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Galvanic Couple Current and Potential Distribution between a Mg
Electrode and 2024-T351 under Droplets Analyzed by
Microelectrode Arrays
A. D. King,a,z J. S. Lee,b,∗ and J. R. Scullya,∗∗

aDepartment of Materials Science and Engineering, University of Virginia, Charlottesville, Virginia 22904, USA
bUS Naval Research Laboratory, Stennis Space Center, Mississippi 39529, USA

The galvanic throwing power of bare and polymer coated Mg over a simulated bare AA2024 scribe was studied directly with
diagnostic multi-electrode arrays, which enable the spatial distribution of cathodic current density to be elucidated. The galvanic
current density over the AA2024-T351 coupled to Mg in various full immersion, thin layer, and droplet electrolyte geometries
relevant to atmospheric field exposures was investigated during simulated atmospheric exposures. In these microelectrode studies,
current and potential distributions extended somewhat more uniformly across a 5.75 mm long, simulated bare 2024-T351 scratch
when the electrolyte layer was thick, continuous and more ionically conductive (i.e., higher salt concentration) in the absence of
a polymer coating over the Mg. Current and potential distributions did not extend across simulated defects when the electrolyte
became discontinuous or the ionic path became tortuous due to drying or the addition of a resistive polymer coating over the Mg.
Additionally, galvanic protection is shown to intensify for short period of time during drying and re-wetting cycles at close distances
between Mg and 2024-T351 rationalized to be caused by changing electrolyte conductivity, E-i behavior, and electrode area effects.
The drying characteristics of individual salts were also shown to have an effect on the current and potential distribution as MgCl2
(due to its low deliquescence/efflorescence point of ∼35% RH at STP) was shown to be less susceptible to drying at low RH, thus
extending the time into the drying cycle where the galvanic couple was active compared to pure NaCl or ASTM Substitute Ocean
Water.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.0121501jes] All rights reserved.

Manuscript submitted May 23, 2014; revised manuscript received October 23, 2014. Published November 11, 2014.

A commercial organic coating system containing an Mg-
pigmented polymer primer (Mg-rich primer, MgRP) has been de-
veloped for the corrosion protection of aluminum alloys, such as
precipitation age hardened 2024-T351, and has performed well in
field studies.1–13 The MgRP is designed to be applied to an aluminum
alloy substrate as a primer layer, above any pretreatments, but below
any topcoats which may be used. The MgRP is designed to gal-
vanically couple the Mg pigment in the primer to the substrate and
provide sacrificial anode based cathodic protection to the aluminum
alloy (AA2024-T351).2,5,8 When coupled to the AA2024-T351 (or
similar alloy) substrate, the Mg pigment becomes an electron donor,
and mixed potential theory can be used to explain the galvanic couple
potential of the MgRP/AA2024-T351 system when exposed to full
immersion. Results in the literature support the notion of mixed po-
tential theory describing the galvanic coupling behavior between the
primer and substrate.1,3–7,14,15

The galvanic couple potential sensed at a given location on an
anode (Mg pigment) or cathode (AA2024-T351) will depend on the
geometric arrangement of the anode and cathode, the surface area
ratio between the two electrodes exposed to immersion, the E-i elec-
trochemical kinetics, as well as other factors such as any electrical and
ionic resistances that may exist between the anode and cathode.8 The
Mg pigment volume concentration (PVC) will affect both the resistive
paths through the organic coating between the Mg pigment and the
underlying AA2024-T351 substrate as well as the path through the
organic coating and the electrolyte above and through the overlying
electrolyte to any exposed AA2024-T351.8 All of these factors will
mediate the galvanic couple potential existing along each metal sur-
face even in the case of a uniform current distribution between anode
and cathode, for instance in a simple parallel plate arrangement.

A critical issue with regards to predicting MgRP’s protection capa-
bilities in the field is developing a means for predicting the throwing
power or spatial current and potential distribution of the physical
MgRP/AA2024-T351 system. The typical geometry here is not the
parallel plate arrangement but a coating in the same plane as a thin
rectangular scratch. The distance over which the MgRP coating system
can protect a scratch or defect exposing bare AA2024-T351 by sacrifi-
cial anode based cathodic protection, is hereafter termed the “galvanic
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throwing power”. This is the perpendicular distance into the scratch
over which cathodic protection is afforded. This arrangement has
been studied before in the case of aluminum alloys.16–20 Conversely,
the term hereafter called the “inverse galvanic throwing power” is the
distance into the MgRP coating in which Mg pigment is anodically
polarized while actively galvanically coupled to the AA2024-T351
scribe, scratch, or defect. A question remains in the literature as to
whether a discernable region of increased Mg pigment depletion exists
along the edges of a defect or scratch due to such an inverse throwing
power. Understanding and predicting the throwing power and inverse
throwing power of a sacrificial coating such as MgRP is complicated
because the scribe size, coating formulation, electrolyte composition,
electrolyte geometry, and bare/coated area ratios can all, in theory,
be limiting factors when considering protection ability or throwing
power of a coating that protects by sacrificial anode based galvanic
protection. In this paper, the importance of some of these factors is
addressed.

