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Abstract. Compound castings between aluminum and steel have great potential for applications in the auto-
motive industry. However, due to large differences in thermal and mechanical properties between steel and
aluminum, and the formation of stable aluminum oxides at the interface, it is difficult to form high strength
metallic bonding between the two metals. In this work, A356/steel compound castings were produced through
a gravity casting process. Various metal coatings, including galvanizing, aluminizing and brass-coating, were
applied on the steel inserts to ensure that the A356 aluminum melt could react sufficiently with an oxide-free
steel surface, resulting in a high-quality metallurgical bond. The reaction layer formed between the alloys was
investigated using Optical Microscopy (OM), Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS). In addition, Vickers Micro-hardness was measured across the aluminum-steel in-
terface. Results showed that metallurgical bonding could be achieved with all three coatings. However, for the
brass-coated components only local bonding areas were found. In the aluminized and galvanized components,
thick reaction layers consisting of binary Al-Fe and ternary Al-Fe-Si phases formed in the aluminum-steel in-
terface. Between the A356 aluminum and aluminized layer, nearly no reaction layer formed. The mechanism
for the formation of the various intermetallic phases at the reaction layers are discussed.

1 Introduction

Aluminum alloy A356 is widely used in automotive cast-
ings due to its great castability, corrosion resistance and
strength-to-weight ratio, especially in the heat-treated con-
dition [1, 2]. However, steel is still superior in terms of
strength which makes it difficult to completely replace
steel with aluminum alloys. Therefore, the need for a
multi-material solution, such as an aluminum-steel com-
pound, arises. To achieve specific property- and functional
requirements, new methods must be developed to joint alu-
minum and steel effectively.

Compound casting is a casting process where two ma-
terials, one in solid state and one in liquid state, are joined
together. In the process, the liquid material is cast around
the solid, thus forming a diffusion zone between the two
metals, which results in a metallurgical bond. This join-
ing process is considered economically favorable in large-
scale production, due to reduction of process steps [3].

A challenge in compound casting is that a range of brit-
tle Al-Fe intermetallic phases form at the interface, which
is detrimental to the overall bonding strength [4]. Com-
pound casting is also difficult due to aluminum oxides
forming spontaneously on the metal surface [5]. These
oxides are very stable and have high melting points [6].
Therefore, it is difficult to achieve desired wettability be-
tween aluminum and steel, which will hinder formation of
a metallurgical bond.
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Numerous approaches have been considered in order
to achieve metallurgical bonding between aluminum and
steel. The most common method is to apply a thin coating
layer on the steel surface, such as flux coating or coating
with a low melting point metal. Zinc coating has been
reported to improve bonding, as it prevents the steel from
oxidizing and has a lower melting point than aluminum
[6]. This allows the zinc coating to melt during casting,
leaving a clean steel surface for the aluminum to react.

Springer, Szczepaniak and Raabe tested both hot-
dipped Zn coating and electrolytic-coated Zn on low-
carbon steel in a dip-test experiment in liquid Al. They
found that Zn-coating accelerated the growth of inter-
metallic phases as well as formation of a more uniform
reaction layer. A hot-dip Zn layer appeared to have the
largest effect on the results [7]. Kang and Kim joined
Al5052 and aluminized steel through an arc braze weld-
ing process. The aluminized layer was approximately 30
µm thick and consisted of an AlSi layer and an Fex(AlSi)y
layer, where the latter formed during the aluminizing pro-
cess. It showed that although the aluminized steel showed
slightly lower wettability compared to a galvanized steel
sample, the layer of intermetallic phases was thinner for
the aluminized joints [8].

