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The effect of deformation-induced cracks
on the corrosion behaviour of HDGZn-Mg-
Al coatings
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Zn-Mg-Al coatings (ZMA) on steel can provide enhanced corrosion resistance compared to zinc
coating (GI) and are often used in applications that require shaping processes. This study investigates
the effect of deformation-induced cracking on the corrosion of ZMA coatings of different weights (310
and 80 gm-2) benchmarked against GI. Cracks were more prevalent and of greater depth in ZMA
coatings due to the presence ofMgZn2 in the eutectic. ZMAwith 310 gm-2weight (ZMA310), exhibited
a ~ 3 times greater crack area than 80 gm-2 weight (ZMA80) through an increased eutectic volume
fraction. This caused an increase in corrosion rate of 3.8 times for ZMA310 relative to its undeformed
condition over 24 h, with increases between 1.5 and 1.7 times for ZMA80 and GI. Two phenomena
cause this increase: deformation-accelerated corrosion due to differential aeration-induced anodic
activation in non-through-coating cracks, and cathodic activation in through-coating cracks resulting
from galvanic coupling with the steel.

Hot-dip galvanising (HDG) is a widely used surface treatment process
that delays the corrosion of steel structures and prolongs their service
life. The enhanced corrosion resistance is due to the presence of a
metallic zinc/zinc alloy coating applied to both sides of the steel which
provides both barrier and cathodic protection. Conventional hot-dip
galvanised metallic coatings are based on zinc (Zn, also termed GI
coatings) but can also be zinc alloys containing aluminium or alumi-
nium and magnesium to improve performance. Hot-dip galvanised
steels (HDGS’s) are employed in numerous outdoor and indoor
applications across diverse industries. Consequently, they often
undergo shaping processes such as pressing, stamping, roll forming and
bending to achieve the desired shapes and profiles. These processes can
induce large deformations to the steel substrate and the metallic coat-
ings. The deformations are complex due to the differences in the
mechanical properties of the substrate and the HDG coatings. Ideally,
the coatings must be ductile enough to form without fracturing or
separating from the steel substrate; hence, formability and good
cracking resistance are of paramount importance. The coating ductility
depends on numerous factors such as thickness, phase compositions,
intermetallic layer, grain size and crystallographic orientations1.
Nonetheless, the profiling processes can induce cracks in the HDG
coatings2. The presence of defects such as cracks provides a passage for
oxygen and moisture, consequently degrading the corrosion protection

afforded by the coatings3,4. Therefore, deformation-induced cracks on
HDG coatings have been a constant concern.

Zinc-magnesium-aluminium (Zn-Mg-Al) (ZMA) alloy coatings,
which show significantly enhanced corrosion resistance5–9, have accelerated
the interest in coating formability on account of these alloys exhibiting
higher hardness compared to standard GI coatings10. The enhanced cor-
rosion resistance of ZMA coatings has been attributed to their unique
microstructure6,11,12. ZMA coatings produced via continuous HDG exhibit
anisotropicmicrostructures comprisingprimaryZn, coarser lamellar binary
eutectic (Zn + MgZn2) and fine ternary eutectic (Zn + MgZn2+Al
nodules) phases13,14. Despite improved corrosion resistance, the crack
resistance of ZMA coatings is inferior to that of GI15,16 and Zn-Al17. Under
deformation, HDG Zn demonstrates intergranular cracking in contrast to
transgranular cracking for ZMA1,18–20. This transgranular cracking has been
attributed to insufficient slip systems21. The intermetallic MgZn2 phase
present in the binary eutectic phase has been reported as the source of the
crack initiation site22. Hence, the modification of the microstructure,
removal of the binary eutectic phase, refinement of the primary Zn phase
and themodification of crystallographic texture have proven to enhance the
crack resistance of ZMA16,18,23.

The corrosion behaviour of flat ZMA surfaces has been rigorously
studied8,13,24–33 however, investigations on deformed ZMA surfaces are less
common. Some investigations have been conducted on the profiled surfaces
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of stainless steel34, galvanneal steel35, GI36, Zn-Al4, electrogalvanized steel3

and deterioration of corrosion resistance has been reported in all cases.
Given this, it is important to investigate the influence of deformation on the
protective ability of HDG ZMA coatings.

This investigation provides insights into the corrosion performance of
deformed ZMA coatings as a function of their coating weight. The effect of
coating weights (thicknesses) on the surface and cut-edge corrosion beha-
viour of undeformed ZMA coatings has been reported previously37. In this
new study, a structural grade steel substrate commonlyused in construction,
coated with ZMA coating, was bent to 45°. The resultant surface area was
analysed using a Keyence Microscope for surface crack analysis. The cor-
rosion performance of deformed ZMA coatings with different coating
weights (thickness) in pH 7 0.17M NaCl was investigated. DC electro-
chemistry [Open Circuit Potential (OCP) and Linear Polarisation Resis-
tance (LPR)] and the scanning vibrating electrode technique (SVET) were
used to assess the corrosion performance. Additionally, GI was investigated
as stated, serving as the benchmark.

Results
Materials characterisation
The continuous galvanising line produced ZMA coatings with different
weights, as well as a GI coating investigated in this study, are presented in
Table 1.

