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The effect of the area fraction, size and distribution of model cathodic, intermetallic particles (IMPs) in an anodic Mg matrix on
corrosion was investigated. Model Mg-Al electrodes were developed to study IMP effects in isolation from other metallurgical
effects, with particles smulated by Al electrodes embedded in a Mg matrix. Arrays of model Mg-Al electrodes were constructed
using high purity Al asasurrogate for Al-rich IMPs and flush mounted in commercia purity Mg. The areafraction, size and spacing
of these electrodes each altered the corrosion rate and cathodic reaction kinetics assessed after a 24 and 48 hour immersion period
at the open circuit potential. Corrosion rate increased with increasing area fraction of Al electrodes but decreased with increasing
electrode spacing given afixed areafraction. The affected zone around electrodes and at the Al/Mg interface was explored to ascertain
its impact on the resultant global corrosion rate and kinetics. The effect of local pH at the Al electrode on the prospects for Al

corrosion and chemical redeposition were also explored.
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Magnesium (Mg) alloys continue to be of growing interest due
to their good balance of specific properties (i.e. properties relative to
weight).}2 However, due to the inherently negative electrochemical
potential of Mg and its alloys,*> Mg-alloys are highly reactive com-
pared to other engineering metals. Mg-all oys are susceptible to several
formsof localized corrosion, whilst also highly proneto macro- aswell
asmicro-galvanic corrosion. Dueto thelow solid solubility of most al-
loying elementsin Mg® and particularly low solubility limits for most
transition elements; secondary phases readily form during most types
of material processing, including casting”® and welding,®*° which
can adversely alter the corrosion performance.

There are many secondary phases, or intermetalic particles
(IMPs), which are particularly common in Mg alloys. Each IMP®
has its own unique dissol ution or reduction kinetics, dependent on its
composition, size and dispersion within the material. For example,
in the Mg-Al aloys which contain Mn (such as AZ31, AZ91 and
AMS50), Al-Mn IMPs that arerich in Al such as Al;Mn, AlgMn, dis-
play relatively low rates of cathodic kinetics in comparison to other
IMPs that are rich in Mn such as AlgMns; the latter displaying rela-
tively rapid cathodic kinetics.»"1” Similarly, the so called Al-Mn-Fe
IMPs, such as Alg(Mn,Fe)s function as highly potent cathodic sites
in Mg, although the Mn has been shown to prevent some of the detri-
mental galvanic effects of Fe impurities by incorporating the Fe into
the Al-Mn IMPs.2816 Furthermore, Mg-Zn IMPs have approximately
the same open circuit potential (OCP) as many Mg alloys. However,
the cathodic kinetics of this IMP are more rapid than Mg,® attributed
to the presence of Zn. Mg-Zn IMPs are cathodic to the a-Mg and,
therefore, tend to cause localized corrosion through micro-galvanic
coupling which is often manifest at the Mg matrix/IMP interface.
Some of these trends are outlined in Table |. However, the effects of
so-called ‘cathodic’ IMPs with regard to the dissolution they cause
upon the a-Mg matrix require further attention, particularly regard-
ing of how the size and location/spacing of IMPs dlter the overall
corrosion rate.

Of relevance to the corrosion of Mg and its alloys, it has been
suggested’®?! that the exchange current density for the hydrogen
evolution reaction (HER) increases with the rate of Mg dissolution.
Meanwhile, other workers have used spatial and temporal methods to
determine that Mg dissolution is accompanied by enhanced cathodic
activity on the Mg surface.*%%>26 Cathodically active sites have been
examined through the use of scanning vibrating electrode technique
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(SVET) on 99.9%% and 99.99%3 pure Mg, Mg-Nd binary alloys**
and AZ31.22?" To date, mechanisms have been proposed, which ex-
plain this behavior, including: (i) transition metal enrichment from
impurities,?®° (ii) particle enrichment to the oxide layer?6°3! and
(iii) Al redeposition.*°

Evidence of cathodic activation has been noted to aso be influ-
enced by cathodic sites upon the Mg sample surface, namely inter-
metallic particles (IMPs) and impurities.*®26%2 However, it has also
been demonstrated that most of the hydrogen evol ution reaction (HER)
on corroding Mg-alloys occurs at the anodic front (i.e. the sites of
active dissolution).?! The dissolution of Mg at these sites has been
observed to develop as dark regions which propagate through the a
mechanism with filiform-like morphology typically cited on many Mg
aloys, including AZ31 and AM30.%2%% The Mg-alloy corrosion rate
was also found to correlate with the percent area of these dark, cor-
roded regionsin chloride environments.>** Rapid HER on Mg-alloys
was also correlated with increased corrosion or cathodic activity at
these dark sites.?®?' Furthermore, this enhanced cathodic activity on
the surface can occur due to Al akaline corrosion and subsequent
chemical redeposition as well as transition metal enrichment from
impurities.?22° Al can be dissolved due to cathodic or akaline disso-
lution of Al-rich IMPsdueto alocal pH increase during galvanically
induced corrosion, enabling the Al — AIO,~ and/or Al — Al,O3

