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Physical vapour deposited (PVD) zinc and zinc-magnesium coatings are compared to commercial galvanized zinc and zinc-
magnesium-aluminum coatings in terms of bare metal corrosion when immersed in chloride-containing solution. A scanning vibrating
electrode technique has been augmented to capture photographic images, in-situ, which complement the spatially and temporally
resolved electrochemical data by providing visual evidence of corrosion events and their subsequent stabilization or propagation
over the surface. Hot dip galvanized zinc coatings demonstrate heterogeneous localized corrosion behavior, contrary to the general
corrosion of the PVD pure zinc layer. The PVD coating containing 4 wt% magnesium has a discrete microstructure much finer than
the structure of hot dip zinc-magnesium-aluminum coatings, which results in smaller and more abundant anodic features. Increasing
the magnesium content in PVD zinc-magnesium to 10 wt% coatings increases the relative size of the anodic events and reduces the
number observed accordingly. A further increase in magnesium content to 20 wt% sees a reduction in anode size and evidence of
de-activation during the experiment. A clear correlation between magnesium content and the intensity of characteristic staining on
the PVD coatings is also observed.
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The coating of strip steel with zinc for sacrificial protection is well
established in industry. The dissolution rate of zinc is significantly less
than steel, due to the formation of protective corrosion products, and
in the event that both steel and zinc are exposed in an aqueous en-
vironment, zinc will preferentially corrode.! Research into zinc alloy
coatings was prompted by the susceptibility of zinc to corrode more
rapidly in aggressive environments. One of the more recent iterations
of hot dip zinc alloy coatings is zinc-magnesium-aluminum (ZMA),
with commercial coatings such as Magizinc from Tata Steel, Magnelis
from ArcelorMittal and SuperDyma from Nippon Steel & Sumitomo
Metal. These, and other compositions of ZMA coatings, have been
extensively studied and established to provide superior corrosion pro-
tection compared to traditional pure zinc coatings;>"!! improved cor-
rosion resistance allows for much thinner coatings which are highly
desirable in the automotive industry.

The limited solubility of magnesium in the zinc bath and rapid dross
formation restricts the maximum magnesium content for galvanized
ZMA coatings. Therefore, other technologies such as PVD have been
suggested as alternative coating methods for the automotive industry. '?
The thermal evaporation PVD method first established in 2003 by
Corus Technology B.V. (now Tata Steel Europe) utilized a unique
vapour generation and transport system: the source metal was heated
and levitated within an induction coil then guided through a vapour dis-
tribution box to the steel substrate while under continuous vacuum.'?
This process permitted the co-deposition of zinc-magnesium onto strip
steel, with composition being controlled accurately by source metal
feed rate and temperature. The technology has evolved significantly
over the last decade; multiple papers have been published on the adhe-
sion properties of these PVD coatings,'*!'® and a full air-to-air scale-
up of the method was accomplished by POSCO in collaboration with
Tata Steel Europe in 2011." In the scale-up work from POSCO it
was also found that a zinc-magnesium coating containing 9.2 wt%
magnesium showed superior corrosion resistance when compared to
electrogalvanized and hot dip galvanized steel sheet reference sam-
ples during standard salt spray testing. Aside from this instance, there
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has been no other research conducted into the bare metal corrosion of
zinc-magnesium PVD coatings.

To that end, the primary intention of this paper is to character-
ize the localized bare metal corrosion of zinc-magnesium PVD coat-
ings by using the novel combination of a scanning vibrating electrode
technique and in-situ time-lapse imaging (henceforth referred to as
SVET-TLI). The scanning vibrating electrode technique (SVET) is
an advanced method for spatially and temporally monitoring electro-
chemical behavior and has been used extensively for the in-situ study
of localized corrosion behavior of metal surfaces under immersion
conditions.?*~?® It detects potential gradients in solution above an ac-
tively corroding surface which are a result of ionic flow between anodic
and cathodic sites. By converting the potential to current density val-
ues, via a calibration procedure,?® 2D and 3D maps can be generated to
display the local electrochemical activity qualitatively. Furthermore,
SVET-derived data can be utilized quantitatively to study the kinetics
of anodic and cathodic propagation. An in-depth review of the SVET
and its applications in electrochemistry has recently been published.?

The resolution of the SVET is limited by the probe diameter and
scan height, with a practical width at half maximum (whm) previ-
ously stated as 0.26 mm?? for a scan height of 100 wm; simply put,
if two or more electrochemical events are positioned within 0.26 mm
of each other they will not be detected as individual instances but as
a net effect. In terms of corrosion mechanisms, this limitation pre-
vents the detection of general corrosion®® or any corrosion cells with
current pathways less than the whm. This poses an issue for alloys
and alloy coatings that possess fine microstructural features which
influence corrosion behavior. This is particularly problematic in the
study of ZMA coatings, when attempting to electrochemically de-
termine the mechanisms responsible for the superior corrosion re-
sistance, due to their heterogeneous microstructure. Hausbrand et al.
overcame this issue by studying the MgZn, intermetallic, a common
constituent in most ZMA coatings, in a pure cast form. Their initial
work showed the superior delamination resistance of MgZn, compared
to zinc as a result of a difference in defect and intact potentials stem-
ming from the preferential formation of surface oxides.*! The predom-
inant formation of magnesium hydroxide (MgOH), inhibited oxygen
reduction and depressed the intact potential to a point where cathodic
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Table I. Values for the pure zinc basecoat thickness, zinc-magnesium topcoat thickness, topcoat composition and the mean surface roughness, S;,

