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ARTICLE INFO ABSTRACT

Keywords: Automated image recognition and analysis techniques were combined with liquid cell transmission electron
in situ TEM microscopy to explore the oxidation kinetics of nanocrystalline Fe thin films in a water vapor environment. From
Oxidation

in situ microscopy experiments, localized oxidation was observed to initiate in the film then propagate in an
unsteady fashion, alternatingly arresting and progressing. The oxidation front propagation occurred via new
oxidation sites initiating 10s of nm ahead of the existing front rather than through a continuous expansion
mechanism. The oxidation rate was seen to be highly dependent on electron dose rate, with increasing electron
dose rate accelerating the oxidation front propagation and increasing the density of oxidation initiation sites.
The in situ experiments were also performed in diffraction space where it was seen that Fe,O3 was formed during
oxidation. Coupling in situ microscopy with automated image analysis creates new opportunities for studying the
early stages of localized corrosion by providing direct observation of oxidation propagation as well as quanti-

Liquid cell TEM
Image processing

fication of the oxidation rates and rapid identification of byproducts.

1. Introduction

Corrosion continues to be an important issue, affecting nearly every
industry and costing the global economy an estimated $2.5 trillion
annually [1]. Due to the complexity of corrosion mechanisms and the
difficulty in directly monitoring corrosion processes at relevant time
and length scales, several fundamental processes that govern corrosion
behavior remain unresolved. This is especially true for localized cor-
rosion events, where the scale at which corrosion damage initiates,
which is on the order of nanometers, and the rate at which corrosion
fronts expand into the surrounding matrix make it difficult to determine
corrosion initiation processes using conventional post mortem imaging
alone [2]. Susceptibility to localized corrosion is known to be depen-
dent on external environmental factors such as temperature and flow
rates, surface conditions, and internal microstructural factors, including
second phase distribution, grain boundary state, defect populations,
and texture [2-4]. However, rapid expansion of the corrosion front
from the initial attack site can obscure the direct identification of fac-
tors dictating the local susceptibility in post mortem analysis [3,5,6]. For
example, work by Jain et al. investigating the corrosion of a sensitized
Al-Mg alloy showed that the initiation of localized corrosion can trigger

the spread of corrosion to the surrounding region, highlighting the
importance of capturing the initial corrosion event [7].

Reports on the structural analysis of corrosion initiation and pro-
pagation behavior found in the literature generally rely on either high
resolution post mortem analysis such as scanning electron microscopy of
surface pit sites, or on in situ optical microscopy corrosion studies [8,9].
The characterized feature size in these optical studies (e.g. corrosion pit
size or corrosion pathway) is limited to the micron domain or larger,
obscuring the onset site of corrosion initiation. Electrochemical ap-
proaches to investigating corrosion behavior are often limited to bulk-
average behavior and do not provide direct insight into the locations of
corrosion initiation and localized corrosion rates. Micro and nano ca-
pillary techniques provide only electrochemical behavior and not direct
observation of the corrosion kinetics [10,11]. The influence of this lack
of direct observation is readily apparent in the literature where con-
flicting reports on the influence of grain boundary character [12-14],
grain size [15-19], dislocation content [20,21], local stress state [22],
and orientation [23,24] can be found. For example, in ferrous systems
specifically, some reports claim that reducing grain size increases cor-
rosion resistance, while others claim that it reduces corrosion resistance
instead [15,17]. A deeper understanding of corrosion initiation
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processes coupled with directly correlated microstructural analysis can
help resolve these disagreements by identifying where, when, and how
corrosion damage initiates and propagates through a material.

Liquid cell transmission electron microscopy (LC-TEM) is a char-
acterization method that provides direct analysis of local material
transformation and degradation events in aqueous or ambient-pressure
gas environments at high spatial resolution such that microstructural
features can be imaged/analyzed then correlated with corrosion beha-
vior. In the LC-TEM approach, the sample of interest and liquid is en-
capsulated between Si chips with electron-transparent SizN, mem-
branes, which facilitate direct observations of corrosion. The chips are
hermetically sealed and liquid is flowed between the chips, protecting
the surrounding vacuum condition of the TEM chamber. LC-TEM is
seeing increasing use for diverse applications such as battery material
degradation and nanoparticle synthesis and growth [25-28]. However,
interpretation of the results gained through LC-TEM characterization
can often be obscured when beam-driven effects are not properly ac-
counted for, including the generation of radiolytic species, variations in
local solution chemistry which drive changes in pH level, beam-induced
heating, and charge transfer from the electron beam inducing potential
gradients [29-31]. Radiolysis of the solvent can create species such as
hydrogen radicals and solvated electrons that participate in the corro-
sion process near the beam [32]. Beam-induced heating has been shown
to be small (a few degrees) under typical imaging conditions but can be
more significant for more extreme dose rates [29,33]. Woehl et al.
detailed various strategies for mitigating issues with sample prepara-
tion, film and window behavior, and beam effects [34]. For further
detailed reading on corrosion studies using LC-TEM and beam-induced
effects during such experiments, the reader is referred to the recent
review by Song and Xie [32]. Studies on electron-irradiation of water
vapor have shown that similar production of radiolytic species occurs in
the vapor state, which can be used as the experimental environment
rather than liquid [35].

