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Abstract 

Sections of a magnesium alloy, AZ31B, joined with tungsten inert gas (TIG) welding, were examined with scanning electrochemical 
microscopy (SECM) and scanning Kelvin probe force microscopy (SKPFM) to investigate corrosion mechanisms by correlating observed 
corrosion behavior with weld-affected microstructural variations. Insight into the changing nature of the galvanic couples between weld zones 
and at localized microgalvanic sites were investigated using SECM and SKPFM to map both electrochemically active regions and Volta 
potential differences across the weld-affected zones. The formation of an Al-Zn solidification network in the fusion zone (FZ) at and near 
the TIG weld epicenter differs from the outer heat-affected zone (HAZ), where intermetallic particles (IMPs) are the notable secondary phase 
from the magnesium matrix. These microstructures were mapped with SKPFM before and after brief exposure to a salt solution, revealing 
micro-galvanic couples as the main driving force to corrosion initiation and propagation within each zone. The IMPs and Al-Zn solidification 
network act as strong cathodes and govern the corrosion processes. The galvanic coupling and evolution of the intrinsic corrosion behavior 
between the weld zones is explained by monitoring the hydrogen evolution reaction (HER) with SECM over time. Anodically induced 
cathodic activation is confirmed for this welded material, as micro-galvanic couples between microstructural features are found to transition 
over time to broad electrochemically active areas within the weld-affected zones, resulting in polarity reversal as time of exposure proceeds. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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Anodically induced cathodic activation. 
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. Introduction 

Magnesium (Mg) and its alloys are excellent for the auto-
otive and aerospace fields, given a high strength-to-weight

atio [1-3] . It is also an excellent choice in the biomedical
eld, as it is biocompatible and undergoes bioactivity needed
or the healing process [4] . Given its low reduction poten-
ial and abundance, Mg is even an opportunistic material for
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echargeable batteries, either as an active multivalent energy-
ransferring material [5] or within a foam framework for elec-
rodes and current collectors [3] . Beyond applications, new
ethods of manufacturing soft metals like Mg (e.g., selec-

ive laser melting [6 , 7] or additive manufacturing [8-11] ) ul-
imately vary the resulting micro and macrostructure, which
n turn changes its degradation mechanism [12 , 13] . Research
o understand the rapid and oftentimes unpredictable degra-
ation rates and mechanisms of magnesium within the wide
rray of manufacturing practices and environments is an ongo-
ng, complex field of investigation. In this work, the treatment
f a cast and wrought magnesium alloy, AZ31B, is examined
hen welded, a treatment used to join structural materials that
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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educes application density while simultaneously improving
tructural integrity [2 , 14] . 

Autogenous welding of Mg alloys is typically performed
sing either tungsten inert gas (TIG) [15-17] , laser [18 , 19] ,
r friction stir processes [20 , 21] . Regardless of the welding
echnique employed, the corrosion rate varies with alloy com-
osition and microstructure, weld zone geometry, thickness,
eld parameters, local environment, and immersion time in

nvironment [19 , 20] . For a specific weld system, variations
n the corrosion rate across the weld can be attributed to
ompositional and microstructural variations that develop dur-
ng processing and subsequent changes in surface morphol-
gy and composition during corrosion [15 , 16] . Specifically,
here are two main zones to consider after welding: the fu-
ion zone (FZ) and the heat affected zones (HAZs) [15 , 16 , 22] .
n the FZ, the base alloy completely melts and re-solidifies
uring processing, with resultant variations in the crystallo-
raphic texture, grain recrystallization/growth, and secondary
hase formation during processing (e.g., element-rich solidifi-
ation networking and intermetallic particles, IMPs) [15 , 16] .
ust outside the FZ are two HAZs, which have a similar com-
osition and texture to the wrought base, but vary in grain
rowth characteristics as well as IMP coalescence through Os-
ald ripening [23] . From the epicenter of the weld to the base
etal, the transition from zone to zone is interphasial, mean-

ng that the transition from zone to zone is not immediate
nd rather slowly transitions in these characteristics. Within
he TIG weld of Mg-alloy AZ31B, a solidification network is
ich in Al and Zn, while IMPs are typically identified as Al-

n and Al-Mn-Fe [15 , 16 , 24] . Both the Al-Zn solidification
etwork and IMPs function as local galvanic cathodes and
ites for fast hydrogen evolution that couples to anodic Mg
atrix dissolution [24] . This solidification network is densely

revalent closer to the weld epicenter, namely in the FZ, while
MPs are prominent throughout the zones impacted by weld-
ng. 

To date, there has been extensive research into the mechan-
cal behavior and failure of TIG weld joints of magnesium
lloys [17 , 25-27] ; however, little work has been published
n the corrosion behavior, of which prioritizes macroscale
lectrochemistry and post-corrosion examination [28-30] . Pre-
ious studies by our co-authors examined corrosion of an
Z31B TIG weld in both the isolated weld zones [15] and
alvanically connected weld zones [16] . Polarity reversal was
bserved between connected weld zones in an array of flush
ounted electrodes due to variations in the cathodic kinet-

cs over time, produced by anodically induced cathodic ac-
ivation [16] . In particular, the variations in these galvani-
ally connected weld zones were mapped on the millimeter
cale utilizing multichannel multielectrode arrays (MMAs) in
onjunction with in situ time lapse video [16] . The use of
canning probe techniques such as scanning electrochemical
icroscopy (SECM) and scanning Kelvin probe force mi-

roscopy (SKPFM) offers higher resolution spatial mapping
nd the possibility to better correlate microstructural features
o localized corrosion mechanisms that drive this temporal
orrosion effect. 
Localized corrosion mapping techniques, such as SECM
31-34] , SKPFM [35-37] , scanning vibrating electrode tech-
ique (SVET) [38-42] , and local electrochemical impedance
pectroscopy (LEIS) [43] have all been used to probe the sur-
ace reactions on Mg alloys. In particular, SECM is valuable
o examine metals and alloys that are susceptible to local-
zed corrosion processes (e.g., micro-galvanic and pitting) by

apping on the micrometer length scale. In addition, SECM
nables in situ measurements of electrochemical activity, a
arked improvement over macroscale techniques of mask-

ng or sectioning regions to examine localized detection with
MAs [16] . SECM has been used to observe the localized

