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This paper describes a systematic study into the initiation and propagation of filiform corrosion (FFC) on in-
dustrially important Zinc-Aluminium-Magnesium (ZAM) alloy coatings for steels. An artificial scribe defect is
created in model organic coatings applied to ZAM. Corrosion is initiated using HCI, NaCl, FeCl, and acetic acid.
Only acetic acid is able to reproducibly initiate FFC. The FFC (area) rate is shown to be proportional to the
amount of acetic acid introduced. The FFC mechanism is explained in terms of the relative susceptibility of alloy
phases to anodic dissolution, determined using scanning electron microscopy and scanning Kelvin probe force

1. Introduction

In recent years there has been a great increase in the use of mag-
nesium as an alloying element in galvanized coatings applied to steel
surfaces to provide cathodic protection. Both hot dip [1-11] and phy-
sical vapour deposition (PVD) [12,13] processes have been used to
apply ZAM and zinc-magnesium coatings to steel used for building and
automotive purposes. Very significant quantities of organically over-
coated zinc-aluminium-magnesium (ZAM) hot dip galvanised steel are
now in service in both the architectural and automotive sectors. In this
paper we draw attention to an important mode of corrosion driven
organic coating failure which does not typically occur on conventional
galvanized steel but which can occur on ZAM. This mode of corrosion-
driven failure is filiform corrosion (FFC) initiated by a carboxylic acid
(acetic acid).

For bare galvanized steel (without an organic overcoat) the kinetics
and mechanism of zinc alloy corrosion has been widely investigated in a
range of environments [1-30]. It has thus been shown that corrosion-
driven mass loss from ZAM coated steel can be approximately two to
three times lower than that from Zn coated steel (of comparative
thickness) after 4 years of exposure in a variety of locations worldwide
[22]. The addition of magnesium and aluminium to zinc results in the
formation of a range of new phases of varying composition. The Al
containing phases are generally considered stable in comparison to the
more active zinc matrix [1,7,18,23]. Conversely, MgZn, and MgZn;;
intermetallics (IMs) have been found to undergo preferential anodic
dissolution [1,7,18,22,23].
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Magnesium is thought to improve corrosion resistance principally
through the chemical modification of corrosion products [24], and in-
creased corrosion product adhesion [25]. Anodic dissolution of Mg-rich
phases releases Mg?* ions which can react with OH™ (produced at the
cathode) to form magnesium hydroxide (Mg(OH),). Replacing zinc
(hydr)oxide with Mg(OH), at the ZAM surface [4,11,21], is thought to
reduce rates of the cathodic oxygen reduction reaction (ORR) [7,11].
The presence of Mg(OH), can also ‘buffer’ surface pH to mildly alkaline
values at which protective hydrozincite (Zns(COs3)>(OH)e) and si-
monkolleite (Zns(OH)gCly*(H,0)) become stable [1,6]. This stabiliza-
tion is believed to prevent their transformation into more soluble zinc
compounds [26,27]. At similar values of pH, aluminium is predicted to
become anodically active. Aluminates, produced through anodic dis-
solution of aluminium rich phases, can then react with Mg?* to form
protective layered double hydroxides (LDH) [1,6,15,22].

The corrosion of organic coated ZAM has been less widely studied.
However, organic (over)coats are frequently applied to ZAM coated
steel and corrosion-driven organic coating failure, is therefore a matter
of concern [11,28-30]. Corrosion-driven organic coating failure pro-
cesses, such as cathodic delamination and filiform corrosion (FFC),
become initiated when an aggressive electrolyte comes into contact
with the metal substrate. This typically occurs at penetrative defects in
the organic coating, such as at cut-edges, fixing holes, scribes and
scratches. The corrosion phenomena involved are atmospheric, occur-
ring at high relative humidity but in the absence of bulk electrolyte
immersion.

During cathodic delamination it is the cathodic ORR which is
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responsible for disbondment of the organic coating from the metal
substrate. Anodic metal dissolution, occurring in the defect region, is
coupled to a cathodic delamination front via a thin ( < 5pum) gel-like
layer of electrolyte which ingresses beneath the coating [31-33].
Cathodic disbondment requires an aqueous electrolyte to be present at
the coating defect which contains group (I) cations (such as Na™*). Only
group (I) cations possess the solubility at high pH necessary to support
the strongly alkaline catholyte which forms at the delamination front
[31-33]. Corrosion-driven cathodic delamination of organic coatings
has been widely reported to occur on zinc [34-39]. Conversely, organic
coated MgZn, (one of the predominant phases present within ZAM al-
loys) [3,18,40,41] has been shown to resist cathodic delamination
[11,28-30]. This finding has been (primarily) attributed to an inversion
of the normal difference in electrochemical potential observed between
the anodically active defect and the intact organic coated MgZn, sur-
face [28-30].

FFC has been shown to occur on a variety of organically coated
metals [42] including iron and steel [43-46], aluminium alloys [47-51]
and magnesium [52], and can be initiated by very small quantities of
aggressive electrolyte. It has been widely studied and is the subject of
several reviews [31,42,43]. Examples of electrolytes which have been
shown to initiate FFC include FeCl,, [45,53], HCI, [50,54-56], NaCl
[47,53], and acetic acid (CH3COOH), (which will be denoted as HAc
from this point forward) [57-65]. In FFC aqueous electrolyte only exists
in the form of a small droplet at the head of each individual filament,
maintained by the hygroscopicity of the salts therein. The FFC me-
chanism, as it occurs on iron and aluminium alloys, is generally be-
lieved to involve anodic metal dissolution occurring at, or near, the
front of the head droplet [31,42,43]. The ORR occurs primarily towards
the rear of the head droplet, where alkalization precipitates water-in-
soluble metal oxides and hydroxides. Facile O, diffusion along the
porous, corrosion product tail then drives the filament head forward
through differential aeration [31,42-47]. The same authors who de-
monstrated the ability of organic coated MgZn, to resist cathodic de-
lamination [11,28-30] pointed out that the observed inversion of
normal potential difference between the anodically active defect and
the intact organic coated MgZn, surface increased the probability that
organic coating delamination might occur through anodic under-
cutting, such as that which occurs during FFC [11,28].