A limited number of studies have applied LC-TEM to understanding
localized corrosion processes both with and without potentiostatic
control [30,36-40]. Schilling et al. investigate the influence of the
electron beam on potentiostatic measurements and found that the beam
current and liquid flow affect the open circuit potential measurements,
though the beam-induced effects were found to reach equilibrium with
time [36]. Park et al. investigated localized corrosion processes in a
range of material/electrolyte systems with and without potentiostatic
control and found that beam effects were minimal as long as low-dose
protocols were followed [37]. Chee et al. characterized the localized
pitting behavior of Al thin films in salt water environments with and
without Au implantation and found that pitting events could be directly
observed and correlated with ion-irradiated regions [30]. By observing
the corrosion behavior of annealed and unannealed Fe thin films in
acetic acid, Gross et al. showed that the corrosion resistance increased
markedly with increasing grain size [38]. They also observed that
corrosion attack occurred preferentially near abnormally grown grains,
suggesting the influence of microgalvanic effects.

In this paper, we present results on dynamic observations of oxi-
dation initiation and propagation events observed in nanocrystalline Fe
thin films in a water vapor environment. The first section of the paper
discusses qualitative observations of the oxidation processes. In the
second section, we focus on the development of feature recognition and
image analysis processes to characterize real- and diffraction-space
structural and morphological changes during active oxidation events.
This approach is motivated by the large increase in data collection rates
associated with the transition from charged coupled device (CCD)
electron detectors to complementary metal-oxide-semiconductor
(CMOS) detectors, which enable higher electron sensitivity and sig-
nificantly faster image collection rates [41].
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2. Experimental methods

In this study, we investigated a model system of pure Fe corroded in
a water vapor environment. Fe thin films, with thickness ~100 nm,
were deposited directly onto the Si3N, membrane in the bottom mi-
crochip of a liquid cell chipset using RF magnetron sputtering. A
99.99% purity Fe target (Kurt J. Lesker Co., Pittsburgh, Pennsylvania)
was used as the source and sputtering was performed at a power of 75
W and a pressure of 5 mTorr for 30 min. The microstructure of the as-
deposited thin films was characterized prior to exposure to any aqueous
medium using bright-field (BF) and centered dark-field (CDF) TEM
imaging, annular dark field scanning (S)TEM, and electron energy loss
spectroscopy (EELS) analysis in a FEI Titan operated at 300 kV. The
deposited film was observed to be stable under the electron beam under
vacuum conditions.

In situ observations of the oxidation process were made using a
commercial liquid cell, with a chipset configured for a 500 nm liquid
gap. (Protochips Inc., Morrisville, North Carolina). Prior to loading into
the TEM to conduct experiments, the sample and tubing were flushed
with deionized water to check the system for leaks. Experiments were
conducted without any external liquid flow, examining oxidation in a
water vapor environment under ambient pressure and temperature
conditions. The vapor pressure was calculated to be approximately
3.5% using the Clausius-Clapeyron equation, though it should be noted
that, with these experiments, the precise environment local to the film
itself is difficult to determine. The oxidation events were captured using
a Gatan OneView camera (Gatan Inc., Pleasanton, California) with
video recording at 100 frames per second. Videos of the oxidation be-
havior were collected both in real space with the TEM operating in
bright-field mode and in diffraction space with selected-area diffraction
patterns acquired.

