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Abstract

We report a new method for directly monitoring dynamic surface wetting that occurs
during electrochemical droplet cell corrosion measurements on an Al alloy and Cu
galvanic couple. The combination of a goniometer and potentiostat enabled the in situ
observation of wettability during polarization of each metal and at the interface in 0.4 pL
NaCl aqueous droplets. Droplet spreading was heterogeneously dynamic for
measurements at the interface of the two metals, where oxygen from the surrounding
environment diffused into the droplet edges and reduced on the cathodic metal, thus

increasing the wettability on this region, while the anodic metal served as a sacrificial
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anode and remained in a constant wetted state. Such dynamic wetting was inhibited by
performing measurements under anaerobic conditions, where minimal changes in
voltammetric response were observed. All voltammetry was normalized by the true
surface area of the droplet footprint, which was measured after droplet evaporation
instead of overestimating the corrosion current densities by using the pipette aperture.
This work highlights the potential for the combined goniometer-electrochemical setup to
further enhance the corrosion community’s knowledge about interfacial chemistry and
the importance of considering the dynamic evolution of micro/nanoscale droplets on

heterogeneous substrates when estimating corrosion rates.

Keywords
Corrosion, Electrochemical droplet . cell, ‘Surface chemistry, Wettability, Micro

electrochemistry

1. Introduction

Restricting the surface area of working electrodes for micro electrochemical
measurements is crucial for microanalysis and for better understanding the role of the
interface texture on the electrochemical response. Electrochemical droplet cell (EDC)
methodologies utilize a micro/nano capillary/pipette to create a miniaturized
electrochemical cell at the tip of the aperture to enable direct and highly localized
electrochemical measurements. The conception of the micro droplet cell in 1995 by
Bohni et al. was presented as a method to measure localized corrosion at individual
inclusions present in stainless steels with high spatial resolution.[1] The original three-

electrode setup consisted of a micro capillary mounted onto an optical microscope,
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enabling rough control of the cell positioning relative to the substrate. The pipette
aperture size varied from 1 to 1000 um by controlling the pulling parameters of the micro

capillaries, hence varying and controlling the surface area of the working electrode.[1-3]

The current obtained during corrosion polarization measurements must be normalized by
the working electrode’s surface area to extract corrosion parameters and to make
comparisons between different measurements on different areas/materials. In traditional
macroscale corrosion experiments, the surface area of the sample is typically governed by
the working electrode opening of the electrochemical cell used to expose a pre-defined
region. While using EDC methodologies with large pipette apertures, growth of the
droplet is possible due to the pressure of the electrolyte reservoir and the wettability of
the interface.[4,5] In order to maintain droplet size, hence the working electrode’s surface
area, silicon rubber gaskets around the pipette tips were implemented to successfully

isolate the working electrode’s surface area and avoid droplet spreading.[2,6,7]

Current droplet cell techniques (known as scanning electrochemical cell microscopy
(SECCM), or scanning micropipette contact method (SMCM)) have upgraded the manual
positioning system to automatic step motors and piezo electrics for a more accurate and
systematic approach.[8] This change has enabled the use of smaller pipette apertures
(<100 nm), where the droplet volume is not affected by the reservoir pressure, but hangs
from the pipette aperture without growth, therefore mitigating the need for a silicon
gasket. It has been shown that the surface area defined by the droplet is related to the

pipette aperture.[7] However, unlike in traditional macroscale methods, there is no
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mechanism that maintains the droplet size throughout analysis, and therefore the surface
area can become dynamic. For instance, solvent evaporation from the nano/micro droplet
can greatly change the local electrolyte concentration, affecting the measured
electrochemical response or even halt due to crystallization. Such issue has been
minimized in recent efforts, including using solvents with a low vapour pressure,[9-11]
performing measurements under a thin layer of oil,[12,13] and utilizing a humidity
chamber.[14] Although these methods have discouraged evaporation, such solutions pose
other challenges. For instance, some proposed environments do not represent classical
corroding systems (i.e., neutral pH, high salt concentrations, exposed to air), can induce
corrosion inhibition behavior that is not representative of the true metal-interface
chemistry, or can increase noise due to air flow induced from the cycling of humid/dry

environments.

Changes in surface energy/wettability due to polarization and/or reactivity can also
impact the wetted surface being evaluated. The change in water contact angle (WCA)
brings forth information regarding the interaction between the liquid and the substrate.
AC electrochemical measurements and WCA values were previously performed inside of
a small droplet on a model system (i.e., a well-characterized redox system on Pt) to study
the local electrochemical behavior of a solid-liquid interface.[15] In the case of a
corroding system, polarization can induce the formation/breakdown of a surface film,
alter the adsorption layer on the electrode’s surface, and alter topography (leading to an
increase in surface roughness), all of which will affect the measured surface wettability,

and hence surface area, throughout the electrochemical measurement. Such changes in
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surface area can influence the extracted current density, especially on the micro and
nanoscale. Furthermore, when a droplet is in contact with two dissimilar materials, for
instance, at the boundary between the metal matrix and a microstructural feature of an
alloy, the surface energy, hence wettability, of each surface can be different, and droplet
spreading can be heterogeneous. Nonetheless, up-to-date SECCM/SMCM corrosion
studies do not take into account, nor measure, the true surface area nor fluctuations
between analyzed regions. Instead, either non-normalized currents are reported,[12,16] or
the pipette aperture measured via electron microscopy is taken as the static estimated

surface area for all points analyzed.[9,10,14,16,17]

In this work, we have combined a goniometer and a potentiostat to investigate wettability
in situ while performing electrochemical measurements within a micro liter droplet on an
Al alloy and Cu galvanic couple. Such couple was chosen because Al alloys are attractive
for many industrial sectors that require high strength and low density infrastructure, while
Cu is a common alloying additive in Al alloys and tends to form precipitates within the
metal matrix.[19-22] Changes in wettability, hence WCA values, are measured in situ
through a camera. This impacts the surface area of the working electrode over the course
of a measurement, which is measured ex situ via microscopy and is used to normalize
current instead of the pipette aperture for a more accurate extraction of corrosion current

density.

