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Highlights
1. Galvanic corrosion accelerates the consumption of remnant Al-rich phase.
2. MgZn2 phase exists in the interdendritic Zn-rich region of Al–Zn–Si–3Mg coating.
3. The presence of MgZn2 phase contributes to generate Zn–Al LDH.
4. The Al-rich phase with a bit of Mg corroded more uniformly.

Abstract
The corrosion behaviour of hot-dip Al–Zn–Si and Al–Zn–Si–3Mg coatings on
steel sheets in NaCl solution were systematically investigated by microstructural
characterization, weight loss tests, and electrochemical methods. Localized corrosion
of the Al-rich phase in the Al–Zn–Si coating was observed. The exposure of the
intermetallic layer was supposed to present galvanic corrosion and remarkably
accelerate the consumption of remnant Al-rich phase. The MgZn2 phase was detected
in the interdendritic Zn-rich region of the Al–Zn–Si–3Mg coating. The presence of the
MgZn2 and Mg2Si phases contributed to delaying the occurrence of localized
corrosion.
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1. Introduction
Hot-dip coatings are of great significance in protecting steel sheets to improve the
durability of materials and to reduce their cost. A hot-dip 55Al–Zn coating
(Galvalume®) contains approximately 80 vol.% of a Al-rich dendritic phase and 20
vol.% of a Zn-rich interdendritic phase with a distributed Si phase [1, 2]. The Fe–Al
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intermetallic layers (FeAl3 layer and Fe2Al5 layer) and Fe–Al–Si particles form
between the Al–Zn alloy coating and the steel [3]. Under atmospheric corrosion, the
55Al–Zn coating has a much better anti-corrosion performance than the galvanized
coating [4-6].
The coupling corrosion between the coating and steel substrate has been widely
investigated. The steel is under cathodic protection by the activation of the coating [7,
8] and being covered by the corrosion products with a low pH value and hydrogen
evolution [9]. The galvanic corrosion also occurs between the Al-rich dendrite and the
interdendritic Zn-rich phase [10-15]. However, the interdendritic Zn-rich phase in the
55Al–Zn coating is too narrow (approximately 2 μm) to be identified by
micro-electrochemical techniques [7, 16, 17]. Moreover, little attention has been paid
to the galvanic corrosion between the remaining coating and the intermetallic layer,
which occurs during degradation.
Hot dip Zn–Al–Mg alloy coatings have superior cut-edge corrosion resistance
compared to the conventional galvanized coating [18-20]. The corrosion resistance
could be improved by cathodic protection from the Mg-rich phase, inhibition
protection from corrosion products covered, the stabilization of the basic zinc salts
with the incorporation of Mg2+ ions and the direct suppression of the cathodic reaction
by Mg-containing corrosion products [20-27]. Many efforts have been made to study
the corrosion resistance of Al–Zn–Si–Mg coatings [28-30]. Recently, it was found that
the continuous incorporation of surrounding Mg 2+ ions into AlO(OH) leads to the
formation of compact Zn6 Al2(OH)16CO3·4H2O (Zn–Al LDH) with the synergistic
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reaction of the charge imbalance and the thermodynamic equilibrium of Zn2+. The
weight loss of the Al–Zn–Si–3Mg coating is only a quarter of the change in the
Al–Zn–Si coating [30]. The corrosion resistance of the Al–Zn–Si–3Mg coating is
much better than expected. However, the de-alloying process of the Mg2Si phase and
the generation of Zn–Al LDH still cannot fully explain the improvement. On the other
hand, the electrochemical impedance spectroscopy (EIS) results indicate that the
impedance values decrease after approximately 45 days [30]. Such phenomena should
be well understood in order to elucidate the corrosion mechanism. Thus, in this study,
a systematic investigation was performed to understand the corrosion behaviour of the
Al–Zn–Si and Al–Zn–Si–Mg coatings thoroughly, especially the effect of galvanic
corrosion at the late stage of corrosion. The influence of the localized corrosion is
particularly discussed.