3. Results and discussion
3.1. Pre-oxidation characterization

Prior to conducting a leak check of the liquid cell holder, and
thereby exposing the films to an aqueous environment, the microfluidic
ports for the liquid cell holder were sealed and the films were char-
acterized in terms of their initial structure and chemistry under vacuum
conditions. BF and CDF TEM imaging showed that the initial film was
uniform, with a grain size on the order of 10-20 nm (Fig. la-c). Mi-
crocracking is evident in the film (Fig. 1b), presumably due to

Fig. 1. BF TEM analysis of as-deposited Fe at a) low magnification and b) high
magnification, ¢) CDF TEM image of a different region showing the distribution
of nanograins, d) selected-area diffraction pattern collected from the film, and
e) annular dark field STEM image. f) EELS analysis of as-deposited film showing
Fe peak but no evidence of Fe oxides.
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Fig. 2. Time sequence from bright-field TEM videos of an oxidation event,
showing propagation of the oxidation front. Arrows indicate freshly oxidized
regions.

interfacial stresses induced during the sputtering process between the
Fe film and the Si;N, membrane. These microcracks are more apparent
in the annular dark field STEM image showed in Fig. le. Microcracks
were not observed to have a strong influence on the oxidation initiation
and propagation, possibly because the grain size is much smaller than
the length scale of the microcracks. Selected-area diffraction patterns
showed only solid rings, suggesting that the nanocrystalline film did not
contain any strong texture components (Fig. 1d). EELS analysis did not
reveal any significant Fe oxide presence prior to testing (Fig. 1f).

3.2. Qualitative analysis of oxidation in water vapor

Upon illuminating the sample with the electron beam, it was ob-
served that the film quickly dewetted and oxidation initiated soon after.
Fig. 2 is a series of bright-field images showing beam-accelerated oxi-
dation of the Fe film after the liquid layer has dewetted. The corre-
sponding video is in the Supplementary Information (Video 1). A region
in the middle of the view field began to oxidize, accelerated by the
irradiation of the electron beam, and the evolution of this oxidation
event was recorded. As can be seen, the oxidation front expanded
heterogeneously and sporadically from the existing oxidized region,
with oxidation fronts initiating and arresting, consuming on the order
of 10s of grains in that time. A new oxidation front would then initiate,
either from the same location or another region of the previous front.
The location of this reinitiation point could not be determined a priori,
though the irregularity of the oxidation path suggests a microstructural
influence. Further observation shows that the oxide is unstable, leading
to dissolution of the material, suggesting a thin liquid layer may remain
after exposure to the electron beam, although this could not be verified
directly.

Fig. 3 shows an example of the oxidation front propagation at
higher magnification. Here it can be seen that the oxidation propaga-
tion occurs by discrete jumps ahead of the existing front and then
backfills in as the front catches up. The corresponding video can be
found in the SI (Video 2). The reason for this behavior is currently
unknown. It could be that these sites have some microstructural feature
(e.g. grain boundary energy) or surface artifact that is more susceptible
to the oxidation, making them easier initiation points. Then, as these
sites dissolve, a sufficient amount of reactive species are created to
facilitate the neighboring areas to be oxidized. However, without de-
tailed information on the local microstructural characteristics, further

Fig. 3. Time sequence from bright-field video of an oxidation event showing
discrete jump and backfill behavior of the oxidation front.
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Fig. 4. Image analysis of a jump event during the oxidation front propagation:
a) prior to jump event, b) highlighting the jump, c) image difference, and d)
thresholded image difference. Frames a and b are separated by 0.01 s.

study will be required. Interactions of the electron beam with water
molecules are known to generate positive and negative ions, free ra-
dicals, and excited molecules, resulting in changes in the environment
chemistry and pH. These interactions have been shown to accelerate
oxidation processes during LC-TEM observations in aqueous environ-
ments [30,38], and as radiolytic species can be generated during elec-
tron beam interactions with water vapor [35], we expect the electron
beam to have a similar accelerating effect in this work.

3.3. Quantitative analysis of oxidation behavior

By taking an image difference between frames, the newly oxidized
region can be isolated and, by filtering and thresholding the difference
image, the exact area of the oxidized region determined. An example of
this is shown in Fig. 4. Similar to what was seen in Fig. 3, the oxidation
front propagated by a discrete jump. The analysis showed that, treating
the problem as two-dimensional, 180 nm? was consumed by the jump,
correlating to a diameter of approximately 15 nm. The similarity in size
of the oxidized region and the average grain size suggests that the front
propagation behavior is influenced by the film microstructure.

