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ARTICLE INFO ABSTRACT

The present study deals with laser beam welding (LBW) and friction stir welding (FSW) applied to high-strength
aluminum alloys used in aircraft industry and displays their advantages compared with the riveting technique
regarding structural integrity, weight and material savings. First of all, it is shown with respect to different
applications and strength levels which high-strength aluminum alloys represent the state-of-the-art and which
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Aerospace aluminum alloys are proposed as substitutes in the future. Furthermore, the respective joining process principles
Structural performance . . . . . . . .
T-joints are described and demonstrated on different joint configurations, whereby mechanical and microstructural

properties of laser beam- and friction-stir-welded joints are discussed and compared. The current study clearly
demonstrates that these two joining techniques are not competing but complementary joining techniques in the
aircraft industry.

FSW, as a solid-state joining process, has the advantage that the joining is conducted at temperatures below
the melting point of the materials to be joined. Therefore, improved mechanical performance of joints is ex-
pected compared to that of fusion joining processes such as LBW. Furthermore, better mechanical properties can
be obtained when heat input during joining is reduced by employing stationary shoulder FSW and/or external
cooling. On the other hand, LBW offers several advantages such as low distortion, high strength of the joint, and
high welding speeds due to its low localized-energy input. Thus, LBW - as a high-speed and easily controllable
process - allows the welding of optimized complex geometrical forms in terms of mechanical stiffness, strength,
production velocity, and visual quality. Both joining processes have advantages and disadvantages, depending
on joint geometries and materials. They both have the potential to reduce the total weight of the structure. The
FSW process (particularly lower heat input stationary shoulder FSW process) is more advantageous in producing
long-distance straight-line butt joints or overlapped joints of aircraft structures, whereas the high-speed and
easily controllable LBW process allows the joining of complex geometrical forms due to its high flexibility,
particularly in the new generation high strength Al-alloys (such as AA2198), the strengthening phases of which
are more heat resistant.

1. Introduction

In the transportation industry, the recognized solution to achieve
both weight reduction and increase passenger safety is the development
of lightweight load-bearing structures with improved structural per-
formance. Despite their good mechanical properties, the composite
materials show a number of disadvantages in comparison to metallic
materials due to (1) their susceptibility for delamination, since com-
posites are constructed of different ply layers into a laminate structure,
(2) their high-cost since fabrication concept is usually labor-intensive
and complex, (3) difficulties in damage inspection because cracks in
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composites are mostly internal and hence require complicated inspec-
tion techniques for detection, and (4) their low recyclability. In the
beginning of the 21* century, the two leading aircraft
manufacturers—Boeing and Airbus—pushed the usage of composite
materials in aircraft fuselage. The advances made in composite manu-
facture have allowed the aeronautical industry to significantly increase
the use of composite materials. Boeing jumped from 12% usage of
composite materials on the 777 to 50% on the 787 while Airbus moved
from 10% on the A340 to 25% on the A380 and finally to 53% on the
A350XWB [1]. Composite and metallic structures are competing for the
next generation of single-aisle aircraft. Considering metallic materials
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in fuselage, environmental issues regarding recyclability can be better
fulfilled, while recyclability is still problematic in the case of composite
materials. In this domain, both composite and metallic structures have
the potential of weight-savings of approximately 20%, leading to im-
provement in the fuel consumption efficiency and reduction of the CO,
emission by the same amount [1,2]. Depending on aircraft design, ac-
ceptable manufacturing cost, environmental issues etc., a reasonable
decision can be made to use more composite or metallic materials in the
fuselage.

High-strength aluminum alloys are key materials in structural air-
craft applications, where riveting - as a state-of-the-art joining tech-
nology used since the 1920s - is mostly applied [3-6]. This joining
technology demands a large material amount, which restricts the
weight-saving requirements currently applied. The riveting process is
characterized by long manufacturing time because of high manual
workload required to drill the holes and set the rivets. It is difficult to
make any further improvements, e.g. in process automatization, since
the joining technology is already highly mature. Riveting can be ap-
plied where materials to be joined are overlapped, which results in
additional weight of the structure. Since the assembly of structural
components by riveting is a significant cost element, cost-efficient
joining techniques with a high degree of automatization are of high
interest in the transportation industry. From the technological point of
view, welding is the most important example of integrated material
technology solution developed for a fuselage primary structure appli-
cation [7]. Using welding instead of riveting results in a reduced final
weight of the fabricated structure due to the removal of non-required
material overlapping, rivets, and sealant between the joined parts
(Fig. 1).

There are currently two competing joining technologies of high
interest for the transportation industry — namely laser beam welding
(LBW) and friction stir welding (FSW). FSW, as a solid-state joining
process, has the advantage that the joining is conducted at temperatures
below the melting point of the materials to be joined. Therefore, im-
proved mechanical performance of joints is expected compared to that
of fusion joining processes such as LBW. On the other hand, LBW - as a
high-speed and easily controllable process - allows the welding of op-
timized complex geometrical forms in terms of mechanical stiffness,
strength, production velocity, and visual quality. Both joining processes
have advantages and disadvantages, depending on joint geometries and
materials.

Other joining methods also exist in the transportation industry, e.g.
riveting, adhesive bonding, rotary friction welding, gas tungsten arc
welding (GTAW) etc, which will not be discussed in details within this
study. Thus, this study focuses only on the comparison of the two
joining technologies: LBW and FSW.

Recent reviews regarding LBW, FSW and joining of aluminum alloys
in general were mostly dealing with metallurgical aspect of the joining
technologies, where mechanical properties obtained in static tests (e.g.
microhardness and tensile) were only briefly discussed [8-16]. For the
potential aircraft applications, the more detailed information about the
applicability of these two joining technologies to the potential high
strength aluminum alloys, possible geometries to be joined by these
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techniques and structural integrity of the welded structures is required.
To make it possible for the aircraft designers find the best choice be-
tween these two processes a comparison between them regarding the
obtained microstructural and mechanical properties as well as struc-
tural integrity is required. Thus, this study aims to evaluate the current
achievements in these two joining technologies for the welding of high-
strength aluminum alloys for airframe applications. It is also intended
in this study to summarize the current achievements in LBW and FSW
that can be helpful to make a decision about the most appropriate
welding process for the given aircraft structural application.

2. High-strength aluminum alloys used in airframe structures

Aluminum alloys are classified into two groups depending on their
strengthening mechanism - heat-treatable and non-heat-treatable al-
loys. For airframe structural applications, heat-treatable alloys of 2xxx
(principal alloying element Cu), 6xxx (principal alloying elements Mg
and Si), and 7xxx (principal alloying element Zn) series are mostly used
(Table 1). Most of the conventional aluminum alloys were developed in
the beginning or middle of the 20th century and optimized through
several decades. The typical state-of-the-art alloys are AA2024 and
AA7075 alloys, which are still commonly used in aircraft fuselage
structures (AA2024 in T351 heat-treatment condition as skin material
where higher ductility is required and AA7075 in T6511 heat-treatment
condition as stringer material where higher strength is demanded). In
order to compete with high-strength composite materials, aluminum
producers were forced to developed new higher-strength and lower-
density aluminum alloys to replace conventional state-of-the-art alu-
minum alloys. The development of innovative joining techniques like
LBW has driven aluminum producers to develop 6xxx series alloys with
improved weldability. Examples of this development include the alloy
combination AA6013 as skin material and AA6110 as stringer material,
which are used for lower fuselage panels manufactured by LBW process
in the Premium Aerotec Company [17]. Another example is the 2xxx
series Al-Cu-Ag alloy AA2139, which was developed for LBW applica-
tions [18]. New trends are moving in the direction of weldable Al-Li
alloys of the third generation (Al-Cu-Li alloys of 2xxx series like
AA2198, AA2196, and AA2050) or Al-Mg-Sc alloys (which are classi-
fied as 5xxx series alloys since the principal alloying element is Mg)
[19,20]. The high-strength and low-density aluminum alloys have the
potential to replace conventional state-of-the-art alloys. The new alu-
minum alloys, in combination with innovative joining technologies like
LBW or FSW, can offer the breakthrough response for the aircraft in-
dustry in achieving weight reduction of metallic fuselages of future
aircrafts.

3. LBW process

3.1. Process, joint design, and challenges in welding high-strength aluminum
alloys

LBW is an appropriate joining technology for high-strength alu-
minum alloys because of its low localized-energy input, which leads to

)

welded

Fig. 1. (a) Conventionally riveted and (b) welded T-joint representing the skin-stringer connection of an aircraft fuselage structure.
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low distortion, high strength of the joint, and high welding speeds [21].
o0 The principle of the LBW process is schematically shown in Fig. 2. The
E p p p y g
R laser beam generated from a solid-state laser (typically Nd:YAG,
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i E é lengths of 10.6 um. Therefore, laser beam can only be delivered and
£ g g focused on the workpiece by a system of moveable copper mirrors and
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Fig. 2. Principle of LBW with: (a) solid-state laser, (b) CO, laser, (c) heat-conduction welding, (d) keyhole welding. Depicted and adopted from Schubert et al. [21]

and Behler et al. [23].

lasers is more suitable for welding in heat conduction mode. New de-
velopments in laser sources have made two laser sources available at
high power with very good laser-beam quality - disk laser and fiber
laser. Disk laser is a type of a diode-pumped solid-state laser that is
characterized by a heat sink and laser output, which are realized on
opposite sides of a thin layer of active gain medium [30]. Disk lasers
can generate laser beams of higher quality at higher powers in com-
parison to Nd:YAG lasers [31]. This makes the industrial application of
disk lasers for welding of structural materials more favorable.