orrosion events in various welds, including aluminum alloys
44] , stainless steel [45] , and nickel joints [46] . This includes
he micro-galvanic coupling between electrochemically con-
ected weld zones caused by slight variations in the zone’s
lectrochemical potential after processing, driven by differ-
nt area fractions of IMPs, Al-Zn solidification network, and
arying compositions of the α-Mg matrix [15 , 16] . The vari-
us local reactions occurring on the sample surface are spe-
ific to the anodic (e.g., Mg → Mg2 + + 2e- ) and cathodic
e.g., 2H2 O + 2e- → H2 + 2OH- ) reactions within the mate-
ial system and require accurate use of SECM techniques, in-
luding various modes, redox mediators, step sizes, scanning
peeds and ultramicroelectrode (UME) sizes [47] . For SECM
perated in substrate generation-tip collection (SG-TC) mode,
he selection of an appropriate mediator for Mg oxidation is
articularly difficult. At the substrate, since Mg oxidation is
nergetically favorable, it is easy to find mediators that are
athodic to the Mg anodic dissolution. However, at the UME
urface, the corresponding oxidation reaction to reduce Mg
ons is difficult to accomplish, as Mg has a negative reduction
otential of approximately −2.4 V versus the standard hydro-
en electrode (SHE). To address the difficulty of monitoring
g oxidation, SECM can instead be applied to probe the rate

f the hydrogen evolution (i.e., reduction) reaction (HER) that
alances Mg oxidation [32] . Note that prior success has been
chieved in mapping the active corrosion locations using hex-
ammineruthenium(III) chloride, [Ru(NH3 )6 ]Cl3 , as a media-
or that is stable over the voltage range sought to monitor
ER [31] . 
The improved spatial resolution offered by SECM over an

MA is advantageous for mapping the development of the
ntrinsic weld zone corrosion rates with time, as reported else-
here [16] . However, the fast kinetics of Mg corrosion and

imultaneous hydrogen evolution [48 , 49] creates convective
ow around the UME, thus interfering with accurate spatial
etection of mediator oxidation at the UME [47] . Beyond the
hoice of an appropriate mediator, a less corrosive mixture
f aqueous and non-aqueous electrolyte can alleviate this fast
inetic issue [50] . A semi-aqueous electrolyte, such as non-
queous ethylene glycol mixed with an aqueous NaCl solution
as been found to slow the kinetics of Mg corrosion while
till enabling mapping of the active corroding sites on the
g surface [50 , 51] . Similarly, the galvanic relationships in

he SECM electrolyte must be considered as they can al-
er the cathodic and anodic characteristics of the material
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bserved in a chloride-enriched electrolyte. This is particu-
arly important for Mg, which is susceptible to micro-galvanic
orrosion due to sometimes small differences in the electro-
hemical potential between the α-Mg matrix and secondary
hases. These galvanic current differences will be important
o spatially resolve the corrosion rate across the weld surface,
articularly since polarity reversal has been shown to occur
etween AZ31B TIG weld zones in chloride environments
16] . 

Another scanning technique, SKPFM, is used as a surface-
ensitive technique to characterize localized nanoscale vari-
tions arising from surface heterogeneities, such as IMPs
35 , 52] . This has been performed with some success on

g alloys, specifically Mg-Al alloys such as AM50, AZ80
nd AZ91 [36 , 53 , 54] and rare-earth containing alloys [55] .
KPFM measures the Volta potential difference between
robe and sample surface, which directly relates to the rela-
ive work function [56] of various phases [57] . Though there
re differences between the thermodynamic Volta potentials
easured in air versus the kinetic corrosion behavior in so-

ution, the variation in Volta potentials can indicate probable
alvanic behavior when immersed into an active corrosion
ondition [58] . When combined with compositional informa-
ion obtained from co-localized scanning electron microscopy
SEM), the observed composition-dependent Volta potential
ifferences can then be used to predict and interpret corro-
ion behavior as a function of corrosive exposure. As a re-
ult, SKPFM is an important tool with nanoscale resolution
o characterize the variation in microstructure and resultant
orrosion properties due to the individual, intrinsic properties
f various cathodic IMPs and other secondary phases in the
-Mg matrix at a finer spatial resolution than offered even
ith microscale resolution typical of SECM. 
In addition to well-established microgalvanic coupling be-

avior within Mg alloys, the process of joining similar ma-
erials to build larger parts presents new localized regions
f structure, composition, and corrosion behavior. It is not
learly known how the joining process effects galvanic cor-
osion at the microscale and remains a critical question re-
arding the joining of similar alloys. In this study, SECM and
o-localized SKPFM/SEM were utilized to spatially map and
haracterize the actively corroding regions within an AZ31B
IG weld. These techniques provide spatial resolution of
lectrochemical behavior associated with specific microstruc-
ural features during localized corrosion across length-scales
rom millimeter to sub-micron and across a temporal scale.
y correlating complementary characterization techniques, the
ulti-scale maps of characterization data obtained were cor-

elated with active corroding sites, taking into account char-
cteristics of Mg welds such as microstructure, polarity re-
ersal, and anodically induced cathodic activation [38 , 39 , 59] .
 range of corrosion mechanisms were observed, wherein
icro-galvanic corrosion driven by phase boundaries is ob-

erved with SKPFM, and weld zone boundaries were exam-
ned with SECM. From this work, the IMPs and the Al-Zn
olidification network phases are cathodic to the α-Mg matrix,
roviding a localized driving force for corrosion initiation.
etween weld zones, the FZ is initially cathodic relative to
he adjacent HAZ, then there is a polarity reversal that occurs
ver time of exposure to a corrosive environment, where the
Z becomes the active zone relative to the HAZ. Lastly, the
ractice of using a mixed aqueous/non-aqueous electrolyte to
low the cathodic reaction rate of AZ31B to a point of being
easurable with high-resolution in situ analysis is examined

nd discussed. 

. Experimental procedures 

.1. Materials 

Commercially pure Mg (99.8 %, Alfa Aesar, Table S1) and
luminum (Al, 99.9 %, Alfa Aesar) were used to test the via-
ility of methanol as an electrolyte component, while AZ31B
Magnesium Elektron, Table S1) was used for experimental
apping with the other techniques. 

.2. Weld metallurgical characterization 

AZ31B was fabricated by TIG welding a sandwich struc-
ure geometry, as shown in a previous study (Fig. S1) [16] .
riefly, the top plate was drilled and countersunk at 45 ° to
pproximately 0.635 cm in diameter and welded to the bottom
late along the periphery of the countersunk hole. A Miller
yncrowave 200 TIG welder was operated at 125 Amps under
r at 48.3 kPa with a flow rate of 18.5 L/min and air cooled
ithout a copper chill plate. This process created large met-

llurgical weld zones (approximate radii progressively from
he weld epicenter is 7 mm for FZ, 2 mm for HAZ1, and
 mm for HAZ2). The HAZ regions are a transitional “inter-
hasial” region between the FZ and unaffected wrought alloy,
istinguishable by the visible secondary phase density and
ith elemental analysis measured on average in HAZ1 and
AZ2 (Table S1) [16] . All samples were prepared by section-

ng along the welded area (Fig. S1b), followed by grinding
he sectioned surface to 240 grit to remove any oxides formed
rior to processing. This was followed by polishing with col-
oidal silica and etched with a picric acid etch made of 3 g
icric acid, 30 mL acetic acid, 100 mL ethanol, and 15 mL
istilled water. 