This setup directly observes changes in wettability during polarization, thus enabling

corrosion scientists to visualize droplet dynamics and changes in surface energy in real
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time. By investigating the behavior of a pure metal, an alloy, and at the interface of two
dissimilar metallic materials, we aim to simulate EDC measurements performed at the
interface of microstructural features and metal matrices in order to understand droplet

dynamics and corrosion chemistry at such interfaces.

2. Experimental

2.1. Materials and Reagents

The 0.05 M NacCl electrolyte (VWR Prolabo chemicals, Belgium) was prepared using
Elga ultrapure water (Veolia, France). Pure Cu and Al alloy 7475-T761 were electrically
connected to illustrate the difference in electrochemical reactivity encountered in many
alloy systems. The Al 7475-T761/Cu couple was prepared by mechanically forcing a 11
mm diameter cylinder of Cu into the center of a 20 mm diameter cylinder of Al 7475-
T761 that had a drilled hole the same diameter as the Cu cylinder in its center. It was
confirmed previously that no crevices were present between the two materials via optical
microscopy.[23] A metallic pin was attached to the back of the sample to act as the
electrical connector and then the entire system was mounted in electrically insulating
resin. The sample was polished in ethanol using a series of SiC grinding/polishing pads,
where the last polish was performed using 2400 grit. The polishing procedure used was
chosen to clearly observe the droplet footprint and to a have reproducible surface
preparation procedure. However, it may be of interest to apply the method outlined here
to real-world samples, which are frequently characterized to possess heterogeneous

surface morphology. For such in-lab experiments, the samples must be flat (in
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comparison to the droplet size) to avoid droplet hysteresis and movement, and the sample

under investigation must be small enough to fit the dimensions of the goniometer used.

The sample was left for 24h to create a stable oxide film on both metals. Surface
roughness influences wettability and hence water contact angle values. The effect of
surface roughness, as well as surface chemistry, on different metals’ wettability is of
great interest while performing EDC corrosion measurements and is currently being

investigated as a follow up study of the work presented here.

2.2. Water Contact Angle Measurements

All water contact angle experiments were performed using a programmable DSA100E
drop shape analyser (KRUSS, Hamburg, Germany) using the software, Advance
(KRUSS, Hamburg, Germany). The 0.05 M NaCl droplet volume was 0.4 uL and the
dosing rate was 16 pL/s. This was the smallest droplet volume that could be dispensed
reproducibly using a stainless-steel flat needle (3.65 cm in length) with an inner and outer
diameter of 275 + 1 um and 491 + 2 pum, respectively, with minimal deformation. Both
the dosing height (i.e., the height at which a droplet was dispensed from the needle far
from the substrate) and deposit height (i.e., the height of the needle when the droplet
made contact with the substrate) was set and held constant throughout all measurements.

Water contact angle values were systematically calculated using an ellipse model.

WCA measurements were first performed on a glass slide to measure the rate of
evaporation in order to evaluate at which scan rate potentiodynamic polarization (PDP)

should be performed. Measurements were carried out with (Figure 1A) and without
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(Figure 1B) the steel needle to observe the effect of the electrolyte reservoir inside the
syringe, as the needle is in contact with the droplet throughout the electrochemical
measurements. The needle/droplet approach speed towards the substrate was observed to
be about 0.5 mm/s. The height of the needle when the droplet was in contact with the
surface (deposit height) was set so that the WCA values recorded for the needle in contact
with the droplet were the same as for a free droplet (i.e., without the needle in contact).
This minimized the deformation of the droplet due to pressure from the needle, which
could alter the WCA values recorded. Measurements on glass were performed at least 10
times for statistical analysis, where the average value and associated error at 95%
confidence are reported. All measurements were performed in a temperature-controlled

room fixed at 23°C in Paris in May with a relative humidity (R.H) of ~60%.

As time increased, the shape of the droplet changed and the volume decreased, indicating
that the pressure of the reservoir did not induce droplet growth. After 4 minutes the
droplet completely evaporated while not in contact with the electrolyte reservoir.
Although the droplet was still present when in contact with the needle, the diameter of the
droplet significantly decreased, indicating that much of the solvent evaporated. Due to the
fast evaporation rate, all electrochemical measurements were performed and complete

within the first minute of contact.

Measurements were then performed on the metal sample. The three regions of interest for
investigation were identified as: pure Cu, Al alloy, and at the interface of the two metals.

At least 3 replicates were done for each region. It should be noted that only one
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measurement at the interface was positioned so that the camera could capture the WCA
on the two different metals. The needle was in contact with the droplet for 30s before
raising it to the dosing height in order to simulate the same setup used to perform
electrochemical measurements. The OCP values were not extracted from these
experiments. The droplets completely evaporated before transfer of the sample for ex situ
optical microscopy, where the corroded/salt footprints on the surface enabled the

extraction of exposed surface area.