The type of analysis shown in Fig. 4 can be extended into an au-
tomated sequential thresholding routine, which allows entire video
datasets to be rapidly analyzed to track the local oxidation rate and
reveal the oxidation front morphology. In the automated process, the
intensity of multiple images is averaged together and filtered using a
lowpass-highpass filter to reduce noise. The image difference between a
specified number of frames is taken and the resultant image difference
is binarized using a fixed threshold value. The binarized image can be
used to extract the total oxidized area as well as the current-frame
oxidation rate. To further reduce noise effects, a minimum object size is
set and all objects below this threshold that are detected as oxidized are
filtered out.

This approach was used to investigate the influence of electron dose
rate on the oxidation rate and behavior. In these experiments, the exact
dose rate was not recorded, but it can be estimated using values from
additional experiments at similar operating conditions. Two events at
very different magnifications and dose rates were recorded: the higher
dose rate event was on the order of 1500 e~ nm~2s~! (Fig. 5a-d,i) and
the lower dose rate event was approximately 500 e~ nm™2 s !
(Fig. 5e-h,j). Part of the analysis in Fig. 5 is shown in Video 3 of the SI
for visualization. In Fig. 5, the accumulated newly oxidized area at two
different times is shown for each magnification. Image processing
parameters were optimized by manually comparing binarized images
with the micrographs. In this case, 5 frames were averaged together,
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Fig. 5. Bright field images captured from video showing the initiation and
expansion of the oxidation front for a higher dose rate event (a,c) and lower
dose rate event (e,g). Associated binarized image differences showing the newly
oxidized area over the 0.5 s time span (b,d) and the 6.1 s time span for the low
dose rate (f,h). Total corroded area as a function of time for the higher dose rate
event (i) and lower dose rate event (j) which shows arresting and reinitiation
behavior that is not seen in the higher dose rate event.

and the image differences were taken 25 frames apart. As the image
differencing only shows newly oxidized area, the upper-right portion of
Fig. 5f and h, which was corroded prior to the start of observation, is
not detected in the image differences and remains black. Only new
oxidation events during observation appear in the analysis.

Clearly, the oxidation rate is higher at higher dose rate. The dose
rate also seems to affect the sizes of the oxidation jump sites. The
average size of the sites was measured by examining several frames of
the difference images to find where jump sites occurred. The jump sites
were defined for the lower dose rate case as the stable size of the oxi-
dized area before the oxidation paused and reinitiated. Since the higher
dose rate case did not exhibit pauses in the oxidation, the jump sites
were given approximately one second to stabilize after first appearing
before measurement. This was to ensure that an actual oxidation jump
was occurring. For each case, several frames were examined to find ten
jump sites to be measured and the average diameter was calculated. At
the higher dose rate, the average diameter of the oxidation jump sites
was approximately 19nm * +1nm. As was the case in Fig. 3, this is
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quite similar to the film grain size. However, at the lower dose rate, the
size of the jump sites was slightly larger than the average grain size.
During the experiment shown in Fig. 5e-h, the average diameter was
approximately 27nm =* +3nm. Further investigation at more dose
rates will provide additional insight to this effect.

In addition to allowing the size of the oxidation jump sites to be
compared, this automated sequential thresholding also tracks the local
oxidation rate. This can reveal differences in both kinetics and me-
chanisms, as shown in Fig. 5i and j. At the lower dose rate, the pattern
of pausing and reinitiating (as in Fig. 2) is again observed. However, the
higher dose rate event does not show this behavior but instead oxidizes
steadily and more rapidly (about 20 times faster) than the lower dose
rate case. Local beam-induced heating was not measured in these ex-
periments but should have a negligible impact on the observed beha-
vior. Thus we demonstrate that the type of analysis in Fig. 5i and j
allows us to distinguish differences in both kinetics and oxidation be-
havior. To further investigate the quantitative effects of dose rate on
oxidation initiation size and rate, additional experiments at a series of
magnifications and recorded dose rates will be performed in a future
study.

Observations were also made in diffraction space, providing insight
into the crystallographic evolution of the film during the corrosion
process. The beam was moved to an unoxidized area and recording of
the diffraction patterns was initiated (Video 4 in the SI). The dose rate
was on the order of that for the high dose rate event in Fig. 5 (on the
order of 1500 e~ nm ™2 s~ !). Image analysis of the diffraction patterns
(Fig. 6) shows that the film is initially composed of polycrystalline Fe
with no preferred texture. As the beam-accelerated corrosion process
progressed, the sharpness of the diffraction rings decreased, suggesting
a reduction in crystallinity; this is readily apparent from the loss of
higher-order ring patterns in Fig. 6b. Signal detection algorithms can be
used to isolate diffraction peaks from byproducts during the evolution
of the film; however, it is often beneficial to have a narrow regime in
which to search. The radial integration analysis described below is one
way to refine the search field for signal detection.