The microstructure of ZMA is multi-phased: primary Zn, binary
lamellar eutectic (Zn andMgZn2) and ternary lamellar eutectic (Zn,MgZn2
and Al nodules)27,38. The morphology, volume fraction, and distribution of
these constituents are influenced by the processing parameters, such as
coating weight/thickness37, bath chemistry39 and cooling rate13. Images of
HDG GI and ZMA coating with coating weights of 80 g.m-2 and 310 g.m-2

are presented in Fig. 1. Figure 1a–c shows the surface microstructure, and
Fig. 1d–f shows the through-coatingmicrostructure.TheGIdemonstrated a

single-phase microstructure, whereas ZMA80 and ZMA310 demonstrated
a multiphase microstructure. Furthermore, a significant difference in the
microstructure morphology is observed between the thinner ZMA80 and
the thicker ZMA310. ZMA80 demonstrated fine microstructure with
globular-shaped primary Zn phases surrounded by eutectic phases.
ZMA310 demonstrated a coarser microstructure with large dendritic pri-
mary Zn phases. Numerous straight-through coating eutectic pathways
from the coating surface to the steel substrate could be observed in ZMA80
(Fig. 1e). In contrast, the thicker ZMA310 exhibits amore tortuous pathway
due to the presence of dendritic primary Zn phases (Fig. 1f).

Table 2 presents the volume fraction of the primary Zn phase and the
summed total of the two eutectic phases of both ZMA80 and ZMA310. The
errors are based on the standard deviation of five measurements. The table
also presents the coating thickness of the coatings under investigation. The
coating thickness was measured using cut-edge SEM images. The errors
shown are based on the standard deviation of ten measurements. The
volume fraction of the primary Zn phase and the eutectic phase varied with
increasing coating weight. The volume fraction of the primary Zn phase
decreased from 82.3% to 68.5%, whereas the eutectic phase increased from
17.8% to 31.5% when the ZMA coating weight increased from 80 g.m-2

(ZMA80) to 310 g.m-2 (ZMA310). Themeasured coating thickness per side
for GI, ZMA80 and ZMA310 was 25 μm, 6.9 μm and 27 μm, respectively.

Effect of deformation on HDG coatings
The steel substrate coated with HDG GI and ZMA coatings was subject to
bendingdeformation at 45o, 90o, 135o and180o angles. Surface crack area as a
function of bend angle forHDGGI andZMA is presented in Fig. 2. It shows
that the surface crack area increases with an increase in strain, i.e., the bend
angle. However, the increase in surface crack area ismuch greater for ZMAs
compared to GI. Among the ZMAs, the thicker ZMA310 showed a higher

Table 1 | The samples with various coating weights under
investigation

Sample Coating weight (g.m-2) Zn (wt%) Mg (wt%) Al (wt%)

GI 275 99.80 0 0.2

ZMA80 80 96-98 1-2 1-2

ZMA310 310 96-98 1-2 1-2

Table 2 | Coating thickness, average primary Zn phase and
total eutectic phase volume fractions for different coatings

Sample Zn phase
volume (%)

Total eutectic phase
volume (%)

Coating thickness
per side (µm)

GI 100 - 25 ± 1.15

ZMA80 82.3 ± 2.6 17.8 ± 2.6 6.9 ± 1.1

ZMA310 68.5 ± 7.3 31.5 ± 7.3 27.1 ± 1.5

Fig. 1 | Images showing the microstructure of HDG coatings. a–c shows the
surface microstructure, and d–f shows the cut-edge microstructure of HDG GI and
ZMAcoatings obtained using SEM.The primary Znphases have transformed froma

globular to a dendritic structure with the change in ZMA coating weight from
80 g.m-2 to 310 g.m-2.
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surface crack area compared to the thinner ZMA80 for all tested bend
angles. For all bend angles, the surface crack area was in the order
ZMA310 > ZMA80 >GI.

Due to the limitations40 of one of the techniques (SVET) used in this
investigation, only surfaces subjected to a 45° bend were selected for cor-
rosion investigations and hence, these 45° bend samples are further dis-
cussedhere. Figure 3 shows the cracks formedon the surface after a 45° bend
and the area of the samples used for surface crack analysis and corrosion
experiments. In Fig. 3, the surface crack areas have been highlighted and
coloured green. The figure indicates that the crack area percentage in
ZMA310 is significantly greater than that observed in ZMA80 following
45° bends.

The surface crack area (%) at 45° bend for all three coatings is presented
in Table 3. For GI, the surface crack area (%) is very low, i.e. 0.6%. However,
ZMA coatings demonstrated significantly higher values. The ZMA310
coating has ~ 16 times the crack area of the GI and ~ 3 times the crack area
of ZMA80.

