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Abstract
In this research, AA5005-O aluminum-magnesium alloy and St-52 low carbon steel sheets were friction-stir welded in a butt-
dissimilar joint design. Effects of different processing parameters including tool rotational speed (w), traverse velocity (v), plunge
depth, and offset distance on the solid-state weldability of these dissimilar materials were assessed in terms of formation of
intermetallic compound (IMC) layer at the interface. A 3D thermo-mechanical finite element modeling procedure was employed
to predict the nucleation and growth of IMC layer. Formation of various FeAl, FeAl3, and Fe2Al5 IMCs at the interface, layer
morphology, and thickness were experimentally studied as well, by using X-ray diffraction (XRD) and field emission scanning
electron microscopy (FE-SEM) analysis techniques. A good agreement between the simulated thermal results and experimental
data was noticed. The results showed that the thickness of IMC layer at the interface as the main controlling parameter in
transverse tensile property and fracture behavior of produced dissimilar joints can be varied extremely as a function of processing
parameters. By decreasing the heat input and suppressing the kinetics of IMCs layer formation, the tensile performance of
dissimilar welded joints is improved, considerably. However, the soundness of these dissimilar welds played another main role
as a restriction mechanism against this trend. The maximum joining efficiency is attained around 90% at an optimized working
window of w = 1200 rpm, v = 90 mm/min, and a plunge depth of 0.3 mm with an offset distance of 0.5 mm toward the Al side.
The hardness of this optimized dissimilar weld is enhanced even more than the steel base metal caused by the formation of IMC
layer at the interface as well as the dispersion of reinforcing intermetallic particles (IMPs).
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Thermo-mechanical simulation

1 Introduction

Friction-stir welding (FSW) as a newly modified and versatile
solid-state joining technology invented by TWI has been
broadly utilized for similar and dissimilar bonding of different
metals and alloys as compared to fusion welding technologies
due to lower temperature and avoiding from severe melting

difficulty issues, such as solidification shrinkage and cracking,
porosity, distortion, residual stress, oxidation, and other de-
fects as well as the possible destructive phase transformations
[1–5]. In this process, a non-consumable rotating tool is pen-
etrated into the along sides of metal sheets to be joined, after
frictional heating mainly imposed by tool shoulder, severe
plastic rotating and forging actions leads to solidified mate-
rials transfer from leading to trailing edge, and by transferring
the tool along the joint line, the sheets can be welded at solid-
state in a temperature below than the melting points of base
metals [6–10]. Among different metals/alloys combinations,
innovative aluminum-steel bi-metallic structures possess good
demands considering the strong interests according to the en-
vironmentally friendly, cost-effective, fuel efficiency, energy
preservation, and lightweight concepts for modern vehicle/
automotive industrial applications as well as the combination
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of various properties [11–15]. In a new desire development for
engine cradles of Honda Motor Company, an Al-Fe lap joint
connection would be required, as an instance for automobile
application. However, attributing to large differences between
the physical, chemical, and mechanical properties of these two
kinds of dissimilar metals, it is very difficult to overcome the
related difficulties during their dissimilar joining with tradi-
tional welding processes [13, 15, 16]. Thus, FSW as a prom-
ising process for this aim has emerged and attracted significant
attention [16–19]. Meanwhile, it is still challenging to accom-
plish this dissimilar joining between aluminum and steel al-
loys by FSW process, due to formation of hard and brittle
intermetallics at the interface as induced by the thermodynam-
ically un-avoidable solid-state chemical reactions and their
detrimental influences on the mechanical property, as well as
keeping the grains and precipitates structures for aluminum
base alloy during stirring process and subsequent temperature
increasing [16, 20–25].

In various researches [20–23, 26–31], dissimilar friction-
stir weldability of aluminum alloys and different steels were
examined. Joining of the AA6061 aluminum alloy to AISI
1018 was successfully accomplished by FSW process in the
work of Jiang et al. [32] and Chen et al. [33] by fabrication of a
defect-free weld with good quality and admirable tensile
strength. Effect of tool plunge depth on the strength of the
dissimilar joint between commercial pure aluminum and low
carbon steel was reported in the research of Elrefaey et al.
[34]. AA6013-T4 aluminum alloy and X5CrNi18-10 stainless
steel were friction-stir welded by Uzun et al. [35]. In the work
of Watanabe et al. [36], the effects of processing parameters
(tool rotational speed and probe offset distance) on the micro-
structure and mechanical performance of dissimilar FSWs be-
tween an AA5083 alloy and SS400 mild steel were studied. A
maximum tensile strength improvement up to ~ 90% of the
aluminum base alloy was reported. Chen [37] did the same
parametric study between AA6061-T651 alloy and low car-
bon steel with a maximum tensile strength of ~ 75%. By con-
trolling the intermetallics formation in another parametric
study, Dehghani et al. [38] reported a joint strength of ~ 90%
for dissimilar FSW between an Al-Mn alloy and mild steel. In
the work of Haghshenas et al. [16], reducing the welding
traverse velocity showed an impact influence on the mechan-
ical property of dissimilar FSWs between AA5754 aluminum
alloy with DP600 and 22MnB5 steels. During dissimilar join-
ing of AA6061-T6 aluminum alloy and TRIP steel by Liu
et al. [39], changes in the composition, morphology, and
thickness of intermetallic compounds (IMCs) layer at the in-
terface by varying of processing parameters were found very
effective. Ratanathavorn et al. [40] showed the bonding mech-
anism between AA5754 aluminum alloy and DP800 steel as
the formation of a ~ 2-μm-thick IMC layer at the interface
aided by the interfacial diffusion reactions. Multi-passes fric-
tion-stir welding was introduced by Leitao et al. [41] to avoid

the discontinuities by increasing the bonding path. The effects
of zinc inter-layer on the formation and characteristics of dis-
similar friction-stir welds between aluminum and steel sheets
were investigated in the works of Dong et al. [42] and Zheng
et al. [43], by utilizing the galvanized steel as one substrate.
The results showed the importance of ZnO formation on the
joint strength and fracture behavior of dissimilar welds.
Huang et al. [44] introduced the self-riveting friction-stir
welding as an effective process for joining of AA6082-T6
aluminum alloy and QSTE340TM steel with the enhanced
mechanical property. In two recent works by Yazdipour
et al. [21] and Rafiei et al. [23], dissimilar friction-stir welding
betweenAl-Mg alloys and A316L stainless steel in a butt-joint
design was investigated. Processing parameters were opti-
mized to attain a joint strength ratio higher than 90%.

