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Influence of Mg and Al alloying additions
on the corrosion mechanisms of Hot-
dipped Zn-Mg-Al coatings: role of
microstructure and phase distribution
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Systematic investigations into the individual effectsof increasing alloyingadditionsofMgandAl on the
corrosion mechanisms of Zn-Mg-Al coatings have demonstrated that microstructural phases and
their surface distribution determine the anodic andcathodic behaviour of the coating. Increasing either
Al and/or Mg from 1 to 3 wt.% improved the surface corrosion performance of the coating, with a
greater effect observed for Al additions due to anodic deactivation. Mg additions led to cathodic
deactivation due to a significant reduction in Zn dendrites at the surface. The corrosion rate was
minimised by maximising the ternary eutectic area fraction at the coating surface. A 52% and 32%
decrease in SVET-derived metal loss is achieved at 3 wt.% increase in Al and Mg, respectively.

Steel is among the most widely used materials across all major industrial
sectors. The popularity of steel is due to its relatively low cost of production
and processing, and most importantly, its exceptional mechanical proper-
ties. However, steel is susceptible to corrosion in various environments,
reducing its service life unless costly maintenance is performed that
increases cost, results in loss of use, and potentially increases safety risk.
Coating steel with zinc (Zn) via hot-dip galvanising (HDG) is an effective
way to increase its corrosion resistance1,2. Alloying ZnwithAluminium (Al)
and Magnesium (Mg) together has proven to have further enhanced the
corrosion resistance of Zn3–5, especially in the presence of chloride ions6–10.
Zn-Al coatings are predominantly used in the building industry, whereas
Zn-Mg-Al (ZMA) coatings are being adopted for white goods, for solar cell
frames, and in the automotive industry because of their superior corrosion
properties and mechanical properties such as excellent scratch resistance,
microhardness and galling behaviour11. Zn-11Al-3Mg-0.2Si, Zn-6Al-3Mg
and Zn- (1–2 wt. %) Al- (1–2 wt. %) Mg are some of the commercially
availableZMAcoatings10,12. Because ofmanufacturers’ existingpatents, each
producer tends to develop their ownbespoke alloy composition and register
it with their product name. Therefore, in Europe, Al content varies from 1 –
3.7 wt. % and Mg varies from 1 – 3 wt. %. Further quaternary alloying
additions such as Germanium (Ge), Calcium (Ca), Titanium (Ti), and
Silicon (Si) addition to Zn-Mg-Al have also been investigated13,14.

The addition of Al andMg to Zn results in the formation of a complex
microstructure containing Zn phases, Al phases and intermetallics (IMs)

such as MgZn2 and Mg2Zn11. The Al phases are more noble (more elec-
tropositive) compared to the Zn phases12,15,16. In contrast, the IMs, MgZn2,
and Mg2Zn11 undergo preferential anodic dissolution, galvanically pro-
tecting the Zn surfaces17–19. Mg2+ ions released react with hydroxyl ions to
form magnesium hydroxide (Mg(OH)2), a cathodic oxygen reduction
reaction suppressor15,20. In addition, the Mg(OH)2 buffers the local pH to
alkaline values (~pH10.2)21 atwhich theZn surfaces and corrosionproducts
such as simonkolleite are stable6,14,22. At alkaline pH, the aluminium phases
become anodically active to produce aluminates, which react with Mg2+ to
form insulating double-layered hydroxides (LDH)19.

The chemical composition of ZMA coatings and their production
parameters23 determines theirmicrostructure. For example,Zn- 2 wt.%Al -
2 wt. % Mg is composed of primary Zn dendrites, binary eutectic and
ternary eutectic19,24, whereas Zn - 3 wt. %Al - 3 wt. % Mg exhibited no
primary Zn25. Investigations have also revealed that the modification of the
ZMA microstructure significantly changes the corrosion resistance and
corrosionmechanism8,23,26. In recent times, a number of investigations have
been conducted on the influence of the separate effects of Al27,28 orMg11,29–31

content on the corrosion resistance of ZMA, but limited investigations have
been conducted on combined Al and Mg content32. Investigations so far
have reported enhancement of corrosion resistance due to an increase in
both Al and Mg11,27–31. However, a mechanistic investigation on the change
in corrosion mechanism due to the systematic variation in Al and/or Mg
content is absent. Therefore, developing a fundamental understanding of
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each element’s effects in the ternary systems would thus help to make
informed decisions regarding the compositional design of coatings for new
products and markets.

In this investigation, a hot-dip process simulator (HDPS) was used to
produce ZMA coatings with systematic changes in Al and Mg levels in the
range of 1–3 wt.% to assess the individual elemental contributions in
changes to microstructure and corrosion mechanisms. This paper aims to
elucidate the individual effects of Mg and Al on the anodic and cathodic
activation or deactivation pathways of Zn-Mg-Al (ZMA) coatings.

Results
Materials characterisation
The targeted and ICP-OES measured alloy compositions are presented in
Table 1. The targeted and measured alloy compositions in wt.% demon-
strated somevariance inmeasuredcompositions forZn-1Mg-1Al,Zn-1Mg-
3Al and Zn-3Mg-1Al, but the samples displayed systematic changes in
alloying elemental additions, enabling their individual effects to be assessed.
The variation in the targeted and measured compositions could possibly
have occurred due to various factors, such as losses due to dross and oxi-
dation. Furthermore, errors can occur due to weight changes as samples are

being made, and precise measurements are difficult to make due to the
dynamic conditions of the pot.

