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Abstract

The corrosion of pulsed-laser deposited Fe thin films by aqueous acetic acid solution was 
explored in real time by performing dynamic microfluidic experiments in situ in a transmission 
electron microscope. The films were examined in both the as-deposited condition and after 
annealing. In the as-deposited films, discrete events featuring the localized dissolution of grains 
were observed with the dissolved volumes ranging in size from ~1.5 x 10-5 μm3 to 3.4 x 10-7 μm3.
The annealed samples had larger grains than the as-deposited samples, were more resistant to 
corrosion, and did not show similar discrete dissolution events. The electron beam was observed 
to accelerate the corrosion, especially on the as-deposited samples. The effects of grain surface 
energy, grain boundary energy and the electron beam-specimen interactions are discussed in 
relation to the observed behavior.

Introduction

Fe is protected from corrosion by the formation of a passive oxide layer [1-7]. This layer 
isolates underlying iron from the solution preventing dissolution. The passive film in Fe is a 
complex spinel structure, related to but distinct from γ-Fe2O3 and Fe3O4 [5, 7], that can
potentially include iron hydroxide compounds and adsorbed water [2]. This passivation layer has 
been observed to vary in defect concentration, making it more strongly protective in certain 
places than others [5]. This paper reports the observation of the dynamics of corrosion of 
nanocrystalline Fe by conducting corrosion experiments in situ via transmission electron 
microscopy (TEM) using a microfluidic cell. By flowing a corrosive liquid through the 
microfluidics of the stage, effects of corrosion and the mechanisms by which film breakdown 
and sample dissolution occur can be observed directly.

Previous efforts to observe corrosion events in the TEM have included post mortem
corrosion characterization [8-10], in situ characterization in a gaseous environment [11-13], and 
in situ liquid cell corrosion of Al and Cu thin films [14]. The in situ studies all found that the 
corrosion was a localized event, with Zhou et al. finding that copper undergoing oxidation at 
high temperatures exposed to air nucleated copper islands which then grew to form the oxide 
scale [11, 12]. Malladi et al. found that for Al-2024 exposed to gaseous HCl, the corrosion was 
localized primarily to defects in the material, including precipitates acting as the cathodic sites to 
stimulate corrosion [13]. Chee et al. flowed an aqueous NaCl solution over Al and Cu thin films 
while applying a bias to encourage active corrosion events. They found that the corrosion 
generally proceeded via film pitting, connected corrosion pathways, and blistering. Exposure of 
the films to the electron beam was found to accelerate the corrosion events, though comparison 
to films corroded ex situ showed similar corrosion features, suggesting that the electron beam 
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influenced the corrosion rate, but not necessarily the corrosion mechanisms. Possible influences 
of electron beam irradiation during corrosion include: radiolysis of water [15-17], heating due to 
the electron beam [15, 16, 18], chemical reaction initiation [15], and charge collection [17, 18].
This paper explores the corrosion processes occurring during flow of an aqueous acetic acid 
solution over high-purity nanocrystalline Fe thin films.

Methodology

A microfluidic TEM stage manufactured by Protochips, Inc. was used to investigate in 
real time the corrosion of a pulsed laser deposited Fe film by a 20% acetic acid solution. Two Si 
chips with amorphous Si3N4 windows were used to enable electron transparency, while 
containing the liquid. Pulsed laser deposition (PLD) was used to deposit the film directly onto Si 
chips using a KrF laser with a wavelength of 248 nm, a pulse width of 34 ns full-width half-
maximum, a pulse rate of 35 Hz, and an energy density at the target of 1-2 J/cm2. A total of 
7,587 pulses was used to achieve a nominal film thickness of 50.3 nm with the film growing at a 
rate of 0.23 nm/s. Acetic acid was chosen because it was compatible with the microfluidics of the 
stage, while still being corrosive to Fe. The 20% solution was selected as studies of on corrosion 
of stainless steel suggest that this composition maximizes corrosion-susceptibility [19, 20]. Two 
samples were annealed post-deposition under vacuum at 400°C to induce grain growth.