Here we present a detailed study of FFC as it occurs on hot-dipped
ZAM coated steel (in which the ZAM layer contains 1.5 wt% Al and
1.5wt% Mg) overcoated with polyvinyl butyral co-vinyl alcohol-co-
vinyl acetate (PVB). The kinetics and mechanism of FFC are studied
systematically by initiating corrosion via the application of small,
controlled, quantities of different aqueous corrosive electrolytes to a
penetrative defect in the PVB coating, followed by incubation at a
controlled relative humidity. The electrolytes used (FeCl,, NaCl, HCl
and HAc) have all previously been shown to initiate FFC on organically
coated iron and aluminium [43-56]. However, only HAc is shown to
rapidly and reproducibly initiate FFC on ZAM. HAc is emitted in the
course of many technological and biological processes [57]. It has been
identified as one of the most ubiquitous environmental initiators of
atmospheric corrosion on materials exposed to indoor environments
[57-65] and analysis of the corrosion product formed on iron, copper,
nickel, and zinc, stored under these conditions, has revealed metal-
carboxylates, such as metal-acetates, as major components [62]. Fila-
mentary atmospheric corrosion has previously been reported on un-
coated zinc in the presence of carboxylic acids including HAc [63],
propionic acid [61] and acetaldehyde [59].

The principal aim of the current paper is to systematically describe
the kinetics and mechanism of HAc initiated FFC, as it occurs on or-
ganic coated ZAM. In so doing the rate of FFC propagation is de-
termined as a function of the quantity of HAc used during initiation. A
combination of scanning Kelvin probe force microscopy (SKPFM) and
SEM/EDS, of the uncoated ZAM surface, is used to predict which mi-
crostructural phases are likely to form the anodes and cathodes in any
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galvanic cell which might form. These predications are tested by ob-
serving differential rates of anodic phase dissolution under free corro-
sion conditions. The mechanism of FFC propagation on ZAM is then
explained in terms of selective phase dissolution and the role of the
steel substrate. Additional mechanistic insight is provided by the use of
in-situ scanning Kelvin probe (SKP) measurements, which show elec-
trochemical potential relationships occurring within the actively pro-
pagating FFC localized corrosion cell.

2. Materials and methods
2.1. Materials

Zn-1.5wt. % Al- 1.5wt. % Mg coated steel was supplied by Tata
Steel and consisted of 0.7 mm gauge mild steel coated with a 10 um
thick (140 g.m~2) ZAM layer on each side. 5cm X 5cm sized coupons
were cut from a larger sheet. Coupons were cleaned using an aqueous
slurry of 5um polishing alumina and rinsed with distilled water, then
degreased in hexane and allowed to dry in air. All the solvents and
reagents used were of analytical grade and provided by the Sigma-
Aldrich Chemical Company.

2.2. Methods

2.2.1. Materials characterisation

SEM images of the original (uncorroded) ZAM microstructure and
the post-corrosion surface were obtained using a Hitachi TM3000 SEM
with integrated Quantax 70 EDX Analyser. Prior to SEM corroded
samples were ultra-sonicated in a non-polar hydrocarbon (hexane) for
10 minutes. Both the PVB organic coating, and any loose corrosion
product present, were thus mechanically removed from corroded
samples via a cavitation effect.

Secondary ion mass spectroscopy (SIMS) analysis of the corroded
surface was carried out using a Millbrook Instruments MC300(Mk II)
Chemical Microscope fitted with a Gallium ion source. The lateral re-
solution was 10 pm and the mass resolution was * 0.1 Da. Prior to SIMS
analysis the PVB film was removed by mechanical peeling whilst the
corrosion product remained substantially in place.

2.2.2. Atomic force and scanning Kelvin probe force microscopy

Atomic Force Microscopy (AFM) and Scanning Kelvin probe force
microscopy (SKPFM) were used to determine the topography and Volta
potential difference existing between phases present within the original
(uncorroded) ZAM microstructure. Coupons were lightly polished using
1 pm diamond polishing paste before rinsing with ethanol and being left
to air dry. A JPK NanoWizard3 atomic-force microscope (AFM) with
scanning Kelvin probe (SKP) equipped with a FM-50 Pointprobe® tip,
was used to perform measurements in alternating current (AC) tapping
mode. The SKP scanning was performed at 20 nm above the surface at
20 um/s in air at approximately 50% relative humidity.

2.2.3. Cathodic delamination and anodic undercutting

The susceptibility of ZAM coatings to cathodic driven coating dis-
bondment and anodic undercutting on contact with aqueous NaCl was
investigated using ‘Stratmann’ [32-33] type corrosion cells. Insulating
tape was applied to 2 parallel edges of the coupons and acted as a
height guide for the 15% w/w ethanolic solution of polyvinyl butyral-
co-vinyl alcohol-co-vinyl acetate (molecular weight 70, 000-100, 000)
which was applied by bar casting before being allowed to dry in air
[34,66]. This procedure gave a dry PVB film thickness of 30 um, as
measured using a micrometer screw gauge. Once the coating had dried
it was partially peeled back to expose a small area of bare metal which
served as an artificial defect. A clear adhesive tape/PVB barrier was
formed between the intact polymer coated metal surface and the metal
surface and the defect. Beads of non-corrosive silicone rubber were
applied to the remaining edges in such a way that a reservoir was
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formed. A 1 cm® aliquot of 0.86 mol.dm ~* aqueous NaCl was then in-
troduced into the defect reservoir to initiate coating delamination. Two
types of sample were produced. In the first variant the ZAM coating
within the defect region remained intact. In the second variant the ZAM
was removed in the defect region to expose the steel substrate with the
aim of initiating anodic undercutting. The ZAM coating in the defect
region was removed using 2mol dm ™3 HCI prior to PVB coating. A
relative humidity (RH) of 95% was maintained in the experimental
chamber using open reservoirs of 0.86 mol.dm~> NaCl. The experi-
mental temperature was 25 °C.

