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ABSTRACT: Biofeedstocks derived from living organisms or their byproducts have
recently emerged as an environmentally benign complement to petroleum, diversifying
energy production in the petroleum industry from sole dependence on crude oil while
utilizing mostly existing petroleum infrastructure. However, biofeedstocks also bring
challenges as they can cause distinct and potentially more severe corrosion in metal-
based petroleum infrastructure than crude oils due to their higher molecular oxygen
content and the presence of various organic acids. To effectively manage such
corrosion, it is crucial to understand the corrosion mechanism, particularly the onset
of local corrosion, as well as its relationship with the metallic microstructure. Here,
using pentanoic acid—a typical degradation product and representative corrosion
contributor from biofeedstocks—as the corrosive medium, we capture the real-time
initiation and progression in corrosion of carbon steel lamella, which is a model
petroleum infrastructure, at nanometer resolution. We correlate in situ liquid-phase
transmission electron microscopy imaging of the corrosion process with ex situ characterization of grain size, orientation, and
elemental distribution. Through this correlative, multimodal characterization, we identify the key microstructural features that
significantly influence corrosion behavior: galvanic corrosion initiates corrosion, strain accelerates corrosion, and lattice
orientation guides corrosion propagation. Contrary to aqueous corrosion, corrosion in pentanoic acid is not heavily influenced
by the grain boundaries, with similar rates observed in coarse- and fine-grain lamellae. Our observations highlight the
importance of intrinsic structural features of carbon steel and their impact on corrosion in biofeedstock-based organic acids,
providing insights for potential corrosion mitigation.
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INTRODUCTION corrosion behaviors. Specifically, compared to crude oils,
biofeedstocks can cause even higher cost for corrosion due to

Corrosion is a global concern that leads to significant financial o
their higher molecular oxygen content and the presence of a

losses, including in the oil and gas industry, which relies heavily . ; T
on m’etal-based infrastructure throughout’its supply chain. In variety of functional groups, such as esters, carboxylic acid, and

petroleum refining alone, the annual direct cost of corrosion ketones, which significantly enhance the corrosivity of the

had reached $3.7 billion as of 1996." Meanwhile, biofeed- solutlor}. To effectlvely predict and mitigate corrosion in these
aggressive environments, fundamental understandings of

stocks, such as triacylglycerol-based biological oils and fats, are SR T ) ) 3 ]
corrosion initiation and progression, along with their relation-

regarded as a promising substitute and blend to petroleum due
to concerns regarding energy security, renewability, and the

carbon cost of the latter.” For example, biofuels produced from Received: April 11, 2025
biofeedstocks can significantly help reduce life-cycle emissions Revised:  July 10, 2025
associated with aviation, shipping, and heavy road transport. Accepted:  July 11, 2025

However, in fully adapting the petroleum infrastructure for
biofeedstocks, it remains critical yet greatly underexplored to
understand fundamentally their corrosion mechanism and
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Figure 1. Preparation of carbon steel lamellae with different grain sizes. (A) Different polishing methods to prepare coarse- and fine-grain
lamellae from carbon steel coupons. The white boxes highlight the regions characterized in (B,C). (B,C) Structural information on the (B)
coarse-grain and (C) fine-grain lamellae, including image quality, grain orientation, and kernel average misorientation (KAM) maps
obtained by TKD. Note that in (B,C), multiple partially overlapping images are stitched together to show a large sample region. Scale bars: 2
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ship to microstructural and compositional features of metals,
are important.

The corrosion of steel in wet environments is typically
governed by two distinct mechanisms: uniform and localized
corrosion, where uniform corrosion affects the surface almost
evenly and localized corrosion occurs in specific regions of the
materials.”> Compared with uniform corrosion, localized
corrosion is often more challenging to predict or manage.
Localized corrosion contributes majorly to the reduced lifespan
of the metal infrastructure used in the oil and gas industry due
to its rapid penetration into the steel and subsequent exposure
of a larger surface area to the corrosive medium. To
understand localized corrosion, it is important to capture the
corrosion initiation process, which typically occurs at the
atomic or nanometer scale and requires real-time character-
ization techniques with high spatial resolution. In addition, the
metal systems can be complex, involving variations in their
microstructures (e.g., grain size and orientation, in-plane
strain®) and compositions (e.g., existence of carbides,” content
of chromiumg), necessitating nanoscale structure and
composition mapping to relate the localized corrosion
processes to the corresponding local properties. Conventional
imaging techniques can face limitations in spatial resolution
(e.g, X-ray spectroscopy and optical microscopy), micro-
structural sensitivity (e.g., atomic force microscopy), or
stringent sample requirements (e.g., scanning tunneling
microscopy). The recent emergence and advancement of
liquid-phase transmission electron microscopy (TEM) pro-
vides a powerful tool for imaging nanoscale corrosion
processes in real time.””'* Pioneering studies have demon-
strated the capability of liquid-phase TEM in monitoring the
corrosion of carbon steel and stainless steel in aqueous
solutions, resolving phenomena like galvanic corrosion at phase
interfaces and accompanied cementite ejection.”’*~"" How-
ever, in addition to composition, the influence of structural