Cross-sectioned samples were analyzed using an FEI
uanta 650 scanning electron microscopy (SEM). Semi-
uantitative compositional analysis of the IMPs, Al-Zn so-
idification network, FZ, HAZs and wrought material was
erformed using energy dispersive X-ray spectroscopy (EDS)
ethods with ZAF corrections, where Z is the atomic number

orrection, A is the absorption correction and F is the fluores-
ence correction, completed on the AZtec software tool [60] .
icrographs were recorded at a working distance of 10 mm
hile operating at an accelerating voltage of 5 kV. Composi-

ions acquired with EDS are reported in Table S1 [16] . To aid
n co-localization of SEM before and after corrosion, cross-
haped fiducial markers were inscribed on the sample surface
n the bulk of the regions of interest (FZ, HAZ, and unaf-
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ected bulk) using a Cascade Microtech MH2-B high resolu-
ion manual micropositioner. 

.3. Corrosion electrochemistry in aqueous and non-aqueous 
lectrolytes 

Prior work has shown that a mixed aqueous/non-aqueous
olution can better control the cathodic kinetics to enable real-
ime mapping of active sites [ 50 ]. This is especially impor-
ant when examining highly corrosive and active materials,
uch as Mg and its alloys, where the measured corrosion cur-
ents are orders of magnitude greater than other, more pas-
ive metals. Methanol is a poor solvent for sodium chloride
issolution and thus exists as a highly resistive pathway for
onic transfer. When water is incorporated, salt is more read-
ly dissolved with existing pathways to transfer these ions.
he balance of resistive and conductive electrolyte to drive
inetics at a rate which can be examined clearly with in situ
esting methods is the basis of an aqueous and non-aqueous
lectrolyte formulation. Here, a better understanding of how
emi-aqueous solutions affects the corrosion mechanism and
ate is examined, with further refinement of the ideal sol-
ent fractions to better resolve corrosion over time with spa-
ial mapping techniques. In other words, the corrosion rates,
s well as mechanisms were examined to find an electrolyte
ixture that balances slowing of the corrosion rate with a

ealistic consistency of mechanism as seen in an aqueous so-
ution. In this study, methanol (791 g/L) and deionized water
1000 g/L) were combined as co-solvents in different propor-
ions based on weight percentages (wt.%), after which 0.1 M
odium chloride (NaCl) was added to the mixed solvent. 

.3.1. Corrosion rate of Mg in mixed aqueous/non-aqueous 
lectrolytes 

Electrochemical impedance spectroscopy (EIS) was per-
ormed with a 1260A Solartron Frequency Response Ana-
yzer between 1 mHz and 0.1 MHz to estimate corrosion
ates of Mg in electrolytes of 0.1 M NaCl in a variety of
ater and methanol mixtures, set up in a vertical flat cell
ith a 1 cm2 sample window. A platinum mesh was used as
 counter electrode with a saturated calomel electrode (SCE,
0.24 V vs. SHE) as a reference electrode. The equivalent

ircuit for a dilute solution, shown in Fig. S2, consisting of
olution resistance (Rs), two resistor (R1 and R2) and ca-
acitor (CPE1 and CPE2) couples, with an additional resis-
or (R3) and inductive (L) term in series made a reasonable
t over the full frequency range. The inductive loop is val-

dated by the decreasing impedance seen at low frequencies
ess than 0.1 Hz. Validation of data was determined through a
ramers-Kronig (K-K) transformation, showing good correla-

ion and low residual noise ( << 1 % of calculated). From the
-K transformation, the determination of polarization resis-

ance (RP ) in ohms-cm [2] is determined from the equivalent
ircuit [48 , 49 , 63 , 64] . 

It should be noted that this is a simplified expression that
ntroduces some error due to the potential dependent coverage
ffects that can also alter the Tafel slopes, which are usually
ssumed for the HER [48] . However, given the Stern-Geary
quation [49 , 64] , there is a stronger dependence of the cor-
osion current (icorr ) on the value of RP than the Tafel slopes,
here there is a time-dependence on Rp [52] . The anodic

harge density consumed over time (Q), given in Coulombs
er area (C/cm2 ), can then be estimated by integrating the
IS-estimated corrosion rate over the time of exposure, with
afel slopes estimated from literature [48] . Finally, the cor-
osion penetration depth (x), in cm, is determined from Fara-
ay’s second law [49] . Determination of the penetration depth
s a function of corrosive environment is necessary to con-
ider topographical evolution from corrosion, given the range
imitations of the high-resolution techniques applied in this
tudy. 

The Nyquist and Bode plots, acquired from EIS after a
4-hour immersion period, for pure Mg in various 0.1 M
aCl water–methanol environments are shown in Fig. 1 a-c.
wo capacitive loops and an inductive loop are present in the
urely aqueous spectrum [65] . However, in the environments
here methanol was the dominant contributor to the elec-

rolyte ( > 50 wt.%), the inductive loop was not well defined.
quivalent circuit element values (Fig. S2) are listed in Table
2. All resistance values increased with increasing methanol,
ith the exception of 100 wt.% methanol (Rp = 1890 ohms-

m [2] ) when compared to the 99 wt.% methanol solution
Rp = 2684 ohms-cm [2] ). A significant increase in polariza-
ion resistance was seen when water is nearly removed from
he solution, where 10 wt.% water (i.e., 90 wt.% methanol)
esulted in only a polarization resistance of 555 ohms-cm [2] .

The anodic charge density (Q), over the full immersion
eriods are listed in Table 1 . In this case, the Tafel slopes
 βa for anodic and βc for cathodic slopes) are approximated
rom King et al. [48] . The released anodic charge density
ecreases with increasing methanol. Similarly, corrosion rate
icorr , observed as the inverse of polarization resistance, 1/Rp )
ecreases with increasing amounts of methanol ( Fig. 1 d).
ith the use of Faraday’s second law, the penetration depth

f corrosion after 24 h of immersion can be calculated for the
ifferent mixed aqueous/non-aqueous electrolytes. Replacing
ven a small amount of the solution with methanol can dra-
atically decrease the overall corrosion kinetics on pure Mg,

er increase in resistance (Table S2) and penetration depth
alculations ( Table 1 ). 

