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Hot-dip aluminized coating has been widely used to protect steel substrate against corrosion. In this study,
the corrosion behavior of hot-dip aluminized type 409L (11% Cr) stainless steel (SS) was investigated using
macro- and micro-scale polarization tests. An Al-Fe-Si alloy layer that was formed due to inter-diffusion
of alloying elements between Al coating and SS substrate was observed between Al coating and 409L
SS substrate. In both macro- and micro-scale polarization tests, the corrosion potential (E,,) of the 409L
SS substrate was much nobler than that of the Al coating and alloy layer. E.,, of the alloy layer was
between that of Al coating and 409L SS substrate. This indicates that the alloy layer can act as a buffer
between the more active Al coating and the nobler SS substrate for pit growth in aluminized SS. The
presence of the alloy layer appears to be helpful in hindering pitting corrosion of aluminized SS.
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1. Introduction

Thus far, hot-dip aluminized steels have been used in
the cold-end parts of an exhaust system including the
muffler. However, bare stainless steels (SSs) or alumi-
nized SSs exhibiting better corrosion resistance have re-
placed conventional aluminized steels owing to the ex-
tension of the warranty period for muffler systems [1-7].
In particular, aluminized SSs are preferred because they
exhibit white-colored rust rather than the negatively re-
garded red rust in the initial stage of corrosion and have
better corrosion resistance than expected owing to the gal-
vanic protection effect of the Al coating [6,7].

However, studies on the development of corrosion in
aluminized SSs and the protection of materials from corro-
sion have rarely been conducted. In particular, an alloy
interlayer can be formed between the Al coating and SS
substrate [8,9], which may affect the corrosion resistance
of aluminized SS. Thus, in this study, we tried to inves-
tigate the corrosion mechanism in aluminized 11% Cr fer-
ritic SS.
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2. Experimental

Commercial hot-dip aluminized type 409L SSs with a
32-um-thick Al coating and bare type 409L SSs (Fe-11.2
Cr-0.55Si-0.2Ti-0.008C) were used for the tests. The sur-
face and cross-sectional microstructure, and the composi-
tion of the SSs were observed using a field emission scan-
ning electron microscope (FE-SEM) and an energy dis-
persive X-ray spectroscope (EDS). In particular, for the
observation of the cross-sectional image of the aluminized
SS, the specimens were mounted so that the lateral part
was exposed to the outside, and then diamond-polished
to a surface finish of up to 1 um. In addition, the Al
coating layer was removed for several seconds in a sol-
ution composed of 25 mL of deionized (DI) water, 15
mL of nitric acid, 15 mL of hydrofluoric acid (HF), and
45 mL of hydrochloric acid (HCI). Subsequently, the
specimens were cleaned with DI water.

To investigate the electrochemical characteristics of the
Al coating layer, alloy interlayer, and SS substrate, we
conducted potentiodynamic tests on the surface of the alu-
minized SS, the alloy interlayer exposed after the surface
etching, and the type 409L SS, respectively, in 3.5% NaCl
solution at 25 °C. The sample of interest was used as
a working electrode, Pt mesh was used as a counter elec-
trode, and saturated calomel electrode (SCE) was used
as a reference electrode. In addition, the polarization be-
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haviors of the micro-area containing the alloy interlayer
were investigated in 0.2 M NaCl solution at 25 °C using
a capillary-based droplet cell [10], which was specially
designed to observe the electrochemical characteristics of
the micro-area including the alloy interlayer. A capillary
with a diameter of 25 pum was used for the tests.

3. Results and discussion

Fig. 1 shows the surface and cross-sectional images of
the hot-dip aluminized SS. The surface of the Al coating
was rough, presumably because of the dendritic growth
of the coating (Fig. 1a). The cross-sectional image of the
aluminized SS clearly exhibits the alloy interlayer between
the type 409L SS substrate and Al coating (Fig. 1b). The
thickness of the entire coating layer was approximately
32 pm, including that of the interlayer, which was 5 pm.
In the energy dispersive X-ray spectroscopy profile, the
interlayer was found to be composed of an Al-Fe-Si
compound. In particular, Si enrichment was observed in
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the interface between the Al coating layer and interlayer
(Fig. 1c). This phenomenon appears to be due to the pref-
erential formation of the Al-Fe alloy layer and the re-
sultant outward expulsion of Si.

Fig. 2 shows the morphology and composition of the
Al-Fe-Si interlayer exposed after etching the surface Al
layer for 1-2 s in a solution of 25 mL of H,O, 15 mL
of HNO;, 15 mL of HF, and 45 mL of HCIL. After pickling,
the Al coating layer was dissolved with remaining the
Al-Fe-Si interlayer [8,9]. Cracks were observed on the
surface of the interlayer. These cracks appeared to have
formed during the coiling of the aluminized SS sheet ow-
ing to the brittle characteristic of the Al-Fe-Si interlayer
that formed between the coating layer and SS substrate.
Practically, the brittle characteristic of the alloy interlayer
is known to help prevent the excessive growth of the
interlayer.

The anodic polarization behaviors of the surface of the
bare type 409L SS without the Al coating, the surface
of the aluminized SS, and the surface of the interlayer

Al coating

Interlayer

409L substrate | '

Fig. 1 (a) Surface SEM image, (b) cross-sectional backscattered SEM image, and (c) corresponding compositional energy dispersive

X-ray spectroscopy profile of the aluminized stainless steel.
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Fig. 2 SEM image of an Al-Fe-Si interlayer exposed after the
etching of the surface Al layer.
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Fig. 3 Potentiodynamic curves of the surfaces of type 409L stain-
less steel, aluminized 409L stainless steel, and interlayer exposed
after the removal of the Al coating.