features, such as strain and lattice orientation, remains
underexplored. The behavior of corrosion in organic acids
with moderate conductivity, as opposed to in aqueous
environments, is particularly relevant to biofeedstocks and
remains largely unknown and worth further investigation.
Here, we present the application of liquid-phase TEM to
resolve the corrosion initiation and progression in steel
immersed in organic acid with nanometer resolution. We
focus on pentanoic acid and 1018 carbon steel. Pentanoic acid
is a typical example of short-chain organic acids as potential
degradation products from triglyceride-based biofeedstocks
during refining, with a pK, close to that of long-chain acids
found in biofeedstocks.'™'? In-depth structural and composi-
tional analysis is provided by integrating in situ imaging with ex
situ characterizations of the steel, including transmission
Kikuchi diffraction (TKD) for grain size and orientation
identification, energy dispersive X-ray spectroscopy (EDX) for
elemental distribution, and energy filtered TEM for thickness
mapping. With contour tracking and local corrosion rate
measurement, we further investigate the correlation between
preferred corrosion paths and microstructural features,
including strain, lattice orientation, grain boundary (GB),
surface curvature, and carbides. We find that, under room
temperature, corrosion initiates not only due to galvanic
corrosion but also random perforation, with the corrosion front
behavior being highly influenced by strain distribution and
lattice orientation. GBs, surprisingly, do not exhibit a
significant influence on corrosion, which is further supported
by a comparison between lamellae with different grain
densities. Our experiment provides a mechanistic under-
standing of the corrosion of carbon steel in organic acids
and establishes a multimodal characterization workflow to
correlate corrosion with material microstructure and compo-
sition, which can potentially provide guidance to long-lifetime
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Figure 2. Liquid-phase TEM setup and observation of corrosion initiation. (A) Schematic illustration showing the setup of a liquid-phase
TEM, where a carbon steel lamella is positioned parallel to the chip and immersed in pentanoic acid, both sealed between two SiN,, chips.
(B) SEM image of the coarse-grain lamella lying on the SiN, chip. The black box highlights the corrosion initiation area shown in (C,D). The
blue and light blue boxes highlight the random perforation areas shown in Figures 4 and 5. (C) Grain orientation (inverse pole figure
colored with respect to the z-axis orientation), KAM, and EDX maps of the area where corrosion initiates. The white dashed lines in the
liquid-phase TEM image label the boundary of the crevice. (D) Time-lapse TEM images showing the corrosion propagation across the
lamella. The orange boxes highlight the areas where perforation occurs. The two voids are labeled C1 and C2, respectively. The black dashed
lines in (C,D) highlight the GBs. The light gray circles in (D) highlight species that are likely carbonaceous, potentially generated during
corrosion. (E) Conductivity of pentanoic acid compared to typical conductivity ranges for different applications. Scale bars: 0.5 gm.

material design for biofeedstock refinement and transportation
and to broadly mitigate corrosion of other metallic materials.

RESULTS AND DISCUSSION

Corrosion Initiation and Progression Observed under
Liquid-Phase TEM. Carbon steel lamellae with different grain
sizes are prepared and characterized to systematically
investigate the influence of the microstructure on corrosion
behavior (Figure 1). By mirror-polishing the carbon steel
coupon with 0.05 ym alumina, we can extract a coarse-grain
lamella from it, with three major domains identified inside the
lamella based on TKD (Figures 1B and S1). Each domain
exhibits a distinct crystallographic orientation to allow
comparison of corrosion rates along different directions. To
enable clear observation of the corrosion initiation and grain
distribution, the thickness of the lamella is controlled at 70—80
nm. Based on TKD results, the grain size within the coarse-
grain lamella varies from a few to tens of micrometers, far
exceeding the thickness of the lamella. If we assume that the
grains extend decently evenly in three dimensions, in the z
direction, their size can be 2 to 3 orders of magnitude larger
than the thickness of the lamella (70—80 nm). Thus, the 2D
projection view can reasonably capture the microstructure
related to the etching behaviors.