Prior to assembly of the stage, deionized water was pumped through the microfluidics to 
remove contaminants. The stage was then assembled and cleaned using deionized water and leak 
checked prior to insertion in to a JEOL 2100 LaB6 TEM. Samples were observed under bright-
field conditions at an accelerating voltage of 200 keV.  During TEM observation, the fluid was 
switched from deionized water to a 20% acetic acid solution with a flow rate of 100 μL/hr.
Corrosion of the nanocrystalline matrix was recorded continuously to capture the relatively rapid 
corrosion events. Movie frames were obtained using a TVIPS Fast-Scan F114 operating at 
1024x1024 pixels. In the annealed materials, snapshots of the films were collected periodically 
with the beam blanked between images to reduce electron beam exposure. Still images and 
diffraction patterns were obtained by a TVIPS TemCam-F416 operating at 4096x4096 pixels.
Image analysis and adjustments were performed using Adobe Photoshop CS6 and ImageJ. 

Results

The corrosion behavior of the as-deposited films was observed to occur in two different 
ways: short (< 0.5 s) events of localized dissolution and rapid, large scale propagation of 
corrosion fronts. Figures 1-2 show the former behavior and Figure 3 shows the latter. The bright-
field micrograph presented in Figure 1A shows the as-deposited microstructure after brief 
exposure to acetic acid. The initial microstructure was composed of a nanocrystalline Fe matrix 
with an average grain size of approximately 20 nm as determined by the line intercept method. 
Selected area diffraction analysis showed that the film had little to no preferred texture (Fig. 1A 
inset). Several areas are circled in Figure 1A indicating where dissolution had occurred prior to 
imaging. Figure 1B shows the state of the area following 35 s of continuous imaging during 
acetic acid flow. The three areas circled remained unchanged, but additional through-thickness 
pits in the film formed. Each of these additional pits is discrete and isolated from the other pits. 
For example, the two pits indicated by the arrow in Figure 1B are nearly overlapping, but formed
at different times and are subsequently separated by a thin ligament of material. This small 



ligament appears to be relatively stable despite its small mass and being surrounded by acidic 
solution on three sides. The observed dissolution events during this cycle resulted in stable, 
corroded regions with diameters ranging from 70 to 100 nm. The volume consumed in each 
event, assuming a constant film thickness of 50 nm, ranged from 60,000 nm3 to 320,000 nm3 per 
event with an average of 190,000 nm3. Assuming the room temperature density of iron of 7.87 
g/cm3 [21] is valid, the mass loss ranged from 0.47 femtograms to 2.5 femtograms with an 
average loss of 1.5 femtograms. The total volume corroded was approximately 3.2 x 10-3 μm3 or 
25 femtograms of material, which is approximately 3% of the imaged volume and mass. A video 
of the corrosion behavior can be seen at: http://www.youtube.com/watch?v=f0k6C7nKrFo.

Figure 1: Bright field TEM micrographs captured from individual still frames. A shows the 
initial state and B shows the microstructure after 35s of exposure. Pits present before exposure 
are circled in both A and B. The arrow in B highlights a thin segment of material separating two 
distinct corrosion events. The squared region is explored in further detail in Fig. 2.

The initiation and growth of a corrosion site, highlighted by a square in Figure 1B, is 
shown in the series of time resolved bright-field images presented in Figure 2. The initial state of 
the area, Figure 2A, shows one previously corroded region; the encircled area captures the region 
of further corrosion although this site could not be selected a priori. Figure 2B-2F shows the 
dissolution occurring within the circled region; early indications of an event are the changes in 
contrast of some grains in the center of the circle. The corroded region expanded to consume the 
surrounding grains, with approximately 8 grains total corroded. The dark grain highlighted by an 
arrow in Figure 2C remained unaffected as the corrosive front progresses, suggesting local 
microstructural heterogeneity significantly influences the susceptibility to corrosion. The entire 
event demonstrated the dissolution of a total volume of 130,000 nm3 for a total mass loss of 1.0 
femtograms in approximately 0.36 s. 

