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The volume of fluid (VOF) modeling method was implemented to simulate the underwater

friction-stir welding (FSW) process for dissimilar joining between aluminum and steel. Tem-

perature profile, materials flow, and intermixing during dissimilar bonding under the cooling

medium were monitored via VOF modeling and verified according to experimental data. The

effects of processing parameters on the formation of intermetallic compounds (IMCs) at

the  Al/St interface, microstructural characteristics, and mechanical property of dissimilar

weldments were studied and addressed. By decreasing tool rotational speed (w), increas-

ing  traverse velocity (v), and employing cooling medium, peak temperature continuously

reduced (down to ∼473 and 573 K for the aluminum and steel sides, respectively) led to sub-

stantial refining the grain structure and formation of a thinner IMC layer. The average grain

size  in the aluminum and steel sides of SZ is refined down to ∼4 and 12 �m,  respectively. The

thickness of the IMC layer varied depending on the processing parameters with the lowest

value of ∼0.2 �m. The formation of a curved interface due to enhanced materials mixing at

the  advancing side is noted with a linear hardness gradient across the dissimilar weldment.

Superior mechanical strength of ∼80 MPa attained at an optimized submerged condition of

w  = 1650 rpm/v = 40 mm/min showed combined ductile-brittle fractographic aspects on the
fracture surface.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
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1.  Introduction

Newly, production of higher efficiency and low weight con-
structions encourage engineers for the production of hybrid
structures. Among the various types of hybrid structures,
dissimilar metallic structures are more  notable due to the
wide ranges of applications that can be serviced for different
industries [1]. Steel (St)-aluminium (Al) dissimilar compound
is one of the outstanding structures which considered by
many automobile, aero, marine, and railway industries [2,3].
A well-known technique to manufacture the Al/St bi-metallic
structure and combining properties of different parts is
welding and joining processes. However, due to the large
dissimilarity of physical and mechanical properties between
dissimilar base materials and formation of intermetallics,
dissimilar bonding between aluminum and steel is very chal-
lenging [4]. The presence of the brittle IMC  layer at the Al/St
interface can considerably deteriorate the mechanical perfor-
mance of dissimilar weldments. On the other side, friction stir
welding (FSW) is a promising, rapidly growing, and environ-
mental friendly joining method that offers the great capability
to join dissimilar materials with entirely different properties
[5–11]. Therefore, this FSW route was implemented as a new
solid-state joining technology to decrease the thickness of the
IMC  layer at the Al/St interface and improve the mechanical
property of dissimilar weldments [12]. FSW displayed great
flexibility for the production of different kinds of Al/St hybrid
structures [13].

Submerged friction-stir welding under cooling mediums,
such as compressed air, water, dry ice, and liquid nitrogen, can
be considered as an alternate route of the standard solid-state
technology for production of similar and dissimilar weldments
from various metals and alloys [14]. In this new modifica-
tion by submerging under the cooling atmosphere, it would
be possible to control the solid-state metallurgical phenomena
[15]. Considering the adiabatic nature of frictional heating dur-
ing FSW treatment, the occurrence of joining process cannot
affect by the cooling atmosphere [16,17]. However, immersing
under the cooling medium can affect the extend of cooling
rate after FSW from the peak down to room temperature and
subsequent metallurgical reactions [18]. By controlling the fre-
quency of grain growth after dynamic restoration phenomena
in the stirred area as well as the intermetallic compounds
(IMCs) formation, the submerged cooling atmosphere can
induce different mechanical properties during FSW treatment
of various metals and alloys [14,19–21]. In this regard, the for-
mation of a nano-sized cellular structure with the average size
of ∼20 nm in aluminum matrix was reported in the research
by Khodabakhshi et al. [14] on friction-stirring of metal-matrix
nanocomposites. Although several kinds of research were
reported in the literature on the context of similar and dissimi-
lar FSW joining for different metals and alloys, meanwhile, the
limited results reported on submerged FSW treatment.

Underwater friction-stir welding (UFSW) firstly employed
for similar joining of metals and alloys with the main object
of refining the grain structure of weld nugget to improve the

mechanical strength of weldment. In the reports of Zhang
and Liu [22–29], the implementation of the UFSW process led
to enhancement of the tensile strength of AA2219 aluminum
2 0 2 0;9(3):3767–3781