Figure 1 shows the representative SEMimagesof both the cross-section
and surface of the Zn-1Mg-1Al, Zn-1Mg-3Al, Zn-3Mg-1Al and Zn-3Mg-
3Al coatings. The base Zn-1Mg-1Al coating (Fig. 1a, b) was composed of
three different phases; primary zinc dendrites, binary eutectic and ternary
eutectic. Large primary Zn dendrites were surrounded predominantly by a
lamellar binary eutectic (MgZn2 and Zn) with Al mainly contained in dis-
crete Al-rich nodules in the ternary eutectic. The SEM image of cross-
section (Fig. 1a) shows that primary Zn dendrites often transversed the
entire coating thickness from the steel substrate to the surface and through-
coating eutectic pathways were also present between the Zn dendrites.

Increasing the Al content from 1wt.% to 3 wt.%, i.e., (Zn-1Mg-3Al),
has resulted in distinct changes in the microstructure (Fig. 1 (c-d)). The
microstructurewas composedof large primaryZndendriteswithnumerous
small Al-rich phases (dark) co-located at the peripheries of the primary Zn
dendrites. Thesephaseswere surroundedbyamatrix of ternary eutectic (Zn,
MgZn2 andAlnodules). Binary eutecticwas absent in all observed regionsof
the coating. The SEM image of the cross-section (Fig. 1(c)) demonstrated
that the primary Zn dendrites were generally smaller and more numerous
than the base Zn-1Mg-1Al.

Increasing the Mg content from 1 wt.% to 3 wt.%, i.e., (Zn-3Mg-1Al),
has resulted in significant changes in the microstructure (Fig. 1e, f). The
microstructure was composed of primary Zn dendrites surrounded by large
areas of binary eutectic. Small areas of ternary eutectic were also observed
with Al-rich regions sometimes present within this phase. The SEM image
of the cross-section (Fig. 1e) revealed that the primary Zn dendrites were
generally smaller than the two previous coatings with a reduction in the
number of dendrites reaching the coating surface and having nucleated at
the steel/coating interface. In addition, the surface of the sample was rich in
eutectic compared with the base Zn-1Mg-1Al and Zn-1Mg-3Al.

Table 1 | ZMA coatings targeted chemical composition

Sample Targeted
Mg (wt.%)

Measured
Mg (wt.%)

Targeted
Al (wt.%)

Measured
Al (wt.%)

Zn

Zn-1Mg-1Al 1 1.3 1 1.2 Bal

Zn-1Mg-3Al 1 1 3 4 Bal

Zn-3Mg-1Al 3 3.6 1 1.2 Bal

Zn-3Mg-3Al 3 2.9 3 2.9 Bal

Fig. 1 | SEM images showing the cross-section and surface microstructures of Zn-Mg-Al. a, c, e, g Shows cut-edge microstrucure and b, d, f, h shows the surface
microstructure. The variation in Mg and Al content has led to significant changes within the microstructure of Zn-Mg-Al coatings.
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Increasing both Al & Mg content from 1 wt.% to 3 wt.%, i.e.
(Zn-3Mg-3Al), has resulted in complete changes in the microstructure
(Fig. 1g, h). The microstructure was composed almost entirely of
eutectic with regions of both binary eutectic and ternary eutectic.
Small quantities of primary Zn dendrites and discrete Al-rich regions
were also observed. The SEM image of the cross-section (Fig. 4(g))
revealed that the primary Zn dendrites were small, nucleating from the
steel substrate with eutectic regions dominating the volume fraction of
the coating. The surface of the sample appeared to be rich in eutectic
compared with the other three samples Zn-1Mg-1Al, Zn-1Mg-3Al and
Zn-3Mg-1Al.

Microstructural comparisons across all samples
Energy dispersive X-ray spectroscopy (EDS) was employed to identify the
distribution of elements within the experimental samples. Elemental maps
identifying the elements Zn, Mg and Al were produced using Oxford
Instruments SEM/EDS software and are shown in Fig. 2. The elemental
composition of each phase, calculated from 3 different areas of each type of
phase, is presented in Table 2.

XRD was further performed to investigate different phases present
within the coatings’microstructures, and the results obtained are presented
in Fig. 3. The XRD patterns indicate that all coatings contained Zn and Al
solid solution phases, whereas Mg was present as three different Zn inter-
metallic phases: MgZn2, Mg2Zn11, and Mg2Zn3. Increasing the Mg to 3 wt.
% tends to increase the intensity and number of peaks corresponding to
MgZn2 and Mg2Zn11, showing more intermetallic formation. Whereas,
increasing theAl to 3 wt.% increases the number ofAl peaks, showingmore
Al-rich phases. This was observed for both Zn-1Mg-3Al and Zn-3Mg-3Al.

This increase in the formation of intermetallic and Al-rich phases
could potentially alter the phase composition. Hence, further micro-
structural analysis (volume fraction measurement) was conducted and is
presented in Table 3. The volume fractions of primary Zn and eutectic
(binary + ternary eutectic combined) were calculated for five cross-
section images (250 µm in length) of each coating. The table represents
the relative effects of Mg and Al on the measured volume fractions. The
base coating Zn-1Mg-1Al had a through coating volume fraction of
77.75% primary Zn and 22% eutectic phase. When either Al or Mg levels
were increased to 3 wt.%, an increase in the eutectic phase was observed.
However, the increase in the eutectic phase was significantly greater for
3 wt.%Mg additions with 68% eutectic volume fraction compared to 37%
when Al was increased to 3 wt.%. In addition, when bothMg and Al were
increased to 3 wt.% the microstructure became almost wholly eutectic
with eutectic volume fraction of 94.01% (Table 3).

Study of the electrochemical behaviour of ZMA coatings
The surface corrosion was investigated for the ZMA coatings using a
combination of in-situ imaging and electrochemical techniques. All the
corrosion experiments were performed in 0.17mol.L-1 NaCl pH 7 solution.
0.17mol.L−1 NaCl pH 7 was used as our previous investigations on Zn and

Fig. 2 | EDS elemental colour maps of Zn-Mg-Al.
The results are for (a) Zn-1Mg-1Al (b) Zn-1Mg-3Al
(c) Zn-3Mg-1Al and d Zn-3Mg-3Al. The images
show the distribution of Zn, Mg and Al within the
microstructure of Zn-Mg-Al coatings.