Filiform Corrosion; Two parallel strips of insulating tape were ap-
plied to coupons upon which PVB was bar-cast before being allowed to
dry in air [45,50-54]. PVB coatings of 30 um thickness were prepared
on ZAM as before. Linear scribed penetrative coating defects of 10 mm
length were then created using a scalpel blade. These defects were ei-
ther scribed to the ZAM surface (ie. through the PVB layer only) or to
the steel surface (ie. through both the PVB and ZAM layers). Aliquots (2
uL) of aqueous solution comprising various concentrations of either
FeCl, (pH~5), NaCl (pH ~5), HCl (pH ~ -0.3), or HAc (pH ~ 2) were
applied to each defect using a micro-syringe. Following corrosion in-
itiation, coupons were placed in an experimental chamber as before. A
relative humidity (RH) of 93% was maintained using reservoirs of sa-
turated Na,SO410H,O [45,50-54] and the temperature was 25 °C.
Chamber air was refreshed weekly and digital optical images of the
sample surface taken using a Canon EOS camera. The length of in-
dividual FFC filaments and FFC corroded area were determined by
taking measurements from the digital images obtained using Sigma
Scan Pro 5 image analysis software. The image analysis software was
calibrated by specifying a pre-measured distance between two points
and inputting the real distance. Each FFC experiment was repeated four
times. Filiform measurements were taken from four individual scribes
(2 samples each with 2 scribes) for each concentration of each elec-
trolyte.

2.2.4. Scanning Kelvin probe

Potentiometric measurements were obtained under atmospheric
conditions using SKP instrumentation described in detail elsewhere
[66,67]. The reference probe consisted of a 125 pm diameter gold wire
which was vibrated normal to the sample surface at a vibration fre-
quency of 280 Hz. The peak to peak amplitude was 40 um. SKP cali-
bration was carried out using Ag/Ag*, Cu/Cu®", Fe/Fe®* and Zn/Zn?"*
couples following a procedure established previously [66]. In the case
of cathodic delamination studies the SKP reference probe was moved
over the surface along a 12 mm line up to the boundary of the defect
and scans took place at regular intervals. For FFC studies a
12mmx 8 mm area was scanned continuously. In both cases, scans
were recorded as a numeric grid on the SKP control computer. Open
reservoirs of the appropriate reference solution (0.86 mol.dm™> NaCl
for cathodic delamination and saturated Na,SO,10H,0 for FFC) were
placed at the bottom of the SKP environment chamber to ensure that
humidity was kept constant.

3. Results
3.1. Materials characterisation

An SEM image of the ZAM microstructure is shown in Fig. 1. The
alloy coating consists of ~15-25um sized zinc dendrites (~30% sur-
face area) within a coarse binary eutectic phase (~30% surface area)
and a finer ternary eutectic (~40% surface area). The binary eutectic
consists of zinc and MgZn, lamellae and exhibits a mean average la-
mella spacing of ~1um. The ternary eutectic consists of zinc, a zinc
rich aluminium phase and MgZn, and the mean lamella spacing is
~400nm [3,10].

Fig. 2a shows the topography of an area of the diamond polished
ZAM alloy, as determined using AFM. The primary zinc dendrites
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Binary Eutectic

Ternary Eutectic

Primary zinc
dendrite

Fig. 1. SEM image of ZAM coating surface.

appear slightly raised compared to the eutectic phases. Fig. 2b and ¢
show AFM topography and SKPFM Volta potential maps obtained from
the inset area in Fig. 2a, respectively. Please note, the potential values
shown in Fig. 2c have all been rebased such that highest potential is set
to zero. The patterns of Volta potential difference seen in Fig. 2c cor-
relate well with the topographical features (Fig. 2b). It therefore seems
reasonable to propose that the observed Volta potential variations can
be ascribed to local differences in surface composition. The Volta po-
tentials associated with the primary zinc phase are similar to those of
the zinc lamellae present within the binary and ternary eutectic. Lower
potential values are observed for the MgZn, lamellae of the eutectic
phases. The apparent Volta potential difference (contact potential) ex-
isting between the MgZn, lamellae and primary zinc is approximately
0.24 V. However, it must always be borne in mind that factors such as
electrostatic charge spreading, tip dihedral capacitance and cantilever-
sample capacitance all contribute towards the finite lateral resolution of
the SKPFM and tend to reduce potential contrast [68-70]. The observed
Volta potential differences should therefore be considered in terms of
relative nobility as opposed to quantitatively. Nevertheless, given the
approximately linear relationship typically observed between Volta
(contact) potential and electrochemical potential [32,71], the Volta
potential distributions in Fig. 2 suggest that the MgZn, lamellae will
form the anode in any galvanic couple with primary zinc.

3.2. Attempts to produce cathodic delamination and anodic undercutting

When the steel substrate was not exposed in the Stratmann cell
defect, neither cathodic disbondment (nor any other form of significant
PVB coating disbondment) were observed to occur over a 6 month
period, during which time the defect was in contact with
0.86 mol.dm ~> aqueous NaCl. The ability of MgZn, (one of the pre-
dominant phases present within ZAM alloys) [3,18,40,41], to resist
cathodic delamination, has been demonstrated previously [11,28-30].
The same authors who reported this finding also proposed that there
was an increased probability that organic coating delamination from
MgZn, might occur through anodic undercutting [11,28]. In an attempt
to test this hypothesis, the ZAM coating was removed from the defect
area prior to the introduction of 0.86 mol.dm ™2 aqueous NaCl. Under
these circumstances cathodic coating delamination was once again not
observed over a six month period. However, visible anodic dissolution
of the ZAM coating at the defect edge and undercutting of the PVB
coating was observed.