Table |. Open circuit potential for various Al containing

IM PS.1’16'42’43
Open Circuit

IMP Solution Potentia (Vscg)
Commercia purity Mg 0.1 M NaCl —155
Commercial purity Mg 0.6 M NaCl —1.65
Commercial purity Mg 5M NaCl -1.67
AlgMn 0.85 M NaCl + Mg(OH); —-152
AlzMn 0.85 M NaCl + Mg(OH), —1.45
AlgMns 0.85 M NaCl + Mg(OH), -1.25
Mgi7Al12 0.85 M NaCl + Mg(OH), -12
Mgi7Al12 0.1 M NaCl -1.2
AlgMnsFe 0.85 M NaCl + Mg(OH), -12
AlsMn 0.85 M NaCl + Mg(OH)2 —1.15
AlgMn(Fe) 0.85 M NaCl + Mg(OH); -11
High purity Al 0.6 M NaCl -1.0
Alg(MnFe) 0.85 M NaCl + Mg(OH), -1.0
AlsFe(Mn) 0.85 M NaCl + Mg(OH), —0.95
AlsFe 0.85 M NaCl + Mg(OH), —0.74
MgoAl3 0.85 M NaCl + Mg(OH), —-1.18
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reaction when thermodynamically possible at IMPs.*%353% As these
Al-rich particles corrode, they can be enriched within the metal ox-
ide layer.?6:303237 gch selective dissolution of Al would constitute
dealloying, and during this dealloying process, the Al-Mn particle
(AlgMns in most cases) is able to transform to Mn-O oxide (such as
Mn30,).%° This transformation or dealloying process has been noted
and empirically shown el sewhere. 3% Foll owing sel ectivedissol ution,
Al can then redeposit upon the Mg-alloy surface. The redeposited al-
loying elements can enhance the rates of HER.%

The objective of the present work was to analyze how the size,
area fraction and distribution of Al-rich IMPs impact the corrosion
rate of Mg-Al aloys. In arelated study exploiting the heat-treatment
of AZ31B (3 wt% Al, 2 wt% Zn, 1 wt% Mn, bal. Mg) to vary parti-
cle size and spacing, it was found that small reactive particles were
more detrimental to the corrosion rate than larger particles.® In this
study, the Al-Mn particles were 0.1-0.8 um in diameter and spaced
10-30 wmwhile the Al-Mn-Fe particles were 5-10 wm and spaced at
greater distances (50 wm-100 m) from center-to-center, depending
on heat-treatment.>® However, heat-treatment could change other fac-
tors such as grain size, IMP composition and even the a-Mg matrix
composition. It was noted that the area and volume fraction of these
IMPs remained approximately the same for each heat-treatment time
and temperature.*® To better understand the effect of IMP size and
distribution, without influence from other metallurgical characteris-
tics, model Mg-Al arrays were utilized. These model samples were
developed considering these particles as arrays of high cathodic, Al
electrodes embedded in the anodic Mg matrix. The model alloyswere
constructed using high purity Al electrodes as a surrogate for Al-rich
IMPs. It is aso important to emphasize that the model alloys herein
aresimplified so that the spacing and areafraction of Al can bealtered,
without the simultaneous alteration of matrix Al-content or the IMPs.
This is an important distinction, as the present study aims to focus
upon the corrosion kinetic factors as a function of cathode size and
geometry. Thisis different to studying the role of Al-content, which
has been summarized recently elsewhere.

Experimental

Materials—Extruded commercialy pure Mg rod (99.9%) was
supplied by Alfa Aesar as well as 99.999% Al and 99.99% Fe elec-
trodes (varying in diameter from 1 mm to 0.25 mm). Only the Al
electrode arrays were anayzed within the full anaysis, however a
brief comparison of the corrosion morphology due to electrode com-
position is discussed. The composition of the commercially pure Mg
is reported in wt%, as provided by QUANT (Quality Analysis and
Testing Corporation) (0.01% Al, 0.01% Mn, 0.01% Zn, 0.021% Si,
0.005% Cu, 0.001% Ni, 0.006% Fe and Mg Bal). The bare electrodes
were prepared by successive grinding with silicon-carbide paper and
rinsing with ethanol to a fina grit of 1200 prior to testing. Compo-
sitional analysis did not detect any Al redistribution during sample
preparation (before electrochemical testing).

Model samples for intermetallic particle size and distribution.—
Model Mg-Al arrays were developed with flush mounted pure Al
electrodes embedded in commercia purity Mg (Figure 1) with vari-
ations in the area fraction of Al electrodes as well as variations in
the electrode size and spacing to test these characteristicsin isolation,
without concern of influence from outside metallurgical character-
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istics (i.e. grain size, IMP phase transformations, material residual
stresses) which may affect the intrinsic corrosion rate. Al wires of
various diameters were embedded in holes on the Mg surface that
were approximately the same size as the Al wires. No crevice corro-
sion was observed at the Mg/Al interface.

A typical range of dissolution of reduction kinetics for various
Al-containing IMPs seen in Mg alloys.?® High purity Al has been
chosen as a surrogate because it has a measured OCP (—0.9 Vgc)
within the range of electrochemical potentials for some of the Al-
containing IMPs in Mg, in comparison to the commercial purity Mg
matrix (—1.65 V) as detailed in Table |. For the purposes of this
analysis, it is assumed that the pure Al electrode will behave similar
to AlyMny IMPs/ 164142

To test differences in the corrosion kinetics with area fraction, 1
mm diameter Al electrodes were embedded in the Mg with differ-
ent area fractions of high purity Al, brought about by increasing the
number of Al electrodes (of equivalent diameter) in the Mg. The cor-
rosion kinetics of the entire array were compared to the as-received
Mg corrosion rate, as previously reported for 0.6 M NaCl at OCP*
The variation in the electrode area fraction, diameter and spacing
are reported in Table I1. The variation in the corrosion kinetics with
electrode size were tested using Al electrodes with varying diameters
(2 mm, 0.5 mm and 0.25 mm) while retaining the same area fraction
of Al (Tablel). Thisrequired using a different number of electrodes,
embedded in the Mg, depending on the electrode diameter. The spac-
ing of these electrodes was varied from 3 mm to 7 mm to test how
the electrode spacing altered the corrosion kinetics. The Al elec-
trodes were shorted to the Mg such that the sample was one planar
electrode.

