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Abstract
This paper covers a detailed study of friction stir–related processes with the focus on joining dissimilar materials. First, the effects
of the process parameters and tool geometries on weld mechanical properties, defects, and weld microstructure along with the
formation and growth of intermetallics are systematically reviewed. Process-structure-property relationships are discussed in
details. Second, the paper summarizes different physical models that have been developed for friction stir–related process. A
specific session on modeling dissimilar material joining is provided. The objective of these models is to determine the temper-
ature profile, stress, and strain distribution along with material flow field based on the input process parameters and tool
geometries. By further implementing these results into microstructure evolution and material property models, the dissimilar
material weld mechanical performance can be predicted eventually. Third, recently developed friction stir variants for process
improvement and joint quality enhancement are discussed. Finally, potential future research directions are recommended in
conclusion.
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1 Introduction

In recent years, a growing amount of attention has been given
to studies of reducing vehicle weights in the automotive in-
dustry considering both economic and environmental factors
to achieve the goal. Lightweight advanced high-strength steels
such as high strength low-alloy (HSLA) steel, dual phase (DP)
steel, complex phase (CP) steel, transformation-induced plas-
ticity (TRIP) steel, and interstitial-free (IF) steel are widely
used in the automotive industry. Their superior properties
make them excellent materials for the vehicles with the advan-
tages of both saving weight and increasing the structural
strength [1]. Among them, the DP, CP, and TRIP steels are

named as the first-generation advanced high-strength steel
(AHSS), which has a TS/El (tensile strength/percent elonga-
tion) ratio lower than or equal to 25,000MPa% [2]. Regarding
the TRIP steel, it contains bainite and martensite with the
retained austenite in the ferrite microstructure. The existence
of the retained austenite enhances the ductility of the TRIP
steel by transforming the austenite to martensite during defor-
mation. This phenomenon leads to an increase in strength,
toughness, and ductility of the steel [3–7]. However, the ap-
plication of the advanced high-strength steel is insufficient to
meet the need of the increasingly strict emission regulations.
One promising solution involves replacing steel components
with multi-material vehicle structures [8]. For example, alu-
minum alloy is a strong candidate for partially replacing steel.
However, to achieve reliable and economical dissimilar mate-
rial joints is highly challenging for conventional fusion
welding technologies, which rely on melting of the 2 bulk
materials. First is that the base materials have extremely dif-
ferent physical and mechanical properties. Furthermore, the
formation of a large amount of intermetallic compounds
(IMCs) significantly deteriorates welding strength [9–12].
Among fusion welding processes, resistance spot welding
(RSW) is the most widely used joining technique in the

* Xun Liu

1 S.M. Wu Manufacturing Research Center, University of Michigan,
Ann Arbor, MI 48109, USA

2 Department of Materials Science and Engineering, The Ohio State
University, Columbus, OH 43210, USA

3 Columbus, USA

The International Journal of Advanced Manufacturing Technology (2019) 104:1709–1731
https://doi.org/10.1007/s00170-019-03975-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-03975-w&domain=pdf
http://orcid.org/0000-0003-0296-3065


automotive industry, which shows a lot of limitations in
welding aluminum to steels. First, compared with steel, the
aluminum alloy has a higher thermal and electrical conductiv-
ity; the RSW process parameters include a higher current den-
sity and shorter welding time [13–16]. In the meantime,
welding aluminum alloys requires an electrode force which
is twice than that of welding the bare steel, which is due to its
high thermal and electrical conductivity [17]. Therefore, it
also brings the problems of the insistent weld quality and short
electrode life [18, 19].

To overcome these challenges, friction stir welding (FSW)
and friction stir spot welding (FSSW) are promising solid-
state welding techniques, as the bulk melting is minimized
during the process. They are considered “green” technologies
based on their high energy efficiency. Different from the con-
ventional fusion welding methods, neither shielding gas nor
consumable materials are needed [20].

1.1 Friction stir welding

Friction stir welding was introduced and patented by The
Welding Institute (TWI) in 1991, which has mainly been ap-
plied to weld aluminum alloys [21]. Applications of FSW
have then extended to the magnesium, conventional steel,
AHSS, and even polyethylene. Furthermore, both the similar
material welding and dissimilar material welding are investi-
gated by the researchers [22–24]. During FSW, a rotating tool
with a cylindrical pin feature is gradually plunged into the
welding materials with a prescribed speed until the desired
plunge depth is reached. The tool is then held rotating for a
short period of dwell time. After that, the tool moves along the
joint line under a certain prescribed travel speed. Finally, the
tool is retracted at the final position and the weld is achieved.
The side where the direction of the rotation tool is the same as
the traverse direction is referred to as the advancing side while
the other is the retreating side [25]. The welding process and
the corresponding setup are illustrated in Fig. 1 [20]. FSW is
widely used in both the butt joint and lap joint configurations.
The joint performance highly depends on the tool offset,
welding speed, rotational speed, weld pitch (ratio of the

welding speed to the rotational speed), plunge depth/forging
force, and the tool geometry. It was reported from Seidel and
Reynolds [26] that the weld pitch is inversely correlated with
the specific weld energy, which is the energy input per unit
weld length. Balasubramanian [27] studied effects of the weld
pitch for different aluminum alloys. Higher weld pitch would
lead to a lower YS and hardness. A higher weld pitch intro-
duces insufficient heat input in the welding zone, which re-
duces the material flow around the tool pin and deteriorates
the final joint quality.

1.2 Friction stir spot welding

Friction stir spot welding is a variation of FSW, which is
introduced by the US patent 6,601,751 B2 [28]. Instead of
the moving the rotating tool along the butt line, a spot joint
is made where the welding tool penetrates the top sheet and
holds rotating for a short period (dwell time) to make the joint.
A schematic illustration of the welding process is shown in
Fig. 2. The joint strength of the FSSW is affected by the
process parameters, which includes the rotation speed, the
plunge speed, the plunge depth, and the dwell time. Besides,
the tool geometries also play an important role in determining
the heat generation, material flow, and accordingly joint per-
formance. A considerate amount of studies has been conduct-
ed on the FSSW of aluminum alloys, including aluminum
alloys 5052 [30, 31], 5083 [8], 5754 [32, 33], 6061 [34–39],
6011 [40], 7050 [41] and 7075 [42]. In addition, increasing
interests in the dissimilar material welding brings the attention
to the FSSW, especially for the aluminum alloy to the conven-
tional steel, which includes the welding of aluminum alloy
6016 to IF steel [43], 6061 to low-carbon steel [44], 6061 to
AISI 1018 [45], 6111 to DC04 steel [46], 1050 to hot-stamped
boron steel [47], and 5083 to St-12 steel [48].