Liquid-phase TEM is further utilized for the nanoscopic
imaging of corrosion initiation in the lamella. In the
experimental setup, the carbon steel lamella is sealed with
the corrosive pentanoic acid medium between two SiN,, chips
(Figure 2A). Based on ex situ corrosion tests, the carbon steel
coupon corrodes at a rate of 1.31 nm/min in pure pentanoic

acid at room temperature, a rate that is also suitable for TEM
observation (Table S1). To minimize the influence of the
electron beam, instead of movies, we take images every one
min with an exposure time of 1.0 s and a low dose rate of 1.25
e” A2

Based on the scanning electron microscopy (SEM) image
(Figure 2B), two distinct layers can be observed in the lamella,
both deposited during the standard focused ion beam (FIB)
extraction process: a layer primarily composed of amorphous
Pt deposited using e-beam, in physical contact with carbon
steel, and a layer of ion beam-deposited Pt. As shown in Figure
2C,D and Video S1, corrosion is triggered at the interface of
the amorphous Pt layer and ferrite, which can be attributed to
galvanic corrosion. With Pt serving as the cathode and ferrite
as the anode, a nanoscale battery is formed and can accelerate
the dissolution of the anodic ferrite (more discussions on the
role of Pt are in the Supporting Information). Meanwhile, the
conductivity of pentanoic acid is measured to be 0.27 uS/cm
(Table S2 and Figure 2E), falling in the range between
conductive and insulative solvents.”” The associated high
resistance in the solvent leads to a drop-off in galvanic
corrosion rates as distance between the anode and cathode
increases and thus the formation of a crevice between the Pt
layer and ferrite at the initial step of the corrosion (schematic
illustration provided in Figure S2).*'

Interestingly, instead of expanding along the Pt layer, the
corrosion propagates across the lamella, forming a crevice
perpendicular to the Pt surface (Figure 2D). EDX mapping
suggests no carbide in the viewing area, ruling out the
possibility of carbide-induced galvanic corrosion. By compar-
ing side-by-side the liquid-phase TEM image, grain orientation,
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Figure 3. Anisotropic growth of voids and dependence on lattice orientation. (A,D) Contour plots of (A) C1 and (D) C2 voids highlighted
with orange boxes in Figure 2D. The insets show the grain orientation (red) and corrosion (gray) direction. (B,E) Shape fingerprints of (B)
C1 and (E) C2 voids showing their expansion and shape evolution during corrosion. (C,F) Local corrosion rates as a function of € for (C)
C1 and (F) C2 voids. The thick black lines represent the final corrosion rate over all directions. The orange shadows highlight the directions
with faster corrosion rates. The same color bar for reaction time applies to (A—F).

and KAM maps obtained from TKD (Figures 2C and S3), we
find that the crevice is located in the region with large local
misorientation, which also serves as an indicator of strain in
this area. Note that the KAM map captures misorientations not
only at GBs but also between different domains within a single
grain, enabling the assessment of local strain across the lamella
(Methods). While it qualitatively shows the local misorienta-
tions, the specific misorientation values can be sensitive to
kernel parameters such as neighborhood definition.”” Besides
local misorientation, the thickness map derived from energy
loss of electrons passing through the sample also shows vertical
stripes across the lamella (Figure S4), providing additional
evidence to the existence of vertically distributed strain area.”®
The presence of strain may lead to larger bond length, either
in-plane or out-of-plane, and thus accelerate the dissolution of
atoms.”* The well-aligned strain distribution and corrosion
propagation direction suggest that strain can significantly
accelerate the corrosion of carbon steel, exerting an influence
that may surpass that of galvanic corrosion when pentanoic
acid is used as the solvent.

It should be noted that though a GB is present perpendicular
to the crevice, surprisingly, no apparent corrosion acceleration
is observed along this GB, as evidenced by the absence of
“branch” protruding from the crevice (Figure 2D). GBs can be
briefly categorized into two types: low-angle GBs (typically
with a grain-to-grain misorientation angle <15°) and high-
angle GBs (>15°), with the latter expected to be more
susceptible to corrosion.”””° In practice, the energy of GBs and
their contribution to corrosion are more complex. Each GB has
its own sensitivity to corrosion, whose energy can be affected
by five-dimensional parameters, including three for the GB
misorientation and two for the plane inclination.”” For
example, in austenitic stainless steels, twin boundaries might
be more corrosion-resistant than other high-angle GBs due to
their highly regular and coherent atomic structure.”® Besides,

GBs are also often associated with localized strain, which can
significantly affect corrosion. Even slight prestrain annealing
has been shown to improve resistance to intergranular
corrosion effectively.”” In our work, the observation of no
obvious corrosion acceleration at GBs may be attributed to
favorable atomic structures and strain distributions at these
specific sites that we observe, where further thorough
investigations involving atomic-resolution imaging and local
strain mapping of more GBs will be critical for understanding
their correlation. Moreover, EDX analysis of the lamella shows
no accumulation of carbon or gallium at the GBs, suggesting
that impurity segregation is likely not a contributing factor
(Figure S4). This absence of corrosion acceleration is further
supported by comparable corrosion rates in both coarse- and
fine-grain lamellae, which will be detailed later.