The thermodynamic equilibrium concentration of a given elec-
trolyte varies with ambient RH.21–23 As a given deposited hygroscopic
salt deliquesces on a surface it will, over time, equilibrate with the
ambient RH to form an electrolyte layer or droplet of equilibrium
concentration. A hypothetical RH cycle which could be observed in
an environmental exposure is depicted in Figure 1. As the RH in an
exposure environment changes with time, so does the equilibrium
salt concentration and thus ionic conductivity, as well as thickness of
the electrolyte layer (also shown Figure 1 assuming an infinite pla-
nar geometry). These are important factors controlling the galvanic
throwing power and subsequent cathodic protection vs. scratch dis-
tance afforded by the MgRP coating system.

A large source of variation between performance of the coating in
the salt fog and field exposure environments, with regards to throwing
power, is the electrolyte geometry in each environment. A sacrificial
coating can only galvanically protect defects (or bare substrate at
scratches) which it is both electrically and ionically connected to by
a continuous path. Across exposure environments such as artificial
environment like ASTM B-117 salt fog, in a rainstorm with large
drops, during a dewing event, or during wetting and drying cycles
due to changing ambient RH, both the electrolyte concentration and
geometry will vary dramatically from thick and continuous to thin and
tortuous, and even isolated droplets.

One method to characterize the throwing power has been post-
exposure characterization. Such characterization has been conducted

http://dx.doi.org/10.1149/2.0121501jes
mailto:adk3m@virginia.edu
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Figure 1. Hypothetical RH cycle and resulting electrolyte layer thickness for
various NaCl surface deposition densities assuming an infinite planar elec-
trolyte.

on scribes of environmentally exposed test panels. Calcareous de-
posits, primarily consisting of CaCO3, along with Mg deposits, are
indicative of regions of cathodic protection afforded to the AA2024-
T351 by the MgRP.24–31 An attempt was made to examine the throwing
power after exposure in the laboratory and field by obtaining EDS of
the bare scribe. In past field studies of the MgRP coating system,
definitive determination of throwing power by post-exposure sample
evaluation was difficult and only moderately successful.12,13

For these reasons, there exists a critical need in the literature to
directly assess and measure the throwing power of the MgRP system.
The objective of this study to utilize instrumented electrode arrays
to quantitatively observe the spatial distribution of current density
over a model Mg/AA2024-T351 galvanic couple, with and without a
polymer coating over the Mg, under various environmental conditions
and to gain a better understanding of the evolution of the galvanic
throwing power as a function of variables described above. Moreover,
a secondary goal is to define some of the attributes that promote
uniform current and potential distribution across the scribe.

A separate work will utilize FEA software (COMSOL), in con-
junction with experimentally obtained electrochemical boundary con-
ditions of Mg, AA2024-T351, and the MgRP coating system under
relevant chemical conditions, to develop a fully functional, physically
representative model. The model will be developed in an effort to
accurately predict the galvanic throwing power of the MgRP coating
system as a function of coating parameters, physical conditions, as
well as environment.

Experimental

Materials.— 99.9% magnesium rod (8.0 mm diam.), 500 μm di-
ameter 99.9% magnesium wire, 1.6 mm thick AA2024-T351 sheet,

Table I. Composition of AA2024-T351 used as a bare electrode in
these investigations. Compositions provided by QUANT Quality
Analysis and Testing Corporation in wt%.

AA2024 Al Cu Mg Mn Fe Zn Si Ti Cr V

T351 Sheet Balance 4.56 1.26 0.59 0.22 0.12 0.08 0.02 0.01 0.01
T4 Wire Balance 4.35 1.36 0.62 0.5 0.25 0.5 0.15 0.1 NR

and 254 μm diameter AA2024-T4 wire were studied in these in-
vestigations. Table I and Table II show the chemical analysis of
both the AA2024 and the Mg used in this work. Chemical analy-
sis shows the Mg rod and wire had a measured purity of over 99.9%
and is substantially similar to the powder used in commercial Mg-Rich
Primer (MgRP) products.8 The AA2024-T4 wire was insulated with a
25 μm thick polyimide coating making the total wire diameter approx-
imately 300 μm. The Mg rod was mounted in EpoThin epoxy resin
manufactured by Buehler in order to make clamping the sample to
an electrochemical flat cell easier. The bare electrodes were prepared
by alternating abrasion with silicon-carbide paper and rinsing with
18.2 M� deionized water to a final polishing grit of 1200. The sam-
ples were then dried with laboratory tissue before use.

Full immersion electrochemical analysis to establish boundary
conditions.— Potential control during electrochemical experiments
was maintained using a potentiostat with computer interface software.
Solartron 1287A/1255B and Gamry Reference 600 potentiostats were
selected because they enable electrochemical impedance spectroscopy
(EIS) measurements along with traditional electrochemical measure-
ments. Saturated Calomel reference electrodes (SCE) were used in
full immersion testing.

Anodic potentiodynamic scans were conducted on 99.9% pure,
8.0 mm diameter bare Mg electrodes. The tests were run in various
bulk solutions of quiescent NaCl and MgCl2 with ambient aeration
as well as NaCl pre-saturated with Mg(OH)2. The potentiodynamic
scans were conducted after 10 minutes at the open circuit poten-
tial (OCP). A typical anodic scan started at −0.2 V vs OCP up to
+0.7 V vs. OCP and scanned at 1.0 mV per second. Cathodic scans
were conducted on 2024 at various boundary layer thicknesses using
thin cells, full immersion, wires and RDE. A typical cathodic scan
started at +0.2 V vs OCP and scanned down to −1.0 V vs. OCP at
0.1667 mV per second. In the literature, Cheng and Jakab both show
that as thickness goes from 2000 to 100 μm, the limiting current
density for the oxygen reduction reaction (ORR) on AA2024 only
increases by a factor of two at about −1.0 V vs SCE.32,33