Applications of FSSW are growing in the automotive in-
dustry. However, there are still some disadvantages of the
FSSW process, among which the keyhole that is left after
the retraction of the welding tool at the end of the welding
process is a major issue. The keyhole can lead to a large
amount of stress concentration under external loading. It is
also difficult for the body paint to reach the keyhole bottom,
which results in potential corrosion issues [49]. To refill the
keyhole after the welding process, a novel keyhole refilled
FSSW method is developed, which was first described in
US Patent 6,722,556 B2 [50]. The process contains the fol-
lowing steps: In the first step, the clamping ring moves down-
ward and presses the base material against the anvil at the
bottom. In the second step, the sleeve rotates and plunges into
the base material while the tool pin moves upward simulta-
neously. The frictional heat from the rotating sleeve plasticizes
the workpiece materials and enables them to occupy the avail-
able space formed between the pin and sleeve. In the third
step, the sleeve moves upward and the pin moves downward,Fig. 1 Illustration of the friction stir welding process [20]
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which pushes the accumulated material back to fill the key-
hole. In the final step, the entire welding tool retracts without a
keyhole left on the surface. The entire process is illustrated in
Fig. 3. It has been applied in joining aluminum alloy [49, 51,
52] and dissimilar materials [53–55].

This paper covers the experimental and model analysis on
FSW and FSSW processes for joining dissimilar materials.
Effects of welding parameters and tool geometries on the mi-
crostructure and corresponding joint strength are comprehen-
sively reviewed. More attention will be paid on the IMC for-
mation and weld defect generation. Then, analytical and com-
putational models of FSW and FSSW processes, microstruc-
ture evolution, and weld property models are discussed, which
forms the basis of integrated computational materials engi-
neering (ICME) in friction stir–related dissimilar material
joining process. The rest of the paper discussed several novel
improvements of the friction stir–related process. Finally, a
summary is given and future research directions are proposed.

2 Experimental studies

Abundant researches have been conducted on FSW and
FSSW of various pairs of dissimilar materials with focuses
on the process-structure-property relationships. The change
of the process conditions has an important impact on the ma-
terial flow and the IMC formation of the welding zone, which
are determining factors for the joint quality. The following
sections discussed experimental studies for different solid-
state welding processes, including the FSW, friction stir lap
welding, FSSW, and keyhole refilled FSSW.

2.1 Friction stir welding

During the dissimilar FSW process, as the base materials have
different chemical and mechanical properties from each other,
the tool offset becomes a critical parameter for determining the
joint quality. For FSW of dissimilar materials, generally, the
tool shifts at a certain distance from the original butt line and
towards the soft material side. This distance is defined as the
tool offset, which is a critical parameter on the final joint
quality. Tool offset determines the material distribution in
the weld, which affect the IMC formation at the interface of
the dissimilar materials. Sahu et al. [56] studied the effect of
the tool offset on dissimilar FSWof 1050Al and pure Cu with
the thickness of 4 mm, where Cu has a higher yield strength
and hardness. A cylindrical pin tool is used, with the tool
shoulder diameter of 25 mm, pin diameter of 6 mm, and pin
length of 3.5 mm. A tool offset less than 1.5 mm towards the
Al side results in defects in the welding zone with inapprecia-
ble joint strength. It was also found that the flow of the IMCs
was discontinuous and non-uniform in the NZ. Different from
the previous conditions, when the tool offset reached 1.5 mm,
a thin and uniform continuous IMCs were formed at the NZ
and the resulting tensile test showed a better UTS and YS.
Regarding the grain size in the NZ, the average value for Al
is 63.32 μm and for Cu is 55.45 μm under the tool offset of
1.0 mm. As the tool offset increases to 1.5 mm, the grain size
of Al and Cu reduces to 44.18 μm and 42.92 μm respectively.
Liu et al. [57] studied FSW of TRIP 780/800 steel to alumi-
num alloy 6061 with the thickness of 1.4 mm and 1.5 mm. A
conical pin tool is used, with the shoulder diameter of
12.7 mm and pin length of 1.2 mm. The tool offset was con-
sidered in their experimental work, which was set as 1.03 mm

Fig. 3 Schematic illustration of
the refilled friction stir spot
welding process [51]

Fig. 2 Illustration of the FSSW
process [29]
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and 1.63 mm away from the butt line towards the aluminum
side. Analyzing the microstructure of the welding cross sec-
tion indicated that an interlayer was formed at the Al-Fe inter-
face. With the tool offset of 1.03 mm, a thicker interlayer was
generated when compared with the 1.63-mm tool offset. It can
be explained by the measured temperature data. As the tool
offset was at 1.03 mm, a higher peak temperature was ob-
served at different locations of the aluminum sheet, which
enhanced the atom diffusion rate at the Al-Fe interface and
resulted in a thicker interlayer. In the meantime, a higher peak
temperature resulted in a lower vertical force and lateral force
during the welding process. The authors mentioned that a joint
with a thin continuous IMC layer would provide a higher
tensile strength compared with the joint without the IMC lay-
er. Habibnia et al. [58] investigated the FSW of aluminum
alloy 5050 to 304 stainless steel plates with 3 mm thickness.
Their tool has a shoulder diameter of 20 mm and pin length of
2.75 mm. The offset of the welding tool was set up as 0 mm,
0.8 mm, and 1.5 mm away from the butt line towards the
aluminum side. The authors mentioned that a larger tool offset
achieved a defect-free surface finish. Furthermore, the micro-
structure images showed that a continuous layer of steel was
separated from the steel side if the tool is placed in the center,
which caused cracking as shown in Fig. 4. After the tool offset
increased to 0.8 mm, the formation of the tunnel was found at
the welding nugget, which was also undesirable. For the tool
offset of 1.5 mm, small steel particles were found in the stir
zone and the highest tensile shear strength was obtained. The
defects generated at the welding surface and the welding zone
were mainly due to the lack of sufficient material flow during

the welding process. As the aluminum alloy has a lower melt-
ing temperature and yield strength compared with steel, it has
a better material flowability under the same temperature. As
the tool offset changes from 0 to 1.5 mm, less steel was in-
volved in the welding process, which made it easier for the
tool to drive the material around the tool pin and result in a
better material mixing and joint strength. Xue et al. [59] stud-
ied the effect of the pin offset by welding the 1060 aluminum
alloy and commercial pure copper with 5 mm thickness. A
conventional tool was used in their experimental work, with
the tool shoulder diameter of 20 mm, pin diameter of 6 mm,
and pin length of 4.8 mm. A good surface morphology was
obtained when the pin offset was equal to or larger than 2 mm
towards aluminum. The authors mentioned that when the tool
offset was relatively large, only a few Cu pieces were
scratched from the Cu bulk, which made it easier to mix with
the Al base. In this case, a sound metallurgical bonding was
obtained. Fu et al. [60] performed friction stir welding be-
tween aluminum alloy 6061-T6 and Mg alloy AZ31B-O.
Both of the materials have a thickness of 3 mm. A conven-
tional tool was used, with the tool shoulder diameter of
10 mm, pin diameter of 3.2 mm, and pin length of 2.8 mm.
The highest tensile strength was obtained when the Mg was
placed in the AS side and the tool offset was set to 0.3 mm
towards Mg.

