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welding processes is called hybrid welding 
process. Hybrid welding processes are laser-
assisted gas metal arc welding (HGMAW), 
laser-assisted tungsten arc welding (HTAW), 
plasma-assisted arc welding (HPAW), laser-
assisted friction stir welding (HFSW) and la-
ser-assisted brazing [11-21]. In this study, a 
detailed analysis of hybrid welding manufac-
turing technologies has been conducted. 
Past, present and future projection, advan-
tages, disadvantages, technological barriers 
and drawbacks of the processes have been 
given. Potential industrial applications are 
assessed and evaluated using economic and 
technological results.

Hybrid laser arc welding (HLAW)

Hybrid laser arc welding (HLAW) is a metal 
joining process that combines laser beam 
welding (LBW) and arc welding (AW) in the 
same weld pool as shown in Figure 1 [1, 8, 
10]. Depending on the application, the 
character of the overall process may be de-
termined to a greater or lesser degree ei-
ther by the laser or by the arc. 

Penetration depth and the welding speed 
are larger in all hybrid (combined) pro-

chemical mechanical and thermal properties, 
dissimilar materials joining present more 
challenging problems than similar materials 
[5-10]. The combination of a heat source with 

Petrochemical, nuclear, aerospace, transpor-
tation and electronics industries lead to the 
joining of dissimilar materials by different 
joining methods [1-4]. Due to the different 
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Figure 1: a) Laser hybrid welding head [23] 
and welding process orientations, b) laser 

leading HLAW, c) arc leading HLAW [1]
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cesses than in separately used processes. 
The synergetic effects of hybrid laser tech-
nology influences a wide field of applica-
tion in the joining technology where the 
tolerances of the joining part required for 
laser beam welding cannot be met or can 
only be met incurring high costs [7]. HLAW 
system is movable and can be transported 
to the application area. This property of 
HLAW lowers costs of transportation by 
eliminating the need of ready welded ele-
ments. HLAW process is the combination 
of the laser beam welding and arc welding 
process in one single process zone. Process 
efficiency can be adjusted by the controlla-

ble interactions of the processes [1, 7, 8]. 
Laser hybrid welding head and welding 
process orientations are given in Figure 1. 
The laser beam allows a deep and narrow 
penetration at smaller liner energy as seen 
in Figure 2, which greatly contributes to 
the elimination of welding deformations 
and stresses [4, 10, 22]. Combination of la-
ser and metal inert gas (MIG) welding 
leads to higher gap bridgeability, better 
quality and up to three times higher weld-
ing speeds than MIG [4]. Gas metal arc 
welding (GMAW) has become the most 
popular arc process for HLAW. Fiber la-
sers, thin disk lasers and semiconductor 

diode lasers are increasingly used for 
HLAW, GMAW and laser beam welding 
(LBW). Processes are integrated in HLAW 
that incorporates the benefits of each indi-
vidual processes. HLAW processes can be 
used to weld a wide range of metals, includ-
ing steel, stainless steel, nickel, titanium, 
aluminum, copper and other alloy steels. 
HLAW processes can increase productivity 
by providing faster processing speeds, as 
seen in Figure 3, or deeper penetration. 

Applications such as oil and gas trans-
mission pipelines, wind turbine towers 
prefabricated steel beams, nuclear compo-
nents, ship structures, heavy vehicles, con-
struction and mining equipments as well 
as rail cars are some examples of HLAW 
applications that can benefit from the 
deeper penetration of the HLAW. The main 
limitation of the process is the equipment 
cost. HLAW eliminates excessive heat in-
put to welded structures and reduces defor-
mations and residual stresses in the weld 
constructions [1].

Hybrid laser welding can be configured 
in two ways for different applications: us-
ing GMAW torch leading (butt welds) or 
the laser leading (filet welds) as seen in 
Figures 2b and 2c. In both of these ap-
proaches, the main function of the laser 
beams is to penetrate the weld joint deeply. 
Combined with the GMAW process, the la-
ser is able to draw filler metal into the joint 
to achieve the desired final weld geometry 
and mechanical properties. The hot spot 
created by the laser stabilizes the GMAW 
arc (cathodic stabilization) and the weld 
pool, making the hybrid process much 
faster than conventional GMAW [22]. Laser 
and arc interaction stabilizes both pro-

Figure 2: a) Weld seam geometry [4], b) macrograph of welded joints [10], c) and d) microstructures  
of cross-sections of laser only, laser hybrid and arc weld beads [10, 22]

