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Quantifying the Role of Transition Metal Electrodeposition in the
Cathodic Activation of Corroding Magnesium

E. Michailidou, ®* H. N. McMurray,* and G. Williams

Materials Research Centre, College of Engineering, Swansea University, Bay Campus, Crymlyn Burrows, Swansea
SAI 8EN, United Kingdom

High purity (80 ppm iron) magnesium immersed in aqueous sodium chloride solution exhibits a filiform pattern of localized corrosion
in which hydrogen is evolved at local (filament head) and remote (filament tail and uncorroded surface) cathode sites. Transition
metal cations in solution are shown to significantly accelerate rates of corrosion, principally by activating (catalyzing) the remote
cathode sites. The degree of activation is cation concentration dependent and efficiency increases in the order Mn?* < Fe?t < Zn%**
< Cu?*. It is proposed that activation occurs as a result of transition metal electrodeposition through a displacement reaction. It is
also shown that precipitation of insoluble transition metal (hydr)oxides through time-dependent cation hydrolysis competes with,
and reduces the efficiency of, electrodeposition-induced cathodic activation.
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It has been shown elsewhere that magnesium and magnesium al-
loys typically follow a corrosion behavior in which the dissolution
of magnesium results in a surface which exhibits enhanced activity
for the cathodic hydrogen evolution reaction (HER).'= It has also
been shown that this effect can be produced when magnesium dis-
solves through anodic polarization."> Furthermore, it has been
proposed that the surface enrichment in trace transition metals, such
as Cu and Fe, contribute to enhanced cathodic activity in corrod-
ing magnesium.'>15 Such transition metals inherently possess a
considerably higher electrocatalytic activity for the HER, Equations
1-3, than does magnesium.'® Calculations based on Density Func-
tional Theory (DFT) have shown that the re-combination of surface
adsorbed hydrogen atoms (Eq. 2) is the rate-limiting step on pure
magnesium.'® Conversely, it has been argued that (under the alkaline
conditions that tend to prevail during active magnesium corrosion) the
desorption of hydrogen on transition metals occurs via a Heyrovsky
step (Eq. 3) and the availability of this alternative pathway is one of
the factors which facilitates transition metal electrocatalysis of the
HER."

Volmer step H,O0+e  — Hup +OH™ [1]
Tafel step 2H.qs — H, 2]
Heyrovsky step H,O +H,ys +e¢~ — H, + OH™ [3]

where H,q is a surface adsorbed hydrogen atom.

Magnesium of commercial purity and magnesium alloys typically
incorporate a variety of transition metals which are either added inten-
tionally to modify properties or occur as trace impurities. Examples
of such alloying elements or impurities include iron, zinc, copper and
manganese. These elements may not be homogeneously distributed
within the magnesium matrix and frequently exist as distinct parti-
cles of sub-micron size.!” For example, it has been shown that iron
occurs as grain boundary segregates in 99.9% Mg.> Furthermore, it
has been argued that such particles might reasonably be expected to
act as local cathodes.!>®!2-'4!7 The mechanism through which they
might contribute to the cathodic activation of corroding magnesium
is not yet fully understood but several possible mechanisms have
been proposed. These include: i) transition metal particles in elec-
trical contact with the Mg matrix accumulating at the Mg/solution
interface as the Mg matrix corrodes, ii) transition metal particles be-
coming electrically separated from the Mg matrix (by ejection into
solution or entrapment in Mg-rich corrosion product), corroding with
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the release of the ions and these ions electrodepositing onto the Mg
surface in an electrochemical displacement reaction (in which an-
odically dissolving Mg provides the electronic current for cathodic
transition metal ion reduction) and iii) transition metal ions released
as in ii) becoming incorporated in (or doping) the Mg (hydr)oxide
film at the Mg/solution interface and rendering it more conductive or
electrocatalytically active.'»>71413

Once electrically isolated from the magnesium matrix transition
metal rich particles are likely to corrode rapidly releasing transition
metal ions into solution. For example, the non-faradaic release of
copper ions has been demonstrated in the case of AZ91 magnesium
alloy corroding in aerated aqueous sodium chloride.'® Such ions could
diffuse away from the magnesium surface and play no further role. Al-
ternatively, they could undergo hydrolysis and precipitate as transition
metal (hydr)oxides. However, they could also diffuse (or migrate) to
the magnesium surface and cathodically electrodeposit through a dis-
placement reaction and it is this electrodeposition process that could
contribute to cathodic activation of HER.>'® In the case of iron re-
leased from grain boundary segregate electrically separated from the
matrix it has been shown that iron (re)deposition occurs preferen-
tially on the “clear” uncorroded magnesium surface.’ Furthermore,
the presence in solution of iron complexing agents can strongly limit
hydrogen evolution on corroding magnesium and it has been argued
that this effect arises as result of iron sequestration preventing the
redeposition process.!*!

