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Abstract

Hot-dip aluminum coating technique has been applied to improve the high-temperature oxidation resistance of steels. This
method is adopted widely due to the low cost and good performance. The purpose of this paper is to study the formation of
intermetallic layers during the hot dipping of mild steel into a molten aluminum bath. Mild steel specimens were immersed
into molten aluminum alloy baths at 750 °C for 1 h, 2 h and 3 h. Intermetallic compounds were analyzed by optical micro-
scope, scanning electron microscope coupled with energy-dispersive spectroscopy and X-ray diffraction analysis. This study
was completed by microhardness testing. The results showed that the hot-dip aluminized layer was divided into an outer
pure aluminum or aluminum-silicon topcoat and an intermetallic layer. In the bath of pure aluminum, the intermetallic layer
was the thickest and consisted of an outer FeAl, layer and an inner Fe,Al; layer adjacent to the steel substrate with tongue-/
finger-like morphology, while in the Al-Si alloy bath, the thickness of the intermetallic layer decreased substantially and the
interface intermetallic/steel substrate becomes flat. The ternary phases AlgFe,Si and Fe;Al,Si; are identified in addition to
FeAl; and Fe,Als. The microhardness testing recorded high values of the intermetallic layers, up to 800Hv,,;, which confirms
the high brittleness of the intermetallic compounds.
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Introduction layer of alumina Al,O; [3-8]. This process is widely used in
industry for its efficiency and low cost [9—11]. It offers the
advantage of improved weldability and exhibits an increased

oxidation resistance at elevated temperatures [5].

Mild steel or low carbon steel is the most commonly used
as structural materials for its relatively lower cost than alloy

steel. Despite this, this material cannot provide sufficient
oxidation resistance at high temperatures [1, 2]. Several
methods can be used for producing heat and oxidation-resist-
ant coating on the mild steel. One of these methods consists
of aluminum coatings. Hot-dip aluminizing is an effective
surface coating technique to produce an aluminum coating
layer over the steel surface by generating a thin and dense

< Meriem Kab
meriemkab22 @hotmail.fr

Laboratory of Science and Materials Engineering,
Department of Materials Science, Faculty of Mechanical
and Process Engineering, University of Science

and Technology Houari Boumediene (USTHB), BP32,
16111 El Alia, Bab Ezzouar, Algiers, Algeria

Department of Mechanical Engineering, Faculty
of Construction Engineering, University Mouloud Mammeri
of Tizi-Ouzou (UMMTO), 15100 Tizi Ouzou, Algeria

@ Springer

The hot-dip aluminizing process is done by immersing a
solid steel substrate in a bath of liquid aluminum for a period
of time at a fixed temperature to form aluminide layers on
the surface of the steel by the inter-diffusion phenomenon
of iron and aluminum atoms. Then, the residual aluminum
liquid on the surface will form an aluminum top coat layer
with the same composition as the aluminum bath after
removing the steel from the latter. As a result of the steel/
aluminum interdiffusion, the aluminide coating possesses
an outer aluminum topcoat and inner intermetallic layer at
the interface between the steel substrate and the Al coating.
The formation of these intermetallics is strongly influenced
by the chemical composition of the Al bath, coating thick-
ness, immersion time and the aluminizing temperature [12].

The microstructure of the intermetallic layer of mild steel
dipped in pure aluminum is composed of minor FeAl; and
major Fe,Als, and the interface between FeAl intermetal-
lic layer and the steel substrate is irregular and possesses
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a tongue-like morphology [13]. In addition to these two
phases in some works was mentioned the presence of the
Fe;Al phase at the interface steel/intermetallic [14-16].
However, these intermetallics are quite brittle which limits
the formability of hot-dip aluminized parts and the irregu-
lar interface acts as a stress concentrator on the aluminide
layer. The intermetallic layer with a rough interface can eas-
ily crack as a flat interface when external loads are applied
to the aluminized steel during assembly procedures at room
temperature [14]. Therefore, in industry, silicon is frequently
used in the aluminum bath to reduce the thickness of the
brittle intermetallic layer [17]. Study concerning the effect
of silicon on the formation of intermetallic phases in mild
steel [18], indicates that adding 5 wt.% of silicon to the alu-
minum bath will considerably decrease the thickness of the
intermetallic layer by about 85% from that of hot dipping in
pure aluminum. Although the thickness of the intermetallic
layer keeps reducing as the silicon content in the aluminum
bath increases and the rough interface intermetallic layer/
steel substrate transforms into a smooth interface. Previous
studies about hot dipping in aluminum bath with various
silicon content [12, 19] have proposed that the addition of
10 wt.% silicon is sufficient to reduce the thickness of the
intermetallic layer and flatten the intermetallic layer/steel
substrate interface. Also, the addition of silicon to the alu-
minum bath not only modifies the microstructure of the
aluminide layer but also results in the formation of ternary
Fe—Al-Si intermetallic compounds additional to FeAl inter-
metallic compounds [12].