for all PVD samples.
Pure Zinc Basecoat Zinc-Magnesium Topcoat
Sample I.D. Thickness (um) Thickness (jum) Composition (Wt% Mg) Mean Surface Roughness, S, (nm)
PVDO 3.30 - - 300
PVD4 2.10 4.10 4.00 390
PVDI10 0.95 3.80 10.0 270
PVD20 1.10 4.10 20.0 290

delamination was completely suppressed on the MgZn,. However,
with a potential gradient still present, MgZn, was instead found to
be susceptible to anodic-type delamination. Moreover, MgZn, was
found to corrode faster than zinc and at a lower potential, suggesting
a possible sacrificial mechanism exhibited by MgZn, to protect zinc
at the onset of corrosion. Therefore, it was stipulated that an opti-
mum composition of zinc and MgZn,, within a ZMA coating, could
be achieved to eliminate the potential gradient and prevent both ca-
thodic and anodic delamination behavior.*>** Sullivan et al. were able
to definitively prove the previously theorized preferential de-alloying
of the MgZn, phase, within the binary and ternary eutectic structures in
ZMA coatings, by devising an in-situ time-lapse microscopy method
for monitoring microstructural attack.™

It is therefore proposed that photographic images captured sequen-
tially during an SVET-TLI study can be used as complementary data to
confirm unresolved electrochemical events. In the Powell et al. SRET
study, on the influence of corrosion inhibitors on galvanized sheet steel
surface corrosion, photographic evidence is captured only at the end of
the study and used to aid in the explanation of corrosion mechanisms.>
Similarly, Glover and Williams, in a study of the inhibition of corro-
sion on hot dip galvanized coatings using phenylphosphonic acid, use
photographs captured at the end of each SVET study to aid in the
identification of corrosion products and mechanisms.*® In both cases,
there are assumptions made to correlate the photographic and electro-
chemical data and further relate the results to theoretical predictions. It
can be said that these visual data do not provide strong evidence for or
against the theoretical model; rather the known theory is applied as a
“best fit” for the visual corrosion products and possible attack mecha-
nisms. Furthermore, the majority of localized electrochemical studies
on galvanized steel cut edge corrosion completely lack the inclusion
of correlative visual data.’”~*

The technique presented in this work is a necessary evolution for
the SVET. As such, this paper first establishes the improved capability
of SVET-TLI by investigating the corrosion behavior of a hot dip gal-
vanized coating, which has been extensively studied previously. This
is then compared to a pure zinc PVD coating to determine the influ-
ence of the coating method and purity on localized corrosion mech-
anisms. A hot dip ZMA coating is analyzed as a comparison for the
zinc-magnesium PVD coatings. The PVD coatings are systematically
characterized to determine the influence of magnesium content on the
microstructure and associated localized corrosion behavior.

Experimental

Materials.—All zinc coated steel samples in this paper were pro-
duced by Tata Steel Netherlands. Two zinc alloy coatings were applied
using the traditional hot dip method. For one sample, 0.66 mm gauge
steel strip was dipped in a standard continuous galvanising bath, pro-
ducing the commercial Zn-(0.2 wt% Al) 20 pwm coating on both sides
of the strip (HDG) with a mean surface roughness, S,, of 1.30 pum.
The second hot dipped sample was produced on the zinc-magnesium-
aluminum line which deposited a 10 pwm layer of Zn-(1.6 wt% Mg)-
(1.6 wt% Al) on both sides of 0.71 mm gauge steel (ZMA). The mean
surface roughness of ZMA was 1.00 pm.

Four PVD zinc alloy coatings were produced using a Von Ardenne
roll-to-roll pilot line in IJmuiden, EMELY. It is a batch process, un-
der 10~ bar pressure, which utilizes thermal evaporation to deposit

pure or alloy coatings onto steel strip. The EMELY line produces the
zinc-magnesium coatings via bi-layer co-deposition: an initial pure
zinc layer (referred to as the basecoat) is deposited in one “pass”
and, when the line direction is reversed, zinc and magnesium are de-
posited simultaneously in the second pass to form the topcoat. These
are single-sided coatings all deposited on 0.2 mm gauge blackplate
steel. Due to the nature of the process, the PVD coatings vary in thick-
ness as strict control of the line speed and melt temperature must be
maintained. The properties of all four PVD samples are summarized
in Table I.

The surface microstructure of the ZMA coating was studied after
standard grinding and polishing procedure to 1 wm. Cross-sectional
samples for transmission electron microscopy of the PVD4 coating
were prepared in a FEI Helios UC G4 system with a gallium focused
ion beam (FIB) to obtain slices of 50—100 nm thickness. The ZMA and
PVD4 microstructures were imaged by a JEOL 7800F field emission
gun scanning electron microscope (FEGSEM). The phases present
in PVD4 were identified using a FEI Titan transmission electron mi-
croscope (TEM) at the University of Virginia; the FIB cross sections
were studied in the TEM using imaging, energy-dispersive X-ray spec-
troscopy, and selected area electron diffraction (SAED). The PVD10
and PVD20 nanostructures were also imaged using the FEI Titan TEM
after FIB milling.