2.2 Friction stir lap welding

As a variant of friction stir welding, friction stir lap welding
(FSLW) focuses on the lap welding configuration. During

Fig. 4 A continuous chunk of
steel is separated from the steel
side and cracks are generated
surrounding the chunk [58]

Fig. 5 Illustration of the threaded
and reverse-threaded tool pin
features [61]
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FSLW, the tool shoulder touches the surface of the top metal
and the rotating tool pin inserts into both sheets to make a
joint, the geometry of the tool pin is crucial to the final
welding quality. Yue et al. [61] studied the effect of the
reverse-threaded pin on the mechanical properties for FSLW
of the aluminum alloy 2024. In their experimental studies, one
of the tool pins was fully threaded and the other had the re-
versed thread from the middle to the tip of the pin, which is
shown in Fig. 5. By applying both tools in the welding pro-
cess, the cross-sectional view indicated that the reverse thread
pin has a larger lap width, which was defined as the width of
the bonding area fromAS to RS. It was explained as a result of
the upward flow motion of the welding material driven by the
reverse-threaded tool pin. Regarding the grain structure, the
threaded pin pushed the material to the bottom side and the
resistance force was generated from the TMAZ. While the
reverse-threaded tool pin pushed the material upward, which
led to a higher flow rate and larger strain. Thus, a better grain
structure was observed from the microstructure in the NZ. Ge
et al. [62] investigated the effect of tool pin length for FSLWof
aluminum alloy 7075 and aluminum alloy 2024. The thick-
ness of both is 3 mm. The plunge depth was 0.2 mm in their
study, which was defined as the distance between the shoulder
surface and the top metal sheet. The applied tool pin had the
length of 3 mm, 4 mm, and 5 mm. From the microstructure of
the cross-sectional view, the 3-mm tool only touched a small
portion of the lower sheet, which resulted in a smaller bending
degree of the hook and lowest welding strength. Four-
millimeter and 5-mm tool pins increase the hook bending
degree and height and joint strength. The longer welding tool
pin ensures sufficient stirring action, which enhances the ma-
terial flow on the bottom sheet. Balakrishnan et al. [63] stud-
ied the influence of tool wear on the tensile and fatigue behav-
ior of the FSLW with AA 7075-T6. Two welding tools were

applied, one with a threaded cylindrical pin and the other was
a cylindrical tool pin with some flats, as shown in Fig. 6. The
flats in the tool pin are to simulate the tool wear and material
adhesion to the tool. It was reported that the change of the tool
geometry had no effect on the peak temperature during the
welding process, which indicates that the change of the joint
properties was mainly attributed to the difference of the mate-
rial flow driven by the tool. No influence on the bonded inter-
face width (BIW) was found from the two welding tools. The
tool with the flat machines tool pin increases 10% in the ef-
fective sheet thickness (EST), which contributed to a 500%
increase in the fatigue life. The measurements of the BIWand
ESTare defined in Fig. 7. Saeid et al. [64] investigated friction
stir lap welding of 1060 aluminum alloy and commercial pure
copper. Their maximum tensile strength is achieved at
welding speed of 95 mm/min and tool rotational speed of
1180 rpm. It was found that a smaller welding speed than this
value would reduce the joint strength due to the increasing
volume of copper particles in the welding interface. In the
meantime, a higher welding speed was also not desirable as
it generated incomplete welded interfaces with occurrences of
cavities. Chen et al. [65] studied tool geometry effects on
friction stir lap welding of AZ31 magnesium alloy to steel.
The results showed that the joint strength was positively cor-
related with the probe length. However, the result is different
when the Zn-coated steel was applied.

2.3 Friction stir spot welding

As a variation of the friction stir welding process, friction stir
spot welding (FSSW) is applied for a spot weld configuration.
Process parameters for FSSW include the rotation rate, plunge
speed, dwell time, and plunge depth, which is defined as the
distance between the surface of the top sheet to the tip of the

Fig. 6 Schematic illustration of
the welding tool geometries [63]

Fig. 7 Measurement of the BIW
and EST for the friction stir lap
welding [63]
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tool pin. Rao et al. [22] investigated the effect of the process
parameters for the FSSW of magnesium to aluminum alloys.
Weld microstructure on the cross section showed that a higher
rotation speed resulted in a smaller bond width. The bond
width is defined as the distance from the tip of the hook to
the key-hole interface, as indicated in Fig. 8. As higher rota-
tion speed increases the heat generation rate, the viscosity of
the material around the welding tool pin is decreased and
driving force from the tool pin was also reduced. The smaller
bond width corresponds to a lower joint strength.
Accordingly, a higher rotating speed reduces the joint
strength. The plunge depth shows a positive correlation with
the stir zone and the bond width. At a higher plunge depth,
larger amount of Al is extruded from the bottom and mixed
with Mg. Lee et al. [66] performed FSSWof aluminum alloy
(thickness 1 mm) to the low-carbon steel (thickness 0.6 mm).
An IMC layer with the thickness of 2 μm was formed at the
interface. Area of the IMC increased with the tool penetration
depth. Thickness of the IMC is considered to depend on the
dwell time. Fereiduni et al. [48] also reported that after reduc-
ing the rotational speed from 1100 to 900 rpm, the IMC layer
thickness can still increase from 2.3 to 2.9 μm through in-
creasing the dwell time from 10 to 15 s. Since a longer dwell
period results in more time for diffusion at high temperature,
nucleation and especially growth of IMC are enhanced.
Accordingly, higher amount of IMC can be generated. Bozzi

et al. [43] did FSSWon 1.2-mm Al 6061 to 2.0-mm IF steel.
The authors found out that the amount of IMC increased with
the rotational velocity and penetration depth. They reported an
optimal IMC layer thickness for a strong joint was 8 μm.
Chowdhury et al. [67] made FSSW welds for 2.0-mm
AZ31B-H24 Mg and Al5754. The existence of IMC
Al12Mg17 and Al3Mg2 was identified by XRD analysis and
it resulted in a high hardness of HV 125, which created an
easy fracture path during the tensile test. The authors also
mentioned that restraining IMC formation by using an adhe-
sive was beneficial to the joint strength. Sato et al. [68] applied
friction stir spot welding to 1.2-mm AA5083 with 1.3-mm
AZ31. It was mentioned that the tensile strength reduced sig-
nificantly when the IMC was thicker than 1.8 μm. They men-
tioned that there was no obvious dependence between IMC
thickness and the lap shear tensile strength. However, the frac-
ture surface showed that the brittle IMC provides an easy
fracture path. Table 1 summarizes the investigated dissimilar
FSSW conditions and corresponding joint strength in previous
literature.

