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Abstract
In the present study, the feasibility of joining 2 mm thick plates of AA5754-H114 to mild steel was examined. Sound friction stir
dissimilar butt welding was achieved between thin plates of the automotive grade 5754 aluminum alloy and mild steel for the first
time. Moderate rotational speed and a rather slow traverse speed were used. The mechanical properties of the weld were close to
the equivalent of the aluminum base metal and a rise in the microhardness of the weld nugget of around 40% compared to the
equivalent of the mild steel base metal was presented. An interdiffusion layer with a width of around 5 μm was created at the
interface of the two alloys, the extended width of which probably affects positively the mechanical properties of the welds.
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1 Introduction

During the last decades, the industrial demand to reduce the
weight of structures, machines, and mechanical components
has increased exponentially. As a result, a lot of steel compo-
nents have been substituted with equivalent ones made from
lighter metals such as aluminum alloys. Nevertheless, there
are cases, especially in structural parts of machinery and con-
structions, where the extremely high strength of steel is irre-
placeable. As a result, the need to weld steel to aluminum has
arisen. For example, in the shipbuilding industry, the hull of
most ships is made of steel, while the superstructure is made of
aluminum, in order to keep the center of mass low for better
stability and buoyancy. In the automotive industry, most man-
ufacturers are also starting to consider substituting the steel car
shell (or some parts of it) with a lighter aluminum alloy one.
More specifically, General Motors™ is planning to eliminate
rivets that join an aluminum bracket to the steel framework to

form part of the seatback for the new Cadillac CT6™.
However, most fusion welding methods fail to achieve good
bonding between the two aforementioned materials, especial-
ly due to their different melting point, at least without the use
of very expensive noble metal inserts. On the other hand,
friction stir welding (FSW), a solid-state welding method that
was invented by the welding institute (TWI) of the UK in
1991 [1], is very promising for successfully joining materials
that are difficult to weld by the conventional fusion methods
such as the AA7020-T6 [2] and the AA6082-T6 [3, 4] includ-
ing dissimilar material combinations such as the FSW of
AA6082-T6 to AA7075-T651 [5] and the FSW of AA5083-
H111 to AA6082-T6 [6]. In the recent years, a lot of research
has been conducted regarding the incorporation of ceramic
particles in the weld seam of similar [7] as well as dissimilar
materials [7–10] via friction stir processing (FSP) [11], a de-
rivative of FSW.

Nevertheless, in the last 10 years, the feasibility of the
dissimilar FSW between aluminum and steel has been
moderately studied. The first published study was from
Uzun et al. [12] and it concerned the FSW of AA6013-
T4 to X5CrNi18-10 stainless steel. Although the fatigue
testing showed a 30% reduction in results compared to
the ones with AA6013-T6 as base metal, no tensile testing
results were provided. The first study regarding the FSW of
aluminum to structural steel was conducted by Jiang et al.
[13]. The authors managed to achieve sound welding be-
tween 6061 Al alloy and AISI 1018 steel. During the
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tensile testing, the specimens did not fracture at the weld
nugget (WN), something that also indicates that the weld
was sound. Watanabe et al. [14] welded 2-mm-thick
AA5083 plates to SS400 mild steel. The maximum tensile
strength achieved was around 14% lower than the equiva-
lent of the AA5083 base metal. Unfortunately, the stress-
strain diagrams were not provided, and as a result, no ro-
bust conclusions on the elongations of the specimens can
be drawn. Tanaka et al. [15] studied the intermetallic layer
that is formed at the Al-steel interface during FSW and
concluded that its thickness is inversely proportional to
the joint strength. Nevertheless, the aforementioned joint
strength was lower than the equivalent of the FSWed
AA7075-T6.