2.3. Electrochemical Setup and Validation

All electrochemical measurements were performed using a Gamry Instruments Reference
600+ potentiostat (Lyon, France) using a two-electrode setup, as seen in the schematic
shown in Figure 2A, and using the Gamry Instruments Framework software. The
goniometer’s droplet dispensing needle (Figure 2B) was utilized as the quasi reference
counter electrode (QRCE) as it was fabricated of stainless steel. The surface area of the
needle was 29.8 mm? which was obtained by adding the surface areas of the region
inside the needle (circumference of the inner diameter multiplied by the length of the
needle) and the tip of the needle in contact with the droplet (subtracting the area of the
inner circle from the outer circle). As a result, the QRCE was ~17x larger than the largest
droplet footprint. The open circuit potential (OCP) of the needle was measured for 10 min
with respect to a commercial Ag/AgCI saturated reference electrode to ensure stability
(Figure 2C). The average OCP value and error at 95% confidence interval was measured
to be (82.6 £ 0.2) mVagagci. All potentials are presented versus the saturated Ag/AgCI

reference. The Cu/Al alloy couple was connected as the working electrode.
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All regions of interest were also investigated in an argon environment to observe the
effect of gaseous oxygen on the spreading of the droplet. A transparent chamber, as seen
in Figure 2D, was fabricated with plastic and an opening to enable the entrance of the
droplet and needle. The chamber was first filled with argon for 2 min before starting
WCA experiments and PDP measurements. All measurements on each region and in both
environments were replicated at least 3 times and average values and associated errors at
95% confidence are reported. The argon gas used was dry and the use of a water bath to
control the H.R was not implemented in this work. However, all measurements were
performed within ~30s of droplet/surface contact, where the amount of solvent
evaporation within this time frame is small (10s of nLs) and should have minimal effect

on the measured WCA..[24]

The experiments outlined were performed on one single sample within an afternoon,
where the sample was not moved throughout the experiment to avoid misalignment with

the dispensing/dosing heights.

2.4. Electrochemical Measurements and Coupling of Instruments

The Al alloy/Cu couple was placed on the goniometer stage and the dosing/deposit
heights were set by performing WCA measurements over the surrounding resin. All
needle heights then remained constant for all measurements. Once the OCP measurement
commenced, the droplet was automatically approached using the predefined deposit
height to the substrate, forming an electrical connection between the two electrodes. OCP
was measured for 10s before automatically starting PDP measurements. This

methodology was systematically used for each measured area. The scan rate was 100

10
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mV/s. The OCP and scan rate were chosen to ensure the completion of the measurement
before significant evaporation of the droplet, within the first minute of contact. All PDPs
were initiated at -300 mV vs. OCP prior to the scan, and were completed at (1.082)
Vagager to collect both the cathodic and anodic Tafel branches. Once the measurement
finished, the needle was retracted back to the dosing height and the droplet was allowed
to evaporate in air to mark the analysed surface area. The sample was moved using the
manual x and y positioners on the goniometer to the next region. All areas of interest
were measured at least 3 times at different points along the surface and the average value

and associated errors at 95% confidence are reported.

The placement of the needle at the interface was performed by eye. Due to the
approximate placement and the shape of the galvanic couple, the ratio of Al alloy to Cu
was not well defined nor well controlied throughout this study, but can be measured after

each experiment.

2.5. Microscopy and Surface Analysis

Once all droplets had evaporated, the footprint from the droplet was observed using an
optical microscope and images at 5x the magnification were captured. The surface areas
were measured using ImageJ software (V. 1.48) using either the circle tool or by free
hand to draw a perimeter around the corroded areas. These values were used to normalize
the corresponding PDP measurements. Average grain sizes were estimated using the line

intercept method.

11
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Scanning electron microscopy (SEM) images in secondary electron mode were obtained
to observe the microstructure of the corrosion products formed on Cu using a ZEISS
Ultra 55 microscope. The chemical composition of corrosion products was investigated
using energy dispersive X-ray analysis (EDX). The EDX corrosion product analysis was
rationalized via simulation using Hydra/Medusa software to model the
thermodynamically stable corrosion products expected to be present at the estimated pH

and chloride concentration of the electrolyte.

3. Results and Discussion

3.1. Wettability of Metals

The static WCAs were measured on each area of interest (Al alloy, Cu, interface). The
wettability measurements were first carried out without the needle in contact with the
droplet to confirm that the needle did not obstruct the WCA measurements. The average
WCA value on the Al alloy was 76° + 2, while Cu portrayed a WCA of 93° + 1. The
difference in values indicates a difference in surface energy between the two metal
surfaces. The higher the WCA, the lower the surface energy of the material and the less it
interacts with water. The WCA of Cu is over 90°, indicating that this substrate’s surface
portrays hydrophobic behaviour at this surface state and roughness. Such hydrophobicity
could be present due to the metal’s inherent lower surface energy due to the formation of
a lower energy oxide film, and/or contamination of the Cu surface from volatile organic
compounds in comparison to the level of contamination on the Al alloy.[25-27] In fact,
there will always be some sort of surface layer on metals, which masks their true surface

energy while in any other environment other than in vacuum. Nonetheless, it has been

12
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previously documented that Cu portrays a higher WCA than Al,[28] reflecting similar

results to what is reported here.

Although surface roughness can influence the intrinsic WCA measured, both metals were
polished exactly in the same manner, i.e., at the same time since they were physically
coupled, so the influence of minor surface roughness differences or time to form an oxide

film cannot solely explain the larger discrepancy in WCAs of the two substrates.

WCA values were extracted for a droplet residing at the interface of the two metals. The
values measured on the Al alloy and Cu regions were 86° and 70°, respectively. The
wettability on the Al alloy side is lower to what was observed solely on the alloy, while
the wettability on the Cu side is higher than what was measured on pure Cu. An average
for WCA measurements at the interface is not reported due to the geometry of the sample

used and limited number of areas available for analysis within the single sample.

3.2. Open Circuit Potential Measurements

Electrical connections were first established between the goniometer needle and the metal
substrate in order to measure OCP values. Examples of the electrochemical response for
each area (pure Cu, Al alloy, and interface) can be seen in Figure 3. First, the 0.05 M
NaCl droplet was dispensed while the needle was far from the substrate at the set dosing
height, and the OCP measurement was started (region 1 in Figure 3A and B). As the
droplet approached and wetted the surface at a rate of ~0.5 mm/s, a potential change was
measured (region 2 in Figure 3A and B). Once the goniometer needle reached the final

deposit height, the droplet was in complete contact with the substrate and corresponding

13
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WCA and OCP values were obtained. The OCPs were stable for the ~8s measurement
after the needle had halted at the deposit height for all areas analyzed, indicating that the

metal reached steady state and validated the short timescale chosen to avoid evaporation.