2. Experimental
2.1. Preparation of coated steel sheets
The Al–Zn–Si and Al–Zn–Si–3Mg coating alloys were prepared by thermal
annealing in a laboratory simulating hot-dip equipment under a mixed atmosphere of
10% hydrogen and 90% nitrogen [30]. Cold rolling steel sheets were used as the
substrates, and their composition is 0.043 wt.% C, 0.226 wt.% Mn, 0.006 wt.% S,
0.021 wt.% P, 0.052 wt.% Al and balanced Fe. The bath alloys were dissolved in
mixed acid with HF, H3BO3 and aqua regia for component identification. The coating
composition was analysed by a Perkine 7300DV inductively coupled plasma atomic
emission spectrometer (ICP-AES). The compositions for the hot-dip Al–Zn–Si and
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Al–Zn–Si–3Mg coatings were 50.71 wt.% Al, 47.69 wt.% Zn, 1.60 wt.% Si and 50.92
wt.% Al, 44.48 wt.% Zn 1.41 wt.% Si, 3.01 wt.% Mg, respectively.
2.2. Microstructural characterization
The surface and cross-sectional morphologies of the coatings after immersion
corrosion were investigated by scanning electron microscopy (SEM, Hitachi SU-1510)
coupled with energy dispersive spectroscopy (EDS). Both SEM images and EDS
results were used to analyse the phases and their compositions. The interdendritic
region of the Al–Zn–Si–3Mg coating was characterized by transmission electron
microscopy (TEM, Tecnai G2 F30) operated at 300 kV. TEM specimens of the coatings
were prepared by focused ion beam (FIB, Quanta 3D DualBeam) using a “lift-out”
technique [31]. A carbon layer was deposited over the area of interest. Then, a large
stair-step trench and a rectangular trench were cut from the two sides of the carbon
deposition at an accelerating voltage of 30 kV. Before the final thinning, the linked
parts were cut free with the sample tilted by ~47°. Finally, the TEM sample for
investigation was approximately 150 nm thick after thinning and polishing at 5 kV.
2.3. Weight loss test
Small pieces of ~3 cm2 were cut from the Al–Zn–Si and Al–Zn–Si–3Mg coatings
for the weight loss test. The 45° chamfers were carefully made on the samples to
prevent galvanic corrosion between the coatings and the steel substrate [30]. Then, the
specimens were weighed and sealed in epoxy resin. The immersion tests were
performed in 3.5 wt.% NaCl solution at 30 °C for 45 days and 90 days, respectively.
After immersion treatment, all the corrosion products on the samples were removed in a
5

40 g/L CrO3 solution at 80 °C. The weight loss test was carried out on four samples
simultaneously.
2.4. Electrochemical measurements
The Al–Zn–Si and Al–Zn–Si–3Mg coating samples for electrochemical
measurements were also ground to form a chamfer at 45°[30]. Tapes were used to cover
the coating surface to protect the coatings from corrosion during the preparation
process. Before the measurements, the samples were cleaned by pure alcohol. All the
samples were immersed in the 3.5 wt.% NaCl solution at 25 °C. A saturated calomel
electrode (SCE) served as the reference electrode and a Pt wire worked as the counter
electrode. Electrochemical impedance spectroscopy (EIS) was performed at the
corresponding open-circuit potential with a voltage amplitude of ±5 mV using a
CHI660C electrochemical working station. The curves were fitted using the software
“ZSimpWin”. Open circuit potentials (E OC) of the EIS samples were recorded every
other day for 100 days. Another batch of samples were used to measure the
potentiodynamic polarization curves at 1 mV/s after continuous immersion corrosion
for 24 hours and 8 days in 3.5 wt.% NaCl at 25 °C. The corrosion products of the
electrochemical samples were detected with a Rigaku D/max-rC system.
3. Results
3.1. Microstructural characterization
The cross-section images reveal the phase compositions of the coatings. As shown
in Fig. 1, the Al-rich dendrite is the main phase in both the Al–Zn–Si and
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Al–Zn–Si–3Mg coatings. Intermetallic layers are observed between the coatings and
the steel substrate, which consist of FeAl3 (Fe4Al13 ) and Fe2 Al5 [32]. Additionally, the
area ratios of the Al-rich phase and the Zn-rich interdendritic region were estimated to
be 4:1 in both coatings. In the Al–Zn–Si coating, both the Zn-rich phase and Si particles
were observed in the interdendritic mixture. The Zn-rich interdendrite consists of a pure
Zn phase and Al–Zn eutectic regions. The Zn-rich interdendrite is a spinodal
decomposition product from the (α’Al) phase below 277 °C [1]. In the Al–Zn–Si–3Mg
coating, however, the Al–Zn eutectic mixture is rarely observed and the Zn-rich phase
as well as a certain amount of Mg are relatively more discernable. Furthermore, the
Mg2Si phase instead of the Si particles appeared in the interdendritic area. The
Al–Zn–Si coating was composed of Al-rich dendrites with 81.0-84.0 at.% Al and
17.0-19.0 at.% Zn. The Zn phase in the centre of the large interdendrite area had a
composition of 6.0-11.0 at.% Al and 89.0-94.0 at.% Zn. The Zn–Al eutectic region was
composed of approximately 33.0-47.0 at.% Al, 52.0-67.0 at.% Zn and 0-1.0 at.% Si.
The Al–Zn–Si–3Mg coating was composed of Al-rich dendrites with 85.0-87.0 at.% Al,
11.0-13.0 at.% Zn, and 1.0-2.0 at.% Mg. The Zn-rich interdendrite had a composition
of 11.0-18.0 at.% Al, 71.0-73.0 at.% Zn, and 5.0-17.0 at.% Mg.