More recently, Sajan et al. [16] tried the FSW of thicker
(6 mm) AA6082 plates to mild steel but the presence of voids
and pores on the aluminum side could not be eliminated
resulting in bad tensile performance. Also, Thomä et al. [17]
and Tang et al. [18] have successfully used ultrasound and
preheating, respectively, in order to achieve better weldability
between the two materials.

In the present study, the feasibility of joining 2-mm-
thick plates of AA5754-H114 to mild steel is going to be
examined. The study is focused on the welds’ microstruc-
ture, microhardness, and mechanical properties (e.g., ten-
sile testing). The two aforementioned materials are widely
used in the automotive industry. Achieving a sound
welding between them can lead to the reduction of the
overall weight of cars, of their fuel consumption, and
consequently of their CO2 emissions. Additionally, the
range of electric cars can be extended. To the best of the
author’s knowledge, no such study has ever been pub-
lished internationally.

2 Experimental procedure

2.1 Materials used

The automotive grade 5754 aluminum alloy in the H114 strain
hardened condition was welded with mild steel. The nominal
chemical compositions of the two materials are presented in
Table 1. The original dimensions of the plates to be welded
were 200 × 100 × 2 mm3.

Table 1 Chemical composition
of the 5754 aluminum alloy and
the mild steel (wt%)

Al Fe Mn Mg P S Si C

AA5754 Bal. 0.4 0.5 2.6–3.2 – – 0.4 –

Mild steel – Bal. 0.6–0.9 – ≤ 0.04 ≤ 0.05 – 0.14–0.20

Fig. 1 Macrographs of the
cemented carbide tool. a On the
tool holder. b Tool pin close-up

Table 2 FSW experiments’ parameters

Set Experiment Traverse speed (mm/min) Rotational speed (RPM)

1 1 30 475

2 30 600

3 30 750

4 30 950

2 1 47.5 600

2 47.5 750

3 47.5 950

3 1 60 750

2 60 950

4 1 75 750

2 75 950
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2.2 Welding procedure

A homemade-modified milling machine was used for
the friction stir welding procedure. As it can be ob-
served in Fig. 1a, a cemented carbide end mill was used

as the basis of construction for the tool. After machin-
ing a 20-mm-wide shoulder with a geometry of a star-
shaped polygon, a 4-mm-wide pin with a height of
1.8 mm was created (see Fig. 1b).

Regarding the choice of the welding parameters, only
one suchlike study [14] exists in the literature

600 RPM 750 RPM

950 RPM

Fig. 2 Optical macrographs of
the specimens of the first set of
experiments

Fig. 3 Optical macrograph and
micrograph of the weld nugget of
the 600 RPM specimen

Fig. 4 Optical macrograph and
micrograph of the weld nugget of
the 950 RPM specimen

Int J Adv Manuf Technol (2019) 102:3065–3076 3067



concerning the welding of 2-mm-thick plates of
AA5083 to mild steel. In this study, it is concluded that
a tool offset of only 0.2 mm into the steel provides the
best results. In order to confirm that, the authors con-
ducted a preliminary set of experiments placing the tool
in three positions: (a) with an offset varying from 0.2 to
2 mm into the aluminum, (b) with an offset varying
from 0.2 to 2 mm into the steel, and (c) in the middle
of the weld line without any offset. Additionally, the
authors tried a variety of different welding conditions.
More specifically, the rotational speed was varied from
235 to 1500 RPM, while the traverse speed was varied
from 19 to 75 mm/min. At this point, it should be
mentioned that these parameters were selected based
on the capabilities of the used FSW machine. Finally,
the positioning of the aluminum alloy was also varied,
i.e., it was placed on the advancing as well as the
retreating side.