The present paper aims to quantify the effect that transition metal
ions have on the cathodic activation of corroding magnesium when
added to solution in a known concentration. The metal ions selected for
this study are the Fe?*, Cu?*, Zn>* and Mn?" ions as the corresponding
metals commonly exist within the bulk composition of commercially
important magnesium alloy, such as the AZ series, either intentionally
as alloying elements or unintentionally as impurities. The higher oxi-
dation state of iron (Fe**) was not used because of the marked acidity
and corresponding hydrolytic instability of the Fe** aquocation. Two
types of experiments have been performed. In the first, known concen-
trations of transition metal cations were established by dissolving an
appropriate metal salt in the experimental electrolyte. In the second,
known quantities of the solid metal salt were dropped directly onto
the magnesium surface prior to electrolyte immersion. In all cases
the rate of magnesium corrosion (Reaction 4) was determined by fol-
lowing volumetrically the accompanying evolution of hydrogen gas
(Reaction 5).

Mg — Mggh +2e” [4]
2ei+2H20 — H2 (g)+20H(_aq) [5]
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Experimental

Materials.—Magnesium samples of high purity (<80 ppm Fe)
were provided as a gift by Prof. A. Atrens (University of Queens-
land) and were cut into 3 cm square coupons of 0.5 cm thickness.
The sample surface was prepared using silicon carbide polishing pads
(Buehler CarbiMet) with ethanol used as lubricant during the pro-
cess. The polishing order was ascending from grit 320 (P400) to grit
1000 (P2500) with the samples cleaned with detergent solution, rinsed
with distilled water followed by ethanol at the end of the process. All
the chemicals used were of analytical grade and provided by the
Sigma-Aldrich Chemical Company. All glassware equipment was
cleaned thoroughly using 2 M HCl (aq) followed by rinsing in distilled
water.

Methods.—Rates of hydrogen gas evolution from corroding mag-
nesium were determined volumetrically method. Abraded magnesium
samples were covered with 90 pm thick extruded PTFE 5490 tape
(3 M Ltd) leaving exposed a square area of 10 x 10 mm. Further
PTFE tape strips were used in order to secure the sample on the petri
dish. A 10 ml = 0.02 ml conically ended burette was then placed on
top of the sample at a minimal distance so that the exposed area was
fully covered by the conical end of the burette, limiting the possi-
bility of the evolved hydrogen gas escaping the burette tube. Freshly
prepared electrolyte was poured into the petri dish and with the aid
of a syringe the electrolyte was pulled upwards through the burette
tube up to its maximum point. The burette valve was closed and the
electrolyte volume reduced by the evolved H, gas was recorded at reg-
ular intervals. The salts CuSO,, FeCl,, ZnSO, and MnCl, were used
as a source of transition metal cations. In one series of experiments,
the metal salts were dissolved in distilled water and further diluted in
0.86 M NaCl aqueous solution at concentrations ranging from 1075 M
to 8 x 1073 M. In a second series of experiments, the metal salts were
placed in solid form (ranging from 5 mg to 50 mg) directly on to the
Mg surface prior to the introduction of 0.86 M aqueous NaCl elec-
trolyte. The pH of aqueous NaCl/transition metal salt solutions fell in
the range pH 5.5 — pH 6.5.

Characterization of localized corrosion behavior in the presence
and absence of transition metal salt additions was carried out using a
Scanning Vibrating Electrode Technique (SVET). A full description
of the SVET instrumentation used here, along with details on the
calibration method, are given elsewhere.* SVET measurements were
carried out using a probe consisting of a platinum wire sealed within a
glass rod, forming a platinum micro-disc electrode of 125 pm diameter
at the probe tip. Prior to its use, the probe tip was abraded with a silicon
carbide paper of 1200 grit and was immersed in 2 M HCI followed by
rinsing with distilled water. Magnesium samples were covered with
PTFE tape leaving exposed a square area of 5 x 5 mm and were
subsequently placed, face up on a Perspex levelling stage within a
2.5 L capacity Perspex tank. The probe tip was held vertically at a
100 pm distance from the exposed surface of the sample. Various
transition metal salts, at a 10~* M concentration, were added to the
0.86 M NaCl aqueous solution used as the electrolyte and scanning of
the sample was immediately initiated following specimen immersion.
Scanning was performed at regular intervals of ca. 8§ min for up three
hours, producing a series of SVET-derived current density maps.

The corrosion of pure magnesium was also examined in-situ via
time-lapse optical microscopy'” to investigate the influence of tran-
sition metals on the visual appearance of propagating filament-like
corrosion features, with particular emphasis on the principal sites of
visible hydrogen evolution. The sample under investigation was cov-
ered with PTFE tape leaving a 1 mm diameter circular area exposed.
The sample was secured to the base of the petri dish using an arrange-
ment of double-sided foam tape and PTFE tape. A Meiji Techinco
optical microscope was used to observe the sample. Contamination
and damage of the optical lens was avoided by using a submersible cap
with a thin glass window area. The petri dish was filled with 250 ml
of freshly prepared electrolyte, covering the sample. The optical fo-
cus was adjusted so that clear in-situ images of the sample could be

taken. Digital images of the exposed sample area were taken every
30 sec for a time period of three hours using the time-lapse function
incorporated on the Infinity I camera (Lumera Corporation) attached
to the microscope lens. The photographic images were analyzed using
Adobe Photoshop CS5. Post corrosion scanning electrode microscope
(SEM) images of the magnesium surface and energy dispersive X-ray
spectroscopy (EDX) maps were acquired using a Hitachi TM8000
SEM in electron backscatter mode.