Fig. 3a shows a ZAM Stratmann cell in the case that the steel
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Fig. 2. a.) The topography of an area of the polished ZAM alloy, as determined using AFM, b.) the AFM topography and c.) SKPFM Volta potential map obtained from

the inset area in a.).

substrate (within the defect area) is exposed. Red rust appears within
the defect within 30 minutes of 0.86 mol dm™ introduction. After 1
month visible anodic dissolution occurs at the defect edge and the
propagation of FFC can be observed. After 3 months the length of an
individual filament is ~1 cm. Fig. 3b shows photograph of the defect/
intact coating interface in which the region of anodic undercutting is
indicated with an arrow. Fig. 3b also shows the SKP derived distribu-
tion of E.,, values over the rectangular area indicated (with a red

Anodic
Dissolution

0 months

-
©o=~N3

1 month

[on
~

8
T
6
5
4
3
2
1
0

i 5 mm !
a.) 3 months - 0 1

2 34 56 7 8MM

dashed line) in the photograph. Individual filament heads are seen as
~0.2mm diameter areas of low potential (dark), and the tails as
~0.2mm wide tracks of high potential (light). These potential dis-
tributions are qualitatively similar to potential distributions previously
reported over FFC filaments actively propagating on aluminium alloys
[47-51,54], and iron [43-46,53]. As such they help to confirm that the
phenomenon observed is (similar to) conventional FFC. The back-
ground (non FFC filament) potential is a constant at ~-0.3V vs SHE.

Fig. 3. Photograph of a ZAM coated steel
Stratmann cell for which the coating has been
removed within the defect region a.) at various
times following introduction of 0.86 mol.dm ™3
Nacl to artificial coating defect. b.) SKP derived
distribution of E,, in the rectangular area in-
dicated in the photograph of the sample surface

FiIifor.m near the defect/intact coating interface.
corrosion
Ecorr vs.
SHE (V)
= -0.15
-0.25
-0.35
-0.45
-0.55
-0.65
-0.75
-0.85
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500 um

Fig. 4. An a.) optical and b.) secondary mass ion spectroscopy image of a typical FFC head and corrosion product tail propagating on ZAM following introduction of

0.86 mol.dm 3 NaCl to artificial coating defect.

This is similar to values previously reported for intact PVB coated zinc
[34,36] and supports the notion that cathodic disbondment does not
occur to any measurable extent on the PVB coated ZAM used in our
experiments.

At the end of the experimental period the PVB coating was removed
and an individual FFC filament was imaged using SIMS. Fig. 4a shows
at secondary electron image of the filament and Fig. 4b shows the
corresponding chlorine elemental map. Fig. 4b shows that the entire
filament tail is abundant in Cl~ ions whereas minimal levels are de-
tected within the FFC head.

3.3. Filiform corrosion study

Having serendipitously discovered the susceptibility of ZAM alloy
coatings to FFC, a systematic study was undertaken with the aim of
determining a methodology by which FFC could be initiated quickly
and reproducibly on PVB coated ZAM. To this end, four aqueous elec-
trolytes (FeCl,, HCl, NaCl, HAc), which have previously been shown to
initiate FFC on a range of metal substrates, were systematically in-
vestigated. In so doing 2 pL aliquots of electrolyte at concentrations
ranging between 0.5 and 2mol.dm ™3 were injected into the scribed
coating defect. When this was done none of the chloride based elec-
trolytes were found to have initiated FFC at any of the experimental
concentrations. Fig. 5 shows representative optical images of PVB
coated ZAM samples taken 5 weeks after injection of 2mol.dm 2 a.)
FeCl,, b.) HCl and c.) NaCl into a coating scribe which penetrated to the
ZAM surface. In the case of FeCl, a brown-red rust layer can be seen
along the defect but coating delamination is not observed. For HCl
electrolytes a blister-like region of PVB coating delamination is shown.
Dark localized attack is observed when using NaCl as an initiator but
only limited disbondment of the coating occurs.

In contrast to the above, the HAc electrolyte was found to rapidly
and reproducibly induce FFC at all the experimental concentrations.
Fig. 6 shows the propagation of FFC on PVB coated ZAM over a 70 day
time period. Two scribe defects have been made on the sample. The top
scribe penetrates through both the PVB and ZAM coating to the steel
substrate. The bottom scribe only penetrates to the ZAM coating. The
number and width of FFC filaments is significantly greater in the case
that the steel is exposed. Henceforward, all the results shown will be

2mm

c.)

Fig. 5. Optical images of PVB coated ZAM samples taken 5 weeks after injection
of 2 uL of 2mol.dm 2 a.) FeCl,, b.) HCl and c.) NaCl.

derived from samples in which the scribe penetrates down to the steel
substrate. Fig. 7 shows an example of the optical images obtained for
FFC propagating on ZAM over a 5-week period following initiation
using 2uL of 1.5mol.dm™> HAc. The FFC filaments appear white
against the dark substrate. After 1 week, limited coating delamination is
observed along the defect and FFC filaments extend perpendicular to
the direction of the scribe. As time progresses more filaments continue
to propagate away from the defect. There is no indication that the di-
rection of this propagation is determined by factors such as substrate
rolling or polishing direction and after 5 weeks some of the filaments
have grown > 10 mm long.
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Scribe penetrates
to steel substrate

Scribe penetrates
to ZAM coating
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5mm

Fig. 6. Optical images of FFC propagating on ZAM over a 70 day period. FFC has been initiated by injecting 2 pL of 1.5 mol.dm~> HAc to a scribe defect which

penetrates to either the steel substrate or the ZAM coating.

1 Week

3 Weeks

2 Weeks

5 Weeks

2 mm

Fig. 7. Optical images of FFC propagating on ZAM over a 5-week period. FFC has been initiated by injecting 2 pL of 1.5 mol.dm ™3 HAc to a scribe defect which

penetrates to the steel substrate.

Table 1
Average length of FFC observed on ZAM after various periods of times following
initiation using a range of HAc concentrations.

Time (weeks) Length (mm)

0.5mol.dm 3 1.0 mol.dm 3 1.5mol.dm™ 3  2mol.dm 3
0 0 0 0 0
1 0.25 0.56 + 0.63 0.94 + 0.25 1.31 = 0.48
2 0.38 + 0.5 1.31 = 0.95 2.13 = 0.87 2.56 + 1.18
3 150 £ 1 2.5 = 1.29 3.44 = 1.44 4.19 *+ 2.66
4 2.25 + 3.44 + 1.65 4.69 + 2.53 5.25 + 3.08
5 313 + 1.5 4.69 + 2.66 6.19 + 3.59 6.94 + 4.25

Similar images were acquired for each of the experimental con-
centrations of HAc and the FFC filament number and filament length
data thus obtained is summarized in Table 1. Table 1 shows that an
increase in HAc concentration has the effect of increasing the number of
filaments observed from 1 for 0.5mol.dm 3 HAc to 20 at concentra-
tions of 2 mol.dm ~ 3. This trend is illustrated by Fig. 8 which shows the
appearance of ZAM samples 5 weeks after initiation of FFC using
varying HAc concentrations.