By studying all the aforementioned welds, the authors
concluded that it is better for the AA5754 to be in the

advancing side and the tool offset should be limited to
0.2 mm into the steel results that are in correlation with
the literature [14]. Additionally, the rotational and the
traverse speeds should be equal to or higher than
475 RPM and 30 mm/min respectively. Each set had a
constant traverse speed but variable rotational speed. In
all the experiments, the tool tilt angle was 2° and the
aluminum was on the advancing side. At this point, the
authors would like to point out that, as the traverse
speed increased, the need for a higher thermal output,
in order for the steel to be plasticized, rendered the
conduction of low rotational speed experiments unnec-
essary. Based on the aforementioned results, four sets of
experiments were proposed and conducted (see Table 2).

All the above welds were cut transversely to the welding
direction and were prepared for metallographic observation.
They were grinded and polished and then they were etched
with the “modified Poulton’s reagent.” First, an optical stereo-
scope was used in order to determine the optimum specimens,
and afterwards, an optical microscope was used in order to
observe them thoroughly.

Fig. 5 Optical macrograph of the weld nugget of the 600 RPM specimen

Fig. 6 Optical macrograph of the 750 RPM specimen

Fig. 7 Optical macrograph of the 750 RPM specimen

Table 3 Sound welds’ parameters

No. Traverse speed (v) Rotational
speed (ω)

Weld pitch (v/ω)
(mm/min /
RPM)(mm/min) (RPM)

1 30 600 0.05

2 30 750 0.04

3 30 950 0.03

4 47.5 750 0.06

5 60 750 0.08

6 75 750 0.10
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2.2.1 First set of experiments (30 mm/min traverse speed)

Regarding the first set of experiments, the 475 specimen pre-
sented groove-like defects and fractured during cutting. As a
result, it was not further examined via optical microscopy. The
rest of the specimens are presented in Fig. 2. All of them
appear sound with a defect-free interface between the two
materials.

2.2.2 Second set of experiments (47.5 mm/min traverse
speed)

The optical macrographs and micrographs of the 600 RPM
and the 950 RPM specimens are presented in Figs. 3 and 4
respectively. Although the two welds presented no obvious
defects, both of them showed a small tunnel–like defect at
the edge of the weld nugget at the advancing side, i.e., the
aluminum side. The 750 RPM specimen is presented in
Fig. 5 and it appears sound with a defect-free interface be-
tween the two materials.

2.2.3 Third set of experiments (60 mm/min)

Regarding the third set of experiments, the 950 RPM speci-
men presented a groove-like defect and fractured during cut-
ting, and as a result, it was not further examined. The optical
stereoscope image of the 750 RPM specimen is presented in
Fig. 6. It appears sound with a defect-free interface between
the two materials.

2.2.4 Fourth set of experiments (75 mm/min)

Regarding the fourth set of experiments, both welds ap-
peared defect-free when observed with the naked eye.
Still, during the cutting of the 950 RPM specimen, trans-
versely to the welding direction, the plates were separated
from one another, and as a result, it was not further exam-
ined. The optical stereoscope image of the 750 RPM spec-
imen, which was sound and did not fracture during cutting,
is presented in Fig. 7. It appears sound with a defect-free
interface between the two materials.

Summarizing, all the sound welds are presented in Table 3.
As it can be observed, the no. 1, no. 2, and no. 3 sets of

parameters present very little weld pitch variation. As a result,
the authors decided to further test only specimen no. 2 which
provides an average weld pitch value. Additionally, the spec-
imens no. 4, no. 5, and no. 6 are also going to be examined,
i.e., the ones with a 750 RPM rotational speed. Each one also
provides a 0.2 mm/min / RPM weld pitch step.