Results and Discussion

Kinetics of hydrogen gas evolution.—The volumes of hydrogen
produced as the cathodic product of filiform-like corrosion in the pres-
ence and absence of added transition metal ions of various type and
concentration are plotted as a function of time in Figure 1. In all cases,
the volume vs time curves exhibit an approximately linear behavior,
except for 8 x 1073 M FeCl,, in which a time-dependent decrease in
H, evolution rate is observed. The approximate linearity, and metal ion
concentration dependence, observed in the majority of cases indicates
that: a) the presence of transition metal cation in solution accelerates
the rate of magnesium corrosion and hydrogen evolution, b) the ac-
celerating effect increases as the transition metal cation concentration
increases, c) the accelerating effect is ‘non-accumulative’, that is to
say it does not increase (or build up) with time and d) the magnitude
of the effect is strongly dependent on the identity of the cation. The
accelerating effect is summarized in Figure 2 which shows H, evolu-
tion rates calculated from the slopes of the various linear H, evolution
curves as a function of transition metal concentration and identity (in
the case of 8 x 1073 M FeCl, the time-averaged rate is used). Figure 2
shows that H, evolution rates increase by a factor of up to 10 as tran-
sition metal ion concentration is increased from zero to 8 x 107> M
and that the efficiency of transition metal ions in producing this effect
increases in the order Mn?* < Zn** &~ Fe*™ < Cu** (Figure 2). How-
ever, it was observed by eye that precipitates of insoluble, colored,
transition metal (hydr)oxides were formed in the course of the H,
evolution experiments. Hydroxide precipitation and cation depletion
is likely to be a factor limiting the ability of transition metal cations
dissolved in bulk solution to accelerate of H, evolution kinetics. It
is also a possible cause of the non-linear H, evolution kinetics seen
the case of higher concentrations of Fe?*, as will be discussed further
below.

The initial pH range employed in our experiments (pH 5.5-6.5)
is such that the various transition metal exhibit reasonable hydrolytic
stability over a period of hours. However, in the interests of making
our results as relevant as possible to typical conditions of magne-
sium corrosion a pH buffer was not used. When magnesium cor-
rodes in unbuffered electrolyte solution pH rapidly increases due to
OH™ production through Reaction 5. As corrosion proceeds the pre-
cipitation of magnesium hydroxide [Mg(OH),] (solubility product
K, = 5.61 x 1072 M3)® tends to stabilize pH in the region pH10-
11.21-23 Under these conditions, hydrolysis of transition metal aquo-
cations and the resulting precipitation of insoluble, electrically non-
conducting, metal hydroxides is likely to be an important process
competing with, and reducing the efficiency of, metal cation as a pro-
cess producing cathodic activation at the magnesium (metal) surface.
The relative ease of cation hydrolysis is expected to follow the ther-
modynamic tendency indicated by the hydrolysis coefficients (pK,
values) associated with the various transition metal aquocations. Hy-
drolysis of polyvalent cations is a stepwise process; however, as a rule
of thumb, the onset of metal hydroxide precipitation is anticipated
to occur when solution pH becomes greater than the first hydrol-
ysis coefficient of the relevant metal aquo cation (pK,;), values of
which are given in Table I. In the case of [Fe(H,0)s]>* the problem
of hydrolysis is likely to be exacerbated by the tendency to undergo
aerobic oxidation to [Fe(H,0)¢]** via Reaction 7. [Fe(H,0)¢]>* is
highly acidic (Table I) and will hydrolyse rapidly and quantitatively
at pH 11. The marked deviation of linearity in Fig. 1b for Fe’* =
8 x 107> M might therefore be explicable on the basis of competing
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In order to estimate the influence of competing precipitation re-
actions a second set of volumetric H, evolution measurements were
performed in which the solid, crystalline metal salts were deposited di-
rectly onto the exposed area of the magnesium sample. This approach
was intended to minimize the effect of hydrolysis by reducing the ion
mass transport (diffusion and/or migration) path length and the time
during which hydrolysis could occur. Mohr’s Salt (Fe(NH4)2(SO4),)
was used as the source of Fe>* ions because the ammonia moieties as-
sociated with this compound are thought to help stabilize Fe?* against
becoming oxidized via Reaction 7.2* The hydrogen volumes recorded
2810 for each quantity of the selected metal salts are plotted as a function
. of time in Fig. 3. In the majority of cases two distinctive phases where
50 . 100 . 150 200 observed in the H, evolution kinetics. In an initial phase, which oc-
Time (min) curs over a period < 30 min following salt deposition, H, evolution is
initially high but decreases with time. In a final phase, H, evolution is
slower and the H,-volume-time curves become approximately linear,
in a manner resembling those in Figure 4. Initial rates of H, evolution
(Initial phase in Figure 3) are summarized for the various metal salt
additions in Figure 4a. The later, more constant, rates of H, evolu-
tion (Final phase in Figure 3) are similarly summarized in Figure 4b.
In both Figs. 4a and 4b the accelerating effect on H, evolution rate
increases with the quantity of salt added. Furthermore, the efficiency
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Figure 1. Plots of hydrogen volume vs time. The metal salts are diluted within Fe?* 9.4
0.86 M aqueous NaCl prior to corrosion initiation. Metal salts key: (a) CuSOg4 Mg?* 11.2
(b) FeCl, (c) ZnSO4 (d) MnCl,. The labels indicate transition metal cation Mn2+ 10.6
concentration in mol dm™. Zn2t 9.0
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Figure 4. Phase I (a) and Phase II (b) rate of hydrogen evolution vs the
quantity of metal salt dropped on the surface of magnesium. Each point at
graph represents the average taken over time.

