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ABSTRACT: The study of grain-dependent corrosion behaviors
of practical polycrystalline metals remains challenging due to the
difficulty in eliminating the influences of other microstructural
features, such as intermetallic particles and grain boundaries. In this
work, we performed thousands of microscopic potentiodynamic
polarization measurements on a polycrystalline aluminum alloy
AA7075-T73 using the spatially resolved oil-immersed scanning
electrochemical cell microscopy measurement. Data were extracted
only from grain interior areas excluding intermetallic particles and
grain boundaries. Based on the multiple potentiodynamic polar-
ization measurements, the differences between grains can be
revealed. Cathodic currents exhibited a strong grain orientation
dependence with a decreasing order of {101} > {001} > {111},
agreeing with the prediction from the order of atomic planar density. By contrast, the dependence of anodic currents on grain
orientation was weak, and pitting was independent of grain orientation, which could be due to the limited mass transport of ions
within the surface oxide film. This work highlights the capability of oil-immersed scanning electrochemical cell microscopy in
resolving small electrochemical differences, which will greatly promote the study of grain-dependent behaviors of practical
polycrystalline samples.
KEYWORDS: scanning electrochemical cell microscopy (SECCM), grain orientation, corrosion, polycrystalline, Al alloy

1. INTRODUCTION
Alloys are composed of numerous grains in different sizes and
orientations with grain boundaries between them, which are
critical in determining the properties of materials. The
crystallographic orientations of grains influence the growth of
oxide film,1,2 surface treatment,3,4 and tensile strength.5,6

However, the effect of grain orientations on corrosion
behaviors is still poorly understood.7−11 Most previous studies
were performed on single crystals to eliminate the influence of
intermetallic particles and grain boundaries,12−16 which are
nevertheless not realistic for practical applications. However,
there lacks a scanning electrochemical technique that enables
direct microscopic corrosion measurements on individual
grains of polycrystalline samples.
The emergence of single-channel pipette scanning electro-

chemical cell microscopy (SECCM)17 and the following
double-channel pipette SECCM18 opens up the prospect of
spatially resolved measurements of corrosion-related electro-
chemical processes. In SECCM, a droplet cell is created at the
end of an electrolyte-filled micropipette used to scan the
substrate surface and perform microscopic electrochemical
measurements. SECCM maps can reveal the electrochemical
differences correlated to the surface structural heterogeneity.

In 2019, Yule et al. performed SECCM on low carbon steel,
revealing the dependence of anodic passive films on grain
orientations based on the comparison between potentiody-
namic polarization (PDP) curves.19 However, the limited
number of measurements cannot provide more specific
information. A larger number of measurements is required
on more grains. This can be realized by performing short-time
measurements at each droplet landing,20−22 but is not
applicable for the time-consuming open circuit potential
(OCP) and PDP measurements of corrosion in neutral
solutions. Moreover, because grain orientations are randomly
distributed, a large surface area needs to be mapped to include
diverse grain orientations. This necessitates a highly stable
droplet cell capable of long-term scanning. In 2020, oil-
immersed SECCM (OI-SECCM) was developed, in which the
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droplet was immersed under a thin layer of hydrophobic and
inert oil on the substrate surface.23,24 This prevents the droplet
from evaporating and spreading, which significantly increases
the stability of the droplet electrochemical cell.22,23,25

Taking advantage of OI-SECCM, this work explored the
correlation between corrosion and grain orientations of Al
alloy AA7075-T73. For Al, the presence of a passive oxide film
reduces the conductivity and reactivity of the surface,26,27

resulting in extremely low currents in microscopic electro-
chemical measurements. Low currents make it difficult to
distinguish small electrochemical differences between grains.
By controlling the value of approach potential of single-channel
pipette SECCM applied during the micropipette approach to
the substrate, the conductivity of surface oxide can be
appropriately increased according to our previous work. This
will damage the oxide film to a small extent but still allow the
study of grain-dependent behaviors.
The PDP measurements of multiple grains revealed a clear

grain orientation dependence of cathodic currents, which
decreased in the order of {101} > {001} > {111} consistent
with the reverse order of atomic planar density. Furthermore,
the OI-SECCM maps showed enhanced cathodic activity and
pitting preference at grain boundaries, reflecting the higher
reactivity of grain boundaries. In contrast, anodic currents and
pitting were less correlated with grain orientations. The
statistical analyses based on the large number of measurements
ensure the reliability of results. This will promote the study of
grain-dependent electrochemical behaviors directly on poly-
crystalline samples.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Sodium chloride (NaCl,

anhydrous, 99.8%) and mineral oil (M5310) were used as purchased
from Sigma-Aldrich. Quartz glass capillaries (Sutter Instrument,
Novato, CA) with dimensions of (o.d./i.d.) 1.0/0.3 mm were pulled
(P-2000 CO2-laser puller, Sutter Instruments, USA. to produce two
single-channel micropipettes with a tip diameter of ∼ 2 μm.