Multichannel microelectrode galvanic array.— A microelectrode
array consisting of one 500 μm diameter, flush mounted 99.9%
Mg electrode and twenty isolated, 254 μm diameter, flush mounted
AA2024-T4 electrodes (300 μm total diameter including polyimide
insulation) was arranged in a single straight line (∼6 mm wide) and
flush mounted in EpoThin epoxy resin to diagnostically represent the
MgRP/AA2024 galvanic couple system extending perpendicular to
a scribe or scratch. The array simulates the bare AA2024-T351 per-
pendicular to the scribe length and parallel to the scratch width from
the edge of the primer. An optical micrograph of the microelectrode
array is shown in Figure 2. The spacing between electrodes was ap-
proximately 30 – 50 μm (Figure 2). A Scribner model MMA910B
was used to provide a graphical interface and data acquisition of each
microelectrode current. The MMA 910B is capable of galvanically
coupling and measuring up to 100 working electrode current channels
and contains an individual zero resistance ammeter (ZRA) on each
current channel with a measureable current range of 3.3 nA to 100 μA
per channel. It is important to note that neither a counter electrode nor
reference electrode was used in this study as only localized galvanic
currents were obtained. The throwing power of the Mg across the
AA2024-T4 array is often depicted spatially in this paper by either
plot of i (A/cm2) vs. position or a blue/red color map at various times
of interest. The minimum current limit of the multichannel multielec-
trode analyzer is approximately 1 × 10−9 A and the maximum is

Table II. Compositions of Mg Rod (99.9%) purchased from Alfa Aesar. All compositions reported in wt.%. (Mg: Balance). Compositions provided
by QUANT Quality Analysis and Testing Corporation. NR: Not Reported.

element Si Al Fe Cu Zn Mn Ni Zr Pb Sn C S O

rod/wire NR 0.02 0.008 0.003 0.03 <0.01 <0.001 <0.01 NR NR <0.001 <0.001 0.001
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Figure 2. Optical images of the bare Mg/AA2024-T4 microelectrode array
used to diagnostically assess the throwing power of Mg over a representative
bare AA2024-T4 scratch in an RH controlled cabinet. The Mg electrode is 500
μm in diameter. The AA2024-T4 electrodes are 254 μm in diameter insulated
by a 25 μm thick polyimide coating with a mean electrode spacing of 50 μm.
The total width of all of the AA2024-T4 microelectrodes is approximately
5750 μm and the total area ration of AA2024:Mg is 5:1.

1 × 10−4 A, resulting in (due to the cross-sectional area of the flush
mounted microelectrodes) minimum and maximum measurable cur-
rent densities of 2 × 10−6 A/cm2 and 2 × 10−1 A/cm2. In each color
map, dark red indicates an anodic current ≥1 × 10−5 A/cm2 and dark
blue indicates a cathodic current of ≤−1 × 10−5 A/cm2. Microelec-
trodes which are freely corroding (e.g., anodes and cathodes present
on one electrode) pass a net current of zero and are color coded white.

In three separate experiments, approximately 40 μL of 1) 0.9 M
NaCl solution, 2) 0.6 M MgCl2 solution, and 3) ASTM Substitute
Ocean Water (SOW) solution were each applied in a thin layer to
the top of the microelectrode galvanic array such that the electrolyte
covered every electrode in the array. The height of the as-applied,
thin layer electrolyte film was measured with a digital multimeter and
vertical digital caliper setup to be approximately 500 ± 100 μm thick
at the center for each experiment. The array was then placed in the
relative humidity controlled cabinet and electrically connected to the
MMA. Over the course of 6 hours, the relative humidity in the cabinet
was cycled from ambient RH to low RH (<20%), up to high RH
(>90%) and back to low RH (< 20%) and recorded in order to observe
the effect of a wet/dry cycle on the throwing power of the single Mg
electrode over the AA2024 microelectrodes under the intial 0.9 M
NaCl solution, 0.6 M MgCl2 solution, and ASTM Substitute Ocean
Water solution.

In a fourth set of experiments, a clear, quick-drying acrylic polymer
was applied to the surface of the Mg electrode in the Mg/AA2024-
T4 microelectrode array in order to mimic the high ionic resistance
of the primer polymer in the MgRP coating system. Electrochemical
impedance measurements on the acrylic polymer were obtained for
comparison to that of MgRP coated (with PVCMg = 45%) AA2024-
T351. The EIS measurements were obtained utilizing a traditional full
immersion, three electrode cell and FRA/potentiostat setup in 0.9 M

NaCl, utilizing the Mg wire in the microelectrode array as the work-
ing electrode, a commercial SCE reference electrode, and a Pt mesh
counter electrode. The low frequency impedance (∼4 × 106 � · cm2),
saddle frequency (≤0.01 Hz), and breakpoint frequency (∼3 Hz) for
the quick drying acrylic polymer were similar to that of the MgRP
coating over AA2024-T351 making it a suitable analog to simulate the
ionic resistance added by the MgRP polymer to the MgRP/AA2024-
T351 galvanic couple system for the purpose of studying throwing
power.34–40

