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1. Introduction

Structural steels with a Zn–Al coating have been used in
aggressive environments such as shore side areas, because
of their good corrosion resistance.1–4) Coatings of more
than 50 mm thickness are usually made by dipping steels in
a Zn–Al bath containing more than 6 mass% Al and this is
then heat treated to form a duplex structure of inner alloy
layer and outer adhered layer. Although Zn–Al coated steel,
like Galfan has showed good corrosion resistance, it suffers
from poor performance under long durations in aggressive
environments. One weak point is flaws such as holes and
cracks formed in the outer adhered layer during solidifica-
tion, and another is preferential attacks along the periphery
of the a-Al phase which precipitates from baths containing
more than 6 mass% Al. Many papers5,6) have dealt with ad-
dition of alloying elements to the alloying bath to improve
the anti-corrosion properties of the coating, however these
coatings are thin and directed to use with automobiles. For
relatively thick coating of structural steels, there is little in-
formation on the effect of foreign additional elements, ex-
cept the papers by Komatsu et al.7–9) They added Mg to the
Zn–Al alloy bath and investigated the corrosion behavior of
the Zn–6Al–Mg coating, showing a beneficial effect of Mg
in prevention of corrosion. However, details of the Mg ef-
fect on the surface morphology and coating structure are
still not entirely clear.

The two step hot dipping method, which consists of dip-

ping in first a Zn bath and then in a Zn–6Al bath has been
investigated and it was demonstrated that the two step hot
dipping has advantages such as good adhesion of the coat-
ing,10,11) and the feasibility of controlling thickness and mi-
crostructure. Morphology and microstructure of the coating
has been controlled by bath temperatures and dipping
times.

The purpose of this investigation is to elucidate the effect
of Mg and Si addition to the secondary Zn–Al bath on the
surface morphology and the microstructure of the coating
formed by the two step hot dipping. The corrosion behavior
of an inner alloy layer and an outer adhered layer of the Zn–
Al coatings with and without Mg and Si is examined and
discussed based on microstructural features.

2. Experimental Procedures

The experiments used the low carbon steel with a nomi-
nal composition (mass%) of 0.2Mn, 0.08C, 0.04Si, 0.02C,
0.01P, 0.01S, and Fe remaining. A 3035033 mm3 sample
was degreased in a 8% NaOH aqueous solution at 353 K
for 3.6 ks, and then the surface oxide scale was removed in
a 15% HCl aqueous solution at 333 K for 60 s. This speci-
men was immersed in a 35%ZnCl21NH4Cl (1 : 3) solution
at 333 K for 15 s, and then dried in air. After drying, the
specimen was dipped first in a Zn (99.99%purity) bath at
743 K for 60 s and then immediately after in a Zn–Al or
Zn–Al–Mg–Si bath at 743 K for 60 s. The secondary Zn–Al
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bath contains 6 mass% Al and Zn remaining, and the
Zn–Al–Mg–Si bath was prepared by adding 0.5 mass% Mg
and 0.1 mass% Si to the Zn–6 mass%Al melt. The Zn–
6 mass%Al bath is referred as the Z6A bath and the Zn–
6 mass%Al–0.5 mass%Mg–0.1 mass%Si bath as the Z6AMS
bath in this paper, and the coatings formed in the Z6A and
Z6AMS baths are Z6A and Z6AMS coatings, respectively.
After dipping in the secondary baths, the specimens were
cooled for 15 s in air and then quenched in water.

Surface morphology and cross-sectional microstructure
of the coatings were observed using optical-, scanning elec-
tron- and laser-scanning microscopes (OM, SEM, LSM).
The SEM was utilized to observe surface flaws and LSM to
measure undulation in the coated surface. An electron-
probe micro-analyzer (EPMA) was used to measure the
concentration distributions of each element. Polished cross-
sections were etched slightly in a 3% nitric acid-ethanol so-
lution to clearly show the microstructure.

Corrosion tests were conducted in a 5% NaCl aqueous
solution at room temperature. Immersion times varied from
60 s to 18 ks. After corrosion the specimens were washed in
water and dried, and then examined using SEM, EPMA and
LSM, as described above.

3. Results and Discussion

Figure 1 shows the surface morphology of the coatings
formed by the two step hot dipping with the secondary
baths of Z6A (a) and Z6AMS (b). The coating from the
Z6A bath contains flaws like pores and cracks on the sur-
face, which may have formed due to shrinkage of the melts
during the solidification and subsequent heat-treatment

processes. The surface of the coating formed in the Z6AMS
bath showed very fine grains and few flaws.

Surface undulation was measured using LSM over areas
of about 3 mm2. Typical scanning patterns are shown in Fig.
2, and there are hollows in the pattern, which correspond to
the holes and cracks. Figure 3 shows the number density of
flaws as a function of hollow depth. In Fig. 3 a number of
flaws were counted over a central area of 1 cm2, except a
small surface undulation with several micron meters. As
demonstrated in Fig. 3, the maximum depth was close to 60
mm with the Z6A coating, and the flaws occasionally
reached the steel substrate. With the Z6AMS coating both
the number density and maximum hollow depth was signifi-
cantly smaller. The maximum depth is 30 mm, which is
about half of that in the Z6A coating. The most common
flaws were 30 mm deep with the Z6A coating and 10 mm
with the Z6AMS coating. These vertical depths of 30 and
10 mm are close to the thickness of the outer, adhered layer
of each coating.

