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A B S T R A C T   

This research study presents a novel application of a quantitative phase microscopy technique, spectral modu
lation interferometry (SMI), for in situ nanoscale characterization of corrosion of an aluminum alloy in real time. 
SMI offers high sensitivity, rapid image acquisition, and speckle-free images; thus, real-time quantification of 
surface topography evolution during corrosion can be obtained accurately to evaluate the temporally- and 
spatially-dependent corrosion rates. With an innovative additive-manufactured fluid cell, experiments were 
performed in situ under flowing solution conditions. Electrochemical tests via stepwise polarization and solution 
chemistry through collected aliquots of outflow solution were also performed alongside the nanoscale SMI 
experiment to simultaneously provide a corroborating corrosion rate measurement. Based on the quantitative 3D 
height profiles across the corroded surface, pit formation resulting from rapid local corrosion was predominant, 
appearing at different times and are heterogeneously distributed across the surface. The computed time- 
dependent dissolution rates of aluminum also varied as the experiment proceeded, with the combination of 
linear and nonlinear surface normal distributions. An initial mean linear dissolution rate of [0.40 ± 0.007] μmol 
m−2 s−1 transitioned to a more rapid mean rate of [1.95 ± 0.035] μmol m−2 s−1, driven by the anodic polari
zation. Dissolution rates from the three performed methods follow similar trends and there is the visibility of 
linking the nanoscale in situ SMI data to the electrochemical corrosion measurements and ex situ chemical so
lution analysis. At the end of the corrosion period, rates of 118 μmol m−2 s−1, 71 μmol m−2 s−1, and 2.45 μmol 
m−2 s−1 were obtained from electrochemical measurements, ex situ solution analyses, and in situ SMI corrosion 
measurement, respectively. Finally, these experimental results validate the applicability of SMI for in situ 
nanoscale characterization of a corroding alloy surface.   

1. Introduction 

Corrosion is the main cause of the deterioration of metallic materials, 
and it has since received great attention both in academic and in applied 
industrial studies from the literature [1–7]. Localized corrosion, like 
pitting and intergranular corrosion (IGC) are the corrosion modes that 
commonly cause metallic degradation in aggressive environments (e.g., 
chloride-containing environments) [8–10]. It is also concluded that 
economic losses associated with metallic structure corrosion exceed 3% 

of the gross domestic product in developed countries and more than 7% 
of the undeveloped countries [11,12]. A 2016 report indicated that the 
global cost of corrosion was $2.5 trillion [13]. As a result, the under
standing of the corrosion mechanism(s) and kinetics at the micro- and 
nanoscale in relation to their microstructure and the environment are 
critical to understanding the macroscopic behavior. Of interest, AA6111 
is extensively utilized as a wrought sheet in various industrial applica
tions, such as automotive, marine, architectural, and aerospace [14–16], 
due to the combination of high strength and good formability in the 
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solutionized and naturally aged conditions [17,18]. In recent years, 
applications of different characterization techniques and data process
ing methods to investigate nanoscale corrosion mechanism(s) and ki
netics of metallic corrosion has grown substantially, such as optical 
microscopy (OM), X-ray diffraction (XRD), and scanning electron mi
croscopy (SEM) [19–24]; transmission electron microscopy (TEM) [25]; 
in situ liquid TEM [26,27]; X-ray computed tomography [28–31]; atomic 
force microscopy (AFM), scanning Kelvin probe force microscopy 
(SKPFM), and electrochemical atomic force microscopy (EC-AFM) 
[32–37]; vertical scanning interferometry (VSI) [38–40]; and digital 
holography and digital holographic microscopy (DHM) [9,10,41–48]. 

Optical probe quantitative phase microscopy (QPM) methods, such 
as VSI and DHM, are capable of generating high-resolution 3D surface 
topography data and computing rate kinetics based on changes in the 
surface profile over time. These methods also have such advantages as 
high axial resolution, full-field view, nondestructive observation, 
contact-free high sensitivity, and fast response [49,50]. Taking inspi
ration from the geochemistry literature, the use of micro- and nanoscale 
surface topography measurements have proven to be particularly 
powerful [51], such as using VSI [52–61] and DHM [62–68] to quantify 
dissolution kinetics. With the use of in situ DHM, it is possible to observe 
rapid kinetic nanoscale events that may otherwise be missed by other ex 
situ methods [63,64,67,68]. Indeed, corrosion and electrochemical sci
ence studies have also begun to implement such optical interferometric 
techniques [9,10,38–42,44–48,69–74]. Recently, Asgari et al. [42] used 
reflective DHM for quantitative evaluation of microstructural corrosion 
in austenitic stainless steel and was able to distinguish between inter
granular and transgranular corrosion. Pedram et al. [10] employed 
reflective DHM to investigate the growth of pitting corrosion of a custom 
450 alloy and they reported that it was possible to predict pit initiation 
and growth. 

While these optical techniques have been explored for dissolution 
and corrosion studies, there is still a lack of high-quality quantitative 
kinetic data that would derive fundamental mechanisms of metallic 
corrosion at the micro- and nanoscales. Furthermore, previous corrosion 
studies only focused on using ex situ VSI [38–40,75,76] and ex situ DHM 
[9,10,41,45,46,77], which offers a significant opportunity to develop an 
in situ QPM approach in corrosion science. While Abbot et al. [69] used in 
situ DHM to quantify electrodeposition rates, no study has yet used QPM 
to evaluate in situ corrosion rates. 

This study presents a novel application of a QPM approach, spectral 
modulation interferometry (SMI), to in situ corrosion studies. SMI 
combines spectral-domain low-coherence interferometry with a spectral 
modulation technique [78] and offers speckle-free imaging and an order 
of magnitude better sensitivity and speed than DHM. The SMI provides 
surface topography data with sub-micron lateral resolution and sub- 
nanometer vertical precision. This approach is applied for in situ imag
ing of nanoscale surface topography evolution of an aluminum alloy 
surface in aqueous solutions. A potentiostat is connected simultaneously 
to apply electrochemical techniques (In this case, stepwise polarization), 
while the SMI serves as a powerful visual to help us interpret the elec
trochemical response. Lastly, solution composition is evaluated to pro
vide a third corrosion measurement. This innovative approach thus 
presents a spatial and temporal scale of in situ corrosion in real time that 
is rarely explored in the literature. 

2. Experimental methodology 

2.1. Materials 

This study applies SMI to study the in situ nanoscale corrosion for an 
AA6111-T4 aluminum alloy (Fig. 2). The nominal chemical composition 
of a typical AA6111 is shown in Table 1. 

