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Abstract. In this work, alloy coatings with different Al and Mg content have been prepared on
overhead ground wires for Zn-Al-Mg series hot-dip coatings providing good protection on mild steel
surface against corrosion. A reinforced thermal stability is confirmed by DSC thermodynamic curves.
Furthermore, the enhanced corrosion resistance is also observed by salt spray test at 35°C in terms of
morphology, weight change. Those features have a direct synergistic effect for corrosion protection
of overhead ground wires at different stages in heavy corrosion environment and attributes to the
improved metallographic structures from certain ternary eutectic reaction in alloy solidification.

1. Introduction

Alloy series coatings have been widely proved to provide protection of steel surface against
environmental corrosion for its high corrosion resistance with small coating weight and
electrogalvanized coatings [1-4]. As increasing requirements for a longer service life in overhead
ground wires, Zn-Al-Mg series coatings have attracted attention for excellent corrosion stability
superior to that of Zn-Al series coatings [5,6]. Many researchers are attracted with their phase
structure which is prepared from 6 wt.% Al baths [7,8]. Corrosion resistance has been increased in the
content of Mg within 0.5 wt.% -3 wt.% [3,9,10].

Several commercial overhead ground wires for heavy corrosion atmosphere, such as
Zn-55Al-0.2Si has been available through 1990s by Japanese and European research groups [11-16].
Some researchers found that corrosion inhibited by the buffering and formation of AI(OH); layered
in Zn-Al series coatings [17] which attributed to the enhanced corrosion performance of corrosion
products in presence of Mg*" ions [8,13]. Corrosion behaviors of alloy coatings in chloride and
different anions containing environments have already been investigated [11,14,18]. However, the
reason for thermodynamic characteristics is not clear and there is fewer explanations for the
proposals of corrosion resistance mechanisms in tests as mentioned above. In this work, hot-dip Zn-5
wt.% Al series, Zn-5 wt.% Al-1 wt.% Mg, Zn-6 wt.% Al-3 wt.% Mg series coatings are prepared on
overhead ground wires and the properties in terms of salt spray test and thermal curves by DSC were
investigated within this study.

2. Materials and methods

2.1 Materials.

Steel wire specimens of dimensions 100 mmx3.2mm, having composition Si-0.16, C-0.18,
Mn-0.65, P-0.026, M0-0.015, Ni-0.02 (all in wt.%) and the rest of iron, were used as the substrate
materials. The steel wires were degreased with 10% NaOH aqueous solution at 50°C for 2min. After
drying, the specimens were hot-dipped in Zn (99.99 %purity) bath, Zn-Al bath, Zn-Al-Mg-RE bath,
respectively. The composition of coatings which were formed in different alloy series and its
characteristic parameter are given in Table 1. The coatings are all produced in self-made hot dipping
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equipment. After hot-dipping in alloy baths, the steel wires were cooled in air and then quenched in
the water for seconds.
Table 1 The composition and characteristic parameter of different zinc-based coatings used in the

study.
Materials Zn Zn-Al Zn-Al-Mg-RE

Z-5A-1M Z-6A-3M

0~ 5+05 54+0.5 6+0.5

Al (mass %) 0.2 340.2
Mg (mass %) - - 1+£0.1 0.1+0.05

RE (mass %) - - 0.1£0.05 70+5

Thickness (um) 95+5 85+5 75%5

2.2 NSS Corrosion test

In this study, test methods are according to 1SO 9227 (NSS). As specified in the standard a 2.6
wt.% salt, regulated to pH 6.5-7.5, was sprayed with nozzles into an Erichsen spray testing chamber
at a constant temperature of 34.5£0.5°C. The test panels were arranged on a plastic sample holder at
an angle of 45° to vertical. The volume of the sprayed sulfuric acid solution was measured once a
day by using a cone (diameter 100 mm, which corresponds to a collecting area of 80 cm2) on a
measuring cylinder collecting a defined fraction of the sulfuric acid solution for a period of 12 h.
During the entire test the volume of the collected solution was 41+2.5 mi/24 h.
2.3 Characterization