Besides the welding process parameters, the geometry of
the welding tool is another important factor in determining the
joint quality. Piccini and Hernan [74] studied the effects of the
pin length for FSSW of aluminum alloy 6063 (thickness
2 mm) to galvanized low-carbon steel (thickness 0.7 mm).
Three tool pin lengths were applied, including 1.5 mm,

Fig. 8 Illustration of the bond width at different welding speeds [22]
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1.0 mm, and 0.5 mm. To evaluate the effect of pin length
independently, the distance between the tip of the tool pin
and the bottom sheet was kept constant during all the
tests. The authors mentioned that a shorter tool pin could
enhance the joint strength since the shoulder plunge depth
is higher. This increased the heat generation rate at the
tool shoulder and improved material flow of the alumi-
num alloy. Accordingly, the bonding is enhanced between
the welding materials. Lin and Chen [75] studied the ef-
fects of different thread locations for FSSW of aluminum

alloys. They were named B-Tool, M-Tool, and T-tool,
which are shown in Fig. 9. Weld cross sections show that
more materials were mixed when applying the B-tool, as
in Fig. 10. This was due to the location of the thread in
the B-Tool was nearest to the tool shoulder, which drove a
larger amount of the upper sheet materials to flow down-
ward. It was also found that the stir zone shifted down-
ward together with different locations of the thread on the
tool pin, which indicated the stir zone was enlarged with
the thread feature.

Table 1 Comparison of the lap
shear strength for dissimilar
material FSSW welds

Base material Thickness Maximum lap shear
force (kN)

Optimized process parameters

Aluminum alloy 5052

C1100 copper alloy [69]

1 mm, 1 mm 0.8 Rotation speed: 3500 rpm

Plunge speed: 6 mm/min

Dwell time: 4 s

Plunge depth: 1.7 mm

Aluminum alloy 6022

Magnesium alloy AM608 [22]

1.5 mm, 3.1 mm 2.5 Rotation speed: 1000 rpm

Plunge speed: 12 mm/min

Dwell time: 1 s

Plunge depth: 4.4 mm

Aluminum alloy 5083

Magnesium alloy AZ31 [68]

1.2 mm, 1.3 mm 2.1 Rotation speed: 2250 rpm

Plunge speed: 5 mm/min

Dwell time: 2 s

Plunge depth: 1.9 mm

Aluminum alloy 5754

Magnesium alloy AZ31 [67]

2.0 mm, 2.0 mm 1.3 Rotation speed: 2000 rpm

Plunge speed: 3 mm/min

Dwell time: 2 s

Plunge depth: 3.0 mm

Aluminum alloy 1100

SGACD zinc-coated steel [70]

1.0 mm, 1.0 mm 1.9 Rotation speed: 4000 rpm

Plunge speed: 6 mm/min

Dwell time: 6 s

Plunge depth: 1.0 mm

Aluminum alloy 6016

IF steel [43]

1.2 mm, 2.0 mm 4.5 Rotation speed: 3000 rpm

Plunge depth: 2.9 mm

Aluminum alloy 6061

Mild steel [71]

1.0 mm, 1.0 mm 3.6 Rotation speed: 700 rpm

Apply load: 500 kg

Plunge depth: 2 mm

Aluminum alloy 5754

HX 340LAD steel [72]

2.0 mm, 1.0 mm 6.5 Rotation speed: 2400 rpm

Plunge speed: 12 mm/min

Dwell time: 3 s

Plunge depth: 2.2 mm

TRIP 780 steel

HSBS steel [73]

1.5 mm, 1.4 mm 13.3 Rotation speed: 800 rpm

Plunge speed: 0.3 mm/min

Dwell time: 8 s

Plunge depth: 2.5 mm

Aluminum alloy 6061

TRIP 780 steel [23]

1.5 mm, 1.5 mm 4.1 Rotation speed: 2000 rpm

Plunge speed: 10 mm/min

Dwell time: 5 s

Plunge depth: 1.9 mm

Int J Adv Manuf Technol (2019) 104:1709–1731 1715



2.4 Refill friction stir spot welding

The refill friction stir spot welding attracts more and more
attention these days with its advantages of removing the key-
hole immediately after the process. Refill FSSW has a differ-
ent welding tools and working mechanism scompared with
the conventional FSSW and correspondingly the critical pro-
cess parameters are different. Shen et al. [76] applied different
tool designs for the refill FSSW of aluminum alloy 6022 to
aluminum alloy 7075. The welding tool sleeve was modified
with three equal distributed trapezoidal grooves machined at
the sleeve bottom, as shown in Fig. 11. The authors mentioned

that these grooves on the sleeve increased the interaction sur-
face area between the material and the tool, which enhanced
the material flow and achieved a better metallurgical bonding.
Suhuddin et al. [77] performed refill FSSW to join AA5754
Al to AZ31 Mg alloys. The presence of the IMCs at the inter-
face played an important role in determining the mechanical
properties of the joint. The distribution of the IMCs closely
depends on the tool movement. On the other hand, studies on
refill FSSWof aluminum alloy to steel are limited. Dong et al.
[78] investigated refill FSSW of Aleris Superlite 200 ST alu-
minum alloy (thickness 1.5 mm) to the ST06 Z galvanized
steel sheet (thickness 1.2 mm). In their experiments, the

Fig. 10 Cross-sectional view of
the stir zone with different tool
pin thread locations [75]

Fig. 9 Illustration of different
thread locations in the tool pin
[75]
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plunge depth of the sleeve changed from 0.9 to 1.6 mm. It is
found that the tensile/shear fracture load increased with a
higher plunge depth. A maximum joint strength of 4.5 kN is
achieved. In the meantime, the ZnO was found in fracture
surfaces on both aluminum alloy and steel side, indicating
ZnO is the weakest location of RFSSW weld. One issue with
RFSSW is the tendency of the plasticized material sticking
between the separately moving pins and shoulders during
the welding process. Shen et al. [54] performed dissimilar
refill friction stir spot welds between ZEK 100 Mg alloy and
galvanized DP600 steel. The tool comprises a clamping ring,
sleeve, and a pin with the diameters of 15, 9, and 6.4 mm
respectively. They reported that acceptable welds can be
achieved when the sleeve is plunged to a depth of 0.05 mm
above the Mg/steel interface without contacting the DP600
steel. Zn coating on the steel contributes to brazing outside
of the weld boundary and promotes bond formation. Chen
et al. [53] did a similar study but with different tool dimen-
sions, where the pin and shoulder diameters are 6.3 mm and
10 mm respectively. Their tool rotational speed varies from
1600 to 2100 rpm, welding time varies from 2.5–3.5 mm, and
sleeve plunge depth varies from 1.3 to 1.5 mm. A continuous
layer of FeAl2 particles is observed at the Mg/steel interface,
which is hypothesized to originate from the galvanized coat-
ing on steel. Suhuddin et al. [79] welded an Al-Mg-Mn alu-
minum alloy to a zinc-coated HSLA steel. At the Al-Fe inter-
face, there is a Zn-rich aluminum layer near the aluminum side
and an intermetallic layer of Fe2Al5 and Fe4Al13 near the steel
side. A “stop action” weld was also made to better understand
the microstructure evolution, where the process was
interrupted during the tool dwell stage and quenched to room
temperature. AMg-Al-rich Zn liquid was revealed, which was
proposed as the initiating phase to form the Al solid structure
islands and Al-Fe intermetallic at the interface. Ding et al. [80]
applied refill FSSW to join aluminum alloy AA5754 to hot-
dipped AlSi-coated high-strength Usibor 1500P steel. Joint
strength increases with the plunge depth. However, the plunge
depth should always be smaller than the thickness of the top
aluminum sheet to avoid severe wear of the sleeve as it
touches the bottom steel. The AlSi coating on the original steel
sheet consists of two intermetallic phases, among which the