Samples were cut to dimensions of 1.25 cm by 1.25 cm by 0.5 cm and 
mounted in epoxy. The unexposed side of each sample was then elec
trically connected to a copper wire. The visible side was consecutively 
ground from #320 grit (33 μm) to #4000 grit (5 μm) using silicon car
bide (SiC) papers, and subsequent polishing was conducted with 3 μm 
and 1 μm diamond paste. Final polishing was performed with a vibratory 
polisher in an aqueous suspension of 0.02 μm colloidal silica (pH 
⁓10.5). Finally, the samples were cleaned with alcohol and double- 
distilled water for three minutes in an ultrasonic bath as shown in 
Fig. 2. This polishing was necessary to provide a surface of suitable 
smoothness to be imaged by SMI (i.e., a required surface roughness value 
of <100 nm). 

2.2. Spectral modulation interferometry 

SMI was developed by Zhu and colleagues [78], based on spectral- 
domain interferometry, has high optical pathlength (OPL) sensitivity, 
has high acquisition speed (up to 120 Hz), and has sub-nanometer ver
tical and sub-micrometer lateral resolution. Fig. 2 illustrates the sche
matic SMI setup and the principle behind the technique for phase 
imaging. While its signal is generated in spectral domain in contrast to 
DHM’s spatial domain, the signal model and processing procedure in 
SMI is similar to off-axis DHM techniques. However, its dispersive and 
confocal imaging scheme eliminates laser speckle, producing speckle- 
free coherent images with high phase sensitivity and imaging rate. 

As shown in Fig. 2, SMI uses broadband, spatially-coherent light from 
a superluminescent diode (SLD, Superlum; λ = 837 nm, Δλ = 54 nm) 
coupled into a single-mode fiber. A 50/50 fiber coupler directs light into 
the system, where it is launched into the free-space optical path via a 
collimating lens. A 1D galvo-scanner (x-direction) scans the collimated 
beam in one dimension, while a transmission grating (Wasatch Pho
tonics; 600 mm−1) disperses the beam into propagation angles varying 
by wavelength (y-direction). The dispersed beam is then focused by the 
microscope objectives in the form of a wavelength dispersed line, similar 
to other forms of spectrally-encoded imaging [80–83], and the galvo 
scanner scans the line over the sample to build up two-dimensional 
images. 

The reflected beams from the sample and reference mirrors are back- 
propagated through the system and directed to the spectrometer by the 
fiber coupler. The interference spectrums are then recorded by the 
custom spectrometer with a line scan camera (e2v; EM1, 1024-pixel, 
maximum line rate 78 kHz). Afterward, the recorded interference pat
terns are subjected to numerical processing by a Fourier transform. The 
processing steps have been earlier discussed in detail in the development 
of SMI [78]. After reconstruction, each interferogram produces an 
amplitude-contrast image (similar to a typical optical microscope image 
in reflection mode) and a phase-contrast image that contains surface 
height information. Eq. (4) shows SMI’s signal model for estimating 
sample surface heights. The interference intensity I(x, y) recorded by the 
spectrometer is modulated by the sample phase ϕs (x, y) obtained from 
the optical interference of complex sample amplitude Es (x, y) and 
reference amplitude Er (x, y). L0 is the initial OPL offset of the Linnik 
interferometer (L0 = Ls – Lr), k0 is the starting wavenumber, and α (in rad 

Table 1 
Typical AA6111 nominal chemical composition ranges (wt%) [79].  

Al Si Fe Cu Mn Mg Cr Zn Ti 

Bal. 0.60–1.10 <0.40 0.50–0.90 0.10–0.45 0.50–1.00 <0.10 <0.15 <0.10  
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m−2) is the dispersion coefficient of grating-diffracted beams. Sample 
surface height information is contained in the phase term ϕs (x, y). In this 
configuration, variations in phase information on the sample due to the 
corrosion process as a function of time can be obtained. That is, different 
optical paths originate from the different depths of pits (arising from 
corrosion), producing delays in the optical phase which, according to 
Eq. (4), produce distinct changes in the detected optical interference 
pattern. 

I (x, ) =
/

Er
/2 +

/
(x, y)

/ 2 + 2 Er Es (x, y)cos (2k0L0 + 2α L0(y) + 2ϕs (x, y) )

(4) 

While the SMI is capable of acquiring images as rapidly as 120 Hz, 
the volume of data over a 240 min experiment precludes such a rate due 
to the time required to process each image. Therefore, this study 
collected images every 30 s, resulting in a total of 480 images, and 
analyzed using MATLAB programming software. Prior to image collec
tion, the SMI’s interferometer arms used matching Nikon Fluor 40×

\0.80 W water immersion objectives to image through the solution. In 
the fluid cell, a 25 μm thick polymer film was placed between the 
objective lens and the solution in order to protect the lens, as shown in 
Fig. 1c. A drop of distilled water was placed between the objective lens 
and the protective film in the sample path to provide an optical path 
equivalent to typical water immersion between the lens and the sample 
surface. A drop of water was also placed between the objective and 
mirror in the reference arm to provide a matching optical path. 

2.3. Electrochemical fluid cell development 

A flow-through fluid cell is necessary to provide the solution con
ditions for in situ imaging. The flowing solution provides nominally 
undersaturated conditions, thereby allowing for the study of the corro
sion rate without the suspended solids (i.e., insoluble corrosion prod
ucts) that interfere with imaging quality. The flowing conditions also 
remove any gas bubbles in the solution produced during the reaction. 
Similar in concept to the fluid cell used previously by Brand and col
leagues [62–66,84], this study utilized a novel additive-manufacturing 
approach to rapidly prototype various designs. Using the method by 
Michel and colleagues [85,86], inverse stereolithography was used to 
additive manufacture the fluid cell. The cell’s body was constructed of a 
chemically inert and electrically insulative methacrylated polymer. The 
cell design accommodated the SMI objective lens and the three elec
trodes: the working electrode (WE), the reference electrode (RE), and 
the counter electrode (CE), as shown in Fig. 3. The cell also includes inlet 
and outlet ports for the flowing solution. An injection peristaltic pump 
was used to produce flowing conditions. Aliquots of solution were 
collected from the outlet port for solution chemistry analysis using 
inductively-coupled plasma mass spectroscopy (ICP-MS). A Thermo 
Electron iCAP-RQ ICP-MS per Standard Method 3125-B was used [87]. 

This in situ corrosion experiment was performed at a solution flow 
rate of 40 mL min−1 through the cell. The flow rate was determined by 
measuring average corrosion rates as a function of flow rate and the flow 
rate with the minimal standard error (i.e., better consistency and less 
variation in the result) was selected; more detail about the flow rate 
analysis is provided in the Appendix A. 

2.4. Electrochemical test 

With this selected flow rate, the corrosion measurements were con
ducted using a three-electrode electrochemical cell: 1) the sample is 
attached to the anodic pole, acting as the WE; 2) a custom 450 stainless 
steel strip acting as the CE connected to the cathodic pole; and 3) a 
silver-silver chloride (Ag/AgCl) as the RE. The CE has an area of 1.6 cm2, 
which is similar to the WE area. The corrosion experiment was con
ducted in a 0.5 wt% NaCl solution acidified to pH ⁓2.9 by acetic acid. 

