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Abstract: Zn-Al-Mg alloy coating attracted much attention due to its high corrosion resistance
properties, especially high anti-corrosion performance at the cut edge. As the Zn-Al-Mg alloy
coating was usually produced by hot-dip galvanizing method, solidification process was
considered to influence its microstructure and corrosion properties. In this work, a Zn-Al-Mg
cast alloy was melted and cooled to room temperature with different solidification processes,
including water quench, air cooling and furnace cooling. Microstructure of the alloy with
different solidification processes was characterized by scanning electron microscopy (SEM).
Result shows that the microstructure of the Zn-Al-Mg alloy are strongly influenced by
solidification process. With increasing solidification rate, more Al is remained in the primary
crystal. Electrochemical analysis indicates that with lowering solidification rate, the corrosion
current density of the Zn-Al-Mg alloy decreases, which means higher corrosion resistance.

1 Introduction
To get high corrosion resistance of steel, several kinds of coatings were applied, such as galvanized
coating [1], Galfan coating [2], Galvalume coating [3] and so on. Comparing with these coatings,
Zn-Al-Mg alloy coating with much higher corrosion resistance in atmosphere and excellent corrosion
resistance at cut edge attracted much attention in the last decades [4-7]. In the 80s last century, Several
Zn-Al-Mg coatings composed with 6 wt.% to 11 wt.% Al and 0.5 wt.% to 3.0 wt.% Mg were applied
in Japan to prolong life of buildings[8]. Due to bad welding property and bending property with high
aluminium content, some Zn-Al-Mg coatings with low aluminium content was developed in European
for automobile manufacture [9].
It is considered that the microstructure of alloy play important role on the corrosion resistance
properties, such as Mg-Al alloys [10], Mg-Zn alloys [11] and Zn-Al alloys [12]. It is thought that the
solidification process markedly effect the microstructure of alloys by casting [13-14]. However, there
exist less studies on the effect of solidification process on the microstructure of the Zn-Al-Mg alloy.
This research is focus on the effect of solidification process on the microstructure of a Zn-Al-Mg
alloy with low aluminium content. With different solidification processes, the electrochemical
properties were studied to reveal corrosion resistance.
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2 Experimental
2.1 Material
The Zn-Al-Mg alloy was produced by casting method. Pure Zn ingot with purity of 99.995 wt.% and
pure Al ingot with purity of 99.6 wt.% were melted in a graphite crucible within a pit type resistance
furnace at 500 ºC. Then, a master alloy composed with 11 wt.% Mg and balanced Zn was dipped into
the melted alloy within high purity argon gas to avoid oxidation of Mg. The liquid Zn-Al-Mg alloy
was homogenized by mechanical stirring at 450 ºC. After holding 1 hour, the melt was cooled to room
temperature by three different processes. Part of the melt was poured into a graphite mold chilled by
water (thereafter as “water quench”) and a graphite mold with same dimension mounted in the air
(thereafter as “air cooling”), respectively. The remaining melt was poured into a graphite mold in the
furnace (thereafter as “furnace cooling”). So, the solidification rate of water quench is the fastest and
that of furnace cooling is the slowest.
The casted Zn-Al-Mg alloy ingots were cut into cubic samples by 20 mm for tests. The
composition of the alloy was tested by a SPECTRO ARCOS inductively coupled plasma spectrometer,
as shown in Table 1.
Table 1. Chemical composition of the Zn-Al-Mg alloy (wt.%)

Zn
97.30

Al
1.32

Mg
1.10

Bal.
0.28

2.2 Analysis methods
The microstructure of samples was explored on a S-3400N scanning electron microscope (SEM).
Attached EDS was used to investigate the element composition of the samples.
Electrochemical analysis was carried out on a CHI660 electrochemical analyzer. A three electro
cell was used in electrochemical experiments, with samples surface exposed 1 cm2 as the working
electrode, a platinum sheet with dimension of 30 mm x 30 mm as the counter electrode and saturated
calomel electrode (SCE) as the referenced electrode. Before testing, samples were ground and
polished and cleaned in ethanol. Experiments were performed in 3.5 % NaCl solutions. The
polarization curve was obtained at a scanning speed of 1 mV/s from -1.25 V vs. SCE to -0.75 V vs.
SCE.

