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Abstract

The morphology and microstructure of an intermetallic layer formed on the surface of Fe-8Al-30Mn-0.8C alloy by hot-dip aluminization
treatment have been examined in detail. The phases present in the coating are unambiguously identified by means of transmission electron
microscopy. After aluminization, a two layer coating was formed consisting of an external Al layer and a (Fe, Mn),Als intermetallic on top of the
substrate. The (Fe,Mn),Als compound has an orthorhombic structure with lattice parameters ¢=0.752 nm, 5=0.667 nm and ¢=0.417 nm. The
activation energy (Erenmnal) for the growth of such an intermetallic layer is calculated to be 52.7 kJ/mol. These results are different from those
observed in aluminized low-carbon steel (Ex.). The difference between Erevnar and Ef, is attributed to the alloying elements (Mn) in the present
alloy. Environmental salt fog corrosion and high temperature oxidation tests were carried out to examine the corrosion and oxidation resistance.
The results indicated that both the corrosion and oxidation resistance of the Fe-8Al-30Mn-0.8C alloy treated by hot-dip aluminization can be

significantly increased.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fe-Al-Mn alloy is used in some commercial products re-
quiring light weight, ductility and high strength. Although the
corrosion resistance of Fe-Al-Mn alloy is higher than that of
carbon steel, it is still inferior to that of conventional stainless
steel [1-5]. Despite attempts to develop Fe-Al-Mn alloy as a
substitute for stainless steel, the alloy’s lower corrosion resis-
tance restricts its industrial applications.

Surface coatings have been considered for improving the
corrosion resistance of Fe-Al-Mn alloy [6—9]. Taking into
account the factors of environmental protection, economy and
convenience for mass production, and superior corrosion
resistance, hot-dip aluminizing is one of the most practical
processes utilized on Fe-Al-Mn alloy. Hot-dip aluminization
has been applied to carbon steels, low-alloyed steel, stainless
steels and so on. It has been pointed out that an intermetallic
layer forms on the surface of the steel substrate during the hot-
dip aluminizing process. Such an intermetallic layer dominates
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the performance of the uncoated material, so that much effort
has been made to evaluate its microstructure and characteristics
[10-20]. Many investigations have shown that the microstruc-
ture of an intermetallic layer is significantly influenced by the
chemical composition of the substrate and the coating bath
[21,22]. In most studies, either X-ray diffraction or energy-
dispersive X-ray spectrometry (EDS) analysis was exclusively
used to examine the intermetallic phases. However, it is hard to
identify precisely an intermetallic phase by X-ray diffraction
due to the complex spectrum and very weak intensities of the
peaks obtained from the thin intermetallic layer. Also, the
intermetallic phase may exist in a range of compositions rather
than having a stoichiometric constitution.

So far, although the intermetallic layers formed on carbon
steel during the hot-dip aluminizing process have been
extensively examined, at present the corresponding information
concerning layers formed on Fe-Al-Mn alloy is unavailable.
Therefore, the main purpose of this study is an attempt to inspect
in detail and the morphology and microstructure of the
intermetallic layer formed on hot-dip aluminized Fe-8Al-
30Mn-0.8C alloy by means of transmission electron micros-
copy (TEM). The activation energy of growth for such an
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Fig. 1. Cross-sectional optical micrographs of the coating layers formed on the
present Fe-Al-Mn alloy after aluminizing at 973 K, 1023 K and 1073 K for
various time periods. (a: Al layer; b: intermetallic layer; c: substrate).

intermetallic layer is also evaluated. Finally, after the hot-dip
aluminizing process, the corrosion and oxidation resistances are
also examined.

2. Experimental procedure

The present alloy, Fe-8wt.%Al1-30wt.%Mn-0.8wt.%C, was
prepared in a vacuum induction furnace by using 99.5% iron,
99.7% aluminum, 99.9% manganese, and pure carbon powder.
After being homogenized at 1523 K for 12 h under a controlled
protective argon atmosphere, the ingot was hot-forged and then
cold-rolled to a final thickness of 2.0 mm. The sheet was
subsequently solution heat-treated at 1373 K for 2 h and rapidly
quenched in room-temperature water. The hot-dipped speci-
mens were first cleaned and degreased and then coated with a
welding flux consisting of 30% Na3;AlFs and 70% NaCl. After
the pretreatment, the specimens were immersed in a bath of pure
molten aluminum held at 973 K, 1023 K and 1073 K for various
time periods.
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Fig. 2. Concentration—depth profiles for elements in the coating layers formed
on the present Fe-Al-Mn alloy after aluminizing at 973 K for 60 s.