Thermo-mechanical simulation of FSW process is very
interesting and valuable to predict the temperature profile,
materials flow pattern, and flow/residual stress distributions
by considering the simultaneous couple influences of heat
flow, severe plastic mixing, and visco-plastic flow behavior
of deformed materials depending on the processing tempera-
ture [45, 46]. Although several works have been conducted on
the dissimilar FSW of Al-Fe bi-metallic joints, there is only
one report about thermo-mechanical modeling of aluminum to
steel friction-stir welding in the literature by Tang et al. [22].
In that study, they have simulated the effects of pre-heating
treatment on the temperature and materials flow profiles dur-
ing FSW of E235A steel and AA6061 aluminum alloy [22].
The results showed that the pre-heating can increase peak
temperature, improve the plastic material flow velocity, and
change the fracture mode of processed dissimilar welds.
Formation of intermetallic compounds (IMCs) layer from
Al-rich (FeAl3, Fe2Al5) or Fe-rich (FeAl, Fe3Al) complexes
at the Al-Fe joint interface during FSW process has a detri-
mental influence on the mechanical performance of dissimilar
welds due to the brittleness nature of IMC layer and its high
hardness [20, 21, 26, 47–50]. The kinetics of this IMC layer
growth at the interface as caused by in situ solid-state chemical
interfacial reactions is a lattice diffusion-controlled phenome-
non depending on the imposed thermo-mechanical history
during the process [20, 21, 26, 49–53]. Therefore, the main
object/novelty of the present research is to study the forma-
tion, morphological characteristics, and growth of the IMC
layer at the Al-Fe interface during the FSW process by
thermo-mechanical modeling. For this aim, sheets of an
AA5005 Al-Mg alloy and an St-52 low carbon steel were
friction-stir welded at various combinations of processing
conditions with a butt-joint design. These two materials are
used for industrial applications in food equipment, storage
tanks, and home appliances owing to their superior corrosion
resistance and mechanical property, respectively [54, 55]. In
addition to three-dimensional finite element simulation, the
effects of tool rotational speed (w), traverse velocity (v),
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forging plunge depth, and probe offset distance as the main
processing parameters on the microstructural features, inden-
tation hardness, tensile strength, and fracture behavior of dis-
similar welded joints were assessed. Finally, the processing
parameters were optimized based on the thickness and mor-
phology of formed IMC layer at the interface as well as the
soundness of weldments and its subsequent influence on the
joining efficiency during transverse tensile testing.

2 Governing equations and process modeling

Heat generation and materials flow velocity field during
friction-stir welding are mainly caused by a thermo-
mechanical process due to coupled effects of contact friction
and severe plastic deformation by the stirring action of the
rotating tool [56]. To consider both of these two

interconnection effects during hot deformation to predict the
formation of an aluminum-steel bi-metallic joint during FSW
process, a three-dimensional ANSYS/explicit finite element
model based on the combination of the thermal analysis and
plastic material flow, by assumption of a density-based non-
Newtonian fluid with visco-plastic flow behavior for these
dissimilar base metals, can be employed [57]. The meshed
model for this aim is shown in Fig. 1. As indicated, the frus-
tum tungsten carbide tool and both of aluminum and steel
workpieces were covered by using the tetrahedral/hybrid ele-
ments with T-grid combination shape and adaptive mesh gen-
eration system. As it is well established, the 3D non-linear
heat transfer equation by considering an internal heat source
(QTotal) in a spatial Cartesian coordinate (x, y, z) can be
expressed as follows [58]:

k
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �
þ QTotal ¼ ρc

∂T
∂t

ð1Þ

where ρ is the density of materials, c is the mass-specific heat
capacity, and k is the coefficient of thermal conductivity [59].
All convection and radiation boundary conditions for solving
this heat transfer equation considering the real condition can
be explained as follows [60, 61]. The main physical properties
of the AA5005 alloy can be defined in a thermal function as
below [62]:

cp ¼ 911:2−0:605T þ 1:77� 10−3T2−3:09� 10−8T 3 ð2Þ

Fig. 1 A schematic representation for mesh structure employed in this
research for modeling of the dissimilar joining between aluminum and
steel with lap-design

Table 1 Chemical compositions of the examined AA5005-O aluminum
alloy and St-52 low carbon steel

Base metal Elements

Al Fe C Cr Mg Mn Cu Zn Si

AA5005-O Base 0.60 – 0.07 1.10 0.05 0.12 0.20 0.20

St-52 – Base 0.20 0.30 – 0.80 0.30 – 0.50

Table 2 Mechanical properties of base metals: yield stress (σy, MPa),
ultimate tensile strength (σUTS, MPa), elongation to failure (e, %), and
Vickers hardness (HV)

Material σy σUTS E HV Melting point

AA5005-O 41.5 124 20 75 630 °C

St-52 355 580 25 235 1400 °C

Fig. 2 The implemented experimental set-up
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k ¼ 25:2þ 0:398T þ 7:36� 10−6T2−2:52� 10−7T3 ð3Þ
and as the same as for the St-52 low carbon steel as below
[62]:

cp ¼ 462−8:1T þ 3:2� 10−4T2 þ 2:0� 10−7T3 ð4Þ

k ¼ 3:7þ 0:09T−1:8� 10−4T 2 þ 7:8� 10−8T3 ð5Þ
and finally for the tungsten carbide tool with the following
description equations [62].