The polarization measurement was performed using a Gamry 
potentiostat Interface 1010E and Gamry ESA400™ (Electrochemical 
Signal Analyzer) software. The sample was first exposed to the solution 
and held at the open circuit potential (Eoc) for 1 h to stabilize the system. 
Subsequently, a potentiodynamic polarization (PDP) test was performed 
by applying a potential in the anodic direction within a range of +500 
mV above Eoc at a scanning rate of 0.167 mV/s. The applied potential 
was measured against an Ag/AgCl reference electrode. PDP test was 
conducted to characterize the corrosion kinetics under anodic polari
zation. To complement the PDP method, a stepwise potential vs. Ag/ 
AgCl was applied at 10 mV and held at 15-min intervals. A potential 
applied in a stepwise manner was chosen in this work rather than the 
usual potentiodynamic control. This stepwise polarization method al
lows for a detailed study of the potential-dependent corrosion processes 
of the alloys in terms of 1) the initiation sites, 2) the extent of dissolution 
or localized pitting in the matrix of bulk alloy, 3) the level of sensitivity 
to intermetallic microstructure, and 4) their relations to intergranular 
corrosion (IGC) [34,88]. The stepwise procedure was continued until the 
point when the anodic current is significantly too high, wherein either 
IGC or pitting corrosion as occur. 

Aliquots of the outflow solution were collected and evaluated by ICP- 
MS. The ionic concentrations (such as Al3+) measured from this method 
will provide a corrosion rate estimate based on the ion dissolving into 
the solution. In principle, this method is similar to Ogle’s in-line 
corrosion monitoring by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) [89,90]. Note that, while ICP-MS can measure a 
variety of elements in solution, the interest of the study is only limited to 
Al, as Al corrosion in water at the selected acidic pH forms dissolvable 
ions (Al3+) per the Pourbaix diagram. 

Finally, the microstructural analysis of the sample surface before and 
after corrosion was also examined using scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDS). This surface 
investigation was also performed to corroborate the morphology 
observed by SMI. 

2.5. Corrosion rate calculations 

By this experimental configuration, three simultaneous measurements 
of corrosion rate can be conducted: 1) electrochemical test via poten
tiostatic polarization; 2) solution composition analysis by ICP-MS, based 
on changes in the Al3+ concentration; and 3) nanoscale surface topog
raphy measurement by SMI, based on changes to the surface height over 
time. Table 2 lists the rate equations from these three methods, 
including conversions for equivalent units, where R is the corrosion rate 
(in mol m−2 s−1); i is the current density (in μA cm−2); M is the sample 
atomic weight (27 g mol−1); n is the charge number (e.g., for Al, n = 3); F 
is the Faraday constant (96,485 s A mol−1); ρ is the sample density (2.71 
g cm−3); Ke is a unit conversion factor (0.01 m cm−1); ƒ is the solution 
flow rate (40 mL min−1); Ci and Co are the solution concentrations (in 
mol L−1) of the outflow and inflow, respectively; ƞ is the stoichiometric 

Fig. 1. Test samples (AA 6111) sealed with marine epoxy resin for corrosion 
tests: (a) unpolished sample, and (b) polished sample. 
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coefficient of the element (e.g., for Al, ƞ = 3); Kc is the unit conversion 
factor for solution composition (1.67 × 105 cm2 min1 μm−2 s−1); A is the 
surface area (in cm2) of the sample exposed to solution; v is surface 

retreat rate (in nm s−1) as the change in surface height over time (Δh/ 
Δt); Vm is the material molar volume, which is 1.0 × 10−5 m3 mol−1. 

Fig. 2. Schematic setup of SMI techniques for phase imaging. SLD – superluminescent diode, SPM – spectrometer, GS: x – 1D Galvo-scanner (x-direction), TG: y- 
direction Transmitting grating, ROL – reference objective lens, SOL – sample objective lens. 

Fig. 3. (a) Design of the flow-through electrochemical fluid cell with designed ports for all the electrodes (WE, CE, RE), fluid inlet and outlet, and space for the SMI 
objective lens. (b) A typical setup with the cell connected to the electrodes and SMI objective lens will fit in the open space on the top of the cell. (c) Cross-section 
schematic of the cell. 
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3. Results and discussion 

3.1. Electrochemical results 

Electrochemical tests for AA6111 alloy in acidified 0.5 wt% NaCl 
solution was performed with potentiodynamic polarization (PDP) 
experiment. Eoc was first measured to determine the stability before the 
electrochemical test of the system. After 1 h of immersion, all bulk 
samples reached a stable potential of approximately −0.6 V vs. Ag/AgCl 
(Fig. 4a). The potential–logarithmic current density behavior at the 
anodic scan of +0.5 V after Eoc stabilization is shown in Fig. 4b. The Eoc 
and PDP results performed on the fluid cell in a flowing state showed a 
high level of replicability. As one may indicate, the polarization curves 
from the bulk samples are almost identical in shape and form with the 
Eoc starting at −0.6 V vs. Ag/AgCl. The anodic behavior is dictated by 
active dissolution as typified by an acute increase in i at potentials above 
Eoc [88]. Comparing each sample, an average pitting potential is noted 
between −0.55 V vs. Ag/AgCl, which describes an attack on the alloy 
surface leading to corrosion initiation. The i above the breakdown 
pitting potential is the limiting current density (ilim). Within this 

potential range, the initiation sites for corrosion damage are either 
dominated by pitting corrosion and/or IGC in the matrix adjacent, 
which could be from secondary phases, grain boundaries, or specific 
phases at grain boundaries [91]. Consequently, a stepwise polarization 
test was therefore conducted, as was described in Section 2.2. With the 
potential applied in a stepwise manner, the resolution of the potential 
scan is increased and the quality SMI surface topography images can be 
captured adequately in real time. At each potentiostat step holds, I was 
collected as a function of time at the rate of 0.5 Hz. In total, three rep
licates of the stepwise potentiostatic polarization curve were measured, 
and the average is plotted in Fig. 5. The individual replicate curves are 
shown in the Supplementary Material as Appendix B. 

3.2. Solution composition and surface characterization 

Analysis of the electrolyte solutions was applied to provide elemental 
dissolution rate on time-dependent corrosion processes in bulk corro
sion. Aliquots of outflow solution were analyzed for aluminum (27Al) per 
standard method 3125-B. Samples and calibration standards were 

Fig. 4. (a) Eoc as a function of immersion time and initial concentration of acidified 0.5 wt% NaCl. (b) replicates of PDP curves for polished AA6111 in acidified 0.5 
wt% NaCl. 