Figure 3: Welding speed limit for arc welding and hybrid welding that  
does not cause humping [22]

Figure 4: Relation between lap joint tensile strength and  
bead width [4]
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cesses and results in weld speeds for in 
excess of conventional arc-only systems. In 
combination with the minimal spot size 
and deep penetration of the laser, this high 
travel speed permits welding of thicker to-
tal weld throats, with radically reduced 
head input compared to conventional fu-
sion welding [22]. Plates can be joined with 
a single pass by hybrid process where a 
conventional process might need several 
passes [24, 25]. Low heat input for hybrid 
welds creates very fine grain structures 
[22, 26], minimizing base material dilu-
tion, achieving high toughness and making 
the process especially appropriate for high 
performance alloys. Compared to conven-
tional laser welds, HLAW welds have 
shown higher strengths as seen in Fig-
ure 4. Welding speeds are three to five 
times higher than in GMAW and up to ten 

times higher than in submerged arc weld-
ing (SAW). Heat input can be reduced by 
80 % compared with GMAW and by 90 % 
compared with submerged arc welding 
(SAW) process. Deep penetrations and low 
distortion enable to manufacture light 
weight alloys and advanced designs.

Compared to the laser welding process, 
the laser hybrid process features the fol-
lowing advantages: high gas bridging, 
wider and deeper penetration, significantly 
wider range of applications, lower invest-
ment costs by saving laser power and in-
creased toughness. Laser hybrid process 
advantages compared to MIG are higher 
welding speeds, deeper penetration at 
higher speeds, lower heat input, higher 
strength and narrower seam. By combining 
the laser beam and the arc, a larger molten 
pool is formed using HLAW compared to 

the only laser beam welding process as 
seen in Figures 2c and 2d. Consequently, 
components with larger gaps can be 
welded. The smaller molten pool of HLAW 
compared to the GMAW process results in 
a lower heat input and thus in a smaller 
heat affected zone (HAZ), which reduces 
distortion and consequently the subse-
quent straightening work. Arc and metal 
transfer is less stable in GMAW process of 
titanium as seen in Figure 5 [23]. A laser 
with pulsed GMAW welding of titanium re-
sults in a more stable arc metal transfer 
and higher quality weld. GMAW of tita-
nium is difficult due to arc instability and 
drifts that result in an irregular weld bead 
and spatter (see Figure 5).

Danny [27] reports that focusing the la-
ser power as little as 200 W on the weld 
puddle “locked” the cathode location, re-
sults in very regular metal transfer and 
regular weld beads. Laser-assisted GMAW 
hybrid process enables very high welding 
speeds and small weld beads for use in 
welding of thin titanium structures that are 
used in aerospace applications [28]. In a 
single pass, the hybrid welding allows to 
obtain a result which usually requires mul-
tilayer (pass) arc welding. Steel plates with 
the thickness of 12-15 mm can be welded 
with one pass by HLAW process depending 
on the laser used [28]. Five or six passes 
are needed to weld the same thickness by 
conventional GMAW [28]. Hybrid welding 
is used in the industry where large sheets 
of metal plates (up to 20 mm long and 
15 mm thick) are used such as ship build-
ing, automotive, vessel fabrication, orbital 
pipe welding up to 6 mm and pipe welding 
J-lay up to 15 mm. Hybrid laser arc welding 
(HLAW) has potential to achieve higher 
production rates for welding of high 
strength materials which are used for pipe-
lines as well as HY-80 material for subma-
rine fabrication [28, 29]. The laser hybrid 
process is used for welding aluminum, 
steel, galvanized steel and stainless steels. 
A specially designed welding head for the 
laser hybrid process has the smallest pos-
sible geometrical dimensions to ensure 
good accessibility to even difficult-to-weld 
components. 

Hybrid laser brazing 
(non-arc hybrid joining)

Hybrid laser brazing which includes an at-
omized brazing wire feed system represents 
a new joining process with low heat input. 
Manuel brazing is quite expensive and 
brings varying brazing qualities. Laser 

Figure 5: High speed camera images of metal transfer phases in laser hybrid arc welding and GMAW, 
a) background current phase [23], b) current rise phase, c) high current phase, d) necking,  
e) droplet detachment, f) dipping in molten pool