AA7075-T73 Al alloy was provided by National Research Council
(NRC Canada, Saguenay), and the composition is listed in Table S1.
A small piece of sample (∼1.5 × 1.5 cm2) was fixed in cold mounting
epoxy (EpoFix, Struers). AA7075-T73 was ground using a 320 grit
SiC paper (Struers, Canada) and polished using 9 μm and 3 μm
colloidal diamond suspensions and finally a colloidal silica suspension
(Struers, Canada) on a MD Chem cloth (Struers, Canada) to obtain a
mirror-like surface. The sample surface was then rinsed using
anhydrous ethanol and sonicated in ultrapure water to remove the
residue of silica suspension before drying in air.

The Ag/AgCl reference electrode (RE) was made using a Ag wire
(0.5 mm diameter, Goodfellow Metals, Huntingdon, England)
immersed in household bleach.25,28,29 Ag was oxidized in the bleach
to form a AgCl outer coat on the wire. The potential stability and
reproducibility of the Ag/AgCl electrode have been verified in our
previous work,23,25 which has a 5 mV difference with respect to SCE
in 3.5 wt % NaCl solution. All potentials reported in this work have
been calibrated to Ag/AgCl wire RE in 3.5 wt % NaCl solution.

All electrochemical measurements were performed using an
EIProScan 3 system (HEKA, Germany; bipotentiostat model
PG340) in a Faraday cage (Acoustic Isolation Novascan Ultracube,
Ames, IA, USA) on a vibration isolation table (Micro 60 Halcyonics
Active Vibration Isolation Platform, Novascan, Ames IA, USA).
2.2. Oil-Immersed SECCM. OI-SECCM was carried out as

previously reported.22,23,25 Briefly, a 2 μm diameter micropipette was
filled with the 3.5 wt % NaCl aqueous solution, creating a droplet cell
at the tip. The droplet was immersed under a layer of mineral oil on
the surface of the working electrode (WE) substrate to prevent
droplet evaporation. A three-electrode arrangement was used as

shown in Figure 1a, where a non-isolated Ag/AgCl wire and Pt wire
served as the RE and the counter electrode (CE), respectively. The

distance between the end of Ag/AgCl wire and micropipette tip was
extended to 50 cm with a polyvinyl chloride plastic tube (inner
diameter, 0.76 mm), similar to the microcapillary cell setup,30 but in
this work, it is to eliminate the interference of Ag+ ions from Ag/AgCl
wire on electrochemical measurements.25,31 The tube connected the
micropipette to a more open syringe, where both RE and CE were
immersed in the electrolyte. The more open space allows to use a
commercial isolated RE in OI-SECCM experiments, although the
non-isolated Ag/AgCl wire was still employed in this work to be
consistent with our previous works.23,25 The micropipette was
approached to the WE under the mineral oil with an approach
potential of −2.5 V applied. Upon the droplet landing on WE, the
electrochemical circuit was closed giving rise to a current spike which
triggered the micropipette to stop moving. Once triggered, the
approach potential was removed, and OCP was measured for 30 s
followed by a PDP measurement. PDP was carried out at 100 mV/s
from −1.35 to −0.3 V. After that, the micropipette was retracted and
laterally moved to the next location in a hopping mode with a
separation of 5 μm between locations.
2.3. Surface Characterization. The Al alloy surface scanned by

OI-SECCM was imaged by optical microscopy (Figure S1a) and
scanning electron microscopy (SEM) (Figure S1b−d). Some
corrosion product particles were left on the droplet landing surface
after OCP and PDP measurements, which have a higher content of
oxygen and lower content of aluminum shown in the surface energy-
dispersive X-ray spectroscopy maps (Figure S1e,f). This indicates the
occurrence of corrosion. Electron backscattered diffraction (EBSD)
were conducted at an acceleration voltage of 20 keV with a step size of
0.7 μm. EBSD was performed with an Oxford SDD EBSD detector on
a Hitachi SU3500 variable pressure scanning electron microscope.
The alloy surface was tilted 70◦ to the EBSD detector. Inverse pole
figure color maps were obtained showing the grain orientations of Al
alloy. The EBSD maps and electrochemical data obtained by OI-
SECCM were analyzed using MATLAB R2020a.