For SVET-TLI, the coating surfaces were rinsed with ethanol and
sectioned into 10 mm by 10 mm square coupons, upon which a 6 mm
by 6 mm scan area was isolated using PTFE tape. Following SVET-TLI
immersion studies, X-Ray powder diffraction (XRD) was undertaken
using a Bruker D8 Discover, with Davinci design, and Cu Ka radiation
with a wavelength of 1.5418 A. For all scans an applied voltage of
40 kV and a current of 40 mA were used. The scanning range varied
between 5 and 70 ° in Bragg-Brentano geometry and a 0.3 mm slit
size. Analysis was undertaken using the diffract.eva program using
reference data from the Crystallographic Open Database.

SVET-TLI.—SVET calibration was carried out under standard
procedure.?® Each sample was immersed in 0.17 M NaCl for the du-
ration of each experiment; the surface of the electrolyte was approxi-
mately 2 cm above the surface of the sample and in contact with room
air in a controlled 19°C environment. The scan area was defined as
6 mm by 6 mm in the SVET software with 31 data point locations in
both the x and y directions, giving a total of 961 data points separated
by equal spaces of 0.2 mm. The SVET probe was positioned 100 pm
above the sample surface and began scanning immediately after sam-
ple immersion. A scan took place every 10 minutes thereafter giving
a total of 144 scans over 24 hours, with an average scan duration of
4 minutes and 20 seconds. The SVET-derived current density data
were plotted as 2D false-color surface plots using Golden Software’s
Surfer 8; the anodic current is presented as red, cathodic current blue
and points where current density is zero are white.

The adaption of a scanning vibrating electrode technique, to in-
clude simultaneous visual data capture, was achieved by affixing a Su-
pereyes Y002 waterproof microscope endoscope camera to the probe
assembly. This camera is lightweight and waterproof, allowing pro-
longed immersion in salt solution without interfering with the func-
tionality of the SVET probe assembly or motor control. The camera
was attached using a custom, 3D-printed articulated arm and friction
clamp which held the camera parallel to the vibrating tip of the SVET
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SVET Probe Assembly

| | Clamp

C
—+H

Camera

¢ Vibrating
Probe Tip —

Figure 1. Schematic diagram of the SVET probe assembly with Supereyes
Y002 waterproof microscope endoscope camera attached via 3D-printed artic-
ulated arm and friction clamp.

(Figure 1). A rest setting was added to the SVET scan setup, instruct-
ing the SVET probe assembly to move 40 mm in the x direction to
align the camera at the end of each scan. The SVET would remain in
the rest position until the start of the next scan.

Automatic photograph capturing was managed by basic time-lapse
freeware, Sky Studio, scheduled to capture images of the scan area
every minute, ensuring a relationship of 30 seconds between the start
or end of a scan and a corresponding photograph of the surface. To

C3307

prevent distortion from the electrolyte-air interface, the camera was
immersed for the entirety of the 24 hour study of each sample.

For each coating, three SVET-TLI experiments were conducted to
confirm consistency in the observed behavior. Only one experiment per
sample was selected for the presentation of the photographic images
and electrochemical false color maps as reliable representatives.

Results and Discussion

HDG and PVD0.—Figure 2 displays false color surface plots
showing current density distributions, presented adjacent to the asso-
ciated close up in-situ photographic images, for HDG, taken at dif-
ferent holding times while immersed in 0.17 M NaCl solution. The
electrochemical surface plots show the formation and stabilization of
several focal anodes which are, in this instance, the dissolution of zinc
as shown in Equation 1.

Zng) +2e” — Zng, (1]

Localized anodic features that remain constant on the surface of the
HDG is a behavior previously observed;*® the corresponding pho-
tographic images in this work further reinforce this mechanism by
displaying the associated surface roughening. White corrosion prod-
uct was also shown to be deposited in the cathodic regions, separated
from the anodes by areas of zero current density. The sample remained
fully immersed in NaCl solution for the entire duration of the 24 hour
experiment. Therefore, it can be assumed that the initial, stable corro-
sion product was zinc hydroxide (Zn(OH),), formed via Equation 2, as
opposed to zincite (ZnO) due to the abundance of OH" ions, generated
by oxygen reduction (Equation 3) at the cathodes. The Pourbaix dia-
gram for zinc also demonstrates that the conditions of the experiment
satisfy the stability domain for Zn(OH),.*!

Zn(, +20HG, — Zn(OH)y 2]
Oz(g) + 2H20(1) + 46_ d 4OH(_aq) [3]
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Figure 2. SVET-derived false color surface plots showing the distribution of normal current density (top) with associated photographic images (bottom) above
freely corroding HDG in aerated 0.17 M NaCl at (a) 4, (b) 8, (c) 16 and (d) 24 hours immersion time (a red dashed arrow has been added to indicate the location

of the selected SVET profile extracted for Figure 4a).
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Figure 3. SVET-derived false color surface plots showing the distribution of normal current density (top) with associated photographic images (bottom) above
freely corroding PVDO in aerated 0.17 M NaCl at (a) 4, (b) 8, (c) 16 and (d) 24 hours immersion time (a red dashed arrow has been added to indicate the location

of the selected SVET profile extracted for Figure 4b).

After 16 hours immersion, the SVET plots show anodic activation of a
previously cathodic region, resulting in a new net anodic area (labelled
in Figure 2c and Figure 2d as feature 1). This event was supported by
the growth of dark features in the corresponding photographic images.
Zinc hydroxide is an amphoteric material; therefore, it will dissolve
in solutions of elevated pH to form zincate (Zn0O,%~) and bizincate
(HZnO;) via the reactions in Equation 4 and Equation 5 respectively.