Pure Mg in mixed aqueous/non-aqueous (water and
ethanol) solutions with 0.1 M NaCl was also tested with

athodic potentiodynamic polarization scans ( Fig. 1 e). The
athodic kinetics were determined after 3 h at open circuit
otential (OCP). Scans ranged from 0.5 mV above OCP to
.3 V below OCP at a sweep rate of 1 mV/s. SCE was used as
eference electrode. The corrosion potential has no trend with
he aqueous and non-aqueous contributions to the electrolyte,
ll fitting within a 0.2 V range. The cathodic kinetics, wherein
he HER balances magnesium oxidation/dissolution, observed
ere as the current density at −1.8 V versus SCE (noted with
 solid line and arrow in Fig. 1 e), increases with an increase in
ater content. In pure aqueous solution, the measured corro-

ion potential was −1.57 V versus SCE with cathodic kinetics
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Fig. 1. Testing of various water/methanol electrolytes with 0.1 M NaCl with (a-e) pure magnesium, (f-g) magnesium coupled with aluminum, and (h-j) TIG- 
welded regions of AZ31B. (a) Nyquist plots, (b) Bode phase and (c) magnitude for pure magnesium in different solutions. (d) Corrosion rate of magnesium 

after 24 h of immersion. (e) Cathodic potentiodynamic polarization curves of pure magnesium. A line and arrow indicate where the corrosion rate is determined 
experimentally, increasing here with increasing water content. (f) Galvanic potential and (g) galvanic current between magnesium and aluminum. (h-j) Resultant 
corrosion morphology of (h) bulk AZ31B, (i) HAZ, and (j) FZ after 3 h immersion in 0.1 M NaCl in 50 wt.% water and 50 wt.% methanol. Samples were 
cleaned with CrO3 to remove oxide films. IMPs are circled in (h-i). Filiform corrosion is circled in (j). 

Table 1 
Anodic charge released and corrosion penetration depth on pure magnesium calculated by integration of corrosion current density derived from electrochemical 
impedance spectra fitting. Tafel approximations are taken from King et al. [48] . 

0 wt.% 

methanol 
10 wt.% 

methanol 
50 wt.% 

methanol 
90 wt.% 

methanol 
99 wt.% 

methanol 
100 wt.% 

methanol 

βc 315.0 mV/dec 315.0 mV/dec 315.0 mV/dec 315.0 mV/dec 315.0 mV/dec 315.0 mV/dec 
βa 112.5 mV/dec 112.5 mV/dec 112.5 mV/dec 112.5 mV/dec 112.5 mV/dec 112.5 mV/dec 
B 36.0 mV/dec 36.0 mV/dec 36.0 mV/dec 36.0 mV/dec 36.0 mV/dec 36.0 mV/dec 
�Q EIS 46.0 ± 5 C/cm2 13.3 ± 3 C/cm2 6.8 ± 1.2 C/cm2 5.6 ± 1.3C/cm2 1.2 ± 0.5 C/cm2 1.6 ± 0.3 C/cm2 

x 33.9 μm 9.8 μm 5.0 μm 4.1 μm 0.9 μm 1.2 μm 
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f ∼1.3 × 10–3 A/cm2 . Alternatively, the measured corrosion
otential for the pure methanol solution was −1.52 V ver-
us SCE with cathodic kinetics of ∼1.3 × 10–4 A/cm2 , an
rder of magnitude less than the purely aqueous electrolyte.
gain, a balance of methanol contribution to the electrolyte
as a sharp “break point”, wherein electrolyte with major-
ty methanol (e.g., > 50 wt.%) has a significant reduction in
ER kinetics as well as reduction in corrosion current den-

ity. This was taken from the extrapolated intersection of the
xperimental linear “Tafel” regions observed during polariza-
ion (i.e., anodic and cathodic Tafel slopes). It was also de-
ermined utilizing the Butler-Volmer relationship, yielding the
orrosion current density [66] . 

.3.2. Galvanic corrosion between Mg and Al in a mixed 
queous/non-aqueous electrolyte 

The galvanic currents of coupled high purity Mg and Al
lanar electrodes spaced approximately 15 cm apart were de-
ermined using a zero resistance ammeter (ZRA) in a flat
ell in 0.1 M NaCl aqueous solution combined with varied
mounts of methanol replacing water, from 0 to 100 wt.%
61 , 62] . Mg was designated as the working electrode, while
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Fig. 2. (a-c) Secondary electron images of the regions of a TIG welded AZ31B: (a) bulk AZ31B, (b) HAZ, and (c) FZ. (d-f) Resultant corrosion morphology 
of (d) bulk AZ31B, (e) HAZ, and (f) FZ after 3 h of immersion in aqueous 0.6 M NaCl. All corroded samples were cleaned with CrO3 to remove oxide 
films. Fiducial marks made by the micropositioner are circled in the images to help identify the same position before and after corrosion. 
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l was designated as the counter electrode. The cathode to
node areal ratio was kept at 1:1 in a flat cell with a 1 cm2 

xposure area. All galvanic couples were tested at least three
imes and characteristic runs are reported herein. 

At the end of 24 h in solution, both the galvanic potential
 Fig. 1 f) and galvanic current ( Fig. 1 g) between the two met-
ls decreases with increasing methanol concentration. When
ethanol exceeded 50 wt.%, the galvanic potential fluctuates

ignificantly over time, revealing instability in galvanic
ehavior when methanol is the dominant solvent. This is due
o the poor solubility of NaCl in methanol, resulting in poor
onic conductivity. Deionized water is a good solvent to dis-
olve salt into ions, thus easing their mobility in solution. The
ight balance must be struck between an incredibly insulating,
nstable electrolyte and one that degrades highly reactive Mg
eyond the time and length-scales needed to examine the
egradation mechanisms clearly. On one end, a highly resis-
ive ionic pathways when methanol is the dominant solvent
upports other effects such as thermal fluctuations and convec-
ion over the galvanic driving forces as the primary behavioral
echanism. On the opposite end, a purely aqueous solution

rives rapid corrosion that enables convective flow around
he UME and interferes with spatially resolving reaction
ynamics. 

.3.3. . Corrosion behavior of welded regions in a mixed 
queous/non-aqueous electrolyte 

The mixed aqueous/non-aqueous electrolyte of 0.1 M NaCl
n 50 wt.% water and 50 wt.% methanol was examined using
EM after 3 h of exposure ( Fig. 1 h-j) to confirm similar over-
ll corrosion mechanisms to the aqueous solution ( Fig. 2 ). In
he wrought base and the HAZ ( Fig. 1 h-i), filiform corrosion
s the dominant corrosion mechanism, similar to that seen in a
.6 M NaCl aqueous solution ( Fig. 2 d-e). IMPs are circled in
he post-corrosion images of both the wrought base ( Fig. 1 h)
nd the HAZ ( Fig. 1 i), showing some IMPs remain after cor-
osion initiation and propagation, corroborating past studies of
hese zones [15 , 49] . In the FZ, a greater amount of the sur-
ace remains uncorroded than in the case of 0.6 M aqueous
aCl solution ( Fig. 2 f), but the corroded region propagates in
 similar manner along the Al-Zn network, evidenced in the
ircled region of Fig. 1 j. 