The average OCP value measured on the Al alloy was (-0.801 + 0.088) Vagagci. The
variability is due to the influence of intermetallic precipitates[29] present within the small
area formed by the 0.4 pL droplet. The metallurgy of Al alloys has been extensively
studied,[30] where alloying elements can precipitate from the metal matrix to form
intermetallic regions that possess different electrochemical reactivity than the
surrounding Al matrix and can alter the mixed potential measured.[12] Such precipitates
can also potentially influence the uniformity and stability of the formed oxide film. The
pure Cu regions portray a more noble OCP, of about (0.212 * 0.022) V ag/agci- Copper is
known for its corrosion resistance, as it is noble on the electromotive series, thus it
possesses a higher OCP with respect to the Al alloy. The variability is also much lower
than the Al alloy due (o the metal’s uniform microstructure (i.e., less
inclusions/precipitates than an alloy), thus a more uniform and stable oxide film could
form. The variability measured on metallic Cu could be due to impurities present from
manufacturing processes. Lastly, the average OCP value measured at the interface of the
galvanic couple was (—0.395 + 0.041) Vagagcl and is between the values obtained on the
individual metals. This is in agreement with the mixed potential theory, where the OCP
value of two metals in electrical contact is located between the OCP of the two metals

measured separately.

14
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3.3. Voltammetry in Aerated Droplet

Once OCP measurements were completed, potentiodynamic polarization (PDP) was
initiated -300 mV below OCP to obtain the cathodic Tafel branch. Examples of
voltammetry measurements on each metal and at the interface are presented as Tafel plots
in Figure 4A. Images of the droplets at time of deposition (designated t = 0s) and after the
PDP measurements are presented in Figure 4B-D. The WCA values on each metal
measured right after deposition are not statistically different than the measurements
performed without the needle in contact with the droplet for the Al alloy and Cu areas.
The WCAs on the interface region at t = Os are different than measurements without the
needle, however, which could be due to the different ratios of metal coverage under the
droplet at each region, and/or due to the angle at which the droplet was positioned with

respect to the camera.

Average corrosion parameters were extracted from the PDP measurements and can be
found in Table 1. All corrosion potentials, Ecor, are lower than the OCP values measured
prior to measurements. This is due to the cathodic potential applied to the substrate 300
mV lower than the OCP. Oxidizing agents present (O,, metal ions) are reduced on the
metal surface and can change the local pH chemistry. Both Al and Cu form
oxide/hydroxide films while immersed in aqueous electrolytes. These films could be
destabilized by the local pH changes, thus thinning the protective passive film and
lowering Ecor. Breakdown potentials observed on the anodic Tafel branch of the PDP
measurements indicate that the passive films were compromised. Cu showed a

breakdown potential of 0.4 Vagagci. The Al alloy and interface PDP curves show

15
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similarities in the shape and magnitudes of their second passive regions from 0.2 to 0.75
Vagagcl- The Al alloy showed a small peak around -0.1 Vagagel, Which is unique to this
metal, as the interface did not portray such behavior. This confirms that this peak is not
due to the QRCE steel needle, but is an electrochemical response measured on the Al

alloy, possibly due to the intermetallic precipitates present.

Table 1. average values and associated errors at 95% confidence of corrosion parameters
Ecor and jeorr extracted from PDP measurements performed in air of Al alloy, pure Cu,
and at the interface.

Corrosion Parameter Al alloy Interface Cu
Ecor (Vagiager) -0.934 £0.074 | -0.525+0.057 0.104 £ 0.031
jeorr (MA/mm®) 0.088 + 0.014 0.139 + 0.004 0.089 £ 0.018

Average corrosion current densities, jcorr, Were extracted by extrapolating the intersection
of the linear regions of the cathodic and anodic Tafel branches for each PDP
measurement. The corrosion rates for the pure Cu and Al alloy are similar, with values of
0.089 + 0.018 pA/mm? and 0.088 + 0.014 uA/mm? respectively. The cathodic reaction
on Al alloy is-hydrogen evolution, which was confirmed by the formation of bubbles
during anodic polarization. The cathodic reaction on Cu is oxygen reduction, where no
bubble formation occurred. The interface demonstrated a higher jeor 0f 0.139 + 0.004
nA/mm?. This is due to the galvanic coupling of the two metals, where the more active

metal, in this case Al alloy, acts as the anode:

Al — AP+ 3e (1)

) (aq)

While the more noble metal, Cu, enables the reduction of oxygen at neutral pH (~6.5-7):

16
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O, .+ 2HZO(,) + 4e” —>4OH’(aq) @)

2(9)
The electrical contact between the two metals accelerates the electrochemical oxidation
of the Al alloy, increasing the current density while reduction of oxygen occurring on Cu

balances the electrochemical reaction.

3.4. Wettability and Surface Area after PDP Measurements

After PDP measurements, WCA values were extracted to monitor the change in
wettability due to polarization, as seen in Figure 4B-D. It was hypothesized that a change
in surface energy (WCA) due to applied polarization could be observed via the
combination of instruments utilized here. The wettability of Cu did not change during
polarization. This could be attributed to the precipitation of insoluble species formed on
Cu during air exposure (Cu oxides) that acted as a protective barrier, where no active
metal was exposed to increase the overall wettability. This also suggests that any
potential newly formed surface species due to electrochemical polarization did not
influence the metal’s apparent wettability. Nonetheless, the effect of surface preparation
and chemistry will be studied in future work. Furthermore, as seen in the PDP response of
Cu, a transpassive potential was not observed, indicating that the metal’s surface film was
not detrimentally compromised within the potential window analyzed, and therefore

continued to inhibit wettability changes.