Model samples were analyzed with scanning electron microscopy
(SEM) using a FEI Quanta 650 microscope to determine the composi-
tion of any Al-containing oxides at the electrode edge. Compositional
analysis was performed using energy dispersive spectroscopy (EDS)
methods* on the as-corroded specimens with full consideration of
the ZAF corrections (Z is the atomic number correction, A is the ab-
sorption correction and F is the fluorescence correction) on the Aztec
softwaretool.* Images were recorded at aworking distance of 10 mm
while operating at an accelerating voltage of 5 kV. The extent of cor-
rosion damage was determined using the ImageJ software package.*®
3D images were also obtained using a Hirox optical microscope to
determine the depth of corrosion where the ASTM G1-03 standard
chromic acid solution (200 g/L CrO3) was used to remove any corro-
sion product.*® The 3D profile of the corrosion damage was profiled
using the MountainMaps software package.*’

Corrosion rate determination.—Array electrodes were exposed
at OCPin 0.6 M NaCl in ambient conditions for 24 hours with inter-
mittent electrochemical impedance spectroscopy (EIS) measurements
taken at frequencies from 10 kHz—10 mHz. The pH of this solution
was initially ~5.3 and was measured to be ~11 after 24 hours. EIS
scans were analyzed and fit using the software program ZView to an
equivalent circuit, seen in Figure 2. The relative corrosion rate was
determined using the polarization resistance, R, where the corrosion
rate, icor o 1/R,:448

1 1 1
= + o [y
R, Ri+R:  Rs

Figurel. Model sample designs indicate varying the Al-electrode diameter while retaining the same total Al area fraction. Samples were also created with
variationsin the areafraction by adding more electrodes at the same diameter and spacing. The electrode spacing was varied from 3to 7 mm. Al used was 99.999%

pure metal basis, whilst Mg matrix was commercially pure.
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Tablell. Design of model Mg-Al alloyswith variationsin the area fraction of Al electrodes embedded in Mg. Variationsin the electrode size and

spacing. Aluminum is99.999% pure metal.

Number of Al Electrode Al Electrode Areaof Areaof Al Area
electrodes Diameter (mm) Spacing (mm) Mg (mm?) Al (mm?) Fraction
- - — 791.7 - - -
1 12 - 790.9 0.785 0.001 Vary Al Area
2 12 5 790.1 1.590 0.002
3 1@ 5 789.3 2.390 0.003
4 1@ 5 788.5 3.190 0.004
4 0.5bc 3 790.9 0.785 0.001 Vary Spacing
4 0.5° 4 790.9 0.785 0.001
4 0.5° 5 790.9 0.785 0.001
4 0.5¢ 6 790.9 0.785 0.001
4 0.5b¢ 7 790.9 0.785 0.001
16 0.25P.¢ 3 790.9 0.785 0.001 Vary Spacing
16 0.25° 4 790.9 0.785 0.001
16 0.25¢ 5 790.9 0.785 0.001
16 0.25¢ 6 790.9 0.785 0.001
16 0.250¢ 7 790.9 0.785 0.001

aDiscussed in Figures 5-7.
bDiscussed in Figures 8-10.
®Discussed in Figures 11-13.

Ri, Rz, and R; are the respective resistance values where R; and
R, are in series and both are in parallel with R;. The experimental
setup consisted of a three-electrode electrochemical flat cell with a
1 cm? samplewindow. For simplification, only EIS determined R, was
determined asit has been shown previously to yield similar corrosion
rates as determined from hydrogen evolution, inductively coupled
optical emission spectroscopy solution analysis and gravimetric mass
loss. 24348 A Pt mesh was used as a counter €lectrode and a saturated
calomel electrode (SCE) was used as the reference electrode. The
Bode magnitude and phase plots are typical fits, determined through
at least three replicates.

Cathodic kinetics were determined in unbuffered 0.6 M NaCl and
buffered tris(hydroxymethyl)aminomethane (TRIS) for 3, 24 and 48
hours at OCP, which is followed by a cathodic potentiodynamic po-
larization scan ranging from 0.5 V above OCP to —2.3 Ve be-
low OCP in a downward sweep at a rate of 1 mV/second. At least
three cathodic polarization curve replicates were run with the av-
erage cathodic current density, i., (as determined at —1.8 Vcg)
reported.

The galvanic current between Mg and Al were determined using
azero resistance ammeter (ZRA) in aflat cell.*>® The samples were
coupled with the Mg as the working electrode (WE) and Al as the
counter electrode (CE). The cathode to anode ratio was varied from
2:1, 1:1 and 1:2. The Mg anode size remained the same while the
Al cathode was increased to examine how the cathode area affected
the corrosion current density. The effect of the anodic polarization
induced by galvanic coupling of the Mg in close contact with Al-
rich phases was determined through potentiostatic polarization at the

Figure 2. Equivalent circuit used to model pseudo-inductive electrochemical
impedance response on corroding Mg in 0.6 M NaCl.