cp ¼ 128:3−3:279� 10−2T þ 4:31� 10−6T 2 ð6Þ

k ¼ 153:5−9:56� 10−2T þ 5:23� 10−5T 2 ð7Þ

To solve this 3D heat conduction problem, the three-
dimensional Cartesian coordinate system was employed and
the initial and boundary conditions considered in this model
were based on the real physical conditions as follows. The
generated heat at the tool shoulder/workpiece interface can
be defined as follows [59]:

Qss ¼ δτ þ 1−δð ÞμP½ � 2
3
πω R3

1−R
2
1

� � ð8Þ

where δ denotes the spatially variable fractional slip between the
tool and workpiece interface, which is 0 ≤ δ ≤ 1 range (δ = 0 in
pure sliding and δ = 1 in pure sticking condition). μ is the fric-
tion coefficient which can consider as 0.5–0.64 for the polymer/
steel contact interface and 0.3–0.45 for the aluminum/steel one,
respectively [57, 58]. The τ is maximum shear stress which is
equal to σy= ffiffi3p [58], where σy is the material yield stress.

Under the bottom surface of sheets, there was a backing plate
at the actual condition and the heat transfer coefficient from the
bottom of the workpiece was not the same as for free convec-
tion. The value of the heat transfer coefficient at the bottom
surface of the workpiece can be determined as below [60, 61]:

k
∂T
∂Z

����
Bottom

¼ hb T−Tað Þ ð9Þ

where hb is the bottom heat transfer coefficient and Ta is the
ambient temperature (~ 298 K). The heat transfer coefficient at
the bottom face can be varied depending on the local tempera-
ture and is given by the following relation [60, 61]:

Fig. 3 a Schematic plot for pre-placing of thermocouples during the friction-stirring process and their positions to monitor the thermal profiles, b K-
thermocouple wire, and c thermocouple transmitter for recording the input data

Table 3 The examined combinations of processing parameters for
dissimilar FSW

Tool factors Levels

Rotational speed (rpm) 920, 1000, and 1200

Traverse velocity (mm/min) 54 and 90

Plunge depth (mm) 0.1, 0.3, and 0.6

Tilting angle (degree) 2

Offset distance 0.5 and 1.5 mm toward the Al side
and 1.5 mm toward the steel side
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hb ¼ hb0 T−Tað Þ0:25 ð10Þ

where hb0 is the heat transfer parameter for the bottom surface.
As Eq. (10) shows, this parameter is a constant and it has a

different unit than the heat transfer coefficient which is spatially
variable. At the top surface, heat transfer is mainly due to both
of convection and radiation phenomena as given by the follow-
ing equation [60]:

Fig. 5 Simulated temperature
contours on the surface of
dissimilar AA5005/St-52 welds at
different tool traverse velocities of
a 54 and b 90 mm/min with a
constant rotational speed of
920 rpm

Fig. 4 Simulated temperature
contours on the surface of
dissimilar AA5005/St-52 welds at
different tool rotational speeds of
a 920 and b 1200 rpm with a
constant traverse velocity of
54 mm/min
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−k
∂T
∂Z

����
Top

¼ Bε T4−T4
a

� �þ ht T−Tað Þ ð11Þ

where B is the Stefan–Boltzmann constant (5.67 ×
10−16 J K−4 m−2 s−1), ε is the thermal emissivity, and ht is the
convective heat transfer coefficient at the top surface. The com-
puted temperature values were found to be insensitive to the
values of ht and its value was taken as zero for simplicity. At the
all other surfaces, temperatures were set to be the ambient value
(298 K). Between warm-up after pin-insertion and pin-
extraction from the workpiece, the thermal cycles at different
locations assume equidistant from the weld center line.
Therefore, the temperature and velocity fields can be solved
with the assumption of a steady-state behavior.

Based on the momentum conservation principle, the plastic
material velocity field in the Cartesian coordinates of (x, y, z)
and index notation of (i, j) = (1, 2, 3) can be described accord-
ing to the following relation [60, 61]:

ρ
∂ui∂uj

∂xi
¼ −

∂P
∂x j

þ ∂
∂xi

μ
∂ui
∂x j

þ μ
∂uj

∂x j

� �
−ρU1

∂uj

∂x1
ð12Þ

where in this equation, u is the velocity vector, U1 is the
welding traverse velocity, P is the welding pressure, and μ is
the non-Newtonian viscosity [60, 61]. This viscosity factor
can be expressed as a function of flow stress (σe) and effective
strain rate (ε̇ ) as below [62]:

μ ¼ σe

3ε̇
¼ 1

3αε̇
arcsinh

Z
A

� �1
n

¼ 1

3αε̇
arcsinh

ε̇exp Q
RT

� �
A

 !1
n

ð13Þ
where α, A, and n are the material constants, Z is the Zener–
Hollomon parameter, Q is the temperature-independent

activation energy, R is the universal gas constant, and T is
the processing temperature [60]. To consider the inter-
mixing effects between AA5005 alloy and St-52 steel base
metals during dissimilar friction-stir bonding, a Eulerian solu-
tion approach with adaptive meshing system was used. The
common faces were replaced with the virtual interface. These
two 3D thermal and velocity field equations were solved si-
multaneously by the assumption of steady-state behavior to
predict the temperature and materials flow profiles.