In the case of a fiber laser, the active gain medium is an optical fiber
doped with rare-earth elements such as erbium or ytterbium. Currently
available on the market, high-power fiber lasers with very good beam
quality are favorable laser sources for industrial welding applications.
Fiber lasers are compact compared to other laser sources of comparable
power, because the fiber can be bent and coiled to save space. The
compact size and lower cost of ownership make fiber lasers very at-
tractive for industrial welding applications.

In laser science, beam parameter product (BPP) is defined as the
product of beam waist radius w, and the divergence angle © (Fig. 3(a))
[31,32]. The BPP is often used to describe the beam quality of a laser
beam - the higher the BPP, the lower the beam quality. Fig. 3(b) shows
that three laser types —CO,, disk laser, and fiber laser — show lower
BPP values at higher powers. New developments in disk lasers and fiber
lasers bring to the market laser sources at attractive prices, with lower
BPP values operating at higher powers. Therefore, two competing laser
types with comparable beam quality are available - fiber lasers and disk
lasers. The advantage of using disk lasers is that the producer company
of the disk lasers (Trumpf) offers not only the lasers but the complete
system with welding cell, where the laser is integrated with the robot
station [33]. In the case of fiber laser, the IPG Photonics company offers
only laser sources; the customer has to take care of the integration of
the fiber laser with the welding cell with robot and other required
equipment [34]. This could be why disk lasers are better represented in
larger industries now. In the scientific community, however, fiber lasers
are of high interest because of their highest beam quality and higher
availability of operating powers.

Using LBW, it is possible to realize different joint geometries like
butt joints, overlap joints, and T-joints. In the case of airframe structural
applications, the most relevant geometries are butt joints (Fig. 4(a)) and
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T-joints (Fig. 4(b—c)). T-joints can be welded from either one side
(single-sided LBW, Fig. 4(b)) or both sides (Fig. 4(c))—using two laser
beams simultaneously in order to have one keyhole or successively from
one side and then from another. In the aeronautical industry, the T-joint
configuration is commonly used to join stringers to the skin (Fig. 1(b)).

LBW can be performed autogenously or with an additional filler-
wire material added as wire, powder, foil, or extruded profile
[10,12,35-39]. The use of additional filler material offers an opportu-
nity to control the metallurgical processes during LBW. The filler ma-
terial is used for the reduction of porosity and solidification-cracking of
welds. The additional filler material can also positively influence the
weld morphology by achieving regular weld shape without any dis-
continuities. With the help of filler material, it is possible to fill or
bridge the gap and avoid underfills or undercuts.

The success of the LBW of a high-strength aluminum alloy or alloy
combinations in butt joint or T-joint strongly depends on the compo-
sition of the alloys, process gases, filler materials, material preparation
technique, and process parameters [10]. In particular, LBW process
parameters have a great influence on the quality and the micro-
structural and mechanical performance of the resulting joints. The main
challenges in LBW of high-strength aluminum alloys lie in the forma-
tion of porosity and cracks. Generally, aluminum alloys of 2xxx and
7xxx series show greater challenges in overcoming the problems of
porosity and cracks during the LBW. The alloys of 7xxx series have an
additional problem - the vapor pressure for alloying elements such as
Zn, which are required for achieving the highest strength, is sig-
nificantly higher than for Al. At the same time, the evaporating tem-
perature of Zn is lower than that of Al. Therefore, in the case of keyhole
welding, loss of the easily vaporized alloying elements occurs. This
results in a significant porosity formation in the weld. New trends have
therefore been toward the development of high-strength Al-Li or Al-Mg-
Sc alloys with improved weldability [20,37]. On the other hand, new
developments in laser sources and process strategies enable the LBW of
2xxx and 7xxx alloys [38-43]. The following sections provide a sum-
mary of the achievements pertaining to the most relevant alloys for
airframe applications.

3.1.1. Al-Cu-Mg alloys
Al-Cu alloys belonging to the 2xxx-family are the primary alloys
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Fig. 3. (a) Sketch of the laser beam and (b) beam parameter product in dependence on the mean laser power for different laser types. Depicted and adopted according

to Brockmann and Havrilla [31], and Poprawe [32].

used in airframe structural applications, where damage tolerance is the
main criterion. Higher strength of the 2xxx alloys containing Mg is
achieved through the precipitation of Al,Cu and Al,CuMg phases. The
Al-Cu-Mg alloys show superior damage tolerance and good resistance to
fatigue-crack growth. Well-known Al-Cu-Mg alloys include AA2024 and
AA2014.

Typically, aluminum alloys of 2xxx series show high cracking sus-
ceptibility. However, the use of filler wire can improve their weldability
[10].

Numerous studies have been conducted on LBW of Al-Cu-Mg alloys
up to date [42-51]. Even earlier studies report good results. For in-
stance, Kutsuna et al. reported defect-free welds in the case of auto-
genous CO, LBW of AA2219 alloy [49]. Recent studies also reported
successful LBW of AA2024 alloy using disk and fiber lasers with high
beam quality, where joint efficiencies of up to 80% were achieved
(Table 2) [42-44]. On the other hand, cracks were observed by Weston
et al. in the case of CO, LBW and Nd:YAG LBW of AA2219 alloy [50].
However, using AA2319 and AA2014 filler wires, crack-free welds were
achieved in the case of LBW of AA2024 alloy [51]. Ahn et al. also de-
monstrated that the addition of AA4043 filler wire reduces the risk of
welding defects and improves ductility [42,43]. Moreover, Enz at el.
also reported that the AA2024 can be successfully laser-beam-welded in
combination with the AA7050 alloy (typical combination of the alloys
AA2024 as skin and AA7050 as stringer, joined by means of riveting

(a) butt joint LBW (b) single-sided

T-joint LBW

laser beam

radiation&

exposure

side,
/,

filler wire

weld root side

laser beam

used in aircraft airframe) using a fiber laser [38]. A very recent study of
Wang et al. also reported good results for autogenous LBW of 2A14
alloy using a disk laser [45].

3.1.2. Al-Cu-Mg-Ag alloys

Al-Cu-Mg-Ag alloys can offer improved mechanical performance
and thermal stability relative to other alloys in the 2xxx series [52,53].
However, silver-containing alloys are more expensive and their density
is higher than that of the recently available high-strength Al-Li alloys.
The Al-Cu-Mg-Ag alloy AA2139 shows excellent thermal stability in T8
condition; therefore, it is a promising candidate for high-temperature
aeronautical applications such as the high-speed civil transport [53]. In
addition, AA2139 shows improved weldability [18]. Successfully laser-
beam-welded AA2139 butt joints were presented by Kermanidis et al.
and Zervaki et al. [54,55]. Viscusi et al. described the high-quality
laser-beam-welded T-joint where AA2139 as stringer was welded to the
AA6156 skin [56].

3.1.3. Al-Cu-Li alloys

Newly developed lithium-bearing alloys of 2xxx series offer great
potential for aerospace applications due to their high specific strength
and high stiffness. It is known that every 1 wt.-% of Li blended into Al
increases the elastic modulus by about 6% while reducing the density of
the alloy by about 3% [57]. Recent developments in the metallurgical

(c) double-sided
T-joint LBW

laser beam
laser beam

filler wire

Fig. 4. Typical joint configurations for the LBW of aircraft structures.
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Table 2
Joint efficiency values of laser-beam-welded joints of high-strength aerospace Al alloys.

Base Material / Filler Material Thickness, mm R, of BM, MPa R, of LBW, MPa Joint Efficiency, % Reference

Al-Cu-Mg Alloys

AA2024-T3/ autogenously 1.25 480 384 80 Alfieri et al. [44]

AA2024-T3/ autogenously 3.0 463 364 79 Ahn et al. [42]

AA2024-T3/ AA4043 3.0 463 370 80 Ahn et al. [42]

AA2024-T3/ autogenously 3.2 480 317 66 Alfieri et al. [44]

AA2024-T3 (skin)-AA7050-T76 (stringer)/ AA4047 (T-joint, 2.0 (skin), 2.0 490 445 91 Enz et al. [38]
hoop-stress) (stringer)

2A14-T6 2.0 428 262 61 Wang et al. [45]

Al-Cu-Mg-Ag Alloys

AA2139-T8/ AA4047 3.2 460 350 76 Daneshpour et al. [46]

AA2139-T3/ autogenously 3.2 465 320 69 Carrarin [47]

AA2139-T3/ AA4047 3.2 465 294 63 Carrarin [47]

AA6156-T4 (skin)-AA2139-T3 (stringer)/ AA4047 (T-joint, 3.0 (skin), 2.7 378 (AA6156- 378 100 Viscusi et al. [56]
hoop-stress, PWHT: skin T6, stringer T8) (stringer) T6)

Al-Cu-Li Alloys

AA2198-T3/ AA4047 3.2 461 300 65 Kashaev et al. [62]

AA2198-T3/ AA4047 (PWHT T8) 3.2 495 341 69 Kashaev et al. [63]

AA2198-T8/ AA4047 3.2 495 318 64 Kashaev et al. [63]

AA2198-T3 (skin)-AA2198-T8 (stringer)/ AA4047 (T-joint, 5.0 (skin), 1.9 430 (AA2198- 335 78 Enz et al. [58,59]
hoop-stress) (stringer) T3)