Figure 6: Schematic  
representation of laser 

brazing [7]
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beam brazing has high application potential 
due to its controllable characteristics and 
accurate energy input [23]. While the laser 
arc welding is applied to aluminum, unal-
loyed and high alloy steel, laser brazing is 
especially used for galvanized steel. In con-
trast to laser welding, a large focused laser 
spot on the workpiece is required for simul-
taneously heating up the joint zone. Zinc 
starts melting at 200 °C and evaporates at 
900 °C. These properties negatively affect 
the welding process of zinc coated steels 
due to the evaporation of zinc as a result of 
high temperature during arc welding [23]. 
Evaporation and oxidation cause pores, lack 
of fusion, formation of cracks and arc insta-
bility. Therefore, it is more beneficial to use 
low heat input joining processes for galva-
nized (zinc coated) plates. Based on the 
properties and advantages, laser brazing 
process can be an alternative joining pro-
cess compared to the conventional welding 
processes for joining of galvanized steel 
plates [7-23]. Schematic illustration of hy-
brid laser brazing is given in Figure 6. 

Recent developments in low melting 
point filler alloys such as SG-CuAl8 and SG-
CuSn enable to reduce the brazing tempera-
ture and to achieve required metallurgical 
properties [7]. Microstructures of joints of 
electrolytically galvanized sheets obtained 
by hybrid laser brazing using these low 
melting point fillers are given in Figure 6. 
Due to the developments in hybrid laser 
brazing process and filler alloys, zinc coated 
steel (galvanized steel) can be joined with-
out deterioration of protective characteris-
tics of the coated surface. Welding of the 
galvanized steel damages and destroys the 
coating layer in the weld seam and makes 
the weld region susceptible to corrosion. 
Due to low heat input in a limited area, nar-
row evaporating zone of a few tenths of a 
millimeter is formed right to brazing seam, 
which remains protected against corrosion 
due to the cathodic effect of the zinc [7, 23].

In hybrid brazing process, laser is used 
as an alternative heat source. The process 
uses resistance heating between the part 
and the tip of the wire feeding system to 
increase the temperature of the wire. Then 
laser heats brazing alloy to melting tem-
perature while, at the same time, heating 
the substrate to a high enough temperature 
to allow for wetting without flux. Brazing 
bonding can be supplied at speeds higher 
than 5 m/min and obtained joints quality 
enables to paint [27]. Automotive compa-
nies, Volkswagen, Mercedes Benz and 
Chrysler have implemented this process 
for manufacturing components such as 

truck lids and roof ditch welds. Figure 7 
shows the microstructures of the welding 
zone produced by laser welding.

Plasma-MIG hybrid welding

This welding method is suitable for alu-
minum [30]. The combination of plasma 
and MIG arc is a type of welding process 
that combines the principles of plasma 
beam and arc welding. Generally, copper 
welding has some problems of arc stabil-
ity with high thermal conductivity for the 
application of MIG welding. Furthermore, 
the dissimilar welding of the copper to the 
carbon steel is more difficult by the differ-
ence of the thermal conductivity [30-32]. 
Plasma-MIG welding has two heat sources, 
MIG arc and plasma arc, and it is consid-
ered that plasma arc effectively contributes 
to the preheat effect and the stability of 
MIG arc. As a result, plasma-MIG hybrid 
welding was applied to the large weld 
structure with the copper dissimilar weld. 
The system configuration of the plasma 
and MIG hybrid welding is shown in Fig-
ure 8a. The sectional view of the torch is 
shown in Figure 8b. The plasma-MIG hy-
brid welding torch has a coaxial geometry, 
the MIG electrode is placed in the center 
and the ring electrode in which plasma arc 
is generated is placed in the circumfer-
ence. Shielding gas is passed with 3-fold 

structure as center gas for MIG, plasma gas 
and shielding gas. Argon and helium are 
used as gases [30].

Hybrid laser-assisted FSW

Due to the temperatures during friction stir 
welding (FSW) below the melting point 
temperature of welded material, the prob-
lems associated with fusion welding such 
as the evaporation of some constituent ele-
ments and the dissolution of the precipitate 
can remarkably eliminated. Other advan-
tages of FSW over fusion welding include 
the prevention of inclusions and impuri-
ties, low distortions, excellent mechanical 
properties, low shrinkage and energy effi-
ciency [33-45]. Marine and shipbuilding 
industries are the first sectors that adopted 
FSW process for commercial applications. 
FSW is also suitable for aerospace industry 
to replace the riveting to reduce manufac-
turing cost and weight savings. For exam-
ple, the large aluminum alloy panels that 
form the external fuel tank are friction stir 
welded. Eclipse Aviation Corporation, Al-
buquerque, NM/USA eliminated 60 % of 
the rivets by using FSW to join fuselage 
and wing-panel assemblies [46]. FSW is a 
significantly less energy intensive than 
competing technology while offering cost 
savings and an increase in productivity. 
However, less energy intensive properties 