Zn(OH),,, + 20H,,, — ZnO3,,, +2H,0, [4]
Zn(OH)y, + OHg, ) — HZnOj, ) +H, 0, (5]

PVDO can theoretically be compared to HDG in terms of corro-
sion resistance as both coatings are >99 wt% zinc. However, PVDO
coatings are disregarded in terms of potential to substitute commercial
hot dip galvanising coatings as it is well understood that the corrosion
protection offered by pure zinc coatings is proportional to the coating
thickness.*>* Still, PVDO offers insight into the influence of coating
deposition method as it is considered a pure homogenous layer of zinc
metal. HDG, on the other hand, is susceptible to inclusions that can
negatively affect the coating properties, following the pickup of tramp
elements during the hot dip process.** Figure 3 shows the SVET-TLI
results taken at different holding times for PVDO over the 24 hour
immersion analysis. PVDO appeared to exhibit the features of general
corrosion with many anodic features too small to be resolved by the
SVET and are only recognized with the complementary visual data.
The SVET-derived maps display an anodic front which swept over
the surface of the coating and the post-corroded areas became new
cathodic sites for oxygen reduction. The photographic images show a
mechanism of many anodic activation events that initiated en masse
over the coating followed by corrosion product deposition on each
site. There was no clear evidence of re-activation of the surface.

Wint et al. observed localized corrosion behavior on the surface
of pure zinc foil under similar testing conditions,* which is highly
comparable with the features seen on HDG, not PVDO. As there was
no visual breakthrough to the steel substrate, nor the corresponding

characteristic enhancement of cathodic activity in the post-corroded
regions, it is proposed that the fine globular surface topography of
these PVD coatings, previously reported,'®!” is the influencing fac-
tor as opposed to metal purity. The micro-crevices formed between

(a) -

3
Distance, x (mm)

Figure 4. SVET-derived current density line profiles for (a) HDG taken from
y = 0.4 mm in Figure 2 at (i) 4, (ii) 8, (iii) 16 and (iv) 24 hours immersion
time, and (b) PVDO taken from x = 5.6 mm in Figure 3 at (i) 4, (ii) 8, (iii) 12
and (iv) 16 hours immersion time in 0.17 M NaCl.
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Zinc-rich Dendrite

Ternary Eutectic

Binary Eutectic

100pm

Figure 5. Microstructure of the Zn-(1.6 wt% Mg)-(1.6 wt% Al) alloy coating,
captured by SEM to show zinc-rich dendrites, a binary eutectic of zinc and
MgZn, and a ternary eutectic comprised of zinc, MgZn; and aluminium-rich
nodes.

joining globules are evenly spaced over the surface of the PVD coat-
ings, serving as preferential initiation points for corrosion. Conversely,
HDG coatings are well understood to exhibit relatively large (>1 mm)
characteristic spangles.*¢ Furthermore, the mean surface roughness
value for PVDO, reported in Table I, is 300 nm; for HDG the mean
surface roughness value was 1.3 pm as stated previously. Osério et
al.*” conducted a systematic study on the macrostructural morphology
and grain size of HDG and zinc castings which revealed the positive
correlation between grain size and corrosion resistance. The influence
of grain morphology on corrosion resistance was attributed to the in-
creased energy levels at grain boundaries caused by the accumulation
of defects, impurities and plastic deformation. Therefore, it can be said

C3309

that the grain boundaries are the preferential initiation sites for anodic
attack.

The contrasting nature of anodic activity for both coatings was
best visualized by extracting line profile data from the SVET maps, at
different immersion times, and plotting the current density against dis-
tance over the sample as shown in Figure 4 (Figures 2 and 3 indicate
the selected line data location, for Figure 4a and Figure 4b respec-
tively, with red dashed arrows). The anodic event on HDG (Figure 4a)
is shown to have activated within the first 4 hours of immersion, dis-
playing two anodic peaks which suggests the presence of two separate
anodic sites that are only partially resolved by the SVET. Over the
course of the experiment the spacing between the two peaks lessened,
resulting in an overall current density peak of 3.06 A m™ at 12 hours.
However, it is clear that this anodic area remained in a fixed location
and kept a constant overall width of 2.2 mm. In contrast, Figure 4b em-
phasizes the progression of a characteristic anodic front on the surface
of the PVDO coating over the 24 hour study. The anodic activity of
PVDO was much broader, compared to HDG, during the first 8 hours
(3.2 mm). As the ratio of uncorroded to corroded zinc became smaller,
the anodic area became correspondingly narrower.