The present work aims to investigate the interaction
between mild steel and molten aluminum at 750 °C for vari-
ous immersion times and study the effect of addition silicon
in the aluminum bath during the hot-dip aluminizing process
on the formation and phase identification of intermetallic
layers at the interface. The mechanical properties of the reac-
tion layers are also evaluated by microhardness indentations.

Experimental Procedures

Mild steel is used as a substrate in this study, and a commer-
cial aluminum and aluminum-silicon alloy (AS10) are used
for the aluminizing process. The chemical compositions of
the adopted steel and the aluminum alloys are indicated in
Table 1. In addition to the elements mentioned in the table,
the Al contains traces of Bi, Ca, Co, Ga, Pb and Zr less than

1% and AS10 contains Mg, Pb and Co less than 0.6%. These
elements in minimal amount do not react in the formation
of intermetallics.

Aluminum baths are prepared by melting Al and Al-Si
alloy in a graphite crucible containing liquid bath during the
immersion of the steel. Before immersion, specimens for
the hot-dip treatment were degreased in NaOH at 50 °C for
5 min, then rinsed with distilled water and pretreated in KC1
at 92 °C for 2 min. The aluminizing process was carried out
by immersing the steels in molten aluminum and Al-Si alloy
at 750 °C for 1 h, 2 h and 3 h and then cooled down to room
temperature. After hot dipping, aluminized steel specimens
were prepared for cross-sectional metallographic examina-
tions using standard grinding and polishing.

The microstructures characterization was carried out
using an optical microscope and JEOL JSM 6360 scanning
electron microscope coupled with an energy-dispersive
(EDS) equipment. Phase identification was performed by
XRD in a PANalytical X Pert PRO diffractometer. Micro-
hardness measurement (Hv,,) was taken at the surface of
the coating to the steel substrate. A load of 987.7 mN was
applied to the specimen for 10 s to determine the microhard-
ness profile.

Results and Discussion

Microstructure and Phase Identification
in Aluminide Layers

Hot Dipping in Al Melt

Optical micrographs of mild steel after hot dipping in Al
bath at 750 °C for 1, 2 and 3 h, respectively, are shown in
Fig. 1. All the aluminide layers were composed of an outer
aluminum coating in the surface and an inner intermetal-
lic layer. The steel substrate has a pearlitic—ferritic micro-
structure. The interface between the intermetallic layer and
steel substrate has a typical morphology, which is called
“tongue/finger”-like morphology in the literature [13-20],
and it is oriented perpendicular to the steel substrate. We
notice that after the process of hot dipping, the coating has
a high roughness and the thickness was not uniform on the
whole steel substrate.

It can be seen that the thickness of the intermetallic layer
increases with dipping time for all specimens. The total

Table 1 Chemical composition

. Alloy Fe Al Si C Cu Cr Mn Mo Ni Zn Sn Ti
of steel and aluminum alloys
(wt.%) Steel Bal.  0.008 0.24 024 025 0.15 0.6 0.04 0.16 0.001 0.01 0.01
Al 0.58 Bal. 026 - 028 0.14 0.59 - 0.12 022 0.11 0.08
ASI0 <0.65 Bal. 9t010.5 - <0.10 - 025t00.5 — <0.05 <0.10 <0.05 <0.1
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Fig. 1 Optical cross-sectional micrographs of mild steel after hot dipping into Al bath at 750 °C at different immersion times (t=1 h, 2 h and

3h)

Steel substrate

Fig.2 (a) Cross-sectional BSE micrograph of intermetallic layers in
mild steel after hot dipping in AL bath at 750 °C for 3 h, (b) BSE
micrograph corresponding to the rectangular region in (a) and (c)

thickness of the intermetallic layer was about 367.22 um,
467.07 um and 595.60 pm for an immersion time of 1, 2 and
3 h, respectively. The measurement was taken by taking the
average of several measurements because of the irregularity
of the morphology of the intermetallic layer.