3. RESULTS AND DISCUSSION
3.1. iRΩ between RE and WE. The long distance between

RE and WE designed in the OI-SECCM setup (Figure 1a)
eliminated the interference of RE contaminants on the
electrochemical measurements of WE but could lead to a
high ohmic drop (iRΩ) between RE and WE. Our previous
study25 found that the commonly used non-isolated Ag/AgCl

Figure 1. (a) Schematic of the OI-SECCM setup using a 41 cm long
polyvinyl chloride tube (inner diameter: 0.76 mm), which extends the
distance between Ag/AgCl RE and WE to 50 cm. A Pt wire serves as
CE. (b) Waveforms of the potential changes in response to the
applied currents. Glassy carbon was used as WE.
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wire QRCE leaked Ag+ into electrolyte, which diffused to the
tip of micropipette in a prolonged experiment.
The reduction of interfering Ag+ ions on WE generated a

considerable cathodic current that would make the small
current differences between grains undetectable. In this work,
we extended the distance between Ag/AgCl wire RE and WE
to 50 cm to ensure that the droplet cell is free of Ag+
throughout the experimental time of ∼40 h. However, the
extended distance may decrease the actual potential (Eactual)
applied to the WE due to a high ohmic drop.32

=E E iRactual app

where Eapp is the potential applied to the system and i is the
current flowing between WE and RE. A current interruption
technique33−35 was used to calculate the value of iRΩ in the 3.5
wt % NaCl solution, by applying galvanostatic pulses on glassy
carbon WE. Potentials were monitored in response to currents
of 100, 0, and −100 pA (Figure 1b). An average of 2.75 mV
potential change was recorded consisting of capacitive and
ohmic components,35 when a current change of 100 pA
occurred. As the current range measured in OI-SECCM was
100 pA in this work, the maximal iRΩ was 2.75 mV, which can
be negligible during experiments. Thus, the OI-SECCM setup
can be used for a long-term scan. PDP measurements were
performed at 2511 droplet landing locations, providing a
wealth of information on multiple corrosion-related electro-
chemical processes. Figure 2a presents the reproducibility of 26
randomly selected PDP curves that are dispersed over 2511
locations. This demonstrates the stability of OI-SECCM
measurements over the long time.

3.2. Grain-Orientation-Dependent Cathodic Current.
To visualize the dependence of cathodic process on grain
orientations, cathodic currents were extracted from PDP
curves at −1.3 V versus Ag/AgCl (Figure 2a), which were in
the charge transfer controlled region (Figure S2). The cathodic
current map was superimposed on grain boundaries as shown
in Figure 2b, displaying a clear contrast between currents. This
is consistent with the grain distribution as shown in Figure 2c.
More specifically, the currents on {101} grains (green color in
Figure 2c) are higher than others, indicating the enhanced
cathodic reactions. To quantitatively present the dependence
of corrosion processes on grain orientations, grains were
categorized into three groups based on the misorientation
angles of the planes relative to the three low-index grain
families {001}, {101}, and {111} planes.
To spatially correspond the currents to grain orientations

point by point, the grain orientation map was diluted (Figure
S3a) to the same density as the cathodic current map. Because
the misorientation angle is the rotation angle between two
grains (Figure S3b), the smaller the misorientation angle, the
closer the properties of the sample surface planes of two grains.
We collected the grains with misorientation angles less than
20° to represent the three low index families, {001}, {101},
and {111}, as shown in Figures 2d and S3c. Currents on theses
grains were extracted for the analyses of grain-orientation-
dependent behaviors.
The cathodic currents grouped by grain orientations show a

decreasing trend {101} > {001} > {111} (Figure 2e), which
can be explained by the difference in surface energy (Es). The
surface energies of face centered cubic crystals calculated by

Figure 2. (a) 26 PDP curves randomly selected from the 2511 locations on OI-SECCM maps. (b) Cathodic current map superimposed on the
grain boundary map, in which the cathodic currents were extracted from PDP curves at −1.3 V vs Ag/AgCl. The currents were confined between
−70 and −25 pA to remove the higher currents on intermetallic particles. (c) EBSD inverse pole figure color map showing the grain orientations
with respect to the sample normal direction (ND). (d) Diluted grain orientation map containing the grains with misorientation angles less than 20°
relative to the {101}, {111}, and {001} planes. (e) Statistical distribution of cathodic currents (at −1.3 V vs Ag/AgCl) on the three groups of
grains.
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different methods vary, but the order for aluminum is
consistent, {101} > {001} > {111}.36−38 For example, the
values given by the modified embedded atom method are
E{101}s: 6.067 > E{001}s: 5.617 > E{111}s: 3.870 eV/nm2,39

whereas in the first-principles calculation method, the values
are E{101}s: 6.813 > E{001}s: 6.756 > E{111}s: 5.869 eV/nm2.40