3 Materials and research methods

In this work, AA5005-O aluminum alloy and St-52 steel
plates with the thickness of 4 mm were cross-sectioned into

Fig. 7 Comparison between the effects of tool rotational speed and
traverse velocity on the peak temperature of thermal cycles

Fig. 6 Recorded thermal cycles at
different sides and nugget zone
during dissimilar friction-stir
welding of AA5005 and St-52
alloys
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the small samples with the length of 150 mm and width of
50 mm. These base metals (BM) with chemical composition
and mechanical properties as reported in Tables 1 and 2, re-
spectively were considered for the aim of dissimilar friction-
stir welding. According to the expressed data in Table 2, a
large difference (4 to 5 times) between the tensile strength
and hardness of the aluminum (124MPa and 75 HV) and steel
base metals (580 MPa and 235 HV) is noticeable. Therefore,
the dissimilar solid-state joining of them would be very chal-
lenging due to completely unlike material flow capability. All
experiments were conducted in a butt-joint design by using a

high energy milling machine system in a position control
mode. A flexible clamping system made of high carbon steel
was designed to clamp the plates in their proper positions
during the process. These single-pass friction-stir butt-welds
were performed by utilizing an FSW tool made of tungsten
carbide (WC). This tool was designed with a shoulder diam-
eter of 20 mm containing a conical probe with the length of
3 mm and diameters of 4 to 6 mm. Figure 2 shows the
employed experimental set-up for the accomplishment of the
FSW process. As expressed in Table 3, a wide combination
for various processing parameters was assessed to found a

Table 4 Comparison between the simulated and experimentally measured peak temperatures at various combinations of FSW processing parameters

FSW tool parameters

Peak temperature ω = 920 rpm ω = 1000 rpm ω = 1200 rpm

v = 54 mm/min v = 90 mm/min v = 54 mm/min v = 90 mm/min v = 54 mm/min v = 90 mm/min

Experimental 815 K 790 K 842 K 823 K 853 K 834 K

Simulation 811 K 779 K 831 K 812 K 842 K 818 K
T
Tm

AA5005ð Þ 86% 82% 90% 87% 92% 89%
T
Tm

St−52ð Þ 38.7% 36.9% 40.6% 39.2% 41.4% 40%

Fig. 8 Internal temperature profile contours for dissimilar FSWs at w = 920 rpm and v = 54 mm/min with a 1.5-mm tool offset toward the a aluminum
and b steel sides, respectively

Int J Adv Manuf Technol (2019) 100:2401–2422 2407



suitable working window, including tool rotational speed (w)
at the constant values of 920, 1000, and 1200 rpm; traverse
velocity (v) with the constant values of 54 and 90 mm/min;
tool plunge depth at the constant values of 0.1, 0.3, and
0.6 mm; tool tilting angle of 2°; and tool offset distance with
the constant values of 0.5 and 1.5 mm toward the Al and steel
sides. To elaborate the effects of a given processing parameter,
an experimental design of a single factor was conducted by
varying that parameter and keeping the other ones constant.

Real thermal histories (temperature-time heating cycles)
during FSW process were monitored by placing a K-type
thermocouple inside the different regions of aluminum- and
steel sides as well as the stirred zones, as schematically
presented in Fig. 3. As seen, the position for pre-placing
of K-thermocouples was outside of the mixed region during
the FSW process. Actually, in this project, the aim of this
thermal monitoring was only to measure some experimen-
tal data about the temperature profile/thermal cycle to com-
pare with the modeling outputs. The location for pre-
placing of K-thermocouple wires was not mattered, and
only the measured data must be compared with the predict-
ed values from the same locations. Therefore, to avoid

contact of FSW tool with the thermocouple wires and scat-
tering in the monitored data, it was decided to do the touch-
ing between wires and substrates at some locations outside
of weld nugget. The prepared dissimilar welds were sec-
tioned perpendicular to the FSW direction across the thick-
ness section by using electrical discharge machining
(EDM) technique. Thereafter, the standard metallographic
sample preparation procedure was accomplished on the
thickness cross-section of samples by grinding on the dif-
ferent grades of emery SiC papers followed by mechanical
polishing on the diamond pastes down to the size of ~
1 μm. To study the soundness of dissimilar welds cross-
sections as well as the general material flow structure and
formation of intermetallic compounds (IMCs) layer at the
Al/Fe interface, field emission scanning electron microsco-
py (FE-SEM, VEGA//TESCAN-XMU, Russia) analysis
was performed on the polished samples. The microscope
was equipped with an energy dispersive X-ray spectrosco-
py (EDS) detector to do the elemental chemical analysis. X-
ray diffraction (XRD) analysis was performed on the pre-
pared thickness cross-sections, as well, by using a Philips
X-ray diffractometer and Cu-Kα radiation, to characterize

Fig. 9 Effects of a 0.3 and b 0.6 mm tool plunge depths on the internal thermal contours for the processed dissimilar FSWs at w = 920 rpm and v =
54 mm/min with a tool offset distance of 0.5 mm toward the steel side
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the possible phase transformations. Mechanical perfor-
mance of the processed dissimilar welds was evaluated
during transverse tensile testing perpendicular to the FSW
direction. Flat dog-bone shape tensile specimens were pre-
pared from the processed dissimilar welds according to the
ASTM: E8M-13 Standard by using the EDM technique.
Testing was conducted by using a SANTAM Universal
Tensile Testing Machine with a constant cross-head speed
of 2 mm/min. For each condition, tensile tests were repeat-
ed three times and average joining efficiency values report-
ed. Fracture behavior of dissimilar welds during transverse
tensile testing was studied in terms of fracture location by
visual macro-investigation of failed samples. Indentation
Vickers macro-hardness testing was performed across the
different regions of base metal (BM), heat-affected zone
(HAZ), thermo-mechanical affected zone (TMAZ), and stir
zone (SZ) for both of aluminum and steel sides.
Measurements were carried out with 1 mm intervals from
the bottom, middle, and top regions of dissimilar welds by
using a Buhler micro-indenter machine (Buhler, Germany),
an applied load of 200 g, and a dwell time of 15 s.