A significant decrease in WCA value on Al alloy, however, was measured, where the
value decreased 8° after PDP. During polarization, the Al alloy’s protective surface film
(passive film) is compromised, which is signified by the transpassive potential present in

the PDP response. Thus, it can be hypothesized that this phenomenon exposes active

17
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metal available for oxidation/repassivation, thus increasing the overall wettability
(surface energy) of the analyzed surface. Other hypotheses to account for such increase in
wettability include a change in passive film chemistry composed of hydroxides, an
increase in surface roughness, and/or because of adsorbed hydrogen on the surface.
However, in this work, the droplet size is large in comparison to the droplet size used in
advanced EDC methods, which causes a loss in WCA resolution to observe localized
(re)passivation events that affect changes in surface energy. Miniaturization of the
droplet, as well as the investigation of other metals, is planned for future work in order to

expand on this phenomenon.

It is realized that although WCA is related to surface energy, this parameter is difficult to
interpret in terms of energy due to the convoluted effects of geometry (surface roughness
and droplet shape) and dynamic surface chemistry. However, if the assumption is made
that the geometries of the drop and surface are ideal and that there is no change in surface
chemistry, an estimation of the adhesion work between the solid surface and the liquid
can be calculated, which is linked to the energy released by the wetting phenomenon.
Applying the Young equation:

- cos =yY —y* (3)

where yV is the liquid-vapour surface tension, y5" is the solid-vapour surface tension,
ySL is the solid-liquid surface tension, and @ is the inherent contact angle at the triple
phase point, the value of y5* can be evaluated from variation in 8. Assuming that y5" is
constant and at equilibrium, and ¥tV is a known value of 72.8 mN/m for water-air

interface at room temperature, the variation of the contact angle is directly related to the

18
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changes at the solid and liquid interface. In the case for the Al alloy evaluated here, the
change in wetting would account for an increase of 10 mN/m after polarization. However,
we present a real system where changes in droplet geometry and surface chemistry can be
significant. Nonetheless, the direct WCA measurement provides us a good estimate of the

interaction between the liquid and the substrate.

Measurements performed at the interface presented a significant change in WCA on both
the Al alloy and Cu regions. The WCA value decreased 8° over the Al alloy, the same
amount as what was measured solely on the metal. On the Cu region, however, the WCA
decreased 15° over the course of a PDP measurement. This sudden increase in wettability
on Cu increased the wetted surface area, where the droplet edge on the Cu side shifted

throughout the measurement.

The resulting footprints created by salt crystallization and corrosion product after the
electrochemical measurements were measured to obtain the true surface area of the
region analyzed. By marking each measurement’s location, the corresponding PDP curve
was normalized by the true surface area rather than estimated via the pipette aperture.
This approach enables the extraction of a more accurate current density. Footprints
obtained at OCP while leaving the needle in contact with the droplet for the same amount
of time as the electrochemical experiments were also analyzed to compare morphology,
size, and composition to that of an area that underwent PDP. In Figure 5, examples of
resulting footprints from OCP measurements on all regions of interest can be seen in the

top row (A-C), while footprints due to PDP are presented in the bottom row (D-F).

19
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At OCP, the footprint on the Al alloy does not demonstrate a strong change in colour, but
is outlined by a perimeter of NaCl crystals formed during droplet evaporation, as seen in
Figure 5A. Under polarization, however, discolouration within the footprint is observed
due to the formation of Al rich hydroxides/chlorides, and the grain structure and size
(diameter of 160 + 15 pm) is revealed (Figure 5D). Different crystallographic
orientations possess different reactivity, which can impact the wettability (surface energy)
of the metal.[10,31-33] This observation confirms that the droplet size is much larger
than the grain size (at least 7x larger), and therefore we obtained an averaged response of
different grain orientations. As seen in Table 2, the average surface area at OCP was
smaller than what was measured after PDP measurements. This result is in agreement
with the decrease of WCA values obtained before and after PDP, where the increase in

surface area is due to changes in surface energy from the applied potential.

In comparison, corrosion can be seen within the footprint formed at OCP over the pure
Cu in Figure 5B, as corrosion products are observed by the signature blue/green coloured
Cu (I) hydroxide species that have been extensively characterized previously via
chemical analysis.[34] However, the colour change is much more apparent within
footprints of polarized areas, where Cu (I1) hydroxide/chloride (blue/green in colour) is
present within the exposed grain boundaries and darker Cu (1) species are observed on the
grain faces.[35] The average surface areas for both cases are not statistically different.
This is also in agreement with the WCA measurements obtained using the goniometer

before/after PDP measurements.
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The measured surface areas over interface regions are the most interesting. Even at OCP,
as seen in Figure 5C, a large crevice was formed on the Al alloy at the interface between
the two metals. The crevice increased the surface area and roughness of the analyzed
surface, yet the change in WCA values extracted over the Al alloy did not change from
what was observed solely on the metal alloy. This lowers the probability that the change
in surface roughness induced by corrosion is responsible for the drop in WCA values, but
is more likely to be caused by changes in surface chemistry. Furthermore, the wetted
surface area was dynamic. Droplet spreading on the Cu region can be observed, where
initially the droplet was smaller; a similar size to what was observed on Al alloy, then
grew over time. These features were also observed on the polarized regions (Figure 5F).
The growth of the droplet rather than contraction was confirmed by the images taken with
the goniometer camera in Figure 4D, as well as the smaller amount of Cu hydroxides
present (observed via smaller regions covered by blue/green corrosion product) within the

exterior footprint, indicating the precipitates had less time to grow.