Anisotropic Growth of Voids and Corrosion Preferred
along the (100) Direction. Aside from the crevice
propagation, we also observe random perforations on the
lamella, highlighted by the orange boxes in Figure 2D. Instead
of growing into a circular shape, these voids adopt elliptical or
even rectangular shapes (Figure 3A,D), suggesting anisotropic
corrosion at the nanoscale. To better characterize their shape
evolution, we analyze the shape of the voids, using a fingerprint
function defined as the length d(6) of the distance vector with
orientation € connecting a point on the sha(})e contour to the
centroid of the contour as a function of 6.*° For the C1 void
shown in Figure 3B, two peaks gradually emerge at
approximately 0° and 180°, which later split into four peaks
at —150°, —60°, 60°, and 180°, indicating an evolution from an
ellipse to a polygonal shape resembling a rectangle.

Directional corrosion is revealed by calculating the local
corrosion rates v, defined as d(6, t) — d(6, t,) divided by the
reaction time from the start of tracking to the specific time
point of interest (t — t,, details can be found in Methods). At
the early stages of corrosion, local corrosion rates in the
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Figure 4. Corrosion acceleration along the (100) direction observed in other regions. (A) Grain orientation, KAM, and EDX maps of the
area highlighted with a blue box in Figure 2B, where more perforations are observed. (B) Time-lapse liquid-phase TEM images showing the
growth of the voids into elliptical shapes. (C) Contour plot, (D) shape fingerprint, and (E) local corrosion rate of the C3 void highlighted by
an orange box in (B). (F) Intensity changes of three positions of interest labeled in (A) during corrosion. A low intensity suggests the
existence of a thick lamella, while the increase in intensity suggests its corrosion into a thinner layer and finally a void. Scale bars: 0.5 gm.

horizontal directions (6 = 0° and 180°) are significantly higher
than those in other directions (Figure 3C). As the reaction
proceeds, the corrosion rate at @ = 0° is gradually surpassed by
those at @ = & 90°. If we plot the corrosion rates in four key
directions associated with the formation of a rectangular void
(0 = 0° 180° and +90°), a transition can be observed at
around 38.7 min when the local corrosion rates at 8 = + 90°
exceed that of @ = 0° (Figure SS). The transition might be
related to in-plane strain and its release during corrosion,
considering the crevice expansion and appearance of more
perforations around the C1 void at the same time.

Overlaying the liquid-phase TEM images with the grain
orientation map reveals that the 6 = 180° direction aligns with
the [010] direction of bcc ferrite, while the @ = —90° direction
corresponds to the [1003] direction, close to the projection of
the [100] direction on the lamella plane. Combining these
observations, it appears that corrosion tends to be preferred
along the (100) direction. Such preference can be largely
attributed to the lower packing density of atoms on {100}
facets of bec ferrite (Figure S6), which results in a higher
surface energy and increased vulnerability to corrosion.’’
Additionally, faster hydrogen evolution on {100} facets of
ferrite, which serves as the cathodic reaction balancing iron
oxidation, may also contribute to this preference.’”>* It
should be noted that such corrosion acceleration along (100)
directions has also been reported in bulk corrosion tests in
aqueous solutions, where {100} planes are identified as the
most susceptible to cracking and pit propagation compared to
other low index facets, showing consistency with our
observations.’

The corrosion acceleration along the (100) direction is also
evident in many other voids. For example, the growth of the
C2 void, located in a different grain with a distinct orientation,
shows a preference toward the § = —135.3 and 146.1°
directions (Figure 3D—F), corresponding to the [152] and [

9417] directions of ferrite. These two directions are close to
the projections of the [010] and [001] directions on the
lamella plane. For the C3 void located in the same grain as C1,
it grows into an elliptical shape, like the other two voids under
it (Figure 4A,B and Video S2). The faster expansion along the
6 = 180° direction indicates a faster corrosion rate toward the
[010] direction (Figure 4C—E), consistent with our observa-
tion in the C1 void. This recurring preference observed in
grains with different orientations provides strong evidence for
the accelerated corrosion along the (100) direction in
pentanoic acid. Moreover, these voids gradually evolve from
elliptical shapes (76.0 min, Figure 4) into more polygonal
shapes, resembling rectangles or their overlap given the
merging of voids (141.2 min, Figure S7). The alignment of
the longer axes of these voids with the (100) direction of bcc
ferrite further supports the facet dependence on corrosion
rates.