In additional experiments, 10, 100, 250, and 1000 μg/cm2 of both
NaCl and ASTM Substitute Ocean Water salts were applied to the
surface of the bare Mg/bare AA2024-T4 microelectrode array. The
salts were applied using a spray bottle application method in which a
known concentration of electrolyte was sprayed from a spray bottle at
a constant distance from the samples surface in an enclosed chamber.
The average deposition volume per spray using this specific setup
was characterized and calibrated by both rinsed-solution conductivity
measurements and weight gain measurements. Using the known de-
position volume per spray and the known electrolyte concentration in
the spray bottle, a desired salt deposition density was applied to the
array’s surface. After depositing the electrolyte of interest onto the
array, the array was placed into an RH controlled cabinet which had
been purged with dry air (RH ≈ 10%) to quickly dry the electrolyte
droplets. The size of the electrolyte droplets applied by the spray
bottle method were characterized by optical analysis with computa-
tional image analysis software (ImageJ) and had a mean diameter of
approximately 160 μm ± 60 μm. The mean diameter of the applied
droplets, within one standard deviation, was larger than the micro-
electrode array inter-electrode spacing of 50 μm (spacing shown in
Figure 2).

The total of the net cathodic current passing through each AA2024-
T4 microelectrode was found to be equal in magnitude and op-
posite in sign to the total anodic current passing through the gal-
vanically coupled Mg microelectrode confirming that the galvanic
interaction between the Mg and AA2024-T351 microelectrodes was
in accordance with mixed potential theory and that instrumentation
currents were below the detection limit. The residual “instrument”
noise of the entire microelectrode array under dry conditions remained
0 ± 200 nA throughout the length of the experiment.

Instrumented relative humidity controlled cabinet.— The micro-
electrode array was housed in an instrumented, relative humidity
controlled cabinet. The ribbon cable connections were made to the
MMA900B via a feed through in the wall of the cabinet. The RH
controlled cabinet was produced from a Plas-Labs desiccator cabinet
(PN: 861-CG) and is shown schematically in Figure 3. The cabinet
was instrumented with an OMEGA OM-EL-USB-2-LCD-PLUS RH
and temperature data logger and a DINO-LITE AD7013MT USB mi-
croscope utilized for time lapse imaging. RH was controlled via the

Figure 3. Schematic illustration of RH controlled cab-
inet and camera setup used to environmentally expose
Mg/AA2024-T4 microelectrode arrays to high and low
RH.
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Figure 4. (a) Measured current and RH vs. time through
each electrode and (b) average current density vs. po-
sition on the bare Mg/AA2024-T4 microelectrode ar-
ray during an episodic wetting and drying event under
0.9 M NaCl.

flow of dry or humid air into the chamber. Humid air was produced
by passing house compressed air through a series of four 2 L H2O
diffuser bubblers, achieving an ambient RH of up to 95%. Dry air
was produced by passing house air through Drierite gas drying jars,
achieving an ambient RH of as low as 10%.

Results.—Throwing power (TP) experimentally measured by a
coupled electrode multichannel microelectrode array under contin-
uous thin layer electrolytes during wetting and drying.— Under both
a 500 ± 100 μm thick layer of 0.9 M NaCl (Figure 4) and similar
thickness layer of ASTM Substitute Ocean Water (Figure 5) covering
the entire 5750 μm microelectrode array, the cathodic polarization
provided by the Mg electrode was initially observed to spread across
the entire width of the AA 2024 array indicating a TP greater than or
equal to 5750 μm. This is indicated by a net cathodic current density
greater than 10−6 A/cm2 sensed by the AA2024-T4 extending to the
last AA2024-T4 electrode in the array (at a position = 5.75 mm) in
Figure 4b and Figure 5b, respectively. H2 bubbles produced by in-
creased hydrogen evolution were observed to actively form on each
cathodically polarized AA2024-T351 electrode in the array. Upon
lowering the cabinet RH to less than 20%, the electrolyte layer was
visually observed to decrease in thickness and area of coverage (t2
in Figure 4b) and salt was continuously deposited at the periphery of
the inward shrinking electrolyte layer until the array was completely
dry (t3 in Figure 4b). As the electrolyte layer decreased in thickness
and radius, the throwing power of the Mg electrode decreased from
the full width of the array (t1 in Figure 4b) to zero (t3 in Figure 4b

and Figure 5b) indicating cessation in sacrificial galvanic protection
of the AA2024-T4 electrodes by the Mg electrode. During drying, the
net cathodic current density on the individual AA2024-T4 electrodes
closest to the Mg electrode (x = 50 μm) was observed to increase
to a peak (at time t2 in Figure 4b and Figure 5b) presumably due to
the combined effects of the increasing electrolyte concentration and
the decreasing area of the active cathode relative to a fixed anode.
At time t2 during drying under NaCl (t2 in Figure 4a), the AA2024-
T4 electrode at x = 50 μm had a cathodic current density of −1.2
× 10−1 A/cm2 corresponding to a local interfacial potential of approx-
imately −1.5 VSCE (determined from Figure 6b),c a distant AA2024-
T4 electrode at x = 2.75 mm had a cathodic current density of −1.6
× 10−4 A/cm2 corresponding to a local interfacial potential of −1.3
VSCE, and the farthest AA2024-T4 electrode at x = 5.75 mm had a
steady net current density of zero indicating the electrode was not
protected by Mg and either freely corroding (at OCP) or dry. After t2,
the net cathodic current density on the AA2024-T4 electrodes closest
to the Mg electrode were then observed to decrease in magnitude to
zero as the effect of the increasingly thin and tortuous electrolyte ge-
ometry reduced the ionically conductive path despite the increase in
concentration of NaCl.

cThe E-log i curve in Figure 6 is for bulk immersion with an ORR diffusional boundary
layer that may differ from the array/droplet configuration. However, Jakab and Cheng
show that as water layer thickness varies from 2000 to 100 um, iL for ORR on 2024-T3
only increases by a factor of 2 at about −1.0 V SCE. At or below about −1.2 V SCE the
difference in O2 boundary layer thickness does not effect HER which is charge transfer
controlled.32,33
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Figure 5. (a) Measured current and RH vs. time
through each electrode and (b) average current den-
sity vs. position on the bare Mg/AA2024-T4 mi-
croelectrode array during an episodic wetting and
drying event under ASTM Substitute Ocean Water.