Mg-Al galvanic couple potential (—1.63 Vcg) for 24 hoursin 0.6 M
NaCl.

Variation in the pH of the solution was examined using a universal
pH solution on aMg-Al array embedded with one 1 mm Al electrode.
A thin layer of the 0.6 M NaCl solution (initial pH ~5.3) and 0.1 M
TRIS (pH ~7) was deposited on top of the sample and | ft for approxi-
mately 10 minutes. Local pH was established quickly. An approximate
value for the local pH levels on the surface was determined from a
universal pH standard.

Results

Imaging of the effect of intermetallic particle material on gal-
vanic corrosion.—Samples with the same area fraction of electrodes
(each spaced 5 mm from center-to-center) were immersed at OCP in
0.6 M NaCl for 3 hours to examine the corrosion morphology. Sam-
ples with the same area fraction and electrodes measuring 0.25 mm
and 0.5 mm showed slightly more localized corrosion at the electrode
and somewhat non-uniform corrosion across the electrode surface
(Figures 3a-3b). However, samples with one 1 mm electrode had
more localized corrosion at the Al-Mg interface with less corrosion
farther away from the electrode (Figure 3c). Concerning Fe model
electrodes in comparison to Al, the Mg area around the Al electrode
affected by corrosion was approximately 750 p.m while the corrosion
area around the Fe electrode was approximately 1500 pm (Figures
3c—3d). The depth of the corrosion attack was similar at 600 pum +
300 wm in most cases. It was observed, on the 1 mm diameter wires
(Figures 3c—3d) therewas a*“zone of exclusion” wherethere waslittle
to no corrosion attack. Thisis most likely due to the variation in the
pH gradient away from the Al and/or Fe electrode. The effect of pH
on corrosion will be discussed.

As the area of the Al increased, in an Al:Mg galvanic couple,
the galvanic couple current density and galvanic couple potentia in-
creased (Figures 4a—4b). Typical potentiostatic data of Mg over a 24
hour period, taken by applying the galvanic couple potential (—1.43
Vce) indicated a net anodic charge with time (Figure 4c). The net
anodic current decreased around approximately 100 to 1000 seconds
during polarization to —1.43 Vscg which implies an inhibition in the
anodic dissolution reaction rate or an increase in the cathodic reaction
rate. Thisistrend correlates with a net anodic current decrease found
at smilar anodic potentials on commercial purity Mg undergoing
anodically induced cathodic activation.?
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Figure 3. Variation in the 3D corrosion morphology for Mg electrode arrays with various electrode diameters and array electrode materials. Samples were
immersed in 0.6 M NaCl for 3 hrs at OCP and cleaned with chromic acid (CrOz) to remove any oxide product. &) 0.25 mm Al electrode, b) 0.5 mm Al electrode,
¢) 1 mm Al electrode and d) 1 mm Fe electrode. All samples retained the same area fraction of electrodes, although only one electrode is shown.

EISof Mg-Al electrode arrays.— Effect of electrode area fraction
for a fixed diameter and spacing on the corrosion rate—Figure 5a
contains the Bode magnitude and phase plots for the commercial
purity Mg, embedded with increasing area fractions of high purity
Al electrodes, as described in Table Il for samples in 0.6 M NaCl.
The Al electrodes in each case had a diameter of 1 mm and were
spaced 5 mm apart from center-to-center. The capacitive elements
were adequately represented by conventional capacitors, as opposed
to constant phase elements, and experimental EIS data had a good fit
where the error% (of the fit, as designated as the ZView output) was
estimated at less than 20% for each run. The as-received commercial
purity Mg had the highest measured frequency dependent impedance
and lowest 1/R,.** The relative corrosion rate was determined for
each area fraction over the full 24 hour immersion as /R, (Figure
5b) where 1/R,, increased with the area fraction of Al.

It is similarly shown that the cathodic kinetics of the system in-
crease with Al areafraction (Figures 6a—6b) in 0.6 M NaCl. However,
even though /R, increased by afactor of 4 (Figure 6b), the increase
in the cathodic kinetics, assessed at —1.8 V scg, was by several orders
of magnitude. The cathodic kinetics for samples immersed in 0.1 M
TRIS displayed very little variation with increasing Al area fraction,
with only a slight increase brought about by the addition of Al to the
electrode (Figure 7b). Thisis characteristic of this electrolyte, which
displays little to no cathodic activation.*”

Effect of electrode diameter on the corrosion rate—The effect of
electrode diameter and spacing, with constant Al areafraction, on /R,
is shown in Figure 8 for 0.6 M NaCl for two electrode spacings and
three electrode diameters. The spacing of the electrodes was varied
between 3 mm to 7 mm while the wire diameters were 0.25 mm,

0.5 mm and 1 mm. The number of wires embedded in the Mg was
varied to yield a constant area fraction (Table 1). The Mg-Al array
with 16 Al electrodes, each with a 0.25 mm diameter, had the lowest
measured R, and therefore the highest relative corrosion rate (1/Rp).
TheMg-Al array with 1 Al electrode, measuring 1 mmin diameter, had
thelowest overall 1/R;, (Figure8). Thecathodickinetics, asdetermined
at —1.8 Vg, increased with decreasing Al electrode size (Figure 9)
in 0.6 M NaCl, given the samevariationsin Al. However, the cathodic
kinetics in 0.1 M TRIS were approximately the same for al Al—
containing samples (at constant Al areafraction) and greater than that
of Mg (Figure 10). In summary, closely spaced, small electrodes had
the highest reaction rate in chloride-containing environments, given
the same area fraction of Al (as larger electrodes), but little variation
was detected in the non-chloride containing environment.