alloy around ∼80%. Sabari et al. [30,31] showed that by control-
ling the UFSW parameters, the size of the thermo-mechanical
affected zone (TMAZ) and heat-affected zone (HAZ) could be
minimized in the joint line of AA2519-T87 aluminum alloy.
Heirani et al. [32] studied the UFSW process for welding of
AA5083 aluminum alloy. They showed that it has a drastic
influence on improving the hardness and tensile strength
of weldment as compared to the air processing condition.
Liang et al. [33] demonstrated that the mechanical strength
of AA7055 aluminum alloy weldment after the UFSW process
affected by change the water temperature. The results showed
that using higher tool rotational speed at warm temperature-
induced superior joint strength as compared to the cold and
room temperature water conditions [34,35]. Papahn et al. [36]
examined the UFSW treatment for AA7075-T6 aluminum alloy
plates. They showed that the produced maximum temper-
ature in the SZ decreased (close to 40%) as compared with
the air-processing FSW. They have reported reducing the peak
temperature of the stirred zone and increasing the cooling rate
under the cooling medium as compared to the air process-
ing condition led to more  brittleness and higher strength of
weldment. Tan et al. [37] showed that the size of recrystal-
lized grains and the number of secondary phase particles in
the SZ was reduced with decreasing the water temperature
during UFSW of AA3003 aluminum alloy.

According to the current limited state of the art on dissim-
ilar underwater friction-stir welding, impressive results were
reported in the literature in some cases. Zhao et al. [38,39]
highlighted the UFSW process as a valid route for dissimi-
lar joining of AA6013 aluminum alloy and AZ31 magnesium
alloy with a higher tensile strength (∼152 MPa) as compared
to the air processing condition (∼131 MPa). They have also
reported the formation of Al3Mg2 and Mg17Al12 phases at
the interface between aluminum and steel after the UFSW
process. In another report, Zhang et al. [40] worked on dissim-
ilar UFSW joining between aluminum and copper, where the
results showed reducing in the amount of Al/Cu intermetallic
compounds under UFSW condition. Dropping the thickness
of the IMC  layer at the interface of AA6061-T6 aluminum alloy
and AISI 304 steel was reported in the research of Mahto et al.
[41] under the action of UFSW treatment. Accordingly, the
thickness of the IMC  layer was decreased from ∼9.5 �m for
reasonable FSW condition down to ∼0.5 �m after UFSW with
the considerable refinement of grain structure in the weld
nugget and significant improvement of mechanical strength.
Recently, Aghajani Derazkola and Khodabakhshi [15] investi-
gated the dissimilar bonding between Al-Mg aluminum alloy
and A441 AISI steel by the UFSW process under different water
medium temperatures. They have reported the room temper-
ature water as the optimum cooling medium with a maximum
tensile strength of ∼310 MPa and elongation of ∼13%.

Despite these exciting but limited results on the context
of UFSW dissimilar bonding between aluminum and steel,
no reports were found in the literature of modeling results
to simulate the influence of the submerged cooling medium
on the characteristics of produced dissimilar weldments. Fur-

thermore, the effects of UFSW processing parameters in terms
of rotational speed of FSW tool and traverse velocity on the
microstructural details and mechanical performance of dis-
similar weldments were not addressed yet. Therefore, the
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Table 1 – Chemical composition of base materials.

Element (wt%) AA5182 Aluminum alloy AISI 1010 Steel

Al 94 0
Fe 0.35 99.1
Cr 0.1 0
Mg 5.0 0
Mn 0.5 0.6
Si 0.2 0
Ti 0.1 0
Zn 0.25 0
C 0 0.13
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Table 2 – Physical and mechanical properties of base
materials.

Properties AA5182
Aluminum alloy

AISI 1010 Steel

Density 2780 kg/m3 7870 kg/m3

Ultimate tensile strength (UTS) 275 MPa 365 MPa
Yield tensile strength 103 MPa 305 MPa
Elongation at break 21% 20%
Vickers hardness 84 108
Shear strength 150 MPa 240 MPa
Thermal conductivity 126 W/m-K 49.8 W/m-K
Melting point 638 ◦C 1516 ◦C

Table 3 – The UFSW processing parameters.

Sample number Tool rotational
velocity (rpm)

Tool traverse
velocity (mm/min)

I 950 40
II 950 70
III 950 100
IV 1300 40
V 1300 70
VI 1300 100
VII 1650 40
VIII 1650 70
IX 1650 100
X 2000 40
P 0 0.04
S 0 0.13

ain object of this research is to introduce an advanced
umerical model for predicting the characteristics of UFSW
rocess. In the following, the simulation results were validated
ccording to the experimental results by UFSW joining on the
ybrid structures between AA5182 aluminum alloy and AISI
010 steel under different processing conditions.