Optical metallography samples for cross-sectional observa-
tions were mounted on bakelite, ground with emery paper,
polished with 0.05 pm Al,O5; powder and finally etched using a
solution of 5% HNOj3 and 95% ethanol. TEM specimens were
polished to a thickness of around 40 pm and then argon-ion
milled using a Gaton ion-milling machine. These specimens
were examined on a JEOL-2000FX scanning transmission
electron microscope operating at 200 kV. This microscope was
equipped with a linked ISIS 300 energy-dispersive X-ray
spectrometer (EDS) for chemical analysis. Quantitative analy-
ses of the elemental concentrations of Fe, Al, and Mn were
obtained with the aid of the Cliff-Lorimer ratio thin section
method. Elemental depth-profile analyses from the surface of
the hot-dip aluminized specimens to the substrate were
examined by using LECO-GDS-750A glow discharge spec-
troscopy (GDS) system. Microhardness measurement for the
coating layers was carried out using a Vickers FM7360
microhardness tester under a load of 25 g for 10 s. The
ASTM B117 salt fog spray test was used to evaluate the
accelerated corrosion performance. The specimens were
exposed to a salt fog generated by a 5% sodium chloride
solution at 300 K for various times. For the oxidation test, the
specimens were heated to 1173 K in ambient air for various
times. The oxidation resistances were evaluated by measuring
the mass change of the specimens after the oxidation tests. After
removing the oxide layer from the specimen, X-ray diffraction
(XRD) investigation was carried out to identify the oxide layer
by using a Siemens D500 diffractometer.

3. Results and discussion
3.1. Microstructure and phase constitution

Fig. 1 shows a typical multi-layered morphology of the
present alloy after immersion in a molten aluminum bath held at
973 K, 1023 K and 1073 K for various time periods. Fig. 1
reveals dark lines appearing at the coating surface interface
(between layer “b” and “c”, as indicated by arrows). This is due
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Fig. 3. Microhardness—depth profile of the coating layers formed on the present
Fe-Al-Mn alloy after aluminizing at 973 K for 60 s.
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Fig. 4. Cross-sectional transmission electron micrographs of the area close to the interface between the (Fe,Mn),Als intermetallic layer and the substrate: (a) BF,
(b)—(d) three SADPs taken from the intermetallic layer; the zone axes are [010], [011] and [110], respectively.

to the difference of the etching rate between the coating layers
and the substrate. In order to observe the coating layers (Al layer
and intermetallic layer), prolonged etching time period is
necessary. It results in the over-etched substrate, especially on
the grain boundaries and the interface between the intermetallic
layer and substrate. GDS was used to evaluate the concentra-
tion—depth profiles for elements from the outermost surface to
the substrate. Fig. 2 exhibits the typical results obtained by

1800

1600: Al

— Fe _Mn Al
at% 203 9.6 70.1

12004
1000+ Fe
800

Intensity

600
400
200

0 +—T T T T

1 > 10 15
Energy (kev)

Fe

Fig. 5. Typical EDS spectrum taken from the intermetallic layer present in
aluminized Fe-Al-Mn alloy.

GDS, revealing two obvious changes in chemical composition
and three regions with uniform constitution. Fig. 2 indicates that
these three regions can be considered to be an aluminum layer,
the intermetallic layer and the substrate, respectively. Fig. 3
displays the microhardness—depth profile of the coating,
showing that the hardness values of the Al layer, intermetallic
layer and substrate are about Hv 55, Hv 1100 and Hv 250,
respectively. The intermetallic layer with a hardness of Hv 1100
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Fig. 6. Relationships between the thickness of the intermetallic layer and the
square root of the dipping time at 973, 1023 and 1073 K, respectively.
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Fig. 7. Plot of the logarithm of the growth-rate constant (InK) against the
reciprocal of the dipping temperature (1/7).

is about 40 pm thick, similar to the thickness observed in Fig. 2.
The above results imply that the two reacting layers formed on
the surface of the present alloy after hot-dip aluminizing at
973 K, are an aluminum layer and an intermetallic layer. The
intermetallic phase has a chemical composition of 69.9 at.% Al,
19.8 at.% Fe and 9.9 at.% Mn.