The location of the MgZn2 phase was confirmed using the FIB/TEM techniques.
The SEM image in Fig. 2 shows the cross section of the Al–Zn–Si–3Mg coating. The
dendrite phase is the Al-rich phase and the phase in dark grey at the top-right is Mg2Si.
The white grey phase in the interdendritic region is nearly pure Zn. The composition
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of Zn-rich phase is 76.67 at.% Zn, 21.48 at.% Mg, 1.61 at.% Al, and 0.23 at.% Si. To
further characterize the microstructure of the Al–Zn–Si–3Mg coating, transmission
electron microscopy (TEM) images and selected area electron diffraction (SAED)
patterns were taken for the coating. SAED pattern as well as the TEM image of the
interdendritic Zn-rich phase (Fig. 3b and d) indicates that the MgZn2 phase may exist
in this area. The Al–Zn eutectic region is observed between the Zn-rich phase and the
Al-rich phase (Fig. 3a). However, the width of the region is only approximately 200
nm. The lath phase appeared in the Al–Zn eutectic region, which is identified as the
MgZn2 phase by the electron diffraction pattern (Fig. 3c).

To understand the corrosion behaviour of the Al–Zn–Si coating, Fig. 4 shows the
original coatings and subsequent removal of the corrosion products. After immersion
corrosion for 45 days, most of the Zn-rich interdendritic phase was consumed (Fig.
4a). The localized corrosion of Al-rich dendritic phase occurred before the complete
consumption of the Al–Zn eutectic region. After the immersion corrosion for 90 days,
it is observed that only approximately 5% of the Al-rich phase remained in a few
areas of the coating surface, but the rest of the area already exposed the intermetallic
layer and even the steel substrate (Fig. 4b). The observation suggested that the
corrosion of the Al–Zn–Si coating was non-uniform. The compositions at the marks
“+” in Fig. 4 were analysed by EDS to confirm the phase, and the results are shown in
Table 1.
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The morphology as well as the composition of the Al–Zn–Si–3Mg coating after
corrosion were also analysed. In Fig. 5a, part of the Zn-rich phase still exists at the
interdendritic region of the Al–Zn–Si–3Mg coating and the Al-rich dendrite remained
integral after immersion corrosion for 45 days. It was already reported that the
dissolution of Mg from the Mg2Si particles would cause the oxidation of Si into the
SiO2 phase [33]. Then, the localized corrosion of Al-rich phase occurred around the
SiO2 phase [33]. The localized corrosion of the Al-rich phase made the Mg2Si
particles easily drop off during cleaning. Thus, the angular holes on the coating
surface were probably caused by the deciduous Mg2Si particles. The EDS results are
also shown in Table 1. The Mg2Si phase still exists in the corrosion products before
the cleaning (Fig. 5b). After immersion corrosion for 90 days, unlike the Al–Zn–Si
coating, the Al-rich phase covered approximately 95% of the area of the
Al–Zn–Si–3Mg coating. The surface of the Al-rich phase was flat and very rough.
However, the Zn-rich phase and Mg2Si phase were rarely observed (Fig. 5b).