.  Experimental  procedure

he rectangular 8 × 200 × 150 mm3 pieces cross-sectioned
sing a universal sawing machine from the AA5182 aluminum
lloy and AISI 1010 steel sheets. Chemical compositions and
echanical properties for these raw materials are presented

n Tables 1 and 2, respectively. A Plexiglas surrounded set-
p installed on a high energy milling machine to implement
he UFSW process. The electronic macro-image from the
mployed set-up for the accomplishment of the UFSW pro-
ess is illustrated in Fig. 1 The temperature of the water
edium was controlled around 298 K during all experiments.
n FSW tool was utilized made of tungsten carbide (WC)

ith a shoulder diameter of 20 mm containing a treated frus-

um probe with a conical bore in the range of 10 to 6 mm
nd a length of 7.6 mm.  During UFSW tests, the tool tilt-

Fig. 1 – The utilized
XI 2000 70
XII 2000 100

ing angle was preserved constantly about 2 degrees with a
continual plunge depth of 0.4 mm.  The employed process-
ing parameters in terms of rotational speed (w) and traverse
velocity (v) for UFSW treatment are presented in Table 3.
Three K-type thermocouples (Omega, USA) were inserted at
locations with 10, 14, and 18 mm distances from the inter-

face edge of base metals, as shown in Fig. 1. For studying
the microstructural evolutions, dissimilar weldments were
cross-sectioned perpendicular to the FSW direction by a

 UFSW set-up.
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diamond cutter, grounded on the SiC emery papers, and pol-
ished on the diamond pastes. After standard metallographic
sample preparation, the grain structure of different regions
across dissimilar weldments from aluminum and steel sides
revealed using modified Poulton’s and Nital’s reagents, respec-
tively. For microstructural observations, an optical microscope
(VERSAMET-3, USA) was used as equipped with an image
analyzing software (Clemex-Vision, USA). To study the mate-
rials flow pattern as well as the intermetallic compounds
(IMCs) formation across the dissimilar weldments, a field-
emission scanning electron microscope (VEGA//TESCAN-XMU
SEM, RUSSIA) equipped with an energy dispersive X-ray spec-
troscopy (EDS) detector was utilized. To elaborate on the
mechanical behavior of processed dissimilar weldments, ten-
sile testing and indentation hardness measurements were
performed. For tensile testing, coupons were prepared accord-
ing to the ASTM E8-M03 Standard with a gauge length of
32 mm.  Under each processing condition, tensile testing was
repeated three times, and average values for tensile proper-
ties were calculated and reported. The fractographic aspects
on the fracture surface of tensile failed samples were studied
under SEM analysis. Vickers micro-hardness measurements
were performed using an HMV-2  T Shimadzu Model Micro-
Indenter and hardness profiles reported.

3.  Numerical  modelling  of  UFSW  process

3.1.  Assumptions

The steady-state stage of the FSW process in the submerged
condition was modeled, whereas materials flow into the com-
putational domain varied in terms of welding speed. In the
modeling procedure to simulate the dissimilar joining pro-
cess, the FSW tool was considered at a fixed location with a
specific tool rotational speed and plasticized material moved
around the rotating device. For this purpose, base materials
were considered as the non-Newtonian fluids with high vis-
cosity. A laminar regime estimated the flow field of fluids,
and the coherence varied as a function of temperature and
strain rate. In this context, the volume of fluid (VOF) method
was employed to simulate the underwater friction stir welding
(UFSW) process. Aluminum alloy and steel were considered for
treatment as different phases during the UFSW process. Due
to the micro-scale formation of intermetallic compound (IMC)
layers at the interface and small amount of steel particles as
in the aluminum matrix, they were neglected in the modeling
procedure for simplification.

3.2.  Governing  equations

As described before, in this modeling procedure, the dissimi-
lar FSW process was defined as the separated multiple phase
flow categories, and the dissimilar materials were not inter-
penetrated to each other. One of the popular methods to deal
with such complex modeling problems is the VOF. According

to this modeling approach, �k is introduced as a variable for
volume fraction (phase distribution) of phase k to describe
the phase distribution. Velocity (v), temperature (T), and pres-
sure (P) fields are the shared parameters among the dissimilar
Fig. 2 – Schematic view of UFSW process modeling.

phases, and material properties can be considered as the aver-
aged values based on the volume fraction �k in each unit cell.
To determine the �k parameter and describe the dissimilar
materials flow, the conservation relations for mass, momen-
tum, and energy can be accordingly derived and solved as
following [47–49]:

Mass : ∇̃.

(
�k�kṽ

)
=

2∑
j=1

(
ṁjk − ṁkj

)
(1)

Momentum : ∇̃.

(
Sṽṽ

)
= −∇̃P + ∇̃.� (2)

Energy : ∇̃.