Table 2 | Composition of phases present within ZMA samples
obtained using EDS

Zn-1Mg-1Al

Zn (wt.%) Mg (wt.%) Al (wt.%)

Primary Zn 99.06 ± 0.12 0.28 ± 0.05 0.65 ± 0.08

Binary Eutectic 94.62 ± 1.90 3.90 ± 2.17 1.49 ± 0.28

Ternary Eutectic 93.87 ± 1.25 4.57 ± 1.57 1.57 ± 0.31

Zn-1Mg-3Al

Primary Zn 97.86 ± 0.11 0.29 ± 0.08 1.85 ± 0.10

Ternary Eutectic 88.34 ± 0.78 3.62 ± 0.38 8.04 ± 0.43

Al-rich Phase 72.58 ± 0.37 0.77 ± 0.33 26.65 ± 0.58

Zn-3Mg-1Al

Primary Zn 99.07 ± 0.09 0.40 ± 0.08 0.52 ± 0.03

Binary Eutectic 94.89 ± 0.65 3.87 ± 0.30 0.98 ± 0.07

Ternary Eutectic 91.66 ± 3.07 2.64 ± 0.75 5.71 ± 2.92

Zn-3Mg-3Al

Primary Zn 98.49 ± 0.17 0.44 ± 0.08 1.07 ± 0.11

Binary Eutectic 94.55 ± 0.11 4.25 ± 0.14 1.19 ± 0.08

Ternary Eutectic 89.29 ± 0.88 3.73 ± 0.50 6.98 ± 1.12
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Zn-based alloys/coatings were conducted in 0.17MNaCl. Therefore, it has
been used for consistency and to compare different alloys/coatings.

Investigation of corrosion mechanisms using time-lapse
microscopy (TLM)
Zn-1Mg-1Al. The corrosion mechanism occurring at the microstructural
level was studiedusingTLM. Figure 4 andVideo 1 (V1) show the corrosion
behaviour of the base Zn-1Mg-1Al coating over 24 h in 0.17mol.L-1 NaCl
pH 7 solution. Anodic features (presenting as a dark region) developed
from the onset of the exposed area (see Video 1) and after ~2 h a large
anodic feature (metal oxidation/dissolution) was established in the upper
left quadrant of the exposed circular area (Fig. 4b). Figure 5 presents a
cropped region showing the initiation andprogressionof an anodeover the
first 100 min of exposure. The anodic regions were identified based on
image contrast and the movement of the anodic front. The anodic initia-
tion occurred by minute 50 in the interdendritic eutectic phase and pre-
ferentially progressed via the eutectic, often leaving intact “islands” of
primary Zn. Similar phenomenawere previously observed on ZMAs using
this technique14,17,23. A corrosion product is formed at some distance from
the anode. Corrosion products are formed when the counter-current of
metal cations from the anode and hydroxide anions from the cathode react
with each other. Corrosion product precipitation occurred on the sample
surface once the solubility limit of the corrosionproduct in the solutionwas
locally exceeded14,17. Further anodes initiated over timeand always initiated
and progressed preferentially through the eutectic phase. However, Zn
dendrites were consumed when the local eutectic regions had corroded.

Zn-1Mg-3Al. Figure 6 andVideo 2 (V2) show the corrosion behaviour of
the Zn-1Mg-3Al coating over 24 h in 0.17 mol.L−1 NaCl pH 7 solution.
Figure 7I presents a cropped region showing the initiation and pro-
gression of the anode during the first 100 min of exposure. For this
coating, the corrosion mechanism was rather different compared to the
base Zn-1Mg-1Al. From Fig. 6 and V2, it was somewhat difficult to

ascertain in which phase initiation of the anode occurred due to image
resolution andmicrostructural complexity. However, once the anode had
initiated, the primary Zn dendrites were then routinely attacked along
with the eutectic without the sole preferential attack of the eutectic
observed for the base Zn-1Mg-1Al. Through consideration of the crop-
ped region in Fig. 7I, it could be seen that anode initiation had begun
within the eutectic phase by minute 25 (Fig. 7Ib, with subsequent pro-
gression through both the eutectic and Zn dendrites over the next 75 min.
Additionally, the Al-rich phases appeared relatively uncorroded after
100 minutes and in fact remained uncorroded after 24 h, as shown in
Fig. 7(II).

Zn-3Mg-1Al. Figure 8 andVideo 3 (V3) show the corrosion behaviour of
the Zn-3Mg-1Al coating over 24 h in 0.17 mol.L-1 NaCl pH 7 solution.
Figure 9 presents a cropped region showing the initiation andprogression
of the anode during the first 100 minutes of exposure. FromFig. 8 andV3,
it can be seen that corrosion initiated and progressed preferentially
through the binary eutectic regions that were the dominant phase in the
microstructure of the exposed surface. Figure 8 also showed that the
number of anodic features initiated over the course of the 24 h experi-
ment was greater for this coating, suggesting that this system experienced
numerous activations and deactivations of anodic events rather than
progressive attack across the surface from a limited number of sites. This
experiment also showed precipitation and re-solubilisation of the cor-
rosion product as anodic features initiated and progressed across the
microstructure.

Zn-3Mg-3Al. Figure 10 and Video 4 (V4) show the corrosion behaviour
of the Zn-3Mg-3Al coating over 24 h in 0.17 mol.L-1 NaCl pH 7 solution.
Figure 11 presents a cropped region showing the initiation and pro-
gression of the anode during the first 100 mins of exposure. The micro-
structure of Zn-3Mg-3Al was predominantly a mixture of binary and
ternary eutectic (Fig. 1g, h and Fig. 10A). Similarly to Zn-3Mg-1Al and
base Zn-1Mg-1Al, the corrosion initiated and spread preferentially
through the binary eutectic present at the exposed surface. The anode
subsequently progressed into the ternary eutectic as shown in Fig. 11
although progression slowed somewhat for this particular feature once
the ternary eutectic became attacked.