3.2. Weight loss results
The weight loss results of the Al–Zn–Si and Al–Zn–Si–3Mg coatings are shown
in Fig. 6. After corrosion for 45 days, the average weight loss rate of the Al–Zn–Si
coating was only 0.19 g m-2 d-1. According to the SEM results (Fig. 4a), the main
reaction during that period is the dissolution of the Zn-rich phase and the Zn–Al
eutectic region. During the corrosion period from 45 to 90 days, the main reaction was
the consumption of the Al-rich phase. The weight loss rate is up to 2.21 g m-2 d-1,
9

which is 10 times higher than that in the first 45 days. The average weight loss rate of
the Al–Zn–Si–3Mg coating is 0.16 g m-2 d-1 and 0.36 g m-2 d-1, respectively, for the
first and second 45 days corrosion. The total weight loss rate of the Al–Zn–Si–3Mg
coating is only 25% of the value for the Al–Zn–Si coating.

3.3. Electrochemical corrosion characteristics
Fig. 7 shows the potentiodynamic polarization curves of the Al–Zn–Si and
Al–Zn–Si–3Mg coatings after immersion corrosion for 24 hours and 8 days,
respectively. After immersion corrosion for 24 hours, the Al–Zn–Si–3Mg coating
shows higher anodic currents than the Al–Zn–Si coating when the potential is much
higher positive than -0.96 VSCE. The dissolution of the Mg2Si and the MgZn2 phases
provide the additional current. After 8 days of corrosion, the E corr of both coatings
shifted to more positive values, and their cathodic currents increased slightly. The
anodic current of the Al–Zn–Si–3Mg coating decreased and overlapped with that of
the Al–Zn–Si coating. Interestingly, inflection points appeared on the anodic curves of
Al–Zn–Si–3Mg coating, which exist at –0.96 VSCE after 24 hours and at –0.90 VSCE
after 8 days. The variations of the EOC values of the EIS samples are shown in Fig. 8, in
which the open circle potentials of the two coating shifted slowly to higher potential
values with increasing immersion time in NaCl solution. In addition, the
Al–Zn–Si–3Mg coating samples have lower potentials than the Al–Zn–Si coating
samples.
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Fig. 9 presents the variation of the Bode curves of the Al–Zn–Si coating taken after
immersion corrosion in 3.5 wt.% NaCl for different time periods. The impedance value
increased first and then declined (Fig. 9a). At the beginning of immersion corrosion, the
curve of the Al–Zn–Si coating had two phase angle peaks at approximately 1000 Hz
and 0.1 Hz. Before 8 days, the peak at 1000 Hz slightly moved to 100 Hz, and a new
peak appeared at 2 Hz (Fig. 9b). From 8 days to 34 days, the resistance value increased
slowly. The

main

corrosion

products

of

the

EIS

samples

were

ZnO,

Zn6Al2(OH)16CO3·4H2O (Zn-Al LDH) and amorphous Al(OH)3, as reported in the
previous work after immersion corrosion [30].

The presence of the Mg2Si and MgZn2 phases in the Al–Zn–Si–3Mg coating
decreased the corrosion potentials, as shown in Fig. 8. The EIS fitting results of the
Al–Zn–Si–3Mg coating are listed in Table 3. The impedance value is always higher
than 1000 Ω during 90 days of corrosion (Fig. 10a). At the initial corrosion stage (Fig.
10b), the phase angle peaks of the Al–Zn–Si–3Mg coating appeared at 3000 Hz and 1
Hz, which represent the resistance of the original oxide film and its relative charge
transfer resistance, respectively. After 8 days (Fig. 10b), the phase angle peak at high
frequency slowly moved to 200 Hz. However, a special peak appeared at near 50 mHz
and its value jumped to 50° and then decreased. After 12 days, the peak at 50 mHz
moved to lower frequency and became a diffusion tail, which persisted until after 78
days. The Warburg impedance model was used to fit the diffusion tails. During the
immersion corrosion for 90 days, the inductive peak did not show on the phase angle
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curves of the Al–Zn–Si–3Mg coating. The main corrosion products are Zn-Al LDH
with a small amount of amorphous Al(OH) 3, as detected by XRD [30].