Al7Fe2Si plays a critical role in welding while the Al5Fe2(Si)
effectively restrains additional IMC formation and growth.
Fukada et al. [81] performed refill FSSW on Al6061 to zinc-
coated low-carbon steel. With appropriate plunge depth, but-
ton pullout failure mode was achieved on the welds during lap
shear tensile tests. All their specimens were fractured in alu-
minum sheet. Table 2 summarizes the studies on refill FSSW,
where the achieved maximum joint strength and correspond-
ing welding parameters are provided.

3 Physical modeling of friction stir–related
process

Current FSW models focus primarily on joining similar ma-
terials and can generally be categorized into three types: ther-
mal models, thermal-mechanical models based on solid me-
chanics, and thermal-mechanical models based on fluid dy-
namics. In thermal modeling works, various methods have
been developed to calculate the heat source at the tool-
workpiece interface for prediction of the temperature profile
[89–93]. Khandkar et al. [89] built up a model under a uniform
shear stress distribution assumption and calculated the heat
generation rate based on the measured torque and machine
power. The model was implemented through the commercial-
ly available software Abaqus. Inverse analysis is applied to
determine the heat input and other thermal parameters, includ-
ing heat transfer coefficient between the weldingmaterials and
fixture [92, 94, 95] and heat partition between tool and work-
piece [91]. The calculated temperature history can be applied
to predict residual stress [96] and analyze the additional
decoupled thermal-mechanical properties [92, 97].

To further understand the process, including material flow,
stress, and strain distribution, fully coupled thermal-
mechanical models need to be developed. Modeling chal-
lenges exist in three aspects: First, during the welding process,
large amount of material deformation is involved, which leads
to element distortions and numerical instabilities. Second, the
accuracy of constitutive material models at high temperature,
high strain, and strain rate is insufficient [98]. Third, the me-
chanical and thermal interaction properties between the
welding tool and workpiece along with workpiece and back-
ing plate are difficult to determine, particularly the frictional
behavior [99, 100].

3.1 Solid mechanics approach

One group of the coupled thermal-mechanical models is based
on solid mechanics theories under Lagrangian formulation,
which enables the simulation of the entire FSW process, in-
cluding plunge, dwell and welding stages. Trimble et al. [101]
developed a finite element model based on a finite element
package DEFORM 3D to predict the welding forces and the

Fig. 11 Illustration of the regular tool sleeve and the modified tool sleeve
[76]
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Table 2 Comparisons of the maximum lap shear force from refilled FSSW

Base material Thickness Maximum lap shear force Process parameter

Aluminum alloy 7B07 [51] 1.9 mm 11.9 kN Rotation speed: 1500 rpm
Plunge speed: 1 mm/s
Plunge depth: 3 mm

Aluminum alloy 6061 [82] 4.8 mm 331 MPa Rotation speed: 2290 rpm
Plunge speed: 1.93 mm/s
Clamping force: 16 kN

Aluminum alloy 6061 [83] 2.0 mm 143 MPa Rotation speed: 1500 rpm
Plunge depth: 2.1 mm
Joint time: 2 s

Aluminum alloy 6181 [84] 1.7 mm 6.8 kN Rotation speed: 2400 rpm
Plunge depth: 1.75 mm
Joint time: 3 s

PMMA cast plaques [85] 3.0 mm 9.5 MPa Rotation speed: 500 rpm
Plunge speed: 1.75 mm/min
Joint pressure: 3 bar
Plunge depth: 4 mm

Aluminum alloy 5042 [86] 1.5 mm 6.3 kN Rotation speed: 900 rpm
Plunge speed: 1.52 mm/min
Plunge depth: 1.55 mm
Plunge time: 1.02 s

Aluminum alloy 5754 and magnesium AZ31 [77] 2.0 mm 3.7 kN Rotation speed: 1900 rpm
Plunge depth: 1.8 mm
Swell time: 2 s
Clamping force: 12kN

Magnesium AZ31 [87] 2.0 mm 4.84 kN Rotation speed: 1500 rpm
Plunge depth: 2.75 mm
Dwell time: 1 s

Aluminum alloy 2024 [88] 1.5 mm (top)
2.0 mm (bottom)

9.2 kN Rotation speed: 1000 rpm
Plunge depth: 1.8 mm
Dwell time: 2 s
Dwell speed: 800 rpm

Magnesium alloy ZEK100 and galvanized
DP600 steel [53]

1.53 mm,1.0 mm 4.7 kN (maximum) Rotation speed: 1800 rpm
Plunge depth: 1.5 mm
Dwell time: 3 s

Magnesium alloy ZEK100 and galvanized
DP600 steel [54]

1.5 mm (Mg—top)
0.9 mm (steel—bottom)

3.62 kN Rotation speed: 1800 rpm
Plunge depth: 1.45 mm
Dwell time: 3 s

Al-Mg-Mn aluminum alloy and hot-dip-galvanized
HSLA steel [79]

3 mm (Al—top)
2 mm (steel—bottom)

7.8 kN Rotation speed: 1600 rpm
Plunge depth: 2.8 mm
Dwell time: 4 s
Sleeve plunging/retracting rate: 1.4 mm/s

AA5754 and Usibor 1500P steel [80] 1.6 mm (Al—top)
2 mm (steel—bottom)

4.2 kN Rotation speed: 2000 rpm
Plunge depth: 2.8 mm
Dwell time: 1.5 s
Plunge time: 1.5 s
Refill time: 0.5 s

A6061-T6 and hot-dip zinc-coated carbon steel [81] 1.0 mm (Al—top)
1.2 mm (steel—bottom)

3.5 kN Rotation speed: 1600 rpm
Plunge depth: 0.85 mm
Plunge force: 8.5 kN

Aleris Superlite 200 ST aluminum alloy
and ST06 Z galvanized steel [78]

1.5 mm (Al—top)
1.2 mm (steel—bottom)

4.5 kN Rotation speed: 2800 rpm
Plunge depth: 1.6 mm
Dwell time: 3.0 s
Clamping force: 12 kN
Refill time: 1.0 s
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temperature profile during FSW of Al 2024 plates. The two
aluminum sheets were modeled as a continuous block to avoid
numerical contact instabilities. From the numerical analysis, a
significantly higher stress and temperature distribution were
found on the tool shoulder during the translation stage, as
shown in Fig. 12. It was also shown that the threaded pin
resulted in a larger material deformation volume than the
smooth pin design, as provided in Fig. 13.