of acceleration depends strongly on the metal salt used and increases
in the order Mn>* < Zn** &~ Fe’* < Cu?*. A marked difference in
efficiency is seen for Fe** additions in phase I and phase II of the H,
evolution curve. As before, this can best be understood in terms of the
redox instability of Fe** and the acidity (low pK,;) of the resulting
Fe** aquocation resulting in extensive cation hydrolysis during phase
II.

A comparison of Figures 1 and 3 shows that the rates of hydrogen
evolution in the initial phase of Figure 3 are considerably greater than
those in Figure 1 and final phase of Figure 3, despite the quantity
of transition metal salt present being similar in absolute terms. The
most straightforward explanation for these results would be that the
first (rapid) phase of the H, evolution in Figure 3 corresponds to a
period where the solid transition metal salt is dissolving and a high
concentration of transition metal aquocations is maintained at near
Mg surface. In the second (slower) phase the transition metal salt has
fully dissolved into the bulk electrolyte and the situation more closely
resembles the conditions relevant to and discussed in the content of
Figure 1. However, the possibility cannot be excluded that the high
local concentration of transition metal aquocations evolved during
the first phase might also lead to (aggressive) conditions of low local
pH as a result of aquocation hydrolysis (as indicated by the pKa
values in Table I). Whatever the exact mechanism, the much greater
H, evolution rates observed in the initial phase help to confirm the
hypothesis that the corrosion accelerating effect of the transition metal
ions is likely to be much greater when the source of transition metal ion
is local and close to the Mg surface. Under these circumstances high
local transition metal ion concentration, short diffusion path lengths
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cathode sites occurring on the uncorroded magnesium surface and the filament
tail.

and lack of time for competing hydrolysis reactions will maximize
the efficiency of transition metal electrodeposition.

The approximately linear hydrogen evolution kinetics seen in
Figure 1 and in the final phase of Figure 3 imply that any transition
metal becoming electrodeposited onto the metallic surface of corrod-
ing magnesium does not do so in such a way that a time-dependent
accumulation of electrodeposit results in a time-dependent increase
in H, evolution rate. The observed kinetics require the extent of ca-
thodic activation to depend upon the identity and concentration of the
available transition metal cation but to rapidly become substantially
time-independent. This scenario would be consistent with a steady-
state hypothesis in which the (concentration dependent) rate of tran-
sition metal electrodeposition becomes equal to the rate of transition
metal de-activation through overcoating with electrically insulating
Mg(OH),. The solubility product (Ky,) of Mg(OH), is 5.61 x 107"
M3% and the solubility of Mg(OH), will be lowest where solution pH
is highest, i.e. at the sites of highest cathodic activity producing the
highest rates of Reaction 2.!17-2>26 Thus, surface sites becoming ca-
thodically activated through transition metal electrodeposition would
rapidly become deactivated. When the rate at which the cathodic site is
formed equals the rate at which it is deactivated the effective cathodic
area remains constant over time.

In-situ optical time-lapse microscopy.—The H, evolution exper-
iments described above give no information on the location, size or
shape of the sites associated with cathodic hydrogen evolution or how
these are influenced by the addition of transition metal cations. How-
ever, it is well known that the corrosion of magnesium in aqueous chlo-
ride electrolytes is highly localized and that often more than one type
(morphology and location) of hydrogen cathode is observed. It has
been shown elsewhere that when magnesium samples are immersed
in a near-neutral aqueous chloride electrolyte the onset of localized
corrosion is not typically instantaneous.?’ Initially, a “pre-breakdown
phase” is observed in which a generalized thickening of the surface
oxide film is coupled to cathodic hydrogen evolution occurring at a
relatively small number of (remote) cathodic sites, believed to arise
from the local penetration of the oxide film by (inter)metallic impu-
rity particles.?’?® After a variable period of time the surface oxide
breaks down and the onset of localized corrosion is observed, usually
associated with the evolution of a large number of fine hydrogen bub-
bles at a (local) cathodic site at or near the magnesium dissolution
front.?® During the subsequent corrosion process hydrogen evolution
continues to occur simultaneously at mixture of remote and local ca-
thodic sites. A mechanistic scheme has been proposed in which the
local cathodic sites act to “amplify” the cathodic current provided by
the remote sites, as shown schematically in Figure 5.2 As a result

Figure 6. (a) Filiform-like corrosion on high purity magnesium (< 80 ppm
Fe) after 180 min of immersion in 0.86 M aqueous NaCl, and (b) in-situ
image of an active filament progressing along the bare magnesium surface
after 12 min of immersion conditions in 0.86 M NaCl aqueous electrolyte.

the total cathodic current and rate of hydrogen evolution will be the
sum of the remote current (Ienoe) and local current (I, ), where the
latter is related to HER at the corrosion front where Mg is actively
dissolving.