4. Discussion
4.1. Corrosion behaviour of Al–Zn–Si coatings
The software of ZSimpWin was used to fit the EIS bode plots, and two models of
Rs(Ql(Rl(QdlRt))) and Rs(Ql(Rl(Qdl(RtW)))) were applied to analyse the variation of
corrosion progress [30, 34, 35]. In this way, Rs represents the solution resistance; Q dl
is the constant phase element (CPE) related to double layer capacitance; Q l and Rl are
the CPE and resistance of the corrosion product layer, respectively; R t indicates the
charge transfer resistance. A Warburg impedance model was used to fit the plateau of
the phase angle at low frequency. After 44 days, the Warburg impedance feature
gradually disappeared. Especially, the Zn-rich phase was selectively consumed after 56
days, and the corrosion of the remnant Al-rich phase presents inductive loops. The
Rs(Ql(Rl(QdlRt))) could not successfully fit the EIS curves when the inductive loops
occurred. Therefore, Rs(Ql(Rl(QdlRt(RaL)))) was used to fit the EIS curves with the Ra
and L elements [36, 37]. As shown in Table 2, during immersion, both the R1 and Rct
initially increased and then decreased with further immersion.

The EIS results were used to analyse the corrosion behaviour of the Al–Zn–Si
coating. At the initial corrosion stage, the original oxide film generated under the
atmosphere was not stable in the NaCl solution. The change of the phase angle peak is
12

related to a transformation of the covering corrosion products (Fig. 9a and b). The
Al-rich dendrite and Si phase act as cathode because of the more positive corrosion
potential [13, 38]. Initially, the Rl increased gradually with the precipitation of the
corrosion product, which was mainly composed of ZnO, Zn6 Al2(OH)16CO3·4H2O
(Zn-Al LDH) and amorphous Al(OH)3, as detected by XRD [30].
As shown in Fig. 7, after 8 days, the anodic current decreased but the cathodic
current slightly increased, which demonstrated that the impedance is probably caused
by the decrease of the active anodic phases. However, from 8 to 44 days, the phase
angles and resistance values varied slowly. Here, the slow consumption of the Zn
phase and the Zn–Al eutectic region is considered as a stable corrosion stage. At this
stage, the Rl and Rt values were high (Table 2), and the corrosion rate was low (Fig. 6).
Moreover, the corrosion products of AlO(OH) and Al(OH) 3 indicate that the
dissolution of the Al-rich phase also occurred at the stable corrosion stage.
However, before the complete consumption of the Zn–Al eutectic region, the
localized corrosion of the Al-rich phase occurred (Fig. 4a). The non-uniform corrosion
also occurred in other Al–Zn alloy coatings in the immersion test and cyclic salt spray
test [39, 40]. The inhomogeneous distribution of corrosion products at different areas
probably was the other reason for the occurrence of localized corrosion [14, 30]. At
the anodic area covered with a few corrosion products, the dissolution of the Zn-rich
phase and Al–Zn eutectic region leads to the formation of the channels and exposed
the intermetallic layer to the solution [13, 14]. The intermetallic layers were
composed of a FeAl3 layer in contact with the coating and the Fe2Al5 layer at the inner
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area [3]. The Ecorr value of the FeAl3 phase was –0.65 VSCE in 0.1 M NaCl [41]. The
localized corrosion led to the galvanic corrosion between the coating and the
intermetallic layer. The decrease of the resistance values probably corresponds to the
formation stage of the galvanic corrosion during the corrosion from 34 to 44 days.
As shown in Fig. 9a and Table 2, the Rl and Rt values of the Al–Zn–Si coating
decrease steeply during the corrosion period from 44 to 88 days, which corresponds to
the increase of corrosion currents. The EIS results indicate that the corrosion rate
increased with time. The surface morphology after 90 days of corrosion suggests that
the corrosion of the Al-rich phase is non-uniform (Fig. 4b). The exposed intermetallic
layers could act as a cathodic area [8] and remarkably accelerate the consumption of
the coatings. This is also the main reason that the weight loss after 90 days’ corrosion
is 10 times higher after than that after corrosion for 45 days (Fig. 6). On the other
hand, the inductive loops, which were also reported in the stainless steel when the
pitting corrosion occurred [37], can hardly be fitted by the equivalent circuit models at
the low frequency (Fig. 11). The broad inductive peaks are probably a result of the
coupling corrosion between the separated anodic area and cathodic area.
A noteworthy fact here is that the performance of the coatings in the NaCl solution
and in the atmosphere is quite different [5]. Usually, galvanic corrosion is much weaker
in the atmosphere than that in NaCl solution because of the air oxidation. Therefore, it
is not reasonable to use the immersion test results to judge the corrosion resistance
performance of a multiphase alloy exposed to the air. However, the continuous
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detection of the electrochemical measurement is still a useful method to analyse the
galvanic corrosions which would happen in exposure to rain.