4 Results and discussion

4.1 Thermo-mechanical modeling results

It is well established that one of the main factors which can
control the formation and growth of IMC layer during FSW
of aluminum and steel is frictional heating as well as the
plastic deformation [20, 47, 49]. Therefore, the temperature
and materials flow fields were predicted by using finite ele-
ment modeling at first to establish a correlation between
them and the IMC layer at the interface. Effects of tool
rotational speed and traverse velocity on the temperature
profiles for the dissimilar friction-stir welded AA5005/St-
52 joints are presented in Figs. 4 and 5, respectively. As
expected, these predicted top surface temperature profiles
at the steady-state conditions show that the maximum tem-
perature is mainly from SZ toward the steel side and this
peak value is enhanced with increasing the tool rotational
speed and decreasing the traverse velocity. Figure 6 shows
the real recorded temperature-time curves for the stirred re-
gion, aluminum, and steel sides of processed dissimilar

Fig. 10 The related amaterial velocity, b strain rate, cmaterial distribution, and d flow stress contours for the dissimilar welded joint atw = 920 rpm and
v = 54 mm/min with a tool plunge depth of 0.3 mm and an offset distance of 0.5 mm toward the aluminum side
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Fig. 12 FE-SEM images from the Al/Fe interfaces for the a–c upper and d–f lower parts of dissimilar welded joints at a, dw = 920, b, ew = 1000, and c,
f w = 1200 rpm with v = 54 mm/min

Fig. 11 FE-SEMmacro-images showing the cross-sectional materials flow profiles for dissimilar FSW joints at different tool rotational speeds of a 920
and b 1200 rpm with a constant traverse velocity of 54 mm/min
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welds. As seen, the highest peak temperature is inside the
mixed region. In Fig. 7, the effects of main processing pa-
rameters (w and v) on the peak temperature for both of
predicted and real measured profiles are compared. Also,
these simulated and experimentally measured peak tempera-
tures at the examined combination ranges of FSW parame-
ters are quantitatively compared in Table 4. Furthermore, the
differences between these peak temperatures and the melting
temperatures of AA5005 and St-52 base alloys in terms of
the ratio are calculated and expressed in Table 4, as well. As
shown, for all conditions the simulation temperature is al-
ways lower than the experimental value with small

deviations (good agreement) due to modeling assumptions
or inaccuracy in monitoring the real temperature. The error
between the experimental and simulation results is varied in
the range of 10–20 K (1–3%).

As obvious, tool rotational speed has a more significant
influence on the peak temperature for both of simulation
and practical results, as compared to the traverse velocity. It
can be due to the less dissipation of energy as well as
the higher frictional heating and more plastic deformation
[1, 2, 59]. The maximum processing peak temperature was
about ~ 853 K and attained at a parameter of w = 1200 rpm
and v = 54 mm/min. The effect of probe offset distance

Fig. 13 EDS point-scan analysis results for the dissimilar welded joints at a w = 1200 and b w = 1000 rpm
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toward the AA5005 alloy and St-52 steel sides on the trans-
verse temperature profiles is demonstrated in Fig. 8.
Analysis of these simulated contours reveals the formation
of smaller HAZ and TMAZ regions with the lower peak
temperature in the aluminum side as compared to the steel
one under both processing conditions. In the case of Fig. 8a
for the tool offset distance of 1.5 mm toward the steel side,
the reason is obvious because of more volume fraction of
rotating tool located in the steel which can leads to gener-
ation of more frictional heating, higher peak temperature,
and formation of larger HAZ and TMAZ regions under this
condition. In the other side by locating the rotating tool
with an offset distance of 1.5 mm toward the aluminum
part, the situation is less severe in Fig. 8b, but still, the
temperature at the steel side is higher with larger HAZ
and TMAZ regions. It is caused by the lower shear stress
of aluminum as compared to the steel as well as its higher
heat sinking capability due to higher thermal conductivity.
As reported in the literature on this field [32–44], during
dissimilar friction-stir joining of aluminum and steel mate-
rials always peak temperature at the steel side would be
higher than the Al part that can induce the formation of
larger HAZ and TMAZ regions. Also, it can be seen that
by tool shifting toward the steel side, the temperature can
increase even higher than the melting point of the alumi-
num sheet. However, offset toward the Al side can balance
this matter. The same results about the effects of tool
plunge depth (0.3 and 0.6 mm) at a constant offset distance

on the transverse thermal contours are reported in Fig. 9a,
b. It can be found that with increasing the tool plunge depth
temperature profile can more extend due to more frictional
heating and intensified plastic deformation. However, its
influence is slight as compared to the distance and se-
quence of offsets. Figure 10 provides the predicted mate-
rials velocity, strain rate, materials distribution, and flow
stress contours for top surface and thickness cross-section
of a dissimilar friction-stir welded AA5005/St-52 joint.
According to the simulation results, the velocity and strain
rate fields at advancing side (aluminum side) is severe than
the retreating one (steel side), although, this trend for pres-
sure is vice versa. It is worth noting that the flow stress at
advancing side around the SZ is compressive and gradually
changes to tensile toward the retreating side and decreases
by the distance from the welding center line. In the same
trend with the predicted temperatures profiles, asymmetric
nature of FSW process causes asymmetric variations for the
pressure and velocity fields around the rotating FSW tool
across the produced dissimilar joints [1, 2]. Since thermal
analysis indicates the temperature profile at the Al-Fe in-
terface (see Figs. 4, 5, 6, 7, 8, and 9) that can control the
inter-diffusion of elements across the interface connected
with the materials flow and inter-mixing patterns in Fig. 10
aided the solid-state deformation-assisted chemical reac-
tions, these thermo-mechanical analysis results are very
important for description of experimental results in the fol-
lowing sections.