With the aim of better determining the localization of corrosion
related reactions in the presence and absence of added transition metal
cations, a series of experiments were performed in which the corrod-
ing magnesium surface was observed using in-situ time-lapse optical
microscopy. Optical microscopy cannot quantify the rate of electro-
chemical processes, however it does permit a precise localization of
hydrogen evolution and a quantification of the lateral propagation ve-
locity associated with localized corrosion features. Figure 6a shows
the typical appearance of the Mg sample surface after immersion for
180 min in the absence of any added transition metal cation. The
corroded region is seen as darkened area against the lighter uncor-
roded background. The shape of the corroded region is filamentary
and reflects a filiform morphology of corrosive attack. Filiform or
“filiform-like” corrosion is typical of “high purity” magnesium sam-
ples containing < 80 ppm iron immersed in 0.86 M NaCl.> It has
been shown elsewhere that as iron content increases to 280 ppm Fe
corrosion morphology in 0.86 M aqueous NaCl changes to produce
“disk-like” features.* A higher resolution image, taken in-situ of a
typical individual actively propagating corrosion filament, is given in
Figure 6b. The cloud of fine bubbles observed at the filament head
indicates that this is a significant (local) site of cathodic hydrogen
evolution. There is no visible evidence of such fine hydrogen bubbles
evolving along the filament tail. However, the physically large bubbles
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seen evolving elsewhere on the sample surface are consistent with the
presence of other, (remote), cathodic sites.

It should be noted that the very high rates of hydrogen evolu-
tion produced by higher concentrations of transition metal ion made
recording legible images impossible. Consequently, a standard ad-
dition of 10~*M transition metal was used for all the experiments
reported here. At this concentration the acceleration of H, evolution
rate was measurable but relatively limited: 55% for Cu®t, 5% for
Fe>*, 60% for Zn** and zero for Mn?*. When transition metal ions
were added to the experimental electrolyte the mode of corrosive at-
tack remained filamentary and the localization of visible hydrogen
evolution remained substantially unchanged. Similarly, the velocity at
which individual filaments were seen to advance over the magnesium
surface (the rate of filament lengthening) did not appear to change
significantly. However, the number of filaments becoming active typ-
ically increased (as will be shown later on). Figure 7 shows a series
of images recorded for a typical corrosion filament when the experi-
mental electrolyte contained 10~ M CuSOj. As in the case of Figure
6, a cloud of fine bubbles can be seen rising from the filament head
but there is no indication that the presence of Cu>* in solution has
produced any persistent activation leading to visible hydrogen evo-
lution in the filament tail. Again, the circular features appearing on
the uncorroded Mg surface correspond to large bubbles of H, evolved
at remote cathodic sites. The velocity of filament advance was deter-
mined by measuring the time-dependent filament length in successive
time-lapse images. In so doing, care was taken to measure the true
geometrical length of individual filaments, taking into account any
changes in filament direction. Figure 8 shows filament length plot-
ted versus time for filaments measured in the presence and absence
transition metal ion addition. In all cases, filament length increases
linearly with respect to time with a velocity of 1.39 4 0.05 wm sec™'.
These linear propagation kinetics are entirely consistent with previous
observations on Mg specimens of varying purity, as is the velocity of
filament propagation.’® However, no further insight could be obtained
by optical microscopy and in order to further elucidate the effect of
transition metal ions it became necessary to make spatially resolved
current density measurements, as described in Scanning vibrating
electrode technique section below.

SEM images and EDX elemental maps were acquired from a mag-
nesium sample corroded in the presence of transition metal ions with
the aim of better characterizing the morphology of corrosive attack,
the distribution of corrosion products and the location of any tran-
sition metal deposition. Figures 9a—9d shows a series of backscatter
SEM and EDX images obtained from a magnesium surface follow-
ing 3 hours of exposure to 0.86 M aqueous NaCl electrolyte con-
taining 8 x 107> M CuSO,. After emersion the sample had been
washed quickly with distilled water, then ethanol and dried in air.
In the backscatter image, Figure 9a the filamentary corroded region
appears as darkened area against the lighter uncorroded background.
The corroded region has a granular appearance consistent with local-
ized magnesium dissolution and the presence of a dried magnesium
(hydr)oxide corrosion product. Close to the corroded region, but not
necessarily associated with it, are a series of light regions (of high
electron scattering efficiency) which vary between approximately 10
and 100 micron in diameter. The presence of an (hydr)oxide corro-
sion product in the corroded filament is confirmed in Figures 9b and
9d which show a local increase in the EDX counts for oxygen and
a corresponded reduction in counts for magnesium, respectively. The
distribution of copper is shown in Figure 9c. Copper is detectable over
the whole sample surface and is not directly associated with the cor-
roded region. However, the maximum copper counts are co-located
with the light regions in the electron backscatter image, Figure 9a,
implying that these are rich in either metallic copper or a copper con-
taining compound. As such, Figure 9 is consistent with the notion
that copper becomes deposited on the magnesium surface when this is
corroding in the presence of aqueous Cu®* cations. However, it must
be recognized that EDX gives no information on the oxidation state
of copper (i.e. whether or not the surface copper is the metallic prod-
uct of cathodic electrodeposition) or the depth distribution of copper