Upon increasing the RH in the cabinet to approximately 93% the
electrolyte layer (t4 in Figure 4b and Figure 5b, respectively) was
observed to re-wet with time and spread back across the entirety of
the array. Upon re-wetting of the electrolyte layer, a similar trend was
observed in the net cathodic current density on the individual AA2024-
T4 electrodes prximate to the Mg similar to what was observed during
drying but in reverse. The net cathodic current density on the AA2024-
T4 electrodes closest to the Mg electrode was observed to increase in
magnitude from zero as the electrolyte layer re-wet and grew until a
peak current density was observed (around t = 4500 s in Figure 4a
and t = 9400 s in Figure 5b). The cathodic current also spread back
across the AA2024-T4 array. As the electrolyte layer grew farther,
wetting more AA2024-T4 electrodes, the cathodic current density on
the AA2024-T4 electrodes closest to the Mg electrode at x = 50 μm
decreased slightly and stabilized at an intermediate current density
of 20 mA/cm2 in NaCl and 12 mA/cm2 in ASTM SOW (5000 s
< t < 7000 s in Figure 4a and 10,000 s < t < 13,000 s in Figure 5a).
Upon lowering the RH of the cabinet back down to below 40% once
again, a peak in cathodic current density of 50 mA/cm2 in NaCl and
20 mA/cm2 in ASTM SOW on the individual AA2024-T4 electrodes
closest to the Mg electrode at x = 50 μm was again observed (around
t = 7300 s in Figure 4a and t = 14,000 s in Figure 5a) before the
throwing power again decreased to zero.

The cathodic polarization provided by the Mg electrode was ini-
tially observed to spread across the entire width of the array indicating
a TP greater than or equal to 5750 μm under a 500 ± 100 μm thick
layer of 0.6 M MgCl2 (Figure 7) covering the entire microelectrode

array. This was indicated by a net cathodic current density greater
than 10−6 A/cm2 sensed on the AA2024-T4 at position = 5.75 mm
in Figure 7b. Upon lowering the cabinet RH to less than 20% for
more than 2 h, the electrolyte layer was visually observed to slightly
decrease in thickness and a semi-solid salt cap was observed to form
over the liquid electrolyte layer. H2 bubbles could be seen to form and
move under the salt cap and the magnitude of the cathodic current
density on each AA2024-T4 electrode in the array was reduced but
did not reach zero (t3 in Figure 7a and 7b) and held steady at ap-
proximately 5.0 × 10−4 A/cm2 corresponding to a couple potential of
−1.5 VSCE (assuming the 5.0 M MgCl2 curve in Figure 6c). This
is a marked difference from the behavior under NaCl and ASTM
SOW (Figures 4 and 5) where the cathodic current density on each
AA2024-T4 electrode in the array was reduced to zero upon “drying”
at similar RH. The throwing power as measured by the cathodic polar-
ization of the AA2024-T4 electrodes spanned across the entire array
(t3 in Figure 7a and 7b) under the salt capped electrolyte layer. After
2 h at an RH less than 20%, the RH of the cabinet was increased to
roughly 93%. The salt cap was observed to dissolve and the magnitude
of cathodic current density on the AA2024-T4 electrodes increased
(t4 in Figure 7a and 7b).

Throwing power experimentally measured by a coupled electrode
multichannel microelectrode array with the addition of a polymer
layer over the Mg.—In a fourth experiment, approximately 40 μL of
0.9 M NaCl solution was applied in a 500 ± 100 μm thick layer to
the top of the polymer coated Mg/bare AA2024-T4 microelectrode
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galvanic array such that the electrolyte covered every electrode in the
array. Over the course of 3 hours, the relative humidity in the cabinet
was held constant at approximately 94% (Figure 8a).

The added resistance of the clear acrylic polymer (with DC
impedance of 102 – 103 � · m2 or 106 to 107 �-cm2) initially me-
diated the sacrificial galvanic protection afforded by the Mg electrode
to the AA2024-T4 electrodes in the microelectrode array (t1 in Fig-
ure 8a and Figure 8b) shown by net current densities of zero on the
Mg and AA2024-T4 electrodes (at t1 TP = 0 μm). During this time
the unprotected AA2024-T4 electrodes were freely corroding at open
circuit under the 0.9 M NaCl droplet. After approximately 3000 s
(t2 in Figure 8), a defect formed in the clear acrylic coating, which
significantly reduced the originally high ionic resistance of the poly-
mer coating. As soon as the coating defect formed, the Mg electrode
and AA2024-T4 electrodes in the microelectrode array became gal-
vanically coupled and the throwing power extended across the entire
width of the array to x = 5750 μm (at t2 and t3 TP = 5750 μm) for
an electrolyte thickness of 500 ± 100 μm.
Throwing power experimentally measured by a coupled electrode
multichannel microelectrode array under various salt deposition
densities.—Optical micrographs of the dry array with NaCl applied
at various deposition densities are shown in Figure 9. The RH in the
cabinet was quickly increased to 94% to deliquesce the deposited

salts (which primarily have deliquescence points below 75%). After 3
additional hours, the relative humidity in the cabinet was maintained
at a constant level of approximately 94% in an attempt to equilibrate
the electrolyte layer concentration with ambient temperature and hu-
midity. Optical micrographs of the re-wet array with NaCl applied at
various deposition densities are shown in Figure 9.