Figure 4 shows cross sectional microstructures of the
Z6A coating (a) and the Z6AMS coating (b) after the two
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Fig. 1. Surface morphologies of the coatings formed on a low
carbon steel by the two-step hot dipping. The secondary
baths are (a) Zn–6Al alloy and (b) Zn–6Al–0.5Mg–0.1Si
alloy.

Fig. 2. Surface contour profiles measured using a laser scanning
microscope for the Zn–6Al coating (a) and the Zn–6Al–
0.5Mg–0.1Si coating (b) in Fig. 1.

Fig. 3. Changes in number density of flaws as a function of
depth of the flaws in the Zn–6Al and Zn–6Al–0.5Mg–
0.1Si coated surfaces.



step hot dipping. The coating layers consisted of a duplex
structure; an outer, adhered layer and an inner, alloy layer.
The inner alloy layer was identified to be mainly composed
of an intermetallic phase of Fe4Al13–Zn surrounded by a
Zn–Al melt, which penetrated and then solidified during
cooling. It was observed that the Fe4Al13–Zn crystals dis-
tributed randomly in the Z6A coating, while the Z6AMS
coating has a Fe4Al13–Zn phase with a columnar structure
grown perpendicular to the steel substrate. Details of the
microstructure and the formation mechanism of the duplex
structure in the two step hot dipping have been reported in
previous papers.10,11)

Figures 5(a) and 5(b) show the outer, adhered layer so-
lidified during cooling of the remaining melt for the Z6A
and Z6AMS coatings, respectively. In these pictures a dark
area is a primarily a-Al and a bright area is an eutectic
structure of Zn (Al) and a-Al. The primary a-Al was con-
sisted of an a9-Al and Zn (Al) phases, which were trans-
formed from the primary a-Al by the eutectoid reaction at
548 K during cooling to room temperature.12) It was found
that the primary a-Al in the Z6A coating in Fig. 5(a) was
much coarser than that of the Z6AMS coating in Fig. 5(b).

Figure 6 shows X-ray mappings of Si and Mg in the
cross-sections of the outer layer and alloy layer of the coat-
ing formed on the Z6AMS. It was found that Si and Mg ex-
isted in the alloy layer and outer layer, respectively. In par-
ticular Mg concentrated at a top surface of the outer layer,
forming a Mg-rich oxide film with several micron meters.
A formation of the Mg-rich oxide film was confirmed with
characteristic features of surface color and morphology, dif-
ferent from those of the Z6A coating.

Figure 7 shows a schematic illustration of the formation
of the outer, adhered layer in the coating during solidifica-
tion for both the Z6A and Z6AMS coatings. It was assumed
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Fig. 4. Cross sectional microstructures of (a) the Zn–6Al coated
and (b) the Zn–6Al–0.5Mg–0.1Si coated films.

Fig. 5. Microstructures of the outer, adhered layer of (a) the Zn–
6Al coated and (b) the Zn–6Al–0.5Mg–0.1Si coated films.

Fig. 6. X-ray images of Si and Mg in the cross-sections of the
outer, adhered and alloy layers of the Zn–6Al–0.5Mg–
0.1Si dipped film.



in these models that solidification commenced from the
steels side and proceeded toward the melt surface, in oppo-
site to the direction of the heat flow, forming coarse den-
drite of the a-Al. In case of the Z6A coating the melt in the
inter-dendrite spaces solidified in accompanying a forma-
tion of shrinkage flaws such as pores and cracks in deep, as
shown in Fig. 3. While, in case of the Z6AMS coating there

may be fine particles of MgO in the remaining melt and
they act as nuclei for precipitation of the a-Al crystal, in-
creasing its number density, as shown in Fig. 5. Further, the
Mg-rich oxide film formed on the Z6AMS coating was rel-
atively thick, as shown in Fig. 6, and then it might act
somewhat as a thermal barrier, resulting in the coarse eu-
tectic structure, as shown in Fig. 5. Accordingly, shrinkage
flaws observed for the Z6A coating could be suppressed at
final solidification of the remaining melt in the Z6AMS
coating.

Figure 8 shows microstructures of the surface internal,
adhered layer in the Z6A and Z6AMS coatings after corro-
sion in a 5% NaCl solution for 60 s at room temperature. In
Fig. 8 the dark parts are the preferentially corroded areas.
In the Z6A coating, corrosion was initiated at the bound-
aries between lamellae colonies, as shown in Fig. 8(a), and
the a-Al phase tended to corrode fast. For the Z6AMS
coating, as shown in Fig. 8(b), corrosion took place only in
the a-Al crystals and their periphery, and the lamellae
structure remained uncorroded.