As a first approach, FFC propagation kinetics were estimated by
measuring the time dependent length of individual filaments. The time
dependent mean filament length, calculated using data from up to 8
individual filaments, are shown in Table 1. The confidence limits given
in Table 1 correspond to * one standard deviation on the mean of
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a.) 0.5 mol.dm-3

c.) 1.5 mol.dm-3

b.) 1 mol.dm-3

d.) 2 mol.dm-

2 mm

Fig. 8. Optical images of the appearance of ZAM samples 5 weeks after initiation of FFC using varying concentrations of HAc.

81
1| & 0.5mol.dm®
77| Ao 1moldm® ’
3| e 1.5mol.dm® q
6 1| = 2moldm®

Average Filament Length (mm)
N

Time (Weeks)

Fig. 9. The time dependent mean filament length for filaments propagating
following initiation using each concentration of HAc.

eight measurements. The same mean filament length data is plotted vs.
time for various initiating concentration of HAc in Fig. 9. For the sake of
legibility, the (relatively large) confidence intervals given in Table 1 are
not reproduced in Fig. 9. At the lowest HAc concentrations
(0.5mol.dm ™2 and 1.0 mol.dm™) there is a concentration dependent
initiation period (delay) of 2-4 days. In comparison, for the highest
concentration (2 mol.dm™) initiation occurs almost immediately. It is
likely that the initiation time is associated with a corrosion process
whereby HAc becomes converted to the solution of metal acetate salts
which constitute the filament head electrolyte. Following initiation, the
mean filament length increases linearly with time in all cases. The mean
filament extension rate for each concentration of HAc was obtained
using linear regression (solid lines) and a rate of
0.81 + 0.04 mm.week! was obtained for 0.5mol.dm™3 HAc and
1.38 + 0.04 mm.week' for 2.0 mol.dm ~ 2 HAc.

The measurement of filament length is to some extent subjective
(because not all filaments are measured) and inevitably gives a large
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Fig. 10. a.) The time dependent corroded area for the case that FFC is initiated
using various concentrations of HAc. The confidence limits (error bars) given
correspond to + one standard deviation on the mean of four measurements
and b.) Average corroded area rate as a function of HAc concentration.
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Table 2

Average FFC corroded area rate, FFC length rate, width of individual filaments
and number of filaments per 10 mm artificial scribe defect, for FFC initiated
using a range of HAc concentrations.

dA/dt
mm?week ™!

dL/dt

mm.week !

HAc concentrations
(mol. dm ~%)

Width (mm) n

0.5 0.05 = 0.01 0.81 = 0.04 0.16 1
1 0.11 = 0.03 1.09 = 0.09 0.10 = 0.02 4
1.5 0.25 = 0.04 1.24 = 0.04 0.18 + 0.05 16
2 0.28 = 0.03 1.38 = 0.04 0.19 = 0.02 20

scatter (error interval). For these reasons FFC filament area was used as
an alternative measure of FFC propagation. The total FFC filament area
could be obtained by digital image analysis of the whole filament po-
pulation following a rapid and objective process. Fig. 10 and Table 2
show total FFC filament area as a function of time for various initiating
concentrations of HAc. In all cases total filament area increases linearly
with time and straight lines have been constructed through the data
using least squares linear regression. The confidence intervals (error
bars) shown correspond to + one standard deviation unit as calculated
from four experiments. As in Fig. 9, linear extrapolation gives a non-
zero x-axis intercept corresponding to an initiation period (delay). This
increases from ~2 days at 2mol.dm™> HAc to ~4 days at
0.5 mol.dm 2 HAc.

The SKP was subsequently used to determine the distribution of
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Volta potential over actively propagating FFC filaments. Fig. 11a shows
an optical image of a PVB coated ZAM sample upon which FFC has
developed for approximately 25 weeks. Fig. 11b shows the SKP derived
distribution of E.,, in the rectangular area indicated in Fig. 11a. In-
dividual filament heads are seen as ~0.2 mm diameter areas of low
potential (dark), and the tails as ~ 0.2 mm wide tracks of high potential
(light). These Volta potential distributions are qualitatively similar to
those observed in Fig. 3b and distributions previously reported over
FFC filaments actively propagating on aluminium alloys [47-51,54],
and iron [43-46,53]. Fig. 11c shows the Volta potential measured along
axis X-X’ in Fig. 11b. Once initiated, individual filaments move away
from the coating defect (ie from left right to left). Low potentials of
~-0.55 vs. SHE, consistent with anodic depolarization and dissolution,
are observed in the filiform head region. In the tail region the potential
values are relatively high at ~-0.2 V vs. SHE, compared to ~-0.32V vs.
SHE in the intact (uncorroded) region. It has previously been shown
that the ability of SKP to resolve lateral variations in Volta potential is
influenced by the width of the SKP probe electrode and by the probe-
sample distance [72]. Consequently, when the features measured (here
FFC filaments) exhibit dimensions (here width) similar to the probe-
sample distance (100 pm) some instrumental broadening of the mea-
sured Volta pattern is to be anticipated. For similar reasons the Volta
potential difference measured between discrete features (e.g. FFC head
or tail) and a uniform background (e.g. the intact coated surface) will
tend to become systematically underestimated [50,53]. This means that
the potential contrast in Fig. 11 is likely to be underestimated to some
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Fig. 11. a.) Optical image of PVB coated ZAM upon which FFC has developed for approximately 25 weeks, b.) SKP derived distribution of E, in the rectangular area

indicated in a.) and c.) E,,, values measured along axis X-X".
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Fig. 12. SEM and EDS elemental maps obtained for a typical FFC head and corrosion product tail which forms on ZAM upon the application of HAc to a PVB coating

scribe defect.

