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Abstract
In lightweight construction, light metals like aluminum are used in addition to high-strength steels. However, a welded
joint of aluminum and steel leads to the precipitation of brittle, intermetallic phases and contact corrosion. Nevertheless, to
use the advantages of this combination in terms of weight saving, composite hybrid forging has been developed. In this
process, an aluminum solid part and a steel sheet were formed in a single step and joined at the same time with zinc as
brazing material. For this purpose, the zinc was applied by hot dipping on the aluminum in order to produce a Brazing via
these layers in a forming process, under pressure and heat. Due to the formed intermediate layer of zinc, the formation of
the Fe-Al intermetallic phases and the contact corrosion are excluded. By determining the mathematical relationships
between joining parameters and the mechanical properties of the joint, the strength of a specific joint geometry could be
adjusted to reach the level of conventional joining techniques. In addition to the presentation of the joint properties, the
influence of the joining process on the structure of the involved materials will be shown. Furthermore, the failure behavior
under static tensile and shear stress will be shown.
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1 Introduction

Lightweight construction is increasingly being built in multi-
material construction to save weight and resources. Especially
in the car body, in addition to high-strength steels, light metals
such as aluminum and magnesium are used. But aluminum
and steel can only be joined together to a limited degree,

because in molten state, brittle intermetallic phases are
formed, which can reach up to 1100 HV [1, 2]. Meco et al.
investigated the influence of the intermetallic phases and the
width of the heat-affected zone as a function of the tempera-
ture during the laser beam welding of aluminum and steel [3].
They showed that a narrow heat-affected zone with a low
proportion of intermetallic phases is as damaging to the
strength as large distinct phases themselves [4, 5]. Kashani
et al. showed that the strength of laser overlap welded joints
increases when the size of the intermetallic phase seam is less
than 10 μm [6]. Zhang et al. investigated the influence of a
zinc layer between aluminum and steel by using friction stir
welding [7]. It was found that the zinc from the coating of the
steel sheet has a positive influence on the formation of the
intermetallic phases and thus on the strength. Dong et al. used
a zinc filler material for tungsten inert gas welding of the
aluminum alloy 5A02 and the steel Q235. The zinc filler ma-
terial causes a discontinuous and uneven intermetallic com-
pound layer with a thickness lower than 10 μm. But the evap-
oration of zinc results in pores that often formed in the joint
[8]. Dharmendra et al. used a laser welding-brazing process
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for joining AA6016 and DP600 with a zinc filler wire. The
molten zinc wetted the steel surface and melted the surface on
the aluminum opposite. Thereby, a small intermetallic com-
pound layer was build. But the molten material results in the
hard phases, too [9]. Chen et al. shows that the formation of
intermetallic phases in steel aluminum joints is a result of
diffusion. They used the resistance spot welding process for
joining A5052 and DP 600 [10]. An additional layer of zinc or
nickel between the two materials impacts the diffusion and the
growth of intermetallic compounds [11, 12]. However, in no
joining process could the formation of the intermediate phases
be completely inhibited, because all processes based on a

molten phase for joining steel and aluminum. Also the friction
stir welding process for joining in solid state results in a for-
mation of intermetallic compounds by mixing the materials
under heat input [13–16].

A new approach is therefore the creation of a material joint
by composite forging of aluminum and steel with a zinc inter-
layer. In the case of composite forging, form-fitting, force-
fitting, and/or material-locking connections are produced by
hot forming [17–21]. While joining, the materials are not
transferred to the molten state during forming under heat. In
this research, galvanized steel sheets of DX 54D joined with
AlMg4,5Mn solid components. In addition to the zinc coating
on the steel side, a second zinc alloy layer on the aluminum
base material is used to exclude the directly contact between
the two base materials. The low melting temperature of the
zinc (TS = 420 °C) is below the melting point of aluminum
(TS = 660 °C) and steel (TS = ca. 1500 °C). This could lead to
the formation of a molten phase and finally to a metallic con-
tinuity joint without mixing aluminum and steel.