AA2198-T8 (skin)-AA2196-T8 (stringer)/ AA4047 (T-joint, 3.2 (skin), 1.6 481 (AA2198- 435 90 Kashaev et al. [101]
hoop-stress) (stringer) T8)

AA2060-T8/ AA4047 2.0 500 416 83 Zhang et al. [64]

AA2060-T8/ AA5087 2.0 498 317 64 Zhang et al. [65]

AA2060-T8 (skin)-AA2099-T83 (stringer)/ AA4047 (T-joint, 2.0 (skin), 2.0 501 (AA2060- 391 78 Han et al. [67]
hoop-stress) (stringer) T8)

AA2060-T8 (skin)-AA2099-T83 (stringer)/ Al-6.2%Cu-5.4%Si 2.0 (skin), 2.0 501 (AA2060- 411 82 Han et al. [67]
(T-joint, hoop-stress) (stringer) T8)

2A97-T3/ autogenously 1.5 390 235 60 Ning et al. [69]

2A97-T3/ AA2319 1.5 390 191 49 Ning et al. [69]

2A97-T4/ autogenously 2.0 446 370 83 Fu et al. [70]

Al-Mg-Li Alloys

AA1420/ AA2319 (laser-MIG hybrid welding) 5.0 391 223 57 Yan et al. [80]

AA1420/ AA2319 (laser-MIG hybrid welding, PWHT) 5.0 391 267 68 Yan et al. [80]

Al-Mg-Sc Alloys

5xxx + Sc/ 015XX - - - 71 Lenczowski [83]

5xxx + Sc/ 015XX - - - 90 (PWHT) Lenczowski [83]

Al-Mg-Si Alloys

AA6013-T4/ AlMg5 1.6 345 282 82 Braun [35]

AA6013-T6/ AIMg5 (PWHT) 1.6 397 310 78 Braun [35]

AA6013-T6/ AlIMg5 1.6 397 276 70 Braun [35]

AA6013-T4/ AA4046 1.6 345 301 87 Braun [35]

AA6013-T6/ AA4046 (PWHT) 1.6 397 361 91 Braun [35]

AA6013-T6/ AA4046 1.6 397 288 73 Braun [35]

AA6013-T4/ AA4047 1.6 345 316 92 Braun [35]

AA6013-T6/ AA4047 (PWHT) 1.6 397 362 91 Braun [35]

AA6013-T6/ AA4047 1.6 397 300 76 Braun [35]

AA6013-T4 (skin)-AA6013-T4 (stringer)/ autogenously 1.6 (skin), 1.6 323 278 86 Oliveira et al. [92]

(stringer)

AA6056-T4/ AA4047 1.6 (2.5) - - 77 Fabreégue et al. [88]

AA6056-T6/ AA4047 6.0 371 275 74 Pakdil et al. [89]

Al-Zn-Mg-Cu Alloys

7xxx-T6/ autogenously 2.0 676 471 70 Zhang et al. [118]

AA7075-T6/ (V foil + AA5087) 2.0 592 151 (118, milled 26, 20 (milled Enz et al. [41]

surfaces) surfaces)
AA7075-T6/ autogenously 2.0 592 358 (408, milled 60, 68 (milled Enz et al. [41]
surfaces surfaces)

field offer laser-weldable Al-Cu-Li alloys of the 2xxx series, such as
AA2196 and AA2198, with high structural efficiency index due to their
high strength and low density [37,58,59]. The main challenge of LBW
of Al-Li alloys lies in porosity formation and high hot-cracking sus-
ceptibility (HCS) [59,60]. The influence of the chemical composition of
the filler wire material on the solidification-cracking susceptibility in
CO, LBW of the AA2195 Al-Cu-Li alloy butt joint was studied by Jan
et al. [61]. The authors investigated different filler wires such as Al-Si,
Al-Mg, and Al-Cu alloy wires. They report that the Al-Si wire is most
effective in reducing the susceptibility to solidification-cracking.
Kashaev et al. investigated Nd:YAG LBW of AA2198 butt joints
using AA4047 filler wire, where joints of low porosity and without any
noticeable welding defects were produced [62,63]. The specimen
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welded in T3 heat treatment condition and heat treated into T8 con-
dition after welding showed a slightly higher microhardness in the FZ
compared with specimens welded in T3 and T8 conditions. However,
the level of the AA2198-T8 base material (BM) was not reached because
the chemical composition in the fusion zone (FZ) was influenced by the
used AA4047 filler wire material. Joints efficiency of 69% was achieved
for the post-weld heat-treated specimens (Table 2). Zhang et al. re-
ported very promising results in case of fiber LBW of AA2060 butt
joints, where joint efficiency of 83% was achieved [64]. Fiber LBW was
also successfully applied to this alloy using Al-Mg-alloy AA5087 as filler
wire material [65]. However, in the last case, the joint efficiency of 64%
was reported (Table 2).

The HCS of welded Al-Cu-Li alloys was modelled by Tian et al. [66].
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The results obtained by the authors indicated relatively higher HCS in
the case of double-sided CO, LBW of AA2198-AA2196 T-joint at a
higher laser power (more than 1.7 kW). Nevertheless, by the use of a Si-
rich AA4047 filler wire, good results were achieved in the case of
double-sided LBW of AA2198-AA2196 T-joints by Tian et al. and
AA2060-AA2099 T-joints by Han et al. [66,67].

Three different approaches were investigated by Enz et al. with the
objective of reducing hot-cracking: pre-heating of the weld samples to
elevated temperatures, pre-loading of the weld samples perpendicular
to the welding direction, and optimization of the LBW parameters [68].
All approaches suggested by the authors led to an improvement in the
HCS. The best results in terms of low total crack lengths were achieved
for higher heat inputs with low laser power and welding velocity levels.

Autogenous and non-autogenous (AA2319 filler wire) fiber LBW of
2A97-T3 butt joints was investigated in a very recent study by Ning
et al. [69]. The authors showed that the FZ in both types of joints were
relatively soft. They reported that the width of the softened zone and
the degree of softening with autogenous laser welding was approxi-
mately 1/3 and 3/4 those with non-autogenous laser welding, respec-
tively. Autogenously laser-beam-welded butt joints showed higher joint
efficiency of 60% in comparison to the joints welded with AA2319 filler
wire. However, Fu et al. reported joint efficiency of 83% for autogenous
fiber LBW of 2A97 which is sufficiently high (Table 2) [70].

Due to their lower density and higher strength, the Al-Cu-Li alloys
are potential candidates for airframe structural applications. Therefore,
structural integrity issues were also addressed by the development of
laser welding processes. Kashaev et al. demonstrated that the identified
LBW process parameters for Al-Cu-Li alloys at laboratory scale can be
successfully transferred to the welding of four-stringer panels using a
large-scale LBW facility [62,63,71]. Thus, the industrial maturity of the
developed LBW process was proved, whereby sound long-distance fillet
T-joints (without lack of penetration) were produced.

3.1.4. Al-Mg-Li alloys

Al-Mg-Li alloys are characterized by their extremely low density.
For instance, the material AA1420 has a density of 2.47 g/cm?®, while
the reference material AA2024 has a density of 2.78 g/cm®. The former
is achieved by the substitution of copper with lithium and magnesium
in the chemical composition. The addition of magnesium to the Al-Li
system results in higher strength of the alloy and does not lead to the
formation of precipitates, except Al,MgLi in the overaged condition
[57]. This allows further reduction in the weight of welded structures
for aircrafts with improved specific mechanical properties. Current
trends are leading toward novel Al-Mg-Li alloys with improved fatigue
behavior and better weldability, resulting in further weight reductions
of 5% and 10% compared to Al-Cu-Mg alloys [72].

The first Al-Mg-Li alloys were developed and produced in Russia in
the 1960s. Since the 1970s, they have been produced and used on an
industrial scale. One of the first applications of these alloys was their
use in the welded fuel-tank structures of the supersonic fighter aircrafts
MIG-29 and YAK-38 (first and only operational vertical take-off and
landing strike fighter). Later, these alloys also found applications in the
structures of passenger aircrafts such as TU-155, TU-156, TU-204, and
TU-334 [73]. However, the main disadvantage of Al-Mg-Li alloys is
their low ductility, especially by impact-loading with high strain rates
and low values of fracture strain. Recently published results on laser-
welded structures of AA1420 show non-permissible critical properties
like insufficient thermal stability > 3000 h at 85 °C (especially a drop in
fracture toughness) and accelerated fatigue-crack propagation in NaCl
(especially at low frequencies) [72]. Therefore, further developments in
metallurgy have followed [57,74-76]. The key research has been ac-
complished by the All-Russian Scientific Research Institute of Aviation
Materials [77].

Similar to the Al-Cu-Li alloys, a similar challenge posed by the LBW
of Al-Mg-Li alloys is their susceptibility to weld-cracking. It is assumed
that the high magnesium content in the alloy reduces the cracking
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susceptibility, but this effect has not been studied in detail up to now
[74-76]. The difficulties are also subjected to the absence of all-purpose
and commercially available filler wire material. However, based on the
conducted research on filler material development for the welding of
Al-Mg-Li alloys, it can be stated that filler wires with high magnesium
content and scandium and zirconium additions are effective for im-
proving the weldability [57,74].