The influence of various surface treatments of steel in-
serts in a compound casting process with aluminum al-
loy ZL114A, has been studied by Jiang et al. [9]. The
hot-dip aluminized layer was found to improve the bond-
ing compared to the uncoated steel. By using NH4Cl as
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a surface modifier prior to aluminizing, a reaction layer
formed in the interface causing the formation of a met-
allurgical bond, which significantly improved the overall
bonding. Hot-dip galvanizing of cylindrical steel inserts in
a Zn melt with 0.1wt% Ni improved wettability between
the steel and the ZL114A aluminum melt. Although this
helped formation of a metallurgical bond, it resulted in a
relatively thick reaction layer (∼650 µm thickness) [10].
Combining galvanizing and aluminizing also showed im-
proved bonding compared to joining aluminum ZL114A
to a bare grey iron surface. Galvanizing followed by alu-
minizing caused the aluminized layer to form a reaction
layer with the grey iron due to enhanced wettability. This
reaction layer then reacted further with the cast aluminum
alloy, resulting in a near uniform reaction layer in the final
component [11].

In the present research, the interface structure and
bonding properties between S235JR steel pipes, coated
with three different metallic coating layers, and aluminum
alloy A356 were investigated. The different coatings were:
galvanizing, aluminizing and brass-coating. Aluminum-
steel compound castings were produced in a sand mold
through a gravity casting process. Resulting microstruc-
ture in the interface was investigated. In addition, Vick-
ers microhardness was measured across the interface of
the various castings in order to assess the overall bonding
properties of the castings.

2 Experimental Procedure
Compound castings between aluminum and steel were
produced through a gravity casting process using a sand
mold, shown in Figure 1. S235JR steel pipes with an outer
diameter of 20 mm, a wall thickness of 1.5 mm and a
length of 155 mm, were used as inserts in the sand mold.
Aluminum alloy A356 was used as the casting alloy. Com-
positions of both materials are given in Table 1.

2.1 Surface Treatments

Three different surface coatings were tested in the experi-
ment. One third of the steel pipes were galvanized through
an industrial hot-dipping process. The steel pipes were im-
mersed into the Zn bath in a centrifuge to ensure uniform
coating. One third of the steel pipes were brass-coated.
The coating was performed by dipping the steel pipes in
a cartridge brass (C260) bath at approximately 1200◦C.
Boric acid is added to the bath to ensure better wetting and
prevent oxide formation during coating. The remaining
steel pipes were aluminized. First, they were ground with
1200 grit paper, cleaned in ethanol and then immersed in a
10% NH4Cl solution for five minutes at 75◦C followed by
air-drying. The salt-coated steel pipes were then preheated
to 150◦C and then dipped in a liquid aluminum AlSi7 melt
at 800◦C for five minutes.

2.2 Material Characterization

Samples with a thickness of 1 cm were cut from each cast-
ing perpendicular to the aluminum/steel interface. Fol-
lowing cutting, the samples were ground to 4000 grits on

Figure 1: Sand mold used in the casting experiments. All
dimensions are given in millimeters.

a Struers LaboPol-21 grinding machine and subsequently
polished with 3 µm and 1 µm diamond suspension on a
Struers Tegramin-20 polishing machine. To examine the
bonding properties and microstructures at the interface, a
Zeiss Supra 55VP Field Emission Scanning Electron Mi-
croscope (FESEM) with Energy Dispersive X-ray Spec-
troscopy (EDS) was used. The FESEM was operated with
a 10 mm working distance and 15 kV acceleration voltage.

3 Results

3.1 Influence of galvanized coating

In Figure 2a, a macroscopic image of the compound cast-
ing sample where a galvanized steel pipe was used. On
one side of the interface a large cavity has formed, whereas
the remaining interface appears to show good bonding be-
tween the steel pipe and cast aluminum. Figure 2b shows
an optical micrograph of the aluminum-steel interface in
the same casting sample. The irregular steel surface, along
with a thin layer at the surface that appears to be slightly
darker, suggests formation of intermetallic phases. Within
certain areas large intermetallic particles are seen growing
from the thin layer towards the cast aluminum. In addition,
some platelet shaped particles can be observed in the cast
aluminum adjacent to the interface. As these particles are
regarded as part of the reaction layer, it shows that there is
a slight variation in the reaction layer thickness.

The platelet particles can be better observed in the
backscattered SEM images in Figure 3. The contrast
clearly shows that intermetallic particles are growing from
the steel surface towards the cast aluminum. In this area of
the casting, the reaction layer at the interface has a thick-
ness varying from 20-50 µm, whereas platelet particles can
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Table 1: Chemical composition in wt.% of S235JR steel and A356 aluminum.

