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Batch-type hot-dip zinc and 5-wt% Al-Zn coatings were
investigated in the present work for the comparison
of their corrosion resistance, electrochemical behavior
and microstructures. The 5-wt% Al-Zn coatings possess
a prominent electrochemical passivation behavior.
Intermetallics formed mainly between iron, aluminum
and zinc adhering to the substrate were identified with
energy-dispersive X-ray analysis and believed to be
responsible for the passivation phenomena as observed
in the electrochemical polarization. The 5-wt% Al-Zn
coatings exhibited a much better corrosion resistance
than the conventional hot-dip galvanized steels under
salt spray testing. Although the corrosion potentials of
both coatingsincreased towar d the noble potential asthe
immersion time increases, 5-wt% Al-Zn coatings were
always nobler than hot-dip zinc coatings.

Corrosion protection of galvanized steels arises from the
barrier action of zinc layer, the secondary barrier action of
the zinc corrosion products and the cathodic protection of
zinc on the unintentionally exposed part of steel, with the
coating acting as a sacrificial anode.

More recently, hot-dip 5-wt% Al-Zn aloy coatings have
been found to exhibit a corrosion resistance that is markedly
superior to that of hot-dip galvanized steels. Aluminum
is added to commercial galvanizing baths to produce
ductile coatings by suppressing the growth of brittle Fe-Zn
intermetallics. Previous investigators'® who have studied
the influence of auminum additions to the zinc bath on
the structure of hot-dipped coatings agreed that small
additions of aluminum to the bath delay the reaction between
zinc and iron.

Bablik® reported that the iron-aluminum compound Fe Al
inhibits the growth of Fe/Zn phases. Hughes? indicated that
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Fig. 1—Cross-sectional morphology of a 5-wt% Al-Zn coating (~60um)
showing the six layers of alloy composition.

the inhibition is caused by a thin layer of FeAl, containing
16 - 27 wt% Zn. The current accepted inhibition mechanism
was proposed by Haughton® in that a thin layer of FeAl
forms on the iron surface in theinitial stages of hot dipping,
and thislayer is responsible for the inhibition of the reaction
between iron and molten zinc. In a 5-wt% Al-Zn alloy,
localized zinc and aluminum dissolution occurs without
dealloying, but gives rise to pits, which may penetrate the
full thickness of the coating.”

The objective of this study was to investigate the
electrochemical behavior and lifetime of 5-wt% Al-Zn
coatings and compare them with galvanized steels, and to
estimatethe phase compositionsof theFe-Al-Zn alloysacross
the coating thickness from the surface to the interface.

Experimental Procedure

Two types of coated specimens (Zn and 5-wt% Al-Zn

coatings) were provided by a local galvanizing shop. Cold
rolled structural steel panels of S41

Table 1

Chemical Composition of Hot-Dip 5-wt% Al-Zn Coating

(50x50%2 mm) werehot-dippedinthe
pure zinc and aluminum-containing
zinc baths. The chemical distribution
of the coatings was analyzed by
SEM/EDS (JEOL 5410).
Potentiodynamic polarization
curves for both the zinc and 5-wt%
Al-Zn coatings were derived in an
aerated 3% NaCl solution (pH 7).
Similar studies were also made
for the corrosion current or polariza-

tion resistance, based on the linear

Surface Hardness, HV 153 68

Elements Al Zn Fe 0] Oxides and Intermetallics
Layer 1 (Surface) 6.7 653 07 273 AlLLO, +ZnO
Layer 2 172 640 28 16.0 ZnO-Al,O,/ZnAl alloy
Layer 3 196 630 18 156 FeAl, or Fe Al /ZnAl dloy
Layer 4 166 632 26 176 FeAl/ZnAl aloy
Layer 5 21 824 — 151 8-FeAl,Zn /ZnAl dloy
Layer 6 477 130 313 80 8-FeAl,Zn ,

Table 2

Microhardness of the Surface Coatings on Steel

Steel (SS41) Galvanized Steel  5-wt% Al-Zn Coating

polarization over a small potential
range of £10 mV with respect to the
corrosion potential A three-electrode
cell configuration was employed for
9% the polarization measurements.® A
saturated calomel electrode (SCE)
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was used as a reference electrode and a platinum sheet
was used as a counter electrode. All polarization work was
carried out using acomputer controlled measurement system
consisting of a potentiostat (EG&G 273). The current was
recorded as the potential increased at a scan rate of 1 mV/s.
Corrosion potentials for both specimens were monitored at
all times during the immersion tests.

Exposure tests were conducted in a salt spray cabinet
according to the ASTM B117 procedure. An aerated 3%
NaCl solution with apH value adjusted to 7 was al so used for
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Fig. 2—SEM micrograph (a) and X-ray mappings of Al (b); Zn (c) and Fe (d) for the 5-wt% Al-Zn coated steel.

salt spray tests.

Surface hardness was
measured by a Vickers
microindenter with an
applied load of 10 g.
The surface hardness was
evaluated by taking five
indentationson each spec-
imen, and only three
middle values were aver-

aged.