Appropriate welds were reported in the case of autogenous butt-
joint welding of the alloy AA1420 using a 4.5 kW Nd:YAG laser [78].
The authors have investigated the effect of LBW on tear toughness and
report that the tear toughness of the weld can be increased through a
post-weld heat treatment (PWHT). In the case of the post-weld heat-
treated specimens, the tear toughness of the weld was comparable to
the value obtained in the heat-affected zone (HAZ). Zhuang et al. also
reported reduced mechanical properties of AA1420 welds due to the
presence of porosity [79]. Joint efficiency of 57% was reported by Yan
et al. in case of laser-MIG hybrid welding of AA1420 alloy (Table 2)
[80]. The low availability of studies regarding the LBW of Al-Mg-Li
alloys can be explained by the difficulties faced by research institutes in
accessing commercially available alloys.

3.1.5. Al-Mg-Sc alloys

The application of Al-Mg-Sc alloys in the aeronautics industry is
increasing due to their higher toughness, mechanical and fatigue re-
sistance, and light weight compared to other structural materials such
as AA7075-T6 alloy. Scandium is added as a grain-refining element;
thus, the alloy has a very fine grain structure with improved resistance.
Another alloying element is Mg. Hence, Al-Mg-Sc is comparable with
the 5xxx series according to the Aluminum Association classification, in
the group of work-hardenable non-heat-treatable alloys [81]. Al-Mg-Sc
alloys are now being considered for upper fuselage panels, where
higher strength is required [82].

The traditional manufacturing route for many structural aerospace
applications involves the procurement of large aluminum plates and
forgings, which are subsequently machined into the final structure. Due
to the significant amount of machining required to produce the final
shape, the associated manufacturing costs are considerable. To over-
come these issues, the aerospace industry has focused on replacing the
machining of thick plates with near-net-shaped manufacturing solu-
tions, such as the welding of stiffeners to thin sheets, followed by
forming operations to produce the desired final shape. The proposed
manufacturing route can be realized using the advanced Al-Mg-Sc al-
loys, as they show very good weldability and ease creeping of formed
sheets to a final shape without significant loss of properties [83].

The advantageous combination of formability and excellent weld-
ability of Al-Mg-Sc alloys offers the possibility of a low-cost manu-
facturing solution for many structural launchers applications.
Currently, four Al-Mg-Sc alloys are available for aircraft applications:
AA5082 or KO8242 from Aleris, C557 from Alcoa, RUS1570 from
Russia and Scalmalloy® developed by EADS/Airbus [20,84,85]. Al-
though the Scalmalloy® has not been commercially produced, its ap-
plications have been tailored toward the aerospace industry, in parti-
cular for the production of stiffened fuselage skins for the lower rear
part of the fuselage. Therefore, the main focus of the research activity in
the alloy development has been to adapt the alloy and subsequent
processing (welding and forming) for aerospace-related applications.
Lenczowski reports very promising results regarding the mechanical
properties and corrosion behavior of laser-beam-welded 5xxx + Sc al-
loys. As filler metal for the LBW of Al-Mg-Sc alloys, the author used an
alloy similar to the material itself (015xx with scandium). The highest
joint efficiency of 71% was achieved with the use of a CO, laser. Heat
treatment of the welded joints increased the joint efficiency to 90%
[83].

3.1.6. Al-Mg-Si alloys
6xxx series alloys (Al-Mg-Si) are of primary interest for LBW
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applications because of their better weldability in comparison to the
2xxx and 7xxx alloys. In particular, the alloy AA6013 was developed for
aircraft applications with the potential to replace the widely used alloy
AA2024. The alloy AA6013, compared to the widely used alloy AA2024
(Al-Cu-Mg), shows about 10% less strength at the same density and
comparable corrosion resistance at the same production cost [86]. Al-
Mg-Si-Cu alloys AA6013 and AA6056 are already used for lower fu-
selage applications in Airbus aircrafts, where the skin-stringer panels of
lower shells are joined by LBW [28]. The welding process is industrially
realized at a large-scale LBW facility equipped with two CO, lasers for
simultaneous double-sided welding of long-distance T-joints. The si-
multaneous LBW from both sides with one keyhole enables the main-
tenance of porosity of welds at a lower level. Another challenge of LBW
of 6xxx alloys is to overcome the susceptibility to hot-cracking through
the use of AA4047 filler wire with a high Si content. Solidification-
cracking in high-strength aluminum alloys can usually be avoided by
modifying the weld-pool chemistry with appropriate filler wires and
dilution ratios. Aluminum filler wire alloys containing excess Si and Mg
are recommended for Al alloys of 6xxx-family [87]. The best results
were also achieved for Nd:YAG LBW of AA6013 butt-joints using the
AA4047 filler wire [35]. However, the porosity in the FZ was still
present. Similar results were reported by Fabrégue et al. for Nd:YAG
LBW of AA6056 butt joints using AA4047 filler wire [88].

The formation of porosity in the FZ is also the main problem of
single-sided LBW of T-joints. Some porosity was also reported for CO»-
laser-beam-welded AA6056 alloy [89]. Ventzke et al. demonstrated that
the formation of pores is determined by not only the types of the alu-
minum alloys, the variations in the welding directions, and the pre-
paration of the joining faces, but also an excessive angle of incidence
between the laser beam and the skin field [90]. Significant improve-
ment can be achieved using high-power lasers with top-hat profile, like
fiber laser. Although solidification-cracking is still unavoidable in the
case of autogenous LBW, the porosity level can be decreased sig-
nificantly [91,92].

3.1.7. Al-Zn-Mg-Cu alloys

Welding defects such as pores and cracks resulting from volatile
elements are a major challenge in the case of LBW of 7xxx series alloys
[93]. Vaporization of zinc reduces the threshold power required to hold
the keyhole. Due to the loss of zinc, the hardness in the welded con-
dition and the hardness that can be achieved through the post-weld
heat treatment (PWHT) are reduced [10]. Keyhole instabilities bring
additional challenges to LBW of high-strength 7xxx series aluminum
alloys [10].

Zhang et al. investigated autogenous LBW of Al-Zn-Mg-Cu alloy
sheets in T6 temper condition [93]. By optimizing the welding process
parameters, the authors obtained appropriate welds with a low porosity
level. The main attention of the work was on investigating the micro-
structure and mechanical properties of the butt joints. The FZ was the
weakest region of the joint, where plenty of alloying elements existed in
T phases along grain boundaries and some of them dissolved in matrix.
The primary phases at grain boundaries in FZ were T phase of
Al,MgsZn; dissolved in a few Cu, which consume significant amount of
alloying elements.

Enz et al. showed that with an increase in total amount of Zn, Cu,
and Mg, the laser weldability of high-alloyed Al-Zn alloys deteriorates
(Fig. 5(a)) [39]. The authors explained this fact by the thermophysical
properties of the alloys, which were considerably influenced by the
main alloying elements and their proportion in the investigated alloys.
The authors used an approach for improving the weldability of Al-Zn
alloys that includes the use of vanadium foil as additional filler wire
material. The resulting weld seams showed a significantly improved
outer appearance and a reduced amount of porosity (Fig. 5(b)). Another
approach reported in the second paper was to apply a fiber laser with a
large beam diameter that considerably improved the degassing of the
weld pool. Weld discontinuities were minimized and the outer
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appearance of the welds was significantly improved (Fig. 5(c)) [40]. In
a more recent study of the authors the formability of similar and dis-
similar joints welded using the two approaches was also investigated
[41].

3.2. Geometry and microstructure of welded joints

The typical weld shapes of laser-beam-welded butt joints and T-
joints are shown in Fig. 6 [38,42,58,66,92,94]. In the case of Nd:YAG
butt-joint welding with filler wire, laser-beam-welded joints display a
“V” shape (Fig. 6(a) and (c)). Apart from avoiding hot cracks, another
advantage of using filler material is to eliminate geometrical im-
perfections like underfills and undercuts. Through the use of fiber laser,
it is possible to achieve deep and narrow welds with an “I” shape
(Fig. 6(b)). The formation of underfills due to the expulsion/evapora-
tion of material in the case of high-speed LBW is often unavoidable
(Fig. 6(b)). In the case of the fiber LBW of butt joints with filler wire, the
joints can also exhibit an “X” shape (Fig. 6(e)). In comparison to the “V”
shape (Fig. 6(a) and(c)), the butt joint with an “X” shape can have
advantages in mechanical properties because of more symmetrical weld
to the centerline of the sheet.

In the case of simultaneous double-sided LBW, T-joints with sym-
metrical weld shape can be achieved (Fig. 6(d) and (f)). If LBW is
performed by feeding a higher amount of additional filler wire material
(Fig. 6(f)) that can be required to avoid hot cracks in the case of dif-
ficult-to-weld alloys like AA2196 for example, the T-joint has a seam
with pronounced rippled vaulting. In the case of autogenous fiber laser
T-joint welding (single-sided), more narrow joints can be achieved
(Fig. 6(g)). The use of filler wire results in increasing of weld seam area
(Fig. 6(h)). The double-sided welding (successive) has an advantage
that the penetration depth into the skin material can be reduced
(Fig. 6(i)). It can be advantageous because the weakening of the skin
material due to the heat input is reduced, due to which the mechanical
properties of the skin are less influenced. However, the main challenges
of successive double-sided welding in comparison to the simultaneous
double-sided LBW with one keyhole is in the formation of porosity in
the seam root because of the higher cooling gradients. In this regard,
simultaneous LBW with only one keyhole results in better degassing
conditions in the weld root, thus reducing the porosity level. Moreover,
simultaneous double-sided welding results in symmetrical shapes that
can be advantageous in terms of mechanical properties. However, the
use of single-sided LBW is unavoidable in the cases where access from
both sides cannot be achieved - e.g. in the case of welding of clips be-
tween the stringers [95].