2 Used materials and geometries

For the investigation, solid parts shown in Fig. 1 of
AlMg4,5Mn were firmly joined to sheet metal of a deep-
drawing quality DX54D + Z100. In a first step, the solid parts
were coated with a layer of alloyed zinc.

Fig. 1 Probe geometry of used
aluminum solid parts

Table 1 Chemical
composition of
AlMg4,5Mn and
DX54D + Z100

AlMg4,5Mn

Element at.-%

Al 94.3

Mg 4489

Mn 0.515

Fe 0.3042

Si 0.1555

Cr 0.0796

Zn 0.047

Cu 0.0403

Ni 0.0020

DX54D

Fe 99.47

C 0.011

Si 0.029

Mn 0.113

P 0.012

S 0.0082

Ti 0.094

Zinc layer (Z100)

Zn 98

Fe 1.17

Al 0.83

Table 2 Material properties of AlMg4,5Mn and DX54D + Z100

AlMg4,5Mn DX54D+ Z100

Ultimate strength 329 MPa 260 MPa

Yield strength 223 MPa 120 MPa

Young’s modulus 92.400 MPa 210.000 MPa

Breaking elongation 14,36% 36%

Compression strength 328 MPa –
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The chemical composition of the aluminum alloy and the
steel sheet was determined by spectrometry. The results are
listed in Table 1. In addition to that, the composition of the
zinc coating on the steel surface was determined by EDX
analysis.

The mechanical properties of the materials are shown in
Table 2.

The aluminummaterial has good weldability and corrosion
resistance but only a restricted solderability. The most com-
mon areas of application include apparatus, container, and
vehicle construction. Due to its good low-temperature proper-
ties and sea water resistance, this alloy is also used in
shipbuilding.

In contrast, the hot-dip galvanized deep-drawing steel DX
54 is predominantly used in vehicle construction.

3 Hot dipping of aluminum

The zinc alloy layer on the aluminum solid part is applied by
hot dip galvanizing. For this purpose, the process of piece
galvanizing steel was transferred. So, the solid parts were
stored in a crucible filled with the liquid molten zinc alloy
for 20 min at 420 °C in the oven. After that, the solid parts
were took out of the molten zinc alloy and stored at the atmo-
sphere for cooling. It results in a 150-μm zinc layer on the
AlMg4,5Mn solid parts. The molten zinc used for coating the
aluminum alloy is a near-eutectic zinc-aluminum alloy, with a
composition of 83 at.-% Zn and 17 at.-% aluminum. The
amount of aluminum in the molten zinc is needed to avoid

corrosion effects on the solid part edges due to the low-
melting eutectic, while the coating procedure.

Figure 2 shows the diagram of the binary system Al-Zn.
The composition corresponds to 17 at.-% aluminum and
83 at.-% zinc and thus lies to the left of the eutectic
(hypoeutectic alloy). The melting temperature of the alloy
was determined to be 381 °C. The layer thickness of the zinc
coating produced on the aluminum bolt (Fig. 3) is between 50
and 200 μm. In the transverse section, a small diffusion layer
can be seen below this layer, which arises during the galva-
nizing process. In addition to that, the coating layer is sepa-
rated from the substrate. The influence of the coating to the
typical oxide layer of aluminum and its alloys is still under
research.

Fig. 2 Binary phase diagram of
aluminum and zinc [22]

Fig. 3 Coating of zinc alloy on AlMg4,5Mn solid part
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The investigation of the coating in a scanning electron mi-
croscope with energy-sparse X-ray spectrometry (EDX) re-
vealed that a nearly pure zinc layer is formed on the surface.
The increasing amount of zinc is maybe a result of the reaction
between the molten zinc alloy and the AlMg4,5Mn solid part,
caused by the concentration gradient of zinc.