ZMA.—The ZMA alloy coating is comprised of three separate
phases: primary zinc-rich dendrites, a binary eutectic (pure zinc and
MgZn, lamella) and a ternary eutectic (pure zinc and MgZn, lamella
with Al nodules), which can be seen in Figure 5. The SVET-TLI maps
and photographs for ZMA, immersed in 0.17 M NaCl for 24 hours,
show the formation of localized anodic events in Figure 6. After 8 hours
immersion, the focal anodes began to radially expand across the sur-
face of the coating. The photographic images accurately corroborate
this behavior, showing the formation and growth of dark circles. As
stated before, the MgZn, phase has previously been shown to corrode
preferentially to zinc and the more electrochemically active element,
magnesium, is de-alloyed via the reaction in Equation 6.31-3*

Mg +2e” — Mggy,, [6]
In response to the dissolution of the coating, corrosion products were
visually observed in the photographs to form a “halo” around the
anodic sites, in the regions of zero current density displayed by the

Jz (A m?2)

6 6 6 6 ﬁj
5 5 5 5 "
3 £ € 3
E4 E4 E4 Eq4
> > > >

;3 ;3 ;3 3
g2 82 82 & 21
0 R%] 0 0 1
[ B [} o

1 1 1 1

R
O T 3 3 4 5 8 %0 1 2 3 a5 6 ‘01 2 3 4 5 6 00 712 3 4 5 &

Distance, x (mm) Distance, x (mm)

~ 5

(a)

Distance, x (mm) Distance, x (mm)

(d)

Figure 6. SVET-derived false color surface plots showing the distribution of normal current density (top) with associated photographic images (bottom) above
freely corroding ZMA in aerated 0.17 M NaCl at (a) 4, (b) 8, (c) 16 and (d) 24 hours immersion time.
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Figure 7. XRD spectra of the corrosion products visible on the ZMA coating
after 24 hours immersion in 0.17 M NaCL

corresponding SVET maps. Literature suggests that, as in the case of
Zn(OH), for pure zinc corrosion, magnesium hydroxide (Mg(OH),)
formation is more thermodynamically favourable than MgO in the
presence of water, thus a method involving complete and continuous
immersion would promote Mg(OH), over MgO* via Equation 7.
Mgl + OHg, — Mg(OH), (7]
Mg(OH), is electrochemically inert at high pH,*' therefore the break-
through behavior seen in the HDG coating is not observed for ZMA.
Hosking et al.? state that Mg(OH), formation takes place at the net
cathodic regions due to the presence of OH™ ions, which is possibly
recognized in Figure 6 by a visual dulling of the surface known to be
occupied by cathodic activity. This proposed suppression of the oxy-
gen reduction reaction (Equation 3) and consequent moderation of pH
plays a key role in the stabilization of the compact corrosion product
simonkolleite (ZnsCl,(OH)g-H,0). The formation of simonkolleite
from ZnO occurs in the presence of Cl~ via Equation 8, according to
Falk et al.*> Mg(OH), deposits on cathode sites shift the equilibrium
in favour of simonkolleite formation, which inhibits further corrosion
by trapping CI~ ions and acting as a compact mass transport barrier.
Further evidence of the improved corrosion resistance attributed to
simonkolleite formation can be found elsewhere.®>*->2

SZHO(S) + 2C1(_¢\q) + 6H20(1) — Zn5C12(OH)8'H20(S) + ZOH(_aq) [8]

The white “halos” of corrosion product correlate well with the forma-
tion of simonkolleite as they appeared to restrict the expansion of the
anodic rings on the surface of the ZMA; the expansion of the supple-
mentary anodes formed after 8 hours appear to have been retarded in
the directions of the pre-existing corrosion product. Furthermore, the
anode labelled as feature 1 is completely de-activated after 24 hours
immersion time. Subsequent XRD analysis conducted on the ring of
corrosion products adjacent to the anodic event confirmed the presence
of the compact simonkolleite corrosion product (Figure 7).

Zinc-magnesium PVD.—The microstructure of the PVD4 topcoat
seen in Figure 8 is discrete and significantly finer than that of ZMA.
As indicated in the figure, there are two distinct phases present: zinc-
rich and Mg,Zn;;. These were identified using electron diffraction
performed in the TEM; the patterns observed are shown in Figures 8b
and 8c. The Mg,7Zn;; phase has previously been acknowledged to have
superior corrosion resistance compared to the MgZn, phase found in
ZMA % During the PVD process, zinc and magnesium vapours rapidly
condense on top of the zinc adhesion layer, forming a finer distribution
of phases. As the top deposition continues, the temperature gradient
between the vapour and the surface becomes less which allows the
growth of much larger phase regions.

Figure 9 shows that the addition of magnesium to zinc PVD coat-
ings had a dramatic effect on nature of corrosion in the NaCl solution
compared to PVDO. Indeed, visually the coating appeared to exhibit
behavior characteristic of pure magnesium as the surface is “stained”
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Figure 8. (a) Microstructure of PVD4 revealed using a focused gallium ion
beam for cross sectioning and imaged by FEGSEM. The two phases present
have been labelled after identification via SAED in the TEM; the TEM pattern
shown in (b) corresponds to a [100] beam direction for zinc with measured
lattice parameters of a = 2.659 A and ¢ = 4.86 A, while (c) yields a measured
lattice parameter of 8.487 A which corresponds to Mgy Zny .

black, as has been previously reported.®?®>* However, unlike pure
magnesium, the SVET-derived maps with correlating photographs
suggest the staining of the surface occurred in the net cathodic regions,
which appears to contradict the theory that the blackening is a result of
magnesium dissolution.> The limited resolution of the SVET is a pos-
sible explanation for this phenomenon; anodic magnesium dissolution
may have occurred evenly over the surface of the coating, but the fine
distribution of zinc and Mg,Zn;, limited the ionic paghways of the
galvanic effect to a scale not resolvable by the SVET. Swiatowska et
al. have previously observed the dissolution of magnesium despite the
application of a relatively large cathodic current (—80 A cm™2 mini-
mum value) in 0.01 M NaCl.°® This was also shown in the recent work
of Han and Ogle, where persistent and significant anodic dissolution
of magnesium occurred while the working electrode was cathodically
polarized.’’