extent:

3.4. Post corrosion surface characterisation

Fig. 12 shows SEM and EDS elemental maps obtained for a typical
filament which consists of a filament head region and corrosion product
tail region. The light areas in each elemental map indicate the presence
of the relevant element. During the corrosion of ZAM alloy coatings the
predominant corrosion product is expected to be zinc based. The de-
pletion of zinc within the tail region is therefore consistent with some
degree of corrosion product removal prior to analysis. The levels of
magnesium and aluminium within the tail region are low in relation to
the intact coating region whilst iron is only detected within the tail.
These findings suggest that the ZAM coating becomes penetrated (as a
result of selective phase dissolution) revealing (to some extent) the
underlying steel substrate. The increased levels of oxides within the
head indicate that the corrosion product was not fully removed during
the cleaning process. Fig. 13 shows a backscatter SEM image of an in-
dividual FFC filament, and more specifically a FFC head where pre-
ferential dissolution of the magnesium-rich eutectic phases has oc-
curred.

The finding that HAc electrolyte selectively attacks magnesium-rich
phases within the ZAM microstructure was further investigated by
immersing ZAM coated coupons in 0.1 mol.dm ~ HAc for up to 5 hours.
Samples were removed from the electrolyte hourly and rinsed with
distilled water. They were then immersed in hexane for 5 minutes in an
ultrasound bath to mechanically remove corrosion products and expose
the underlying metal surface. Fig. 14 shows backscatter SEM images of
the ZAM surface obtained after various HAc immersion times. The
corresponding EDS maps for iron are also shown. The SEM images
clearly show the occurrence of selective etching of both the magnesium
rich binary and ternary eutectic phases by HAc. This finding is

supported by previously published work where initial attack was shown
to occur in the MgZn, phase of both eutectics [18]. After 3 hours of
immersion an increase in iron is clearly visible in the EDS maps. After
this point the primary zinc dendrites which have, until this point, re-
mained substantially intact, rapidly dissolve leaving a bare steel sub-
strate. This finding is highlighted in Table 3, which shows the wt. % of
iron present at various points of time following immersion (as de-
termined using EDS). The quantity of iron on the sample surface in-
creases rapidly from 6 wt. % iron after 4 h to 53 wt. % iron after 5h.

Cross sections of the coating, obtained after 2 hours of immersion in
0.1 mol.dm ™3 HAc, were subsequently interrogated using SEM with the
aim of determining the extent to which selective phase dissolution oc-
curs at the FFC head. Fig. 15 shows that the binary and ternary eutectic
phases have both undergone anodic attack to some extent. Preferential
attack of MgZn, within the binary eutectic is also evident. In compar-
ison the primary zinc dendrites remain substantially intact. It is evident
that selective dissolution of magnesium-rich phases has extended
through the entire coating thickness and, in places, has reached the iron
substrate. It must be recognized that the concentration of free HAc in
the FFC filament head electrolyte may be significantly lower than that
used here (0.1 mol.dm ™) and the most abundant species is likely to be
acetate anion associated with the acetate salts of magnesium, zinc and
aluminum. Nevertheless, it seems reasonable to propose that a similar
process of magnesium-rich phase dissolution and iron exposure occurs
when ZAM is exposed to the filament-head electrolyte droplet.

4. Discussion
4.1. Cathodic delamination and anodic undercutting

The corrosion driven cathodic delamination of organic coatings
from the zinc surface of galvanized steel has been widely reported
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Zinc dendrite

Eutectic dissolution

Fig. 13. Backscatter SEM images of an individual filament where dissolution of the eutectic phase within ZAM has occurred.

elsewhere and the kinetics and mechanism of this process are well
understood [34-38]. The tendency of the ZAM surface to resist cathodic
delamination must therefore be ascribed to the presence of alloying
additions (aluminium and/or magnesium). Furthermore, both zinc and
zinc-aluminium galvanized coatings have been shown to behave as
active cathodes for the ORR [73]. It would therefore seem likely that
the failure to observe cathodic delamination from ZAM results not from
a general cathodic inactivity of the surface but as a result of the active
areas for the ORR (the primary zinc dendrites) being rendered dis-
continuous by the presence of cathodically in-active magnesium-zinc
and magnesium-aluminium-zinc eutectic phases in the coating micro-
structure. The absence of a continuous cathodic surface would then
make advancement of the cathodic delamination front impossible as it
could not cross the interpenetrating areas of cathodic inactivity [27].

Previously reported studies on organic coated MgZn, have similarly
shown a high resistance to corrosion driven cathodic delamination
[28]. The air-formed surface film on magnesium consists of magnesium
oxide and magnesium hydroxide and the band gap values associated
with these species are ~7eV [74] and ~4.25eV [75], respectively.
Both of these values are significantly higher than the band gap for zinc
oxide (~3eV), implying a greater resistance to interfacial electron
transfer associated with the ORR [74]. However, it is also known that
MgZn, in contact with corrosive electrolyte undergoes anodic de-al-
loying by loss of Mg®* and leaves behind a surface enriched in zinc [3].
This zinc rich surface tends to adopt a potential typical for freely cor-
roding zinc (~-0.7 V vs. SHE) [36-39]. The intact (uncorroded) MgZn,
surface exhibits a lower potential (~-1.4 vs. SHE) [28]. It may there-
fore be understood that no thermodynamic driving force exists for
making intact organic-coated MgZn, a cathode for the ORR when this is
galvanically coupled to zinc (or anodically de-alloyed MgZn,) at a
coating defect [3]. It has been demonstrated elsewhere that cathodic
disbondment can occur from ZAM surfaces when MgZn, dealloying is
inhibited by high defect pH and, on this basis, it has been concluded
that the potential effects are more important than surface (hydr)oxide
bandgap in preventing cathodic delamination [30].
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Whatever the exact mechanism it would seem reasonable to propose
that the principal microstructural components conferring resistance to
cathodic delamination from the ZAM surface in the present work are
the eutectic phases containing MgZn, lamellae, which exhibit a Volta
potential significantly lower (0.2V) that the primary zinc dendrites
(Fig. 2). In comparison, the anodic dissolution and anodic undercutting
of the PVB coating observed at the defect/intact coating interface in
Fig. 3 are entirely consistent with both the notion of near-defect deal-
loying and the ability of the ZAM coating to cathodically protect the
exposed steel substrate. ZAM coatings have previously been shown to
provide a superior resistance to anodic undercutting (anodic edge
creep) in comparison with conventional Zn coatings [76,77]. This
beneficial effect has been attributed to an improved ‘self- healing’ ef-
fect, induced by the presence of Mg?* ions but is highly dependent
upon testing conditions [76,77].