Figure 7: Microstructures of the joints of electrolytically galvanized sheets, produced using  
hybrid laser brazing [7]

Figure 8: a) System configuration of plasma-MIG hybrid welding, b) configuration of plasma-MIG torch [30]
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of FSW limit its potential for thick section 
and high melting point materials [33, 46]. 
Frictional heat of FSW is high enough to 
soften the low melting metals such as Al 
and Mg alloys to obtain sound weld. How-
ever, for thicker plates and higher melting 
points of alloys such as steels, Ti or Ni al-
loys, much higher heat input is required to 
soften the materials [46, 47]. FSW tool 
shoulder can reach a temperature above 
1000 °C. FSW tool had been made of high 
durable materials such as WC alloy, PCBN 
or Si3N4 to enhance the wear properties, 
but wear of tool is still severe [33, 47, 48]. 
Researchers intend to overcome these 
problem by developing hybrid FSW pro-
cess by combining laser and FSW technolo-
gies [8, 33]. 

Laser-assisted hybrid arc welding has at-
tracted considerable attention due to its 
deeper weld penetration, higher welding 
efficiency and fewer weld defects [49]. For 
these reasons, hybrid techniques can be 
adapted to welding processes such as laser-
assisted arc, TIG, MIG and FSW. FSW of 
high strength material is much more diffi-
cult than that of materials with lower melt-
ing points, such as Al and Mg alloys [49, 
50]. FSW of high strength material in-
creases tool wear because of the high force 
created between material and tool, and this 
also reduces the welding speed. Hybrid la-
ser-assisted friction stir welding (HFSW) 
process had been invented and patented by 
Palm [51] to expand FSW to hard, high 
melting point materials and to decrease the 
rapid wearing of FSW tools. It is also diffi-
cult to produce satisfactory joints with con-
ventional FSW of dissimilar materials due 
to their significantly different plastic defor-
mation and material properties [52-55]. 
Hybrid friction stir welding (HFSW) can be 
a solution to overcome these problems due 
to reducing the load between tool and ma-

terial by the effect of additional heat 
source. Schematic illustration of hybrid 
friction stir welding is given in Figure 9. 
Researchers have been investigated on hy-
brid friction stir welding to join dissimilar 
materials with the aid of external heat 
source [52, 55-58]. Hybrid friction stir 
welding as an innovative solid state joining 
technology has great potential to produce 
effective and defect-free joint of dissimilar 
materials irrespective of high chemical af-
finity and completely different physical 
and mechanical properties like aluminum 
and copper [52]. These factors contribute 
to asymmetry in heat generation and mate-
rial flow, these drawbacks may be over-
come by using additional local heating of 
the material which has higher temperature 
melting point and the optimum location of 
the tool to provide adequate metal flow 
around the tool. Preheating prevents the 
formation of intermetallic compounds in 
the joint [52].

Song et al. welded Inconel 600 plates us-
ing HFSW and investigated development of 
microstructure and mechanical properties 
[49]. In their study, they used a WC-Co tool 
for stirring and a 2 kW YAG laser for pre-
heating. Welds without defects had been 
performed with 300 and 450 mm/min weld 
speeds. Due to the increase in the welding 
speed of HFSW, the average grain size in 
the base material decreases. This grain re-
finement improves mechanical properties. 
Sun and Fujii [33] welded 0.45 % C steel 
plates by hybrid laser-assisted FSW pro-
cess. In their study, they used 600 rpm tool 
rotation, welding speeds between 50-
800 mm/min and a YAG laser system for 
laser-assisted friction stir welding. Param-
eter comparison for normal and hybrid 
FSW of 0.45 % C steel is given in Figure 10. 
The maximum temperature rise in the 
workpiece for both welding processes is 

similar and the temperatures are all above 
AC1 transformation temperature [27]. How-
ever, hybrid FSW can be applied with a 
higher welding speed and increases weld-
ing efficiency and reduces tool wear. Pre-
heating the material ahead of the rotation 
tool softens the materials and reduces the 
required work of the FSW tool to rise the 
temperature and reduces amount of the 
downward force on the rotation tool. Due to 
reduced energy demand, FSW tool life can 
be extended by up to ten times longer by 
HFSW process [33].