The fine structure present in PVD4 also appears to have influ-
enced the formation of the anodic sites identified in the SVET maps.
When compared with ZMA, which showed a maximum of 10 indi-
vidual anodic events, the PVD4 coating displays approximately 20
active sites. The scale of the microstructure found in PVD4 does not
suggest a direct correlation between the distribution of phases and
stable anodic events observed in Figure 9. In a previous study by Sul-
livan et al.,'! the in-situ microscope images of ZMA coatings freely
corroding in 1% NaCl suggest that, during the hours immediately fol-
lowing submersion, there are multiple sites of preferential attack on
the magnesium-containing eutectic phase. These initial anodic events
are approximately 50 pwm in diameter at 4 hours in and are clustered
together within a net anodic area of 200-300 wm. As stated before,
the SVET used in this study is not capable of resolving features within
0.26 mm of each other. It is therefore proposed that the fine distribution

Downloaded on 2019-06-07 to IP 137.44.1.174 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



Journal of The Electrochemical Society, 166 (11) C3305-C3315 (2019) C3311
Jz (A m?2)
2 3 4 5
6 6 6 F iy 6 —
) ~5 ~519Y L5
3 £ [3 [ ] L E
Ea Eq E4 | E41.®
> > L > > o
g3 g3 g3 I g3 [ *
S2 g2 §2 F- TSNS . > S2le--oEET 8 T8 >’
(=] 1 0y o 1 1 0 4 _— o |
0 0 0 0 S S
1 2 3 4 1 273" 4°5 0 1 2 3 4 5 6 0 1 2 3 4 5 &
Distance, x (mm) Distance, x (mm) Distance, x (mm) )

o

Rop B3

_ 20v

Figure 9. SVET-derived false color surface plots showing the distribution of normal current density (top) with associated photographic images (bottom) above
freely corroding PVD4 in aerated 0.17 M NaCl at (a) 4, (b) 8, (c) 16 and (d) 24 hours immersion time (a red dashed arrow has been added to indicate the location of
the selected SVET profile extracted for Figure 12a). Note: the intense cathodic features visible in (c) and (d) are artefacts cause by corrosion product impingement

on the SVET tip and are to be disregarded.

of Mg,Zn;; phase in PVD4 influences the preferential locations for
anodic initiation, with many small anodic events formed in the early
hours of immersion. The stabilization of the visible anodic events
in Figure 9 may be attributed to individual stabilization of the micro-
scopic anodes, unresolvable by the SVET, or by their merging. What is
evident however, is that once localized corrosion becomes established
(within the first 4 hours), no further anodic events initiate presumably
because of elevated pH over the net cathodic regions which inhibits
further magnesium dissolution from the Mg,Zn;; phase.

The expansion of the anodes on PVD4 was less apparent than that of
the anodes on ZMA. The white corrosion product “halos” observed on
ZMA were also present on PVD4, similarly constricting each anodic
site. Contrary to ZMA, the white corrosion products on PVD4 were
also formed directly on top of each anode; the persistence of each
anodic site following initiation over the 24 hour immersion period
suggests that these deposits do not serve to impede interfacial electron
transfer or ionic current to or from these sites. It is important to also
note the regions of cathodic activity directly adjacent to the “halos”
that appear in the early stages of immersion; it is proposed that these
are localized deposition sites for Mg(OH), which formed rapidly in
the experiment and prevented further de-alloying of magnesium by
passivating the surface.

Figure 10a shows the typical nanostructure observed in the top-
coat for PVD10 and Figure 10b shows a similar structure exhibited
by PVD20; the average grain size for both coatings is <100 nm. It is
postulated that the formation of a nanostructure in these coatings is a
result of the increased magnesium content. Magnesium has a greater
vapour pressure than zinc, thus the driving force for magnesium con-
densation is higher which in turn increases nucleation on the substrate
and limits grain growth.

PVDI10 shows more of a resemblance to pure magnesium
corrosion?® with the characteristic staining and the development of
adistinctive anodic ring in Figure 11. However, contrary to the behav-
ior of pure magnesium, the expanding ring was not driven by a strong
cathodic interior. The corroded area left in the wake of the expanding
anodic ring was deactivated by the development of corrosion prod-
ucts which can be seen in the images as white deposits. This contrasts
with the PVD4 coating, which displayed many smaller anodic features
that did not appear to have a passivated center. It is therefore sug-
gested that the nanostructure of PVD10 results in a finer distribution
of magnesium in the coating, consequently exhibiting a more homoge-
neous response with relatively larger anodic events. As with PVD4, the

Figure 10. Nanostructure exhibited by cross sections of (a) PVD10 and (b)
PVD20 observed using TEM. The steel substrate is at the bottom, followed by
the zinc basecoat. The cross sections were protected with electron-beam- and
ion-beam-deposited carbon followed by platinum deposition in the FIB. These
layers are seen at the top of each figure.