To better understand the corrosion behaviour of the different coatings,
it is critical to understand the area fraction of phases within the micro-
structure at the actual surface exposed to the electrolyte. Therefore, theTLM
image taken at 100X magnification of a 0.78mm2 area of all four coatings
exposed to electrolyte was analysed. These area fractions of primary Zn and

Fig. 3 | XRD patterns obtained for Zn-Mg-Al
coatings. The XRD pattern shows the presence of
intermetallic MgZn2, Mg4Zn7 and Mg2Zn11 in all
four coatings.

Table 3 | Volume fraction of phase present in ZMA samples

Sample Primary Zn (%) Eutectic (%)

Zn-1Mg-1Al 77.75 ± 1.56 22.25 ± 1.56

Zn-1Mg-3Al 63.42 ± 4.96 36.58 ± 4.96

Zn-3Mg-1Al 31.69 ± 12.02 68.31 ± 12.01

Zn-3Mg-3Al 5.99 ± 1.49 94.01 ± 1.49
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eutectic phase at the surfaces of ZMA coatings exposed to the electrolyte
during the TLM experiments are presented in Table 4.

From Table 4, it was observed that increasing either the Al or the
Mg levels individually to 3 wt.% had a significant effect on the surface
area phase fraction compared to the base Zn-1Mg-1Al.Mg had a greater
effect with an increase in the eutectic area fraction from 42.41 to 88.81%
compared with an increase from 42.41 to 76.22% for Al. Furthermore,
when both Mg and Al levels were increased to 3 wt.% the surface was
almost wholly eutectic.

Electrochemical measurements
Two types of electrochemical experiments, open circuit potential (OCP) and
linear polarisation resistance (LPR), were performed to further investigate
the influence of Mg and Al content (≤3 wt.%) on ZMA coatings. The
experiments were initiated immediately after the introduction of the elec-
trolyte. All the electrochemical data presented are the mean values of three
experiments.

Open circuit potential
Figure 12 shows the average OCP measurements of four ZMA coatings
immersed in 0.17mol.L-1NaCl pH7, over 24 h.With respect to the base Zn-
1Mg-1Al coating, Al additions resulted in an overall increase in OCP,
whereasMgadditions led to a significantdrop inOCP.For theZn-3Mg-3Al,
the OCP was more negative than the base Zn-1Mg-1Al, demonstrating the
dominant effects of the increased Mg levels compared to Al. However, the
OCP was not as negative as for the Zn-3Mg-1Al, thus demonstrating the
competing effects of the Mg and Al additions.

The complete set of three repeat experiments for each coating was
statistically summarised and is presented in the box plot in Fig. 13. This
figure highlights the competing effects of the Mg and the Al additions with
regard to decreasing and increasing the OCP of the coating, respectively, in
comparison to the base Zn-1Mg-1Al. The high potential outlying points for
each coating reflect the initial potential of the coating due to the presence of
an air-formed oxide. Upon immersion, this oxide breaks down and the
potential decreases to that of the oxide-free coating surface.

Fig. 4 | Time-lapseMicroscopy images of Zn-1Mg-
1Al taken under immersion conditions in
0.17 mol.L-1 NaCl pH 7 solution. The images
shown were taken at a 2 min b 8 h c16 h and d 24 h.

Fig. 5 | Time-lapse Microscopy images of Zn-1Mg-1Al taken under immersion conditions in 0.17 mol.L-1 NaCl pH 7 solution. The images shown were taken at a 0 min
b 25 min c 50 min d 75 min and e 100 min. The images show the initiation and progression of an anode over the first 100 min of exposure.
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Fig. 6 | Time-lapseMicroscopy images of Zn-1Mg-
3Al taken under immersion conditions in
0.17 mol.L-1 NaCl pH 7 solution. The images
shown were taken at a 2 min b 8 h c16 h and d 24 h.

Fig. 7 | Time-lapse Microscopy images of Zn-1Mg-3Al taken under immersion
conditions in 0.17 mol.L-1NaCl pH7 solution. (I) The images taken at (a) 0min (b)
25min (c) 50min (d) 75min and e 100min show the initiation and progression of an

anode over the first 100 minutes of exposure. (II) The image demonstrates corrosion
of the primary Zn dendrites and the eutectic whilst the Al-rich dendritic phase
remained generally intact after 24 h immersion in 0.17 mol.L-1 NaCl pH 7 solution.
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Linear polarisation resistance (LPR)
Figure 14 shows the average LPR measurements of four ZMA coatings
immersed in 0.17mol.L-1 NaCl pH 7 over a 24 h time period. In LPR
experiments, higher resistance (Rp) is representative of a lower corrosion
current (icorr). The Zn-1Mg-3Al demonstrated the largest increase in Rp
values compared to base Zn-1Mg-1Al, hence, a reduction in corrosion
kinetics. The Zn-3Mg-1Al was kinetically somewhat similar to the base Zn-
1Mg-1Al however, Zn-3Mg-3Al displayed a general reduction in corrosion
kinetics.

Figure 15 shows box plots of all the average LPR data and provides
further insight into the effect of theMg and Al additions on the corrosion
kinetics. The box plots demonstrated that the Zn-1Mg-3Al not only
increased the median of corrosion resistance with respect to the base
coating, Zn-1Mg-1Mg, but also provided the highest maximum resis-
tance and hence the lowest corrosion rate of the coatings investigated in
this study. The Zn-3Mg-1Al and Zn-3Mg-3Al coatings both displayed
higher median values than the Zn-1Mg-1Al and a lower spread of data
overall, implying that the systems had lower and more predictable cor-
rosion kinetics.