A typical microstructure of the Nd:YAG laser-beam-welded AA6013
alloy is shown in Fig. 7 [35]. Laser-beam-welded joint shows a dendritic
structure in the FZ (Fig. 7(a)). In the case of the AA6013 butt joint, the
FZ exhibits a fine cellular dendritic solidification structure with the
formation of many equiaxed grains. Fine equiaxed grains reduce soli-
dification-cracking susceptibility and improve the mechanical perfor-
mance of joints [96]. Adjacent to the FZ boundaries, a partially melted
zone (PMZ) can be observed (Fig. 7(b)). The typical width of the PMZ is
two to three grains. The PMZ is formed due to the heating of the area
surrounding the FZ to a temperature between the eutectic temperature
and the liquidus temperature of the alloy [96]. Therefore, the grain
boundaries that contain eutectic phases locally melt in the area adjacent
to the fusion boundaries. The HAZ displays the transition region be-
tween the FZ and unaffected base material (BM) (Fig. 7(b)). In the HAZ,
rapid heating occurs up to the temperatures less than the alloy melting
point, with subsequent cooling. However, the heating temperature in
the HAZ is high enough to cause microstructural changes, such as
changes in the precipitation state of the base material. At the HAZ/BM
boundary, the temperature reaches a critical value; there are no de-
tectable microstructural changes in the BM below this value.

In contrast to the Al-Mg-Si alloys, laser-beam-welded Li-bearing
alloys show a small area of fine equiaxed grains adjacent to the fusion
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PA734 AA7075 AA7050 PA765 AA7034
increasing (Zn+Mg+Cu) content —>

(c)

Fig. 5. Micrographs of laser-beam-welded Al-Zn alloys with a different (Zn + Mg + Cu) content. (a) Worst case is the typical process parameters, (b) optimized LBW
parameters by using a V foil and 5xxx wire as filler material and (c) optimized autogenous LBW parameters using an Yb fiber laser with a large beam diameter
[39,40]. Reprinted with permissions from Springer Nature and Elsevier.
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Fig. 6. Typical weld shapes of laser-beam-welded butt joints and T-joints of aluminum alloys AA6013, AA2198, AA2024 and AA7050. Depicted and adopted from
Seib [94], Tian et al. [66], Ahn et al. [42], Enz et al. [58], Oliveira et al. [92], and Enz et al. [38].
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Fig. 7. Optical micrographs of Nd:YAG laser-beam-welded butt joint of AA6013 alloy using aluminum alloy powder AlSi12Mg5, showing (a) the dendritic structure
of the FZ and (b) the PMZ at the FZ/HAZ boundary [35]. Reprinted with permission from Elsevier.

boundary within the FZ (Fig. 8(a)). Zhang et al. report that the so-called
equiaxed grain zone (EQZ) is characterized by non-dendritic equiaxed
grains with a size of 5-10 pm, separated from the adjacent grains in the
PMZ [64]. The EQZ only occurs in Li-bearing aluminum alloys. Gu-
tierrez and Lippold proposed that the EQZ is formed in consequence to
the heterogeneous nucleation of new grains at the fusion boundary
[97]. Next to the EQZ, the grains grow toward the center of the weld,
following the gradient of the heat flow [66]. The microstructure var-
iation of a laser-beam-welded AA2060 Al-Cu-Li alloy is schematically
shown in Fig. 8(b). In the middle of the FZ, equiaxed dendrites are
present. The columnar dendrites are formed in the outer FZ areas. The
transition from columnar to equiaxed dendrites typically occurs in the
transition zone at the fusion boundary between the FZ and the PMZ
[64].

The hardness values in the FZ and hardness profiles of Nd:YAG
laser-beam-welded AA6013 butt joints in two different heat treatment
conditions, T4 and T6 (as-welded condition), as well as the hardness
values and the hardness profile of the laser-beam-welded AA6013 butt
joint in T4 heat-treatment condition and post-weld heat-treated in T6
condition are represented in Fig. 9.

Braun investigated Nd:YAG LBW of aluminum alloy AA6013 with
different aluminum powder materials - AIMg5, AlSil2 (AA4047),
AlSi12Mg5, and AlSi10Mg (AA4046) [35]. For butt joints in as-welded
condition fairly similar hardness values in the FZ were measured
(Fig. 9(a)). In most cases, the hardness of the FZ was lower than that of
the corresponding base materials. Higher hardness values were ob-
served in the FZ in comparison to that of the base material in the as-
welded T4 heat-treatment condition only when the AlSi12Mg5 filler
powder was used. This fact can be explained by the increasing amount
of brittle eutectic phases and constituent particles when using this
highly alloyed filler material. However, the use of high-alloyed filler
material resulted in considerable porosity in the butt joints, as can be
seen in the cross-section represented in Fig. 9(b).

The drop in hardness in the FZ in relation to that of the base ma-
terial is even higher when the welding is performed in T6 heat-treat-
ment condition. The reduction in hardness can be slightly recovered if
LBW is performed in T4 heat treatment condition and butt joint is post-

(b) Equiaxed dendrite
Columnar dendrite

Fusion boundary
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weld heat-treated in T6 condition after the LBW. However, it is still not
possible to achieve base-material hardness level in the FZ and HAZ
(Fig. 9). The hardness in the HAZ is less influenced through the heat
input if the LBW is performed in T4 heat-treatment condition. In the
case of as-welded butt-joint in T6 heat-treatment condition, there is
considerable decrease in hardness in the annealed zone between the FZ
and the overaged zone. The locations of the overaged zone and the
annealed zone are schematically shown in Fig. 9(b). The difference
between the annealed zone and the overaged zone is in the heat input,
which is much higher in the annealed zone. From the annealed zone,
the hardness in the overaged zone continuously approaches that of the
base material. The two zones - the annealed zone and the overaged zone
- form the so-called HAZ that is introduced in the case of steels. In the
case of the aluminum alloys, the correct identification is the annealed
and the overaged zone.

The increase in hardness in the FZ after the PWHT is caused by
precipitation strengthening, as confirmed in the work of Braun through
transmission electron microscopy (TEM) [35]. The TEM micrographs in
Fig. 10(a) reveal needle-shaped precipitates. According to Edwards
et al., these precipitates correspond to the °* phase, which mainly
contributes to the strength in 6xxx series aluminum alloys [98]. An
additional strength in Cu-containing Al-Mg-Si alloys like the alloy
AA6013 is also provided by the Q" phase [99]. Both " and Q" phases
are coherent with the matrix and aligned along the <1 0 0) crystal di-
rection in aluminum [35].

Braun also investigated the effect of LBW on microstructure in HAZ
using TEM [35]. The author observed grain boundary precipitation in
the HAZ in the as-welded T4 condition (Fig. 10(b)). The precipitates
were enriched with silicon and magnesium. The grain boundary parti-
cles were not observed in naturally aged base material.

The presence of alloying elements such as copper, magnesium, and
silicon in the AA2024 alloy makes the alloy crack-susceptible. The
addition of silicon to the weld lowers the solidification temperature and
decreases the total shrinkage during freezing to prevent cracking. Ahn
et al. investigated the effect of adding AA4043 filler wire during fiber
LBW of aluminum alloy AA2024-T3 [42]. Analogous to the 6xxx series
alloys, in the case of the aluminum alloy AA2024, the dilution of the

Fig. 8. (a) OM microstructure of the weld cross-section, showing
the transition zone (TZ) of a fiber-laser-beam-welded AA2060-T8
butt joint. PMZ and EQZ in the TZ around the fusion boundary. (b)
Schematic of microstructure variation in the laser-beam-welded
butt joint. According to Zhang et al. [64]. Reprinted with per-
mission from Elsevier.
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Fig. 9. (a) Microhardness values in the FZ and (b) microhardness
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weld pool with excess silicon by welding with the AA4043 filler metal
effectively reduced the percentage of Mg,Si in the weld. The micro-
structure in the HAZ of the AA2024 alloy was extensively studied by
Yang et al. [100]. The authors explained the reduction of strength in the
weld HAZ by the coarsening of the S” phase and the transformation of
the S” phase to the S phase. The weakest HAZ region with the lowest
strength was observed at a peak temperature of 414 °C. PWHT to the
T81 had no effect on improving the HAZ strength and ductility [100].
It can be concluded, that the high-strength aluminum alloys for
aircraft applications are laser weldable if the process parameters and
the material to be welded are perfectly matched to one another. This
has been proven in many cases, such as in the case of successful LBW of
high-strength Al-Zn-Mg-Cu alloys (Fig. 5). At the same time, LBW al-
lows the joining of geometrically complex structures. Thus, T-joints can
be welded by using either single-sided or double-sided joining tech-
nique, whereby defect-free welds can be realized. Depending on the
alloy composition in the case of precipitation-hardened aluminum al-
loys, the LBW process affects the hardening condition in the FZ as well
as in the HAZ. The following section describes how these micro-
structural changes correlate with the strength loss in the weld region.