Yu et al. [102] applied the Johnson-Cook material failure
model into ABAQUS/Explicit to dynamically remove the se-
verely distorted elements. Their results showed that the peak
temperature transferred from the region beneath the pin to the
corner between pin and shoulder during the plunge stage. In
the meantime, the authors mentioned that the temperature was
symmetrically distributed and presented as a V shape, as
shown in Fig. 14.

Mandal et al. [103] adopted ABAQUS/Explicit to model
the plunge stage of FSW for Al 2024. The arbitrary
Lagrangian-Eulerian (ALE) dynamic remeshing algorithm is
utilized to maintain the mesh integrity during the process and
avoids potential numerical divergence. The Johnson-Cook
material law was adopted, as provided in Eqs. 1 and 2, where
εpl is the effective plastic strain, ε̇pl is the effective plastic

strain rate, ε̇0 is the normalizing strain rate and its value is
commonly chosen as 1 s−1, Tmelt and Tref are material melting
temperature and reference temperature with the value of
20 °C, A, B, C, n′, and m′are material constants. Their calcu-
lated temperature profile showed a good correlation with the
experimental data for the first 5 s.
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Similarly, Schmidt et al. [104] applied ALE remeshing
technique and the Johnson-Cook material law in ABAQUS
to model FSW of Al 2024. Their model was capable of
predicting the void formation during the welding process, as
shown in Fig. 15.

Guerdoux et al. [105] implemented automatic remeshing in
the 3D Forge3 FE software and adaptive ALE formulation to
compute the material flow and temperature profile during
FSW process. The Hansel-Spittel constitutive equations were
utilized as the constitutive material model and the friction
behavior between the tool and plate was governed by the
Norton law. Their calculated welding force, welding temper-
ature, and welding torque agreed well with the experimental
data. The model was also capable of reproducing macroscopic
features in the welding process, including formation of voids,
influence of the threads on the material flow, and the contact
zones. Jedrasiak et al. [106] presented a finite element thermal
model for FSSWof Al 6111 and DC04 steel with Abaqus. In
their model, the temperature was successfully predicted in a
range of process conditions and the developed model was also
used to predict the growth of the IMCs in the aluminum steel
interface. The 1D growth rate of IMC along the direction

Fig. 12 FEM temperature and
stress profile during the
translation stage [101]

Fig. 13 Material displacement for different tool pin designs [101]
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normal to the interface can be calculated in Eq. 3, where x is
the thickness of the IMC, t is the welding time, and k is a
growth constant. The constant k can be calculated by the
Arrhenius relationship through Eq. 4, where k0 is the pre-
exponent factor, Q is the activation energy, R is the gas con-
stant, and T is the temperature. Both the welding time and the
temperature profiles were extracted from the developed ther-
mal model. The calculated IMC layer thickness is half of the
experimental measurement, which indicates that more im-
provements were needed.

dx
dt

¼ kt−0:5 ð3Þ

k ¼ k0e
−Q
RT ð4Þ

Heidarzadeh et al. [107] developed a thermal-mechanical
model to predict themechanical properties of FSWwelds of pure
copper with the commercial finite element code COMSOL. The
grain size is calculated based on the following:

Q ¼ 3γ
1

Gi
−

1

Gf

� �
ð5Þ

where Q is the energy released by grain growth, Gi is the initial
grain size,Gf is the final grain size, andγ is the areal energy density
of grain boundary. The authors used themodifiedEq. 5 to calculate
the grain growth through the generated heat during the FSSW
process. The calculated grain size fit well with the experimental
results at different tool rotation speeds. The dominant factor in
determining the grain size was shown to be the peak temperature
during thewelding process. Furthermore, themodel can be applied
to calculate the micro-hardness distribution of the stirring zone
according to the Hall-Petch relationship, as shown in Eq. 6

HV ¼ 66:433þ 80:6� d−0:5 ð6Þ
where HV is the micro-hardness and d is the average grain size.
Finally, the authors applied Eq. 7 for the prediction of the UTS for
the welding.

Fig. 14 Temperature profile at different locations of the plunge stage [102]

Fig. 15 Void formation during
the friction stir welding process
[104]
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UTS ¼ 1:17� 12:77þ 520� d−0:5
� � ð7Þ

where UTS is the ultimate tensile strength and d is the average
grain size. The calculated UTS agreed well with the experimental
results.

Buffa et al. [108] applied the FEA software DEFORM-3D
to model the FSW process of Al7075. Their model was capa-
ble of predicting the material flow pattern during the welding
process, which is shown by arrows in Fig. 16. It was observed
that there was no vertical material flow around the cylindrical
pin. In the meantime, the authors found that a different pin
shape was likely to cause an additional downward flow of the
material, which creates a helical movement.

3.2 Fluid dynamics approach

Fluid dynamics is another main approach to solve the coupled
thermal-mechanical problem of the FSW process. In this
method, the material is treated as a non-Newtonian fluid with
high viscosities and the model is formulated in the Eulerian
coordination system with fixed mesh. In this case, the exces-
sive element distortion can be avoided and large material de-
formation can be efficiently captured by the model. Since for
fluid, the only mechanical property is the viscosity. Based on
available constitutive material model for plastic deformation,
the equation generally adopted to calculate the equivalent vis-
cosity is as the following:

μ ¼ σe

3ε̇e
ð8Þ

Ulysse [109] developed a three-dimensional visco-
plastic fluid model for friction stir welding of Al 7050
using the commercial software FIDAP. The rigid visco-
plastic material properties were implemented into the
model, where the material flow stress is a function of
strain rate and temperature. The thermal conductivity
and the specific heat coefficients were also tempera-
ture-dependent. A good agreement of the temperature
history and force profile was achieved between the
model results and the experimental data. Colegrove
et al. [110] studied effects of different tool pin designs
on the material flow behavior with the computational
fluid dynamics (CFD) software FLUENT. The calculated
material flow streamline plots showed a strong augering
action of the Triflute tool, which caused a higher down-
force. A greater vertical movement with the Triflute tool
was observed, as shown in Fig. 17.

Hossfeld et al. [111] used the coupled Eulerian-
Lagrangian (CEL) method in Abaqus to model FSW
of Al 6061. The workpiece was treated as the Eulerian
part while the tool was the Lagrangian part. The model-
ing results showed a localized high temperature region
and a high temperature gradient along the welding di-
rection. The model was also capable of predicting the
void formation at the bottom behind the tool, as shown

Fig. 16 Material flow in the
welding zone [108]

Fig. 17 Comparison of streamline for material flow between a Triffute
and b Trivex tool [110]
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in Fig. 18. Similarly, Li et al. [112] applied ABAQUS/
CEL approach to determine material flow in FSW of
Al2024. The relative difference between the calculated
peak temperature and the experimental results was
6.34%.