The electrochemical test results and the SEM images indicate that there are three
different stages during the corrosion process of the Al–Zn–Si coating: (i) at the
beginning of corrosion, the original oxide film is damaged by the Cl– ; (ii) the Al-rich
phase acts as the cathode and the stable dissolution of the Zn-rich phase and Zn–Al
eutectic mixture is the main reaction (Fig. 12a); (iii) when the Zn-rich phase and the
Zn–Al eutectic region are consumed by corrosion, the dissolution of the Al-rich phase
becomes the main corrosion reaction, which is accelerated by the galvanic corrosion
due to the exposed intermetallic layers (Fig. 12b).
4.2. Corrosion behaviour of the Al–Zn–Si–3Mg coatings
The Al–Zn–Si–3Mg coating showed different corrosion behaviour from the
Al–Zn–Si coating. The fitted values are listed in Table 3. As shown in Fig. 7, at the
initial corrosion stage, the dissolution of the Mg-rich phases and Zn-rich phase results
in a high current and an inflection point in the anodic polarization curves of the
Al–Zn–Si–3Mg coating. In addition, the low frequency phase angle peaks in Fig. 7b
are related to the de-alloying process of the Mg2Si phase [30], which is attributed to
prolonged protection [42]. At this stage, the Rl values are relatively low, but the Rt
values are quite high. The low frequency peaks and the high Rt values are probably
caused by the electron transfer process of the cathodic reaction occurring within on
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the primary new precipitations. After corrosion for 8 days (Fig. 7), the anodic curves
of the Al–Zn–Si–3Mg coating overlap with the curves of the Al–Zn–Si coating at the
strong andic polarization area (>300 mV), which is probably caused by the
consumption of the MgZn2 and Mg2Si phases. The results indicate that the cathodic
protection from the Mg-rich phases is not durable. As previously reported [33], the
Mg2Si phase in the Al–Mg–Si coating would be oxidized and passivated because of
the de-alloying process. Therefore, the passivation of the Mg2Si phase probably
caused the disappearance of the low frequency peak.

Fig. 13 shows a diffusion tail at low frequency after 20 days. Zn–Al LDH is the
main corrosion product precipitated on the Al–Zn–Si–3Mg coating with the
incorporation of Mg2+ [30]. The EIS curves of Zn6 Al2(OH)16CO3·4H2O on a glassy
carbon electrode exhibit similar diffusion tails at low frequency in this work [43]. The
Zn–Al LDH likely may play an important role in the mass transfer process during the
corrosion of the Al–Zn–Si–3Mg coating. The fitting results reveal that the Rt values
are very low. This is because the mass transfer process is a part of the total electron
transfer resistance. However, the Warburg impedance describes a reversible action and
could not be converted to a resistance value by mathematical methods.
It is also noted that the diffusion tail exists during the period from 18 to 78 days,
during which the MgZn2 phase provides Mg2+ to generate Zn–Al LDH rather than the
passivated Mg2Si. The low weight loss rate of the MgZn2 phase is mostly because the
proportion of the OH- and CO32- bands are modified in the corrosion products [44].
16

The total weight loss of the Al–Zn–Si–3Mg coating is only 25% of that for the
Al–Zn–Si coating during corrosion for 90 days. In addition, its stable corrosion stage
is twice that of the Al–Zn–Si coating. In addition to the inhibition of Zn–Al LDH,
another reason for the much higher corrosion resistance of the Al–Zn–Si–3Mg coating
is probably the delayed presence of localized corrosion. The Al-rich phase in the
Al–Zn–Si–3Mg coating contains 1.0-2.0 at.% Mg. It is also reported [45] that the role
of Mg2+ ions is considered as a corrosion inhibitor for AA2024-T3 alloys immersed in
aggressive electrolytes. As shown in Fig. 5, the Al–Zn–Si–3Mg coating has many tiny
pits on the surface of the Al-rich phase. The corrosion of the Al-rich phase is more
homogeneous after 90 days of corrosion, which might be helpful to delay the
occurrence of localized holes. The open circuit potential of the Al–Zn–Si–3Mg
coating shows a plateau after 96 days [30], which corresponds to the exposure process
of the intermetallic layer.