3.3. Mechanical properties of welded joints

The mechanical properties of laser-beam-welded aluminum alloy
butt joints and T-joints depend on geometrical characteristics like joint
shape, presence of geometrical defects like underfills or undercuts, as
well as on joint microstructure and microstructural defects like porosity
or solidification-cracking. Eliminating the geometrical and micro-
structural defects allows the achievement of joints of high efficiencies.
The mechanical properties of the joints with appropriate geometrical
characteristics and lower microstructural defects are mostly determined
by the strength in the FZ. The FZ of the melted and subsequently cooled
aluminum alloy joints at higher cooling rates after LBW shows lower
strength in comparison to that of heat-treated and rolled sheet material.
The strength of the FZ can be increased by applying PWHT after
welding. The decrease in hardness and tensile strength of the joint is
more pronounced in the aluminum alloys with the highest strength
(such as Al-Zn alloys of 7xxx series). Table 2 shows an overview of the
tensile properties achieved in laser-beam-welded aluminum alloys.

Distance from the weld center [mm)]

Due to the heat input into the skin during LBW of T-joints, the
tensile strength of the skin in the so-called hoop-stress test is reduced.
The hardness decreases in the skin in the FZ and HAZ; therefore, the
strength decrease of the skin in the case of laser-beam-welded T-joints
can be compensated by introducing a geometrical reinforcement -
namely the so-called socket. Fig. 11(a) depicts the hardness map of a
laser-beam-welded AA2198-AA2196 T-joint using two CO, lasers (si-
multaneous double-sided LBW). It can be seen that the fusion boundary
has the lowest hardness, which corresponds to the EQZ in the case of
the Al-Cu-Li alloys. The hardness in the fusion boundary drops to about
60% of BM and recovers to about 75% of BM in the weld center. The
partial recovery of hardness in the center of the weld is due to the so-
lidified structure, which results in the loss of the precipitation-hard-
ening effects.

To determine the thickness of the geometrical reinforcement to
compensate the decrease in strength of the skin, the size of HAZ in skin
material has to be calculated based on the hardness change. In order to
compensate the weakening of the skin due to the LBW, the welding of
the stringer is considered on a socket with the total thickness that is the
sum of the thickness of the skin and the width of the HAZ (Fig. 11(b))
[101].

Fig. 12(a) shows the hoop-stress test results with the tensile test
results of BMs. Due to softening resulting from the welding, in the case
of the tensile specimen with T-joint, the strain is localized in the softer
regions, leading to a limited strain to fracture. As reported in the study
by Kashaev et al., the maximal loss of strength determined in the tested
laser-beam-welded specimens was 24%, which will lead in direct
comparison to a necessary socket under the weld of 0.8 mm (Fig. 12(b))
[101]. Moreover, it has to be mentioned that the laser-beam-welded T-
joint of high-strength Al-Cu-Li alloys shows higher tensile strength in
comparison to the state-of-the-art riveted joint of the widely used
AA2024-AA7075 material combination Fig. 12(a).

For laser-beam-welded structures, it is recommended that the weld
zone shall be reinforced by a socket. This socket will protect the weld
area; therefore, the fracture should occur in the BM. According to
Kashaev et al., the laser-beam-welded AA2198-AA2196 T-joint led to a
difference in thickness of 0.8 mm [101]. The authors investigated the
deformation behavior of T-joint in hoop-stress test at different posi-
tions: the global strain of skin with the T-joint and local strains in the

Fig. 10. (a) TEM micrograph showing strengthening precipitates in the FZ (LBW using AA4046 filler wire, butt joint was post-weld heat-treated into T6 temper). (b)
TEM micrograph of the AA6013 HAZ in the as-welded T4 condition, showing grain boundary precipitates. Reprinted from Braun with permission from Elsevier [35].
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Fig. 11. (a) Microhardness map of a simultaneously double-sided CO,-laser-beam-welded AA2198-AA2196 T-joint (skin under the stringer) and (b) schematic
configuration of welded coupon with material to be removed from skin fusion boundary on stringer (socketing) [101].

weld. The data evaluation was limited to the inner region (socket area)
and the global strain for the whole specimen. Two of these curves are
displayed in Fig. 12(b). The stresses were calculated according to the
thickness of the section. The shielding effect of the socket is clearly
visible. All of the specimens with T-joints tested broke in the thin region
of the BM; therefore, the joint was protected against mechanical da-
mage in the hoop-stress test.

Despite the hardness decrease in the HAZ and the FZ due to the
thermally induced changes in the precipitation-hardening state the
laser-beam-welded joints show a sufficient joint efficiency regarding
strength. The strength losses can be compensated through the local
increase of wall thickness in critical structure areas where LBW is ap-
plied. The literature suggests that the overall mechanical properties of
laser-beam-welded high-strength aluminum alloys are promising.

4. FSW process

The FSW process is widely considered to be the most promising
joining technique to emerge in welding technology over the last three
decades, as pointed out in three recent overview papers discussing the
state-of-the-art of this welding method [15,16,102]. The technique was
originally developed for joining low-melting temperature materials,
such as difficult-to-fusion-weld Al alloys in the early 1990s by the
Welding Institute and patented by Thomas et al. [103]. Although there
are numerous studies aiming at employing this joining technique to
higher-melting materials such as steels, its industrial use lies mostly in
joining Al alloys [104]. The technique is schematically shown in Fig. 13
[105].

This relatively novel solid-state joining technique has several ad-
vantages in joining Al alloys, particularly high-strength grades that are
widely used in aerospace industry and suffer from solidification-
cracking when fusion-welded and when the heat input is not suffi-
ciently low. These advantages include the avoidance of solidification
defects encountered in fusion-joining of these alloys, low distortion,
and low residual stresses, all of which are due to the solid-state nature
of the technique, and thus lower heat inputs compared to those in fu-
sion welding. In addition to these advantages, FSW usually also offers
the additional advantage of lower strength losses in the weld region
than fusion-joining techniques, leading to improved joint strength (both

(@)
600
____________ AA2198T8 BM L-T
500 \
& 400 __——
= Tiont ~ AA2198T3BMLT
0 300 1] A "AA2198-AA2196 LBW
2 AA2024T3 BM L-T
& 200 ‘T-joint
AA2024-AATOTS riveted
100
0

10.0 15.0

Strain [%]

5.0 20.0

backing bar profiled pin
Fig. 13. Schematic illustration of FSW process. Depicted and adopted according
to Toumpis et al. [105].

static and fatigue), owing to the fact that fine equiaxed grains evolve in
the stir zone (SZ) due to dynamic recrystallization. Moreover, it also
offers joint weight reduction, which in turn allows fuel consumption
reduction in transportation structures. Consequently, FSW is a useful
alternative joining technique for joining Al alloys - particularly higher
strength grades used in aerospace industry, such as 2xxx series (Al-Cu)
series, 7xxx series (Al-Zn), Al-Cu-Li, Al-Mg-Sc, and Al-Cu-Ag alloys.

In order to keep the peak temperature reached during FSW as low as
possible, various attempts were made in the FSW of these high-strength
aerospace Al alloys. These measures to reduce the heat input include
the use of a stationary shoulder tool in FSW (so-called stationary
shoulder FSW or SSFSW) and employing external cooling during FSW
(such as the use of a high conductivity base plate and an external
cooling system). However, this joining technique also has some dis-
advantages that should be kept in mind - it requires special fixture
systems, access to both sides of the workpieces is difficult, and joint
geometries are limited (i.e. welding of T-corners is not possible with the
conventional FSW process). Thus, the FSW technique is usually more
advantageous in joining along a straight line but it is not as flexible as
LBW.

(b)
600 /stress in thin |
) o |
500 sections (26 mm?) |
& 400
£
o 300
"]
£ §
&» 200 £ 00 400 800
9 Measurement time [s]
100 stress in thick section (32 mm?2)

0.0 2.0 4.0 6.0 10.0

Strain [%]

8.0

Fig. 12. (a) Tensile test results (with hoop-stress test); (b) Stress-strain curve of laser-beam-welded AA2198-AA2196 T-joint with milled socket [101].

582



N. Kashaev et al.

(a) butt joint
—-

Journal of Manufacturing Processes 36 (2018) 571-600

(b) overlap joint

= ——

R aRE

\plunge heel

weld nugget

(c) T-joint in two parts

profiled pin
_/

N

(d) T-joint in three parts with-

out penetration of the web

———
|

A O R N ¢

(e) T-joint in three parts with
complete penetration
A

(f) T-joint in two parts with

partial penetration

= ——

N7 T

(g) T-joint in three parts with
partial penetration

- ——

(h) T-joint in three parts with

partial penetration

- ——

TR e

(i) T-joint (SSFSW, additive joint)

(j) T-joint (SSFSW, non-additive

joint)

fillet rod

plunge heel

plunge heel

Fig. 14. (a)-(b) Typical joint configurations and (c)-(j)) design solutions to produce T-joints by FSW. Depicted and adopted according to Tavares and Li et al.

[106,107].

4.1. The process and joint design

The basic concept of FSW process is quite simple: A non-consumable
tool with a specially designed pin and shoulder rotating at a relatively
high speed is inserted into the abutting edges of sheets or plates to be
joined and subsequently traversed along the joint line. The FSW process
is schematically shown in Fig. 13. Heating is generated both by friction
between the workpiece and the rotating tool pin and shoulder and by
the severe plastic deformation of the workpiece within the SZ and
thermo-mechanically affected zone (TMAZ). This localized heating
softens the material around the pin and - combined with the tool ro-
tation and translation - leads to the movement of material from the
front to the back of the pin, which is very similar to hot-forging. The
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tool shoulder restricts the metal flow from the joint region.