Droplet spreading only affected the Cu region within the interface area, whereas the
wetted area remained constant on the Al alloy. This phenomenon was hypothesized to be
due to diffusion of oxygen from the surrounding environment at the droplet edges, a
region of high surface tension, which causes the growth of hydroxide corrosion product at
this region. To validate this hypothesis, experiments were conducted under an anaerobic

environment, as presented in the following sections.
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The surface areas of the interior footprint, i.e., when the droplet is initially in contact with
the substrate (t = 0 s), and of the exterior footprint, i.e., at the end of the experiments
(after PDP) can be seen in Table 2. The interior footprint is larger than values extracted
for both the Cu and Al alloy due to the galvanic coupling of the materials. The exterior
footprints are significantly larger than the interior values, which induce an error of (18 +

2)% and (17 £ 1)% in the surface area at OCP and during PDP, respectively.

The change in surface area throughout OCP and PDP. measurements is of great
importance when extracting corrosion parameters at the microscale. This infers that the
surface area is dynamic and the changing surface area as a function of time must be used
to normalize each data point measured during electrochemical measurements in order to
obtain an accurate value and estimation of corrosion rate. In this study, however, the
exterior footprint surface areas were used to normalize the PDP measured at the interface
regions. This is because the wetted area is not well defined due to the surface roughness
induced by grinding/polishing, as well as the large crevice formed at the interface of the
two metals. Crevices impose a higher surface area than what is measured from the 2D
images of the footprints and should be measured using a topographical technique, i.e.,
atomic force microscopy or profilometry. Nonetheless, this is a good first estimate in

comparison to estimating the surface area by the needle aperture.
Poor estimation of the working electrode surface area during micro droplet experiments

would result in underestimating the measured jeor. In advanced EDC methods

SECCM/SMCM, the surface area of the working electrode is often assumed to be the
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aperture diameter of the capillary used in the experimental setup. The inner diameter of
the capillary is taken for this assumption due to the relation found by Lippmann, which
showed that the size of a mercury droplet was related to the inner diameter of the
capillary.[36] The inner diameter of the syringe needle was 275 um. If used to estimate
the surface area of the working electrode, all droplet footprints would be 0.059 mm?, a
value that is two orders of magnitude smaller than the true values measured ex situ.
Alternatively, the working electrode surface area could be calculated by the droplet
volume of 0.4 puL. This scenario imposes the assumption of ideal droplet geometry, and
results in an estimated value of 0.003 mm?, even smaller than the estimated value using
the needle aperture, and therefore proves this assumption to be insufficient. This is of
importance while performing SECCM/SMCM corrosion measurements without a silicon
skirt, where droplet surface area (working electrode surface area) is currently routinely
estimated by the size of the pipette aperture. In order to further the understanding of
corrosion initiation mechanisms on the nano/micro scale, the need for accurate and

reliable experimental data is crucial.

Table 2: average surface areas obtained from measuring each footprint and the associated
errors at 95% confidence in air.

Surface area Al alloy Cu Interface (t=0s) | Interface after
(mm?) PDP
30s OCP 1.03+£0.04 | 1.23+0.03 1.37 £0.04 1.67 £ 0.06
OCP + PDP 1.26+£0.09 | 1.21+0.11 1.46 £ 0.07 1.750.07
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3.5. Experiments under Anaerobic Conditions

The electrochemical/surface energy experiments were performed in the same fashion as
the measurements done in air. A transparent chamber was used to isolate the
experimental area and a flow of argon replaced the air inside to create an anaerobic
environment. During measurements, the flow of argon was stopped in order to avoid
deformation of the drying droplets to ensure that the footprints formed were accurate

representations of the surface area analyzed.

The OCP values measured on Al alloy, Cu, and the interface were (-0.971 £ 0.119) V,
(0.219 = 0.062) V, and (-0.316 £ 0.030) V all vs. sat. Ag/AgCl, respectively. These
values are not statistically different to what was measured in air. After 8s of OCP to make
electrical contact with the substrate, PDP measurements were carried out and example

plots can be seen in Figure 6A.

The voltammetry under argon resembles the same behavior as obtained in an aerated
environment, where average corrosion parameters can be found in Table 3. Eor values
for Cu and Al alloy are not statistically different, and jcorr Values vary only slightly. This
is because the electrolyte was not purged of oxygen; hence the cathodic reaction can be
carried out to ensure that only the oxygen available in the droplet participates to the
cathodic reaction. The Ecor value at the interface was more noble than in air, however,
where such variation can be due to the difference in metal ratios examined. It has been
previously shown on polycrystalline Zn that current densities measured in argon are

much smaller than values measured in air.[14] However, all data in this study was
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normalized by the pipette aperture opening rather than the true wetted surface area
formed under the droplet. Here, we normalize by the droplet footprint surface area, which

shows that the current densities in air and in argon are similar for the metals investigated.

Table 3: average values and associated errors at 95% confidence of corrosion parameters
Ecorr and jeorr eXtracted from PDP measurements performed in argon of Al alloy, pure Cu,
and at the interface.

Corrosion Parameter Al alloy Interface Cu
Ecor (Vag/ager) -1.05 £ 0.102 -0.424 £ 0.015 0.132 £ 0.053
jeorr (MA/mm®) 0.066 + 0.012 0.126 + 0.056 0.088 £ 0.018

Images and corresponding WCAs taken at t = Os and after PDP measurements for each
region of interest can be seen in Figure 6 B-D. WCA values are similar to what was
measured previously in air; the wetting on Cu remains constant throughout PDP
measurements and the wettability of Al alloy increases with during PDP measurements,
where the WCA decreases by 7°. Therefore, the same wetting mechanism can be
hypothesized to occur in argon as in air on the pure metals. WCA values at the interface
follow the same trend as seen in air, although values differ slightly due to the positioning
of the droplet and the angle of the camera. The values on both metals change during
polarization, yet the droplet size did not vary. This may be due to slightly different

evaporation rates of the droplets throughout measurements in the dry argon environment.