3 Results and discussion

3.1 Tensile testing

Thereinafter, in order to determine the set of welding param-
eters that results in a strong and durable weld, tensile testing
was firstly conducted. The tensile specimens were machined

Table 4 Mechanical properties of
the specimens Specimen

no.
Parameters UTS (MPa) YS (MPa) Elongation

(%)
Toughness
(J/m3)

Area of
fracture

2 750 30 222.30 ± 11.7 150.5 ± 7.4 3.12 ± 0.6 621.86 ± 11.2 HAZ

4 750 47,5 161.55 ± 7.6 140 ± 5.2 0.31 ± 0.1 58.39 ± 4.4 WN

5 750 60 184.80 ± 4.2 128.4 ± 2.2 1.56 ± 0.3 262.89 ± 7.8 WN

6 750 75 129.90 ± 7.4 92 ± 5.1 0.17 ± 0.2 27.21 ± 3.1 WN

AA5754
BM

– 240.93 ± 3.7 137 ± 2.8 16.00 ± 0.8 – –

Mild steel
BM

– 440 370 15.00 – –
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Fig. 8 Stress-strain curves of the optimum of the three tensile specimens
of each case of all specimens
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from the aforementioned plates according to the ASTME 8M-
04 standard perpendicular to the welding direction. A hydrau-
lic mechanical testing machine was used to perform the tensile
tests. The maximum load of the machine was 100 kN. In order
to assure the repeatability of the measurements, the authors
machined three specimens from each weld. The deformation
speed was 0.5 mm/min and an Epsilon ± 25 mm extensometer
was used in order to measure the elongation.

A comparison of the stress-strain curves of the opti-
mum of the three tensile specimens of each case of all
the aforementioned specimens is presented in Fig. 8.
The values for the yield stress (YS), ultimate tensile
strength (UTS), and percentage of elongation are pre-
sented in Table 4. The mechanical properties of the
AA5754 base metal are also presented in Table 4, along
with the equivalent of the mild steel base metal (for
comparison purposes). The only set of specimens that
fractured in the heat-affected zone (HAZ) and not in
the weld nugget is the one of the 750-30 specimen.
Fracturing in the HAZ proves that the material bonding
is good and that the weakest point of the weld is out-
side the weld nugget.

The toughness (i.e., the area underneath the stress-strain
curve [19–23], which represents the energy per volume unit
required to cause rupture to the material) of the welded spec-
imens is also presented in Table 4. As expected, the 750-30
specimen that presents the best tensile behavior presents also
the highest modulus of toughness.

By observing Table 4, it is clear that the specimen no.
2 provides the best overall tensile behavior. As it was
expected, the weld’s tensile behavior is not comparable
to the equivalent of the mild steel base metal. On the
other hand, in Fig. 11, a comparison between the stress-
strain curves of the optimum weld and the AA5754 base
metal is presented. The percentage of elongation is far
greater in the base metal. FSW appears to have made the
material much more brittle compared to the base metal.
This degradation of the mechanical properties is charac-
teristic of the aluminum-steel dissimilar friction stir welds
as it has also been observed by Jiang et al. [13] and
Watanabe et al. [14]. This decrease in the maximum
elongation of the specimen occurs even in the case of
similar AA5754 FSW as it is demonstrated by Cabibbo
et al. [24] and Gabrielli et al. [25]. Lastly, both the
aluminum alloy base metal and the dissimilar weld spec-
imens present Portevin–Le Chatelier effect and shear
banding as indicated by the serrated stress-strain curves
(see Fig. 9), something that was expected by studying
the literature [26].

In Fig. 10, the fracture surface of the optimum spec-
imen no. 2 is presented. As it fractured in the HAZ and
not in the WN, it presents the typical for aluminum
alloys ductile fracture surface with small dimples.

3.2 Scanning electron microscopy and energy
dispersive spectroscopy study

A comparison study was conducted between the opti-
mum welded specimen no. 2 and the specimen no. 5
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AA5754 BM

FSW AA5754 - mild steel

Fig. 9 Stress-strain curve comparison

Fig. 10 Scanning electron
micrographs of the fracture
surface at the HAZ of the 750–30
specimen. a × 500. b × 1000
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which presented the second higher UTS and elongation
(see Table 3) but fractured in the WN in an attempt to
find out the cause of the better bonding in the case of
specimen no. 2. It was conducted separately for three
distinct regions of the weld nugget, i.e., the upper, the
middle, and the lower, using a scanning electron micro-
scope equipped with an energy dispersive spectroscopy
system. Although several EDS mapping lines were con-
ducted, only a representative one for each region is
going to be presented with a view to avoid unnecessary
repetition.