Effect of electrode spacing on the corrosion rate—The variation
in the electrode spacing, with constant Al diameter and area fraction,
on corrosion rate and cathodic kinetics are shown in Figures 11 and
12 for 0.6 M NaCl. Plotted as a function of 1/R, (Figure 11), the
relative corrosion rate increased with decreasing electrode spacing
for a fixed Al electrode diameter and area fraction. A typical set of
cathodic polarization curvesfor Mg electrodesembedded with 0.5 mm
electrodes with different electrode spacings are shown in Figure 12a
in 0.6 M NaCl. The cathodic kineticsin 0.6 M NaCl, as determined at
—1.8 Ve (Figures 12b-12c) revealed that, as the electrode spacing
increased (for afixed Al electrode areafraction), the rate of the HER
decreased for both 0.5 mm and 0.25 mm electrodes. A typical set of
cathodic polarization curvesfor Mg electrodesembedded with 0.5 mm
electrodes with different electrode spacings are shown in Figure 13a
in 0.1 M TRIS. The cathodic kineticsin 0.1 M TRIS, as determined
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Figure 4. a) Galvanic potential and b) galvanic current density of Mg-Al cou-
plein0.6 M NaCl witha2:1, 1:1 and 2:1 Cathode:Anoderatio. c) potentiostatic
polarization of 99.9% commercial purity Mg over 24 hrsin 0.6 M NaCl taken
at the galvanic couple potential of Mg to Al (—1.43 Vscg).

at —1.8 Ve (Figures 13b—-13c) were approximately the same for all
electrode spacings but was consistently greater than that observed for
Mg without Al electrodes.

Variation in pH with surface location.—The variation pH with
surface location was determined in a thin film environment for both
0.6 M NaCl and 0.1 M TRIS (Figures 14a-14c). A key for the pH
measurement, as determined by a universal pH indicator, is contained
in Figure 14a. The region directly above and adjacent to the Al elec-
trode became highly alkaline (pH ~11), according to the universal pH
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Figure5. a) Bode phase and magnitude plot and b) EIS determined polar-
ization resistance for commercial purity Mg embedded with increasing area
fraction of 1 mm diameter high purity Al electrodes, each spaced 5 mm apart.
Data shown along with respective fits was taken following 24 hour immersion
in0.6 M NaCl at OCP.

indicator, inthe 0.6 M NaCl (Figure 14b). Spreading of high pH away
from the Al electrode was observed immediately after the universal
pH solution was added (Figure 14c). However, in the buffered, 0.1 M
TRIS environment, therewasmuch lessvariationinthepH, indicating
that the TRIS buffer retainsapH of ~7-8, evenin therapidly dissolv-
ing Mg-Al environment (Figure 14d). From SEM and EDS analysis
of the Al electrode and the corroded interface in 0.6 M NaCl, the
largest amount of dissolution occurred at this interface (Figure 15a).
The oxide formed during dissolution contains Al (Figure 15b).

Discussion

Effects of a potential distribution field at the electrode interface
on thecorrosion rate—The resultant, accel erated corrosion dueto an
array of cathodic phases embedded in Mg was assessed. The extent of
corrosion attack was dependent on the electrode material embedded
in a-Mg matrix, where Fe was much more active than Al (Figure 3).%6
The relative global corrosion rate, assessed by 1/R,, aong with the
corresponding cathodic kinetics, wereeval uated (Figures5-13). When

Downloaded on 2017-03-15 to IP 128.143.68.74 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



C900
a)
-1.64
-1.7 4
~~
]
@)
%)
> -1.84
N
L
-1.9| —@— Commercial purity Mg (0 mm’Al)
—— 1 mm-1 wire (0.785 mm°Al)
—@— 1 mm-2 wire (1.590 mm°Al)
—A— 1 mm-3 wire (2.390 mm°Al)
—¥— 1 mm-4 wire (3.190 mmzAI)
107 10° 10° 10" 10° 10®* 10" 10°
. 2
i (A/cm?)
b)
2
Area of Mg Electode (mm”)
792 792 791 791 790 790 789 789
J7 T T T T T T T T T T T T
A
10°+
i |—®—3hrs A u
—m—24 hrs ./
1 —A—48 hrs
10»1_E | ] E
Fa T x
5
1074
g/ i pure Mg l/
_o ]
1073'5 /
1014 T

T T T T T T T T T T T T

0.0 0.5 1.0 1.5 2.0 25 3.0 35
2
Area of Al Electrodes (mm”)

Figure 6. a) typical cathodic polarization curves and b) variation in cathodic
kinetics of the HER represented by i; as a function of the area of high purity
Al electrodes embedded in Mg with increasing area of 1 mm diameter high
purity Al electrode(s), each spaced 5 mm apart. Al electrodes with different
areafraction from 1 Al electrodeto 4 Al electrodes embedded in Mg. Cathodic
kinetics were determined from cathodic polarization at —1.8 Vscg after 3, 24
and 48 hour holds at OCPin 0.6 M NaCl solution.