Footprints from OCP and PDP measurements can be seen in Figure 7, where the top row
(A-C) were obtained after OCP, whereas the bottom row (D-F) were taken after PDP.

The droplet size, or surface area, was measured for both experiments and tabulated values
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can be found in Table 4. All corresponding PDP plots were normalized by the surface

area measured in the optical images.

Table 4. average surface areas obtained from measuring each footprint and the associated
errors at 95% confidence in argon.

Surface area (mm?) Al alloy Cu Interface (after PDP)
30s OCP 1.49+0.12 1.31+0.17 --
OCP + PDP 1.42 £0.03 1.51 £ 0.06 1.86 + 0.06

The footprints on Al alloy at OCP present a different salt crystallization pattern, where
concentric rings are observed within the wetted area. The colour inside the droplet
footprint is similar after polarization, indicating that the metal is not corroding during
PDP as severely as it did in air. Furthermore, the corrosion pattern is different, where the

grain boundaries are not visible after PDP.

As for Cu, at OCP, some regions within the footprint appear intact after contact. After
PDP, however, discolouration due to corrosion product formation is observed. The
colouring is much darker and different than what was seen in air, where very little
green/blue Cu (I1) hydroxide corrosion product is observed. The grain boundaries are also
not exposed after PDP as they were in air. This may indicate a different corrosion

mechanism occurring in deaerated environments as opposed to in air.

Measurements performed at the interface show different behavior than in air. At OCP,

areas within the Cu region are intact, similar to observations on the pure Cu. The
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perimeter of the footprint is very well defined, unlike in air. There is no exterior droplet
footprint, nor does a crevice initiate at the interface of the dissimilar metals. Similar
results are observed during PDP measurements. Although the humidity within the argon
environment is lower than in air, the surface being analyzed cannot be dried within the
short timeframe of the argon purge (2 min). Since an air-formed oxide film covers the
metal surfaces, which is very hygroscopic, and the measurement timescale is short, it’s
impossible to completely dry the surface to affect the droplet spreading behavior. This
validates the hypothesis that droplet spreading occurs due to oxygen diffusion at the
droplet edges, whereas in argon, only oxygen within the aerated electrolyte is available
for the cathodic reaction on Cu. This also means that the crevice formed on the Al alloy

at the interface in air is driven by this phenomenon.

The results presented are important for two reasons. Firstly, this work sheds light on the
importance of intermetallic regions on localized corrosion during atmospheric corrosion.
If a droplet of liquid condenses onto a region including an interface, the diffusion of
oxygen at the edges of the droplet on the more noble metal will accelerate the oxidation
of the active metal, causing a localized corrosion mechanism and self-perpetuating
degradation. Secondly, conducting experiments under a blanket of argon can minimize
dynamic wetting during EDC measurements. This eliminates the need for a silicon gasket
and the potential of crevice corrosion to form under this barrier. The voltammetry is
similar to the response in air due to the reservoir of oxygen within the electrolyte, but this

environment inhibits the spreading of the droplet, thus data does not need to be

27



Journal Pre-proof

normalized by a surface area time dependence function, but simply by the footprint of the

droplet measured ex situ.

To investigate the morphology and composition of corrosion product within the spreading

region, SEM/EDX analysis was carried out in the following section.

3.6. Analyzing Corrosion Product and Validating Corrosion Mechanism

After polarization at the interface in air, the droplet was allowed to dry and the area’s
chemical composition was investigated. A secondary electron SEM image of the footprint
can be found in Figure 8A along with EDX mapping of Cu, CI, and O. Figure 8B shows a
schematic of the proposed corrosion mechanism and the corrosion products formed at

pH~6 from thermodynamic prediction of species.

The crevice formed close to the interface of the two metals is observed on the Al alloy as
a shallow, moat-like crater ~200 um in thickness and spans the entire diameter of the
wetted area. Corrosion product and salt deposit surrounds this region due to the local
changes in pH inside the crevice. Corrosion product is also present on the Cu region, as
seen as darker areas in Figure 8A. A small area was analyzed for its chemical
composition to reveal the formation of a dendritic patterned material with high content of
Cl and Cu. Surrounding the CuCl, dendrites was corrosion product with a high content of
oxygen. The experimental findings of the corrosion product composition are in agreement

with what was predicted via the Hydra/Medusa simulation.
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On pure metals, the cathodic reaction on Al alloy is hydrogen evolution,[37] while
oxygen reduction balances the oxidation of Cu. When galvanically coupled, however,
oxygen reduction can occur on the cathodic Cu region, while the Al alloy is sacrificed as
the anode and corrodes. If the droplet is surrounded by air, gaseous oxygen diffuses into
the droplet at the edges, where it is consumed to form hydroxide that reacts with
chemically dissolved Cu and the oxidized Al species to form Cu(OH), and Al(OH)s,
respectively. The formation of hydroxides and the change in surface energy at the droplet
edge on Cu increases the wettability. The coupled Al enables a large current density to

flow, and the protective passive film at the edge of the Cu becomes compromised.