Downloaded on 2019-06-07 to IP 137.44.1.174 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



C3312

Journal of The Electrochemical Society, 166 (11) C3305-C3315 (2019)

Jz (A m?2)
-1 0 2 3 4 5
6 1gq 6 6 12 = 6 ”‘*““—‘»—‘—‘
,\5P =9 B 5
£ £ E £
Eap-—-2_ 2 - --  E4 - S R > E4fm----mmmmooo >
> ] > > >
@3 & A o3 o 3
5] 5] 5] [ 5]
c c 5 = =
S 2 1 82 s 2 £ 2
Q] K] Q2 0
01 01 01 01
1 3 _
0 - _ 0 0_ A"’d 0
0O 1 2 3 4 5 6 0O 1 2 3 4 5 2 3 4 5 6 2 3 4 5 6

Distance, x (mm) Distance, x (mm)

Distance, x (mm) Distance, x (mm)

©

(d)

Figure 11. SVET-derived false color surface plots showing the distribution of normal current density (top) with associated photographic images (bottom) above
freely corroding PVD10 in aerated 0.17 M NaCl at (a) 4, (b) 8, (c) 16 and (d) 24 hours immersion time (a red dashed arrow has been added to indicate the location

of the selected SVET profile extracted for Figure 12b).

cathodic region directly adjacent to the anodic ring shows no evidence
of magnesium de-alloying, but a slight discoloration suggests that there
was instead a rapid formation of corrosion product. It is interesting to
note that the area of this protected zone appears to be related to the
size of the corresponding anodic event.

Figure 12a provides further evidence of the limited size and growth
of focal anodes on the surface of PVD4 by displaying the current
density line profiles identified in Figure 9 for different immersion
times. A small drop in current density in the center of feature 2 indi-
cates possible de-activation. This significantly differs to the nature of
the anodic ring on PVD10, shown in Figure 12b via current density
line profiles, identified by Figure 11, at different immersion times.
Figure 12c demonstrates the larger rate and size of the expanding an-
odic features on PVD10 compared to PVD4. Between 4 and 24 hours
immersion time the diameter of the anodic ring on PVD10 grows by
1.2 mm which is significantly greater than the 0.4 mm growth shown
by the anodic event on PVD4 during the same immersion period.
This suggests that the fine nanostructure identified on PVD10, in con-
trast to the coarser discrete structure of PVD4, favours radial spread-
ing of anodic events. This is consistent with recent work by Wint et
al.’® where lateral anodic spreading was shown to be disfavoured on
discrete microstructures due to the hinderance of aggressive anodic
electrolyte diffusion over the more noble zinc phase. On grain refined
specimens, the more noble phases are finer and therefore the elec-
trolyte could easily diffuse over and activate adjacent magnesium-rich
phases.

Figure 12 also emphasizes the difference in intensity between the
anodic events observed on PVD4 and the anodic ring on PVDI10.
This suggests a correlation between the intensity and number den-
sity of anodic events, which is assumed to be a consequence of
the magnesium content. The greater anodic current density of the
anodic event on PVD10 measured at 4 hours into the experiment
(approximately 5 A m~2) serves as possible evidence for the reduced
number of anodic events: the free corrosion potential, E,, will cor-
respondingly drop, in response to the emergence of a significant an-
odic current, to preserve electroneutrality. This in turn makes it less
likely for further anodic events to initiate. This behavior has previ-

ously been reported for the localized corrosion of commercial purity
magnesium.?°

Figure 13 shows a series of typical current density distribution
maps, along with associated close up photographic images obtained
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Figure 12. SVET-derived current density line profiles of (a) PVD4 taken from
y = 2.0 mm in Figure 9 and (b) PVD10 taken from y = 4.0 mm in Figure 11
after (i) 4, (ii) 8, (iii) 16 and (iv) 24 hours freely corroding in 0.17 M NaCl.
Using the peak anodic values, the diameters of the anodic rings observed on
PVD4 and PVDI10 are plotted over time in (c).
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Figure 13. SVET-derived false color surface plots showing the distribution of normal current density (top) with associated photographic images (bottom) above
freely corroding PVD20 in aerated 0.17 M NaCl at (a) 4, (b) 8, (c) 16 and (d) 24 hours immersion time.

for the highest magnesium composition used in this investigation
(PVD20). As with the PVD4 and PVD10 samples, significant black
staining is produced in the cathodic regions of the PVD20 surface.
The photographic monitoring of the corroding surfaces reveals that
the staining is correlated to the magnesium content, as the intensity
of the staining was noticeably greater on PVD20 compared to PVD4
and PVD10. Additionally, PVD20 exhibits the characteristic anodic
ring expansion shown by PVD10. However, in this case the expansion
was significantly limited, and the anodic ring appeared to de-activate
toward the final hours of immersion.

The XRD patterns identified for regions of white corrosion product
on all four PVD samples are compared in Figure 14. The aforemen-
tioned phases present in PVD4 were confirmed as zinc and Mg,Zn,;;

o Zn5(OH)BCI2-H20
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Figure 14. XRD spectra of the corrosion products visible on the PVD coatings
after 24 hours immersion in 0.17 M NaClL.

PVDI10 appeared to be comprised of these phases also. In contrast,
PVD20 appeared to contain zinc and MgZn,. Simonkolleite was iden-
tified on all four samples following the 24 hour immersion studies,
suggesting a possible link between the formation of this particular cor-
rosion product and the mobility of anodic events observed on ZMA
and the PVD coatings.