The Surface morphology of steel wires were examined by using Scanning Electron Microscope
(SEM). The phases in the hot-dip coatings were analyzed by XRD using Oxford diffractometer with
Cu Ko (A= 1.54060 A) incident radiation. The peaks of XRD were recorded in the 20 range of
10°-100°. The calorimetric analysis was carried out using a NETZSCH DSC 204F1 calorimeter in a
nitrogen atmosphere, giving an accuracy of + 0.1-0.3°C for the temperature, +18 uV/(mW) for the
energy measurements. The steel wire sample’s mass was set from 8 mg to 12 mg within a
pressurization crucible. The heating range was set from 0 to 350 C at 1 "C/min to obtain the thermal
characteristic. Those tests were replicated about 3-5 times.

3. Results and Discussion

3.1. XRD analysis of steel wires

The measurement results show the measured XRD pattern obtained of steel wires with different
contents of Al, Mg, RE. In Fig. 1 (a) represents Zn coating, (b) for Zn-5%AlI-0.1%RE, (c) for
Zn-5%Al-1%Mg-0.1%RE, (d) for Zn-6%Al-3%Mg-0.1%RE, respectively.
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Fig.1. XRD patterns of alloy coatings, (a) Zn, (b) Zn-5%Al, (¢) Zn-5%Al-2%Mg-0.1%RE, (d)
Zn-6%AlI-3%Mg-0.1%RE.
The inhibiting effect of Al when compared to pure zinc coating attribute to the reduction in the
columnar Fe-Zn compound content [2,20]. It is probable that steel wires alloy coatings are composed
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of primary Zn dendrites, Zn-MgZn, binary eutectic and Zn-Al-MgZn, ternary eutectic [21-23]. The
intensity of the peak due to Zn-6%Al-3%Mg-RE consists of a large amount of magnesium and
aluminum.
3.2. Thermal stability analysis

Thermodynamic modeling has been found to investigate corrosion via corrosion products of alloy
coatings on steel wires [23]. The measurement results of steel wires alloy coatings with different
contents of magnesium from 0 wt.% to 3 wt.% and aluminum from 0 wt.% to 6 wt.% had been given
in Fig. 2. It can be expressed as Eg. (1) in most types of solid — solid + gas reactions [27,28]:

dOL E n 1
T: Aexp(—ﬁj(l—a) ( )
Where:
_ mg—-m
@= m—m @

As we known, m, ms and ms are the actual, initial and final mass of the samples, A(s-1) is the
pre-exponential factor, R(J/mol K) is the gas constant energy, T(K) is the temperature, E(KJ/mol) is
the activation and n is the reaction order. For a linear heating process with constant heating rate [5],
S—dT/dt (K/min) in Eq. (1), can be expressed as:
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In Kissinger’s method [28], the maximum reaction rate occurs when d(da/dt)=0:
EB .t _E
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We can substitute an approximate solution to Eq. (3) and combine with Eq. (4) for Ty, is the

temperature where the maximum rate occurs:

B
d[lnTan = -
"R
q L
-

n-1
It is seen that the product n (1_ a)m is very nearly to 1. So, we substitute this value to eq. (4):
EB
RTA
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Introducing Eq. (6) bring us that the plot of EB/RT?,, versus exp (—E/RTy,) results in a straight line
of slope A. The kinetic parameters of thermal degradation of steel wires alloy coatings materials are
shown in Fig.2.
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Fig.2. DSC curves of mild steel samples deposited with alloy coatings, (a) Zn, (b) Zn-5%Al, (c)
Zn-5%Al-2%Mg-0.1%RE, (d) Zn-6%Al-3%Mg-0.1%RE.
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It is proposed that the higher thermal stability represent the better anti-corrosion properties of DSC
curves. Meanwhile, the alloy coatings with the Zn-MgZn, binary eutectic and Zn-Al dendrites in
terms of a different reaction mechanism during increasing magnesium causes the conversion of
ternary eutectic reaction to improve the addition in distribution of ternary eutectic group with
subsequent outer alloy layer matrix of Zn-Al-Mg coatings on mild steel substrate.