Al was embedded in Mg, the potential was likely elevated in a zone
aroundthe Al electrode. Thispotential elevation, dueto each electrode
in the array, will increase the corrosion rate of Mg initsvicinity. The
variation in the extent of corrosion can be understood by considering
the potential distribution around a single cathodic electrode using
an analytical solution of the Laplace equation.5>%? Consider the case
where the radius of an electrode or cluster of electrodes is d, the
polarization resistance of the aloy is R, (as determined from EIS
measurements®), E. is the OCP for the electrode, E,, is the OCP of
the matrix, p isthe solution resistivity, d is the electrode diameter and
r is the radia distance from the edge of the electrode. In this case,
the elevated potentia distribution with radial distance (E(r)) can be
described using Equation 2.5

E() = E ~ (En— E)exp [—(g‘;d)r} 2
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Figure 7. Variationin cathodic kinetics asafunction of the areaof high purity
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mm high purity Al electrodes, each spaced 5 mm apart. Al electrodes with
different area fraction from 1 Al electrode to 4 Al electrodes embedded in
Mg. Cathodic kinetics determined from cathodic polarization curves taken at
—1.8 Ve dfter 3, 24 and 48 hour holdsat OCPin 0.1 M TRIS solution.
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Figure 10. Variationin cathodic kineticswiththe Al electrode diameter. Com-
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Figure 11. Variation in polarization resistance with electrode spacing for a)
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ded in commercia purity Mg. The area fraction of high purity Al electrodes
was kept constant at 0.001 by retaining an area of 790.9 mm? of commercial
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The E(r) estimated via Equation 2 is plotted in Figure 16 for
both an Al and a Fe electrode. It is clear that E(r) is elevated for a
radia distance of ~2000/4000 . m. The potential distribution around
the electrode, E(r), may trigger (anodic dissolution induced) cathodic
activation of the nearby Mg-matrix in this zone, as is seen in many
Mg-alloys?®2232 - with corrosion initiation and propagation proximate
to cathodic electrodes. For electrodes with different compositions but
the same area fraction and electrode size, as presented for both Al
and Fe electrodes in Mg (Figure 3), it was observed that the affected
radial zone around the Fe electrode was larger than that around the Al
electrode because the Fe electrode is a‘ stronger cathode’, whereby it
hasmorerapid HER kineticsfor agiven cathodic potential . Equation 2,
al so showed that E(r) around a Fe electrode was larger than around an
Al electrode - with E(r) increasing with increasing electrode diameter
for both electrode compositions (Figures 16a—16b).

However, when the number of electrodes was varied but the area
fraction and composition of these electrodes remained constant, the
analysis can become more complicated as a multitude of electrodes
must be accounted for. Under the premise that the amount of anodi-
cally induced cathodic activation (occurring due to Al redistribution
of transition metal enrichment at the particle interface?®??) can be de-
termined through considering the sum of all anodically induced zones

Journal of The Electrochemical Society, 163 (14) C895-C906 (2016)

a)
-1.3
—&— Commercial purity Mg (0 mm?Al)
1.4 —#— 0.5 mm-3 mm spacing-8 wires (0.785 mmzAI)

—— 0.5 mm-4 mm spacing-8 wires (0.785 mmzAI)
—&— 0.5 mm-5 mm spacing-8 wires (0.785 mmAl)
-1.5 —w—0.5 mm-6 mm spacing-8 wires (0.785 mm°Al)
0.5 mm-7 mm spacing-8 wires (0.785 mmzAI)

— -1.6-
L
O 4
%]
S 17
L
-1.84
-1.9
-2.0 4
107
b)
103
. —e—3hrs
—m— 24 hrs
A\ —A— 48 hrs
1073 T\f\;‘
] N
o
% 1073
1073
4 T T T T T T T T T
10 3 4 5 6 7
Electrode Spacing (mm)
o
10° 3 :
—e— 3 hrs
—u— 24 hrs
—A— 48 hrs
-1
107y &
4 \‘\
—
I \‘

/
/

10° — \

10" T T T T T T T T T
3 4 5 6 7

Electrode Spacing (mm)

Figure 12. Variation in cathodic kinetics with the Al electrode spacing. Com-
mercial purity Mg embedded with high purity Al electrodes of different diam-
etersfrom 1 mmto 0.25 mm. The areafraction of high purity Al electrodeswas
kept constant at 0.001 by retaining an area of 790.9 mm? of commercial purity
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a) 3 mm. Cathodic current density was determined from cathodic polarization
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Figure 13. Variation in cathodic kineticswith Al electrode spacing. Commer-
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Mg and 0.785 mm? of high purity Al. Typical cathodic polarization curves for
a) 3 mm. Cathodic current density was determined from cathodic polarization
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(AA1?) around the electrode by relating it to the number of electrodes,
N, the extent of anodically induced cathodic activation acrossan entire
sample surface with multiple electrodes can be approximated by:

AAIZ = T[(rzone)z (N) [3]