Fig. 14 FE-SEMmacro-images showing the cross-sectional materials flow profiles for dissimilar FSW joints at different tool traverse velocities of a 54
and b 90 mm/min with a constant rotational speed of 1200 rpm
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4.2 Effects of tool rotational speed

In Fig. 11, the cross-sectional FE-SEMmacro-structures of two
dissimilar friction-stir welds processed at two differentwwith a
constant v are compared (Al side is shown as black contrast and
steel side with gray contrast). A big tunneling defect can be
seen at the aluminum side in the thickness section of dissimilar
weld prepared at w = 920 rpm/v = 54 mm/min owing to less
heat generation. Although, processing at higher rotational
speed (w = 1200 rpm/v = 54 mm/min) leads to the formation
of a sound defect-free dissimilar weld between AA5005 alloy

and St-52 steel. It can be due to increasing the heat input by
increasing w and its positive influence on the enhancement of
materials flow pattern [1, 2, 59]. Furthermore, the fraction and
size of steel fragments within the Al side are increased, as well.
Effects of tool rotational speed at a constant traverse velocity on
the size and morphology of IMC layer at the Al-Fe interface for
upper and lower parts of dissimilar welded joints are presented
in Fig. 12. As seen, considerable micro-scale metallurgical
changes were occurred at the interface depending on the pro-
cessing heat input. With increasing the tool rotational speed
from 920 rpm up to 1200 rpm, the size of the IMC layer at

Fig. 15 FE-SEM images from the Al/Fe interfaces for the dissimilar welded joints at a w = 920, b w = 1000, and c w = 1200 rpmwith v = 90 mm/min. d
XRD pattern from the thickness cross-section of dissimilar FSW processed with w = 1200 rpm and v = 90 mm/min
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the interface is considerably increased. In addition to the IMC
layer at the interface, some intermetallic compound particles
(IMP) were detached from the interface during FSW process
and dispersed within the metal matrix in the aluminum side, as
induced by the stirring action of rotating tool. Also in the com-
parison between the upper and lower parts, for all conditions,
the size of IMC layer in the lower part is thinner than the upper
one due to less heat generation by keeping the distance from the
rotating tool shoulder (compare Fig. 12a–c with d–f). Even in
the lower part of the processed sample at w = 920 and
1000 rpm, there is not any detectable IMC layer at the interface
(see Fig. 12d, e). As indexed by the EDS analysis in Fig. 13,
these intermetallic compounds are mostly Fe rich, although the
stoichiometry can be changed by the processing parameters and
mainly heat input.

4.3 Effects of tool traverse velocity

FE-SEM images showing the cross-sectional macro-profiles
from dissimilar materials flow pattern and inter-mixing for the
dissimilar welds processed at two different traverse velocities
are presented in Fig. 14. As shown, the influence of v is the
same as w, considering its role in changing the w/v ratio and
subsequently controlling the processing heat input. As a re-
sult, higher v can deteriorate the dissimilar joint formation. In
comparison with Fig. 12, the same results are reported in
Fig. 15a–c for the effects of w on the IMC layer at the inter-
face, but at v = 90 mm/min. It can be found that by two times
increasing of v, the formation of IMC layer at the interface is
considerably suppressed due to kinetic aspects. As shown in
Fig. 15d, XRD analysis was performed on the thickness cross-
sections of dissimilar welded joints at different processing
conditions to identify the type of intermetallic compounds at
the interface. The results are reported in Fig. 16. It can be seen
that the different intermetallics (FeAl3, Fe2Al5, and FeAl) are
produced depending on the employed w and v parameters as
well as the distance from tool shoulder across the thickness
section (upper/lower parts).

4.4 Effects of probe offset distance

The tool offset distance and sequence is one of the main
parameters can control the IMC layer formation. Effects of
tool offset distance toward the steel or aluminum sides and
its magnitude on the formation of the dissimilar weld be-
tween AA5005 alloy and St-52 steel are shown in FE-SEM
images of Fig. 17. Figure 17a shows the macro-structure of
dissimilar welded joint with a 1.5-mm tool offset distance
toward the steel side. Large C-shape contact interface area in
this sample is due to high heat generation and partial melting

Fig. 16 Effects of tool rotational speed and traverse velocity on the
thickness of IMC layer at the interface of the dissimilar joint between
aluminum and steel

Fig. 17 FE-SEMmacro-images showing the cross-sectional materials flow profiles for dissimilar FSW joints with a 1.5 mm offset toward the steel side,
b 0.5, and c 1.5 mm offset toward the aluminum side
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of the aluminum material. In Fig. 17b, c, these cross-
sectional macro-profiles for 0.5 and 1.5 mm offset distances
toward the aluminum side are presented. As shown in
Fig. 17c, insufficient heat generation during the FSW pro-
cess because of high offset distance toward the Al side leads
to lock of inter-mixing between aluminum and steel mate-
rials, since the frictional heating was not enough for soften-
ing of the steel part. In the processed sample with a moder-
ate 0.5 mm offset distance toward the Al side, some proper

features related to the dissimilar materials inter-mixing and
macro- and micro-mechanical inter-locking can be noticed.
Figure 18 shows the high-magnification FE-SEM images
from the Al-Fe interfaces for the processed dissimilar welds
with 1.5 mm offset distance toward the Al and steel sides,
respectively as combined with the related EDS analysis re-
sults. It can be found that offsetting toward the steel side
caused by the generation of high heat input can lead to the
formation of a large IMC layer at the interface. As indexed

Fig. 18 Morphology of Al/Fe interface for dissimilar friction-stir welded joints with 1.5 mm tool offset distance toward the a steel and b aluminum sides,
respectively. c EDS point scans analysis results from the Al/Fe interface
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in Fig. 18a and also plotted in Fig. 19, two different types of
intermetallics (FeAl and Fe2Al5) can be formed along the
IMC layer with the thickness of ~ 10 μm. Although for the
processed sample with 1.5 mm offset toward the Al side,
there is not any evidence for the formation of IMC layer at
the interface, and only some IMPs within the aluminum
matrix and close to the interface are detectable. Based on
these experiments and presented results, the tool offset dis-
tance as an important processing parameter can be optimized
as a magnitude of ~ 0.5 mm with shifting toward the alumi-
num side for dissimilar butt-welding of AA5005 alloy and
St-52 steel.