Investigation of corrosion behaviour of flat and formed galva-
nised coatings
The SVET was utilised to investigate the surface corrosion behaviour of GI
and ZMA coatings in a 0.17M NaCl pH 7 solution over 24 h. The normal
current densitymeasured above freely corroding flat surfaces of GI, ZMA80
and ZMA310 at 1 h, 6 h, 12 h, 18 h, and 24 h is presented in Fig. 4. The
anodic and cathodic activities are shown as red and blue, respectively. The
SVETprovides a visual representationof the locationand intensityof anodic
and cathodic activities, as registered by the SVET probe. For all three
coatings, after 1 hof corrosion testing, anodeswere apparent on the surfaces;
however, a difference in the anode growth mechanism was observed for
ZMA80 compared to GI and ZMA310. For ZMA80, the anode established
at 1 h (ii, marked on 1 h SVET colour map, Fig. 4) grew radially, forming a
ring or hollow shape, suggesting that anodic deactivation occurs as the
anodic front grows. This phenomenon is not observed for ZMA310 andGI.
For example, the anodemarked (i) on the 1 h SVET colourmap, Fig. 4, does
not form a ring or hollow shape as the time progresses. In addition, the

Fig. 2 | The effect of bend angles on the surface crack area for the different
coatings. The surface crack area increases with the increase in the bend angle.

Fig. 3 | Illustration of colour data formeasuring the surface cracked area of ZMA coatings. a, b shows the cracks formed on ZMA80 and ZMA310 respectively, after a 45°
bend. c shows the area used for crack analysis and corrosion experiments. The number of cracks on the surface increases with the increase in coating weight.

Table 3 | Surface crack area (%) measured at 45° bend
surfaces for different coatings under investigation

Sample Surface crack area (%)

GI 0.6

ZMA80 3.1

ZMA310 9.6
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number of anodic features is greater on the ZMA80 surface compared to
ZMA310 and GI.

The SVET-derived 24-hour cumulative metal losses for GI, ZMA80
and ZMA310 after immersion in pH 7 0.17M NaCl are presented in
Table 4. The errors shown are based on the standard deviation of two
measurements. GI and ZMA80 demonstrated similar metal losses of
6.74 g.m-2 and 6.69 g.m-2, respectively, whereas ZMA310 demonstrated a
metal loss of 2.40 g.m-2. For ZMA, increasing the coating weight from
80 g.m-2 to 310 g.m-2 has significantly improved corrosion resistance, as
SVET-derived metal loss decreased by 64% from 6.69 g.m-2 to 2.40 g.m-2.

To evaluate the effect of deformation-induced cracks on corrosion
behaviour, formed samples were investigated using the SVET and DC
electrochemistry. Each galvanised coatingwas bent to an angle of 45° and an
areaof 6 × 6mmscanned encompassing the peak of the bend (shown inFig.
3c). Figure 5 shows the height profile of the formed GI measured by the
SVET, along with illustrative normal current density maps recorded at 1 h,
6 h, 12 h, 18 h and 24 h in a 0.17MNaCl pH7 solution. In Fig. 5, anodic and
cathodic activities are shown in red and blue colours, respectively. Peak
normal current densities of 5 A.m-2 were recorded. Figure 5 shows that
anodic activities were focused on the peak/bend of the formed surface,
whereas the cathodic activities were concentrated on the area away from the
peak (bend). The band of anodic activitiy detected at 1 h and 6 hhas shrunk,
and some individual localised anodes could be observed on 12 h and 18 h.

Figure 6 shows the height profile of the formed ZMA80 measured by
the SVET, along with illustrative normal current density maps recorded at

1 h, 6 h, 12 h, 18 h and 24 h in a 0.17M NaCl pH 7 solution. In contrast to
GI, the formed ZMA80 surface height map shows some irregularities,
potentially cracks caused by a 45° bend. For ZMA80, the 1 h and 6 h SVET
colour maps suggested that the anodic activities were concentrated on the
very bend and its vicinity, similar to GI. However, from 12 h onwards,
anodic activitieswere detected in areas other than thebend in addition to the
bend area. By 24 h, the anodic activity was concentrated at the irregularities
detected during the height map scan.

Figure 7 shows the height profile of the formed ZMA310measured by
the SVET, along with illustrative normal current density maps measured at
1 h, 6 h, 12 h, 18 h and24 h in a 0.17MNaClpH7 solution. In contrast toGI
and similar to ZMA80, the formed ZMA310 surface heightmap also shows
irregularities (along the y-axis direction), potentially cracks caused by a 45°
bend. Similar toGI andZMA80, the anodic activities are concentrated at the
bend surface and its vicinity. However, towards the end of the experiment,
the anodic activities is concentrated on the bend surface, along with the
irregularities detected during the height map scan.

The time-dependent average kinetic SVET-derived metal loss (g.m2)
for bothflat anddeformed surfaces is presented in Fig. 8. The data presented
are the average value of twomeasurements. The solid line represents the flat
surfaces, and the dotted line represents the 45° bend surfaces. For flat sur-
faces, GI and ZMA80 demonstrate a similar rate of metal loss for 1 h – 16 h.
However, from the 16th hour onwards, the rate of corrosion for ZMA80
decreased compared to GI. The flat ZMA310 surface demonstrated sig-
nificantly lower corrosion rate compared to GI and ZMA80. However, the
corrosion rate increased linearly towards the end of the experiment
(21 h–24 h).

The 45° bend surfaces of all three samples (GI, ZMA80 and ZMA310)
demonstrated a relatively higher corrosion rate compared to their respective
flat surfaces. However, this increase in corrosion rate was much greater in
ZMA80 and ZMA310 compared to GI. The rate of corrosion for 45° bend
surfaces of ZMA80 and ZMA310 increased gradually with respect to time;
however, the rate of corrosion for GI was relatively constant.