FSW can be applied to a variety of joint configurations. The most
common joint configurations for structural applications, as mentioned
earlier, are butt joint and T-joint, both of which can be made by FSW in
addition to the lap joint. Fig. 14(a)-(b) shows the butt and overlap joints
that can be produced by this joining technique, while Fig. 14(c)-(h)
illustrates various design solutions for producing T-joints by the FSW
process [106]. In addition, Li et al. recently conducted a study in which
they used SSFSW process to produce additive and non-additive T-joints
in 5mm-thick AA6061-T4 alloy plates [107]. The authors clearly de-
monstrated that full penetration and defect-free T-joints can be readily
produced by double-pass welding at the internal corners of T-joint, as
shown in Fig. 14(i)-(j). However, the most widely studied friction-stir-
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Fig. 15. (a) Macrosections of the welds produced by conventional FSW using various rotational speeds (rpm = rotation per minute) (at constant welding speed and
vertical force) illustrating the shape of the weld nugget formed according to Yan et al. [108]. Reprinted with permission from Taylor & Francis.

(b) A macrograph showing a typical weld nugget (X-type) formed in a BT-FSW process; and EBSD micrographs illustrating the grain morphologies of (c) the BM, (d)
the TMAZ on the advancing side (AS), (e) the SZ, and (f) the TMAZ on the retreating side (RS) according to Wang et al. [109]. Reprinted with permission from

Elsevier.

Cross-section of the stationary-shoulder friction-stir-lap-welded joint using different welding speeds: (g) 40 mm/min, (h) 70 mm/min, (i) 100 mm/min, and (j)
130 mm/min according to Xu et al. [114]. Reprinted with permission from Springer Nature.

welded (FS-welded) joint configuration is the butt joint, since the
process is most suited for joining two sheets or plates along a straight
joint line.

Most of the research on FSW of high-strength aerospace Al alloys
were conducted on butt joints. Fig. 15(a) and (b) show FS-welded butt
joints produced by conventional FSW and bobbin tool (BT) FSW pro-
cesses in AA2524-T351 (Fig. 15(a)) and AA2198 (Fig. 15(b)-(f)) alloys
[108,109]. The weld nugget produced by conventional FSW is much
wider at the top region due to the shoulder effect, whereas BT-FSW
generates an X-type weld nugget, as shown in Fig. 15(a) and (b), re-
spectively. Fig. 16(c) also shows a typical weld nugget produced by
conventional FSW. Although most FSW studies have been conducted on
butt joint, there are also various reports on the production of T-joints by
FSW. For instance, Cui et al. conducted a study to produce T-joint in
AA6061-T4 alloy plates by FSW [110]. However, they report that it is
hardly possible to produce full-penetration and defect-free joints by
conventional FSW, which employs a rotational shoulder. Similar ob-
servations are also reported by Penalva et al., Cui et al., and Donati
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etal. [111-113]. There are also a few reports on FS-welded lap joints in
the open literature. For instance, Xu et al. conducted a study aiming to
produce lap joints in 2 mm-thick AA2024-T4 alloys by employing the
SSFSW process and reported that lap joints without any shoulder marks
and surface defects can be readily obtained [114]. Fig. 15(g)-(j) shows
the lap joints produced by SSFSW employing various traverse speeds.

4.2. Challenges in FSW of high-strength aluminum alloys

As already mentioned, this relatively novel solid-state joining
technique has several advantages in joining Al alloys, particularly high-
strength grades widely used in the aerospace industry, such as avoid-
ance of solidification defects and evolution of low-distortion and low-
residual stresses. However, a strength loss in the weld region takes
place when a high-strength Al-alloy is FS-welded, although improved
mechanical performance is expected from FS-welded joints compared to
those produced by fusion-joining processes like LBW. Thus, the most
striking challenge in the FSW of these alloys is that the strength loss in
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Fig. 16. Typical shapes of butt joints: (a) Nd:YAG LBW, (b) fiber LBW, (c) FSW, and (d) SSFSW.

the weld region should be overcome or kept at an acceptable level by
taking appropriate measures, such as external cooling to keep the heat
input - and thus the peak temperature - as low as possible during FSW.
Another issue is that lower welding speeds are achieved by FSW com-
pared to LBW. Therefore, traverse speeds in the FSW of these alloys
should be selected as high as possible. It should, however, be kept mind
that excessive welding speed may give rise to weld defects such as
tunnel-like defects or cold-bonding in the root regions due to in-
sufficient heat input. In addition to these shortcomings, FSW possesses
another disadvantage - it is not as flexible as LBW since it involves very
demanding clamping requirements. On the other hand, it is a very at-
tractive alternative to fusion welding processes such as LBW in the
joining of high-strength aerospace Al alloys where lower residual
stresses and distortion as well as lower strength loss are of paramount
importance, particularly in joining applications along a straight line.

4.2.1. Al-Cu-Mg alloys

As in the case of all the heat-treatable Al alloys, FSW leads to a grain
refinement in the weld region of Al-Cu alloys, as shown in Fig. 15(c-f),
the degree of which depends on the welding parameters and thus the
heat input experienced during the FSW [108]. However, this grain re-
finement does not lead to a hardness increase in the weld region of the
FS-welded joints of these alloys, since the most effective strengthening
mechanism in these alloys is precipitation-hardening and FSW results in
the dissolution and/or coarsening of the strengthening precipitates in
the weld region. This in turn results in the softening of both SZ and
HAZ.

For instance, as Niu et al. report, these alloys also experience soft-
ening in the SZ and HAZ due to the dissolution and/or coarsening of
strengthening particles, namely Guinier-Preston-Bagaryatskii (GPB)
zones, 6 phases (Al,Cu), and S phases (Al,CuMg) [115]. As a result, it is
usual for the hardness profiles of FS-welded Al-Cu alloys joints to ex-
hibit a typical “W”-shape, as illustrated in Fig. 17 in case of AA6013 and
AA7050 alloys. The lowest hardness value for the AA2024-T3 alloy is
just above 110HV. They also report that FS-welded 3.2 mm-thick
AA2024-T3 alloy joints exhibited a joint performance of 87%, as seen in
Table 3. Similar results are also reported by Dalle Donne et al. for the
same alloy with thicknesses of 1.6 and 4.0 mm, yielding joint effi-
ciencies of 89% and 83% respectively [116]. Moreover, Khodir et al.
also demonstrated that 3.0 mm-thick AA2024-T3 alloy joints produced
by FSW displayed a relatively high joint performance value of 87%

G

[117]. It is also worth pointing out that plate thickness is another im-
portant factor affecting the joint performance. As the plate thickness
increases, higher heat input is usually applied to workpieces; thus, joint
performance decreases. For instance, Zhang et al. report a joint per-
formance of 75% for 6.0 mm-thick BT-FS-welded joints at a rotational
rate of 400 rpm at various welding speeds [118].

The hardness loss in the weld region is more significant when the
base alloy is the higher-strength Al-Cu alloy, although a grain refine-
ment in the weld region is achieved. For instance, Li and Liu report a
significant hardness loss in FS-welded AA2218 joint [119]. Similarly, a
hardness loss of 75 HV is also reported by Liu et al. for FS-welded 5 mm-
thick AA2219-T6 joints produced at a rotation rate of 800 rpm at var-
ious traverse speeds ranging from 50 to 300 mm/min [120]. They also
report a relatively low joint performance value of 69%. Similarly, sig-
nificant hardness loss and thus a relatively low joint performance value
(72%) are also reported by Bala Srinivasan et al. for the same alloy,
namely AA2219 in T87 condition FS-welded at a rotational speed of
400 rpm and welding speed of 180 mm/min [121]. They also clearly
demonstrated that the reason for the hardness loss in the SZ is the
dissolution and/or coarsening of strengthening particles. Furthermore,
Sree Sabari et al. also FS-welded AA2519-T87 plates at a rotational rate
of 1300 rpm using various welding speeds ranging from 20 to 40 mm/
min and observed a significant hardness decrease in the weld region
[122]. They conducted TEM studies to demonstrate the reason for this
softening.

Similarly, a significant hardness decrease in the weld region is also
reported by Xu et al. for 6 mm-thick AA2219-T6 alloy joints FS-welded
using various rotational rates ranging from 900 to 1200 rpm at a con-
stant welding speed of 140 mm/min [123]. They also report that the
highest joint performance (80%) was exhibited by the joint produced
using a rotational rate of 1100 rpm and a welding speed of 140 mm/
min. Similar results are also reported by Yang et al. for AA2024 and
AA2524 alloys [124]. Furthermore, Liu et al. conducted underwater
FSW of 7.5 mm-thick AA2219-T6 alloy plates using a rotational rate of
800 rpm [125]. They also employed various welding speeds ranging
from 50 to 200 mm/min to investigate the effect of heat input on the
precipitates and thus the hardness and strength of the produced joints.
They report that the width of the softened zone and the degree of the
hardness loss decrease with the increasing weld speed (decreasing heat
input). They also report that the welding speed plays an important role
in the dissolution of strengthening precipitates and clearly show that a
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Fig. 17. Microhardness profiles of laser-beam-welded and FS-welded butt joints of (a) AA6013 and (b) AA7050 alloys. Depicted and adopted according to Braun et al.

[166], Wu et al. [175], Enz et al. [39], and Enz et al. [40].
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Table 3

Joint efficiency values of FS-welds of high-strength aerospace Al alloys.