.3.4. Choosing the proper mixed aqueous/non-aqueous 
lectrolyte 

For proper analysis of the in situ spatial mapping on Mg
lloys, a balance has to be met to create a solution produc-
ng kinetics slow enough to be observed, while following the
ame mechanisms as an aqueous solution. This is especially
rue for SECM, where variations in UME-sample distance cre-
tes topography-driven artifacts (Fig. S3). On the other end,
 nearly non-aqueous environment would provide an inaccu-
ate, unrealistic depiction of the localized corrosion behavior
hat occurs in an aqueous, corrosive environment. In partic-
lar, when water is in moderation, the availability of the re-
ox couple between Mg oxidation and HER is limited by
hermodynamics (i.e., concentration) rather than kinetics (i.e.,
iffusion), thus shifting the corrosion mechanism. While a
arge increase in methanol content decreased the corrosion
ate, it also significantly modified the electrochemical behav-
or. Therefore, in order to obtain a diffusion-limiting current
ignal at the UME used in SECM while still enabling accu-
ate real-time mapping, a tradeoff was required. An additional
onsideration is in the mediator used for SECM; for instance,
n this study [Ru(NH3 )6 ]Cl3 was used as the mediator, which
s not completely soluble in methanol. 

Based on these considerations, a choice of 0.1 M NaCl
ith 50 wt.% water and 50 wt.% methanol was found to
e appropriate for the penetration depth observed and fa-
ored due to retained similarities in mechanism to the purely
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queous electrolyte. The corrosion rate rapidly declines as
ethanol takes on a greater percentage of the electrolyte,

lowing down the rate while maintaining the mechanism, al-
owing researchers to observe these mechanisms operando at
 viable temporal and spatial scale. This is a useful finding
or future in situ and operando research of highly kinetic cor-
osion materials, such as Mg and its alloys. 

.4. Scanning electrochemical microscopy 

Scanning electrochemical microscopy (SECM) was per-
ormed with a VersaSCAN motion controller and VersaSTAT
 potentiostat. A 25 μm diameter platinum UME encased in
 glass insulator was used as the working electrode connected
o a silver/silver chloride (Ag/AgCl, ∼0.20 V vs. SHE) refer-
nce electrode. Before testing, the UME was polished using
.25 μm polishing paste and rinsed with ethanol to ensure a
lean surface. Samples were polished in ethanol up to 1 μm.
ests were initially conducted with various amounts of non-
queous methanol added to a 0.1 M NaCl aqueous solution
o slow the cathodic kinetics of the Mg-based sample. This is
articularly important as the HER creates stirring of the so-
ution at the UME, which is known to make spatial mapping
f Mg by SECM difficult [67] . A solution of 50 wt.% water,
0 wt.% methanol with 0.1 M NaCl was selected [51] . Based
n the ability to spatially map the HER while maintaining a
teady tip current throughout the duration of the scan, 1 mM
Ru(NH3 )6 ]Cl3 was selected as the mediator. The reduction of
u(NH3 )6 

3 + occurs at actively corroding sites with hydrogen
xidation reaction (HOR) as the balancing reaction, correlat-
ng the rate of evolved hydrogen reduction at the sample sur-
ace to the rate of magnesium oxidation/dissolution. At a bi-
sed UME, the mediator undergoes oxidation of Ru(NH3 )6 

2 + ,
ummarizing this methodology as the substrate-generation tip-
ollection (SG-TC) mode ( Fig. 3 a) [31 , 67] . 

The UME was positioned 30 μm above the sample sur-
ace using an approach curve, conducted at 100 μm/s. The
pproach curve resulted in positive feedback above the metal.
he UME approached the surface until a maximum current

approximately 80 % of the steady-state signal as determined
rom the anodic sweep) was measured and then set at 30 μm
bove the surface (Fig. S4) [51] . For SECM scans, slow area
cans were run at 100 μm/s with a step size of 10 μm while
ast scans were run at 200 μm/s with a step size of 50 μm.
olarization voltage applied to the UME was −100 mV ver-
us Ag/AgCl for all SECM measurements to detect HOR at
he UME [31] . It should be noted that the oxygen reduc-
ion current is partially suppressed due to hindered diffusion,
hich makes it possible to set the UME potential at −100 mV
ersus Ag/AgCl to detect hydrogen evolved from the sample
urface [31] . 

.5. Scanning kelvin probe force microscopy (SKPFM) 

.5.1. AZ31B TIG weld surface preparation 
Prior to scanning Kelvin probe force microscopy

SKPFM), the TIG welded AZ31B sample surface was me-
hanically polished at 350 rpm with successively finer grit
iC abrasive paper (LECO wet/dry 600, 800, and 1200 grit)
ith water lubrication. To prevent corrosion during polishing,
nal polishing at 400 rpm was conducted without water in
 1:3 mixture of glycerol (Fisher Chemical, Certified ACS,
99.5 %) to denatured ethanol (UltraPure, ACS/USP grade,

90 proof). Three grades of alumina powder (Electron Mi-
roscopy Sciences 3.0 μm Al2 O3 , 1.0 μm Type DX α-Al2 O3 ,
nd 0.05 μm Type DX γ -Al2 O3 ) were individually mixed
ith a glycerol/ethanol lubricant to make consecutively finer

lurries’ and used to produce a fine finish. Residual polishing
ompound was removed using a clean polishing pad saturated
n ethanol followed by ultrasonication in ethanol for 30 s and
low drying with compressed air. To aid in co-localization of
KPFM and SEM/EDS, cross-shaped fiducial markers were

nscribed on the sample surface in the bulk of the regions of
nterest (FZ and HAZ) using a Cascade Microtech MH2-B
igh resolution manual micropositioner. 

.5.2. SKPFM operation 
SKPFM was performed using a Bruker Dimension Icon

tomic force microscope (AFM) operating with PeakForce
apping® frequency modulation (PF FM-KPFM, Bruker).
he procedure employed has been described in detail else-
here [35 , 56 , 68] . Briefly, a PFQNE-AL probe (Bruker) ac-
uires the sample topography using PeakForce Tapping®
ode, followed by a retrace of the sample topography at
 constant lift height of 100 nm above the sample surface
o detect the Volta potential difference between sample and
robe. All image processing and analysis were carried out
sing NanoScope Analysis Version 1.80. All Volta potentials
eported are relative to the probe used for that data, where
ach probe used was calibrated versus an inert gold standard
PFKPFM-SMPL, Bruker) before and after imaging to ensure
onsistent results. 

.5.3. Post-SKPFM scanning electron microscopy (SEM) 
SEM was carried out on a Hitachi S-3400 N equipped

ith a tungsten filament electron source. To minimize car-
on deposition and resultant impact on the sample (including
ts corrosion behavior), secondary electron (SE) imaging was
erformed using an acceleration voltage of 5 kV and work-
ng distance of 10 mm. Using the fiducial markers and unique
urface features present, SEM was overlaid on previously ac-
uired SKPFM images of the same region to correlate mi-
rostructural phases with measured differences in nanoscale
olta potentials. SEM was conducted after SKPFM due to
arbon deposition by the electron beam, which affects the
olta potentials measured with SKPFM [ 35,69 ]. 