Figure 15 displays the percentage planar coverage of local anodes
for all coatings over the period of immersion. The pure zinc coatings,
HDG and PVDO, were susceptible to greater anodic coverage.
However, as previously addressed, many anodic initiation events and
subsequent de-activation caused lateral spreading of the anodic attack,
increasing the overall anodic area to a point before reducing again as
the uncorroded coating was depleted. The HDG anodic area increased
to 50% and appears to have maintained this area average for the
remaining immersion time. The magnesium containing coatings
showed more consistent and reduced anodic coverage during immer-
sion. This suggests that the greatest local anode areas are observed
in the absence of magnesium, therefore implying that the alloyed
magnesium inhibits anodic area growth via the moderation of pH and
subsequent stabilization of simonkolleite over a greater distance across
the surface. The PVD20 coating is of significance in this data as it
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Figure 15. Percentage area coverage of anodic events, calculated from indi-
vidual SVET current density maps for (i) HDG, (ii) PVDO, (iii) ZMA, (iv)
PVDA4, (v) PVDI0 and (vi) PVD20 at 2 hour intervals during 24 hour immer-
sion in 0.17 M NaCl solution.
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Figure 16. SVET-derived area-averaged anodic current density plotted against
immersion time in 0.17 M NaCl for (a) (i) HDG, (ii) PVDO and (iii) ZMA. In
(b) ZMA is used as a reference, (i), for (ii) PVD4, (iii) PVD10 and (iv) PVD20.

demonstrated a clear drop in anodic coverage after 15 hours immer-
sion, which in turn is directly related to the de-activation observed in
Figure 13.

The area-averaged total current density plotted as a function of im-
mersion time is demonstrated in Figure 16. HDG, PVD0O and ZMA
are compared in Figure 16a to demonstrate a notable influence of
magnesium and aluminum in hot dip coatings, as ZMA demonstrated
consistently lower integrated anodic current density throughout im-
mersion compared to HDG and PVD0. ZMA was used as a reference in
Figure 16b for the zinc-magnesium PVD coatings. PVD4 and PVD10
exhibited similar time-dependent anodic current profiles to ZMA, but
the current density values were slightly reduced for PVD4. This sug-
gests that increasing the number of anodic sites may result in a more
widespread coverage of corrosion product that then limits the overall
anodic activity over the coating surface. The PVD20 current totals
increased for the first 4 hours to a level above that of ZMA, before
dropping abruptly at 16 hours immersion to values similar to PVD4,
suggesting that the increased presence of magnesium in the PVD20
presented more aggressive anodic attack during the staining period
where magnesium was de-alloyed from the coating. The drop in an-
odic current could therefore signify the point at which surface mag-
nesium had been depleted and the macroscopic corrosion features had
become de-activated.

A summary of the key electrochemical characteristics discussed in
this work is given in Table II. Quantitative analysis of corrosion on all
coatings during all 24 hour immersion tests and repeated tests suggests
a correlation between magnesium content and anodic current density.
A relatively small addition of magnesium to a zinc coating (<4 wt%)
appears to restrict anodic attack, however, there exists a critical level
of magnesium beyond which the magnesium content hinders corro-

Table II. Average anodic area coverage and total accumulated
anodic current density after 24 hours immersion for all coatings.

Average Anodic Total Accumulated Anodic

Coating 1.D. Area Coverage (%) Current Density (A m~2)
HDG 439+ 14 380£6
PVDO 39.0£ 13 36.3£8
ZMA 274+ 6 21.1+4
PVD4 28.1+3 20.1+3
PVDI10 285+ 6 25243
PVD20 19.8+8 279+5

Journal of The Electrochemical Society, 166 (11) C3305-C3315 (2019)

sion resistance. This may be attributed to the refinement of the phase
distribution or the increased reactivity exhibited by magnesium.

Conclusions

The work presented in this paper has demonstrated the benefits
of the combination method of SVET-TLI. Within one 24 hour im-
mersion, the technique is able to simultaneously acquire spatially and
temporally resolved electrochemical current density and rate data, with
photographic evidence that can corroborate the electrochemical data
with mechanistic information. For example, this work has concluded
that the staining that occurs on the magnesium-containing zinc PVD
coatings originates in net cathodic regions (Figures 9, 11 and 13),
whilst previous work attributed the staining to the anodic dissolution
of magnesium.®2%3 The resolution limitation of the SVET is partially
remedied by collecting visual evidence for validation.

It has been shown that the deposition method and subsequent sur-
face morphology of zinc coatings is more influential on the initiation
of anodic events as the globular topography exhibited by PVD acts
similarly to a fine grain structure. The finer the microstructure, the
greater the number of initiation points.

The presence of magnesium and aluminum in ZMA significantly
alters the corrosion behavior that is observed electrochemically and
visually. These alloying elements reduced the total anodic current den-
sity during 24 hour immersion and it is proposed in this work that this
is a result of simonkolleite formation which retards the progression
of anodic attack and also de-activates sites altogether. This is fur-
ther echoed in the results for PVD10 and PVD20; the nanostructure
observed for these coatings appears to have no influence over the rela-
tively large anodic events that take place. However, it is proposed that
the fine distribution of magnesium within these coatings is the cause
for staining at the cathodes because there was a clear correlation be-
tween magnesium content and staining intensity.

The PVD coating containing 4 wt% magnesium is of particular
interest as it appears that the combination of magnesium content and
microstructure formation resulted in the lowest total anodic current
density. Further study must be conducted into the exact cause for the
improved behavior.
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