Wear of tool is severe when performing 
FSW of Ni alloys and the debris of the WC 
base tool can be imbedded in the stir zone 
of FSW. Song and Tsumura [51] reported 
that Inconel alloy can be welded with a 
welding speed of 1-5 times higher than 
conventional FSW, due to the decrease of 
force between the material and the tool, 
and the average grain size in the stir zone 
decreased from 5.5 to 3.2 µm [33, 49].

Ultrasonic-assisted FSW 

Ultrasonic assistance obtained by a system 
increases the temperature of the weld re-
gion and consequently decreases the stress 
region and leads to prolongation of tool life 
as compared with FSW without ultrasonic 
assistance (see Figure 11) [56, 57].

Figure 9: Schematic diagram of hybrid friction stir welding [49]

Figure 10: Peak temperature and welding speed relationship for  
normal and hybrid FSW process (600 rpm) [33]

Figure 11: Schematic illustration of ultrasonic 
assisted FSW process [56]
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Plasma-assisted FSW

Among the possible preheating sources, 
plasma arc provides unique combination of 
high arc stability, concentrated energy 
density and low equipment cost [59]. Yadu-
wanshi et al. used plasma as a heat source 
for preheating the cooper for hybrid FSW 
joining of copper and aluminum as sche-
matically shown in Figure 12 [52].

Improved welding process by plasma assis-
tance had been resulted in an increase in ten-
sile strength of cooper and aluminum as seen 
in Figure 12b. From the figure, it is seen that 
tensile strength of the joint is about 83 % of the 
base metal (AI) in case of P-FSW, but 47 % in 
case of FSW without the effect of preheating. 
This result indicates that the sufficient plastic 
flow and partial annealing effect in weld joint 
by plasma preheating on the copper side re-
sults in a significant increase of the elongation 
and joint strength as seen in Figure 12a. 

Gas tungsten arc-assisted 
hybrid FSW

Bang et al. joined Al6061-T6 plates with 
STS 304 steel plates by using gas tungsten 
arc-assisted hybrid FSW process as seen in 
Figure 13a [56]. GTAW-assisted hybrid 
FSW improved the joint strength of alu-
minum alloy to stainless steel as seen in 
Figure 13b by enhancing material flow, 
which is caused by preheating the stain-
less steel surface using GTAW. The 
strength of GTAW-assisted weld joints 
made of steel and aluminum is 90-93 % 
with reference to AI alloy as compared to 
60-78 % without the effect of external heat 
source [58-60]. Joint strength of the weld is 
improved due to the almost equally distrib-
uted temperature in aluminum alloy side 
and steel side of the joints by using GTAW 
as secondary heat source.

Conclusions

The following conclusions can be drawn 
from this study:
• Hybrid processes incorporate the bene-

fits of each individual process and can 
increase productivity by providing faster 
processing speeds. 

• Higher deep penetration can be obtained 
by hybrid welding processes compared 
to their conventional counterparts.

• Due to the low heat input, hybrid weld-
ing creates fine grain structures, mini-
mizes base material dilution, achieves 
high toughness and mechanical proper-
ties, these processes are especially ap-

propriate for high performance alloys 
and dissimilar metal joining.

• Higher stability of the arc and metal 
transfer can be obtained using hybrid 
welding techniques.

• HLAW eliminates the excessive heat in-
put to welded structures and reduces de-
formations as well as residual stresses in 
the welded constructions. Heat input can 
be reduced by 80 % compared with 
GMAW and by 90 % compared with sub-
merged arc welding (SAW) process.

• The smaller molten pool of HLAW com-
pared to the GMAW process results in a 
lower heat input and thus in a smaller 
heat affected zone (HAZ), which reduces 
distortion and consequently the subse-
quent straightening work.

• Arc and metal transfer is less stable in 
GMAW. A laser with pulsed GMAW weld-
ing results in a more stable arc metal 
transfer and higher quality weld.

• Hybrid processes with high power laser en-
able to weld 20 mm thick steel by one pass. 

• Welding time can be saved to 80 % by hy-
brid welding processes. High welding 
speeds result in low thermal stresses 
and a narrow seam.

• Movable HLAW systems reduce the cost 
of transportation of ready welded ele-
ments.

• HLAW reduces the number of steps or 
runs necessary to produce a joint, com-
pared to traditional methods to shorten 
the manufacturing time.

• Steel plates with the thickness of 12-
15 mm can be welded with one pass by 
HLAW process depending on the laser 
used. Five or six passes are needed to 
weld the same thickness with conven-
tional GMAW.