Chu et al. [113] developed a numerical model for analyzing
material flow during FSSW of Al2098 with ABAQUS. The
numerically determined temperature profiles and material de-
formation distribution agreed well with the experimental data,
as shown in Fig. 19.

Another group of fluid-based FSW model is the smooth
particle hydrodynamics (SPH) approach [114–116]. SPH is a
Lagrangian particle–based meshless method, where all the
field variables, such as mass, momentum, and temperature,
are associated with particles. It has a better capability in track-
ing free surface and interface. However, physically SPH is still
treating FSW as a fluid flow problem.

3.3 Modeling on FSW of dissimilar materials

All the abovementioned models focus on FSW of joining
same material. Limited amount of open literature discussed

modeling of FSW for dissimilar materials. One of the chal-
lenges is to consider the interactions of two materials in the
weld. Padmanaban et al. [117] developed a computational
fluid dynamics (CFD)–based numerical model in the commer-
cialized software FLUENT to predict temperature profile and
material flow during FSW of Al2024 with Al7075. The
welding process is considered as a laminar flow past a steady
rotating welding tool, which was shown in Fig. 20. The de-
veloped model was validated by the temperature profile at
different welding speeds, and the model results are consistent
with the experimental data. According to the developed mod-
el, as the tool rotation speed increased, the material viscosity
decreased, which enhanced the material flow and created a
larger stir zone around the tool pin.

Fadi et al. [118] developed a thermomechanical model for
FSSW Al6061 and Al5083 with the software of Abaqus.
Plastic behaviors of the two materials are both modeled with
the Johnson-Cook law. Control volume approach was applied
for analyzing the two materials in the workpiece region while
the tool was modeled as a rigid Lagrangian body. Interaction
between the tool and workpiece was described with
Coulomb’s friction model and the frictional coefficient was
set at 0.8. The estimated peak temperature was higher than
the experimental data. The possible reason behind it related
to the precision in temperature measurements due to the poor

Fig. 18 Void formation at the
bottom behind the tool [111]

Fig. 19 Comparison of the temperature and material deformation profiles
between numerical and experimental results [113] Fig. 20 Modeling setup for FSWof dissimilar materials [117]
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thermocouple connectivity. Yaduwanshi et al. [119] devel-
oped a model for the plasma-assisted FSW of aluminum and
copper in ABAQUS. To account for the behavior of two ma-
terials in the welding zone, the authors applied the concept of
time varying functionally graded material (FGM) and mixture
rule, which can incorporate the volume fraction, specific heat
and mass density of different materials. The authors calculated
the temperature evolution during the plunge stage. A higher
thermal profile was observed in the aluminum side due to its
higher thermal conductivity, as shown in Fig. 21.

Liu et al. [120] modeled the transient plunge stage during
FSW of Al 6061 to TRIP 780 steel using the ABAQUS/
Explicit program. A field variable is applied to identify the
two materials in the weld zone, where the corresponding

physical and mechanical properties are assigned during nu-
merical calculation. Their estimated axial force correlated well
with the experimental results at the beginning of the plunge
stage. Higher temperature distribution and stress field are
shown on the steel side compared with aluminum. For the
steady-state welding stage during FSW of Al 6061 to TRIP
780 steel, Liu et al. [121] developed a CFD model in the
FLUENT software, where volume of fluid (VOF) method is
adopted. The two materials are considered as multiple phases
in the stirring nugget. In this method, the velocity, tempera-
ture, and pressure fields are shared among the two materials
while the physical properties are averaged based on the vol-
ume fraction of each material in the specific element. A shear
stress tool-workpiece frictional boundary condition is applied,

Fig. 21 Temperature distribution
at different depths during the
plunge stage [119]

Fig. 22 Material distribution at different plunge depths during FSSWof Al 6061 to TRIP steel [122]
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which greatly improved the material distribution calcu-
lation results compared with empirical velocity based
boundary condition. Chen et al. [122] modeled FSSW
of Al 6061 to TRIP 780 steel using the ABAQUS/CEL
algorithm. The penalty method was utilized to determine
the interaction force between the Lagrangian tool and
Eulerian workpiece. Mixture theories are applied to con-
sider the two materials involved in the stirring zone.
The authors showed the material distribution at different
plunge depths and the model is also capable to predict
formation of the hook, as shown in Fig. 22.

Li et al. [123] applied the functionally graded material
(FGM) and introduced the parameter of distribution coef-
ficient to model the material field in the weld nugget. The
rule of mixture was then adopted for averaging material
properties. Simulation of the steady-state welding process
was conducted in ABAQUS with user-defined subroutine
DFLUX for modeling the moving heat source. The model
was validated with the calculated residual stress. Torres
et al. [124] developed a computational fluid dynamics
model based on COMSOL for simulating the temperature
distribution and thermal history during stable welding
stage of Al 6061 and AISI SAE 1020 steel. Their heat
generation model was based on studies from Nandan
and Debroy [25, 125–128]. However, no material distri-
bution was provided.

4 Innovative variants of friction stir–related
process

In recent years, many innovative variants have been devel-
oped to improve traditional friction stir–related processes.
Chen et al. [129] developed a new keyhole refilled FSSW
process to weld the aluminum alloy with the TRIP 780/800
steel, which consisted of two steps. In the first step, conven-
tional FSSW was performed, where a rotating cylinder tool
plunged into the base materials at the desired depth, dwelled a
certain amount of time, and then retracted from the workpiece.
In the second step, the welding tool was shifted a certain
distance away from the location of the original keyhole center.
The tool then re-plunged into the base materials with a smaller
depth and traveled along a circular path surrounding the key-
hole with a pre-assigned radius and traveling speed. In this
way, the original keyhole was refilled and the final tool retrac-
tion leaves a much smaller keyhole on the weld. The process
described above is schematically shown in Fig. 23. The key-
hole is effectively refilled with this method. The joint strength
and elongation are enhanced by 56.33% and 81.25% respec-
tively compared with the conventional FSSW. Besides, reli-
ability of the welding process was greatly improved.

Liu et al. [130] performed electrically assisted friction stir
welding of aluminum to steel. Their experimental setup is
shown in Fig. 24. The two electrodes were placed on the top

Fig. 23 Schematic illustration of
keyhole refilled FSSW process
[129]

Fig. 25 Experimental setup for the back heating assisted FSW [132]
Fig. 24 Schematic illustration of electrically assisted FSW by Liu et al.
[130]
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surface of the workpiece materials and traveled together with
the FSW tool during the welding process. In this configura-
tion, the electrical current flowed through the weld center of
the two base materials and the FSW tool was only passively
involved in the circuit. The welding force is shown to be
effectively reduced under the assistance of electrical current.
They attributed this as a synergic effect of direct material
softening through electro-plasticity [131] and thermal soften-
ing through Joule heating.