4.5 Effects of tool plunge depth

The same results about the influence of tool plunge depth on
the formation of dissimilar FSWare reported in Figs. 20 and 21.
For the processed sample with low plunge depth of 0.1 mm, a
very thin IMC layer was formed at the Al-Fe interface (see
Fig. 20a). It seems that this plunge depth was not enough for
forging action of rotating tool to provide the superior dissimilar
metals inter-mixing. In the high plunge depth sample of
0.6 mm, FE-SEM image of Fig. 20b shows the formation of
a large IMC layer with the thickness of higher than 20 μm
caused by imposing of high heat input as well as the severe
shear deformation. According to the line-scan EDS analysis
results in Fig. 21, three different compounds can be character-
ized inside the IMC layer, as FeAl, FeAl3, and Fe2Al5. As
explained, both of these extreme plunge depth values have
some deteriorative influences. Therefore, the tool plunge depth
as another effective processing parameter is optimized with a
moderate value of ~ 0.3 mm.

4.6 IMC layer formation and growth

As observed in the current research and also reported in liter-
ature before, feasibility of dissimilar friction-stir welding be-
tween aluminum alloys and steels and subsequent mechanical
performance of processed dissimilar joints are strongly
depended on the formation and morphological characteristics
of IMC layer at the interface [13, 15–17, 21–23, 26, 33, 34, 36,
37, 42]. Frictional heating and deformation during the FSW
process lead to the formation of various compositions of inter-
metallics depending on the processing conditions (see Fig. 16).
Generally, it was reported that Al-rich intermetallics (such as
FeAl3 and Fe2Al5) are more brittle than the Fe-rich ones (such
as FeAl and Fe3Al) considering the mechanical property im-
portance [11, 17, 23, 32, 40]. According to the thermodynam-
ical stability viewpoint and Gibbs free energy of formation,
Fe3Al is the stablest phase among the different intermetallics
in the Al-Fe system [11]. However, considering the kinetic
aspects, FeAl3 is the easiest phase to form in this system
[20, 32, 49]. In the most of previous researches as well as the
current study, formation of a two-phase reaction layer contain-
ing θ (FeAl3) and η (Fe2Al5) phases was found dominant
depending on the processing heat input (see Figs. 19 and 21)
[17, 20, 27, 32, 34, 40, 45, 58]. Although, in themost thickness
fraction of IMC layer, the η phase would be dominant [32]. As
shown in Fig. 16, it can be seen that by increasing w and
decreasing v (increscent of w/v ratio) composition is shifted
toward the Fe-rich intermetallics, by changing the type from
FeAl3 into the Fe2Al5 and FeAl compounds, respectively.
Considering the more brittleness of Al-rich intermetallics, this
transition is favorable to enhance the mechanical performance
of dissimilar Al-Fe friction-stir welds.

The formation and growth kinetics of the IMC layer at the
Al-Fe interface is a diffusion-controlled phenomenon which
can be described according to the below parabolic and
Arrhenius relations [32]:

x2 ¼ kt ¼ k0texp
−Q
RT

� �
ð14Þ

where x is the thickness of IMC layer at the interface, k is the
rate constant, t is the exposure time, k0 is the pre-exponential
factor, Q is the effective activation energy, R is the universal
gas constant, and T is the processing temperature. Based on
this state equation, all processing parameters or factors affect-
ing the peak temperature or activation energy for diffusion of
elements can affect the thickness or morphology of the IMC
layer at the Al-Fe interface, as well. It is well-established in the
literature [32, 40] that by increasing the tool rotational speed
and reducing its traverse velocity, or increasing the w/v ratio,
the heat input increases with the main impact result ofFig. 19 The EDS line-scan analysis results from the Al/Fe interface
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increasing the peak temperature during process that can accel-
erate the inter-diffusion phenomena for different elements and
subsequent formation of IMC layer at the interface. Therefore,
increasing the heat inputw/v index parameter (by increasingw
or decreasing v) due to increasing the maximum temperature
in the thermal cycle and lengthening the period time, i.e., T
and t in the above equation, can cause the formation of thicker
IMC layer. Furthermore, stirring action of the rotating tool
during the FSW process can control the formation of IMC
layer, as well. The main important factors as examined in this
research were tool plunge depth and probe offset distance.
Higher pressure and strain rate during the process as caused
by frictional heating and shear deformation beside of en-
hanced materials inter-mixing can play an important role in

making the easier paths for diffusion of elements. By reducing
the effective activation energy, as a result, thicker IMC layer
can form (see Figs. 19, 20, and 21). It is not yet well deter-
mined that the size of the IMC layer at the interface can play a
role in detrimental or beneficial ways against the dissimilar
weld strength [20, 27, 32, 40]. There is some paradox reports
about that in the literature [15, 17–22, 26, 27, 29, 34, 35, 38,
40, 47]. Meanwhile, up to now, based on the findings of pres-
ent research, it can admire that the examined processing pa-
rameters (w, v, plunge depth, and offset distance) displayed an
impact influence on the composition, morphology, and thick-
ness of IMC layer further than the soundness of weldments
which can affect the mechanical performance of dissimilar
welds, subsequently.