Figure 9 shows changes in microstructures of the outer,
adhered layer with corrosion times for both the Z6A and
Z6AMS coatings. The Z6A coating suffered from severe
corrosion at lamellae colony boundaries and of the Zn
phase in the lamellae. The a-Al phase, which corroded fast
in the initial stage in Fig. 9(a) (corrosion time 300 s), is still
present. With further corrosion the a-Al phase degraded by
attacking the Zn phase precipitated by the eutectoid reac-
tion and after corrosion for 1.8 ks the original structure had
disappeared, as shown in Fig. 9(a) (corrosion time 1.8 ks).
Meanwhile, with the Z6AMS coating the original structure
with the a-Al and lamellae structure is still present after
corrosion for 1.8 ks, as shown in Fig. 9(b), although the Zn
phase in and surrounding the a-Al as well as in the lamel-
lae were corroded selectively.

Figure 10 shows changes in the microstructure of the
inner, alloy layer of the Z6A and Z6AMS coatings as a
function of corrosion time. With Z6A coating corrosion
was observed locally, as indicated by an arrow in Fig. 10(a)
(corrosion time 300 s), and it proceeded significantly for
prolonged corrosion in Fig. 10(a) (corrosion time 1.8 ks).
Meanwhile, corrosion of the Z6AMS coating was relatively
homogeneous, although the Zn phase corroded preferential-
ly. To verify the localized attack, the structure of the inner
alloy layer was observed at high–magnification after corro-
sion for 1.8 ks and the micrographs are shown in Fig. 11.
There are areas attacked severely in the Z6A coating as
shown by the arrow in Fig. 11(a), while there is little local-
ized corrosion in the Z6AMS coating.

Figure 12 shows concentration profiles of Mg and Si
across the cross-section of the Z6AMS coating. Mg was
found in the outer adhered layer, whereas Si concentrated in
the inner alloy layer, and reached about 9 mass% at the
steel/coating interface. When the Z6AMS melt penetrated
into the inter-dendrite spacing the Si can alloy with the Fe–
Al–Zn crystal, while it may be considered that Mg is ex-
cluded from the melt toward the outer, adhered layer. These
results led to the conclusion that the Mg improves corrosion
resistance of the outer, adhered layer, and that Si may im-
prove that of the inner, alloy layer.
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(a) Zn–Al adhered layer
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(b) Zn–Al–Mg–Si adhered layer

Fig. 7. Schematic representation of the solidification process in
the outer, layer in (a) the Zn–6Al coated and (b) the Zn–
6Al–0.5Mg–0.1Si coated films.

Fig. 8. Microstructures of the surface internal, adhered layer in
(a) the Zn–6Al coated and (b) Zn–6Al–0.5Mg–0.1Si
coated Films after corrosion in a 5% NaCl solution for
60 s at room temperature.
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Fig. 9. Microstructures of the surface internal, ad-
hered layer in (a) the Zn–6Al coated and (b)
the Zn–6Al–0.5Mg–0.1Si coated films for dif-
ferent corrosion times in a 5% NaCl solution
at room temperature.

Fig. 10. Microstructures of cross-sections of the
inner, alloy layer in (a) the Zn–6Al
coated and the (b) Zn–6Al–0.5Mg–
0.1Si coated films for different corro-
sion times in a 5%NaCl solution at
room temperature.



4. Conclusions

Surface morphologies and microstructures of the coat-
ings formed on a low carbon steel by a two step hot dip-
ping. First in a Zn bath and second in a Zn–6Al bath with
and without 0.5 mass% Mg and 0.1 mass% Si addition. The
corrosion behavior of the coatings was investigated in a 
5% NaCl solution and is discussed based on the mi-
crostructures. The results may be summarized as follows.

(1) The Zn–6Al coating has flaws, pores and cracks, in
the outer, adhered layer, while there are few flaws with the
Zn–6Al–0.5Mg–0.1Si coating. Different from the Zn–6Al
coating the outer adhered layer of the Zn–6Al–0.5Mg–0.1Si
coating has fine a-Al crystals and a lamellae structure was
well developed.

(2) The Zn–rich phase corroded in both coatings, ex-
cept for the very initial stage of corrosion. The flaws in the
outer adhered layer of the Zn–6Al coating corroded selec-
tively, while corrosion of the Zn–6Al–0.5Mg–0.1Si coating
was slow and relatively homogeneous.

(3) The Mg and Si were concentrated in the outer ad-
hered layer and Si in the inner alloy layer. The Mg and Si
make the Zn–6Al–0.5Mg–0.1Si coating more anti-corro-
sive, than the layers without these two elements.
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Fig. 11. Magnified SEM photographs of the cross-sections of the
inner, alloy layer in (a) the Zn–6Al coat and (b) the Zn–
6Al–0.5Mg–0.1Si coated film after corrosion in a 5%
NaCl solution at room temperature for 1.8 ks.

Fig. 12. Concentration profiles of Mg and Si in the Zn–6Al–
0.5Mg–0.1Si coated film.