The SVET-derived 24-hour cumulative metal losses for 45° bend
surfaces along with flat surfaces of GI, ZMA80 and ZMA310 after

Fig. 4 | SVET colour maps representing normal current density measured above freely corroding GI and ZMA surfaces immersed in a 0.17 MNaCl, pH 7 solution for
24 h. The colour maps presented are 1 h, 6 h, 12 h, 18 h and 24 h of immersion time for GI and ZMA surfaces.

Table 4 | SVET-derived metal loss for flat surfaces of GI,
ZMA80 and ZMA310 after immersion in 0.17M NaCl pH 7
solution for 24 h

Sample Flat Surface (g.m-2)

ZMA80 6.69 ± 1.75

ZMA310 2.40 ± 1.15

GI 6.74 ± 0.71
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immersion in pH 7 0.17 M NaCl are presented in Table 5. The errors
shown are based on the standard deviation of two measurements. The
bent GI and ZMA310 surfaces demonstrated a similar metal loss,
whereas ZMA80 demonstrated relatively higher metal loss compared
to GI and ZMA310. The cumulative derived metal loss was 9.89 g.m-2,

11.39 g.m-2 and 9.17 g.m-2 for 45° bend surfaces of GI, ZMA80 and
ZMA310, respectively.

For each sample, thederived totalmetal loss increasedwhen the sample
was formed. The largest effect was observed for ZMA310, followed by
ZMA80 and GI. For ZMA310, a proportional increase of 3.8 times was

Fig. 5 | SVET colourmaps representing normal current densitymeasured aboveGI 45° bend surface in 0.17MNaCl, pH 7 solution for 24 h.Anodic activity is displayed
as red and cathodic activity as blue.

Fig. 6 | SVET colour maps representing normal current density measured above ZMA80’s 45° bend surface in 0.17 MNaCl, pH 7 solution for 24 h. Anodic activity is
displayed as red and cathodic activity as blue.
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observed. Similarly, a proportional increase of 1.7 times and 1.5 times was
observed for formed ZMA80 and GI, respectively.

These kinetic differences were further analysed in Fig. 9, which shows
the proportional change in SVET-derived hourly metal loss for 45° bend
samples compared with flat. From Fig. 9, it was seen that GI had a relatively
consistent increase in metal loss throughout the 24 h with a proportional
increase of between one and two times (average = 1.5 times) for the bend
surface. ZMA80 displayed a similar level of proportional increase in metal
loss as GI up to 12 h. After 12 h, the value deviated upwards from the
behaviour of GI with a peak increase in metal loss of 3.76 times at 22 h.
ZMA310demonstrated a consistently higher proportional increase inmetal
loss, with values increasing from three to four times those of the flat surface
between 1 and 12 h, peaking at 5.4 times at hour 17. The final hour for
ZMA80 and ZMA 310 exhibited a similar proportional increase of
approximately three times that of the flat surface.

To further investigate the effects of deformation on the corrosion
behaviour of ZMA and GI, open circuit potential (OCP) and linear polar-
isation resistance (LPR) experiments were performed. The time-dependent
OCP values measured for GI, ZMA80 and ZMA310 immersed in a 0.17M
NaCl pH 7 solution for 24 h are presented in Fig. 10. The data presented are
the average value of two measurements. The solid lines represent the flat
surfaces, and the dotted lines represent the 45° bend surfaces for each
respective sample. For ZMA80, forming the surface at a 45° angle shifted the
hourly averageOCPvalues to amore positive potential with an increase of≈
20mV at the end of 24 h. However, the reverse was observed for the
ZMA310 and GI, with a shift towards a more negative potential for the
deformed samples. The shift of average hourly OCP to a more negative
potential was much greater for ZMA310 (≈ 25mV) compared to GI
(≈ 6mV).

The time-dependent LPR for GI, ZMA80 and ZMA310 immersed in a
0.17M NaCl pH 7 solution for 24 h is presented in Fig. 11. The solid line
represents the flat surfaces, and the dotted line represents the 45° bend
surfaces. The LPR data have been presented as polarisation resistance (Rp)
values and are indicative of the reciprocal of the rate of corrosion.Thehigher
Rp indicates a lower corrosion current as icorr ∝1/Rp. In general, the LPR
values decreased for the 45° bend surfaces compared to the respective flat
surfaces.However, themost pronouncedeffect of the 45° bendwas observed
for ZMA310 as the difference in hourly average Rp values between the flat
and the bend surfaces was significantly greater for ZMA310 compared to
ZMA80 and GI. This is further illustrated in Fig. 12 that shows the

Fig. 7 | SVET colourmaps representing normal current densitymeasured above ZMA310’s 45 ° bend surface in 0.17MNaCl, pH 7 solution for 24 h.Anodic activity is
displayed as red and cathodic activity as blue.

Fig. 8 | SVET measured time-dependent hourly metal loss for GI, ZMA80 and
ZMA310 after immersion in 0.17M NaCl pH 7 solution for 24 h. The solid line
represents the flat surfaces, and the dotted line represents the 45° bend surfaces.