4 Joining of aluminum and steel sheets

The joining process of compound forging was simulated with
a train-compression test rig with integrated furnace. The ex-
perimental setup is shown in Fig. 4. The solid parts were
clamped on the upper punch and heated by natural convection
in the oven for 20 min. Subsequently, the predetermined force
is approached at the predetermined punch speed in the direc-
tion of the red arrow in the figure. On the lower punch, the
produced steel sheet samples were inserted and also
preheated. In order to be able to determine a process window
for the production of metallic continuity through hybrid com-
posite forging, the process parameters were varied in a D-
optimal design. The ranges of the DoE are shown in Table 3.

This allows a reliable statement about the behavior of the
entire system with relatively little effort.

In Fig. 5, the courses of temperature for the two punches
and the specimens are shown. The used joining parameters are
455 °C in the oven, 27.5 kN punching force, and a traverse

speed of 11.5 mm/min. The temperature courses were mea-
sured with thermoelements in the top and bottom clamping
devices as well as on the steel sheet surface and 2 mm over the
surface in the AlMg4.5Mn solid part. The maximum temper-
ature of the steel sheet is 320 °C and at the AlMg4.5Mn part
290 °C. At the point of contact, the temperature of the two
parts aligns to a level of 295 °C. Figure 6 shows the courses of
force and the traverse way. The little pin at the top of the solid
part is continuously formed during the joining process. The
final degree of deformation is about 82%.

Table 3 Ranges of
joining parameters for
DoE

Furnace temperature 375–500 °C

Specimen temperature 220–375 °C

Punch speed 5–18 mm/min

Punch force 15–40 kN

Fig. 4 Test setup

Fig. 5 Temperature courses for the parameters 27.5 kN, 11.5 mm/min
and 455 °C
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In Fig. 7, the joint zone is shown. The deformation lines in
the microstructure can be seen.

5 Results

As the temperature curves have shown, the temperature in the
joining zone deviates considerably from the melting tempera-
ture of the zinc alloy in the coating zone of the AlMg4.5Mn
solid part. The cross section of the joining zone in Fig. 8
shows the soldering zone of the two zinc layers and the base

materials. The picture was taken by SEM, and at the 15 points
in the picture, EDX analysis was carried out.

From the EDX analysis, a distribution of the chemical ele-
ments in the joint zone has been determined quantitatively
(Fig. 9). Therefore, three measurement rows were determined
with a distance of 50 μm and 100 μm to the first row.

On the upper side in the picture is the steel base material
and on the bottom side the aluminum alloy base material. The
iron content therefore decreases abruptly at the boundary to
the zinc layer. Along with this decrease, the zinc and the
aluminum content increase. The course of the scan for alumi-
num and zinc suggests that zinc-aluminum mixed crystals
have formed in the joint zone. An EDX analysis of the chem-
ical composition of the phases formed in the junction zone has
confirmed this assumption. In the transition to the aluminum
base material, the quantity of aluminum in the course

Fig. 6 Course of joining force and traverse path

Fig. 7 Metallographic cross section of the joint zone

Fig. 8 Joining area with measurement points for EDX analysis

Fig. 9 Concentration gradient of iron, aluminum, and zinc in the joining
area
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increases significantly. Zinc and iron, however, are close to
zero. Based on this result, diffusion of the iron into the alumi-
num base material can be excluded. Only in the joint zone are
iron-zinc mixed crystals to be found. The formation of the
brittle intermetallic phases was thus largely suppressed. On
the other hand, the base material of the DX54 + Z does not
show any diffusion-dependent influence by the aluminum.

The determined quantity of the elements in the joining zone
suggests that a cohesive zinc-zinc compound was produced
from the two zinc layers. The resulting intermediate layer
shields the two base materials from each other. As a result,
both the formation of brittle intermediate compounds and the
contact corrosion are avoided. This is due to the fact of the
lower melting point of the zinc, which was mentioned in the
beginning. The melting of the base materials and their mixing
can also be excluded on the base of the shown cross section.

The results of the EDX analysis in connection with the not
reached melting point of the zinc layer on the solid parts imply
a diffusion bonding joining process. To verify this thesis, fur-
ther researches have to be carried out.