The recorded galvanic current profiles between the microelec-
trodes under various salt deposition densities at 94% RH were used to
estimate the throwing power of Mg over the array. The AA2024-T4
electrode farthest away from the Mg electrode which was cathodically
polarized to a cathodic current density greater than 1.0 × 10−5 A/cm2

(AA2024 couple potential ≤ −1.0 VSCE) in magnitude was used as
the indicator of throwing power distance. Triplicate exposures were
conducted utilizing 10, 100, 250, and 1000 μg/cm2 of both NaCl and
ASTM Substitute Ocean Water salts.

The mean throwing power, as estimated by the bare Mg/bare
AA2024-T4 microelectrode array, for each exposure is reported in
Figure 10. A detectable throwing power could not be observed under
salt deposition densities less than 250 μg/cm2. This is presumably
due to the relatively large 50 μm spacing between adjacent flush
mounted electrodes in the 1-dimensional array geometry. The throw-
ing power under NaCl and ASTM SOW was observed to increase
with salt deposition density (Figure 10). For example, the throwing
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Figure 7. (a) Measured current and RH vs. time
through each electrode and (b) average current den-
sity vs. position on the bare Mg/AA2024-T4 mi-
croelectrode array during an episodic wetting and
drying event under 0.6 M MgCl2 solution.

power at 94% RH was estimated to be < 50 μm for 100 μg/cm2

of ASTM SOW. However, the throwing power was ≥ 2000 μm for
1000 μg/cm2 of ASTM SOW. Due to variation in the particular lo-
cation of deposited salt crystals and the variation in the location of
individual droplets, there is significant variability of these estimations
between runs (error bars in Figure 10). Additionally, the throwing
power for ASTM SOW was observed to be greater compared to NaCl.
This is possibly due to the presence of MgCl2 and CaCl2 in the
ASTM SOW which equilibrates at 94% RH to lower concentrations
(hence larger droplet volume) than NaCl at a given RH causing larger
droplets to form and coalesce. Additionally, it was noticed that the
dry SOW (after wet application and subsequent drying) appeared to
have a greater dispersion of salt crystals across the surface of the ar-
ray possibly due to salt species segregation upon drying of the SOW
solution.41,42

The galvanic current between the microelectrodes under 1000
μg/cm2 of NaCl deposits is shown in Figure 11a and a correspond-
ing optical micrograph and color coded diagram taken at the time
of maximum throwing power during this exposure are shown in
Figure 11b. The color coded array diagram in Figure 11b indicates
that the second AA2024-T4 electrode away from the Mg electrode
(x = 350 μm) was the farthest AA2024-T4 electrode cathodically
polarized by being galvanically coupled to the Mg electrode. This
resulted in an estimation of throwing power of 350 μm. 350 μm was
the shortest distance from the closest edge of the Mg electrode to the

closest edge of the furthest away, cathodically polarized AA2024-T4
electrode.

The recorded galvanic current between the microelectrodes under
1000 μg/cm2 of ASTM SOW salt is shown in Figure 12a and a cor-
responding optical micrograph and color coded diagram taken at the
time of maximum throwing power during this exposure are shown in
Figure 12b. The color coded array diagram in Figure 12b indicates
that the AA2024-T4 electrode 3950 μm away from the Mg electrode
was cathodically polarized. This resulted in an estimation throwing
power of 3950 μm. 3950 μm was the shortest distance from the closest
edge of the Mg electrode to the closest edge of the farthest cathod-
ically polarized AA2024-T4 electrode. In the optical micrograph in
Figure 12, it can be seen that separate droplets coalesced into a larger
droplet which was “C” shaped such that it covered the Mg electrode,
AA2024-T351 electrodes at x = 50 to 1550 μm and also electrodes
from 3050 to 3950 μm but not the electrodes between 1550 and
3050 μm away from the Mg.

Discussion

Important parameters governing galvanic throwing power of
MgRP over bare AA2024-T351.— The experiments conducted in this
work utilizing a galvanic couple multichannel microelectrode array
shed light on how various aspects of MgRP coating formulation
and properties of the exposure environment combine to produce the
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Figure 8. (a) Measured current and RH vs. time
through each electrode and (b) average current den-
sity vs. position on the polymer-coated-Mg/bare
AA2024-T4 microelectrode array exposed to 93%
RH under 0.9 M NaCl solution. The polymer devel-
oped defect after t2.