In order to unambiguously identify the intermetallic layer
and evaluate its microstructure, TEM examinations were
performed. Fig. 4(a) is a cross-sectional bright-field (BF)
transmission electron micrograph taken from the area close to
the interface between the intermetallic layer and the substrate,
revealing a columnar-like morphology of the intermetallic
grains. In Fig. 4(a), a dark zone appears at the interface between
the intermetallic layer and substrate, which is of the residual
welding flux during hot-dip aluminizing. Fig. 4(b)—(d) are three
selected-area diffraction patterns (SADPs) taken from the
intermetallic layer in Fig. 4(a). The intermetallic phase is (Fe,
Mn),Als, having an orthorhombic structure with lattice
parameters a=0.752 nm 5=0.667 nm and ¢=0.417 nm; the
zone axes of Fig. 4(b)—(d) are [010], [011] and [110],
respectively. Fig. 5 is a typical EDS spectrum taken from the
intermetallic phase shown in Fig. 4. This is consistent with the
literature [12,15,19,20,23]. As reported previously, columnar-
like Fe,Als intermetallic grains, having an orthorhombic
structure with lattice parameters a=0.768 nm b=0.640 nm
and ¢=0.420 nm, are observed in aluminized low-alloyed steels
[11,12,15,17,19]. The difference of the lattice parameters
between (Fe,Mn),Als and Fe,Als is attributed to the different
atomic radii of Fe and Mn atoms.

Table 1

Area fractions of red/white rust produced in uncoated Fe-Al-Mn alloy,
aluminized Fe-Al-Mn alloy and 304 stainless steel after undergoing salt fog
spray test for 72, 240 and 1200 h

Materials Exposing time

72h 240 h 1200 h
Uncoated Fe-Al-Mn-C Alloy 50% 88% 100% (Red rust)
Aluminized Fe-Al-Mn-C Alloy 13% 26% 37% (White rust)
304 stainless steel 7% 19% 31% (Red rust)

Uncoated Aluminized 304
Fe-Al-Mn Fe-Al-Mn stainless
Alloy Alloy steel

Fig. 8. Optical micrographs of the surface of uncoated Fe-Al-Mn alloy,
aluminized Fe-Al-Mn alloy and 304SS after undergoing salt fog spray test.

3.2. Growth kinetics for the (Fe,Mn),Als intermetallic layer

Earlier studies have shown that the growth rate of the Fe,Als
intermetallic is under diffusion control [12,19]. Thus, the
growth equation of an intermetallic layer of thickness x and
aluminizing time ¢ is

x = Ki'/? (1)
and

E
an:ano_ﬁ (2)

where K is a constant, R is the gas constant, 7 is the absolute
temperature and £ is the activation energy for the growth of the
intermetallic layer. Furthermore, the activation energy (Er,.) for
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Fig. 9. Plots of the weight gain against the exposure time for 316SS, uncoated
Fe-Al-Mn alloy and aluminized Fe-Al-Mn alloy oxidized at 1173 K.



C.W. Su et al. / Surface & Coatings Technology 202 (2008) 1847—1852 1851

e 0-AlO,
) * 8-ALO,

100+

Intensity
(=) 0
(=1 (=]

b &
(=] [=1
L 1

(=]

20 30 40 50 60 170
20 (degree)

Fig. 10. XRD pattern of the oxide layer formed on the surface of the aluminized
Fe-Al-Mn alloy after exposed at 1173 K for 96 h.

growth of the Fe,Als intermetallic layer formed at the interface
of aluminum and carbon steel has been reported to be 155 kJ/
mol at temperatures ranging from 943 K to 1073 K [13].