.5.4. SKPFM post-corrosion imaging 
In investigations of a sample following immersion in a

orrosive environment, the utility of SKPFM is limited to the
arly stages of corrosion filament formation. AFM tracking of
igh aspect ratio topography features, such as pits or corro-
ion filament networks, is dependent on the scan parameters
nd AFM tip geometry. Corrosion damage more than a few
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Fig. 3. Corrosion mechanism of bulk AZ31B. (a) Schematic of SECM in substrate-generation-tip-collection (SG-TC) mode with [Ru(NH3 )6 ]Cl3 as a mediator. 
During Mg corrosion, the anode half-cell reaction is Mg → Mg2 + + 2e- with corresponding water reduction occurring by 2H2 O + 2e- → H2 + 2OH- . (b) 
SEM image of AZ31B, with IMPs noted at 1 and 2. (c-e) SECM scan of current on an AZ31B sample with current scale bar on the right. Time of immersion 
is noted in the top left corner of each SECM scan. Each image was started in the top left corner, with the fast scan in the x-direction (100 μm/s) and slow 

scan in the y-direction (step size of 10 μm) allowing collection of the scan in 80 s. (f) Height and (g) Volta potential images acquired with SKPFM for 
AZ31B, noting IMPs with pink circles. (h) Height and (i) Volta potential images acquired after exposure to 0.6 M NaCl in aqueous solution for 1 min (pink 
noting IMPs, orange noting filiform corrosion pathways). (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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A  
undred nanometers deep exceeds the threshold for accurate
racking of the sample surface with AFM. However, SKPFM
haracterization of the FZ after brief exposure can confirm
ifferences in initiated local galvanic behavior. Corrosion of
IG-welded AZ31B was conducted by immersing the sample

n 0.6 M aqueous NaCl solution for 1 min. The sample was
hen rinsed with deionized water for 5 s, rinsed with acetone
or 5 s, sonicated in ethanol for 30 s, and blow dried with
ompressed air. The amount of corrosion damage induced via
his procedure was intentionally less than in the SECM ex-
eriments due to the limited range for tracking variations in
urface topography afforded by the height piezoelectric of the
FM employed for SKPFM. 

. Results and discussion 

.1. AZ31B microstructure and general corrosion behavior 
f welded regions 

The microstructure of bulk AZ31B wrought base plate
 Fig. 2 a) along with the HAZs and FZ ( Fig. 2 b-c, respectively)
f a TIG weld have been previously discussed [15 , 16 , 63] .
n summary, wrought AZ31B is characterized as heavily
winned grain structure with Al-Mn and Al-Mn-Fe IMPs dis-
ributed throughout the α-Mg matrix [15] . The composition
f these IMPs are (Fe,Mn)Al6 and various mixtures of binary
lx Mn1-x , two common IMPs cited for Mg alloys containing
l and Mn (Table S1) [70] . Upon TIG welding, multiple af-

ected zones are formed with a difference in microstructure
rom the wrought alloy. Two HAZs and a FZ have been iden-
ified in AZ31B TIG welds, all of which consist of a slight
radient composition to the AZ31B wrought base plate, with
lightly larger Al-Mn and Al-Mn-Fe particles. Due to the high
emperatures imposed during TIG welding, the FZ undergoes
arge grain growth in comparison to the HAZ, where twin-
ree grains on the order of 20 μm have been observed [15] .
l-Mn and Al-Mn-Fe IMPs are increasingly packed through-
ut the FZ, easily seen even with SEM here ( Fig. 2 c) and
lsewhere [15] . Al and Zn also form a solidification network
ordering the α-Mg matrix of the FZ (Table S1) [15 , 16 , 63] . 

AZ31B and welded regions were examined in a highly
orrosive, aqueous electrolyte (0.6 M NaCl) to validate cor-
osion behavior on a bulk scale, shown in Fig. 2 d-f. The re-
ultant morphology shows the AZ31B bulk material ( Fig. 2 d)
orrodes by a filiform mechanism [71] . This morphology is
imilar to what is seen in the HAZ ( Fig. 2 e). However, a
ifferent morphology is observed in the FZ ( Fig. 2 f), as cor-
osion propagates along the Al-Zn solidification boundaries,
ost likely due to the galvanic coupling between the α-Mg
atrix and the Al-Zn network, confirming zone-based corro-

ion mechanisms in previous studies [15 , 16] . 

.2. AZ31B wrought base corrosion mechanism 

SECM was used on an AZ31B wrought base plate in SG-
C mode ( Fig. 3 a), corresponding to the SEM micrograph
een in Fig. 3 b. Each SECM scan was quickly completed
 ∼100 s) to minimize temporal drift. SECM maps were ac-
uired starting one hour after immersion. IMPs are noted
s 1 and 2 on the SEM micrograph and initial SECM map
 Fig. 3 b-c), revealing active hydrogen evolution initiating at
hese sites. After approximately 3 hours of total immersion,
he region around the IMPs maintained active corrosion. How-
ver, the measured current was no longer localized to the
MP/ α-Mg interface but instead propagated and spread across
he surface ( Fig. 3 d). Active current was widespread after pro-
onged exposure, seen with an SECM scan after 12 hours of
mmersion ( Fig. 3 e). 

Previous SECM work on Mg alloys show that IMPs cor-
elate to regions of large hydrogen gas flux (i.e., HER) [31] .
his reaction is important for Mg corrosion, as the increase in

he cathodic reaction around IMPs over time is due to the an-
dically induced cathodic activation phenomenon [38 , 59 , 72] .
onsequently, as more of these IMPs interfacing with the
-Mg matrix activate (i.e., the cathodic regions grow with

ime), the anodic region (i.e., α-Mg matrix) coverage across
he electrode diminishes [38] . Three mechanisms for this tran-
ition in galvanic areal ratio with time have been proposed:
1) Al or transition metal enrichment at the sample surface,
esulting in increasing cathodic ratio as the anodic region is
issolved [24 , 70 , 73] , (2) exposure of cathodic features lying
mmediately below the polished surface, coming to the sur-
ace as overlying anode dissolves, and (3) radial diffusion
f dissolved hydrogen at IMPs [31] . In a chloride environ-
ent, the alkaline shift at these IMPs drives higher rates of
l3 + dissolution, leading to incongruent dissolution and Al

edeposition elsewhere [24 , 73] . Al replating can lead to in-
reased cathodic reaction rates with time, similar to the in-
rease in the measured HER current across the sample sur-
ace with time [38-41] . In summary, SECM reveals localized
orrosion initiation at the cathode/anode interfaces as an in-
rease in HER, propagating outward over time to progress
ctive corrosion on the macroscale. The complex anodically
nduced cathodic activation phenomenon will be important to
iscuss when examining larger scale galvanic couples, such
s the coupling between welded zones. SKPFM characteriza-
ion of AZ31B following brief corrosion confirmed the acti-
ation behavior of IMPs, as the size of IMPs reduce or alto-
ether disappear in the Volta potential channel while the topo-
raphical size of IMPs increases (circled in pink, Fig. 3 f-i).
dditionally, filiform corrosion tracks are visible in topog-

aphy without a clear correlation to shifts in the Volta po-
ential (circled in orange, Fig. 3 h-i). Here, corrosion is initi-
ted at the local cathode interfaces, propagating outward in
 filiform mechanism, much like that seen in a bulk scale
 Fig. 2 d, Fig. 3 c-e). Again, dissolution of IMPs and replating
an occur, causing temporal changes in the corrosion driving
orce. Here, the brief corrosion shows how these mechanisms
nitiate. 