4.2. Susceptibility to FFC

It is evident from Figs. 6-10 that FFC is rapidly and reproducibly
initiated on PVB coated ZAM by addition of dilute aqueous HAc to a
penetrative organic coating defect. It is also evident from the linearity
of the filament extension plots in Fig. 9, and area-time plots in Fig. 10,
that the resulting filaments propagate at a substantially constant rate.
This finding is typical of FFC in general and is consistent with the no-
tion that acetate (and therefore electrolyte volume) is conserved in the
propagating filament head droplet [31,42,43].

Assuming a head droplet electrolyte of approximately constant
composition, the volume of electrolyte in isopiestic equilibrium with
the relative humidity of the reference solution used in our experiments,
will be directly proportional to the number of moles of HAc introduced.
Under these circumstances an approximately linear relationship would
be expected between FFC area rate and moles of HAc, and this ex-
pectation is borne out in Fig. 10b. The observed increase in FFC area
propagation rate with increasing moles of HAc initiant (Fig. 10 and
Table 2) arises principally from an increase in the number, and width
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Fig. 14. a.) Backscatter SEM images and b.) corresponding EDS elemental maps of a ZAM surface obtained at after various times of immersion in 0.1 mol.dm ™3 HAc.

of, FFC filaments. The mean filament length extension rate (Fig. 9 and
Table 2) less than doubles for a 4 fold increase in HAc. Furthermore,
FFC images such as those in Fig. 6 show no obvious correlation between
filament width (head droplet diameter) and filament length extension
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rate for individual filaments. On the basis of previously published
modelling of FFC kinetics, this last finding would suggest a substantial
degree of mass transport control in the FFC localized corrosion cell of
ZAM. Such mass transport control could arise, for example, ohmically
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Table 3
EDS derived wt. % Fe exposed on a ZAM coating
at various times following immersion in
0.1 mol.dm 3 HAc.
Time (hours) wt. % Fe
1 0.7
2 0.9
3 4.8
4 6.2
5 53

Ternary Eutectic

Zinc rich phases
Binary Eutectic

Fig. 15. SEM image of cross sections of the ZAM coating, obtained after 2 hours
of immersion in 0.1 mol.dm ™ HAc.

as a result of ions migrating through poorly conducting media or along
interfaces [50].

The mechanism by which FFC propagates on metals such as alu-
minium alloys [47-51] and iron [43-46] has been widely reported. It is
generally assumed that anodic metal dissolution at the front of the
advancing filament droplet is coupled to cathodic O, reduction at the
back of the droplet [31,42,44-46]. The drive for filament advancement
is differential aeration arising from facile O, diffusion through the dry,
porous corrosion product comprising the filament tail [31,42-44]. To
the authors knowledge, FFC has not been reported on Zn galvanised
steel. Consequently, the observation, here, of FFC on organically coated
ZAM must again be ascribed to the aluminium and/or magnesium al-
loying additions.

The same authors who reported the high resistance of organically
coated MgZn, to cathodic disbondment pointed out that the low po-
tential of MgZn, and its tendency to anodically de-alloy, made this
material susceptible to coating delamination by anodic undercutting
[28]. For these reasons it seems reasonable to propose that the principal
component making ZAM susceptible to HAc induced FFC is MgZn,
present in the eutectic phases of the ZAM microstructure. Thus, anodic
metal dissolution proceeding (initially at least) through attack on
MgZn, at the front of the filament head droplet (as shown schematically
in Fig. 16), could couple with the cathodic ORR on zinc, or iron (ex-
posed through coating dissolution), at the rear of the droplet.

It has been shown elsewhere that the kinetics of anodic attack on
MgZn, can be relatively complex [78]. Either a congruent dissolution of
Mg and Zn or a preferential loss of Mg and MgZn, de-alloying can be
observed, depending on the applied potential [78]. Electrolyte com-
position is also likely to exert an influence. In the current work we are
unable to specify the exact mechanism of anodic attack on the ZAM in
contact with dilute aqueous HAc and/or the FFC head electrolyte.
Neverthelesss, it is evident from Figs. 13-15 that the anodic attack does
proceed via a preferential dissolution of Mg-rich phases in the micro-
structure. One corollary of this finding is that it could reasonably be
expected for the propagation of HAc initiated FFC on ZAM to follow a
“path of least resistance” and track Mg-rich phases on the ZAM surface.
For example, it has been shown elsewhere that FFC filament heads on
AA2024 tend to jump from one active intermetallic particle on the alloy
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Fig. 16. Schematic showing the proposed mechanism for the propagation of
FFC occurring on a ZAM surface and a schematic of the E,,,, profile measured
along the filament axis.

surface to another [79]. In the present work the typical filament head
diameter (~200um) is up to ten times larger than that of the ZAM
microstructural features (15-25um) and it is therefore not possible to
conclude whether the ZAM microstructure directs filament propagation
with any degree of certainty. Nevertheless, this topic is worthy of fur-
ther investigation.

Such a mechanism for ZAM FFC is immediately consistent with the
etched appearance of the ZAM surface in the FFC head region seen in
Fig. 13. It is also consistent with the electrochemical potential profile
measured along the filament axis using SKP and shown in Fig. 11b, and
schematically in Fig. 16. A potential difference of ~0.35V exists be-
tween the filament head and tail, and for the reasons given previously
regarding the limited lateral resolution of Kelvin probe measurement,
this is probably a conservative estimate. The magnitude and polarity of
this potential difference implies a significant driving force for making
the FFC tail (or interface between the tail and head droplet) an O,
cathode in the FFC localized corrosion cell (Fig. 16). Fig. 11 also shows
that potentials in the FFC tail region are ~0.15V higher than those
measured over the intact PVB coated ZAM surface. These high tail
potentials would be consistent with primary zinc (remaining after
magnesium-rich eutectic phases have anodically dissolved) existing in a
substantially passive state. However, the same high potentials would be
consistent with the partial or complete exposure of substrate iron.