Mn C P S Fe
S235JR [12] 1.4 0.17 0.045 0.045 Bal.

Si Mg Ti Fe Sr Ga Zn Others Al
A356.0 7.03 0.4052 0.1076 0.0822 0.0131 0.0089 0.0042 0.0029 Bal.

(a) Image of a casting sample with a galvanized steel pipe.
A cavity can be observed on one side of the aluminum-steel
interface.

(b) Optical micrograph of the aluminum-steel interface in the gal-
vanized casting. Intermetallic particles with platelet shape can be
seen in the interface

Figure 2: Macro- and microscopic images of the compound casting with a galvanized steel insert.

Figure 3: Backscattered micrograph showing the intermetallic phases formed at the aluminum-steel interface in the gal-
vanized casting. b) shows the area marked with a white rectangle in a). Marked areas were analyzed by EDS.

be observed up to 300 µm from the interface. The inter-
metallic particles framed by the white rectangle in Figure
3a were further investigated at a higher magnification. As
seen in Figure 3b, there is a slight contrast difference in
the intermetallic layer growing at the steel surface. This
suggests that multiple phases have formed in the reaction
layer, as confirmed by the EDS analysis shown in Table 2.

From Table 2 it can be seen that the platelet-shaped
particles formed outside the interface are the ternary eu-

tectic phase, Al4.5FeSi. Due to the sharp edges, such par-
ticles can be areas of stress initiation and would therefore
decrease the overall bonding strength [13]. Similar platelet
particles were observed at the aluminum-steel interface
and was again determined to be β-Al4.5FeSi, as seen in
Area 3 in Table 2. In addition, two other phases were
found to form between β-Al4.5FeSi and the steel pipe, as
can be observed by the slight contrast variation in Figure
3b. The compositions suggest formation of α-Al7.4Fe2Si
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Table 2: Chemical composition detected through EDS
analysis and possible formed phases in the marked areas
in Figure 3.

Area Composition [at%] Possible Phase
Al Si Fe Zn

1 67.19 16.95 14.99 0.87 β-Al4.5FeSi
2 67.76 16.87 15.38 - β-Al4.5FeSi
3 67.08 16.03 15.13 1.76 β-Al4.5FeSi
4 69.40 9.94 19.89 0.77 α-Al7.4Fe2Si
5 72.69 2.97 23.49 0.85 Al3Fe
6 63.43 3.62 30.63 2.31 Al5Fe2 or Al2Fe

and Al3Fe with the latter closest to the steel pipe. At the
immediate steel surface, there is an area with a layer of
brighter contrast. The increased Zn concentration in Area
6 suggests that this bright layer is a Zn-enriched layer,
showing that some of the galvanized layer remained at the
interface. In this area, a higher concentration of Fe was
detected, with the aluminum-iron ratio suggesting forma-
tion of Al2Fe. However, as Al2Fe and Al5Fe2 have sim-
ilar compositions and Al5Fe2 often has been reported as
the dominating phase forming in the Al-Fe system, it is
possible that Al5Fe2 has formed adjacent to the steel sur-
face [14]. This shows that the iron concentration increases
in the intermetallic phases towards the steel pipe, which
coincides with higher iron diffusion at the steel surface.
All phases detected in the reaction layer are known phases
in the ternary Al-Fe-Si and binary Al-Fe systems [15]. It
should also be noted that zinc is barely detected in any of
the analyzed areas, showing that upon re-melting of the
galvanized layer, zinc has dissolved in the aluminum.