The cross-sectional BSE micrographs of aluminized
steel after dipping in Al bath at 750 °C for 3 h are shown in
Fig. 2a. The aluminide layer was composed of an outer alu-
minum topcoat and an inner continuous Fe—Al intermetallic
layer. The interface Fe—Al/steel substrate showed a tongue-
like morphology, which was rougher than the interface alu-
minum topcoat/Fe—Al intermetallic. From the micrograph in
Fig. 2b, the intermetallic layer near the aluminum topcoat
displays an atomic number contrast image which possesses
a thin gray outer layer about 18.38 um in thickness and a
major light gray inner layer about 570.83 um, implying that
the gray outer layer possesses a relatively lower iron con-
tent than the major light gray inner layer. The correspond-
ing chemical compositional results determined by EDS are
shown in Table 2. Referring to the Fe—Al binary phase dia-
gram [21], this indicates that the gray outer layer near the
coating which contains about 21.19% of iron and 77.94% of
aluminum (point A) corresponds to the composition of FeAl,

@ Springer

micrograph of the outer aluminum topcoat of mild steel after hot dip-
ping in Al bath at 750 °C for 3 h

Table2 Average composition of intermetallic phases in the alumi-
nide layer on mild steel hot dipped into a molten aluminum bath for
3 hat 750 °C (at.%)

Position ALK Fe K Mn K Phase
A 77.94 21.19 00.87 FeAl,
B 73.66 26.01 00.34 Fe,Als
C 84.92 12.64 02.43

and the inner layer adjacent to the steel substrate with the
content of 26.01% of iron and 73.66% of aluminum (point
B) corresponds to the composition of Fe,Als. According to
the EDS analysis, Mn is also present in the intermetallic
layer at a very small amount, which may come from the steel
substrate and the Al bath.

In the aluminum topcoat (Fig. 2c), there are dispersive
compounds which possess needle-like and plate-shaped
morphologies with contrast similar to that of the intermetal-
lic layer formed following the interdiffusion of the two ele-
ments iron and aluminum. The composition of the dispersive
compounds located in the aluminum topcoat is about 84.92%
Al and 12.64% Fe. The high aluminum content could be
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attributed to the small area of the compounds, such that the
electron beam of SEM hit both the dispersive intermetallic
compounds and the aluminum topcoat during EDS analysis.
These compounds are formed by eutectic reaction during
solidification of the Al melt and due to the dissolution of
iron in the liquid Al [13].

Cracks are visible in the intermetallic layer and can be
attributed to the polishing and the fragility of the interme-
tallic compounds. Some voids are detected at the interface
between the steel and the Al coating. These voids are formed
as a result of the difference mobility of Al and Fe atoms cor-
responding to the Kirkendall’s effect [22].

The Fe,Alj layer is larger than the FeAl; one, and the
interface between the steel and Fe,Als appears highly irregu-
lar with peaks oriented toward the steel substrate (tongue-
like morphology).

The growing of the aluminide layer was dominated by
iron diffusion into a molten aluminum bath. The reaction
between the solid steel and liquid Al started with the disso-
lution of Fe which has a higher diffusion rate in liquid than
that in solid and due to the solubility of Fe in liquid Al [21],
resulting, primarily, in the formation of FeAl; phase at the
liquid/solid interface, followed by the formation of Fe,Al;
phase between FeAl; and steel substrate [23].

The growth mechanism of the Fe,Als layer is due to the
30% vacancy rate in the C-axis, [001] direction of the crystal
structure of Fe,Als causing aluminum atoms to diffuse much
faster inward the steel. Thus, Fe,Als tends to be oriented by
the fixed C-axis of the crystal structure and grows rapidly
along the diffusion direction during hot dipping causing the
tongue-like morphology [20].

Hot Dipping in Al-Si Melt

Optical micrographs of mild steel after hot dipping in Al-Si
bath at 750 °C for 1, 2 and 3 h, respectively, are shown
in Fig. 3. The aluminide layers were composed of an outer
aluminum-silicon coating on the surface and an inner

intermetallic layer. The morphology of the interface inter-
metallic layer/steel substrate becomes smoother with the
addition of silicon in the bath. The total thickness of the
intermetallic layer was about 40.07, 58.62 and 97.34 pym at
the same immersion times. We notice that the thickness is
reduced to about one-third of that observed in hot dipping
into the aluminum bath and this is explained by the addi-
tion of silicon in the aluminum melt which reduces strongly
the thickness of the reaction zone. This result agrees with
the work of EGGLER et al. [24] and Cheng et al. [25] who
found that silicon has an inhibiting effect on the growth of
the intermetallic layer at the interface steel/coating.