Firstly, one representative EDS area mapping was
conducted for each specimen (see Fig. 11). As it can
be observed by the color mixing (in both cases, the
material on the left side is the aluminum), the existence
of an interdiffusion layer at the interface of the two
alloys is apparent. The authors speculate that, in this
interdiffusion layer, the two materials are just

mechanically mixed and have not reacted with each
other (generating Fe-Al bimetallic phases). This is due
to the fact that the peak temperature during FSW does
not exceed 550 °C [27] and, as it can be observed by
the iron-aluminum phase diagram (see Fig. 12), it is not
enough in order to result in the phase transformation of
the materials.

Afterwards, the EDS line mapping study followed in
order to determine and compare the width of the afore-
mentioned interdiffusion layers in both specimens. In
order to be able to draw robust results, independent line
measurements were conducted for the upper (0.5 mm
from the tool shoulder surface), middle (1 mm from
the tool shoulder surface), and lower (1.5 mm from
the tool shoulder surface) region of the specimens’ in-
terface (see Fig. 13).

Regarding the upper region of the weld nugget, as it
can be observed in Fig. 13a and b, an interdiffusion
layer was created that presents a combination of alumi-
num, magnesium, and iron which are the major alloying
elements of the AA5754 and the mild steel respectively.
The width of this layer, indicated by the dotted lines on
the diagrams, is 5.5 μm for the case of the specimen
no. 2 and 3 μm for specimen no. 5. The optimum
specimen no. 2 presents a wider interdiffusion layer.
The authors speculate that this may be due to the fact
that specimen no. 2 presents a lower weld pitch com-
pared to specimen no. 5 (see Table 3), and as a result,
the materials were further heated and plasticized which
in turn led to the further mechanical mixture of the two
materials. Regarding the middle region of the weld nug-
get of specimen no. 2 and specimen no. 5, as it can be
observed in Fig. 13c and d, the interdiffusion layer
width is 5 μm for the case of the specimen no. 2 and
3 μm for specimen no. 5. As in the case of the upper
region examination, the optimum specimen no. 2 again
presents a wider interdiffusion layer. Finally, concerningFig. 12 The iron-aluminum phase diagram from [www.researchgate.net]

Fig. 11 EDS area mapping at the
weld nugget of the a specimen no.
2 and b specimen no. 5
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the lower region, as it can be observed in Fig. 13e and
f, the interdiffusion layer width is 4 μm for the case of
the specimen no. 2 and 3 μm for specimen no. 5. As in
the case of both the upper and middle region examina-
tion, the optimum specimen no. 2 again presents a
wider interdiffusion layer.

The overall results are presented in Table 5. At this
point, it should be mentioned that these results are in the
average of the measurements conducted to the plethora of
the EDS mapping lines that were scanned at every region
of the weld nugget.

As it can be clearly observed, the interdiffusion layer is
significantly wider in the case of the optimum specimen
no. 2. That led the authors to conclude that this is the
reason for the better bonding which provides the better
mechanical properties of the weld as explained in previ-
ous paragraphs.

Additionally, several point ID EDS studies were con-
ducted in order to determine the composition of the in-
terdiffusion layer with a characteristic one being present-
ed in Fig. 14. Unfortunately, no robust conclusion can be
drawn as the only elements that are detected are iron,

a)

b)

c)

Fig. 13 Scanning electron
micrograph and EDS line
mapping of a the upper region of
the optimum specimen no. 2 (red-
aluminum, green-steel, blue-
magnesium), b the upper region
of specimen no. 5 (blue-
aluminum, green-steel, red-
magnesium), c the middle region
of the optimum specimen no. 2
(red-aluminum, green-steel, blue-
magnesium), d the middle region
of specimen no. 5 (green-
aluminum, blue-steel, red-
magnesium), e the lower region of
the optimum specimen no. 2 (red-
aluminum, blue-steel, green-
magnesium), and f the lower
region of specimen no. 5 (blue-
aluminum, green-steel, red-
magnesium)
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aluminum, and magnesium (as the AA5754 is a solid
solution).