Fig. 6 shows the relationship between the thickness of the
(Fe,Mn),Als layer and the square root of the dipping time at
973, 1023 and 1073 K, respectively. As predicted from Eq. (1),
K is determined by the slope of the straight lines in Fig. 6. Fig. 7
shows a plot of InK against 1/7. Using Eq. (2), the activation
energy (Eremnal) for the growth of (Fe,Mn),Als was calculated
to be 52.7 kJ/mol by determining the slope of the nearly straight
line in Fig. 7. It is noteworthy that Erenvna (52.7 kJ/mol) is
much lower than Eg,. (155 kJ/mol).

The difference between Epevpna; and Er, is attributed to the
alloying elements in the present alloy. Akdeniz et al. evaluated
the effects of various alloying additions on the growth rate of
the intermetallic layer [21,24]. Based on their studies, Mn is
discovered to increase the activity coefficient of the Al atom and
the growth rate of the intermetallic layer. It appears therefore
that the large amount of Mn in this alloy enhances the growth
rate of the intermetallic layer, i.e., decreases the activation
energy for the growth of the (Fe,Mn),Als intermetallic layer.
Therefore, it is reasonable to propose that the presence of the
Mn alloying element in the present alloy may cause an increase
in the growth rate of the (Fe,Mn),Als intermetallic layer, which
results from the low activation energy.

3.3. Corrosion and oxidation tests

Salt fog spray test on 304 stainless steel and the present Fe-
8Al-30Mn-0.8C alloy with and without hot-dip aluminization
were studied. The experimental results of the area fractions of red/
white rust produced in these samples after exposed for 72, 240 and
1200 h are shown in Table 1. Fig. 8 reveals the surfaces of the
tested samples. Because of the protection in the aluminized Fe-Al-
Mn alloy by thick Al-rich coating layers, only white rust (Al,O5)
but no red rust (Fe,O3) was observed on the surface of the
specimen after undergoing the salt fog spray test. It can be seen
that the corrosion resistance of the present Fe-Al-Mn alloy treated
with hot-dip aluminization can be significantly improved and is
comparable to that of 304 stainless steel. On the contrary, the
uncoated Fe-Al-Mn alloy was totally eroded after undergoing salt
fog spray test for 1200 h.

Fig. 9 shows the mass variation of coated and uncoated Fe-
Al-Mn alloy as a function of exposure time at 1173 K in ambient
air, including 316 stainless steel for comparison purposes. The
aluminized Fe-Al-Mn alloy has the lowest weight gain
compared with uncoated Fe-Al-Mn alloy and 316 stainless
steel. This result shows that the hot-dip aluminizing treatment is
capable of remarkably increasing the oxidation resistance of the
Fe-Al-Mn alloy.

Previous studies [9,14—16,25,26] in general indicate that the
oxidation resistance of Al-rich alloys (in the present study (Fe,
Mn),Als) at high temperature is directly related to their Al
content, which determines the surface coverage by the
aluminum oxide formed. In order to identify the oxide layer,
XRD examination was carried out after removing the oxide
layer from the specimen. The XRD pattern is shown in Fig. 10,
which indicates the forming of Al,O3 layer on the surface of the
aluminized Fe-Al-Mn alloy after exposed at 1173 K for 96 h.
The alumina layer acts as a barrier against oxygen contacting
the substrate and provides an additional protection for the alloy
from high-temperature oxidation.

4. Conclusions

The coating layers formed on the surface of the Fe-8 AlI-30Mn-
0.8C alloy after hot-dip aluminizing consisted of an aluminum
layer and an intermetallic layer. The intermetallic layer was
identified to be the (Fe,Mn),Als phase, which had an orthorhom-
bic structure with lattice parameters ¢=0.752 nm, b=0.667 nm
and ¢=0.417 nm. The activation energy for the growth of this
intermetallic layer at temperatures ranging from 973 K to 1073 K
was calculated to be 52.7 kJ/mol. These results are different from
those observed in aluminized low-carbon steel. It is reasonable to
propose that the presence of the Mn alloying element in the
present alloy may lead to a decrease in the activation energy for
the growth of the (Fe,Mn),Als intermetallic layer. The hot-dip
aluminizing treatment leads to an obvious increase in the
corrosion and oxidation resistances of the Fe-8Al-30Mn-0.8C
alloy because of the formation of the (Fe,Mn),Als layer.
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