Table 5 | SVET-derived metal loss for flat and 45° bend
surfaces of GI, ZMA80 and ZMA310 after immersion in 0.17M
NaCl pH 7 solution for 24 h

Sample Flat Surface
(g.m-2)

45° Bend
Surface (g.m-2)

Average proportional
increase in metal loss bend
vs flat surface (times)

ZMA80 6.69 ± 1.75 11.39 ± 3.50 1.7

ZMA310 2.40 ± 1.15 9.17 ± 0.41 3.8

GI 6.74 ± 0.71 9.89 ± 0.34 1.5
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proportional decrease in Rp for each coating when comparing the LPR
results of deformed surfaces with flat surfaces. The hatched line at a value of
1 is indicative of no proportional change in the LPR values between formed
and flat surfaces. ZMA310 had an average decrease in LPR for the formed
surface over 24 h of 3.6 times, peaking at 6.1 times after 1 h of electrolyte
exposure. The LPR values generally decreased from the peak value down to
the minimum over 24 h, with an arrest in this decrease occurring between
6 h and 17 h, where values varied around the average. ZMA80 had an
average decrease in Rp for formed surfaces of 1.4 times, peaking at 2.1 times
at 2 h, with a shallow decrease in rate up to 21 h, where the rate of change
increased until the end of the experiment. GI had an average decrease of 1.8
times, peaking at 2.2 times at 13 h.Here, thedecrease inRp tended tobecome
larger with respect to time, differing from the behaviour of the ZMA
coatings.

Discussion
The HDG coatings ZMA80, ZMA310 and GI, when subjected to defor-
mation, exhibited cracks around the tension radius of the bend (Figs. 2 & 3
andTable 3). However, the effect was significantlymore pronounced on the
ZMA coatings compared to GI. Cross-sectional images of 45° deformed
ZMA80, ZMA310, andGI are presented in Fig. 13. The central region of the
deformed coating was selected for the images as it experienced the greatest
deformation.

Figure 13a shows a through-coating (cross-section) image of the GI
surface after 45° deformation, and demonstrates limited damage to the
coating with the formation of superficial micro-cracks of typical depth
of ≈ 1 μm.However, for themulti-phaseZMA80andZMA310coatings, 45°
deformation caused greater damage, as large cracks, some even traversing
through the entire coating to the steel substrate, were observed for both
(Fig. 13 (b) –ZMA80 and Fig. 13 (c) –ZMA310). The susceptibility of ZMA
coatings to crackinghasbeenattributed to thepresenceof thebinary eutectic
phase (Zn+MgZn2)

22. It has been reported that cracksnucleate at the brittle
intermetallic MgZn2 present within the binary eutectic phase

22 which has a
higher hardness and a lower strain hardening exponent22. Hence, the
volume fraction and through-coating distribution of the eutectic phase
present within the microstructure influence the number and size of cracks
on the deformed ZMA coatings. Microstructural analysis revealed that
changing the coating weight from 80 g.m-2 (ZMA80) to 310 g.m-2

(ZMA310) increased the volume fraction of the eutectic phase from17.75 to
31.48%(Table 2) and themorphologyof theprimary zincphase (Fig. 1).The
reasons for the change in microstructure due to a change in coating thick-
ness/weight have been explained previously37,41. The morphology of the
primary zinc phase shown in the ZMA310 was dendritic, while the thinner
ZMA80 coating exhibited amore globular primary zinc phase. The increase
in binary eutectic phase volume fraction led to an increase in the area
fraction of surface cracks in ZMA310 (9.6%) compared to ZMA80 (3.1%).
Whereas the change in primary zinc shape (globular in ZMA80 to dendritic
in ZMA310) has resulted in the formation of two types of cracks in
ZMA310: through-coating (TC) cracks and non-through-coating (NTC)
cracks. TC cracks were observed in both ZMA80 and ZMA310 (Fig. 13b, c),
whereas NTC cracks were observed in ZMA310 only (Fig. 13d) and
dominated in number along the deformed coating. The effect of micro-
structure on crack morphology is shown schematically in Fig. 14.

For ZMA80, the globular primary Zn phases traverse the entire
thickness of the coating leaving direct pathways of eutectic from the surface
to the steel substrate. Therefore, ondeformation cracks canpropagate rather
easily along these pathways creating a through-coating crack (TC). For
ZMA310, the dendritic structure tends to restrict direct pathways of eutectic
from the coating surface to the steel substrate. Therefore, cracks that pro-
pagate from the surface are likely to encounterprimaryZndendrites that are
considerablymore ductile thanMgZn2 and hence, the primary zinc acts as a
barrier/deflector for crack growth22. This leads to a situation where the
coating is dominated by non-through coating cracks (NTC) with a limited
amount of through-coating cracks developing where through-coating

Fig. 9 | Average proportional increase in SVET-derived metal loss for bend
surfaces compared to flat surfaces of GI, ZMA80 and ZMA310. The effect of
deformation is greater on the ZMA compared to GI.

Fig. 10 | The time-dependent OCP measured for GI, ZMA80 and ZMA310
immersed in a 0.17MNaCl pH7 solution for 24 h.The solid line represents the flat
surfaces, and the dotted line represents the 45 o bend surfaces.

