α-FeO(OH), Fe3O4, FeCO3, and FeO. Non-linear
least squares peak fitting in addition to dual window and a 2:1 stepped
background subtraction with lifetime broadening of the L3,2 peaks was
utilized to extract quantitative integrals associated with each peak and to
calculate the profiles. Comparing experimental and published data fell
within two standard deviations, owing to the analytical certainty
associated with this core-loss EELS profiling technique.
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