3.3. Corrosion behavior of steel wires coatings
3.3.1. Surface analysis by SEM

The steel wires surface images of Zn-Al, Zn-Al-Mg samples after salt spray corrosion test were
shown in Fig.3. The dissolution of coatings surface is clearly observed. Zn coating surface has been
widely corroded which has been shown in Fig. 3(a). The increasing degree of crystalline coverage
and reducing of the size of the zinc crystals promote the anti-corrosion properties of coatings layer as
shown in Fig. 3(b).
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Fig.4. SEM images of alloy coatings surface after sulfuric acid spray test, (a) Zn, (b) Zn-5%Al, (c)
Zn-5%Al-2%Mg-0.1%RE, (d) Zn-6%Al-3%Mg-0.1%RE.

For the conversion of ternary eutectic reaction by adding magnesium, the corrosion resistance has
been improved and remained uncorroded after salt spray corrosion. Fig. 3(c) show the changes in
micromorphology of the outer layer with corrosion for Zn-5%AI-1%Mg-RE.The crystal clusters of
coatings obtained from the baths containing Mg with 3 wt.% are denser and larger than others
according to SEM photograph. Those surface structures which have been corroded in salt spray
measurement have excellent anti-corrosion capability as presented in Fig. 3(d). Accordingly, the
incorporation of 3 wt.% Mg and 0.1 wt.% rare earth element in to the Zn-Al-Mg-RE bath has
remained crystal little unchanged and also helped to achieve excellent surface anti-corrosion ability
based on surface analysis.

3.3.2. Coatings weight change

The specimens were exposed to salt spray test for different periods. Fig. 4 shows weight change
data after 1700h of the tested samples surface in the heavy salt spray test (NSS). The mass of
galvanized was increased rapidly in the beginning giving rise to 0.7 g/m? in first 200 h. The weight of
Zn has been increased, which will ultimately result into accelerated corrosion products generated.
The remarkable growth parts are the preferentially corroded areas of Zn and Zn-5Al coatings and
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there are some huge increase area of corrosive in the surface, which may lead to the further corrosion.
After 400 h. By contrast different coated steel shows mass loss trend after 530h. It is important that
the corrosion resistance of coatings metallographic structure is visual in this stage. It is clear from the
figure that when the Al content in coating alloy is increased, corrosion weight loss decreases,
evidencing an improvement in the corrosion resistance by increase the number of eutectic
group, hypoeutectic structure, hypereutectic structure composed of primary a-Al phase. It is also
clearly observed from the figure that, when the Mg content in alloy is increased, corrosion weight loss
decreases, showing that the corrosion resistance of plating is improved by increasing multiphase
structure of Zn-MgZn, binary eutectic, Zn-Al dendrites and ternary eutectic Zn-Al-MgZn,. The steel
wire samples coated with zinc red rust already appears after 800 h and spreads rapidly over the entire
sample surface. Some heavy red etch pits are observed in large distribution area after 1000 h.
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Fig.4. Weight change of alloy coating exposure to salt spray with 2000h, (a) Zn, (b) Zn-5%Al, (c)
Zn-5%Al-2%Mg-0.1%RE, (d) Zn-6%Al-3%Mg-0.1%RE.

Accordingly corrosion progress is very slow with only slight increases in white rust and no red rust
even after 1500 h of Zn-6AIl-3Mg. The noticeable different areas on the samples of Zn-Al-Mg has a
decisive enhanced corrosion performance in the salt spray test compared to Zn. The auxiliary visual
inspection shows considerable differences between both coating systems after test as also shown in
Fig. 4.

4. Conclusion

In this work, a reinforced thermal stability of DSC curves is confirmed by thermal analysis at
overhead ground wires surface, which attribute to uniform microstructure derived from ternary
eutectic reaction in alloy solidification. The enhanced corrosion resistance is observed by unique
anti-corrosion properties of different coatings in salt spray at 45°C in terms of morphology, weight
change. This feature might have a direct effect for corrosion protection of alloy coatings in heavy
corrosion environment. Therefore, it is proposed that thermal stability in terms of improvement
metallographic structure by addition of magnesium and aluminum element, could ensure stable
passivity in salt spray environment and limits the efficiency of corrosion reduction on overhead
ground wires surface.
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