The order is in agreement with the theoretical prediction from
the order of atomic planar density 0.177 < 0.250 < 0.289
atoms/r2 (r is the radius of atom) for {101} < {001} < {111}.
A loosely packed plane has less atoms and thus the less
satisfied atomic bonds, resulting in a higher surface energy.41,42

The higher surface energy plane can offer more sites for oxygen
and water adsorption, thus facilitating the cathodic oxygen
reduction and hydrogen evolution reactions.43 This accounts
for the higher cathodic currents on {101} grains. However, a
macro study of single-crystal Al reported a higher rate of
cathodic reactions on the {001} plane in 0.5 M NaCl.16 The
contradiction could stem from the difference in the materials
and number of measurements. Because the current differences
between grains are small, inadequate repetitions of measure-
ments may not reflect the current trend. The advantage of
SECCM is allowing multiple measurements on the same grain
of a real polycrystalline sample, which can provide a statistical
analysis for the current trend, ensuring the reliability of results.
3.3. Weak Correlation between Anodic Currents and

Grain Orientations. Anodic currents were extracted from
PDP curves at −0.7 V (Figure 3a) to represent the anodic
corrosion process, Al dissolution. The anodic current
distribution presents weak grain orientation dependence as
shown in Figure 3b. {101} grains have the highest anodic
currents, whereas anodic currents on {001} and {111} are in
the same range between 3.0 and 4.8 pA. This could be due to
the close atomic planar densities of {001} and {111}, which
are 0.25 and 0.289 atoms/r2, respectively, whereas {101} grains
possess a much smaller planar density, 0.177 atoms/r2, which
facilitates the escape of Al atoms from bulk material.44 In

combination with the higher cathodic currents on the {101}
grains, it can be inferred that the corrosion rate on {101}
grains is higher than that on {001} and {111}.
Compared to the grain orientation, the surface oxide film

may play a more important role in determining the magnitude
of anodic current. The generation of anodic current involves Al
oxidation at the metal-oxide interface, and the migration of
Al3+ and O2− through the oxide film (Figure 3c) under an
electric field according to the Cabrera−Mott theory.45−47 The
thickness and structure of the oxide film affect the electric field
strength and thus the migration rate of ions. It has been
reported that the migration rate of ions within the oxide film
limits the anodic process.48,49 Therefore, the oxide film limits
the anodic current and has a greater effect than the underlying
crystal orientation. However, the relationship between the
growth of the natural oxide film and grain orientation is still
unclear, and most studies were performed under unrealistic
conditions, such as high oxygen pressures.2,50,51 The surface
heterogeneity including the variations in the oxide film and
grain boundaries could account for the wide statistical
distribution of both cathodic and anodic currents (Figure
S4a,b), which have shown to be independent of the
misorientation angles relative to the three low index planes
(Figure S4c,d).
3.4. No Correlation between Pitting and Grain

Orientations. The breakdown of the oxide film exposed the
underlying Al matrix to the electrolyte, giving rise to current
transient peaks on PDP curves (Figure 3a), which represented
pitting or metastable pitting as depicted in Figure
3c.52−54Figure 3d shows the distribution of pitting on grains
in different orientations. On a PDP curve measured from
negative to positive potentials, a more negative onset potential
of pitting (pitting potential) indicates a higher pitting
susceptibility,53 suggesting a more defective oxide film
structure. Therefore, the number of pitting locations was
presented as a function of pitting potential and categorized

Figure 3. (a) Anodic currents extracted from PDP curves at −0.7 V vs Ag/AgCl, excluding the pitting peak current. (b) Statistical distribution of
anodic currents on the three groups of grains {101}, {111}, and {001}. Currents were confined between 2.5 and 5.5 pA to remove the large
currents on intermetallic particles. (c) Schematic of the migration of ions within the oxide film and the breakdown of oxide film that induces pitting.
(d) Pitting occurred on different grains. (e) Statistical distribution of pitting occurring at different potentials on the three groups of grains {101},
{111}, and {001}. (f) Anodic current (at −0.7 V vs Ag/AgCl) distribution on the locations with and without pitting.
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into the three groups of {001}, {101}, and {111}. Figure 3e
shows that pitting and grain orientations are not related in
terms of both the number of pitting locations and pitting
potential. It could be due to the dependence of pitting on the
oxide film and imply that the relationship between the growth
of the natural oxide film and grain orientation is weak.
H Krawiec and Szklarz reported that a high density of