The existence of Mg-rich phases in the Al–Zn–Si–3Mg coating makes its corrosion
process quite different from the one occurring in the Al–Zn–Si coating. There are four
different stages during the corrosion process of the Al–Zn–Si–3Mg coating: (i) the
original oxide film is damaged; (ii) the Mg2Si phase provides cathodic protection for
the matrix alloy (Fig. 14a), with low Rl values and high Rt values; (iii) the corrosion of
the Zn-rich phase becomes the main reaction while the precipitation of Zn–Al LDH
suppresses the mass transport (Fig. 14b), with high Rl values and the emergence of
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Warburg impedance; (iv) when the Zn-rich phase is consumed completely, the
corrosion of the Al-rich phase becomes the main reaction.
5. Conclusions
The main conclusions from this study are summarized below:
(1) For the Al–Zn–Si coating, the weight loss rate of the first half of the corrosion
period is 10 times higher than that of the second half of the corrosion period. The
Zn-rich phase is consumed first. Then, the localized corrosion would expose the
intermetallic layers. The inductive loops appear, and the impedance values also
decreased steeply when the corrosion potential is higher than -0.93 VSCE. The
corrosion acceleration of the Al-rich phase mostly results in the presence of
galvanic corrosion between the intermetallic layers and the remnant coating.
(2) In the Al–Zn–Si–3Mg coating, the MgZn2 phase exists in the interdendritic region
and the Zn–Al eutectic area. The dissolution of MgZn2 mainly contributed to form
Zn–Al LDH, which leads to the appearance of the Warburg impedance. The
consumption of the Zn-rich phase exhibits a long steady state. The Al-rich phase
contained 1-2 wt.% Mg and has many tiny pits on the surface after immersion
corrosion for 90 days. The weight loss of the Al–Zn–Si–3Mg coating is only a
quarter of that in the Al–Zn–Si coating, mostly because of the delayed occurrence
of localized corrosion.
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Fig. 1. SEM image showing the cross-section of the Al–Zn–Si and Al–Zn–Si–3Mg
coatings.
Fig. 2. SEM image showing the cross section of the Al–Zn–Si–3Mg coating.
Fig. 3. TEM results of the Al–Zn–Si–3Mg coating: (a) high-angle annular dark field
image of the interdendritic region; (b) bright-field image of the interdendritic region; (c)
electron diffraction pattern of the lath MgZn2 phase in the eutectic area; (d) electron
diffraction pattern of the MgZn2 phase in the interdendritic region
Fig. 4. SEM images showing the morphologies of the Al–Zn–Si coating immersed in
3.5 wt.% NaCl at 30 °C for (a) 45 days (inset: the original coating) and (b) 90 days
(inset: the coating before cleaning).
Fig. 5. SEM images showing the morphologies of the Al–Zn–Si–3Mg coating
immersed in 3.5 wt.% NaCl at 30 °C for (a) 45 days (inset: the original coating) and (b)
90 days without corrosion products (inset: the coating before cleaning).
Fig. 6. Weight loss of the Al–Zn–Si and Al–Zn–Si–3Mg coatings after immersion
corrosion for different periods in 3.5 wt.% NaCl at 30 C.
Fig. 7. Potentiodynamic polarization curves of the Al–Zn–Si and Al–Zn–Si–3Mg
coatings after immersion corrosion for 24 hours (dotted line) and 8 days (solid line) in
3.5 wt.% NaCl at 25 C.
Fig. 8. EOC variation of Al–Zn–Si and Al–Zn–Si–3Mg coatings with EIS measurements
immersed in 3.5 wt.% NaCl at 25 C.
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Fig. 9. (a) Bode magnitude plots and (b) Bode phase angles changes of the Al–Zn–Si
coating after immersion corrosion in 3.5 wt.% NaCl at 25 C for different time
periods; lines: fitted values.
Fig. 10. (a) Bode magnitude plots and (b) Bode phase angles changes of the
Al–Zn–Si–3Mg coating during the immersion corrosion for 90 days in 3.5 wt.% NaCl
at 25 C; lines: fitted values.
Fig. 11. (a) Nyquist and (b) Bode curves of the Al–Zn–Si coating after immersion
corrosion in 3.5 wt.% NaCl at 25 C for 66 days.