Ji et al. [132] studied the effect of temperature of backing
plate on friction stir welding of Ti-6Al-4V. In their experi-
ments, the heating band was placed under the workpiece, as
shown in Fig. 25. The authors mentioned that when the rota-
tion speed is in the range of 120 to 200 rpm, void defects could
be generated in the stir zone. With the supplementary heating
source under the workpiece, the temperature profile along the
thickness direction is more uniform, which can promote plas-
ticized material flow and eliminate potential void defects in
the stirring zone. Moreover, the tool wear was ameliorated.

The benefits of ultrasonic vibration has also investigated in
the hybrid friction stir welding process, since it can soften the
material through acoustic-plastic effect [133] and also modify
the frictional behavior. Ji et al. [134] applied a perpendicular

ultrasonic vibration at the backing anvil during FSSW of
AZ31 Mg alloy to 6061 Al alloy, as shown in Fig. 26.
Upward flow of the lower sheet material is enhanced and a
better mixing between dissimilar materials is achieved.
Ultrasonic vibration also showed to refine the grain size.
IMCs were found at the interface between the steel and alu-
minum, which mainly consist of Al3Mg2 and Al12Mg17.
Thoma et al. [135] applied a lateral ultrasonic vibration during
FSWof aluminum to steel, as shown in Fig. 27. Less amount
and smaller sizes of the Al-Fe intermetallic particles are ob-
served in the stirring zone under the ultrasonically assisted
condition. Liu et al. [136] applied an ultrasonic pre-
treatment on the workpiece in front of the FSW tool, as shown
in Fig. 28. The ultrasonic vibration is reported to enlarge the
volume of deformed material surrounding the pin and can
increase the welding speed without generation of wormhole
defects.

Gupta et al. [137] applied the friction stir scribe welding for
joining the Al6022 and low carbon electro-galvanized steel
sheets. This welding tool design was first used by Jana et al.
[138]. A 1-mm-diameter tungsten carbide scribe protruded
from the bottom tip of the pin, as shown in Fig. 29 and the
pin is made of H13 tool steel. This specially designed tool pin
scribes the upper surface of the steel and upsets a small
amount of material, which creates a mechanical interlocking
between the steel and aluminum. The highest joint strength
during lap shear tensile tests reached 5.8 kN. There were no
significant differences of the joint strength between retreating
and advancing sides of the weld.

Mofid et al. [139] performed submerged friction stir
welding under water to improve the joint property between
Al alloy 5083 and AZ31C-O Mg alloy. The thickness of both
sheets is 3 mm. They reported that conventional FSW pro-
duced Al3Mg2, Al12Mg17, and Al2Mg3 intermetallic phases at
the welding interface. As a comparison, for underwater FSW,
the peak temperature decreased 25 °C (Fig. 30). The joint
showed a much smoother interface and less intermixing of
the base materials. Furthermore, less amount of intermetallic
compounds is formed.

Fig. 26 Illustration of the
ultrasonic assisted FSW process
[134]

Fig. 27 Illustration of lateral ultrasonic vibration assisted FSW process
[135]
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Evans et al. [140] developed a friction stir extraction (FSE)
process for joining aluminum to steel. Groove features were
pre-machined onto the steel surface. During the welding pro-
cess, the aluminum sheet on the top was squeezed into the
groove due to the large plunge force of the welding tool.
Two types of groove features were investigated, including
two slit saw groove and O-ring groove, as shown in Fig. 31.
The macroscopic mechanical interlocking between the steel
and aluminum greatly increased the joint strength. In the
meantime, the welding tool did not touch the steel on the
bottom, which is highly beneficial for tool life.

Similarly, Reza-E-Rabby et al. [141] applied friction
stir dovetailing (FSD) process to join the thick section
Al6061 (38.1 mm) to steel plate (12.7 mm). The steel is
pre-machined with groove features and inserted into the
Al6061, which forms a sandwich structure, as shown in
Fig. 32. FSD showed to be capable of making strong
joints between steel and aluminum. Formation of IMCs
helps to improve the joint strength. Different groove ge-
ometries had been investigated for the optimal configura-
tion. The nested grooves showed to provide the highest
strength based on multiple mechanical interlocking that
resisted deformation in the tensile direction.

5 Summary and future work

Friction stir–related welding processes are advantageous in
joining dissimilar materials based on its solid-state nature
and avoidance of bulk material melting. The amount of brittle
IMCs can be controlled to be lower than the critical value for a
desirable joint strength. This paper reviewed the experimental
works of several processes for joining dissimilar materials,
including friction stir welding, friction stir lap welding, fric-
tion stir spot welding, and keyhole refilled friction stir welding
process. Then, the associated modeling works are summa-
rized, including process models to evaluate the material flow
and temperature evolution as well as microstructure and prop-
erty model to determine the weld quality. This provides fun-
damentals in the field of integrated computational material
engineering (ICME) for friction stir welding. Finally, several
recent innovative variants of friction stir–related process are
discussed, which are developed to further improve the process
and enhance dissimilar material joint quality.

Fig. 28 Illustration of ultrasonic
pre-treatment on the workpiece
[136]

Fig. 30 Illustration of the underwater friction stir welding [139]Fig. 29 Friction stir scribe pin tool [137]
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Some possible future research works in the field of friction
stir–related processes are proposed as following:

& Development of integrated friction stir models that based on
input tool geometry and process parameters can determine
the formation of potential weld defects and joint strength: In
the process level, more accurate material constitutive model
and friction model need to be developed, which helps to
better capture the coupled thermomechanical behavior of
the friction stir process. In the microstructure level, effects
of severe plastic deformation on the thermomechanical and
kinetic rules need to be considered. Particularly for dissimilar
material joining, calculating the formation and growth of
IMCs is critical in predicting the final joint quality.

& Solution of the corrosion issues of dissimilar material
welds: Even though friction stir–related process is capable
to produce sound joints between different materials,
degenerated corrosion property of the joints has been a
concern. Effective solution of the corrosion issue can sub-
stantially expand dissimilar material welds in structural
applications.

& Improvement in the keyhole refilling process: Existing
techniques for refilling keyhole relies on a specially

designed machine and tool system. The process can be
challenging when advanced high-strength steel is in-
volved as one of the workpiece materials.

& Development of faster friction stir–related process: Even
though the solid-state nature provides these processes with
several intrinsic advantages, the processing speed is gen-
erally unsatisfactory compared with corresponding fusion
welding techniques. For example, currently, the produc-
tivity of friction stir welding can hardly match convention-
al arc welding or laser welding process. Moreover, friction
stir spot welding is much slower compared with resistance
spot welding.

& Improvement of energy efficiency in hybrid friction
stir welding process: Even though external energies,
such as electrical current and ultrasonic vibration
shows promising results in improving conventional
friction stir–related process, including higher welding
speed, reduced welding force, and increased joint
strength. However, the total energy efficiency can
be low for the hybrid process compared with tradi-
tional friction stir–related process. Better design of
the hybrid process needs to be developed to maxi-
mize the benefits of external energy.

Fig. 32 Illustration of the FSD of
dissimilar materials [141]

Fig. 31 Weld made with slit saw
groove and O-ring groove [140]
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