3.2 Influence of aluminized coating

For the compound castings with aluminized steel inserts,
no defects could be observed in the aluminum-steel in-
terface macroscopically (Figure 4a), suggesting metallur-
gical bonding. However, microscopic investigations re-
vealed that the aluminized layer remained in the interface
throughout the casting. This can be seen in Figure 4b,
where the aluminized layer has a different color compared
to the cast aluminum. Good bonding between the cast alu-
minum and the aluminized layer appears to have formed.
The aluminized layer has a relatively uniform thickness of
approximately 60 µm. Also observed in the aluminized
casting, is the tongue-like intermetallic particles growing
from the aluminized layer into the bulk of the steel pipe.
Such microstructures are known to form in aluminized
steels [16]. This differs from the compound castings with
galvanized steel, where the intermetallic phases grew into
the cast aluminum.

Figure 5 shows two BSE images of different areas
of the reaction layer formed between aluminum and alu-
minized steel. The interface between the aluminized layer
and the cast aluminum can be clearly seen. In Figure 5a
the interface can be seen based on the difference in eutectic
structure. Bright long platelet-shaped particles are laying

along the interface in Figure 5a (Area 1). In Figure 5b,
there is a gap between the cast aluminum and aluminized
layer, showing that no metallurgical bonding formed in
this area. Additionally, a large amount of bright long par-
ticles have formed in the aluminized layer.

Table 3: Composition and possible phases formed in the
reaction layer of an aluminized casting. Areas coincide
with the shown areas in Figure 5.

Area Composition [at%] Possible Phase
Al Si Fe

1 69.07 16.63 14.30 β-Al4.5FeSi
2 75.31 0.75 23.94 Al3Fe
3 72.36 - 27.64 Al5Fe2
4 85.99 - 14.01 Al3Fe
5 90.51 - 9.49 Al3Fe
6 76.55 - 23.45 Al3Fe

From Table 3, it appears that the particles observed in
the boundary between the aluminized layer and the cast
aluminum are ternary Al4.5FeSi (Area 1 in Figure 5a). The
particles appear to have a platelet shape, which coincides
with the platelet structure observed for the castings with
galvanized steel in Figure 3. However, as they are placed
between the cast aluminum and the aluminized layer, their
placement is likely detrimental to the bonding strength.
The intermetallic particles in Area 2 and 3 in Figure 5a ap-
pear to be the binary phases Al3Fe and Al5Fe2, although
their chemical composition is very similar. Al5Fe2 can be
recognized by its characteristic tongue-like morphology as
it grows towards the steel pipe [15]. As the aluminized
layer can still be observed in the interface, it is assumed
that the binary Al-Fe phases formed during the aluminiz-
ing process. Nonetheless, bonding was observed locally in
multiple areas.

In the aluminized area shown in Figure 5b, the parti-
cles appear to be binary Al-Fe particles. The compositions
detected through EDS (Area 4 and 6 in Table 3) do not co-
incide with any known Al-Fe phase, but as the particles
are very thin it is likely that some of the surrounding Al
matrix has been detected in the analysis. The intermetallic
tongue-like reaction layer has a slightly different contrast
at the interface with the aluminized layer compared to the
outer particles. This can also be observed in 5a. Area 2
and Area 6 have similar compositions, suggesting that the
same phase has formed in both areas, likely Al3Fe. There-
fore, it is possible that the binary particles formed in the
aluminized layer in Figure 5b are also Al3Fe.

3.3 Influence of brass-coating

Figure 6 shows an image of a casting sample with a brass-
coated steel insert. Multiple small cavities can be seen
throughout the aluminum-steel interface, suggesting poor
bonding.

Further investigation of the compound castings with
brass-coated steel showed that the brass layer remained on
the steel surface in most areas. Figure 7 shows two BSE
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(a) Image of a casting sample with an aluminized steel pipe.
No visible defects can be observed in the aluminum-steel
interface.

(b) Optical micrograph of the interface in the aluminized casting.
An intermetallic phase can be seen growing towards the steel pipe,
and the aluminized layer is still intact after casting.

Figure 4: Macro- and microscopic images of the compound casting with an aluminized steel insert.

Figure 5: Micrographs of the reaction layer in two different areas in the aluminum-steel interface of an aluminized casting.
Marked areas were analysed through EDS.