Closer inspection of the void boundaries shows that some
edges do not appear to be perpendicular to the substrate. If we
plot the TEM image intensity at a point on the bottom edge of
the C3 void, we observe an increase in intensity as the reaction
proceeds, suggesting a gradual decrease in thickness at this
point and an angle existing between the corrosion front plane
with the SiN, substrate (Figure 4F). In terms of lattice
orientation, the § = —90° direction aligns with the [1003]
direction in bec ferrite, leaving an angle of 6 = 16.7° with the
[100] direction. Consequently, for corrosion that prefers the
[100] direction, its front plane will not be perpendicular to the
substrate.

Additionally, aside from localized corrosion, uniform
corrosion may also exist, gradually thinning the lamella and
leading to its increasing contrast during imaging.* One piece of
evidence is the formation of ferrite thin layers as corrosion
progresses, which are observed in multiple regions of the
lamella (Figures 2D and S). Notably, the lack of accelerated
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Figure 5. Corrosion near bent area of lamella and observation of lamella thinning. (A) Grain orientation, KAM, and EDX maps of the area
highlighted with a light blue box in Figure 2B. (B) Time-lapse TEM images showing corrosion progression near the bent area. The white
dashed curves indicate the GB. Starting from around 85.7 min, a continuous increase in contrast across the lamella is observed, suggesting

the potential presence of uniform corrosion. Scale bars: 0.5 pm.
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Figure 6. Corrosion in fine-grain lamella and influence of grain density. (A) Grain orientation, KAM, and EDX maps of the region where
corrosion is initiated near the carbides and Pt layer. The white boxes in the EDX map highlight the locations of carbides. The orange boxes
in the TEM image label the positions of voids. (B) Time-lapse TEM images showing the growth of voids in the fine-grain lamella. (C)
Contour plot of the voids labeled in (A). (D) Shape fingerprints of the F1 and F2 voids showing their circular shape before merging with
each other. (E—G) Averaged local corrosion rates of (E) the F1 and F2 voids and (F) the F3 void in the fine-grain lamella, compared to (G)
that of the C1 void in the coarse-grain lamella. The shadow shows the standard deviation of local corrosion rates. Scale bars: 0.5 pm.

corrosion along the GB is also observed in Figure 5B, an area
closer to the bend, further supporting our observation that GBs
do not serve as preferred pathways for corrosion propagation
in pentanoic acid.

Corrosion Rate Comparison between Coarse- and
Fine-Grain Lamella. In applications, manufacturing processes
such as bending or polishing can cause grains to break into
smaller pieces.”” To investigate the influence of the size and
density of grains on corrosion rates, we polish the carbon steel
coupon with SiC 320-grit paper and prepare a lamella enriched
with fine grains, typically less than 1 ym in diameter (Figure

1C). The dense, smaller grains inside the lamella, compared to
the coarse-grain one, can be clearly resolved by both TKD and
high-angle annular dark-field scanning TEM (HAADF-STEM),
as shown in Figures 6A and S8. The fine-grain lamella contains
multiple carbides. Thus, along with the gap near the Pt/C
layer, we also observe perforations occurring near the carbides,
potentially due to galvanic corrosion (Figure 6B and Video
S3). The corrosion of carbides is significantly slower than that
of ferrite. In the later stage of corrosion, when most of the
ferrite has dissolved, carbides remain visible and largely
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Figure 7. Faster corrosion on convex surface. (A) Time-lapse TEM images showing the corrosion progression in another fine-grain lamella
immersed in pentanoic acid at room temperature. The first image was set as 0 min. (B,C) Contours of void/crevice colored to its (B) local

surface curvatures and (C) local corrosion rates. Scale bars: 0.5 pgm.

uncorroded, consistent with their role as the cathode during
galvanic corrosion (Figure S9).

Different from the elliptical or rectangular voids observed in
the coarse-grain lamella, the voids in the fine-grain lamella
mostly grow into circular shapes. This suggests a loss of faster
corrosion along specific directions due to the surrounding
grains with varying orientations (Figure 6C). The circular
shape of these voids can be further captured by the flat curves
in their shape fingerprints, with examples from voids F1 and F2
shown in Figure 6D. When two voids merge, protrusions are
formed in the merging area, accompanied by faster corrosion in
these regions (Figure S10). Such correlation between surface
convexity and corrosion acceleration is also evident in another
fine-grain lamella, whose boundaries are more distinct to
observe (Figure 7 and Video S4). Protrusions are often
associated with low-coordinated atoms and the presence of
strain, both of which can contribute to an acceleration in
corrosion.”*