3.3 Microhardness distribution

In addition, microhardness measurements of the opti-
mum weld no. 2 were conducted and presented in
Fig. 15. For this reason, a Vickers microhardness tester
was used. The longitudinal microhardness distribution
was defined at 0.75 mm below the surface of the plates
that is in contact with the tool shoulder, i.e., the mid-
thickness plane. A 300-g load was used.

Table 5 Interdiffusion layer width (in μm)

Specimen Upper region Middle region Lower region

No. 2 (optimum) 5.5 5 4

No. 5 3 3 3

d)

e)

f)

Fig. 13 (continued)
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The microhardness values of the base metal AA5754
and mild steel are 60 HV and 130 HV respectively.
Regarding the mild steel side, i.e., the retreating side
(RS), the hardness values in the weld nugget are about
40% higher compared to the mild steel base metal. In this
region, dynamic recrystallization (DRX) has occurred [28,
29] which led to the refinement and the decrease of the
dislocation density of the grains. Had this mechanism
been acting alone, there should have been a decrease in
this region’s hardness. Nevertheless, the grain refinement
can be beneficial to the mechanical properties and the
microhardness of a material as the Hall-Petch strengthen-
ing suggests [30]. As a result, the authors concluded that
the two aforementioned mechanisms act simultaneously
but the Hall-Petch mechanism takes precedence.

The microhardness drops as we move towards the
HAZ, where the material presents slightly lower hardness
compared to the base metal. Although this difference is
within the measurement error margins, it might be caused
by the annealing due to the heat imparted by the tool.
Concerning the AA5754 side, i.e., the advancing side
(AS), the microhardness is a little higher than the equiv-
alent of the base metal in all zones. That might be due to
the formation of harder second phase particles caused by
the thermal cycle of friction stir welding (temperature rise
and subsequent cooling). Nevertheless, it is within the
measurement error margins. The overall variation range
of the microhardness values due to the different trials that
were conducted was around 8%, demonstrating the very
good repeatability of the experiments.

Fig. 15 Microhardness
distribution of the specimen No 2

Element Weight% Atomic%

Mg K 1.27 1.77

Al K 60.01 74.89

Fe K 38.71 23.34

Totals 100.00

Fig. 14 EDS point ID chemical
analysis of the interdiffusion layer
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4 Conclusions

This study focused on the feasibility of using the friction stir
method in order to achieve dissimilar butt welding between 2-
mm-thick plates made of the automotive grade AA5754-H114
and mild steel. The specimens were studied via optical and
electron microscopy as well as tensile and microhardness test-
ing. The following conclusions were drawn:

& The optimum parameters for achieving the aforemen-
tioned welding are 750 RPM rotational speed, 30 mm/
min traverse speed, 0.2 mm tool offset into steel, and the
AA5754 on the advancing side. It should be noted that this
welding parameter set is only optimum for the correspond-
ing joint thickness of 2 mm.

& The optimum weld presented a UTS and YS very close to
the equivalent of the aluminum base metal but lower elon-
gation. Nevertheless, these results correlate with the ones
of similar studies in the literature.

& The optimum weld, which fractured in the heat-affected
zone, presented a wider interdiffusion layer compared to
the welds that fractured in the weld nugget. This wide
layer is probably the cause of the better bonding between
the two materials.

& Themicrohardness rise in the weld nugget is in correlation
with the grain refinement (Hall-Petch strengthening)
caused by the dynamic recrystallization that took place
in this region.
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