Investigationof corrosionbehaviour using the scanning vibrating
electrode technique (SVET)
The SVET was utilised to further explore the kinetic corrosion behaviour
and corrosion performance of ZMA coatings in 0.17mol.L-1 NaCl pH 7
solution over 24 h. The data presented are the average values of three SVET
experiments. The data captured from the hourly SVET scans were used to
calculate a semi-quantitative metal loss for each scan and summed to pro-
vide a cumulative 24 h metal loss. The time-dependent average kinetic
SVET metal loss is presented in Fig. 16 and the average total metal losses
over 24 h are presented in Table 5. Figure 16 showed that the base Zn-1Mg-
1Al demonstrated the highest average metal loss per hour and thus, the
highest cumulative average metal loss of 11.48 g.m-2 as shown in Table 5.
The alloying additions all provided improved corrosion performance with
the subsequent order of performance from the highest to lowest corrosion
rate being:

Zn� 1Mg� 1Al 11:24g:m�2
� �

>Zn� 3Mg� 1Al 7:54g:m�2
� �

>Zn� 3Mg� 3Al 6:49g:m�2
� �

>Zn� 1Mg� 3Al ð5:31g:m�2Þ

Fig. 8 | Time-lapseMicroscopy images of Zn-3Mg-
1Al taken under immersion conditions in 1 wt.%
NaCl pH 7 solution. The images shown were taken
at a 2 min b 8 h c 16 h and d 24 h.

Fig. 9 | Time-lapseMicroscopy images of Zn-3Mg-1Al taken under immersion conditions in 0.17 mol.L-1 NaCl pH 7 solution. The images taken at (a) 0 min (b) 25min
(c) 50 min (d) 75 min and e 100 min show the initiation and progression of an anode over the first 100 min of exposure.
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Figure 17 shows the normal current density measured above the freely
corroding surface ofZMAcoatings inpH70.17mol.L−1NaCl for 1, 6, 12, 18
and 24 h. Peak anodic current densities of ~15 A.m−2 are recorded. In all
four coatings, anodic (red) activities and cathodic (blue) activities were
detected from the first hour (1 h). For the base coating Zn-1Mg-1Al, the
number of localised anodes and the intensity of anodic as well as cathodic
activities aremuchgreater compared to theother threemodified coatings. In

Fig. 10 | Time-lapse Microscopy images of Zn-
3Mg-3Al taken under immersion conditions in
0.17 mol.L-1 NaCl pH 7 solution. The images
shown were taken at a 2 min b 8 h c 16 h and d 24 h.

Fig. 11 | Time-lapseMicroscopy images of Zn-3Mg-3Al taken under immersion conditions in 0.17 mol.L-1 NaCl pH7 solution.The images taken at (a) 0min (b) 25min
(c) 50 min (d) 75 min and e 100 min show the initiation and progression of an anode over the first 100 min of exposure.

Table 4 | Area fraction of phases present in ZMA samples
exposed to electrolyte during TLM experiments

Sample Primary Zn (%) Eutectic (%)

Zn-1Mg-1Al 57.59 42.41

Zn-1Mg-3Al 23.78 76.22

Zn-3Mg-1Al 11.19 88.81

Zn-3Mg-3Al 0.31 99.69

Fig. 12 | The time-dependent OCP for all four ZMA coatings immersed in
0.17 mol.L-1 NaCl pH 7 solution for 24 h. All coatings exhibited relatively stable
potentials after ~2 h of exposure.
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addition, the anode (I marked on 1 h SVETmap, Fig. 17) established at 1 h
was still active at 24 h however, there was a slight decrease in its intensity. In
contrast, for the other three modified coatings, the individual anodes
established at 1 h (II–IV marked on 1 h SVET map, Fig. 17) have deacti-
vated/passivated by 24 h.

Discussion
In the base coating, Zn-1Mg-1Al, initiation and progression of corrosion
occurred in the interdendritic eutectic regions. SEM/EDX analysis reported
here and in our previous work has shown this is mainly binary eutectic
composed of Zn and IMs of Mg & Zn, predominantly MgZn2

17. The
initiation of corrosion occurs in the eutectic due to galvanic effects of IMs
such as MgZn2, Mg2Zn11 andMg2Zn3 with respect to Zn. It has previously
been reported that the IMMgZn2has a low free corrosionpotential of -1.4 V
vs saturated calomel electrode (SCE)33,34 with Mg2Zn11 and Mg2Zn3 also
displaying similar potentials to MgZn2

35. These IMs are the most thermo-
dynamically and kinetically active phase in the coating, as demonstrated by
this preferential initiation and subsequent preferential progressionof anodic
attack through the eutectic regions. At neutral p,H corrosion of the IMs can
release both Mg2+ and Zn2+ congruently into the electrolyte at the anode34.
The Zn dendrites often remain as intact islands due to these local galvanic
differences in potential, with the Zn having a more noble free corrosion
potential14. Zndendriteswill thus tend to act as preferential sites for cathodic
oxygen reduction (O2+ 2H2O+ 4e-→ 4OH-) due to these galvanic effects
and the relative decrease of cathodic kinetics associated with the eutectic
phases due to the presence of MgO/Mg(OH)2 and Al2O3/Al(OH)3 at their
surfaces that are both wide-band semi-conductors/insulators in contrast to
the semi-conducting nature of ZnO/Zn(OH)2

34. Additionally, the Zn
regions of the eutectic phases are inferior cathodes kinetically than the Zn
dendrites due to the lamellar nature of their microstructures, which create a
discontinuous surface for cathodic activity. After some time, the Zn den-
drites also become susceptible to anodic attack once the regions of eutectic
surrounding the dendrites are corroded away and local galvanic effects are
diminished.