A0 0.125 mm

N

N
W 0.125 mm

Figure 7. Photographic images taken during in-situ time-lapse microscopy.
The photos illustrate the progression of a corroding filament on the bare Mg
surface under immersion conditions in 10—4 M CuSO, contained 0.86 M NaCl
aqueous electrolyte. Time key following immersion to electrolyte: (a) 360 sec,
(b) 390 sec, (c) 420 sec, and (d) 450 sec.
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Figure 8. Filament length of corroding magnesium vs time for each selected
metal cation showing the propagation of local anode on a pure magnesium sur-
face immersed in 104 M MnCl, contained 0.86 M NaCl aqueous electrolyte.

(i.e. whether or not it lies in direct contact with metallic magnesium).
To properly ascertain the oxidation state and depth distribution of
transition metal-rich deposits will require further and detailed work.

Scanning vibrating electrode technique.—A sequence of SVET-
derived current density maps, showing the normal (vertical) compo-
nent of current density (j,) over a single corrosion filament propagating
on Mg immersed in 0.86 M NaCl (aq) without addition of transition
metal ions is given in Figure 10. The leading edge of the filament head
is a net anode which moves away from the site of filament initiation
and leaves behind a tail exhibiting enhanced cathodic activity. Simi-
lar findings have been presented in several previous publications.>3!
Line profiles of j, vs distance constructed parallel with, and normal
to, the direction of filament propagation at different immersion times
are shown in Figures 11a and 11b, respectively. The j, data in Figure
11a were taken along the axis a-a’ indicated in Figure 10 and the data
in Figure 11b were taken along the axis b-b’.

Figure 11a shows a substantially symmetrical peak in anodic j,
current density, located over the leading edge of the propagating fil-
ament, which moves from left to right as immersion time increases.
The velocity of peak advance is 1.15 wm sec™!, similar to the velocity
of filament propagation (1.39 & 0.05 jum sec™') measured from the
time-lapse photographic data in Figure 7. The peak width at half max-
imum (whm) is constant at 250 wm and reflects the limiting lateral
resolution of the SVET instrument rather than the physical size of
the surface anode site. Isaacs has shown that SVET scanned over a
point current source will record a whm of 1.532 h, where h is the scan
height.3? In our experiments h is 100 jwm, implying a point-source
whm of 153 m, but the diameter of the SVET probe microdisc is 100
pm so that the total whm will be approximately 250 pwm. In Figure 11b
the cathodic j, distribution across the filament tail similarly exhibits
a substantially time-independent whm. However, the whm value is
now ~500 pm, twice than expected for a point source, so that the
data in Figure 11b does to some extent reflect the physical diameter
of the filament tail cathode. This is greater than the visible filament
tail width of 20 wm seen in Figure 7 because the line b-b’ lies at an
angle to the axis of filament propagation.

Figure 11a shows that the peak j, associated with the filament head
anode increases from 90 A m~2 to 150 A m~2 as immersion times
increases from 48 min to 84 min. The increased anodic current is
balanced by the increasing area of enhanced cathodic j, associated
with the lengthening filament tail. However, Figure 11b shows that
cathodic j, values across the filament tail decrease over time, proba-
bly due to increased cathode pH resulting in a local precipitation of
Mg(OH),. At first sight, the finding that the filament head is strongly

Uncorroded !
Mg surface A /) e s b
Filiform

i 4}
/ 2 /’ . corrosion
(s { ifracks S

Light

regions

Figure 9. SEM/EDX elemental mapping of magnesium surface following
exposure for 3 hours to 8- 1073 M CuSOy4 containing 0.86 M aqueous NaCl
electrolyte. Label key: (a) SEM image, (b) oxygen elemental map, (c) copper
elemental map, and (d) magnesium elemental map. All images were taken at
backscatter electron mode at 15 keV and 100x magnification.
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Figure 10. SVET-derived j, surface maps showing the evolution of localized
corrosion on a pure Mg (< 80 ppm Fe) surface after immersion in 0.86 M
NaCl(aq) at pH 6.5 for (a) 48 min, (b) 62 min, (c) 69 min and (d) 84 min.
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Figure 11. (a) SVET-derived current density (j,) versus distance profiles taken
along the length of a propagating corrosion filament (axis a-a’ in Figure 2) and
(b) over a local cathodic site (axis b-b’ in Figure 2) on a pure magnesium
surface immersed in 0.86 M NaCl aqueous electrolyte. Time Key: (i) 48 min,
(ii) 62 min, (iii) 69 min, (iv) 84 min following immersion.

anodic in all the SVET data sets seems at odds with the observation of
a co-located rising stream of hydrogen bubbles, as seen in Figure 6b.
However, it must be remembered that SVET only determines the net
(anodic-cathodic) j, ionic current flux passing through the plane of
scan.®® This implies that, in order to be detected by SVET, the anodic
source of current flux and the cathodic drain (on the corroding sur-
face) must be physically separated by a distance (d) where d > h, the
scan height. Under these circumstances the ionic flux loops linking
anode to cathode through solution are likely to pass through the plane
of scan. Conversely, when d < h the ionic flux loops linking anode
to cathode may be substantially completed beneath the plane of scan
and SVET will not detect them efficiently or at all. It should be noted
that it is the separation between the anode and cathode sites which
determines their detectability and not their individual physical size.
Any current source with a diameter significantly smaller than h but
with a drain at d > h will be detected as “point source”, as described
above.