Using approximately 1500 diffraction patterns corresponding to the
dissolution event shown in Fig. 6, crystallographic evolution was
tracked to extract information using a radial integration-based ap-
proach (Fig. 7). Fig. 7a shows the radial integration of the intensity of a
diffraction pattern prior to the onset of oxidation, with peaks associated
with diffraction from a-Fe clearly evident. This radial integration ap-
proach was automated and applied to all 1500 diffraction patterns,
providing a quantification of the diffraction peak intensity as a function
of diffraction angle (i.e. radius) and time. The variance of the diffraction
intensity as a function of radius across the entire event was calculated
and is plotted in Fig. 7b. Physically, this plot identifies diffraction an-
gles at which the largest changes occur during the corrosion process. As
can be seen, Bragg angles associated with a-Fe appear the largest in the
plot, indicative of the dissolution process evident in Fig. 6. The back-
ground intensity, which undergoes little change over the dissolution

Fig. 6. Time sequence of diffraction patterns at t = 23 s (a), 26 s (b), and 33 s (c), showing phase change at one location as the corrosion proceeds.
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Fig. 7. a-b) Radial integration and variance analysis of diffraction pattern evolution during corrosion. The six peaks corresponding to the first six Fe Bragg peaks are
labeled in the mean intensity plot (a). Closer inspection of two points of the variance plot is shown in (b). The leftmost peak (red box) is shown in the upper left inset,
labeled as the (311) peak of Fe;Os. The right peak (black box) is shown in the lower right inset, labeled as the (620) peak of Fe,O3. ¢) SAD pattern highlighting the
diffraction spot associated with Fe-oxide. The spot marked by the arrow corresponds to (421) in Fe,O3. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

process, appears flat. Closer inspection of the variance plot can reveal
information that is difficult to extract from the mean intensity plot. In
this case, two subtle peaks were identified that corresponded to ex-
pected spacings for either Fe,O3 or Fe;O, (Fig. 7b). The diffraction
signal for these oxides are not readily apparent from Fig. 6, showing the
usefulness of the above analysis.

Fig. 7c shows the diffraction peak pattern which contributed to the
peak in the variance plot associated with Fe-oxide. This peak was
identified using a sequential adaptive change-point detection algorithm
in the radial range identified in the variance plot, the details of which
can be found here [42]. The diffraction spot marked by the arrow was
identified unambiguously at corresponding to the (421) peak in Fe;O3.
However, the spot not marked by an arrow could be the (533) peak in
either Fe,O3 or Fe;04 (the difference is sub-angstrom). This confirms
that Fe,;O3 is a byproduct in the experiment but does not rule out the
possible presence of Fe3O,4. This highlights the importance of com-
bining both radial intensity analysis with signal detection algorithms to
identify the reaction byproducts. Radial intensity analysis alone may
not be able to make unambiguous identification, but it can narrow
down the field to reduce the load for the signal detection.

4. Conclusion

The results presented here show the developing use of in situ liquid
cell electron microscopy to study oxidation in water-vapor environ-
ments, as well as the need for automated image analysis routines to
extract the maximum information from the large data sets created by
such experiments. Specific observations include:

e The electron dose rate had a significant impact on the oxidation
rate, with higher dose rate leading to more rapid oxidation.

o The electron dose rate influenced the oxidation behavior, with the
low dose rate events exhibiting a pattern of pausing and resuming
whereas the high dose rate events exhibited steady oxidation.

e Radial integration analysis was used to refine the search field for a
sequential adaptive change point algorithm that identified diffrac-
tion peaks associated with corrosion byproduct.

By coupling high-speed imaging and specialized liquid cell TEM
holders, it is possible to obtain information on local oxidation rates,
oxidation behavior, and byproducts. This holds great promise for de-
veloping the understanding of local corrosion processes. Future op-
portunities could include extending the analysis to track the fractality
of the oxidation front, which is of interest in cellular automata

modeling [43,44]. The possibility of using scanning nanobeam dif-
fraction [45] or precession electron diffraction [46] in combination
with liquid cell to provide more localized diffraction information and
more direct correlation with local microstructure is also promising
[40].
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