.3. HAZ corrosion mechanism 

An SEM image of the HAZ regions into the bulk of
Z31B is shown in Fig. 4 a, where IMPs become more dense
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Fig. 4. Corrosion mechanism of HAZ. (a) Backscatter SEM image of HAZ, with exemplary IMPs (pink) circled and noted. (b) SKPFM montage co-localized 
to the black dotted box in the backscatter SEM with aligned features circled. (c) SKPFM image, from the red-outlined image of the montage in (b), with 
specific phases noted in the Volta potential difference scale bar. (d) Height and (e) Volta potential images acquired with SKPFM for the HAZ, noting different 
phases (circles note IMPs). (f) Height and (g) Volta potential difference images acquired with SKPFM for the HAZ after exposure to 0.6 M NaCl in aqueous 
solution for 1 min (pink noting IMPs, orange noting filiform corrosion pathway). (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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s the distance from the weld epicenter decreases. Many IMPs
re noted in the SEM image that correlate to increases in the
olta potential montage acquired with SKPFM ( Fig. 4 b, cir-
led in pink). In an individual SKPFM map with a more
esolved scale, the Al-Zn network is not visible. Rather than
esolving the Al-Zn network, the polishing direction of the
AZ reveals many of the sudden fluctuations in the Volta
otential difference map (blue, Fig. 4 c). This may be im-
acted by the surface sensitivity of the SKPFM technique;
owever, the prominence of the Al-Zn boundaries is lacking
n the outer affected regions (i.e., HAZ and bulk AZ31B).
he Volta potential for the IMPs is ∼260 ± 83 mV versus

he α-Mg matrix, agreeing with published data and indicative
f strong local cathodes [35] . In addition, the IMPs are read-
ly visible in high-resolution topography mapping, where the
olishing rate of IMPs is significantly less than the α-Mg ma-
rix, resulting in their protrusion from the surface ( Fig. 4 d).
herefore, the prominent micro-galvanic couples visible in

he HAZ is between the IMPs and α-Mg matrix, as noted
ith pink circles in Fig. 4 d-e. SKPFM characterization of the
AZ after brief corrosion reveals corrosion is initiated much

ike that seen in the bulk AZ31B ( Fig. 4 f-g). IMPs reduce in
reas of Volta potential response when compared to the more
xposed topographical areas of the cathodic sites. Filiform
orrosion is also visible in the topographical data that does
ot strongly correlate to Volta potential differences (circled in
range). 
.4. Fusion zone corrosion mechanism 

In Fig. 5 a, a backscatter SEM image of the transition from
Z to HAZ shows a well-defined Al-Zn solidification network
ithin the FZ that progressively dissolves into the α-Mg ma-

rix as the distance away from the weld epicenter increases.
he black dotted rectangle indicates a co-localized region to
 Volta potential montage acquired with SKPFM ( Fig. 5 b),
howing the IMPs circled in pink with more positive Volta
otentials as strong cathode sites within the weld affected
ones. The number and distribution of IMPs decreases while
ransitioning from the FZ to the HAZ. The IMPs commonly
eside within or near the Al-Zn network in the FZ (pink re-
ions for IMPs, blue regions for the network, green for the
atrix, Fig. 5 c-e). 
The Al-Zn network of the FZ is visible in both the

ackscatter image ( Fig. 5 a) as well as in the SKPFM results
blue regions, Fig. 5 b-c). However, the boundary is clearer
n the backscatter image, likely due to the greater interaction
olume (i.e., greater depth) of the electron beam during SEM
haracterization. Since SKPFM is a surface-sensitive tech-
ique, cell walls of the connected Al-Zn boundary can only
e measured where they are exposed to the surface. Regard-
ess, the Volta potential of the Al-Zn network is lower than
hat of IMPs, yet higher than the α-Mg matrix ( ∼60 ± 31 mV
s. α-Mg matrix). There is not necessarily a clear trend of
orrelating topography and Volta potential for the network, as
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Fig. 5. Corrosion mechanism of FZ. (a) Backscatter SEM image of FZ, with exemplary IMPs (pink), Al-Zn boundaries (blue), and α-Mg matrix (green) 
regions circled and noted. (b) SKPFM montage co-localized to the black dotted box in the backscatter SEM with aligned features circled. (c) SKPFM image, 
from the red-outlined image of the montage in (b), with specific phases noted in the Volta potential difference scale bar. Al-Zn network boundaries are noted 
with blue dotted lines for emphasis. (d) Height and (e) Volta potential images acquired with SKPFM for the FZ, noting different phases (circles note IMPs 
and selective dashed regions note network and matrix phases). (f) Height and (g) Volta potential images acquired with SKPFM for the FZ after exposure to 
0.6 M NaCl in aqueous solution for 1 min, noting different phases. (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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he larger contribution of Mg to the boundary network results
n a similar polishing rate as the matrix. 

A post-1-minute corrosion topography ( Fig. 5 f) and Volta
otential map ( Fig. 5 g) confirmed the Al-Zn boundaries as
referred cathodic sites, supporting dissolution of adjacent,
nodic α-Mg matrix. Moreover, cathodic activity was likely
nhanced by the clustering of strongly cathodic IMPs within
r near the Al-Zn network. IMPs appear to dissolve into so-
ution, as there is a notable reduction in density in the Volta
otential difference map and distinction in the topography
ap after corrosion (circled in pink), permitting probable re-

lating processes. As corrosion progresses, any Al replating
ould also be expected to occur preferentially near cathodic
egions, locally increasing the Al-Zn network surface area and
eight relative to the α-Mg matrix ( Fig. 5 d and Fig. 5 f), as
ell as further enhancing microgalvanic corrosion within the
Z. A possibility of this replating process is seen in Fig. 5 e
nd Fig. 5 g, where the regions of Volta potential noted as the
etwork (blue regions) grow in size, while regions notable as
-Mg matrix (green regions) reduce in size. 