10° 10

exposed after removing the Al coating layer were inves-
tigated in 3.5% (=0.6 M) NaCl solution at 25 °C, and
the results are shown in Fig. 3. The bare type 409L SS
surface, aluminized SS surface, and interlayer surface rep-
resent the SS substrate, Al coating layer, and interlayer
in an aluminized steel, respectively. The corrosion poten-
tial (E.,») of the Al coating (-0.72 V vs. SCE) and inter-
layer (-0.69 V vs. SCE) was measured to be much lower
than that of type 409L SS (-0.28 V vs. SCE). On compar-
ison, E., of the interlayer was higher than that of the
Al coating. A more active E,,, of the Al coating and inter-
layer indicates that these coating layers can successfully
act as galvanic protection layers for the type 409L SS
substrate. The role of the interlayer is not clear with this
result alone. However, it is considered that this layer that
formed between the SS substrate and Al coating may act
as a buffer layer for rapid pit penetration by mitigating
the large E.,, difference between the SS substrate and
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Fig. 4 Potentiodynamic curves of the 409L stainless steel substrate,

the Al coating surface, and the micro-area including the interlayer
obtained using a capillary-based droplet cell.

Al coating,

The aluminized 409L SSs were mounted with epoxy
so that the side of the samples were exposed to the envi-
ronment and polished, as shown in Fig. 1b. Then, polar-
ization curves were obtained from the 409L SS substrate
area and the area including the interlayer. Furthermore,
a polarization test was conducted on the Al coating using
a capillary-based droplet cell for comparison. Due to the
limitation of capillary size, the area including the inter-
layer part was used for the test. Fig. 4 shows the polar-
ization curves for the type 409L SS substrate, Al coating
surface, and micro-area including the interlayer, measured
in 0.2 M of NaCl solution at 25 °C. To avoid crevice
corrosion in the capillary tip, we slightly decreased the
NaCl concentration compared to that used in the mac-
ro-polarization test. E.,, of the 409L SS surface, Al coat-
ing surface, and area including the interlayer was meas-
ured to be -0.25, -1.21, and -0.7 V vs. SCE, respectively.
In addition, the measured pitting potential (E,;) for the
409L SS and Al coating surface was 0.17 and -0.72 V
vs. SCE, respectively. The Al coating showed a passivity
behavior different from that observed in the macro-polar-
ization test. This phenomenon may be attributed to the
slightly lower chloride concentration and to the lower
probability of defects in the micro-area sample. The pit-
ting corrosion was highly dependent on the surface defects
in the sample. Generally, a smaller sample area contains
fewer total defects that can influence the pitting corrosion.
E.orr was higher in the order of 409L SS > alloy layer
> Al coating. It has been well known that an Al coating
layer is more active than a SS substrate and, thus, can
act as a sacrificial anode for the substrate. In addition,
from this work, it was found that the alloy layer can act
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Fig. 5 Schematic of the growth of the pitting comrosion: (a) Al coating on a 409L stainless steel substrate without an alloy layer, (b)
Al coating on a 409L stainless steel substrate with an alloy layer, and (c) polarization curves of the 409L stainless steel, alloy layer,

and Al coating.

as a buffer layer between the Al coating and 409L SS
substrate, and also as an anode for the SS substrate.
The mechanism for pit penetration in aluminized SS
is suggested as shown in Fig. 5. In the case of direct
Al coating on 409L SS without the alloy layer, the galvan-
ic corrosion effect can be more severe owing to the larger
gap in E,,, between the Al coating and 409L SS substrate.
The propagation of the pit through the Al coating is ar-
rested when the pit reaches the SS substrate. Instead, the
pit can grow laterally owing to the large galvanic effect
between the Al coating and 409L substrate. However, a
highly occluded environment can increase the acidity of
the pit and, accordingly, the pit can initiate and grow into
the SS substrate further. In contrast, for the case in which
the alloy layer is located between the Al coating and SS
substrate, the alloy layer can act as a buffer for the pit
growth and the severity of the pitting corrosion can be
less since E.,, of the alloy layer is between that of the
Al coating and SS substrate. Accordingly, pitting corro-
sion can be retarded compared with the case without the
alloy layer. Unfortunately, this hypothesis could not be
verified perfectly owing to the difficulty in the direct ob-
servation of pit growth. Hence, further study is required.

4. Conclusions

The corrosion behavior of aluminized type 409L (11%
Cr) stainless steel (SS) was investigated using macro- and
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micro-scale polarization tests. An Al-Fe-Si alloy layer was
observed between the Al coating and 409L SS. In the
alloy layer; Si enrichment was observed in the interface
between the Al coating and alloy layer owing to the prefer-
ential formation of the Al-Fe alloy layer and the resultant
outward expulsion of Si. In both, the macro- and mi-
cro-scale polarization tests, the corrosion potential (E...)
of the 409L SS substrate was much nobler than that of
the Al coating and the alloy layer. E.,, of the alloy layer
was between that of the Al coating and 409L SS substrate.
This indicates that the alloy layer can act as a buffer be-
tween a more active Al coating and a nobler SS substrate
for the pit growth in the aluminized SS. The presence
of the alloy layer appears to be helpful in hindering the
pitting corrosion of aluminized SS.
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