Droplet corrosion chemistry is not a novel concept- Evans in 1926 investigated the local
pH changes within a droplet on polycrystalline Fe using chemical indicators. The edges
of the droplet turned pink (via phenolphthalein) due to the highly alkaline environment
that formed from an increase in hydroxide concentration on the cathodic region. The
interior of the droplet turned blue (via potassium ferricyanide) as the region became
anodic and localized corrosion was observed.[38] This phenomenon was attributed to the
distribution of oxygen and the high surface tension at the edges of the droplet, where
Evans later proposed a device to equally expose metal surfaces to dissolved oxygen in
order to avoid the production of a deaerated anodic area vulnerable to localized
attack.[39] A similar mechanism is proposed in the current work, however, due to the
galvanic coupling of Al alloy and Cu, the anodic reaction is supported at the more active

metal in contact with the cathodic metal.
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The analysis of galvanic corrosion in an equilibrated droplet is of interest to the
atmospheric corrosion community- corrosion that occurs inside small condensed droplets
of liquid. Policastro et al. investigated the galvanic corrosion current between an Al alloy
and stainless steel through experimental and theoretical predictions to further the
understanding of atmospheric corrosion at the interface of the metal system.[40]
However, the two metals were not physically in contact with one another, but an
insulating resin isolated them from one another so the galvanic corrosion current could be
measured. Although authors concluded that the corrosion mechanism relied on the
blocking of ion transport due to electrolyte chemical reactions to minimize further
degradation,[40] the experimental setup lacks a depth of real in-use configuration. While
in-use, dissimilar metals are often in physical contact with one another, and the local
interfacial electrochemical and chemical changes that occur are critical in dictating
corrosion mechanisms. Furthermore, such studies do not capture the changes and effect
of wetting and hence surface energy changes on the two dissimilar metals. This highlights
the potential for the combined setup used in this work to further enhance the corrosion

community’s knowledge about interfacial corrosion chemistry inside of droplets.

4. Conclusions

The combination of a goniometer and potentiostat has enabled the observation of changes
in surface energy/ wettability during micro electrochemical measurements. The results at
the length scale presented show that polarization of a metal surface can impact its surface
energy, but are dependent on the metal’s interfacial stability under the experimental
conditions used. Wetting at the interface of two metals creates a galvanic couple, which

accelerates the corrosion of the active metal and enables the noble metal to undergo
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cathodic protection. In air, oxygen diffuses at the edges of the droplet where the surface
tension is high, causing heterogeneous spreading on the cathodic metal as a function of
time. This study underlines the difficulty of downscaling corrosion science, particularly
when EDC systems are used. When extracting corrosion current density, the surface area
cannot be estimated by the pipette aperture as this creates an over estimated corrosion
rate on the micro/nano scale. Either normalization by the true surface area as a function
of time due to spreading can be performed, or the use of an anaerobic environment can
help limit droplet spreading to accurately extract the analyzed surface area. Electrolyte,
droplet size and surface preparation/composition will be explored and considered in

future experiments.
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t=1 min t=2 min t=3 min t=4 min
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Figure 1: Monitoring droplet evaporation on glass A) with and B) without needle
reservoir to estimate appropriate experimental timescale. The droplet size decreases until
it is completely evaporated after 4 minutes when it is not in contact with the needle, while
both the droplet size and shape change when the needle is present. Scale bar represents
500 pm.
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Figure 2: A) Schematic of the 2-electrode electrochemical setup used in this study, where
the Cu/Al alloy served as the working electrode and the steel needle used to dispense the
salt droplet acted as the quasi reference counter electrode. B) A front view micrograph of
the steel needle aperture with an inner diameter of 274.7 um. C) The potential difference
of the steel needle and a commercial Ag/AgCl saturated reference electrode indicating a
stable open circuit potential of the QRCE. D) A photograph of the experimental setup

during measurements performed under argon.
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Figure 3: The methodology used to make electrical contact with the substrate. A) Shows
snap shots taken during droplet deposition on Al alloy and B) demonstrates the
electrochemical response of the OCP for each area approached. First, the 0.4 uL droplet
of 0.05 M NaCl was created at the needle tip (1), followed by commencing the OCP
measurement. Next, the droplet approached the substrate and made initial electrical
contact, observed by the sudden change in OCP values (2). Finally, the droplet reached
equilibrium with the air and metal surface interfaces, where stable OCP values were
measured for ~8s before starting the potentiodynamic polarization scan. Scale bar

represents 500 pm.
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Figure 4: A) Representative potentiodynamic polarization curves obtained for each region
investigated in an aerated environmient: pure copper (black), Al alloy (blue), and at the
interface of the two metals (red). A schematic is added to aid in the visualization of the
sampled regions. B-D) Corresponding optical images of the 0.05 M NaCl droplets taken
using the goniometer system before and after PDP measurements. The droplet is
symmetrical on the B) Al alioy and D) Cu surfaces throughout the measurement, while

the water contact angle is asymmetrical at the interface. Scale bars represent 500 um.
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Figure 5: Optical micrographs after measurements.in air of the droplet footprint created at

open circuit potential (A-C), and after polarization measurements (D-F) on Al alloy (A
and D), pure Cu (B and E), and the interface (C and F). All footprints on Cu and the Al
alloy are relatively circular. At the interface of the two metals, the wetted surface area is

dynamic at OCP and during PDP measurements. The scale bars represent 200 pum.
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Figure 6: A) Representative potentiodynamic polarization curves obtain for each region
investigated in an argon (deaerated) environment: pure copper (black), Al alloy (blue),
and at the interface of the two metals (red). A schematic is added aid in the visualization
of the sampled regions. B-D) Corresponding optical images of the salt droplets taken
using the goniometer system before and after PDP measurements. Unlike the
measurements performed in air, the droplets are symmetrical on all regions investigated

as indicated by the similar water contact angles measured. Scale bars represent 500 um.
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Figure 7: Optical micrographs after measurements in argon of the droplet footprint
created at open circuit potential (A-C), and after polarization measurements (D-F) on Al
alloy (A and D), pure Cu (B and E), and the interface (C and F). All footprints are
relatively circular. Unlike measurements performed in air, it can be seen that the wetted
surface area is constant at OCP and during PDP measurements. The scale bars represent
200 pm.
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Figure 8: A) Shows electron micrographs and chemical composition maps of the
corrosion product formed on Cu. B) Schematic of the proposed mechanism causing
wettability changes in air. Surrounding oxygen present adjacent of the droplet diffuses
into the droplet at the edges, causing the expansion of the surface area on Cu. This

oxygen reduces on the surface of the Cu, which is supported by the oxidation of Al.
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