.5. Zone boundary corrosion mechanism 

In AZ31B TIG welds, polarity reversal has been observed
t a macroscale between galvanically connected weld zones
16] . The rapid corrosion rates on the sample surface, in-
luding dissolution of IMPs in the FZ and HAZs, as well
s growth of the Al-Zn solidification network in the FZ, can
ead to variations in the cathodic kinetics and OCP with time,
nabling switching of which zone acts as the net galvanic an-
de and cathode. Over time, this polarity reversal, rather than
he initial microstructure, can dominate the galvanic behav-
or. This phenomenon was previously captured using ZRA
nd MMA for electrochemically connected weld zones [16] ,
nd has now been confirmed using SECM with a rapid scan
ate and large step size ( Fig. 6 b). Due to the large size of the
eld, a fast scan rate (200 μm/s) was best suited to acquire an
verall image of the actively corroding zones of a weld with-
ut the UME degrading or evolution of reactivity over time
canning (i.e., increasing current over time, Fig. S3b). How-
ver, a fast scan rate decreases the resolution of the in situ
mage and limits the ability to observe specific microstructural
eatures less than the defined step size (50 μm in this case),
uch as IMPs and solidification network [15] . However, this
etup can be used to see the galvanic interactions between the
Z and HAZ. 

In Fig. 6 a, an optical image of an AZ31B TIG weld is
verlaid on an XY spatial axis in order to better visualize
he approximated FZ-HAZ interphase. Corresponding SECM
cans of current are shown in Fig. 6 b-c over time of ex-
osure to a 50 wt.% methanol and 50 wt.% water solution
ith 0.1 M NaCl and 1 mM [Ru(NH3 )6 ]Cl3 while under a
100 mV versus Ag/AgCl bias at the UME. The direction

f SECM scanning did not have an effect on observable cur-
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Fig. 6. SECM results of FZ and HAZ interphase of TIG weld AZ31B. (a) Optical image overlayed with general FZ and HAZ regions noted of a TIG weld 
AZ31B sample. (b-c) SECM scans of current on TIG weld AZ31B at 200 μm/s rate (noted with Fast direction) and 50 μm step size (noted with Slow 

direction) allowing collection of the scan in 50 s. FZ and HAZ regions are generally noted to correspond with the optical image. For all SECM scans, the tip 
is positioned 30 μm above the sample. The UME is polarized at −100 mVAg/AgCl . Electrolyte is 0.1 M NaCl in 50 wt.% methanol and 50 wt.% water with 
1 mM [Ru(NH3 )6 ]Cl3 as the mediator. Time of immersion is noted in the top left corner of each SECM scan. Current ranges are displayed on the right. 
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ent differences, wherein scans starting in the FZ and ending
n the HAZ were similar in behavior to scans starting in the
AZ and ending in the FZ. This consistency concludes that
ME degradation and severe surface roughness were not fac-

ors during the fast scanning. Scanning started immediately
fter immersion (i.e., t = 0 hours), wherein the FZ is low in
urrent relative to the HAZ ( Fig. 6 b), corresponding to the
Z initially corroding at a lower rate than the HAZ. The time

o acquire this image is less than one minute, reiterating the
educed degradation on the UME over scanning, as well as
educed time-dependent increase in current while scanning in
he slow direction. Within the FZ, corrosion initiation is pri-

arily impacted by the boundary-matrix micro-galvanic cou-
le ( Fig. 5 d-g), which has a lower relative driving force to
ncreasing HER kinetics than the IMP-matrix micro-galvanic
ouple present as the main corrosion initiator in the HAZ
 Fig. 4 d-g). Though there are IMPs in the FZ, they do not re-
ult in as severe of a current as seen for the IMPs in the HAZ,
aused by the presence of the higher area Al-Zn boundaries
n the FZ. 

In the second SECM scan, 3 hours after immersion, the FZ
s more active than the HAZ ( Fig. 6 c), corresponding to the
Z now being the actively corroding weld zone. This variation

n the galvanic corrosion between weld zones over time is
ndicative of the polarity reversal previously noted in AZ31B
IG welds [16] . Any of the three proposed mechanisms for
nodically induced cathodic activation (Al enrichment, anode
issolution and cathode surface exposure, or hydrogen radial
iffusion) result in a temporal shift in anode and cathode
ones. In the active HAZ, continuous corrosion permits an
ncreased cathodic presence, resulting in a polarity reversal
here the FZ becomes readily active in comparison to the
AZ. This has been previously proposed and evidenced from
ultielectrode OCP monitoring methods. However, this work

onfirms the polarity reversal in real time and in galvanically
oupled weld zones instead of cut slices of weld zones in a
ulti-electrode assembly [16] . 
. Conclusions 

• To study rapidly evolving corrosion propagation stages,
methanol can be used in a mixed aqueous/non-aqueous
corrosive solution to enable real-time spatial mapping of
the corrosion reactions occurring for magnesium and its
alloys. A mixed solution of water and methanol in equal
proporitions resulted in similar corrosion behavior as that
seen with a concentrated salt-in-water solution, while re-
ducing the corrosion propagation to a time-scale that is
more viable to capture in situ of corrosion progression with
SECM. 

• The Al-Zn solidification network in the FZ of TIG welded
AZ31B is noble relative to the surrounding Mg matrix,
confirmed with SKPFM. After a short period of expo-
sure to a corrosive environment, a microgalvanic couple
between the solidification network and matrix initiates cor-
rosion, wherein the relative cathodic network grew in size,
viable in any or all of the three proposed mechanisms of
Al enrichment, underlying cathode exposure, and hydro-
gen radial diffusion. Sustained micro-galvanic corrosion in
this region changes how the FZ participates in larger scale
galvanic coupling between nearby weld zones. 

• IMPs in all zones of the AZ31B TIG weld (FZ, HAZ,
and bulk) were seen as microgalvanic cathodes in compar-
ison to an anodic Mg matrix as driving forces for hydrogen
evolution and Mg dissolution. In the FZ, corrosion initiated
at the boundaries with the matrix and enhanced the influ-
ence of the Al-Zn solidification network, as many IMPs
cluster near or in the network. In the HAZ, the couple be-
tween IMPs and the matrix was the main driving force to
corrosion, seen with SKPFM imaging after a short period
of exposure to a corrosive environment, as well as with
SECM analysis of the bulk alloy. 

• SECM of the interphase between the FZ and HAZ con-
firmed an anodically induced cathodic activation, where
aluminum was redeposited and transition metals were en-
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riched in the HAZ, resulting in a time-dependent shift
in galvanic coupling. The HAZ is initially active rela-
tive to the FZ, as their internal corrosion driving mi-
crogalvanic couples differ. After replating, cathodic en-
richment, and/or diffusion of hydrogen in the active
HAZ, a reversal in polarity occurs, where the FZ be-
comes the active region relative to the HAZ as cath-
ode. This was confirmed with SECM as an operando
characterization technique of the time-dependent polarity
reversal. 
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