current and potential distribution and resulting galvanic throwing
power for protection of the AA2024-T351 across a scribe or scratch.
In both cases, the cathodic current density was greater near the
scratch/coating interface and could be leveled or made more uniform
only by a large polymer resistance and a thick electrolyte layer. This
was because the electrolye resistance became a less dominant factor
than the high ohmic resistance of the organic coating. For instance,
resistivity of the polymer was ∼109 ohm-cm versus 25 ohm-cm for
0.6 M NaCl.
Effect of electrolyte layer on the galvanic throwing power in the
MgRP/AA2024-T351 system.—The chemistry, thickness, and geomet-
ric area of coverage of the electrolyte layer were all shown, with an
instrumented galvanic microelectrode array, to play an important role
in governing the galvanic throwing power of Mg across a simulated
defect or scratch of bare AA2024-T351. The chemistry (chemical
species present and concentration) of the electrolyte layer (whether
deposited by precipitation, immersion, or deliquescence of deposited
salts) was shown with the microelectrode array to accurately govern
the electrochemical E-i boundary conditions (Figure 6) of the anode
and cathode when the polymer resistance was zero. As evidence of
this, the galvanic current on each anode and cathode in the microelec-
trode array (Figures 4, 5, and 7) was in qualitative agreement with
estimations from a mixed potential model (Figure 13) based on the
electrochemical E-i boundary conditions shown in Figure 6 and finite
ohmic voltages between anodes and cathodes. Increasing the NaCl
solution concentration by an order of magnitude by drying (in which

the electrolyte is assumed to saturate just before drying) resulted in
an increase in the galvanic current density by almost one order of
magnitude (Figures 4, 5, and 7).43–45

The chemical species in the electrolyte also dictate the deliques-
cence and equilibrium behavior of the electrolyte layer exposed to
various ambient RH. For example, when the microelectrode array
was exposed under continuous, thin electrolyte layers of pure MgCl2,
rather than NaCl or ASTM Substitute Ocean Water, the electrolyte
layer did not completely dry at low RH (Figure 7). In turn the gal-
vanic interaction did not cease because full drying did not occur at
low RH.21,22

In conjunction with electrolyte chemistry, the thickness and ge-
ometric area of coverage of the electrolyte layer (which are all in-
fluenced by deposition density, immersion condition, or RH and del-
iquescence of deposited salts shown in Figures 1 and 9) controls
the amount of area of both the anode and the cathode that can be
galvanically coupled together. A sacrificial anode (or a sacrificial
coating such as an MgRP) can only protect the area of a cath-
ode (scratch or scribe exposing bare AA2024-T351 substrate), of
which it is both electrically and ionically connected. In exposures
of the microelectrode array under continuous, thin electrolyte lay-
ers (t1 in Figures 4, 5, and 7) the throwing power extended across
the entire array. However, whenever the electrolyte became tortu-
ous, either due to drying (t3 in Figures 4, 5, and) or due to the
formation of isolated droplets due to low initial salt deposition den-
sity at a given RH (Figures 9, 10, 11, and 12) the throwing power
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Figure 9. Optical micrographs of various deposition densities of NaCl on a
microelectrode array consisting of one 500 μm diameter 99.9% Mg wire and
twenty isolated, 254 μm diameter AA2024-T4 wires in the dry (RH < 20%)
and wet (RH > 90%) condition.
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Figure 11. (a) Measured current and RH and (b) optical image of the bare-
Mg/bare AA2024-T4 microelectrode array with 1000 μg/cm2 NaCl deposited
by salt spray and allowed to equilibrate at 94% RH for at least 3 h. In the color
map dark red indicates an anodic current ≥ 1 × 10−5 A/cm2 and dark blue
indicates a cathodic current of ≤−1 × 10−5 A/cm2. White color indicates a
net current of zero.

was limited by an increasingly tortuous electrolyte geometry which
hindered or complicated the ionically conductive path even though
the ionic conductivity of the drop increased (shown schematically in
Figure 14a).
Effect of organic polymers on the galvanic throwing power in the
MgRP/AA2024-T351 system.—The role of the polymer layers in the
MgRP/AA2024-T351 system is extremely important and twofold.
The primer and topcoat polymers both (1) act as a barrier to protect
the Mg pigment from rapid self-corrosion and (2) mediate the cathodic
protection potential provided to the AA2024-T351 substrate by the
Mg pigment. This is brought about due to the sum of ohmic resistance
of the polymer binder, geometry of the buried pigment particles, and
the ohmic resistance of the ionic conducting electrolyte. The combined
effect will be the subject of finite element modeling in future work to
address the complex scratch geometry and complex galvanic current
paths.

Mediation of extremely negative cathodic potentials over the
2024 can avoid detrimental cathodic corrosion of the AA2024-T351
substrate46–48 and subsequent blistering by rapid H2 evolution at ca-
thodic sites.10 The mediation is brought about through insertion of
a large ohmic resistance and voltage in the galvanic couple which
in accordance with mixed potential theory produces a difference in
the interfacial potentials across the double layers of the Mg and the
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2024, respectively. It has been shown in the past that AA2024-T351
polarized cathodically to – 1.5 V vs. SCE in aearated NaCl solution
dissolves at a rate as high as 4 mA/cm2. However, the same alloy
was shown to avoid significant cathodic corrosion when cathodically
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Figure 13. Mixed potential model depicting a galvanic couple between
AA2024-T351 and polymer coated Mg.

polarized above −1.1 V vs. SCE.47 Recent, independant field and
laboratory studies of commercial MgRP products did not report any
observations of cathodic corrosion of the AA2024-T351 substrate
after prolonged environmental exposure and in the case of high re-
sistance topcoated systems. Moreover, depletion of Mg pigment from
the coating was significantly mediated.12,13,49–52 Such results highlight
the importance of the the primer and topcoat polymers in controlling
the coating performance. The precise nature of this mediation process
is best addressed in finite element modeling of the current and poten-
tial distribution accounting for the coating resistance in series with
the electroltye resistance.