Fig. 12. Schematic illustrations of the galvanic corrosion on the Al–Zn–Si coating
during immersion corrosion for 90 days in 3.5 wt.% NaCl (a) at the stable stage and (b)
at the accelerated stage.
Fig. 13. (a) Nyquist and (b) Bode curves of the Al–Zn–Si–3Mg coating after 20 days
of immersion corrosion in 3.5 wt.% NaCl at 25 C.

Fig. 14. Schematic illustrations of the galvanic corrosion on the Al–Zn–Si–3Mg
coating during immersion corrosion for 90 days in 3.5 wt.% NaCl (a) at the initial
stage and (b) at the stable stage.
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Table 1. EDS results of the coatings after the immersion corrosion test (at.%).
Table 2. EIS results of the Al–Zn–Si coating for data fitting in Fig. 8.
Table 3. EIS results of the Al–Zn–Si–3Mg coating for data fitting in Fig. 9.

Table 1 EDS results of the coatings after immersion corrosion test (at.%).
Coatings

No. Al

Zn

Si

Mg

Fe

O

Al–Zn–Si
after 45 days

1

71.40

27.30

-

-

-

1.21

1
2
1

57.24
65.03
56.20

16.49
6.49
14.20

5.29
9.20

16.50

2.09
11.57
-

24.18
11.62
3.80

2

22.45

58.76

2.83

9.48

1
2
3

80.87
31.57
81.01

16.92
19.36
18.35

7.71
-

0.60
-

Al–Zn–Si
after 90 days
Al–Zn–Si–3Mg
after 45 days
Al–Zn–Si–3Mg
after 90 days
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6.48
0.48
-

2.21
40.29
0.64

Table 2 EIS results of Al–Zn–Si coating for data fit in Fig. 8.
Time
10 min
8 days
34 days
44 days
56 days
88 days

Equivalent
circuit
models[33, 37, 38]
Rs(Ql(Rl(QdlRt)))
Rs(Ql(Rl(Qdl(RtW))))
Rs(Ql(Rl(Qdl(RtW))))
Rs(Ql(Rl(QdlRt)))
Rs(Ql(Rl(QdlRt(RaL))))
Rs(Ql(Rl(QdlRt(RaL))))

Rs
(Ω cm2)
9.3
19.5
22.8
17.3
13.6
11.0

Cl
(μF cm-2)
4.6
90.6
93.2
153.2
166.0
37.8

nl
0.88
0.68
0.65
0.61
0.65
0.98

Rl
(Ω cm2)
1747
2355
1007
956
504
29

Cdl
(μF cm-2)
304.4
4.7
12.0
14.4
29.8
47.4

ndl
0.74
1
1
0.92
0.79
0.96

Rt
(Ω cm2)
2803
5108
25170
17520
1824
360

W(μΩ
cm2 s-1/2)
675
649
-

Ra
(Ω cm2)
1599
403

Table 3 EIS results of Al–Zn–Si–3Mg coating for data fit in Fig. 9.
Time
10 min
8 days
18 days
36 days
62 days
90 days

Equivalent
circuit
models[34, 35, 37]
Rs(Ql(Rl(QdlRt)))
Rs(Ql(Rl(QdlRt)))
Rs(Ql(Rl(Qdl(RtW))))
Rs(Ql(Rl(Qdl(RtW))))
Rs(Ql(Rl(Qdl(RtW))))
Rs(Ql(Rl(QdlRt)))

Rs
(Ω cm2)
3.5
10.6
19.0
23.5
17.9
29.0

Cl
(μF cm-2)
6.6
87.3
62.7
93.9
148.7
145.0

nl
0.82
0.65
0.68
0.61
0.50
0.47

28

Rl
(Ω cm2)
1007
808
924
1231
1244
1558

Cdl
(μF cm-2)
122.9
101.0
32.4
42.6
160.5
23.9

ndl
0.8
0.72
0.46
0.40
0.37
0.85

Rt
(Ω cm2)
979
21520
2699
4604
4505
17300

W(μΩ
cm2 s-1/2)
702
686
661
-

L (H)
504
340