Figure 5 shows schematically the spatial relationships between:
the SVET plane of scan, the filament head anode site, the filament
head (local) cathode site and (remote) cathode sites on the uncorroded
magnesium surface and the filament tail. Figures 6 and 7 indicate
that the local hydrogen cathode extends behind the front edge of
the filament head (the site of anodic magnesium dissolution) a dis-
tance which is similar to the filament width (typically ~20 pwm). This
implies that the filament head anode and the local hydrogen cathode
are much closer together than the SVET scan height (100 pwm) with the
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consequence that the current flux (Jjo,) balancing the local cathodic
current contribution (I}, ) Will not be detected (or will be detected
very inefficiently) by SVET. Conversely, the filament head anode and
the remote hydrogen cathodes (sites on the (hydr)oxide covered) mag-
nesium surface may be separated by a distance as great as the diameter
of the exposed sample surface (~5 mm). Under these circumstances
the remote ionic current flux (Jiemore) balancing the remote cathodic
current contribution (Iemoe) Will pass substantially through the plane
of scan and be detected efficiently by SVET.

For the reasons given above, a numerical area integral of SVET
derived cathodic current flux (Jyemore) densities over the plane of scan,
given by Equation 8 in which j, is the current flux density along
axis of probe vibration,* is expected to provide a good estimate of
the Lemote contribution to the total cathodic current. This numerical
area integral was performed using Surfer mapping software which
employed linear interpolation, a version of the trapezium rule. The
series of instantaneous L., values obtained from a series of in-situ
SVET scans over a single corroding sample using Equation 9 may then
be numerically integrated with respect to time using Equation 10 to
calculate the time-dependent volume of H, gas (Vi emoe(H2)) evolving
at the remote sites of cathodic hydrogen evolution. In so doing it
was assumed that I, remained constant between successive SVET
scans, i.e. linear interpolation was not used. For magnesium corroding
in the absence of added transition metal cation, the volumetrically
determined V(H2) and the SVET derived V,emee(Hz) are both plotted
vs time in curves (i) and (ii) of Figure 12e respectively. A comparison
of the two curves suggests that approximately one third of the total H,
evolved over the experimental period does so at the remote cathode
sites and two thirds at the local (filament head) cathodes. Curve (i) is
approximately linear, showing only a slight positive deviation from
linearity toward the end of the experimental period. A single straight
line has been constructed through these data to estimate the total
hydrogen evolution rate. Conversely, the slope of curve (ii) increases
significantly over time. Two straight lines have been constructed as
tangents to estimate the initial and final rate of remote H, evolution.
It has been shown elsewhere that the slope of a H, volume vs time
curve can be used to calculate the cathodic H, evolution current using
Equation 11.3* Table II shows the total current, I, value obtained
from the slope of curve (i) in Figure 12 together with the Lo Values
obtained from the initial and final slopes of curve (ii). Also shown
in Table II are the current amplification factor (AF) values calculated
using Equation 12. The values for Ij,., are derived by subtracting
Liemote from It and are displayed in Table II.

Xy
Iremole = A'Jremotez / / [Jz(x,y) >O] dx dy [8]

0 0

d Vremute RT 1
7:Iremoe'7'* 9
dt “ P OF ]
v, (t)—/ll RT 1 [10]
remote\l) = A remote P 2F

v P "

Tt RT
AF :IT/Iremote [12]

The observation in Figure 12e and Table II that the remote H,
evolution rate (and Iy0e) increases with time whilst the total H,
evolution rate (and Ir) is approximately constant implies that the
local (filament head) H, cathode does not act simply to “amplify” the
current coming from the remote H, cathode sites. Instead it would
seem reasonable to propose that the local cathode sites and remote
cathode site compete to some extent.

On this basis the above SVET was used to determine the effect of
transition metal ions added to the corrosive electrolyte on the develop-
ment of remote and local (filament head) hydrogen cathodic activity.
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Figure 12. Comparison between the values obtained for hydrogen gas evolu-
tion during the volumetric measurements and SVET recording in the presence
of 10~* M of transition metal diluted within the bulk electrolyte for (A) CuSOy4
(B) FeCl, (C) ZnSO4 (D) MnCl; and (E) 0.86 M aqueous NaCl. (@) SVET-
derived H; evolution, (o) Volumetric H; evolution.
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As in the case of time-lapse microscopy it was found that for higher
concentrations transition metal the rapid rates of hydrogen evolution
and corrosion product buildup made SVET measurement impossible.
A standard addition of 107 M transition metal was therefore em-
ployed throughout. Typical SVET j, distribution maps obtained in the
presence of the various transition metal ion additions are shown in
Figure 13. A comparison of Figure 12d with Figure 13d shows that
10~ M Mn?* ion addition has little effect on either the number or in-
tensity of corrosion filaments. A similar comparison with Figures 13a,
13b and 13c show that Cu®*, Fe?* and Zn>* additions all act to in-
crease both the number and intensity of local anodic sites. The number
of local anodes depends on the identity of the transition metal and in-
creases in the order of Mn*t < Zn?T < Fe?** < Cu?*. However, it
is also evident from Figures 13a—13c that the contrast in cathodic j,
between the filament tails and the uncorroded magnesium surface is
lower in the presence of Cu>*, Fe’* and Zn>* additions, to the ex-
tent that the filamentary nature of corrosive attack is no longer easily
recognized in the SVET j, maps.