[(∑
�k�kck

)
Tṽ

]
= −∇̃. ¯̃q + ∇̃.

[(
� − pĨ

)
.ṽ

]
(3)

where ∇̃ is the special vector differential operator, �k is the

density of k phase, and ṽ is the velocity. The mass conservation

equation is a function that determining the volume fraction of
each phase in the different elements. The mass transfer rate
from phase k to phase j can provide as ṁkj and in the switched
condition, it can be defined by ṁjk parameter (see Fig. 2 and
Appendix A for more  details and settings).

3.3.  Boundary  conditions

The most critical boundary condition in the FSW process is
the coupled thermal-mechanical interface between the work-
piece and tool. The heat generated at the interface between
the vertical and horizontal surfaces of the tool pin and the
workpiece can be defined as following [42]:

Qi =
[
(1 − ı) �� + ı�f PN

]
(ωr − v1 sin 	)

Ar

F
(4)

where Ar is a small area on the tool pin-workpiece interface,
r is the radial distance of the area center from the tool axis,
F is the control-volume enclosing the area Ar, � is the maxi-

mum shear stress at yielding, 	 is the angle with the negative
x-axis in the counter-clockwise direction, � is the mechani-
cal efficiency (the amount of mechanical energy converted to
the heat energy), ı denotes the spatially variable fractional slip
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Fig. 3 – (a) The recorded temperature profile for Sample X. (b) Relation between recorded peak temperature and parameters
of the UFSW process. Surface flow patterns of (c) Sample III, (d) Sample VII and (e) Sample X. VOF vector results for (f)
S
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ample III, (g) Sample VII and (h) Sample X.

etween the tool and the workpiece interface (which selected
s 0.44), �f is the spatially variable coefficient of friction, ω

s the angular velocity, and PN is the average pressure on the
urface (see Appendix B for more  details and parameters). It
s worth noting that FSW is a kind of high strain rate adiabatic
evere shear deformation, and the primary influence of the
ooling medium would be on controlling the rate of cooling
rom peak temperature down  to atmosphere after treatment.
he cooling water effect on the boundary conditions was con-
idered in the modeling procedure. The relating details in
erms of governing equations, as well as physical parame-
ers and values, were expressed in two appendixes of A and B
t the end of the manuscript in the form of “Supplementary
lectronic Document”.

.  Results  and  discussion
.1.  Thermal  history  and  surface  material  flow  pattern

ig. 3a presents the recorded thermal cycles during the UFSW
rocess from the aluminum and steel sides for Sample X. As
expected, the maximum or peak temperature in the steel side
is higher than the aluminum side due to higher melting tem-
perature of steel rather than the aluminum as well as the
higher strength, lower plasticity, less heat sinking capability,
and lower thermal conductivity (see Table 2 in comparison
between the physical and mechanical properties of AA5182
aluminum alloy and AISI 1010 steel). In Fig. 3b, the maximum
or peak temperature is plotted as a function of rotational speed
and traverse velocity for both aluminum and steel sides of dis-
similar weldments. As shown, by increasing w and decreasing
of v, the peak temperature is continuously increased due to
the increasing heat input index in terms of expanding the
w/v ratio. Under all processing conditions, the measured peak
temperature for the steel side is higher than the aluminum
one. According to these experimental results, the highest peak
temperature is determined for the steel side of Sample X,
and it is around 777 K. Meanwhile, the lowest temperature
is ∼498 K for the aluminum side of Sample III with the less

heat generation at the minimum UFSW heat input index of
w = 950 rpm and v = 100 mm/min. Based on the presented data
in Fig. 3b, a correlation can be established between the maxi-
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Fig. 4 – Simulation results for the maximum temperature in (a) the steel and (b) aluminum sides versus tool rotational
speed and traverse velocity. Simulation results for the surface temperature distribution in (c) Sample III, (d) Sample VII and

(e) Sample X.

mum temperature and tool velocity for the UFSW process. For
thermal data in both Fig. 3(a and b), they are relating to the
stirred region for the nearest point under the shoulder area.

Surface materials flow and materials dissimilar mixing
for the surface of dissimilar weldments processed under the
action of different UFSW parameters are demonstrated in
Fig. 3(c–e). As it is well established, the significant influence of
UFSW treatment as compared to air processing is the impact
of the submerged cooling medium on affecting the heat trans-
fer and cooling rate after the welding process. Therefore, for
Sample III with the lowest heat input index (w = 950 rpm and
v = 100 mm/min), the faulty materials flow and intermixing led
the formation of a non-sound or defect-free dissimilar joint,
as shown in Fig. 3c. By increasing the heat input index toward
Samples VII and X in terms of increasing the tool rotation

speed and decreasing the tool traverse velocity, the enhanced
materials flow and uniform mixing can be noted. Under the
high heat input index processing condition, for instance, in
the case of Sample X, the formation of surface flash is depicted
in the aluminum side of the dissimilar weldment, as shown
in Fig. 3e. The simulation results as plots of the volume frac-
tion vector for intermixing of aluminum and steel different
metals in terms of changing the rotational speed and traverse
velocity in the case of Samples III, VII, and X are presented in
Fig. 3(f–h). According to these modeling predictions, the diffu-
sion and mixing of aluminum into the steel side are mainly
under the influence of the heat input index for the submerged
underwater condition.