Fig. 13 | Box plots summarising all repeated OCPmeasurements made over 24 h
in 0.17 mol.L-1 NaCl pH 7 for ZMA coatings. The image summarises the effect of
Mg and Al additions to the OCP of coatings with respect to the base Zn-Mg-Al.

Fig. 14 | LPR measured over 24 h in 0.17 mol.L-1 NaCl pH 7 solution for ZMA
coatings. The image shows the rate of corrosion for all four coatings with respect
to time.

Fig. 15 | Box plots summarising all repeated LPR measurements made over 24 h
in 0.17 mol.L-1 NaCl pH 7 for ZMA coatings. The image summarises the effect of
Mg andAl additions on themedian corrosion rate of coatingswith respect to the base
Zn-Mg-Al.

Fig. 16 | SVET-derivedmetal loss for ZMA coatings.The average hourlymetal loss
as a function of time for ZMA coatings after immersion in 0.17 mol.L-1 NaCl pH 7
for 24 h.

Table 5 | SVET-derived metal loss for ZMA samples after
immersion in 1 wt. % NaCl pH 7 for 24 h

Sample Average (g.m-2)

Zn-1Mg-1Al 11.48 ± 0.12

Zn-1Mg-3Al 5.31 ± 0.07

Zn-3Mg-1Al 7.54 ± 0.06

Zn-3Mg-3Al 6.49 ± 0.07
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When the Al level was increased to 3 wt.%, a significant change in the
corrosion behaviour was observed whereby the OCP of the coating (Zn-
1Mg-3Al) was increased and the corrosion kinetics (icorr) decreased over
24 hours. This phenomenon is schematically presented in Fig. 18a and can
be seen that such changes inOCPand icorrmayoccur throughmodifications

to the anodic reaction, leading to anodic deactivation of the coating. This
change in anodic behaviour can be explained with regards to changes in the
microstructure of the coating where the volume fraction, and critically, the
surface area fraction of the eutectic phase increased by 14 and 34%
respectively. In addition, this eutectic was mainly Al-containing ternary

Fig. 17 | SVET colourmaps representing normal current densitymeasured above
ZMA surfaces immersed in 0.17 mol.L-1 pH 7 solution for 24 h. The maps pre-
sented are of 1, 6, 12, 18 and 24 h of immersion time for Zn-1Mg-1Al, Zn-1Mg-3Al,

Zn-3Mg-1Al and Zn-3Mg-3Al. Anodic activities are shown in red and cathodic
activities are shown in blue.

Fig. 18 | Evans diagrams demonstrating the dif-
ference in corrosion deactivation mechanism.
a Shows the anodic deactivation and b shows the
cathodic deactivation mechanism. The figure pro-
vides a visual explanation of the anodic and cathodic
deactivation of the corrosion mechanism in
Zn-Mg-Al.
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eutectic rather than binary eutectic. Furthermore, an additional Al-rich
dendritic phase was present in the microstructure that did not occur in the
base alloy. In the Zn-1Mg-3Al coating, anode progression occurred through
primary Zn dendrites in addition to areas of eutectic in contrast to the
preferential eutectic attack observed in the base Zn-1Mg-1Al coating. The
Al-rich phases remained uncorroded during the exposure time of the
experiment.

The presence of a greater surface area fraction of ternary eutectic and
the Al-rich dendritic phase leads to a greater surface coverage of Al2O3/
Al(OH)3, which improves the surface passivity36 at the initial experimental
pHof 7. This passive layer tends to reduce the thermodynamic likelihood of
oxidation, hence the rise in OCP of this alloy. Although the eutectic phase
was often the site of anodic initiation due to the presence of Zn/Mg IMs, the
overall activity of the eutectic is reduced due to the passive Al2O3/Al(OH)3
associatedwith theAl component of the eutectic. Therefore, the emphasis of
anodic activity on the IMs is reduced, enabling the primary Zn dendrites to
become focal anodic sites. Zn is a less kinetically active phase compared to
IMs thatwere preferentially attacked in the base coating, and hence the alloy
is anodically deactivated. The reduction in surface area fraction of primary
Zn can also lead to a reduction in cathodic activity as theZndendriteswill be
the most likely sites of cathodic activity due to the poor electrocatalytic
kinetics of Al2O3/Al(OH)3. The net effect, however, is that of anodic
deactivation due to a greater degree of surface passivation and the focal
anodic dissolution now being that of Zn.

Increasing the Mg levels to 3 wt. % (Zn-3Mg-1Al) also influenced the
corrosion behaviour of the coating with a decrease in the OCP and a
decrease in the corrosion rate (icorr). This phenomenon is schematically
presented in Fig. 18b and can be seen that such changes inOCP and kinetics
may occur through a change in the cathodic reaction leading to cathodic
deactivation of the coating. The increase inMg led to a 46% increase in both
the volume fraction and the surface area fraction of the eutectic phases. This
surface area fraction was dominated bya binary eutectic with small regions
of ternary (Al-containing) phases. For Zn-3Mg-1Al, anodes preferentially
initiated and propagated through the binary eutectic due to the presence of
themost active phase in terms of thermodynamics andkinetics,MgZn2, and
other IMs (Mg2Zn11 and Mg2Zn3), similar to the behaviour of base Zn-
1Mg-1Al. The observed cathodic deactivation can be explained by the
surface area fraction of the phases present. In Zn-3Mg-1Al, as anodic
activity is concentrated at eutectic phases the cathodic oxygen reductionwill
tend tooccuron theprimaryZndendrites due togalvanic andkinetic effects.
The binary and ternary eutectic phases are not as efficient cathodes for
oxygen reduction due to the presence of insulating MgO/Mg(OH)2 and
Al2O3/Al(OH)3. In this coating, the area fraction of eutectic increased and
primary Zn was reduced compared to the base coating Zn-1Mg-1Al, sub-
sequently reducing the galvanic driving force between the primary Zn and
the eutectic phase.Additionally, the release ofMg2+ into the solution and the
formation of Mg hydroxide have been shown to buffer the pH ≥ 9, pro-
moting the formation of a more insulating LDH that reduces the corrosion
kinetics10,19. Hence, the combination of the reduced area of Zn, an increased
surface area of less cathodically active phases, and the formation of stable
corrosion products leads to an overall cathodic deactivation of the alloy.