For magnesium corroding in the presence of the added transition
metal ions the volumetrically determined V (H,) and the SVET de-
rived Viemore(Hz) calculated using Equations 9 and 10 are plotted vs
time in curves (i) and (ii) (the respective curves) of Figures 11a-11d,
respectively. Table II shows the It value obtained from the slope of
curves (i) in together with the Lemoe Values obtained from the initial
and final slopes of curves (ii). Also shown in Table II are the amplifica-
tion factor (AF) values calculated from the various curve slopes using
Equation 12. A comparison of Figure 12e with Figure 12d shows that
that 10~* M Mn>* ion addition has little effect on the rate of remote H,
evolution and this is reflected in the corresponding Iiepoe and AF val-
ues in Table II. However, a similar comparison with Figures 12a—12c
shows that Cu®**, Fe?* and Zn>* additions all act to increase the rate
of remote H, evolution and that this effect increases with immersion
time. The efficiency of transition metals in accelerating remote H,
evolution increases in the order the Mn** < Zn?* < Fe** < Cu?*.
The Ij,cat and AF values shown in Table II reflect these changes and
it may be seen that in the case of Zn>*, Fe’*and Cu* the AF value
becomes ~1 at longer immersion times, implying that the majority of
H, is being evolved at remote sites. Cu?* is the most efficient of all
in this respect and the corresponding AF remains ~1 for most of the
experimental period.

The finding in Figures 11b—11c that remote H, evolution rates
become approximately constant at longer immersion times again
suggests a cathodic deactivation process competing with activation
through transition metal electrodeposition leading to a steady state re-
mote cathodic activity. Similarly, the finding that remote H, evolution
rate can increase markedly with immersion time whilst total H, evolu-
tion rates remain nearly constant reinforces the notion that the remote
H, cathode sites can compete with local cathode sites for the current
released at the local anode. In highly conductive electrolyte (0.86 M
NaCl) all the sites will experience a similar free corrosion potential
and depolarization of the remote site (by transition metal electrodepo-
sition and electrocatalytic activation) would also depolarize the local
sites. If the local sites are not activated, or are more weakly activated,
then depolarization will act to suppress local hydrogen evolution rates.

Conclusions

When high purity magnesium containing 80 ppm iron is immersed
in 0.86 M aqueous NaCl without polarization in-situ optical microg-
raphy of growing corrosion filaments reveals two types and locations
of hydrogen evolution. Remote cathode sites are located on the uncor-
roded magnesium surface and/or on the filiform tails. These produce
coarse (100 s of microns diameter) hydrogen bubbles. Local cathode
sites are located at the filiform head at, or immediately behind, the
site of anodic magnesium dissolution. These produce a rapid stream
of fine (microns diameter) hydrogen bubbles. The cathodic current
contribution arising from remote cathode sites may be reasonably es-
timated using area-integrated cathodic current density data derived
from SVET measurements. Conversely, the contribution from local
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Figure 13. SVET-derived surface maps showing the normal current density
(j) distribution on the exposed pure magnesium (80 ppm Fe) surface in the
presence of 10~* M of transition metal diluted within the bulk electrolyte
450 sec following corrosion initiation. Label key: (a) CuSQOy, (b) FeCly, (c)
7ZnS0y, and (d) MnCl,.
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Table II. Amplification Factor in the Presence of 10~* M of Transition Metal Diluted Within the Bulk Electrolyte. Standard deviation is 5%.

Tiocal (MA Cmiz)

Lremote (WA cm™2) Amplification Factor

Metal Ion It (LA cm_z) Phase 1 Phase II Phase 1 Phase IT Phase 1 Phase II
Cu?t 62.8 4.8120 58.007 1.083
Fe2t 39.3 23.7 26.3 15.6 0.3 2.522 0.619
Zn?* 65.1 43.1 9.3 21.9 55.8 2.963 1.166
None 34.8 32.8 17.4 1.9 17.4 20.608 2.318
Mn2+ 29.2 27.9 18.7 1.1 10.5 24.427 2.788
cathode sites is not detected, or detected very inefficiently, by SVET. R Ideal gas constant
Total cathodic current may be estimated by numerical differentiation T Temperature
of the H, evolution volumetric curve. By comparing the SVET (re- V (Hy) Total volume of H, derived volumetrically
mote) cathodic current data and H, (total) volumetric data it has been Viemote (H2) SVET derived volume of H, at remote cathodes
shown that approximately 30% of the cathodic current comes from the whm Width at half max
remote cathode sites and 70% (total-remote) from the local cathode
sites.
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