Fig. 4(a and b) show the variation of simulated peak tem-
perature versus tool rotational speed and traverse velocity
under the recorded temperature for both steel and aluminum
sides, respectively. Based on these graphs, a good agree-
ment between the simulation and experimental results can be
noted. Although, the matching for the steel side seems closer

with less error. In most processing conditions, the standard
deviation range of experimental data can cover the simulation
results, as well. It is worth noting that while the trends of the
experimental and simulated peak temperatures are similar,
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Fig. 5 – (a, c, e) Cross-sectional materials flow pattern view and (b, d, f) simulated results of internal temperature
d amp

t
c
d
t
a
a
i
t
fi
t
p
F
t
b
s

4

I
fl
c

istribution for (a, b) Sample III, (c, d) Sample VII, and (e, f) S

he experimental one seems higher than the simulated one, it
an be due to some assumptions in the modeling procedure, as
escribed in Section 3. Furthermore, the simulations result in
erms of the surface heat distribution or temperature contours
re demonstrated in Fig. 4(c–e) in the case of Samples III, VII,
nd X. As shown and expected, the frictional heat generation
n the steel side is more  than the aluminum part. According
o temperature profiles, the generation of temperature pro-
les is mainly focused and shifted toward the steel side due
o the lower heat transfer coefficient of AISI steel as com-
ared to the AA5183 aluminum alloy. In comparison between
ig. 4(c–e), it is evident that by increasing w and decreasing v,
he region of experienced high peak temperature highlighted
y red-color in the contours extended more  toward the steel
ide.

.2.  Internal  materials  flow
n Fig. 5, the cross-sectional temperature profiles and material
ow patterns for dissimilar aluminum-steel weldments pro-
essed under different UFSW parameters are demonstrated. In
le X.

this regard, the optical macrographs from Samples III, VII, and
X are presented, showing the alteration of rotational speed
and traverse velocity. Accordingly, an excellent correlation can
be established between the temperature profile and dissimilar
materials intermixing. Less frictional heat generation under
low tool rotational speed and high traverse velocity (low heat
input index) lead insufficient different aluminum and steel
materials intermixing in the case of Sample III which induced
the formation of a root canal crack under the bead of dissim-
ilar weldment across the interface, as shown in Fig. 5(a and
b). However, by increasing the heat input index in terms of
increasing the w or reducing the v, the materials intermixing
across the interface between aluminum and steel and in fol-
lowing the formation of dissimilar weldment are enhanced. In
the case of these two samples VII and X, as demonstrated in
Fig. 5(c–f), dissimilar weldments seems sound with no forma-
tion of a macro-obvious welding defect. As seen, the shape
or morphology of aluminum and steel interface is mostly

affected by changing the UFSW processing parameters. It
seems that by increasing the heat input index in terms of w/v
ratio, the hard steel material becomes softer by increasing the
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truct
Fig. 6 – Optical images showing the micros

peak temperature, which can make the materials flow and
intermixing easier (see Fig. 5a,c,e). On the other side, simu-
lation results for the internal heat distribution in Fig. 5(b,d,f)
reveals by increasing w or decreasing v; the more  heat can gen-
erate in the steel side led more  stretching of steel toward the
aluminum side.

4.3.  Microstructure  of  dissimilar  weldments

Fig. 6 illustrates the macro-image of a dissimilar weldment
across the thickness section for Sample VII after UFSW
treatment as combined with the optical microstructures of
different regions. In this figure, the grain structure of all areas
has the possibility of formation during the UFSW process is
addressed for both aluminum and steel sides, as base metal
(BM), heat affected zone (HAZ), thermo-mechanical affected
zone (TMAZ), and stir zone (SZ). According to these pre-
sented results, the formation of a narrow HAZ and TMAZ
regions can be noted for both aluminum and steel sides
of dissimilar weldments under the UFSW processing condi-
tions due to rapid cooling from peak temperature down to
atmosphere. According to these microstructural maps, the
grain structure in TMAZ and especially in the SZ region,
is largely refined after UFSW treatment. The main control-

ling mechanisms for such grain structural modification are
based on the operative dynamic restoration phenomena dur-
ing the UFSW process [19,21,43,44]. The involved mechanisms
mostly include dynamic recovery (DRV), continuous dynamic
ure of different regions across Sample VII.