3 Results
3.1 Microstructure
Microstructures are shown in Fig. 1. The chemical compositions at different location are shown in
Table 2. The microstructures of samples cooled by different process are composed with a Zn crystal
including some Al (position 4 in Fig. 1) and a Zn-Al-Mg ternary microstructure (position 1, 2 and 3 in
Fig. 1). According to the study by Liang et al [15], the equilibrium microstructure at room temperature
of the Zn-Al-Mg alloy with less than 4 wt. % Al and less than 3 wt. % Mg is composed of primary
crystal of Zn and ternary eutectic crystal, which contains Zn solution phase, Al solution phase and
Mg2Zn11 intermetallic phase. Therefore, during the solidification, the Zn crystal with slight Al
(position 4 in Fig. 1) firstly solidified and residuary Al and Mg are rejected into the inter-dendritic
region. For sample cooled by water quench, the primary crystal contains about 5.9 at. % Al, as shown
in Table 2. As decreasing solidification rate, Al content in the primary crystal decreases markedly. For
sample cooled by furnace cooling, only 2.6 at.% Al remains in the primary crystal, as shown in Table
2.
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Figure 1. Microstructure of the Zn-Al-Mg alloy cooled by (a) water quench, (b) air cooling and (c) furnace
cooling.

In the eutectic region, it is indicated by the EDS results that there exist three different phases with
different chemical compositions, as shown in Table 2. For three different solidification processes, the
atomic ratios of Mg-Zn intermetallic phase (position 3 in Table 2) in the eutectic region are similarly
near to 1:2, as shown in Table 2, which indicates that the intermetallic phase is not Mg 2Zn11 but more
likely MgZn2. It should be considered to be illustrated by the non-equilibrium reaction L → Zn +
MgZn [16]. Moreover, it could be noted that the Zn content in the Al solution phase (position 1 in
Table 2) in the eutectic region decreases along with decreasing solidification rate. For samples cooled
by water quench and air cooling, the Zn content is 47.5 at. % and 48.1 at%, respectively. For sample
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cooled by furnace cooling, the Zn content in the Al solution phase decreases to about 25.5 at.%. It may
due to the non-equilibrium and equilibrium monotectoid reaction (Al) → (Al) + (Zn) [17].
Table 2. Compositions of different locations in Fig. 1

Solidification
Water quench

Air cooling

Furnace cooling

Position
1
2
3
4
1
2
3
4
1
2
3
4

Mg (at. %)
1.3
5.3
28.1
0.0
1.5
3.8
32.8
0.0
1.2
0.0
26.9
0.0

Al (at. %)
51.2
7.1
5.7
5.9
50.5
6.4
2.6
4.7
73.3
3.9
1.8
2.6

Zn (at. %)
47.5
87.6
66.2
94.1
48.1
89.7
64.6
95.3
25.5
96.1
71.4
97.4

3.2 Electrochemical properties
Fig. 2 shows Tafel curves. Electrochemical properties are shown in Table 3, which were determined
by the Tafel extrapolation method [18]. The shape of Tafel curves are similar for all three processes.
Corrosion current densities in anodic polarization curves increase sharply and reach to a plateau,
which indicate a high dissolution behavior. In the low catholic overpotential region, the corrosion
current densities increase slowly. As the value of corrosion potentials (Ecorr) is less than-1.2 V vs. SCE,
the corrosion current densities increase sharply, which implies cathodic reactions i.e. hydrogen
evolution reaction and/or oxygen reduction reaction. The values of corrosion potential are similar for
all samples. However, the values of corrosion current densities (Icorr) show much more difference. For
water quench sample and air cooling sample, the values of Icorr are 5.8 A·cm-2 and 5.5 A·cm-2,
respectively. For furnace cooling sample, the value of Icorr sharply decreases to 3.7 A·cm-2. According
to standard of ASTM G 102, corrosion rate could be calculated by corrosion current density:
R = kIcorrW

(1)

where R is the corrosion rate, k is a constant value, W is the equivalent weight. Therefore, the
corrosion rate is proportional to the corrosion current density for the Zn-Al-Mg alloy. So, the
corrosion rate of furnace cooling sample is about sixty-three percent of that of water quench sample.


Figure 2. Tafel curves of the Zn-Al-Mg alloy
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Table 3. Electrochemical properties of the Zn-Al-Mg alloy in Fig. 2

Solidification
Water quench
Air cooling
Furnace cooling

Ecorr vs. SCE (V)
-1.02
-1.01
-1.06

Icorr (PA·cm-2)
5.8
5.5
3.7

4 Conclusions
A Zn-Al-Mg alloy with different solidification processes was prepared. The microstructure of the
Zn-Al-Mg cast alloy is composed with a Zn crystal including slight Al and a Zn-Al-Mg ternary
microstructure. As increasing solidification rate, more Al is remained in the primary crystal which is
rich in Zn. Ternary eutectic microstructure is found in the Zn-Al-Mg alloy, which is compose with a
Zn solution phase, a Al solution phase and a MgZn2 intermetallic phase. it could be noted that the Zn
content in the Al solution phase in the eutectic region decreases along with decreasing solidification
rate. Tafel curves reveals that the corrosion current density of furnace cooling sample is the lowest,
which implies the slowest rate of mass loss and higher corrosion resistance.
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