If we compare the average local corrosion rates of voids in
coarse- and fine-grain lamellae, a similar corrosion rate around
S nm/min is observed in both of them (Figures 6E—G and
S11, and detailed values can be found in Table S3). This
similarity provides further support to our prior observation that
GBs do not significantly accelerate the corrosion of carbon
steel in pentanoic acid. The slightly accelerated corrosion in
the fine-grain lamella could be related to the different
corrosion rates in fine grains with different orientations,
which may lead to rougher void boundaries and potential
detachment of small grains. Notably, the average corrosion rate
of 5 nm/min, as measured from in situ imaging of void
expansion, is close to that measured from bulk corrosion tests
(1.3 nm/min), suggesting a minimum influence from the
electron beam. The slightly faster corrosion in the lamella may
be attributed to galvanic corrosion induced by the Pt layer
deposited during FIB preparation and the fact that the lamella
for the TEM experiment has a much smaller thickness than the
bulk samples. Specifically, the calculation of corrosion rate is
normalized by surface area to account for the possible
contribution of a thinned lamella sample compared with bulk

steel. As the thickness decreases from micrometers in the metal
coupon (plane strain-like condition) to nanometers in the
lamella (plane stress-like condition), potential relaxation of
surface strain/stress in the lamella may also contribute to its
faster corrosion rate observed.*® Future experiments may
consider using a nonconductive protective layer during FIB
preparation,®””® as well as reaction conditions closer to real-
world environments, such as elevated temperatures and more
complex corrosive media.”
While the major chemical reaction is oxidation of Fe:*”

2C,H,COOH + Fe — (C,H,CO0),Fe + H,

the presence of an electron beam may lead to radiolysis of the
solvent, %enerating radicals and acids with varying molecular
weights."”*" On one hand, corrosion acceleration by radicals
and short-chain acids contradicts its deceleration by long-chain
acids or alcohols generated from the combination of radicals.
This necessitates further analysis of the radiolysis products and
their relative concentrations. On the other hand, the
comparable corrosion rates in our liquid-phase TEM and
bulk corrosion tests, the formation of voids and deposits on the
carbon steel coupon after the bulk corrosion test, and the
initiation of corrosion in different areas of the lamella all
suggest that the corrosion observed in the lamella is majorly
driven by the chemical reactions generic in the solution, with
minimal influence from the electron beam (Figure S12, more
discussions on beam effect in the Supporting Information).

CONCLUSIONS

Using liquid-phase TEM, we track the nanoscale corrosion
initiation in carbon steel lamella immersed in pentanoic acid,
which is a typical degradation product of triglyceride-based
biofeedstocks. The real-time imaging, combined with grain
orientation mapping from TKD and elemental mapping from
EDX, allows us to correlate the structural features of carbon
steel to the corrosion behavior. Our observations highlight
three key features influencing corrosion behavior (Table 1): (i)
strain that can significantly accelerate corrosion, whose impact
on corrosion propagation may even surpass galvanic corrosion
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Table 1. Structural Features and Their Influence on Carbon
Steel Corrosion in Pentanoic Acid

structural feature corrosion path observation
strain/local faster corrosion in the area with larger Figure 2
misorientation strain/local misorientation

lattice orientation faster corrosion along the (100) direction Figures 3
and 4

carbide inducing galvanic corrosion to promote Figure 6

corrosion initiation

GB no obvious influence on corrosion rate Figures 2
and 6

surface curvature faster corrosion on convex surface Figures 7
and S10

in pentanoic acid; (ii) lattice orientation, where faster
corrosion is observed along the (100) direction in bcc ferrite,
indicating a directional preference induced by the atomic
packing on specific lattice planes; and (iii) GB, which
surprisingly shows minimal influence on the corrosion rate,
challenging the conventional assumption of their contribution
to corrosion acceleration. Besides, the occurrence of
perforations on the lamella is also worth special attention, as
it often acts as an initiator for localized corrosion. These
perforations can be triggered by galvanic corrosion (in the
presence of carbides or other cathodic elements), and their
further expansion can be strongly influenced by the strain
distribution, lattice orientation, and surface curvatures.

These nanoscale structural insights provide us with valuable
guidance for material design toward an enhanced lifespan of
pipelines, refineries, and other infrastructures. For example,
given the significant influence of strain on corrosion
propagation, thermal or mechanical treatments (e.g., annealing
and tempering) can be employed to reduce unnecessary strain
inside carbon steel, suppressing directional and rapid corrosion
progression.””"> Regarding the accelerated corrosion along
certain crystallographic directions, as well as the occurrence of
random perforations, the surface coating has been widely
adopted as an effective protection method. These coatings
include passivation layers (e.g, aluminum oxide) that protect
the surface from contacting corrosive media** and sacrificial
anodes (e.g, zinc) that corrode more preferentially than
steel.*” Elemental doping can also alter the microstructure and
composition of steel, improving its corrosion resistance. For
example, Nb doping has been shown to refine grain structure
and promote the exposure of {110}-oriented grains, while Nb-
deficient steel tends to exhibit irregular microstructures with a
mixture of fine and coarse grains.”® Note that the role of
elemental doping may vary depending on the steel type and
reaction conditions, including corrosive medium and temper-
ature, and system-specific analyses are required. Regarding
GBs, although they do not show a direct influence in our study,
their role in corrosion acceleration is still under debate. This
complexity arises from the dependence on GB types, specific
atomic arrangements, and localized strain distributions. Under
certain conditions, GBs may even facilitate rapid formation of a
surface passivation layer, protecting the underlying infra-
structure from fast corrosion.”” Further research is needed to
fully understand their impact under different reaction
conditions.