Where N is the number of electrodes or, in the case of the Mg-Al
arrays, the number of Al electrodes embedded in Mg and r,one~E(r)
where potentia is elevated. With the same area fraction (but different
numbersof electrodes, N), thereisadecreaseinthe E(r) viaEquation 2
onthe samplesurfacefor agiven electrode size, asdetermined for 0.25
mm, 0.5 mm and 1 mm diameter electrodes (Figure 17). However, N is
much greater such that the smaller value of 1,0 iSmore than compen-
sated for by the increase in N when there are many small electrodes.
This means that the overall AA'? on the sample is much higher for
those samples with more electrodes containing on the sample surface.
From the 3D corrosion morphology of at the Mg/Al electrode inter-
face (Figure 3), alocalized corrosion morphology was seen for the 1
mm electrode case, while a non-localized, more spread out corrosion
morphology was seen for the 0.25 and 0.5 mm electrode cases due to
the presence of multiple electrodes (to retain the same area fraction).
This reflects AA'? increasing for small electrodes (Figure 17).

The effect of the electrode area fraction on the EIS determined
corrosion rate and the cathodic kinetics determined from polarization
testing was also observed in 0.6 M NaCl (Figures 5-6). As the area
fraction of electrodesincreased, the corrosion rate similarly increased
in0.6 M NaCl Asmore cathodic Al el ectrodeswere embedded into the
Mg, therewere more cathodically activated regions (leading to alarger
overall AA'Z), as seen in Figure 17. As the area of the Al increased
and the area of the Mg decreased which led to more galvanic attack
since the Al electrodes function as active sites for the HER. This
trend has been previously noted for Mg-Fe galvanic couples where
the corrosion rate dramatically increases with an increasing Fe:Mg
ratio.> The galvanic couple current density and potential are seen
to increase with cathode:anode ratio (Figures 4a—4b). The galvanic
potential between Mg and Al is more positive in comparison to the
OCP of Mg, therefore polarizing the Mg sample anodically. Such a
scenario is similar to the case when the Mg sample is held at —1.43
V sce for 24 hrs (Figure 4c). Enhanced catalytic activity on the sample
surface would be expected. This is particularly important because,
while the AA'Z area is about ten times larger, the increase in the
cathodic kinetics is on the order of 1000 times larger. Therefore,
the effect of the Al redistribution, as well as the enhanced cathodic
activity (dueto metal enrichment from impurities?®2°), both increased
the overall cathodic reaction rate dramatically as seen in Figure 7b.

As the electrode size increases, with the same area fraction, there
are fewer electrodes for cathodic activation (Figures 8-10). But the
radius of the potential distribution around the electrode E(r) extends
to larger r (Figure 16). However, E(r) fields do not overlap asthe spac-
ing between electrodes becomeslarger than rq,e. Thisis corroborated
through Figures 11-13, where the corrosion rate and cathodic kinetics
decreased within increasing electrode spacing. Typically during pro-
cessing, as the electrode size increases, the spacing also increases.®®

Effect of AIO, dissolution and redeposition on corrosion
rate.—The dramatic increase in the measured cathodic current den-
sity with increasing area fraction is larger than alinear multiplication
factor with respect to the Al area (Figures 5-7). It is proposed that
the increase in the Al electrode area enhances cathodic activity due
to both transition metal enrichment from impurities and Al cathodic
corrosion and redistribution on the sample surface. At intermediate
pH, the dominant reaction is the formation of Al oxide in the solid
state:>

Al + 3H,0 — Al,Os (3 + 6H* + 66~ [4]

However, local akalization of the surface occurs at the Mg/Al inter-
face to pH~11 (as shown in Figures 14b-14c), resulting in:

Al +2H,0 — AlO; +4H" + 3e™ [5]
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Figure 14. a) Key for pH colors as detected by universal pH indicator. Variation in the pH distribution with exposure environment for b) 0.6 M NaCl (starting
pH~5.3) immediately after adding the pH indicator, c) 5 minutes after adding the pH indicator and d) pH distribution in 0.1 M TRIS (starting pH~7).

The Nernst potentials for each of these reactions at pH = 11 are
—2.44 Ve and —2.50 Vsce (assuming an AlO, concentration of
106 M) which is much lower than the OCP of pure Mg (—1.63
Vce). According to the Al Pourbaix diagram® and knowledge of
the thermodynamics of the system that Equation 4 is the dominant
reaction when in near neutral solutions while Equation 5 is dominant
in strongly akaline (pH > 11) solutions. The redistribution of the
Al to the surrounding oxide is seen through EDS (Figure 15). The
movement of the AlO; away from the el ectrode createsacomposition
gradient which will increase the corrosion rate as the AlO;, spreads.
This spreading is caused by the convection from the HER reaction,
aswell asthe variation in the pH at the Mg/Al electrode interface in
comparison to above the Mg.

The concentration gradient, C(r), of the AlO; by diffusion released
in solution from the IMP can be plotted assuming a one-dimensional
radia diffusion from a spherical electrode according to:

cn d r—d

— = |efc| —= 6

Cmp T [ (2@)] R

Where Cyyp isthe concentration of dissolved AlO; at theelectrode

(assumed to be 1 M), d is the diameter of the electrode, r is the
radial distance away from the electrode, D is the diffusion coefficient
of AlO; in H,O 1.0 x 10~ m?/s, erfc is the complementary error
function and t isthetime. For r > d a concentration gradient is shown
for the assumptions that C(r)/Cyp < 1 and for r < d C(r)/Ciyp = 1.
The concentration gradient, in the case of quiescent solution, after 3
and 24 hours in shown in Figure 18. Additional AlO; transport by
convection due to H, gas evolution at the Al/Mg interface has been
excluded for thisanalysis. Theradial distance outward wasnormalized
(r/d); therefore, al the concentration gradients overlay one another.
The concentration gradient approaches 0 at r/d = 10, therefore the
electrodes can transport AlO, over aradia distance approximately
10timesaslargeastheir diameter in quiescent solution dueto vigorous
HER.