Increasing both the Mg & Al levels to 3 wt. % (Zn-3Mg-3Al) led to a
complete change in the coating microstructure with the formation of an
almost wholly eutectic microstructure (99.69%). The eutectic was amixture
of binary and ternary, with anodes preferentially initiating in the binary
phase.This occurredbecause the binary eutectic is not protected by apassive
Al2O3/Al(OH)3 layer due to the absence of Al, whereas the ternary eutectic
will have such protection. As such, initial anode initiation and progression
through the binary eutectic is more favourable.

Increasing theMg and Al levels to 3wt. % caused a decrease in the OCP
andadecrease in the corrosion rate (icorr)with respect to thebaseZn-1Mg-1Al,
indicative of cathodic deactivation as shown in Fig. 18(b). As the micro-
structure of Zn-3Mg-3Al is almost wholly eutectic, the efficiency of cathodic
oxygen reduction will be reduced compared to the base coating due to the
presence of MgO/Mg(OH)2 and Al2O3/Al(OH)3 over most of the surface.

Thus, the kinetics associated with oxygen reduction are less efficient in com-
parison to the base coating and the system becomes cathodically deactivated.

Figure 19 (a–d) shows schematically a summation of the effects of
varying Al and Mg levels with respect to microstructures, surface oxides in
terms of their relative cathodic electrocatalytic kinetics, likely preferential
sites of anodic and cathodic activity and the overall net impact on corrosion
in comparison to the base Zn-1Mg-1Al alloy.

Figure 20 summarises the effect of alloy addition with respect to the
mix-potential and kinetics of corrosion. Anodic deactivation through
increasedAl additionsprovided the largest reduction in corrosionkineticsof
16–17%.Mg additions alone provided a small decrease in corrosion kinetics
of approximately 3% whilst the combination of both additions reduced the
corrosion rate by around 7% with both alloys showing cathodic deactiva-
tion. It is interesting why the sample with 3 wt.% Mg and 3 wt.% Al had a
lower performance than the alloy with the Al level alone raised to 3 wt.%. A
possible explanation for this is that the release ofMg2+ ions frompreferential
attack of the binary eutectic enables the pH of the interfacial electrolyte to
rise and cause dissolution of the Al2O3/Al(OH)3 associated with the ternary
eutectic thereby reducing the passive effects of these products. Ternary
eutectic attackwas observed inFigs. 10 and11but only after initial corrosion
of the binary eutectic supporting this postulation.

Considering both Figs. 19 and 20 it was shown that the surface
microstructure engendered through Mg and Al additions is critical in
determining the subsequent mechanisms and extent of corrosion. These
data have shown that in terms of initial corrosionmechanisms, the addition
of Al has the largest effect on corrosion behaviour and as such, to maximise
surface corrosionperformance the formation of ternary eutectic andAl-rich
phases with reduced levels of Zn dendrites at the surface should be priori-
tised through alloying additions and production conditions.

In conclusion, a systematic study into the effects of Al and Mg varia-
tions on the microstructure and its subsequent corrosion behaviour affor-
ded by HDG ZMA coatings has been completed to show that;
• Preferential eutectic corrosion was observed in the base Zn-1Mg-1Al

coatingdue to the galvanic activity ofZn/Mg IMs in the eutectic phases.
• Increasing the Al and Mg to 3 wt. % independently increased the

formation of the eutectic phases (bothvolume fraction and surface area
fraction) and reduced the primary Zn. However, for Zn-1Mg-3Al the
formed eutectic phase was wholly ternary eutectic with additional Al-
rich phases in themicrostructure whereas for Zn-3Mg-1Al the formed
eutectic phase wasmainly binary eutectic with small patches of ternary
eutectic.

• Increasing Al and Mg simultaneously to 3 wt. % also increased the
formation of the eutectic phases with an area surface fraction of 99%
and volume fraction of 94%.

• Improved corrosion performance through an anodic deactivation
mechanism was observed when surface levels of ternary eutectic and
Al-rich phases were present through Al additions to 3 wt.% (Zn-1Mg-
3Al). The highest improvement in corrosion performance was also
observed for this alloy.

• Mg additions to 3 wt.% (Zn-3Al-1Mg) also demonstrated improved
corrosion performance due to cathodic deactivation of the coating
however the reduction in corrosion rate was not as great as for
increased Al additions (Zn-1Mg-3Al).

• Increasing both Al and Mg to 3 wt.% (Zn-3Mg-3Al) demonstrated an
overall cathodic deactivation of the system and gave improved per-
formance over the base coating Zn-1Mg-1Al.

• Alloying additions can be controlled to maximise the formation of Al-
containing phases at a ZMAcoating’s surface to reduce its corrosion rate.

Methods
Materials
The Surtec A5 HDPS housed at Swansea University’s Coating and Corro-
sion groupwas used to produceZMAcoatings on steel substrates. A 0.7 mm
gauge cold-rolled DX-51 steel with dimensions of 220 × 110mm was used
as the base substrate. Steel substrates were cleaned with a surfactant,
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followed by an acetone rub to remove oil and surface contamination. The
atmosphere was 7% H2 remainder N2 with a dew point of −40 °C. The
annealing cycle used for the ZMA coatings production is presented in Fig.
21. Post-production, samples were stored in a desiccator to prevent atmo-
spheric corrosion. The ZMA coatings were ~25 µm thick (~250 g.m-2).