METHODS

Lamellae Preparation and Transfer to SiN, Chip. The carbon
steel coupons (CS1018, ca. 4.52 X 4.49 X 0.44 mm) were received
from bp and used for the extraction of lamellae. The chemical

composition was provided in Table S4. To prepare coarse-grained
lamella, the coupon was mirror polished with a 0.05 ym alumina
slurry. For fine-grained lamella, the coupon was polished with SiC
320-grit paper at a speed of 100 rpm and 1 min for each side, using
Buehler MetaServ 250. A continuous flow of water was used to
prevent heating. After being polished, the coupons were sonicated in
isopropyl alcohol for 5 min to clean the surface.

The polished coupon was then affixed to an SEM stub for the
following extraction of lamella using FIB (Thermo Scientific Scios 2
DualBeam). A 0.5 um-thick protective layer of Pt was first deposited
onto a (18—20) X 2 um area of the coupon surface with a 2 kV
electron beam (1.6 nA current), followed by deposition of another 1.5
um-thick Pt layer with a 30 kV Ga ion beam. Trench cut was
performed at 30 kV with a 1S nA Ga beam. An EasyLift
micromanipulator was used to lift the lamella and attach it to a Cu
TEM lift-out grid. The lamella was further thinned to ca. 70 nm,
followed by a final 2 kV Ga ion thinning step to remove the Ga-ion-
damaged surface layer. Before transferring to the SiN, chip, the
lamella was characterized in terms of grain size and orientation,
elemental distribution, and thickness, which is detailed in the
following section.

For in situ corrosion tests, the lamella was removed from the TEM
grid and transferred to a SiN, chip (30 ym X 650 ym with SO nm
thick SiN, window, Hummingbird Scientific). Specifically, the lamella
was removed from the TEM grid using the FIB lift-out technique with
16 kV Ga ion beam cuts and then transferred to the edge of the SiN,
window. The lamella was not exposed to live imaging for both
electron and ion beams, and the lowest Ga-ion current (10 pA) was
used to minimize Ga-ion damage. The lamella rested partially on the
thick Si edge and partially on the window. An e-beam Pt layer of 150
nm thick was deposited onto the bottom of the lamella at 2 kV,
sticking the lamella to the Si substrate. Then, a 30 kV, 0.1 nA Ga ion
beam was used to cut the lamella from the needle while ensuring that
the SiN, window and the part of the lamella over the window were
not exposed to the beam.

Characterization of the Lamella Structure and Composi-
tion. TKD mapping of the carbon steel lamella was performed on a
Thermo Scios2 Dual-Beam SEM/FIB. The TKD patterns were
captured using an accelerating voltage of 30 kV, a probe current of
6.4—13 nA, and a step size of 20 nm (TEAM software, EDAX Inc.).
Data analysis, including image quality, grain orientation, and KAM
mapping, was performed by using the OIM Data Analysis 8 (EDAX
Inc.) software. Specifically, in the KAM map, the average
misorientations between each pixel and the six pixels surrounding it
were calculated and assigned to the center pixel, allowing the
resolution of both GBs and local misorientations between different
domains within each grain. A one-pixel neighborhood and a default
misorientation range of 0—5° were used in this work to better
highlight the distribution of local misorientations, particularly those
with small angles.

EDX mapping was performed on a ThermoFisher Talos F200X G2
S/TEM at 200 kV. The total acquisition time was 20 min, and the
beam current was 17 pA. SEM—EDX mapping was performed on a
Hitachi S-4800 SEM equipped with Oxford’s Ultim Max detector at
20 kV, with a probe current of 10 yA for ~10 min. The sample
thickness was measured using the thickness mapping function of a
Hitachi H-9500 Dynamic Environmental TEM instrument at 300 kV.