http://www.youtube.com/watch?v=f0k6C7nKrFo


Figure 2: A time lapse series of micrographs detailing one corrosion event. Each image represent 
one frame from a video recorded at 13.75 frames per second. The evidence of dissolution can be 
seen by the change of contrast beginning in B that gradually spread through grains surrounding 
the sample. The dark grain in the center, indicated by an arrow in C, appears to be more resistant 
to corrosion.

While Figure 2 details the corrosion process most commonly seen in the as-deposited 
film, larger scale corrosion events also occurred. Figure 3, a series of time resolved bright-field
images, displays a large scale corrosion event that shares some similarities with the event 
represented Figure 2. This event, and others similar to it, occurred after approximately 30 
minutes of continuous acid exposure. In the lower portion of Figure 3A, significant film 
dissolution is seen, as well as a local contrast change, suggesting the initiation of an additional 
corrosion event; this site is circled. This dissolution occurred previous to any electron beam 
exposure. During continuous imaging, the corrosion front progressed rapidly in the highlighted 
region to a diameter of 450 nm with all of the grains contained within the corrosion front 
dissolved completely (Fig. 3B). The corroded region remained a near-circular shape, suggesting 
curvature-driven expansion. However, with further expansion, the corrosion front began 
expanding heterogeneously, suggesting the influence of factors other than curvature (Fig. 3C-D).
An example of this is highlighted in Figure 3D where one segment of the expanding corrosion 
front is seen to expand much faster than the rest. Indeed, several grains remain unaffected by the 
corrosive environment even after the corrosion of all surrounding grains. The total volume 
consumed by this event is approximately 3.4 x 10-2 μm3 with a total mass loss of 270 
femtograms. The full video of the corrosion event can be viewed online at: 
http://www.youtube.com/watch?v=x7gR8-HRwJw.

http://www.youtube.com/watch?v=x7gR8-HRwJw


Figure 3: Growth of a large scale dissolution event. The circle in A highlights the initiation of a 
corrosion event and the arrow in D shows an example of non-curvature driven growth.

As with all in situ TEM experiments there is a question about the influence of the 
electron beam on the liquid-specimen interactions. Here, it was found that the electron beam 
accelerated the reaction rate as multiple experiments could be performed in the same film by 
moving to a new area. The size and morphology of the pitted structure appear similar with and 
without prior electron beam exposure, as seen in both Figures 1 and 3. No interrupted exposure 
experiments were performed to delineate whether the electron beam affected nucleation, growth, 
or both rates due to the rapid propagation of the corrosion fronts in the as-deposited films.

To determine the effect of the grain boundary conditions and grains on the corrosion rate, 
some samples were annealed prior to exposure to the corrosive environment. Annealing caused 
general coarsening and some abnormal grain growth. An example of the resulting microstructure 
is shown in Figure 4A where the average grain size has increased to approximately 50 nm in 
diameter. This measurement excludes the abnormal grain, which has a diameter of approximately 
400 nm. The material on the right side of Figure 4A corroded before any electron beam 
exposure. The micrographs presented in Figure 4 show the continuation of this corrosion event 
over 25 minutes with an image captured every 5 minutes; in this case the beam was blanked 
between images to minimize electron beam effects. The time resolved images show that the 
grains adjoining the abnormal grain were attacked preferentially over the surrounding matrix. 
Throughout the corrosion process, the large grain retained its original morphology, suggesting 
that it was insensitive to the corrosive medium, at least in the observed time frame. This was true 
even of small protrusions from the grain, one of which is highlighted in Figure 4A, whose high 
surface area to volume ratio would expectedly make them especially susceptible to corrosion.
The corrosion rate was much slower than what was observed in the as-deposited films, with a 
total volume consumed of 1.75 x 10-3 μm3 and a total mass consumed of 14 femtograms over 25 
minutes, which is greater than a 50 fold decrease from the corrosion rate for the nanograined 
structure in Figure 1.