Fig. 11 | The time-dependent LPR for GI, ZMA80 and ZMA310 immersed in a
0.17MNaCl pH 7 solution for 24 h. The solid line represents the flat surfaces, and
the dotted line represents the 45 ° bend surfaces. The LPR values decreased for the
45° bend surfaces compared to the respective flat surfaces.
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eutectic pathways occur due to random growth of the microstructural
phases.

The influenceof coatingweight/thickness on the corrosionmechanism
of ZMAs has been reported previously37,41 and therefore will not be dis-
cussed here. The corrosion experiments here showed that the 45° defor-
mation influenced the corrosion behaviour of HDG ZMA and GI coatings.
For deformed GI, a decrease in the OCP (Fig. 10) and an increase in the
corrosion rate [LPR (Fig. 11) and SVET-derived metal loss (Table 5)] were
observed. This decrease in OCP and increase in icorr may occur from
modifications to the anodic reaction, leading to anodic activation of the

coating.This change in anodic behaviour canbe explainedby thedifferential
aeration conditions induced by the geometry of the microcracks. A
microstructural cross-section of the deformed GI (Fig. 13(a)) demonstrates
the development of micro-cracks in the coating. These micro-cracks served
as crevice sites, fostering a differential aeration environment that accelerated
coating dissolution. A schematic of such a crack in the surface of the GI
coating is shown in Fig. 15. Even though the cracks are relatively small,
differences in O2 diffusion to the surface of the coating and to the crack tip
localised anodic activity at the crack tip and cathodic activity at the coating
surface once the surface electrolyte became depleted of O2 as per the
Fontana-Greene mechanism of crevice corrosion42. Zn2+ is a weakly
hydrolysable cation and as such an acidic pHdevelops at the crack tipwhere
Zn→Zn2++ 2e-. This is shownby the pink colour at the crack tip in Fig. 15.
The cathodic oxygen reduction reaction (ORR) localised at the coating
surface and at the crack entrance due to the ease of replenishment of oxygen
at these regions and hence these regions became alkaline as
O2+ 2H2O+ 4e- → 4OH-. This is shown as the regions of blue colour in
Fig. 15. Migration of Zn2+ cations from inside the crack and OH- anions
from the cathode caused the formation of Zn(OH)2 or Simonkolleite
Zn5(OH)8Cl2 corrosion products at the coating surface/crack entrance. The
increase in cation concentration within the crack caused migration of Cl-

ions into the crack and therefore increased the corrosivity of the electrolyte.
The combination of Cl- influx and reduction in pH led to anodic activation
at the crack tip and an increase in corrosion rate of around 1.5 times.

For deformed ZMA80, an increase in the OCP (Fig. 10), an increase in
the corrosion rate [LPR (Fig. 11) and SVET-derived metal loss (Table 5)]
were observed. This increase in both OCP and icorr may occur from mod-
ifications to the cathodic reaction, leading to cathodic activation of the
system. The microstructural cross-section image of the deformed ZMA80
(Fig. 13 (b)) reveals the formation of a TC-type crack within the coating,
exposing the steel substrate. The mechanism of corrosion in this case is

Fig. 12 | Average proportional increase in linear polarisation, Rp, for bend sur-
faces compared to flat surfaces of GI, ZMA80 and ZMA310. The effect of defor-
mation is greater on the ZMA310 compared to GI and ZMA80.

Fig. 13 | Images showing the cut-edge microstructure of HDG coatings post 45° deformation. The microstructures are for aGI b ZMA80 and c, d ZMA310. The images
show the effect of 45° deformation on GI and ZMAs.
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considered in Fig. 16 (a) and (b). A TC-type crack enabled the electrolyte to
contact the steel substrate, and a galvanic couple formed between the
ZMA80 coating and the steel. Hence, the systemwas cathodically activated,
consequently accelerating the corrosion rate of the coating when compared
to the undeformed surface. The increase in corrosion rate due to this gal-
vanic couplingwasbetween1.5 - 2 times that of theundeformed surface, and
this is because the area of steel exposed at each crack tip was relatively small
leading to a relatively small increase inOCP (average 12mV) and hence the
increase in kinetics due to cathodic activation was low. Considering
Fig. 16 (a), cathodic activity occurred at the base of the crack where the steel
substratewas exposed. This created a region of alkalinity at the steel exposed
at the tip of the crack. In this case, anodic metal dissolution occurred away
from the crack tip with preferential release of Mg2+ and Zn2+ fromMgZn2,
themost electrochemically active phase in the alloy43. The presence ofMg2+

and Zn2+ in the electrolyte tends to favour a less acidic pH near the anodic
sites than for Zn2+ alone as Mg2+ does not readily hydrolyse. Cl- migration
into the crack from the bulk electrolyte tended to increase the corrosivity of
the crack electrolyte. Migration of cations occurred towards the crack tip

where the cathodic activity was located, and corrosion product formed once
the solubility product of the corrosion product(s) is exceeded. The gradual
build-up of corrosion products at the crack tip may eventually cover the
exposed steel, deactivating the couple and leading to a mechanistic shift to
that of differential aeration and anodic activation where the cathode now
becomes located at the coating surface/crack entrance with the anode
remaining within the crack as shown in Fig. 16b. As Mg2+ is depleted
preferentially from the microstructure the transition to a Zn2+ dominated
anolyte within the crack could again cause the pH to become acidic,
migration of Cl- would again occur into the crack, accelerating anodic dis-
solution within the crack and also potentially cause dissolution of the cor-
rosion product “plug” at the crack tip that would again enable a galvanic
couple to form.During the 24 hours of the experiments presented here, only
net cathodic activation was observed, suggesting that galvanic coupling was
the dominant accelerant of corrosion when ZMA80 was deformed.