SEM images of different areas of the aluminum-steel inter-
face. In Figure 7a, most of the brass layer remained on the
steel surface, and no metallurgical bonding between this
layer and the cast aluminum can be observed. Figure 7b,
however, shows an area where a reaction layer has formed.
However, several cracks and gaps can be observed on the
cast aluminum side outside the reaction layer, indicating
that no continuous bond has formed despite the reaction
layer.

Although most of the brass layer remain unchanged
on the steel surface, small local areas that reacted with the
cast aluminum could be found (Areas 2, 3 and 4 in Fig-
ure 7a). The reaction area has a droplet-like shape, where
the contrast in the figure suggests that multiple phases
have formed. From the EDS analysis in Table 4, these
phases were determined to be Al2Cu3, AlCu and a quater-

nary phase Al5Cu2Mg8Si6, which is frequently observed
in Al-Si-Cu-Mg alloys with high Cu/Mg ratio [17]. The
binary Al-Cu phases are suggested to form through solid
state phase transformation from the eutectic Al2Cu phase
[18]. As the reaction area is relatively small, it is believed
that some local melting of the brass layer has occurred due
to local differences in temperature at the interface.

EDS analysis from the reaction layer shown in Fig-
ure 7b shows that ternary Al-Fe-Si phases have formed.
The intermetallic phase adjacent to the steel surface with a
slightly brighter contrast (Area 6 in Table 4) has a compo-
sition close to the α-Al7.4Fe2Si phase. The composition of
the intermetallic particles close to the cast aluminum side
is close to the ternary eutectic phase β-Al4.5FeSi. Interest-
ingly, most of the areas analyzed showed low concentra-
tions of copper, while no zinc was detected. This suggests
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Table 4: Composition and possible phases formed in the reaction layer of a brass-coated casting. Areas coincide with the
shown areas in Figure 7.

Area Composition [at%] Possible Phase
Al Si Fe O Cu Zn Mg

1 1.38 - 3.34 2.96 69.88 22.45 - Cartridge brass
2 33.31 - 3.26 2.25 54.14 7.04 - Al2Cu3
3 37.55 - 2.52 2.69 44.15 13.09 - AlCu
4 23.11 27.87 - 0.34 12.75 - 35.94 Al5Cu2Mg8Si6
5 67.90 15.88 15.44 - 0.78 - - Al4.5FeSi
6 67.41 10.14 17.83 - 4.63 - - Al7.4Fe2Si

Figure 6: Image of a casting sample with a brass-coated
steel pipe. Small cavities can be observed throughout the
aluminum-steel interface.

that both copper and zinc have dissolved and diffused into
the cast aluminum upon re-melting during casting.

3.4 Vickers microhardness

Vickers micro-hardness was measured across the reaction
layer in each casting. The hardness profiles are plotted
in Figure 8a for comparison. Microhardness indentations
for the aluminum-steel interfaces in the galvanized, alu-
minized and brass-coated castings are shown in Figures
8b, 8c and 8d, respectively. Origin in the figure is set at the
interface between the steel pipe and the cast aluminum in
the galvanized and brass-coated castings, and the cast alu-
minum and the aluminized layer in the aluminized casting.

From the graph, it is clear to see that the intermetal-
lic Al-Fe and Al-Fe-Si phases forming at the reaction
layer, have much higher hardness than the steel pipe and
cast aluminum. For the aluminized castings, the hardness
increases gradually from the steel pipe towards the alu-
minized layer due to the formation of Al5Fe2 and Al3Fe.
The gradual increase is likely due to the tongue-like mor-
phology causing an increased area of Al5Fe2 towards the
aluminized layer. In addition, the hardness reaches a peak
close to the aluminized layer, suggesting that Al3Fe is

harder than Al5Fe2. The reaction layer in the galvanized
castings also show higher hardness than the steel pipe and
cast aluminum, however not to the same extent as the alu-
minized castings. The hardness peak in the cast aluminum
of the galvanized casting is due to the indentation being at
an area of intermetallic particles outside the reaction layer
at the steel surface. For the brass-coated castings, no hard-
ness peaks were observed. This suggests that the remain-
ing brass layer has a hardness between those of A356 and
steel.