Fig. 5. Current density (i) and potential data from stepwise polarization test 
showing the methodology of the applied potential and current response for the 
alloy samples. The potential was stepped up in 10 mV (vs. Ag/AgCl) increments 
at intervals of 15 min for 240 min. 

Fig. 6. Al concentration in the bulk solution at each applied potential with 
time. Note: Other secondary elements such as Mg, Cu, Si, Fe, or Mn were pre
sent in much smaller quantities or not detected in the bulk solution. The error 
bars represents the standard deviation. 
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initially prepared in a matrix of 2% nitric acid by volume. The con
centration of 27Al was then determined in undiluted outflow solutions at 
each applied potential. Fig. 6 shows the ex situ time-dependent 27Al 
concentration from the bulk solution at the beginning and end of each 
stepwise applied potential. The dissolved Al signal commenced from Al 
~ 0.04 mg L−1 after the first step and continued to steadily rise to a 
maximum of ~13.4 mg L−1 at the end of the experiment duration. The 
observed increase of Al concentration in the solution can be explained 
by the content rate of corrosion attack with time [92]. The significant 
increase in Al dissolution can be due to the instability of the oxide layer, 
as reported by Homazava et al. [93]. Other elements within the alloy 
composition were analyzed but only Al alloy is reported in this study. 

Fig. 7 shows the SEM micrographs of the polished and corroded 
sample surface. Without surface etching, fibrous grain structures (i.e., 
elongated grains) are revealed across the fresh alloy (Fig. 7a). The cor
responding elemental composition of the bulk surface is shown in 
Fig. 7b, with structures mainly made of Al. The bright features (indi
cated by white arrows) are the intermetallic (IM) phases that contain Al- 
Fe-Si-Mn-Cu compounds, as confirmed by EDX analysis in Fig. 7c. 
Fig. 7d shows the SEM micrographs of the alloy surface after corrosion 
attack after the stepwise anodic polarization. After corrosion, the 
attached grain boundaries appear as dark bands, suggesting both pitting 
and localized IGC corrosion of the alloy. The pitting corrosion initiation 
of Al alloys is induced by the stability of the oxide layers and the 

Fig. 7. (a) SEM micrograph of polished alloy surface before corrosion attack, (b) EDS analysis illustrating the chemical composition of the IM phase before corrosion 
(Spectrum 1), and (c) EDS analysis of the alloy matrix before corrosion (Spectrum 2). (d) SEM micrograph of the corroded sample showing both pitting and IGC 
corrosion, (e) EDS analysis after corrosion attack of the IM phase (Spectrum 3), and (f) EDS analysis of the bulk alloy after corrosion (Spectrum 4). 
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presence of the IM particles, acting either cathodically or anodically 
relative to the alloy matrix [94,95]. Hence, Al concentration in the so
lution occurs in the oxidized form, and the Al3+ is released from the bulk 
matrix and the IM phase. As confirmed by the EDS result (Fig. 7b and e), 
alloy matrix is corroded as shown in percent Al loss. 

3.3. SMI results 

The reconstruction of surface height images from SMI interferograms 
is illustrated in Fig. 8. The 2D interferograms are formed from the 
interference of light on the spectrometer between the sample and 
reference beams (Fig. 8a). A zero-padded 2D fast Fourier transform 
(FFT) is performed on the interferogram, revealing the modulated and 
baseband signals described by Eq. (4) (Fig. 8b). The positive frequency 
bandpass signal, containing the sample phase information, is isolated via 
multiplication in the frequency domain with a raised cosine filter (β = 1) 
with cutoff frequency defined by the red circle in Fig. 8c. Following 
isolation of the complex bandpass signal, the signal is shifted to base
band via multiplication with a complex exponential with frequency 
opposite to the bandpass carrier frequency. With the signal at baseband, 
the signal phase and amplitude can be extracted. The amplitude signal 
describes interference amplitude or the coefficient of the cosine term in 
Eq. (4). This image (Fig. 8d) is similar to traditional brightfield optical 
micrographs and represents the product of light intensity reflected from 
the sample and reference surfaces. The extracted phase signal is then 
unwrapped using the Goldstein algorithm [96]. The unwrapped phase 
can then be converted to optical pathlength by the appropriate wave
number for each pixel on the spectrometer. The OPL image background 
is masked and fit to a 15th order Zernike polynomial, which is sub
tracted to remove system phase aberration of the SMI interferometer. 
The background-subtracted OPL is then converted to surface height by 
dividing by the medium refractive index (i.e., n = 1.33 for water im
mersion imaging) and displayed in Fig. 8e. 

The final surface height and brightfield images from SMI use a 
scanning area of 100 μm × 100 μm field-of-view (FOV) in the sample 
plane with 1024-pixel spectral × 512-pixel scanning. As the surface 

height image represents the topography of the sample surface, it can be 
rendered in 3D with computed lighting to better visualize small surface 
features (Fig. 8f). 1D plots can of the surface height (Fig. 8g) can be 
produced along lines of interest to quantitatively show the heights of 
surface features such as background surface curvature (AB) and inter
metallic phases (CD). A detailed view of the 3D image demonstrates a 
relatively smooth surface, with special features of grain orientations and 
IM phases (as expected according to the SEM micrograph in Fig. 7a). 

3.3.1. SMI sample height reference 
The absolute height changes in SMI or other holographic measure

ment requires a flat-surface reference plane that remains at constant 
elevation during the entire experiment. Application of reference masks, 
such as deposition of thin film of chromium or gold, is often used for 
mineral surface studies [64–66]. However, the use of such conductive 
masks that are noble to Al would add a galvanic reaction and affect the 
measurement of electrochemical behavior and dissolution kinetics of 
alloy materials [69]. Thus, the use of a reference mask was avoided in 
this study. Because the spatial distribution of rate contributors is not 
homogeneous (as seen in Fig. 9a), investigating a flat subregion with no 
pit formation could bring insight to the dissolution mechanism in the 
sample. For this purpose, a selected subregion of 10 μm × 10 μm 
(squared in red in Fig. 9a) within the FOV was analyzed throughout the 
experiment and also serve as the reference height from which the rela
tive surface height change is measured at the specific region of interest 
(ROI). The analysis of the chosen subregion is based on the selection of 
corroded images at the end of the experiment. The selected area was 
then measured by back-tracking to the start of the experiment. Fig. 9b 
shows the surface topography changes and its histograms after 0, 60, 
120, 180, and 240 min of the selected area. The complete surface 
topography map at 15 min interval corresponding to the stepwise po
tential applied (Fig. 5) and cross-sectional mp4 video plot of pit evolu
tion with the background surface remain unchanged are available for 
download in Appendix C of Supplementary Material. The average 
dissolution rate of the subregion is observed to be approximately con
stant during the entire experiment with a comparable mean surface 