The SVET-measured corrosion rate of deformed ZMA80 containing
TC-type cracks was approximately 1.8 times higher than that of unde-
formed ZMA80 (Table 5 and Fig. 8). As indicated by the corrosion
mechanism schematically illustrated in Fig. 16a, the equivalent metal loss
derived from SVET for deformed ZMA80 at the early stages of exposure is
likely underestimated.During this stage, anodic dissolution at the crackwall
is galvanically coupled with the oxygen reduction reaction occurring on the
exposed steel at the crack base. Because the SVET probe scans at a height of
100 μm above the corroding surface, the resulting anodic–cathodic current
flux lines may not intersect the SVET scan plane and therefore remain
undetected. In contrast, once the exposed steel becomes covered by corro-
sion products and the corrosion mechanism transitions to that shown in
Fig. 16b, SVET detection is considerably more efficient.

FordeformedZMA310, adecrease in theOCP(Fig. 10) andan increase
in the corrosion rate [LPR (Fig. 11) and SVET-derivedmetal loss (Table 5)]
were observed.This decrease inOCPand increase in icorr are again indicative
of anodic activation of the coating. Themicrostructural cross-section image
of the deformed ZMA310 (Fig. 13c, d) revealed the formation of both NTC
aswell asTCcracks through the eutectic regions. In contrast to the other two
coatings, which exhibited superficial micro-cracks (NTC-type) on GI and
TCcracks onZMA80, ZMA310 exhibited both.Although the steel substrate
was exposed, which cathodically activates the system as described for
ZMA80, the presenceofmore numerous, largeNTCs accelerated the anodic
reaction and the system was net anodically activated as the OCP was
decreased and icorr was increased.

Figure 17 schematically shows a NTC crack in ZMA310. A differ-
ential aeration cell was established whereby anodic activity was localised

Fig. 15 | Schematic representation of the corrosion mechanism in the deformed
GI surface. The image illustrates the establishment of a differential aeration cor-
rosion mechanism due to the presence of microcracks in the surface of a deformed
GI surface.

Fig. 14 | Schematic representation of ZMA coat-
ings showing that changes to the morphology of
the microstructure influence the depth of cracks
on deformation to 45°. Though-coating cracks
were present in both ZMA80 and ZMA310, whereas
non-through-coating cracks were present in
ZMA310 only.
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at the crack tip and the ORR was localised at the coating surface/crack
entrance. The anodic attackwas focused onMgZn2 in the eutectic phases
due to its potential of -1.41 V vs SCE compared to -1 V vs SCE for Zn.
The Al phases were Al2O3 covered and are generally passive under the
initial experimental conditions. The presence of Mg2+ cations in the
crack electrolyte will tend to counter acidification due to Zn2+hydrolysis,
but some reduction in the pHmay occur in the crack especially once the
MgZn2 is locally consumed and Zn2+ ions increase in concentration in
the anolyte. Cl- ions migrated into the crack increasing the corrosivity of
the crack electrolyte. The localisation of the anode in the eutectic and the
development of a higher concentration of Cl- within the crack through
differential aeration and the increased extent of cracking led to a sig-
nificant increase in the corrosion rate of the coating. The increase in
corrosion rate for deformed samples for ZMA310 was on average
between 3 - 4 times for SVET measured metal loss and Rp values.

These data show that cracking is especially prevalent when ZMA
coatings undergo deformation in comparison with GI and that the volume
fractionof eutectic present in theZMAis critical indetermining the extentof
cracking experienced during deformation with higher eutectic volume
fractions leading to a greater area of cracking. Subsequently, the extent of
cracking increases the corrosion rate of the system through anodic or
cathodic activation through crevice corrosion and galvanic effects.

In conclusion, the effects of microstructural and deformation features
on the corrosion behaviour of deformed and non-deformed surfaces of GI
and ZMA coatings was systematically evaluated using a combination of
techniques. The study demonstrates that;

• increasing the ZMA coating thickness from 80 g·m⁻² (ZMA80) to
310 g·m⁻² (ZMA310) induces a pronounced microstructural transfor-
mation. The morphology evolved from a fine globular structure to a

Fig. 16 | Schematic representation of different
corrosion mechanisms established on the
deformed ZMA80 surface. The images show
a galvanic and b differential aeration corrosion
mechanisms established over time due to the for-
mation of through-coating cracks.
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coarser dendritic structure, accompanied by a reduction in the primary
Znphase fraction from82.25% to68.52%anda corresponding increase
in the eutectic phase fraction from 17.75% to 31.48%.