Fig. 20 Effects of a 0.1 and b 0.6 mm tool plunge depths on the locking morphology at the interface during FSW. c The EDS point-scan analysis results
from the Al-Fe interface
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4.7 Tensile strength and fracture behavior

Fracture behavior of dissimilar friction-stir welded joints at
different processing parameters during transverse tensile test-
ing is compared in Fig. 22. As shown, different fracture loca-
tions depending on the employed processing conditions can
be observed. The occurrence of transverse failure outside of
the weld nugget indicates the joint mechanical satisfaction. It
can be seen that some processed dissimilar joints were frac-
tured from the HAZ and TMAZ regions in the aluminum side.
For the failed samples from SZ, as shown in Fig. 23, the size
and morphology of the IMC layer at the interface play a major
role in the corresponding fractographic aspects. By increasing
the thickness size of the IMC layer, fracture tends toward the
catastrophic nature. In Fig. 24a, b, macro-images from two
aluminum and steel failure sides are presented for the opti-
mized dissimilar weld at processing parameters of w =
1200 rpm and v = 90 mm/min with failure location from
HAZ of Al side. Behavior is close to ductile rupture with a

shear edge of around 45°. The joining efficiency, as defined by
the tensile strength ratio of the dissimilar joint to the aluminum
base metal, was determined for the processed dissimilar joints
by considering their transverse tensile rupture curves. Effects
of tool rotation speed, traverse velocity, offset distance, and
plunge depth on the joining efficiency of processed dissimilar
joints are plotted and compared in Fig. 24c–e. Trends of evo-
lution have some optimums. As explained before, changing in
the processing conditions mainly can affect the IMC layer
formation at the interface, as well as the materials flow pattern,
inter-mixing, and mechanical locking mechanisms. However,
the presence of the IMC layer at the interface and its size and
morphology are the key factors which can control the tensile
flow behavior of processed dissimilar joints. Therefore, a cor-
relation between the IMC layer formation and joining efficien-
cy depending on the processing heat input can be established.
Based on the presented data in Fig. 24, processing parameters
can be optimized as w = 1200 rpm, v = 90 mm/min, tool offset
distance of 0.5 mm toward the Al side, and tool plunge depth
of 0.3 mm with the highest joining efficiency of ~ 90%.

4.8 Indentation micro-hardness

The Vickers micro-hardness profiles across the thickness sec-
tion of processed dissimilar FSWs from different parts at two
high (1200 rpm) and low (920 rpm) tool rotational speeds are
compared in Fig. 25a, b, respectively. As seen, the average
hardness values for aluminum alloy and low carbon steel base
metals are ~ 70 and 220 HV, respectively. The hardness of
mixed nugget can be changed by formation of IMC layer at
the interface depending on the processing heat input. For low
w processed weld, the hardness increscent for the SZ is not
considerable (~ 200 HV). Despite less IMC fraction, this
strengthening amount can be due to the presence of IMPs
[63–65]. By increasing w and subsequently increasing heat
input which can accelerate the IMC layer formation, the hard-
ness at SZ region is enhanced up to ~ 250 HV (see Fig. 25a).

Fig. 22 Top-view of transverse
tensile failed samples

Fig. 21 The EDS line-scan analysis results from the Al/Fe interface with
0.6 mm tool plunge depth
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Fig. 23 The fracture interfaces for dissimilar joints a without IMC layer, b low thickness of the IMC layer, and c high thickness of the IMC layer

Fig. 24 Macro-images from the fracture surfaces of dissimilar joint with highest efficiency for the a St-52 and b AA5005 sides. Effects of c tool
rotational speed, traverse velocity, d tool offset, and e tool plunge depth on the joining efficiency for dissimilar FSWof St-52 and AA5005 sheets
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5 Conclusions

Dissimilar weldability of AA5005-O aluminum-magnesium
alloy and St-52 low carbon steel in a butt-joint design in terms
of IMCs layer formation at the interface depending on the main
processing parameters (w, v, tool plunge depth, and tool offset
distance) was thermo-mechanically modeled and experimental-
ly elaborated. The main findings can be expressed as follows:

& According to the simulation results, as validated by exper-
imental testing, tool offset distance toward the steel sheet
can cause the melting of aluminum material. By increas-
ing w, decreasing v, and increasing tool plunge depth (i.e.,
higher heat input), the peak temperature was continuously
improved up to ~ 853 K with the enhanced materials flow
pattern.

& The higher peak temperatures during FSW process inten-
sified the growth kinetics of IMC layer at the interface, as
well as its formation and morphology which mainly influ-
enced by the dissimilar materials inter-mixing profile as
induced by the processing conditions (w/v ratio). Different
FeAl and Fe2Al5 intermetallics were formed in a thickness
range of < 20 μm.

& To fabricate a sound dissimilar butt-joint between these
dissimilar materials based on the formation of defects
across the weld and IMC layer at the interface, processing
parameters were optimized as w = 1200 rpm and v =
90 mm/min, with tool plunge depth of 0.3 mm by locating
the Al sheet at advancing side with a tool offset distance of
0.5 mm toward this Al part.

& For sound/defect-free dissimilar welds, the lower thick-
ness of the IMC layer can enhance the dissimilar weld

mechanical performance. Fracture of the optimized dis-
similar weld occurred from the HAZ of Al side with a
maximum joint efficiency of ~ 90%.

& The hardness of dissimilar mixed zone was strongly af-
fected by the formation of IMC layer at the interface de-
pending on the processing heat input. A maximum hard-
ness increscent of ~ 250 HVwas noticed as compared to ~
70 and 220 HV for the aluminum and steel base metals,
respectively.

6 Direction for future researches

Coupling the thermal and strain results of FEMmodeling with
the micro-scale statistical and diffusion-based models to pre-
dict the morphology and growth kinetics of IMC layer at the
interface during FSW bonding is a critical phenomenon in
determining the mechanical performance of produced dissim-
ilar joints. Furthermore, the results can be experimentally ver-
ified by the implementation of scanning (STEM) and high-
resolution transmission electron microscopy (HR-TEM) anal-
yses from the interface of dissimilar bonded aluminum and
steel, as well as the electron probe micro-analysis (EPMA)
and Auger spectroscopy (AS). Although in this study it was
tried out to analyze the effects of processing parameters com-
prehensively, some aspects about the effects of this IMC layer
formation between aluminum and steel during dissimilar FSW
joining on the correlation with the practical mechanical per-
formance of produced components, such as fatigue, fracture
and crack propagation, and toughness, must be studied in the
future researches.

Fig. 25 Effects of tool rotational speed on the micro-hardness profiles across the thickness section of processed dissimilar joints at different regions; a
w = 1200 rpm and b w = 920 rpm
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