4 Discussion

In all three compound castings, binary Al-Fe or ternary Al-
Fe-Si phases have formed in the reaction layers. By com-
paring the three surface treatments, it can be concluded
that a more continuous metallurgical bond can be achieved
by using galvanized steel inserts, deeming this the best
surface treatment out of the three. However, it should
be noted that in the castings with galvanized steel inserts,
large Al-Fe-Si intermetallic particles are also found in the
bulk of the cast aluminium with some distance to the con-
tinuous reaction layer at the interface. These particles are
likely formed as a result of the galvanized layer remelting
upon casting. During the galvanization process, diffusion
of iron and zinc atoms lead to the formation of several Fe-
Zn phases in the final galvanized layer. Usually the first
phases to form during this process are the binary phases
FeZn10 and FeZn13 [19]. The temperature of the liquid
A356 is above the peritectic temperatures for both these
phases through the reactions L+Γ-Fe3Zn10 ↔ δ-FeZn10 at
672◦C and L+δ-FeZn10 ↔ ζ-FeZn13 at 530◦C [20, 21].
This allows for remelting during casting and thus leave
excessive iron atoms in the melt. Therefore, iron atoms
diffuse from the steel surface into the aluminum melt and
ternary eutectic β-Al4.5FeSi particles can form in the cast
A356. This phase is known for its characteristic platelet
morphology, which can be detrimental to bonding strength
as the sharp edges can induce stress concentrations and
therefore fracture can propagate along the interface of the
particle-aluminum matrix interface [13]. In addition, the
size of the β-Al4.5FeSi particles are important for the over-
all strength of the casting. It was reported by Ma et al.
that there is a significant decrease in the ultimate tensile
strength and elongation when the particle length increases
to approximately 70 µm [22]. Such particles were also ob-
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(a) Area where the brass-layer remained at the steel surface. (b) Area of a reaction layer in the aluminum-steel interface.

Figure 7: BSE micrographs of the aluminum-steel interface in a brass-coated casting. The marked areas were analyzed
through EDS.

(a)

(b)

(c)

(d)

Figure 8: Micro-hardness measured across the reaction layer for the castings with various surface treatment. Origin is set
at the interface between the steel pipe and the cast aluminum in the galvanized and brass-coated castings, and the cast
aluminum and the aluminized layer in the aluminized casting.

served at the interface between the A356 aluminum and
aluminized layer on the steel inserts. As the aluminized
layer did not remelt during casting, less Fe will be avail-
able. The number of β-Al4.5FeSi particles is therefore
much less in this casting, with the size also being signifi-
cantly smaller. However, as these particles appear to have
formed along the interface between the cast A356 and the
A356 from the aluminizing process, it is likely to reduce

strength of the overall bond and that fracture can easily
occur in this interface.

The eutectic point in the binary Al-Cu system is at
17 at% Cu and 550◦C [23], whereas in the Al-Zn sys-
tem the eutectic point is at 88.7 at% Zn and 381◦C [24].
This means that in principle the brass coating-layer could
remelt and react with the liquid cast aluminum. However,
for the castings with brass-coated steel inserts, the coating-
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layer remained intact in most areas. This is likely due to
the oxide layers forming on the liquid aluminum and brass
surfaces. Qiu and Legraf tested the oxidation of commer-
cial brass sheets (20 wt.% Zn) in humidified air and found
that a two-phase oxide layer consisting of large areas en-
riched with Cu2O with smaller areas of ZnO in between
[25]. Such passive oxide layers significantly reduce wet-
tability and reaction with the liquid cast A356. In certain
local areas, where the oxide layer is thin enough, the brass
layer could remelt and form a reaction layer, which in this
case consists of Al-Fe-Si phases. Interestingly, no zinc and
barely any copper were detected in this reaction layer, and
no Al-Cu phases had formed. While Zn has a relatively
high solubility in Al, Cu was expected to form the eutectic
binary Al2Cu phase instead. The low concentration of Cu
at the interface would suggest that Cu along with Zn has
diffused into the cast A356 upon melting. It should also be
noted that compared to the other coatings, the thickness of
the reaction layer with intermetallic phases formed in the
brass-coated casting is significantly thinner and that such
a thickness is preferable in terms of bonding strength.