Liquid-Phase TEM Imaging. Liquid-phase TEM imaging was
performed on a Hitachi 9500 TEM with a LaBg emitter at 200 kV, and
a spot size of Micro 1 was used for TEM imaging. Images in Figures 2
and 4—6 were captured by a Gatan Orius fiberoptically coupled CCD
camera with an exposure time of 1.0 s every one min with a dose rate
of 1.25 ¢~ A2 s™". Images in Figure 7 were captured with an exposure
time of 2.0 s every one min with a dose rate of 0.9 e~ A s™". The
beam was blocked in the interval. A liquid flow TEM holder
(Hummingbird Scientific) was used. In a standard protocol, ~ 0.5 uL
of pentanoic acid was dropped onto a SiN, spacer chip (window: S0
pum X 200 ym X S0 nm, 250 nm spacer, Hummingbird Scientific) and
overlaid with a window chip (window: 30 gm X 650 um X 50 nm,
Hummingbird Scientific) where the lamella was placed on. The spacer
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chip was pretreated with oxygen plasma (Harrick Plasma Cleaner
PDC23G) at a low radio frequency level for 27 s to clean their surface.
The window chip was not plasma cleaned to avoid the oxidation of
the lamella. After the experiment, the chips were disassembled, and
the window chip was immersed in ethanol for ~2 min, rinsed with
ethanol twice, and then left to dry.

Contour and Corrosion Rate Analysis. The time-lapse liquid-
phase TEM images in DM4 format with a 2048 pixel X 2048 pixel
resolution were exported into TIFF format with the same contrast and
brightness settings, as well as minimum compression. They were
aligned using sped-up robust features, which detected interest points
in the successive frames and then computed the geometric
transformations from the matching point pairs. For data sets in
Figure 3, manual alignment was performed before running the
alignment script to elevate the algorithm performance. All further
analyses, including contour tracking and overlaying, local corrosion
rate, and local average corrosion rate analysis, are based on the aligned
TEM images. After alignment, contour tracking for each data set was
performed by adaptive pixel intensity thresholding and boundary
detection. The shape fingerprints d(0) were computed for all selected
contours following previous publication with optimizations.>® Vectors
with angles @ covering —179° to 180° were generated at an interval of
1°, spreading out from the geometrical centroid of the contour at the
first recorded frame of the analyzed time interval. The length d(0) was
calculated as the sum of the distances traveled by each angle vector
within the void contour. As most of the voids are convex, this method
produces the centroid-to-contour distance and highlights the elliptical
or rectangular shape by showing peaks at certain angles. For some
voids that merged as corrosion proceeded, this method describes the
contour as well as the concaveness that highlights the angle of the
merging area.

The local corrosion rates v in Figures 3 and 4 were calculated as a
function of angle 6 and time ¢ following

d(o,t) — d(o, t,)
t—t (1)

where £, is the time of the first recorded frame of the analyzed time
interval. This local corrosion rate extracts the geometrical and
directional features in the local corrosion process, which is later
correlated to the local lattice orientation. While most of the local
corrosion rate v(6,t) is larger than 0, due to the error in alignment and
tracking, v(6t) can be smaller than 0 when the local corrosion rate is
low at the beginning of corrosion.

The average corrosion rates vavg(t) in Figures 6, 7, S10, and S11
were calculated by using a different method to minimize the influence
of concaveness and merging of two voids. We first computed the local
center of curvature P_ and local curvature of each point P on the void
contour at the previous time point ¢ by fitting a circle using the Pratt
method.*® To find the corresponding points on the next time point ',

v(0, t) =

we find the nearest intersection between the vector ﬁ’; and the void
contour at t' as Q. The local distance between the two contours at ¢t is
calculated as ||P — Q]| and vavg(t)is calculated as follows:

1 N
V(1) = mg IE = Q| @

where N is the total number of points on the void contour at t. The
intensity change analysis in Figure 4 was tracked by selecting pixels of
interest and calculating the average intensity of eight neighbors
around the pixels and themselves to avoid extreme values from noise.
All analyses were performed using customized MATLAB scripts.
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Liquid-phase TEM imaging (left) and corresponding
contour tracking of Cl and C2 (right) showing the
perforation in the coarse-grain lamella and subsequent
growth of the voids into elliptical shapes. Dose rate: 1.25
e”/(A%s) (MP4)

Liquid-phase TEM imaging (left) and corresponding
contour tracking of C3 (right) showing the perforation
in the coarse-grain lamella and subsequent growth of the
void into an elliptical shape. Dose rate: 1.25 e™/(A%s)
(MP4)

Liquid-phase TEM imaging (left) and corresponding
contour tracking of F1—F3 (right) showing the
perforation in the fine-grain lamella, subsequent growth
of voids into circular shapes, and merging of voids (F1
and F2). Dose rate: 1.25 e”/(A%s) (MP4)
Liquid-phase TEM imaging (left) and corresponding
contour tracking of the corrosion front (right) showing
the formation and expansion of a void and crevice in
another fine-grain lamella, along with accelerated
corrosion observed on the convex surface. Dose rate:
0.9 e7/(A%s) (MP4)
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