Chemicals; sodium hydroxide (NaOH), ethanol (C2H5OH), nitric
acid (HNO3) and hydrochloric acid (HCl) used during the investiga-
tion were of analytical grade purity and purchased from Sigma-
Aldrich Chemical Co. A 0.17 mol.L-1 NaCl pH 7 solution was used
throughout, and the pH of the bulk solution was adjusted using

Fig. 19 | Summary of corrosionmechanisms.The images show the schematic representation of changes tomicrostructure and subsequent effects on corrosionmechanisms
for a Zn-1Mg-1Al b Zn-1Mg-3Al c Zn-3Mg-1Al d Zn-3Mg-3Al.
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aqueous NaOH or HCl. All the corrosion experiments were conducted
at room temperature.

Microstructure analysis
In all cases, 2 × 2 cm steel coupons coated with ZMA coatings were hot-
mounted innon-conductive phenolic resin (MetprepLimited). The samples
were then polished with aqueous 1 µm diamond suspensions and rinsed
with distilled water, followed by ethanol. The polished samples were etched
using 3 wt. % Nital to reveal the microstructure. A Hitachi TM3000 Scan-
ningElectronMicroscope (SEM)withBrukerEDSmodulewas employed to
capturemicrostructural images and conduct EDS analysis. Carbon tapewas
used to obtain electrical connections during SEM imaging. SEM cross-
section images were analysed using Adobe Photoshop software (APS) to
determine the volume fraction of differentmicrostructural phases. TheAPS
was calibrated by setting a number of pixels to an already-known length, the
scale bar, within the SEM image. A Bruker D8 Discover X-ray Dif-
fractometer (XRD) with a copper point source (40 kV and 40mA) was
utilised to identify the different phases within the coatings. XRD scans were
conducted in true parallel beam mode using a Goebel mirror, equatorial
soller, 1mm collimator and 0.6mm slit.

Inductively coupled plasma (ICP)-optical emission spectroscopy
(OES); The coating was removed from a circular area with a radius of 6 cm
using HCl as per EN 10346 (Annex A)37. The solution containing the
removed coating was transferred to a volumetric flask and a ICP-OES
spectrometer Spectroblue SOP FMX 26 (Spectro Analytical Instruments)
was utilised to examine coating composition.

Time-lapse microscopy (TLM)
TLM consists of a Meiji Techno 7100 optical microscope fitted with an
Infinity 2 digital camera. A polyethene shroud with an integrated glass
window was placed over the microscope lens, enabling the acquisition of
microstructural images of corroding surfaces under immersion conditions.
The detailed methodology of TLM has been described elsewhere17,18. Pre-
viously, TLMhas been used to understand the corrosionmechanism of Zn-
based coating alloys14,17,18,23,38. The samples were prepared as mentioned in
section 4.2. A circular area with a diameter of 1mm was masked off using
polytetrafluoroethylene (PTFE) tape and was exposed to the electrolyte. An
image was taken every twominutes, and the still images were compiled into
time-lapse videos using Microsoft Movie Maker software.

Electrochemical measurements
All electrochemical (and TLM imaging) experiments were carried out at or
close to (±15mV) OCP. The development of pH gradients across a surface
containing both anodes and cathodes has been shown to be important in
determining the corrosion mechanisms of these alloys. A recent study by
Han et al. has shown that potentiodynamic polarisation sweeps under
conditions ofmild alkalinity can drastically alter the predominant corrosion
species from the surface of these alloys, measured directly using ICP-AE,S
leading to underpredictions of true corrosion rates39. The disruption of
surface pH gradients induced through potentiodynamic sweeps beyond
±15mV has therefore been avoided to more closely assess the open circuit
behaviour of these alloys.

A Gamry Interface 1010E potentiostat was used to perform the OCP
and LPR measurements using a 3-electrode set-up. An SCE and platinum
electrode were used as the reference electrode and the counter electrode,
respectively. An area of 0.78 cm2 was exposed to the electrolyte. The mea-
surements were initiated as soon as the electrolyte was introduced and were
recorded hourly for a period of 24 h. OCPmeasurements were recorded for
300 s at the start of each hour followed by a LPR measurement using a
polarisation of ±15mVrelative to themeasuredOCP.The short duration of
the LPR measurement ensured that the alloy was corroding under open
circuit condition for the majority of each hour. Three repeat experiments
were performed for each alloy composition.

Scanning vibrating electrode technique (SVET)
The SVET experimental setup and calibration process have been described
inprevious literature40–43. In brief, SVETconsists of a 125 µmdiameter glass-
encased platinum wire microtip vibrating perpendicularly at a constant
frequency of 140Hzwith an amplitude of 25 µm at a height of 100 µm from
the corroding surface. The SVET detects the alternating potential at which
the probe vibrates, enabling monitoring of the temporal and spatial corro-
sion behaviour of the material. In addition, SVET also enables the calcula-
tion ofmetal los;s however, it is considered semi-quantitative sincemultiple
assumptions aremade. It is assumed that Zn2+ (Zn ions) are released during
the anodic activities and remain constant between the scans. The SVET
metal loss calculation procedure is discussed in detail elsewhere, along with
the SVET limitations14,23,38,44. The sampleswere rinsed using deionisedwater
and ethanol. An area of 36mm2 masked off using 3M PTFE tape was
exposed to the electrolyte. Thirty-onemeasurements weremade along both
the length and width of the exposed area. Measurements were taken at an
interval of 1over 24 hperiod.Three repeatswere conducted for each sample.

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.

Fig. 20 | Summary of the mixed-potential and kinetics of ZMA coatings. The
image shows the effects ofMg andAl additions on the OCP and the corrosion rate of
ZMA coatings.

Fig. 21 | Annealing cycle used during the production of ZMA coatings.The image
shows the heating and cooling rate used during the production of the ZMA
experimental samples.
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