• HLAW allows to use less powerful sources 
of laser compared to laser welding.

• Stabilization of HLAW due to interaction 
between the arc and the laser light ena-
bles almost spatter-free welding.

• Due to the smaller weld pool of HLAW 
compared to other arc welding processes, 
less heat input results in a smaller heat 
affected zone and less distortion, less post 
weld and finally straightening work.

• While the laser arc welding is applied to 
aluminum, unalloyed and high alloy 
steel, laser brazing is especially used for 
galvanized steel. Laser beam brazing has 
high application potential due to its con-

Figure 12: a) Basic principle of plasma-assisted friction stir welding of copper and aluminum,  
b) tensile strength of joints produced with different preheating current (transverse speed 98 mm × min-1 
fixed, rotational speed 815 rpm, fixed for all experiments, preheating current: 0, 25, 35, 45, 55 A for 
Experiments 1, 2, 3, 4, 5, respectively) [52]

Figure 13: a) Schematic illustration of gas tungsten arc-assisted friction stir welding of Al and  
stainless steel, b) tensile strength of joints produced with different tool rotation [58]
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trollable characteristics and accurate en-
ergy input.

• Recent developments in low melting point 
filler alloys such as SG-CuAl8 and SG-
CuSn enable to reduce the brazing tem-
perature to achieve required metallurgical 
properties and to prevent evaporation of 
the zinc in heat affected zone (HAZ).

• Due to the developments in hybrid laser 
brazing process and filler alloys, zinc 
coated steel (galvanized steel) can be 
joined without deterioration of protec-
tive characteristics of the coated surface. 
Welding of the galvanized steel damages 
and destroys the coating layer in the 
weld seam and makes the weld region 
susceptible to corrosion.

• Large structures of cooper and carbon 
steel can be joined as dissimilar metallic 
materials by plasma–MIG hybrid welding.

• Less energy intensive properties of FSW 
limit its potential for thick section and 
high melting point materials.

• Hybrid FSW welding can be used to join 
hard, dissimilar, high melting point ma-
terials and to decrease rapid wearing of 
FSW tools.

• FSW of high strength material is much 
more difficult than that of materials with 
lower melting points, such as Al and Mg 
alloys.

• Hybrid laser-assisted friction stir weld-
ing (HFSW) process can expand FSW to 
hard, high melting point materials, join-
ing of dissimilar materials and to de-
crease the rapid wearing of FSW tools.

• Hybrid friction stir welding as an inno-
vative solid state joining technology has 
great potential to produce effective and 
defect-free joints of dissimilar materials 
irrespective of high chemical affinity 
and completely different physical and 
mechanical properties like aluminum 
and copper.

• Preheating process stage of HFSW pre-
vents the formation of intermetallic com-
pounds in the joint.

• Hybrid FSW can be applied with a higher 
welding speed and increases welding ef-
ficiency and reduces tool wear. Preheat-
ing the material ahead of the rotation 
tool softens the materials and reduces 
the required work of the FSW tool to rise 
the temperature and reduces amount of 
the downward force on the rotation tool. 
Due to reduced energy demand, FSW 
tool life can be extended by up to ten 
times longer by HFSW process.

• HFSW and FSW processes reduce forma-
tion of intermetallic phases in dissimilar 
materials.

• Hybrid FSW techniques assisted by pre-
heating source are not widely used in the 
industry due to the expensive preheat-
ing devices and the need of super abra-
sive tools for FSW.

• Ultrasonic-assisted FSW can increase the 
temperature of the weld region and conse-
quently decrease the stress region and lead 
to prolongation of tool life as compared with 
FSW without ultrasonic assistance.

• Sufficient plastic flow and partial an-
nealing effect in weld joint made of cop-
per – aluminum by plasma-assisted FSW 
and preheating on the copper side re-
sults in a significant increase of the 
joint strength.

• GTAW-assisted hybrid FSW improves 
the joint strength of aluminum alloy to 
stainless steel by enhancing material 
flow, which is caused by preheating the 
stainless steel surface using GTAW. 

• Strength of GTAW-assisted FSW weld 
joints made of steel and aluminum is 90-
93 % with reference to AI alloy as com-

pared to 60-78 % without the effect of 
external heat source.

• Joint strength of GTAW-assisted FSW 
weld is improved due to the equally dis-
tributed temperature in aluminum alloy 
side and steel side of the joints by using 
GTAW as secondary heat source.
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