recrystallization (CDRX), discontinuous dynamic recrystalliza-
tion (DDRX), and geometric dynamic recrystallization (GDRX)
depending on the stacking fault energy of the examined met-
als and alloys [45]. As compared to the conventional FSW
process, the main difference of UFSW treatment is utilizing
the submerged medium. Since friction-stirring is an adia-
batic process, the peak temperature inside SZ cannot affect
by the submerged cooling medium. Meanwhile, after friction-
stirring, the rate of cooling from peak temperature can be
influenced mainly by the submerged cooling medium [43].
Grains can nucleate during severe plastic deformation of
friction-stirring process, and in following rapid cooling from
the peak temperature after the UFSW process will render the
grain growth, and the rate of grain boundaries migration lead
to the formation of a fine equiaxed grain structure in both alu-
minum and steel sides of dissimilar weld nugget. Some degree
of grain coarsening in a narrow region of HAZ from the alu-
minum side can be observed. In the SZ of the steel side, a kind
of bimodal grain structure consist of fine and coarse bound-
aries is seen. Although, the grain structure in TMAZ of both
aluminum and steel sides seems directional due to induced
frictional shear by rotating shoulder during UFSW treatment
outside of SZ. Due to the rapid cooling of the UFSW process,
no grain structural coarsening detected in the HAZ of the
steel side. Fig. 6 only show the microstructural characteriza-

tion results for one sample. The summary of microstructural
analysis results for all samples is demonstrated in Fig. 7. For
three regions of HAZ, TMAZ, and SZ, the average grain size for
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Fig. 7 – The relation between the average grain size and tool processing parameters for (a, d) HAZ, (b, e) TMAZ, and (c, f) SZ
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Table 4 – Chemical composition of the IMC  layer at the
upper area of dissimilar joints.

Sample Fe (wt%) Al (wt%) Mg (wt%)

I 48.6 49 2
II 47.6 49.7 2.3
III 47.4 49.6 2.4
IV 46.5 51.5 1.5
V 43.8 54.3 1.7
VI 42.6 55.2 1.8
VII 44.4 53.7 1.3
VIII 42.6 55.6 1.4
IX 41.9 56.5 1.5
X 45.8 52.9 1.1
egions of (a–c) aluminum and (d–f) steel sides after UFSW.

oth aluminum and steel sides are determined under different
FSW processing conditions and presented in Fig. 7(a–f). The

nfluence of UFSW heat input on the average grain size alter-
tion found opposite for the HAZ region as compared to TMAZ
nd SZ. In the HAZ area, by increasing w and decreasing v or
ncreasing the heat input index in terms of w/v ratio, the aver-
ge grain size is continuously increased for both aluminum
nd steel sides, as shown in Fig. 7(a and d), respectively.
ccording to these results, the main controlling parameter on

he grain structure of the HAZ area in both aluminum and
teel sides is the tool traverse velocity. For both TMAZ and
Z regions, the heat input index ratio has opposite influence
n the trend of average grain size versus the rotational speed
nd traverse velocity of tool, as shown in Fig. 7(b,c) and (e,f).
n these regions, by increasing the w/v ratio, the average grain
ize is continuously refined. This observation is not agreement
ith the reported results regarding standard FSW treatment in

he literature [46]. Since it is expected that higher heat input
ust lead the generation of coarser grain structure, mean-
hile, under UFSW treatment by employing the water like

 submerged cooling medium, the situation would be com-
letely different. In this context, increasing w and reducing

 can lead the formation of more  nucleates due to inducing
evere shear straining, and in following by controlling the rate
f grain growth after rapid cooling during UFSW treatment,
he finer grains can be formed. Under the extreme UFSW pro-
essing parameters, the formation of a fine equiaxed grain

tructure with the average size <4 �m and 12 �m can be noted
or both aluminum and steel sides of dissimilar weldments
see Fig. 7c and f).
XI 43.7 54.8 1.2
XII 43.9 54.7 1.2