Fig. 8. The phase demodulation procedure of SMI-based quantitative phase imaging on the alloy sample: (a) 2D interferogram (as described by Eq. 4) with the inset 
of a magnified view of the local interference; (b) 2D zero-padded FFT of the interpolated interferogram; (c) Hilbert transform of (a) with the highlighted circle 
indicating bandpass filtered signal; (d) the demodulated brightfield image of the sample (e) height map of the sample (100 μm × 100 μm FOV); (f) 3D rendered height 
map of the sample; (g) the cross-sectional height profiles along the lines AB and CD at marked positions in the 3D image. The color bar indicates the change in surface 
topography (in nm) for Figs. 8e and f. 
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height of 3.14 nm, 3.88 nm, 3.47 nm, 3.82 nm, and 5.32 nm at 0 min, 60 
min, 120 min, 180 min, and 240 min respectively. As confirmed from the 
cross-sectional plot in Fig. 9c, wherein the background surface remains 
unchanged as pit formation evolved over the entire experiment period. It 
is very convincing to observe a constant in background surface region 
while the pits get deeper. The surface map at 240 min is somewhat high 

(mean surface height = 5.37 nm), which could be due to difference in 
the subtracted system phase background, cloudiness (as a result of 
corrosion product) of the solution leading to the change in refractive 
index of the solution, phase unwrapping error and turbulence in the flow 
field, therefore, causing noisy data at the end of experiment [66,84]. 

Fig. 10 shows the average surface roughness profile of the flat 

Fig. 9. (a) Final SMI height map at the end of the experiment, illustrating non-homogenous dissolution across the surface, with the image showing the selected flat 
subregion (squared in red) for the analysis. (b) SMI surface topography map of 10 μm × 10 μm flat subregion at 0 min, 60 min, 120 min, 180 min, and 240 min. The 
baseline height at the ROI surface remains approximately constant with time, which indicates no dissolution. The color bar indicates the change in surface 
topography (in nm). (c) cross-sectional plot of pit evolution (pit grows deeper) with the background surface remain unchanged. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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subregion at every 15 min interval. This was analyzed by calculating the 
mean and standard deviation of all collected surface height data at 15 
min intervals, corresponding to the potential applied in the 15 min 
stepwise manner. The minimum and maximum relative surface height 
were [3.19 ± 0.26] nm to [4.95 ± 2.86] nm, respectively. With this 
small nanometer difference in surface height, no detection of uniform 
corrosion of alloy was observed in this selected region. Similar to the 
topography map, a slight increase in standard deviation was sighted at 
150 min and 240 min due to errors mentioned earlier [84]. Analysis of 
variance (ANOVA) and Tukey honest significant difference (HSD) at 
95% confidence level was performed and showed that the surface height 
at every interval was not statistically different, except the height profile 
at 150 min and 240 min. This behavior indicated smooth, non-uniform 
corrosion and confirmed that the generic dissolution rates are far-from- 

equilibrium conditions (e.g., similar to dissolution kinetics of mineral 
surfaces [52,63–66]). The Gaussian distribution was also evaluated to 
propagate the error by sampling the surface height change based on the 
mean and standard error over the 15 min interval. The propagated error 
from the flat region is less than 4%, confirming the assertion of the 
smooth subregion. In addition, the frequency distribution of surface 
topography change at different times of the flat subregion area is 
available in Appendix D of the Supplementary Material. The peak height 
values are in the range of 2.5 nm to 5 nm, similar to the average relative 
height profile in Fig. 10. The peak of the distribution is somewhat lower 
at times greater than 150 min, caused by phase unwrapping error at 
those times as mentioned earlier in Section 3.3.1. 

Likewise, relative to the flat subregion, two 10 μm × 10 μm sub
regions with pit formation, referred to as ROIs in Fig. 11a, were selected 

Fig. 10. Average relative surface height vs time plot corresponding to the selected flat area. The mean and the standard error were computed for every collected SMI 
data at 15 min interval (conforming to the stepwise potential applied) was analyzed. Based on the ANOVA and Tukey HSD analysis, the surface map of the selected 
area is not statistically different for every applied potential. 

Fig. 11. (a) Surface topography map at the end of the experiment; with image showing the selected pitting subregions (squared in red and green), relative to the flat 
area (squared in blue) considered for the analysis. (b) The plot of average surface height from which time-dependent surface normal dissolution velocities are 
computed (i.e., calculating the slope of the linear regression of the height data over the selected interval). Uncertainties reported for each slope measurement are the 
standard errors of regression. The dip in ROI2 curve from 130 to 170 min could be due to the phase algorithm as mentioned earlier in Section 3.3.1. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and analyzed. Fig. 11b demonstrates the average surface height change 
of the flat and pitting subregions considered over the experiment period. 
For ROI1 and ROI2, linear regression was performed on the discrete 
height vs. time data within different time intervals and the slope was 
taken as the mean normal dissolution velocity for that interval. This was 
assessed to account for the possible dissolution rate observed from this 
time-dependent height profile plot. As shown in Fig. 11b, a constant 
height profile with no dissolution rate of the flat 10 μm × 10 μm sub
region is observed. While the average height profiles and time- 

dependent surface normal dissolution velocities (based on the slope of 
the linear regression) of both ROI1 and ROI2 increase with time. While 
their pits nucleation of the two regions might be out of shift, however, 
their slopes, transition and propagation follow a similar trend. For 
instance, the pits in ROI1 initiated after 105 min, corresponding to the 
6th step of the applied potential of −0.54 V vs. Ag/AgCl, whereas pits in 
ROI2 started earlier after 45 min at the 3rd step of the applied potential 
of −0.57 V vs. Ag/AgCl. Also, the distribution of pits reflects sometimes 
linear (i.e., corresponding to an approximately constant surface normal 

Fig. 12. SMI surface topography map of alloy sample after corrosion period of 240 min. (a) Surface map sequence for all FOV, showing frequency variation and 
distribution of surface pits at 0, 60, 120, 180, and 240 min. The red circle plot (1–6) illustrates height variation and red rectangle indicates a view of a specific pit over 
time (reported in Fig. 13). (b) Height profile plot of important surface pits variation at the end of the experiment (240 min), ranging at different level such as: [1], 
unreactive flat plateaus; [2], shallow pits, depth = 0 nm to 50 nm; [3], small pits, depth = 50 nm to 100 nm; [4], intermediate pits, depth = 100 nm to 150 nm; [5], 
deep pits, depth = 150 nm to 200 nm; and [6], very deep pits, depth > 200 nm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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velocity) and sometimes nonlinear dissolution, as shown in Fig. 11b. The 
possible nonlinearity observed for the time-dependent height shows that 
the dissolution rate is not homogenous over time, which could be due to 
the multiple pits in the same region, as each initiated at a different time 
and thus may have different rates. 