By comparing the resulting reaction layers from the
various metallic coatings, it can be seen that the reaction
layers appear to grow into the cast A356 alloy when gal-
vanized and brass-coated steel inserts are used. However,
for the castings with aluminized steel inserts, nearly no re-
action layer has formed in the aluminum-aluminum inter-
face, which can be attributed to the inert oxide layer on the
aluminized coating surface. The characteristic tongue-like
morphology of the Al5Fe2 phase that grow into the bulk of
the steel pipe, was formed during the aluminizing process.
It has previously been reported that Al5Fe2 is the dominat-
ing phase forming between Al and steel in an aluminizing
process [4, 26]. Although Fe atoms diffuse faster in liquid
Al than Al atoms in solid Fe, Al has a solubility of around
22 at% in iron at 600◦C [27]. This can thus contribute
to the formation of Al3Fe at the aluminum steel interface,
which then leads to the formation of Al5Fe2 through fur-
ther diffusion [4]. Addition of silicon to the aluminum al-
loy has been reported to act as a growth inhibitor of the
reaction layer, as it promotes the formation of a more uni-
form Al3Fe layer that then acts as a diffusion barrier for
further growth of Al5Fe2 [28]. Despite the silicon present
in the A356 alloy, a relatively thick and irregular reaction
layer is observed in the aluminized casting. This is be-
lieved to be due to a relatively long dipping time used in
the aluminizing process, which then promotes further dif-
fusion and phase growth.

For the castings with brass-coated and galvanized steel
inserts, the reaction layers form upon casting. In this pro-
cess, the existing metallic coating is expected to remelt,
thus leaving a fresh surface for the aluminum and steel
to react. However, the experimental results indicate that
there is limited remelting of the brass layer and nearly no
remelting of the aluminized layer. This is due to the in-
ert aluminum oxide layers on both the aluminized insert
and aluminum melt. Cheng and Wang found that an ad-
dition of 10 wt.% Si caused mainly formation of ternary
Al-Fe-Si phases and significantly reduced the fraction of
binary Al-Fe phases that were observed with lower Si con-

centration [29]. The A356 alloy contains 7 wt.% silicon,
which then diffuses alongside Al at the steel surface and
then form ternary Al-Fe-Si phases as detected through the
EDS analyses. In the casting process, the diffusion time
is much shorter compared to the aluminizing process and
therefore further diffusion of Al atoms into the steel and
Fe atoms into the cast aluminum, and thus formation of
thicker binary Al-Fe phases will be prevented. If also the
formation of a ternary phase at the interface is preferred, it
can act as a diffusion barrier for growth of the Al3Fe and
Al5Fe2 phases, which then would cause preferred growth
direction to be towards the cast A356. A thinner reaction
layer is believed to have formed in the brass-coated cast-
ing compared to the galvanized casting, due to excessive
Fe atoms already being present in the cast A356 for the
latter.

5 Conclusions

The following conclusions can be made from this research:
It is possible to achieve metallurgical bonding between

A356 aluminum and steel using metallic coating, such as
galvanizing, aluminizing and brass-coating.

Compound casting with galvanized steel showed the
most continuous metallurgical bonding, making it the best
coating out of the three. Ternary Al-Fe-Si phases formed
in these castings growing towards the cast A356. In ad-
dition, ternary Al-Fe-Si particles could be observed in the
bulk of the cast aluminum with some distance from the
reaction layer at the interface.

In the compound castings with aluminized steel, no
reaction layer formed between the aluminized layer and
cast A356, but local areas still showed metallurgical bond-
ing. Instead, a reaction layer growing towards the steel
pipe with the characteristic tongue-like morphology of the
Al5Fe2 phase, formed during the aluminizing process.

The brass layer remained in most of the aluminum-
steel interface in the compound castings with brass-coated
steel. Only local reaction areas could form in the castings,
where ternary Al-Fe-Si phases were found to grow towards
the cast A356.
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