4.4.  Intermetallic  compounds  (IMCs)  layer  formation
and growth

FE-SEM micrographs from the aluminum and steel interface
for upper and lower regions of dissimilar weldments pro-
cessed under different conditions in the case of Samples III,
VII, and X are demonstrated in Fig. 8a. Formation of a thin
intermetallic compounds (IMCs) layer between aluminum and
steel at the interface is noticeable. As can be found, the thick-
ness and morphology of the IMC layer are largely varied for
upper and lower regions of dissimilar weldments depending

on the rotational speed and traverse velocity of tool. For all pro-
cessing conditions, the thickness of the IMC  layer at the top
area is higher than the lower one caused by more  senior tool
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Fig. 8 – (a) SEM images showing the formation of IMC  layer at the Al/St interface depending on the UFSW parameters across
C  la
Samples III, VII, and X. Relation between the thickness of IM

lower regions of dissimilar weldments.

frictional heating on the surface under the action of the rotat-
ing shoulder. Despite the thinner IMC  layer for the smaller area
of dissimilar weldments, the central fact was the formation of
a wavy interface in that region under the influence of rotating
pin led intensified mechanical interlocking. In the following,
the thickness of the IMC layer formed at the interface is deter-
mined based on these FE-SEM images and plotted as a function
of tool processing velocity for upper and lower parts of dis-
similar weldments in Fig. 8(b and c), respectively. As seen, by

increasing w and decreasing v, the thickness of the IMC  layer
after UFSW treatment is continuously increased with different
trends for both different upper and lower regions of dissimilar
yer and tool processing parameters for the (b) upper and (c)

joints. For instance, the depth of the IMC layer in the upper
part for Sample III is ∼0.6 �m (thinner one), which improved
up to ∼4.7 �m (thicker one) in the case of Sample X. As com-
pared to the normal FSW joining of dissimilar aluminum and
steel weldments reported in the literature before [46], the pri-
mary  influence of the submerged cooling environment is on
restricting the growth rate of the IMC layer by the action of
rapid cooling from the peak temperature. Meanwhile, under
a specific submerged cooling medium condition, higher pro-

cessing heat input leads to the formation of a thicker IMC  layer.
According to EDS elemental mapping analysis results from the
aluminum and steel interface illustrated in Fig. 9, the cooling
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Fig. 9 – The EDS elemental map  is showing the formation of the IMC  layer from the upper area of Sample X.

Fig. 10 – (a) Force-displacement graphs determined during transverse tensile testing of Samples VII and X. (b) Variations of
UTS for dissimilar weldments versus rotational speed and traverse velocity. (c) Low magnification and (d, e) high
magnification SEM images from the fracture surface of sample X.
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Fig. 11 – The EDS elemental analysis results from two points of (a) A and (b) B on the fracture surface of failed dissimilar

weldment.

environment can affect the chemical composition of the IMC
layer at the interface and subsequent phase transformations,
as well, by controlling the diffusion of elements during UFSW
treatment as a function of w/v ratio. The chemical composi-
tion of the IMC  layer determined as a complex phase between
Fe, Al, and Mg  elements. In this regard, the chemical compo-
sition of the IMC  layer for all processed Samples I to XII is
characterized by EDS analysis and expressed in Table 4. Based
on such analysis results, by changing them into the atomic
percent ratios and considering the minor amount of magne-
sium element, the formation of the FeAl2 IMC phase seems
more probable.

4.5.  Tensile  flow  behavior  of  dissimilar  weldments  and
the related  fractographic  aspects
Fig. 10a shows the force-displacement graph up to the fail-
ure point for two dissimilar weldments processed under
two UFSW parameters of w = 2000 rpm/v = 40 mm/min  and
w = 1600 rpm/v = 40 mm/min, i.e., in the case of Samples X and
VII. As seen, by increasing the heat input ratio and growth of
IMC layer, the peak force point is reduced due to more  brittle-
ness of dissimilar weldment across the interface, although,
the joint elongation to failure increased oppositely due to
more microstructural changing and formation of a thicker
HAZ area. The concave parts of the force-displacement curves
in Fig. 10(a) can be attributed to the changes in the path of
crack propagation along with the Al/Fe interface. Drops in
loading curves are due to the cleavage part of the tensile-shear
fracture and passing the cracks along with the IMC  layer at
the interface. Variation of the ultimate tensile strength (UTS)
for all processed dissimilar weldments under UFSW condition
are plotted versus the rotational speed at different traverse
velocities of tool in Fig. 10(b). As shown, for all v, the UTS  is
increased at first by increasing w from 950 rpm up to 1650 rpm,

and after that reduced by more  increasing w up to 2000 rpm.
On the other side, at a constant w, by reducing v, the UTS
is continuously improved. As the main result, the most reli-
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input index in terms of w/v ratio, the hardness of SZ is con-
ig. 12 – Micro-hardness profiles across dissimilar weldmen
d) 1200 rpm during the UFSW process.