These observations indicate that the addition of Si in the
Al melt reduces the growth rate of the intermetallic layer
and influences the morphology too. Since then, it has been
reported [13] that the addition of an element in the Al bath
forms solid solutions or phases that reduce the diffusion rate
of the iron or aluminum atoms across the intermetallic layer
and then reduces the growth rate of the intermetallic layer.

The cross-sectional BSE micrograph of mild steel hot
dipped in aluminum-silicon bath for 3 h is shown in Fig. 4,
and the corresponding EDS analysis is given in Table 3.

As for the steel dipped in Al, the aluminide layers were
composed of an outer Al-Si topcoat and an inner interme-
tallic layer. The intermetallic layer is composed of Fe,Al;
and FeAl; phases in addition to two Fe—Al-Si intermetal-
lics. AlgFe,Si layer is formed above FeAls;, and Fe;Al,Sij; is
formed between FeAl; and Fe,Als. In the Al-Si topcoat, we
found scattered compounds which possess a polyhedral mor-
phology and some plate-shaped particles. Also, the AlgFe,Si
phase was detected directly at the steel/coating interface
toward the Al-Si alloy coating and possessed an irregular
polygonal shape. The irregular shape results from the diffu-
sion of iron into the liquid Al during the hot dipping leading
to solidification of AlgFe,Si at the steel/coating interface.

Figure 5b shows the EDS lines scan profile of Al, Fe and
Si along the white arrow in Fig. 5a. The measurements are
taken on steel dipped for 3 h in the Al-Si bath, starting from

Fig.3 Optical cross-sectional micrographs of mild steel after hot dipping into Al-Si bath at 750 °C at different immersion times (=1 h, 2 h and

3h)
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Fig.4 Cross-sectional BSE micrograph of intermetallic layers in mild
steel after hot dipping in Al-Si bath at 750 °C for 3 h

Table 3 The average composition of intermetallic phases in the alu-
minide layer on mild steel hot dipped into molten Al-Si for 3 h at
750 °C (at.%)

Position AlK Fe K Si K Phase

A 69.11 17.62 13.27 AlFe,Si
B 71.44 22.34 06.21 FeAl,

C 40.38 33.48 26.15 Fe;Al,Si,
D 69.54 27.79 02.67 Fe,Al;

the steel substrate to the aluminum-silicon topcoat. The
concentration profile changes continuously across the inter-
metallic layer. The changing concentration of the elements
suggests that the layer is composed of numerous phases.
AlgFe,Si phase is directly adjacent to the Al-Si coating

Concentration At%

ey
FeAl;

AlFe,Si

Al-Si
AlgFe,Si

50 ym

followed by FeAl;, and the profile shows a Si peak in the
continuous white layer, at the interface between Fe,Al; and
FeAl; and corresponds to the Fe;Al,Si; phase.

In the XRD (Fig. 6), peaks of high intensity correspond-
ing to the iron phase are detected. The other peaks corre-
spond to Fe,Als, FeAl;, AlgFe,Si and Fe;Al,Si; phases.
We find peaks that were identified as Fe, ;AlSi. This phase
could correspond to the plate-shaped particles scattered in
the Al-Si topcoat.

The interface between Fe,Als layer and steel substrate
transformed from the tongue-like morphology into a flat
morphology. This effect is attributed to the silicon present
in the aluminum bath, which subsequently reduces the dif-
fusivity of aluminum atoms in Fe,Als layer by occupying the
vacancies in the c-axis of the crystal structure of Fe,Als [26].

The thickness of the Fe,Als phase is reduced from 570 um
in aluminizing with pure aluminum, to about 85 um in alu-
minizing with Al-Si. This reducing in thickness may be
explained by the formation of the ternary phase Fe;Al,Si;,
which could act as a diffusion barrier. The presence of ter-
nary phases could influence the growth of the Fe,Als phase,
either by its nucleation or by its role as a diffusion barrier.
According to our results, the Si enrichments in the white
band considered as the Fe;Al,Si; phase constitute a dif-
fusion barrier for the Al atoms in the Al bath containing
10 wt.% Si, thereby reducing the growth of Fe,Als phase
[27, 28]. Fe;Al,Si; phase observed at FeAl,;/Fe,Als interface
possesses the highest iron content and high silicon content
(about 33.48 at.% iron and 26.15 at.% silicon in this study),
and the lower silicon content in the Fe,Als phase (2.67 at.%)
shows that silicon is less soluble in the Fe,Als phase [29].