3.3.2. Corrosion morphology and pit analysis 
SMI measurements provide surface topography data and thus inform 

about the evolution of the corrosion process. Fig. 12 shows the surface 
topography evolution of 100 μm × 100 μm FOV obtained during the 
corrosion of the alloy sample during stepwise potentiostatic measure
ment. The topography features on the surface contain several pits with 
various sizes and shapes (i.e., smooth and flat regions without evident 
defects, shallow pits, and deep pits). At the start of the experiment, no 
formation of pits was initially observed, with the first set of pits forming 
within 30 and 60 min (i.e., between the 3rd and 5th step of applied 
potential), as seen in Fig. 12a. Other pit sites nucleate at different times 
and locations as the experiment proceeds. This is also confirmed in the 
illustrated cross-section height profile and the 3D surface plot in 
Fig. 12b, with variations in pit depth at the end of the experiment. 

In general, pits were classified in 6 “types” from the data shown in 
Fig. 12: Pit type 1, unreactive flat plateaus; Pit type 2, shallow pits, 
depth = 0 nm to 50 nm; Pit type 3, small pits, depth = 50 nm to 100 nm; 
Pit type 4, intermediate pits, depth = 100 nm to 150 nm; Pit type 5, deep 
pits, depth = 150 nm to 200 nm; and Pit type 6, very deep pits, depth >
200 nm. This variability in depths ranges from 25 nm to approximately 
250 nm, revealing the level of diversity in pit formation. Toward the end 
of the experiment, the alloy surface then became rougher and the 
topographical features continues to grow significantly. For a detailed 
comparison, surface topography evolution images at 15 min intervals, 
including a 3D video (mp4) of pit evolution and growth with time are 
presented as Appendix E of the Supplementary Material. Thus, this 

height profile visualizes and quantifies the heterogeneous dissolution 
nature of the sample resulting from the applied potential. 

For better visualization of pits’ nucleation and growth, an additional 
snapshot of a randomly selected pit is also presented. Fig. 13 represents 
an example of the 2D reconstruction of a pit forming, disclosing the 
evolution of both lateral and vertical dimensions obtained during 
corrosion attack. The evolution of pit size and depth became noticeable 
after 120 min and increase accordingly over the reaction periods. By 
cross-sectioning the topography image, the amount variation of pit 
width (in μm) and depth (in nm) in that region can be obtained over 
time. Pit depth was calculated for each region by taking the difference 
between the highest surface height in the region (flat background) and 
the deepest part of the pit. Pit width was calculated by analyzing pit 
cross-sections through the deepest part of the pit at each time point. For 
each pit, a discrete spatial derivative was applied along the cross-section 
to yield a global minimum and maximum corresponding to the left 
(falling) and right (rising) edge of the pit. The difference in position 
between the right and left edge yield the width of the pit. This shows 
both pit time of nucleation and the corresponding propagation over the 
entire experiment. Interestingly, the pit nucleated immediately after the 
applied potential is being stepped up (i.e. at the start of the ninth step). 
Moreover, the vertical growth rate is slightly greater than the lateral 
growth rate over the experiment period. For instance, the pit was pri
marily detected at depth and width of 37 nm and 0.8 μm, respectively, 
and, after 240 min of corrosion reaction, the pit depth has increased to 
260 nm, which equals seven times the initial pit depth while the lateral 
size doubled to 1.7 μm. In this regard, the SMI data visualize the spatial 
occurrence of these pits. The SMI surface map also shows (Fig. 13) the 
typical characteristic shape and size of a pit with higher lateral and 
vertical resolution. Therefore, SMI was able to provide quantitative in
formation that explain such remarkable pit formation of an alloy sample, 
due to its high spatial and temporal resolution capability. 

Fig. 13. SMI snapshot of a randomly selected pit (indicated with a red rectangle in Fig. 12), representing a typical pit evolution at 0 min, 60 min, 120 min, 180 min, 
and 240 min. Images reveal the evolution of both lateral (width) and vertical (depth) dimensions of the pit obtained during the corrosion period. Color bar height 
range = 400 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 14. (a) SMI surface map at the end of the experiment showing the selected pits (circled in red at different locations in the FOV) considered for the analysis along 
with the time-dependent pit (b) depth, (c) width, and (d) volume. Pit parameters were analyzed from the acquired real time SMI data of 240 min with a total of 480 
images. The color bar in 14a indicates a height range of 700 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 14 presents in situ time-dependence of pit parameters (i.e., pit 
width, pit depth, and derived pit volume) of 8 pits at different locations 
across the FOV. The analysis of these pits comprises different pit sizes, 
ranging from small to very deep, that majorly contribute to the overall 
dissolution rate. Of note, these pit parameters were computed from the 
acquired real time SMI data during the entire experiment, and images 
with phase unwrapping error were neglected in the analysis. As shown 
in Fig. 14a, the pit depth generally increases over time, with different 
morphologies of pit evolution with time. The variability of pit depth 
ranges between 90 nm and 230 nm, with nucleation occurring at a 
different time of corrosion period. For instance, Pits 4 and 5 are initiated 
at the start of the experiment, while Pits 1, 3, and 6 form after 90 min of 
the corrosion period has been completed, confirming the temporal 
heterogeneity in dissolution of the alloy sample. Likewise, pit growth 
across different locations is not always uniform or symmetrical. For 
example, the pattern of formation for Pits 1 and 3 is more diverse, even 

though they nucleated within a similar period, whereas the growth of 
Pits 3 and 6 follow similar prototypes over the experiment period. 
Therefore, the capability to accurately predict the initiation of pits in 
real time and its propagation pattern over the corrosion period makes 
SMI a new technique for nanoscale quantitative evaluation of corrosion. 
Again, the formation and growth pattern of pits width is identical with 
pit depth and within range (1 to 2 μm) after the experiment (Fig. 14b). 
This is a new finding compared to the previous corrosion study that 
reported an almost constant pit formation [10]. Likewise, the data for 
the variation in pit volume, as a function of time is presented in Fig. 14c, 
following the trend observed in the formation of lateral and vertical pits. 
Pit volume was calculated by a discrete 2D summation of all surface 
heights within the pit. The pitting nucleation and propagation analysis 
during the experiment were based on the collection of growing pits from 
the final SMI image and then measured by tracing back through the 
formation (growth) of the selected pits until they disappeared. 

Fig. 15. (a) SMI topography map at the start of the experiment and (b) profile of created mask on the sample FOV during post-processed, with IM phases removed 
from the image (10pixel is 1 μm). 