ble dissimilar joint with the highest UTS value of ∼80 MPa
s attained at a moderate UFSW condition with optimized
arameters as w = 1650 rpm and v = 40 mm/min, i.e., Sample
II. Accordingly, a maximum joining efficiency of ∼30% can be
oted for processed dissimilar weldments by the UFSW route.

t is worth mentioning that for all prepared dissimilar weld-
ents under the submerged processing conditions, the failure

ocation was across the Al/Fe interface. Meanwhile, different
eatures were revealed on the fracture surfaces considering
he fractographic studies, depending on the implemented
nderwater FSW parameters. FE-SEM fractography from the
elated fracture surface for this optimized Sample VII are
emonstrated in Fig. 10(c–e). By analysis these fractographs, a
ombined ductile-brittle fracture mechanism can be stated for
his dissimilar weldment, whereas the contribution of ductile

ode is not significant by less formation of dimples on the
racture surfaces. The EDS point scan analysis results from
hite contrast features on the fracture surface, as addressed

y points A and B on FE-SEM images are illustrated in Fig. 11(a

nd b), respectively, which can approve the presence of IMC
articles on the surface and contribution of the IMC  layer on
he brittle failure behavior of dissimilar weldments.
r different rotational speeds of (a) 950, (b) 1300, (c) 1650, and

4.6.  Micro-hardness  profiles

Results for indentation Vickers micro-hardness profiles across
the thickness section of dissimilar weldments versus the dis-
tance are plotted for different Samples of I to XII in Fig. 12(a–d)
from the center of SZ for both aluminum and steel sides. As
distinct, all hardness profiles exhibit a nonsymmetrical trend
due to different physical and mechanical properties of dis-
similar base materials in advancing and retreating sides. For
all dissimilar weldments, the indentation hardness is contin-
uously increased from the aluminum side to the steel one.
In general, the alteration of hardness profiles by changing the
UFSW processing parameters is not significant. The only issue
is the hardness values close to the SZ centerline, which is con-
siderably affected by the submerged cooling medium caused
by the modification of microstructure due to rapid cooling. As
shown, from Sample I toward Sample XII or from Fig. 12(a–d),
i.e., by increasing w and decreasing v or increasing the heat
tinuously increased. In the competition between two opposite
effects, the variations of hardness profiles can be discussed, as
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changes in the grain size and formation of intermetallic com-
pounds layer. As explained before, by referring to the grain
size distribution plots of Fig. 7 as a function of rotational speed
and traverse velocity of tool, under different processing con-
ditions of UFSW treatment, the alteration of average grain size
was not significant. But, on the other side, by increasing the
heat input ratio, the formation and growth of the IMC layer
at the interface can proceed during the UFSW process. Based
on the observed increasing trend of hardness by increasing
the heat input index, it seems that the second phenomenon
regarding the contribution of the IMC  layer is dominant. By
comparing the different processing conditions, it can found
that the fragmentation of steel part and a higher percentage
of IMC  particles under high heat input of UFSW treatment
induced a higher hardness in the SZ.

5.  Conclusions

This article focused on the first time on numerical model-
ing of underwater friction-stir welding (FSW) as an alternate
joining route for dissimilar bonding of aluminum and steel
alloys in a butt-joint design by controlling the operative met-
allurgical phenomena. An advanced 3D volume of fluid (VOF)
model was used for this purpose. Besides, the effects of UFSW
processing parameters on the microstructural details and
mechanical property of dissimilar weldments were addressed
by experimental studies, as well. According to the simula-
tion results, thermal history, materials flow, and intermixing
largely affected by the main processing parameters in terms
of tool rotational speed (950−2000 rpm) and traverse velocity
(40−100 mm/min), those can control the mechanical inter-
locking, formation of IMC  layer at the Al/St interface, and
grain structural evolution in the weld nugget. Increasing w
and decreasing v in the submerged underwater atmosphere
led continuous increasing of peak temperature up to 623 K and
773 K for the aluminum and steel sides, respectively, showed
a good agreement with the experimental results. In both alu-
minum and steel sides of dissimilar weld nugget, the grain size
was considerably refined down to <4 �m and 12 �m, respec-
tively, with a continuous trend by increasing w and decreasing
v. Accordingly, the thickness of IMC  layer at the interface was
increased for the upper and lower regions of dissimilar weld
nugget up to ∼5 �m and 1 �m,  respectively, depending on the
amount of heat input. All dissimilar weldments were failed
from the Al/St interface varied by changing the thickness of
the IMC  layer. Implementation of a moderate UFSW condition
with w = 1650 rpm and v = 40 mm/min  imparted the highest
joint mechanical strength of ∼80 MPa with a joining efficiency
of ∼30%.
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