Studies concerning the formation of hexagonal AlgFe,Si
phase [30] have indicated that this phase is formed pref-
erentially at a relatively slower solidification rate. As
the silicon content in the aluminum bath increased and
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Fig.5 EDS lines scan obtained on a specimen dipped for 3 h in Al-Si bath
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Fig.6 XRD patterns of intermetallic layers formed in the hot-dip aluminized specimen in Al-Si at 750 °C for 3 h

approached the eutectic point of aluminum and silicon,
the liquidus line of the molten aluminum bath decreased
from 660 °C for pure aluminum to 600 °C for Al-13%
Si. This decrease of the liquidus line of the Al-Si melt is
because the Al-Si bath would possess a relatively slower
solidification rate than a pure Al bath cooled from the tem-
perature of 750 °C to room temperature. Consequently, in
this study, the formation of hexagonal AlgFe,Si is due to
the solidification rate of residual aluminum-silicon liquid
on the surface of the steel that was slowed down by adding
10 wt.% of silicon to the aluminum bath.
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Microhardness Measurement

Figure 7 shows the microhardness measurements in the cross
section of the steel hot dipped in Al and Al-Si bath at 750 °C
for 3 h.

The intermetallic layer formed between Al and steel
substrate has average microhardness values above 854Hv,
compared to the average microhardness of the aluminum
coating layer of about 86.1Hv,,; and that of the steel about
195Hv,,, whereas in the Al-Si bath, the average microhard-
ness values of the intermetallic layer are above 790Hv,. The
fragility is therefore very marked, and when carrying out the

900 : :

T T T
400 600 800

o4

200 1000

Distance (um)

Fig. 7 Microhardness distributions from the coating to the steel substrate after hot dipping at 750 °C for 3 h in (a) Al bath, (b) Al-Si bath
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test, the indentation causes cracks around the impression of
microhardness.

Al Fe,Si, phases formed between steel and Al-Si coating
have a lower microhardness compared with Fe, Al phases in
samples coated with Al and are more brittles.

The steel, whose initial hardness is about 246 Hv,,
undergoes a softening when immersed in liquid aluminum
at 750 °C, resulting in a decrease in its hardness (values
that vary between 236 Hv; and 146 Hv,),). This decrease in
microhardness is due to the annealing of steel. Indeed, the
temperature of 750 °C, the holding time (3 h of immersion)
and the relatively slow cooling (ambient air) represent the
cycle of the annealed heat treatment.

In our case, in the absence of mechanical stress, the
phenomenon of softening of the steel is of thermal origin.
Indeed, the reactive environment, favoring the diffusion of
iron and aluminum atoms, can be the origin of the fluctua-
tions of the hardness of the steel at depth.

Conclusion

The formation of aluminide layers on mild steel during hot-
dip aluminizing process at 750 °C was investigated. Two
intermetallic phases have been identified in the pure alu-
minum bath, FeAl; phase near the aluminum topcoat and
a major Fe,Als phase with tongue-/finger-like morphology
oriented perpendicularly to the surface of the mild steel.
The aluminide layer was thick and increases with increas-
ing in dipping time. The presence of Si in Al melt influ-
enced the overall thickness of the aluminide layers which
seems to decrease, and the interface tends to become pla-
nar. Besides, it influences the growth of Fe,Als phase and
resulted in the reduction of this layer. In addition to FeAl;
and Fe,Als phases, two other phases AlgFe,Si and Fe;Al,Si,
were detected. Also, Fe, sAlSi phase was found in the Al-Si
topcoat and confirmed by XRD pattern. The very high val-
ues of microhardness Hv (above 800Hv,),) confirm the high
brittleness of the intermetallic layer and allow to notice the
softening by annealing of the steel after the process of hot-
dip aluminizing.

The adherent coating of Al or Al-Si will offer good
protection to the steel since the interest of this process is
increasing the corrosion and oxidation resistance. For future
work, it would be interesting to study the influence of inter-
metallic layers on the corrosion behavior of aluminized steel.
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