This zone functions as the location for cathodic activation in Mg
alloys and corrosion initiation due to the Al redistribution as well as
transition metal enrichment.22° |n aunbuffered chloride environment,
the alkaline shift at these electrodes can lead to higher rates of AlO;
dissolution and possible Al redeposition away from the electrode. The
effect of pH in the chloride-containing environment was measured
using a universal pH indicator (Figure 14) in 0.6 M NaCl, where a
large akaline shift at the Al electrode was observed, which could
lead to AlO; release according to the half-cell reaction in Equation
5. Spreading of this pH indicator, likely dueto stirring from the HER,
can encourage redistribution of the Al along the surface. According
to the Al Pourbaix diagram, at a pH above ~9 the Al will begin to
corrode according to Equation 5. Thisis reflected in Figure 3 where
an area around the Al particle has corroded due to this higher pH
gradient. Areas around the particle which have not corroded would
similarly have not seen a pH above ~9 and were less affected by the
COIrosion Process.

However, in the chloride-free buffered environment, 0.1 M TRIS,
little variation in the cathodic kinetics were seen for variations in
the electrode area fraction, size or spacing (Figures 7, 10 and 13).
It has been previoudly illustrated that little to no cathodic activation
upon anodic polarization occurs in this environment.'® At a buffered
pH of ~7-8 in this solution there is a lack of the thermodynamic
possibility of Al — AlO; , asthedominant half-cell reaction produces
Al,O3. However, Al will still act as a microcathode on the sample
surface where the HER can readily occur. At apH of ~7 inthe buffer,
neither the Al or the Mg passivates. Instead, the dominant reaction
is the dissolution of Mg (for all samples) and this is seen to control
the corrosion rate. This is characterized by the equivalent cathodic
reaction rates for all Al-containing samples at the same Al arearatio
inthe 0.1 M TRIS solution (Figures 7, 10 and 13). It is interpreted
that corrosion is already very fast on the Mg surface, given the lack of
oxide and the HER rate is high on bare Mg (Figure 6a). A secondary
effect isthe lack of an Mg(OH); film in TRIS which leads to a faster
corrosion rate and little to no metal enrichment within this hydroxide

Figure 15. a) Corrosion product around Al electrode embedded in Mg, b) Al distribution after corrosion and c) Mg EDS after corrosion in 0.6 M NaCl.
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electrodes. All samplesretained the same area fraction of Al electrodes on the
sample surface.
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film can occur.’® This could also lead to less cathodic activation with
tl me.26,28,32

Conclusions

1. For the Mg-Al model aloys studied, the cathodic kinetics and
open circuit corrosion ratewere shown toincreasewithincreasing
areafraction of Al electrodes; as determined from EIS aswell as
DC cathodic polarization curves. Theincreasein cathodic kinetics
providesarationalization asto the mechanistic origin of increased
corrosion rate; however it merits comment that theincreasein the
corrosion rate determined through the EIS method, was smaller
than seen during cathodic polarization.

2. For afixed area fraction of Al electrodes embedded in Mg, the
cathodic kinetics and corrosion rate decrease with larger elec-
trodes and increasing electrode spacing - due to less overlap of
both galvanic potential and AlO, chemical concentration fields
in 0.6 M NaCl.

3. Inthe case of decreasing the Al electrode size, whilst maintain-
ing the same total area fraction of Al, it was found that overall
cathodic kinetics and corrosion rate increased indicated by sig-
nificant increases in ic (—1.8 Vsce) as well as 1/R,. This was
an important finding, as it can be rationalized that with smaller
electrode sizesyet the same area fraction, morefast cathodic sites
exist in the array and therefore more sites for cathodic activation
develop at the electrode/Mg interface and in the zones of ca
thodic activation created around Al-rich IMPs. This accounts for
enhance corrosion kinetics and cathodic HER kineticsin the case
of small, closely spaced Al electrodesin a Mg matrix. This con-
clusion is supported by a closely related study involving Al-rich
IMPs whose size was varied by heat-treatment.>®
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The fourth sentence in the caption for Figure 9, on page C901,
should read:

“a) Typica cathodic polarization curves for 3 mm spacing,
b) 3 mm spacing, and c) 7 mm spacing.”

The fourth sentence in the caption for Figure 10, on page C901,
should read:

“a) Typica cathodic polarization curves for 3 mm spacing,
b) 3 mm spacing, and ¢) 7 mm spacing.”

The third sentence in the caption for Figure 12, on page C902,
should read:

“Typical cathodic polarization curves for
diameter.”

a 05 mm

The second sentence in the paragraph directly below Eq. 3 on page
C903 should read:

“With the same areafraction (but different numbers of electrodes,
N), there is a decrease in the E(r) distribution via Eq. 2 on the smale
surface for a smaller electrode size, as determined for 0.25 mm, 0.5
mm, and 1 mm diameter electrodes (Fig 16).

Figure 17 on page C905 is replaced with:
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