• ZMAs exhibited higher susceptibility to cracking during deformation,
attributed to their complex multiphase microstructure. Surface crack
analysis confirmed that the crack area increased with deformation
angle (strain). At 45° deformation, ZMA310 displayed ~ three times
greater crack area compared to ZMA80.

• Corrosion investigations (SVET & LPR) showed that surfaces formed
to 45° of deformation significantly accelerated corrosion. The rate
increase was most pronounced in ZMA310, followed by ZMA80 and
GI. Relative to their flat surfaces, corrosion rates rose by 3.8 times
(ZMA310), 1.7 times (ZMA80), and 1.5 times (GI).

• Deformed ZMA80 exhibited net cathodic activation, whereas GI and
ZMA310 showed net anodic activation through galvanic coupling and
crevice corrosion.

Methods
Materials
TheGI (Zn-0.2 wt%Al) and ZMA [(1-2) wt%Al – (1-2) wt%Mg –Bal. Zn]
coatings with different weights/thicknesses were produced on a continuous
coil coating line. Processing parameters such as bath temperature and line
speed were kept constant, whereas the gas knife pressure was altered
depending on the produced coating weights. The thinner coatings require a
closer knife-stripe distance and higher pressure compared to thicker coat-
ings. A formable low-carbon steel (1.2mm thickness) was used as the
substrate and was coated on both sides.

Chemicals; hydrochloric acid (HCl), sodiumhydroxide (NaOH), nitric
acid (HNO3) and ethanol (C2H5OH) were of analytical grade purity and
purchased fromSigma-AldrichChemical Co.A 0.17M NaClpH7 solution
was used throughout, and the pH of the bulk solution was adjusted using
aqueous NaOH or HCl.

Characterization
The samples were cut into 2 cm×2 cm coupons, mounted in a non-
conductive resin (Metprep Ltd) and then polished with 1 μm diamond
slurry (Metprep Ltd). Hitachi TM3000 Scanning Electron Microscope
(SEM) with Burker Energy Dispersive X-ray Spectroscopy (EDS) module
and digital optical microscope (Keyence VHX-7000 and Techno MT7100)
were utilised to obtain microstructure images. The volume fraction of dif-
ferent microstructural phases was determined by cut-edge image analysis
using Adobe Photoshop software.

A steel substrate coated with HDG coatings was cut into
20mm×80mm strips using shears. A Bayleigh BB-4816M-V2 Magnetic
sheet brake was used to form the samples to the required angle. The plateau
of the bend was used for surface crack analysis and corrosion experiments.
For surface crack analysis, images taken at 50x magnification using a Key-
ence VHX-7000 digital microscope were analysed using the GNU Image
Manipulation Program (GIMP 2.10) software. Both the image analysis
software used were calibrated by setting a number of pixels to an already
known measurement within the image.

Electrochemical measurements
OCPandLPRmeasurementswere performedusingGamry Interface 1010E
potentiostat. A platinum foil electrode and a saturated calomel electrode
(SCE)were used as a counter and reference electrode respectively, to create a
3-electrode set-up. The samples were rinsed using deionised water and
ethanol. An area of 36 mm2 was exposed to the electrolyte. All experiments
were carriedout in 0.17MNaCl, pH7over 24 hours.OCPwasmeasured for
300 seconds, followed by a LPRmeasurement. During LPRmeasurements,
samples were polarised by ± 15mV fromOCP at a scan rate of 0.166mVs-1.
Although during the LPR measurement, the sample surface was polarised,
the sample surface was allowed to stabilise before the next OCP measure-
mentwas taken.Measurementswere taken every hour for 24 h and two tests
were carried out for each material.

Scanning vibrating electrode technique (SVET)
The SVET was used to investigate the relative corrosion resistance/per-
formance of the GI and ZMA coatings. For SVET experiments, a square
area of 36 mm2 (6 mm × 6mm) masked off using 3M non-conductive
polytetrafluoroethylene (PTFE) tape was exposed to the electrolyte. 29
measurements weremade along both the width and length of the exposed
area, generating 841 data points for each scan. SVET has been extensively
used for corrosion investigations for both planar and non-planar sur-
faces, whereas the instrument design and operation procedure can be
found here44–46. In brief, SVET consists of a 125 μm diameter glass-
encased platinum wire microtip vibrating perpendicularly at 100 μm
above the corroding surface at a constant frequency of 140 Hz with an
amplitude of 25 μm. The SVET detects the alternating potential at which
the probe vibrates enabling monitoring of the temporal and spatial
corrosion behaviour of the material. In addition, SVET enables the cal-
culation of metal loss; however, it is considered semi-quantitative
becausemultiple assumptions aremade. The SVETmetal loss calculation
procedure is discussed in detail elsewhere, along with the SVET
limitations13,38,47,48. For deformed surfaces, the non-planar or a 3-D SVET
mode (Swansea Innovations, Swansea University, Wales, UK) was used.
The map of the surface was generated by controlling the SVET tip
position with a 3-dimensional orthogonal motor-driven linear array
(Time and Precision Ltd, UK). Data logging and probe movement were
controlled by a computer operated using in-house developed software
(Swansea Innovations, Swansea University, Wales, UK)40,49.

Data availability
The raw/processed data required to reproduce these findings cannot be
shared at this time as the data also forms part of an ongoing study.
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