Fig. 16. Time dependence of surface roughness within entire FOV during corrosion experiment. Dissolution fluxes are estimated by linear regression, and each 
reported uncertainty is the standard error of regression for the associated line segment. (a) Example of time-dependent surface normal dissolution velocities 
computed for the entire corrosion period; (b) Example of the time-dependent surface normal dissolution velocities computed at 60-min interval corrosion period. 
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3.3.3. Surface topography analysis and dissolution rates 
The in situ SMI time-series of surface data collected can be used to 

quantify and visualize the surface topography evolution, material 
dissolution flux, and the frequency of rates that contributes to the overall 
surface corrosion. Of note, the surface roughness parameters such as 
root-mean-square (RMS) roughness as seen in Eq. (5), where N is the 
number of unmasked pixels used for the RMS calculation, and h(j) is the 
sample surface height at each pixel, have been previously used to pro
duce this quantitative information [52,97]. 

RRMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

j=1
[h(j) ]

2

√
√
√
√ (5) 

Thus, the RMS parameter was then calculated for the entire FOV of 
size 100 μm × 100 μm, excluding regions with IM phases, using the 480 
total images. With this roughness parameter, the heterogeneous 
contribution to the overall surface that is, the occurrence and 

distributions of building blocks of pits across the surface can be 
computed quantitatively. To avoid the impact of surface IM phases (i.e., 
micro features as in Fig. 8e) on the analysis of surface dissolution rate, a 
mask was generated via a global surface height threshold on the entire 
FOV to digitally remove those phases during post-processing, as seen as 
the yellow regions in Fig. 15b. 

The time dependence of RMS for all data point FOV during the 
corrosion period of 240 min is shown in Fig. 16. As expected, the surface 
height increases with increasing corrosion activity. The initial height 
value was <10 nm, which indicates a very flat surface. After the 
corrosion steps, a rougher surface and significant pits growth were 
observed with a higher height value (e.g., RMS > 100 nm). Compared 
with the electrochemical data, the low RMS value at the initial reacted 
surface (correspond to a less applied potential mV) is caused by the 
limited number of such pits prior to a longer dissolution period (when 
higher potentials have been applied). Notably, the plot of RMS versus 
time is sometimes approximately linear and sometimes is nonlinear 
(Fig. 16a). For instance, the roughness parameter during some reaction 
steps was approximately constant, as was obvious at time steps from 
135 min to 150 min and from 180 min to 210 min, this behavior in
dicates that dissolution rates are more characterized as a heterogeneous 
distribution than single linear relation [52,54,62]. Though a slight 
descending roughness value was noticed between 180 min and 210 min, 
this may be due to noisy data (as reported earlier in Section 3.3.1). 
Similarly, the obtained pits’ formation (i.e., the pits’ width, depth, and 
volume in Fig. 14) converged with the RMS value for the entire FOV; 
thus, the topography distribution features ranging from shallow pits (Pit 
1) to very deep pit depths (Pit 6) are also in effect across the entire 
surface. 

Afterward, dissolution fluxes of the entire FOV were estimated from 
the in situ quantitative height profile at a nanoscale via linear regression. 
Linear regression across all observations (i.e., from 0 to 240 min) was 
first taken (Fig. 16a); however, this does not produce an accurate rep
resentation of the data because of the heterogeneity of the sample’s 
corrosion rate and does not account for the possible nonlinearity 
observed for the time-dependent height measurements. For this reason, 
a linear regression over 1-h intervals (Fig. 16b) was used to compute the 

Fig. 17. Surface normal dissolution rate spectra at 60-min intervals of the 
entire FOV from experiments conducted. 

Fig. 18. A typical SMI-electrochemical relationship developed in this study, which provides an in situ real time visual representation of the microstructural corrosion 
modes and the surface topography change with time, as well as potential, (E)–current response, (i). 
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time-dependent bulk surface normal velocity and the corrosion rate is 
then computed using Eq. (3). The standard errors characterizing the 
uncertainty of the line segment regression are also reported. First, the 
sample surface experienced an early period of approximately linear 
surface retreat, with molar fluxes inferred from linear regression of the 
first 60 min period of [0.40 ± 0.007] μmol m−2 s −1. From the 60 min to 
120 min corrosion period, a faster linear dissolution rate of [0.55 ±

0.007] μmol m−2 s−1 was observed but similar in distribution to the first 
60 min period. After the linear period, the rapid surface retreat began 
with the combination of linear and nonlinear distribution fluxes, cor
responding to the 3rd hour corrosion period (120 min to 180 min). This 
accelerated period happens due to pit formation of different sizes as 
shown in the image captured in Fig. 12. The rate measured during this 
accelerated dissolution, obtained by linear regression is [1.07 ± 0.037] 
μmol m−2 s−1, which doubled the rate of earlier steps. Neglecting the 
noisy data at the 180 min to 210 min interval, the new dissolution rate 
[1.95 ± 0.035] μmol m−2 s−1 is even faster than the previous rates, 
consistent with the electrochemical observation. The summary of the 
computed dissolution fluxes is illustrated in Table 3. 

Fig. 17 shows the analyzed dissolution rate spectra obtained using 
the entire FOV at 60 min intervals during the experiment. The great 

majority of measured rates fall between 0.05 μmol m−2 s−1 and 1.5 μmol 
m−2 s−1. The frequency of detachment from different distinct types of 
surface sites, giving rise to the peaks in the distribution. At the beginning 
of observed period, the peak of the distribution was minimal, which 
corresponded to lower grand dissolution rates (as shown in Table 3) and 
continued to increase and reach its highest dissolution rate, as the 
corrosion attack continues until the end of the experiment. The mean, 
mode, 25th, 50th (median) and 75th percentile that correspond to the 
interquartile range (IQR) at 60 min intervals are also reported in Table 4. 
A more plateau-like frequency spectrum is noticed at the last corrosion 
period (181 min to 240 min), showing that at higher applied potential, a 
high dissolution rate with rapid pit formation occurs within the time 
step. Moreover, apparent negative dissolution rates were omitted from 
the analysis, which could be attributed to isolated errors in the 
unwrapping algorithm; nevertheless, the 60-min spectra rates, along 
with their negative rates, are provided in the Supplementary Material as 
Appendix F. 

In the conventional potential–current (E–i) response, this electro
chemical relationship is not adequate to model localized corrosion of 
passivating materials like aluminum alloys. Thus, the combination of 
SMI with the E–i response is valuable in providing additional data for 
both electrochemical and topographical changes. For example, Fig. 18 
compares the time-dependent SMI and E–i data, which provide an in situ 
real time visual representation of the microstructural corrosion modes 
and the surface topography change with time. This will provide a direct 
comparison of the influence of thermal history on aluminum alloy 
corrosion modes and help to construct better corrosion models for 
practical implications and applications in corrosion engineering. 