Results & Discussion
Wl Microstructures
Figure 1 shows a cross-
4 sectional view of the
| hot-dipped 5-wt% Al-Zn
coatingwithathicknessof
about 60 pum, as observed
by SEM/EDS. The com-
position of the coating
13 surface was found to be
| the same as that of the
galvanizing bath, i.e.,
5-wt% Al-Zn.** Refer-
| ring to the Al-Zn, Fe-Al
binary® and Fe-Al-Zn
ternary phasediagrams,*®
there were six aloy layers in the coating, which could be
distinguished from one another. The chemical distribution
of each layer as semi-quantitatively analyzed by SEM/EDS
is shown in Fig. 2 and listed in Table 1. A six-layered
structure of the 5-wt% Al-Zn coating, in fact, resulted
from the elementa distribution. The outermost layer was
mainly composed of a mixture of ZnO-Al,O, because of
high-temperature oxidation (~500°C) in air. The innermost
layer or the layer immediately adjacent to the steel was the
Fe-Al-Zn ternary intermetallic compound, 6-FeAl Zn ,. In
between were the ZnO -
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in Layer 5, as shown in
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Fig. 4—Potentiodynamic polarization curves of zinc and 5wt% Al-Zn
coated steelsin an aerated 3% NaCl solution.

Fig. 1 and Table 1. We believe that the extreme low level
of aluminum (2.1%) in Layer 5 was the result of depletion
of the auminum during the formation of higher aluminum
content (47.7%) in Layer 6.

The surface hardness of the 5-wt% Al-Zn coatings was
about 96 HV, which is 40% more than that for conventional
galvanized steel (68 HV), and attributable to the occurrence
of Al,O, and intermetallics of Al and Zn, as listed in
Table 2.

Corrosion Characteristics

The corrosion potentials of both the zinc and 5-wt% Al-Zn
coatings tended to increase toward the noble direction with
an exponential decay of the corrosion current density during
the first three days of immersion but reached a steady-state
thereafter. This clarified the fact that the corrosion process
was under anodic control as shown in Figs. 3a and b, and
as depicted in Fig. 3c.

Itismost likely that a passive film was established on both
coated steel s during exposure to the environment (3% NaCl),
however, the 5-wt% Al-Zn coating tended to exhibit a nobler
corrosion potential than that of conventional galvanized
stedl (Fig. 3a8). This may imply that a tenacious oxide film
originating from aluminum formed on the surface, and
apparently was more effective than al other forms of zinc
oxide. After nine days of immersion, a difference of 50
mV in the corrosion potential was developed in which
the 5-wt% Al-Zn coating was aways more noble than the
conventional galvanized stedl.

The corrosion current density was measured by polarizing
the specimen both anodically and cathodically around the
corrosion potential, covering a potential range of 20 mV.
Both coatings exhibited a general tendency of an initia
exponential decay in corrosion current. Eventually the
current approached a steady state of 6 pA/cm? after 4 days
exposure (Fig. 3b).

It was apparent that both coatings exhibited a passivity
range of about ~200 mV in achloride environment, as shown
inFig. 4. Itisimportant to note that the 5-wt% Al-Zn coatings
tended to haveacritical current density (i ) of 7x10°A/cm?,
whichwasmuch lower than that of the gal vani zed steels, with
an (i 2" of 1.5x10* A/cn?, indicating an ease of passivation
when 5 wt% of Al is alloyed with Zn.

Salt Spray Tests
The exposure tests (50x50 mm) were conducted in a salt
spray cabinet. After each exposure of 250 hr, the specimen
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Fig. 5—Surface morphologies of zinc and 5wt% Al-Zn coatings after
salt spray tests for various periods of time: (a) 500, (b) 1250 and
(c) 2000 hours.
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was retrieved and the degree of corrosion was evaluated. The
results of 500, 1250 and 2000 hr salt spray tests are shown
in Fig. 5whichindicate atrend of gradual reduction of white
corrosion products replaced by yellowish brown rust spots
on the galvanized steel.

Physically, at the later stages of the test, the rust scales
became loosely attached and eventually easily detached
from the zinc-coated steel substrate (arrow in Fig. 5), while
5-wt% Al-Zn coating still remained intact. Figure 6 shows a
comparison of theiron rust area between the zinc and 5-wt%
Al-Zn coatings after the salt spray tests. The results clearly
indicate that the appearance of iron rust for the conventional
galvanized steels is much more serious than for the 5-wt%
Al-Zn coatings. For instance, coverage of 5% of the surface
by iron rust requires 750 hr for conventional galvanized steels
but 1700 hr for the 5-wt% Al-Zn coated steel. A doubling of
the lifetime can therefore be expected for 5-wt% Al-Zn in
chloride-containing environments.
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Fig. 6—Degree of corrosion versus exposure time.
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Conclusions

1. A six-layered structure of a 5-wt% Al-Zn coating was
found to have the following distribution, from the surface
to the substrate: ZnO-AlO,, ZnO-Al, O, /ZnAl alloy,
FeAl /ZnAl dloy; Fe Al/ZnAl dloy; 6-FeAl Zn, /Zn Al
aloy and 6-FeAl Zn .

2. The5-wt% Al-Zn coating had a higher aluminum content,
in the form of an intermetallic compound of 6-FeAl.Zn ,
film immediately adjacent to the steel substrate.

3. TheFe/Al solid solution and 6-FeAl ,Zn, , phases exhibited
a nobler corrosion potential than all the other Fe/lZn
and zinc oxide phases, and particularly at the later
stages of corrosion.

4. TheB-FeAl Zn , film effectively enhanced the adhesion of
5-wt% Al-Zn coatings to the steel substrate.

5. No major intermetallics of Zn and Fe were observed in
the 5-wt% Al-Zn coatings.

6. A doubling of the lifetime was expected for the 5-wt%
Al-Zn coatings by aloying aluminum to the coating
of galvanized steels.
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