Fig. 12 suggests that iron is actually exposed in the FFC tail and
Fig. 13 confirms that selective ZAM phase dissolution, which occurs
during immersion in HAc, produces iron exposure in a few hours. The
interaction volume associated with EDS means it is not clear whether
the Fe observed in Fig. 12 is actively exposed or buried under residual
Zn or corrosion product. However, it is clear that the degree to which it
is covered has decreased and it is further evident in Fig. 15 that per-
colating pathways down to the iron substrate would become open long
before the ZAM coating was completely removed. Such pathways would
allow the iron surface to act as a contributory O, cathode and increase
the driving force for FFC. Thus, in ZAM, selective phase dissolution and
iron exposure may produce a differential cathodic activation which
reinforces the effect of differential aeration in FFC. The notion that
cathodic drive from iron is important is supported by Fig. 6 which
shows that the number and width of FFC filaments is significantly
higher in the case that initiation occurs at a scribe defect which pene-
trates both the PVB and ZAM coating so that the steel substrate is ex-
posed.

Questions then arise as to: 1.) why it is possible to rapidly and re-
producibly initiate FFC at a scribed defect on PVB coated ZAM galva-
nized steel using HAc and not chloride-based electrolytes such as HCI,
FeCl, or NaCl. and 2.) how it was that FFC became initiated (albeit after
a very long delay) on a PVB coated ZAM galvanized steel sample where
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a large exposed steel defect was in contact with aqueous NaCl. In at-
tempting to answer these questions we would first draw attention to
Fig. 4b which shows that (when FFC has been initiated using aqueous
NaCl) Cl™ ions become entrapped in the corrosion product constituting
the filament tail and are not conserved in the filament head. This
finding is in sharp contrast to FFC on PVB coated iron and aluminum,
where Cl™ is strongly conserved in the filament head [50,53]. The exact
mechanism of Cl~ entrapment remains unclear but it seems reasonable
to propose that precipitiation of sparingly soluble zinc hydroxychloride
(simonkollite) in the filament tail is responsible. Since the conservation
of electrolyte anions is required for ongoing FFC propagation the im-
plication is that Cl1~ is likely to be a very inefficient initiant of FFC on
ZAM. Sparingly soluble zinc hydroxyacetate salts can similarly form
through the alkalization of zinc acetate solutions. However, (unlike
simonkollite) these tend to decompose through hydrolysis at room
temperature producing zinc hydroxide and releasing acetate [80]. This
difference in stability is probably the reason that HAc succeeds as an
FFC initiant on ZAM where the chloride based electrolytes fail.

Given the above it seems likely that the FFC seen in Figs. 3 and 4
does not result directly from Cl~ based metal salts constituting a fila-
ment head electrolyte but indirectly as a consequence of adventitious
HAc production. It is possible that sufficient HAc becomes released
through hydrolysis of the PVB coating (actually polyvinyl butyral-co-
vinyl alcohol-co-vinyl acetate). However, it should also be recognized
that HAc vapour is almost ubiquitous in the indoors environment, being
released from wood and through the oxidative degradation of most
organic material. At first sight there would appear to be a conflict with
the finding in section 3.3 that FFC could not be initiated by injection of
NaCl solution into a penetrative coating scribe. However, it should be
borne in mind that in section 3.2, a relatively large volume of
0.86 mol.dm™ NaCl solution is in contact with ~1 cm? of exposed steel
and a similar area of mechanically delaminated PVB for a period of
months. In section 3.3, a very small volume of NaCl (2 pL of 2 mol.dm™)
is injected into a narrow penetrative scribe. It seems reasonable to as-
sume that the methodology used in section 3.3 does not result in suf-
ficient acetic acid release for FFC to become initiated over the experi-
mental time period.

When considering the findings presented during this work it should
be borne in mind that although HAc induced FFC appears to be a sig-
nificant mode of organic coating failure on ZAM exposed to an indoor
environment, it is likely to be far less common on material exposed to
outdoor conditions. Furthermore, ZAM coatings in service are typically
phosphated or otherwise pretreated before the application of an organic
overcoat and the extent to which such pretreatment mitigates the se-
verity of FFC attack has yet to be determined. Finally, whilst it must be
assumed that the solubility and hygroscopicity of the metal acetate salts
forming on ZAM are such as to facilitate FFC the exact composition of
the filament head electrolyte and the range of RH over which FFC
propagation will occur are still unknown.

5. Conclusions

e The PVB overcoated ZAM is susceptible to filiform corrosion (FFC).
FFC is rapidly and reproducibly initiated by introduction of small
quantities of HAc at a penetrative defect in the PVB overcoat. FFC
has been observed following a long exposure to aqueous NaCl at a
coating defect where iron is exposed (probably as a result of acetate
released through hydrolysis of the PVB coating). However, chloride
based electrolytes (NaCl, FeCl, and HCI) do not reproducibly pro-
duce FFC on ZAM.

e Once initiated the FFC delaminated area increases linearly with
respect to time. This finding is consistent with acetate being con-
served in the FFC filament head droplets. The rate of FFC area in-
crease shows an approximately linear dependence on the quantity
(no of moles) of HAc used during initiation.

e There is evidence that preferential anodic dissolution of the
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magnesium-rich eutectic phases produce pathways in the ZAM
coating through which O, can diffuse to the iron substrate. Iron
exposed in the FFC tail (or tail-head droplet interface) will galva-
nically couple to ZAM increasing the driving force for filament ad-
vance.

e Given that HAc occurs widely in the environment as a product of
metabolism, and an intermediate in the environmental degradation
of many organic materials (including paints), it seems plausible that
the FFC could become a problem on ZAM coated steels.
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