Finally, the in-situ nanoscale surface topography evolution in real 
time acquired by SMI is linked with the electrochemical measurement 
from the stepwise potentiostatic test, and outflow solution chemistry 
analysis of the dissolved Al. Using Eqs. (1), (2), and (3) in Table 2, the 
dissolution rates were evaluated from the three collaborating methods 
and plotted as shown in Fig. 19. Interestingly, the dissolution rates from 
each method follow a similar pattern during the entire corrosion period 
of 240 min. At the end of the corrosion period, rates of 118, 71, and 2.45 
μmol m−2 s−1 were obtained from electrochemical measurements, ex situ 
solution analyses, and in situ SMI corrosion measurement, respectively. 
The least rate was seen from the in situ nanoscale data acquired from 
SMI, which is reasonable given the small FOV of 100 μm × 100 μm 
considered for the analysis. The electrochemical data gave the highest 
dissolution rate because the corrosion measurement is arising from the 
bulk sample. A slight drop in rate from solution analysis (as compared to 
electrochemical data) is observed, which could be due to the single 
element (e.g., Al) dissolution considered in the analysis. Dissolution of 
other elements from the bulk alloy (e.g., Cu, Mn, Mg, Fe Si) that are not 
being accounted for in this experiment could have led to a higher rate. In 
addition, it is unclear if the dissolution of this alloy in solution proceeds 
stoichiometrically according to its composition. Other forms of corro
sion (e.g., IGC) were not seen in the analyzed 100 × 100 μm FOV, 
although this could have also developed somewhere, away from the 
FOV, and therefore was excluded from the analysis. 

Fig. 19. Three collaborative measurements of dissolution rate kinetics were 
computed from an electrochemical test, solution composition analysis and 
nanoscale surface topography measurement by SMI. Note: analysis of the so
lution composition is only based on the aliquots collected at the beginning and 
end of each stepwise applied potential. 

Table 2 
Corrosion rate calculations from three assessment types (in μmol m−2 s−1).  

Measurement type Rate equation Equation number 

Electrochemical measurement Re = Ke(iM/nFρ)/Vm Eq. (1) 
Solution composition analysis Rc = Kcƒ(Ci – Co)/ƞA Eq. (2) 
Physical surface change by SMI Rp = v/Vm = (Δh/Δt)/Vm Eq. (3)  

Table 3 
Summary of dissolution rates computed at 60 min intervals, based on the slope 
of the linear regression of the height data over that interval. Numbers enclosed 
in parentheses are the standard errors from regression.  

Time interval Slope R2 value Dissolution rate 

(min) (nm min−1)  (μmol m−2 s−1) 

All time points 0.442 (0.004) 0.938 0.737 (0.007) 
0 to 60 0.241 (0.004) 0.966 0.402 (0.007) 
61 to 120 0.329 (0.003) 0.988 0.550 (0.005) 
121 to 180 0.640 (0.022) 0.899 1.067 (0.037) 
181 to 240 1.171 (0.021) 0.974 1.952 (0.035)  

Table 4 
Surface normal dissolution flux statistics.   

Dissolution rate (μmol m−2 s−1) 

Time interval 
(min) 

Mode Mean Median IQR (P25, P75)a 

0 to 60 0.05 0.03 0.05 0.1 (0.05,0.10) 
61 to 120 0.05 0.06 0.05 0.2 (0.15,0.15) 
121 to 180 0.35 0.24 0.25 0.4 (0.15,0.45) 
181 to 240 0.75 0.27 0.35 0.7 (0.05,0.65) 

The 25th (P25) and 75th (P75) percentiles that correspond to the IQR. 
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4. Conclusion 

In situ nanoscale measurements have been performed in real time 
using novel spectral modulation interferometry (SMI) technique. Nu
merical reconstruction of SMI data offers real time surface topography 
evolution measurements with vertical resolution of a few nanometers 
and enables measurement of the time-dependent surface normal disso
lution rates in flowing conditions. With an innovative 3D-printed fluid 
cell, electrochemical measurements via stepwise potentiostatic polari
zation test and solution chemistry through examination of collected al
iquots from outflow solution were simultaneously performed alongside 
the nanoscale SMI data to provide three corroborating dissolution rates. 

The performance of the developed fluid cell was shown from the 
similar polarization curves produced during the initial electrochemical 
test. The fluid cell configuration yields repeatable results, and the 
investigation of an in situ nanoscale corrosion experiment at 40 mL 
min−1 flow condition was achievable. As shown from SMI 3D images, 
the topography features on the surface contain several building blocks of 
pits with different sizes and distributions, (i.e., smooth and flat regions 
without evident defects, shallow pits, and deep pits). Based on the height 
profile across the corroded surface, the pit sites nucleate at different 
times and locations as the experiment proceeds. Of noteworthy, another 
form of corrosion (e.g., intergranular corrosion) was not seen in the 
analyzed 100 × 100 μm FOV, although this could have also developed 
somewhere, away from the field of view (FOV), and therefore was 
excluded from the analysis. There is also variability in pit growth, 
ranging from 25 nm to 250 nm in depth and 1 μm to 2 μm in width, 
revealing the level of diversity in pit morphology. This describes the 
heterogeneous dissolution nature of the sample surface reactivity 
resulting from the applied potential. 

Analysis of dissolution fluxes was based on the surface height change 
of the entire FOV. With a large FOV, the identification of heterogeneous 
surface reactivity caused by multiple reaction mechanisms can be 
readily quantified. The SMI computed time-dependent dissolution rates 
varied as the experiment proceeded. Initially, the sample surface due to 
applied potential has an early linear dissolution rate of [0.40 ± 0.007] 
μmol m−2 s−1 and [0.55 ± 0.007] μmol m−2 s−1 during the first and the 
second hour of the corrosion period, respectively. More rapid surface 
retreat begins with the combination of linear and non-linear distribution 
flux of [1.07 ± 0.037] μmol m−2 s−1 at the next hour of the corrosion 
period and a new dissolution rate of [1.95 ± 0.035] μmol m−2 s−1 to
ward the end of the experiment, verifying that the spatial distribution of 
rate contributors is not homogeneous. The in situ nanoscale experi
mental results also agreed in trend with the electrochemical information 
and chemical composition analysis, wherein increase Al concentrations 
are obtained in the solution as the material corrodes. Finally, the 
dissolution fluxes for all considered test methods follow a similar pattern 
during the corrosion experiment, with the least rates observed from the 
nanoscale SMI data. These results show the capability of applying the 
novel SMI for nanoscale characterization of corrosion. Thus, the pre
sented method can be used as another in situ surface characterization 
method. The SMI-Electrochemical data from this study can provide the 
directly comparison of the influence of thermal history on Al alloy 
corrosion mode and help in building a better corrosion models for 
practical implications and applications in automotive corrosion engi
neering. Finally, future work seeks to conduct corrosion experiments 
occurring over long periods (i.e., hours to days) and be linked with the in 
situ nanoscale characterization of corrosion from SMI. The integration of 
multiple tests could provide more detailed quantitative and qualitative 
information on the corrosion initiation and propagation, as well as its 
mechanism, which is necessary to model the corrosion of alloys in the 
field. 
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