dislocations caused by plastic deformation affected the
properties of the oxide film, leading to an increase in the
pitting susceptibility, which was not influenced by grain
orientations.55 It implies that when the defectiveness of the
oxide film is dominant, pitting will be independent of the
underlying grain orientations. To check if the pitting locations
indicate a more defective oxide film,52 which can produce
higher currents, the anodic currents at pitting and non-pitting
locations are compared. Figure 3f shows a diminutive but
observable trend that pitting locations tend to generate higher
anodic currents, suggesting the correlation between the
structure of the oxide film and pitting.
3.5. Enhanced Corrosion Processes at Grain Bounda-

ries. Grain boundary is more prone to corrosion compared to
the grain interior due to the microstructural heterogeneity56,57

and second-phase precipitates,58 such as MgZn2 in 7xxx series
alloys that dissolves as an anode relative to the adjacent Al
matrix.59,60 The high reactivity of grain boundaries was
exhibited on OI-SECCM maps. Larger cathodic and anodic
currents (Figure 4ai,bi: black bars) were highlighted as black
points on OI-SECCM maps. Most of the large cathodic current
points reside near boundaries (Figure 4aii), suggesting
enhanced cathodic reactions at boundaries. This is because
of the less dense atomic packing and higher energy of grain
boundaries61 that facilitates the oxygen reduction and
hydrogen evolution reactions.62 By contrast, the large anodic
currents (black points in Figure 4bii) show a weak relation to
grain boundaries. They tend to be on {101} grains (green), as
discussed above.
To check if pitting preferentially occurred at grain

boundaries, locations with pitting potentials more negative

than −0.6 V versus Ag/AgCl are displayed in Figure 4c. −0.6 V
is arbitrarily selected as a dividing line. At more positive
potentials in PDP, pitting is easier to occur because of the large
electric driving force but might not reflect the influence of
surface structure. To stress the influence of the surface
structural defectiveness on pitting, the locations with pitting
negative than −0.6 V (Figure 4ci) were collected, exhibited as
larger points on the map (Figure 4cii). On the grains labeled
A−E, pitting exhibits a boundary preference. On other grains,
however, pitting is irregularly distributed, which could be at the
defective points of the grain interior. Due to the large grain size
(as shown in Figure 2c), we used a 2 μm diameter
micropipette with a 5 μm separation between droplet landings
in order to map more grains. Although the diameter of
micropipette is large relative to the nanoscale grain boundaries,
we can still glimpse the distinctive properties of grain
boundaries.

4. CONCLUSIONS
This work explored the effects of grain orientations on
cathodic and anodic corrosion processes and pitting of a
polycrystalline Al alloy sample. Numerous measurements were
performed on each grain, enabling statistical analyses of
electrochemical differences between grains. The cathodic
currents exhibited a strong grain orientation dependence,
decreasing in the order of {101} > {001} > {111}, inversely
related to the atomic planar density. Larger cathodic currents
were found in grain boundary regions, proving the enhanced
cathodic reactions at grain boundaries. However, because the
anodic corrosion processes are more dependent on the
properties of the oxide film, the anodic currents and pitting
did not show clear grain dependence. This work highlights the
powerful capability of OI-SECCM in identifying micro-
structure-induced differences in corrosion processes and will
facilitate the electrochemical study of grains of practical
polycrystalline samples.

Figure 4. Histograms and maps of (a) cathodic currents at −1.3 V vs Ag/AgCl and (b) anodic currents at −0.7 V vs Ag/AgCl on different grains.
Intermetallic particles were removed leaving empty points on the maps. The larger points on the maps indicate larger cathodic and anodic currents.
The black points in (a-ii) and (b-ii) are values in black bins of the histograms (a-i) and (b-i). (c) Histogram of pitting occurring at different
potentials (c-i). Black bins correspond to the pitting points (larger ones) more negative than −0.6 V vs Ag/AgCl on different grains in (c-ii).
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Simple On-Plastic/Paper Inkjet-Printed Solid-State Ag/AgCl Pseu-
doreference Electrode. Anal. Chem. 2014, 86, 10531−10534.
(30) Andreatta, F.; Fedrizzi, L. The Use of the Electrochemical
Micro-Cell for the Investigation of Corrosion Phenomena. Electro-
chim. Acta 2016, 203, 337−349.
(31) Bentley, C. L.; Perry, D.; Unwin, P. R. Stability and Placement
of Ag/AgCl Quasi-Reference Counter Electrodes in Confined
Electrochemical Cells. Anal. Chem. 2018, 90, 7700−7707.
(32) Myland, J. C.; Oldham, K. B. Uncompensated Resistance. 1.
The Effect of Cell Geometry. Anal. Chem. 2000, 72, 3972−3980.
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