After the metallographic characterization of the joining
zone, the head and shear tensile strengths of the compound
were determined as a function of the process input variables.

The maximum strength values were achieved with the join-
ing parameters in Table 4. For measuring the force and
strength values, the experimental setup in Fig. 10 was used.
In the shear tensile test, the force was applied horizontally to

the joining plane, while in the head tensile test, the force was
applied vertically.

The force-displacement curves of the three repeating tests
to confirm the results are shown in Fig. 11 (head tensile
strength) and Fig. 12 (shear tensile strength).

The samples, which were joined at an oven temperature of
455 °C, a force of 27.5 kN, and a punch speed of 11.5mm/min
thus endure the highest forces. The average values under load
are 2.1 kN and under load stress 11.4 kN.

Figure 13 shows specified strength values for the hybrid
forging specimens and in comparison for resistance spot
welding and clinching processes. The values for the resistance
spot welding and the clinching process were measured speci-
mens, which were made of AlMg4.5Mn sheet metal with a
thickness of 1 mm and the steel sheet metal from the hybrid
forging process specimens. For all values, the measured force
was related to the load bearing cross section. The hybrid forg-
ing process provides higher strength as the conventional
processes.

Table 4 Joining parameters for specimens with maximum strength

K13 K14 K15

Specimen temperature in °C 330

Force in kN 27.5

Speed in mm/min 11.5

shear pull load head pull load

Fig. 10 Experimental setup for tensile testing
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Fig. 11 Force-displacement diagram for tensile strength
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Fig. 12 Force-displacement diagram for shear strength

358 Weld World (2021) 65:353–360



After the experiments, the fracture surfaces were subjected
to EDX analysis. In this case, the distribution of the elements
over the connection surface was determined to analyze the
material transfer and thus to prove the cohesive connection.
Figure 14 a shows the fracture surface on the steel side. The
distribution of the elements iron, zinc, and aluminum for this
range are shown in Fig. 14b–d. The edge area clearly shows a
gap in the zinc layer. This indicates a cohesive connection of
the two zinc layers, so that it comes to the replacement of the
zinc layer on the steel at the break. However, it also shows that
no full-surface connection was achieved during joining.

6 Conclusion

The presented studies lead to two significant results.
On the one hand, the process parameters for hot-dip galva-

nizing of aluminum were identified. By wet-chemical adjust-
ment of the composition, the quality of the coating could be
significantly improved. The expression of the layer on the
surface is controlled by diffusion, so that a dependence on
the immersion time and the melt bath temperature results.
However, further investigations must be carried out to adjust
the layer thickness and its influence on the strength of the
joint.

On the other hand, the process parameters to produce an
integral connection between the galvanized aluminum alloy
solid part and the galvanized steel sheet were investigated by
composite forging. Based of statistical experimental design, a
process window could be determined, which leads to compar-
atively high strengths of the connection under head and shear
load (2.1 kN or 11.4 kN). The cohesive connection could be
detected by SEM analyses and metallographic sections.
However, the process was unable to create full-surface con-
nections. Therefore, further investigations are necessary, with
the goal of achieving a full-surface connection. However, the
base materials were hardly influenced by diffusion during the
joining process. However, due to the large compression of the

materials with residual stresses, which must also be
determined.

The comparison of the determined strength values with the
values of joint connections of similar punctiform geometries
shows the high potential of the method. The strengths of joints
made by conventional joining techniques, such as resistance
spot welding, clinching, or riveting, have been achieved or
even surpassed in hybrid composite forging.

Further investigations into the relationship between joining
energy and strength as well as the influence of the composi-
tion of different zinc layers are intended to expand the process
understanding. Through simulation and validation

Fig. 13 Specified strength values in comparing with resistance spot
welding and clinching process

a)

b)

c)

d)

Fig. 14 SEMpicture of the fracture surface (a), element distribution of Fe
(b), Zn (c) and Al (d)
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experiments, the modeling process will be transferred to in-
dustrial forging technology.
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