When a quick-drying, acrylic polymer with similar barrier proper-
ties to that of a commercial MgRP was applied to the surface of the
Mg electrode in the Mg/AA2024-T4 microelectrode array, the added
resistance of the polymer mediated the sacrificial galvanic protection
afforded by the Mg electrode to the AA2024-T4 electrodes in the
microelectrode array (t1 in Figure 8a and Figure 8b), shown by net
current densities of zero on the Mg and AA2024-T4 electrodes (at t1
TP = 0 μm) due to the large ohmic resistance of the intact polymer.
For this reason, in the MgRP system, besides any geometric limita-
tions brought about by a discontinuous ionic pathway, the electrical
and ionic resistances of any pretreatment layers, primer formulations,
or topcoat systems appears to be the most important tunable factor at
the disposal of the coating designer governing the galvanic protection
function of the MgRP pertaining to throwing power and self-corrosion
of the Mg pigment. However, the polymer resistance levels the po-
tential and current distribution across the scratch of exposed AA2024
at the expense of the galvanic current which is lowered (Figure 8).
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Figure 14. Hypothetical schematic depicting the galvanic couple interaction
between microelectrodes in the Mg/AA2024-T4 array under (a) continuous
(thin layer) and (b) drying (shrinking) continuous thin-layer and (c) discontin-
uous electrolyte (droplet) layer which can occur during re-wetting of deposited
dried salts or droplet deposition.

The ohmic resistance brought about by a simulated primer and topcoat
polymers are shown to severely mediate the throwing power of the Mg
over the AA2024 scribe (Figure 10). In the actual coating scenario,
this is presumed to be accurate except for locations very proximate
to the edge of the coating where there exists a small area of bare Mg
exposed to solution next to the cross-section or wall of the scratch

where Rpolymer is considerably less than the path through the covering
primer and top coat plane.
Important limitations of the microelectrode galvanic array – future
work.—The microelectrode galvanic array proved to be an extremely
useful tool to examine the galvanic throwing power of a simulated
MgRP / AA2024-T351 system during simulated atmospheric expo-
sure. However, there are many improvements which could be made
to the microelectrode array that would improve the correlation to real
environmental exposure. The microelectrode array would be more
analogous to the real MgRP/AA2024-T351 system if the microelec-
trodes were embedded in AA2024-T351 sheet instead of mounted in
epoxy polymer and a MgRP coating could be utilized in place of the
Mg electrode. It is well known that the wettability of the surface of
aluminum and its oxides is high compared to that of polished organic
epoxy polymers. This difference would likely lead to greater throw-
ing powers being observed on an array embedded in an AA2024-T351
panel as compared to those observed on the epoxy embedded array
used in this work.

Conclusions

� The interface between the bare Mg and bare AA2024 always
experienced the greatest cathodic current density. When the resistance
of the polymer layer was added, which dominated the electrolyte path
resistance, the cathodic current density across all of the AA2024
electrodes was relatively equal in magnitude.

� The chemistry, thickness, and geometric area of coverage of
the electrolyte layer were all shown to be important in governing the
galvanic throwing power of Mg across a simulated defect or scratch
consisting of bare AA2024-T351 in simulated atmospheric exposure.

� Increasing the NaCl solution concentration by an order of mag-
nitude results in an increase in the galvanic current density over the
AA2024 by almost one order of magnitude.

� During drying, the net cathodic current density on the AA2024-
T4 electrodes closest to the Mg electrode increased to a maximum,
presumably due to the combined effects of the increasing electrolyte
concentration and the decreasing area of the active cathode relative
to a fixed anode area combined with effects on the E-I interface
behavior. Upon further drying, the net cathodic current density on
the AA2024-T4 electrodes closest to the Mg electrode were then
observed to decrease in magnitude to zero as the effect of the increas-
ingly thin and tortuous electrolyte geometry reduced the ionically
conductive path despite the increase in concentration of NaCl. Upon
re-wetting of the electrolyte layer, a similar trend was observed in the
net cathodic current density on the individual AA2024-T4 electrodes
closest to the Mg similar to that observed during drying but in reverse.

� The exact identity of the chemical species in the electrolyte
also dictate the deliquescence and equilibrium behavior of the elec-
trolyte layer exposed to various ambient RH and temperature. For
instance, when the microelectrode array was exposed under continu-
ous, thin electrolyte layers of pure MgCl2, in contrast with behavior
in NaCl or ASTM Substitute Ocean Water, the electrolyte layer did
not completely dry at low RH and residual cathodic protection of
AA2024-T351 was observed.

� In exposures of the microelectrode array under continuous,
thin electrolyte layers, the throwing power extended across the entire
5.75 mm wide array. However, whenever the electrolyte became tor-
tuous, either due to drying or due to the formation of isolated droplets
due to low initial salt deposition density, the throwing power was
limited to less than 5.75 mm (over the entire range of >5.75 mm
down to 0 mm during a given wet/dry cycle) by an increasingly tortu-
ous electrolyte geometry which reduced the ionically conductive path
length.

� When a polymer with similar barrier properties to that of a com-
mercial MgRP topcoat system was applied to the surface of the Mg
electrode in the Mg/AA2024-T4 microelectrode array, the added re-
sistance of the polymer significantly mediated the sacrificial galvanic
protection afforded by the Mg electrode to the AA2024-T4 electrodes
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and resulted in a measured throwing power of only 50 μm prior to
coating barrier degradation.
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