Figure 4: Dissolution of grains surrounding an abnormally large grain. A shows the initial 
observation of the area, and B-F demonstrate how the material surrounding the abnormal grain is 
dissolved leaving it isolated. A small protrusion from the abnormal grain is highlighted by an 
arrow in A.

Discussion

The corrosion event sequence provides some insight as to the nature of the processes. 
Once initiated the corrosion event propagates rapidly but for a limited time, indicating that there 
is a large initial driving force for dissolution followed by a rapid reduction of the driving force as 
seen in both Figures 2 and 3. One possible mechanism for reducing the driving force is that a 
local surplus of Fe ions is produced by the dissolution of the film. These free Fe ions lower the 
driving force enough to stop or substantially slow dissolution to the point that the film stabilizes 
itself against further corrosion. Another possibility is that dissolution of the grains exposes parts 
of the Si3N4 window, which could passivate the local area and stop the dissolution reaction. This 
is unlikely as Si3N4 shows good corrosion resistance against acids at low temperatures, including 
stronger acids such as H2SO4 [22], HCl [23, 24] and HF [23, 25]. 

The experiments also suggest that microstructural heterogeneities play a large role in 
dictating the propagation of corrosion fronts. This is clearly visible in the annealed films where 
large grains were impervious to attack but the small grains surrounding them had a higher level 
of susceptibility to corrosion than the surrounding matrix. Experiments by Horton et al. showed 
that the corrosion attack rate of FePd in 1 M HCl solution could be related to the surface 
orientations, with close-packed surfaces experiencing the least corrosion [26]. Previous work on 
grain growth in PLD nanocrystalline Ni samples has shown that low-surface energy grains, 
which correspond to grains with close-packed surface planes, dominate the annealed 
microstructure [27]. These studies suggest that the corrosion resistance of the abnormal grains is 
related to their close-packed surface planes. As the grain orientations were not measured, this
could not be verified.



The difference in susceptibility to corrosion between the as-deposited and annealed 
samples is also interesting to note. Previous studies on PLD Ni have suggested that the grain 
boundaries in the as-deposited samples have a high free-volume content [28]. During annealing, 
these boundaries are replaced by lower-energy boundaries, with much of the grain boundary free 
volume transferring to grain interiors. Previous studies on corrosion behavior have shown that
lower energy grain boundaries are more resistant to attack than higher energy grain boundaries
[29-33], suggesting that the decrease in grain boundary energy in the annealed films along with 
the lower surface energies could account for the increased resistance to corrosion.

Electron beam-specimen interactions could accelerate the corrosion reaction either by 
increasing the kinetics of the reaction or by changing the reaction potential. Beam heating effects 
inside the liquid cell are currently unquantified but could account for a significant increase in 
reaction kinetics. In other systems, beam heating has caused over 100°C localized temperature 
increases [34]. Many systems experience increased corrosion rates at higher temperatures due to 
both film breakdown and faster ion transport. In addition, radiolysis of water and the acetic 
compound could break down the solution into H+ and OH- radicals, effectively increasing the 
concentration of the acid and making it more corrosive to the film. These variables are 
theoretically measurable during the in situ experiments and future studies to determine their 
contribution could provide more clarity into the corrosion process.

Conclusions

We have demonstrated that it is possible to use a microfluidic stage to directly view the 
effects of corrosion in Fe with nanometer resolution TEM. The dissolution of the as-deposited Fe 
film occurred both by discrete events wherein localized groups of grains dissolved and by larger-
scale events where corrosion fronts propagated through hundreds of grains. Annealing the film 
on the substrate resulted in drastically reduced corrosion rates, potentially due to lower surface 
and grain boundary energies in comparison to the as-deposited films.
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