Journal of Manufacturing Processes 36 (2018) 571-600

Material

Thickness, mm

R,, of BM, MPa

R, of FSW, MPa

Joint Efficiency, %

Reference

Al-Cu-Mg Alloys
AA2024-T3
AA2024-T3
AA2024-T3
AA2024-T3
AA2A14-T6
AA2219-T87
AA2219-T6
AA2219-T6
AA2219-T6
Al-Cu-Mg-Ag Alloys
AA2139-T8
AA2139-T3
AA2139-T8
Al-Cu-Mg-Ag Alloy (T8)
Al-Cu-Li Alloys
AA2195-T8
AA2198-T8
AA2198-T8
AA2198-T851
AA2198-T851
AA2198-T851
AA2198-T8
AA2050-T3
AA2060-T8
Al-Mg-Li Alloys
01420 Al-Li
Al-Mg-Sc Alloys
AA5024-H116
Al-3.9Mg-0.4Sc
Al-4.5Mg-0.26Sc (H116)
Al-4.5Mg-0.45Sc + Zr
(H116)
Al-5.4Mg-0.35Sc + Zr
(H323)
Al-5.4Mg-0.35Sc + Zr
(H18)
Al-5.4Mg-0.35Sc + Zr
(Hot-rolled)
Al-5.4Mg-0.35Sc + Zr
(Cold-rolled)
Al-5.8Mg-0.25Sc
(Cold-rolled)
Al-5.8Mg-0.25Sc (Hot-rolled)
Al-6.0Mg-0.45Sc + Zr (Hot-rolled)
Al-6.0Mg-0.20Sc (Hot-rolled)
Al-6.0Mg-0.4Sc + Zr
(Cold-rolled)
Al-Mg-Si Alloys
AA6013-T4
AA6013-T4
AA6013-T4
AA6013-T4
AA6013-T6
AA6016-T4
AA6061-T6
AA6061-T6
AA6061-T6
AA6061-T6
AA6061-T651
AA6061-T6
AA6061-T6
AA6061-T6
AA6061-T6
Al-Zn-Mg-Cu Alloys
AA7050-T7451
AA7050-T7451
AA7050-T7451
AA7050-T7651
AA7075-T6
AA7075-T6
AA7075-T6
AA7075-T6
AA7075-T651

3.2
3.2
3.2
5.0

1.0
1.8
2.0
3.0
3.1
3.2
3.2
20.0
2.0

2.0

3.3

4.0
4.0

2.4

2.4

2.0

2.4

2.0

6.0
10
10.0

1.6
1.6
4.0
4.0
4.0
1.0
3.0
3.17

4.0
4.0
5.0
6.0
6.0
6.35

6.35
6.35

6.3
3.17
3.0
3.0
4.0
5.0

417
457
543
497
460
445
416
432

451
415
451
455

614
518

479 (4307

510

530 (515%)

475

390
532

481

392

app.

410

404

519

440

590

423

411
555

430

346
397
320
320
394
226
342

350
284
311
300
283

310

555
558
513
552
580
490
520
583
583

374

586

369
402
470
413
345
307
329
347

412
397
404
400

432
386
348 (326)
417
413
379
418
292
435

414
326

app. 305
339

382
385
405
395
391

380
520
410
394

252
331
249
300
295
185
232
249
310
196
243
224
226

209

429

427

app. 415
486 (505)"
474

412

450

496

app. 410

88
88
87
83
75
72
69
80
80

91
88
89
89

app. 70
75
72 (76)
82
78 (80)
80
app. 80
75
82

86
83

app. 82
83

95
74
92
67
92

93
94
91
94

73
83
78
94
75
82
68
74
89
69
78
75
80
83
69

77
77
app. 81
88 (91)°
82
app. 84
87
85
app. 70

Dalle Donne et al. [116]
Khodir et al. [117]

Niu et al. [115]

Dalle Donne et al. [116]
Zhang et al. [118]

Bala Srinivasan et al. [121]
Liu et al. [120]

Xu et al. [123]

Liu et al. [125]

Campanile et al. [129]
Velotti et al. [130]
Velotti et al. [130]
Nikulin et al. [132]

Shukla and Baeslack [134]
Gao et al. [139]

Li et al. [132]; Ma et al. [133]
Goebel et al. [141]

Le Jolu et al. [137,138]

Wang et al. [109]

Rao et al. [140]

Sidhar et al. [142]

Cai et al. [144]

Wei et al. [145]
Besel et al. [149]

Cabello Munoz et al. [148]
Lapasset et al. [147]

Malopheyev et al. [151]
Malopheyev et al. [151]
Malopheyev et al. [152]
Malopheyev et al. [152]
Peng et al. [153]

Peng et al. [153]
Zhemchuzhnikova et al. [154]
Zhemchuzhnikova et al. [155]
Zhao et al. [156]

Dalle Donne et al. [116]
Braun et al. [166]

Dalle Donne et al. [116]
Heinz and Strotzki [167]
Heinz and Strotzki [167]
Leitao et al. [168]
Moreira et al. [157]
ipekoglu et al. [159,160]
Malopheyev et al. [164]
Liu et al. [120]

Lim et al. [161]

Zhou et al. [174]
Chandu et al. [162]
Kumar et al. [163]
Trueba Jr. et al. [158]

Jata et al. [170]

Pao et al. [171]

Zhou et al. [174]

Wu et al. [175]

ipekoglu et al. [178,179]
Fratini et al. [182]

Lotfi and Nourouzi [183]
Lim et al. [161]

Li et al. [185]

(continued on next page)
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Table 3 (continued)
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Material Thickness, mm R., of BM, MPa R, of FSW, MPa Joint Efficiency, % Reference

AA7075-T6 5.0 485 373 77 Rajakumar et al. [177]
AA7075-T6 5.0 559 460 82 Bayazid et al. [181]
AA7075-T6 5.0 567 518 91 Azimzadegan et al. [187]
Al-Zn-Mg-Cu 6.0 656 484 74 Zhang et al. [176]
AA7075-T651 10.0 609 424 app. 70 Srinivasa Rao et al. [188]
AA7075-T651 16.0 610 330 app. 55 Srinivasa Rao et al. [188]

2 Ry, in traverse direction (TD).
b value obtained from the stationary shoulder FS-welded joint.

lower welding speed (thus higher heat input) results in a more sig-
nificant dissolution of precipitates, and thus decreased hardness in the
weld region.

It can be concluded that the joint performances of these alloys are
determined by heat input during FSW and the initial strength and
thickness of the plate prior to FSW. The strength loss is higher when the
initial strength of the alloy is higher. Moreover, lower joint efficiencies
are usually obtained in FS-welded thicker plates, since higher heat in-
puts are required to FS-weld them. Joint performance values can be
optimized up to a certain value by keeping the heat input as low as
possible.

4.2.2. Al-Cu-Mg-Ag alloys

As in the case of all Al alloys, the evolution of recrystallized grains
also takes place in the weld nugget of FS-welded Al-Cu-Ag alloys; their
grain size gets finer as the heat input experienced during FSW becomes
lower. However, usually a hardness decrease in the weld region of these
alloys also takes place, although grain refinement occurs, as is usual for
all heat-treatable Al alloys. For instance, Hornbuckle et al. conducted
FSW of approx. 25.4 mm-thick AA2139-T8 plates using a rotational rate
of 250 rpm and a travel speed of 50.8 mm/min. They report that a grain
refinement took place in the weld nugget [126]. They also report that
the recrystallized grains in the upper-weld nugget are coarser than
those in the lower-weld nugget zone due to the higher heat input in the
upper-weld nugget during FSW, resulting from the shoulder. In addi-
tion, they also observed that the strengthening precipitates did not
dissolve in the lower-weld nugget zone, while a near-complete dis-
solution of the strengthening precipitates took place in the higher heat-
input upper-weld nugget. Furthermore, they observed that the main
strengthening phase (Q2 precipitates) did not coarsen or dissolve in the
HAZ while they coarsened and reduced in number density in the TMAZ.
This indicates that Q precipitates are also relatively stable and they do
not dissolve or coarsen except at sufficiently high temperature. Similar
results are also reported by Grujicic et al. for FS-welded 25.4 mm-thick
AA2139-T8 alloy joints produced using a rotational rate of 250 rpm and
a traverse speed of 50.8 mm/min [127,128]. They observed a “U”-type
hardness profile for these joints and a significant hardness loss within
the weld nugget.

On the other hand, Campanile et al. also investigated FS-weldability
of relatively thin AA2139-T8 alloy plates (plate thickness 3.2 mm)
[129]. They employed a rotational rate ranging from 800 to 2000 rpm
and a welding speed ranging from 50 to 300 mm/min. They reportedly
achieved a joint efficiency value as high as 91% using a rotational rate
of 1400 rpm and a welding speed of 300 mm/min.

Similarly, Velotti et al. also studied the FSW of 3.2 mm-thick
AA2139 alloy plates in both T3 and T8 conditions [130]. They em-
ployed a rotational rate ranging from 500 to 900 rpm for T3-tempered
plates, whereas a rotational rate ranging from 800 to 2000 rpm was
used for T8-tempered plates; a welding speed ranging from 50 to
300 mm/min was used. The authors report that a maximum joint effi-
ciency value of 88% was achieved for the joint produced in T3-tem-
pered condition at a rotational rate of 900 rpm and a welding speed of
225 mm/min while a slightly lower joint efficiency (89%) was obtained
for the joint produced in T8-tempered condition using a rotational rate
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of 2000 rpm and a welding speed of 300 mm/min, indicating that high
joint efficiencies can be obtained after FSW of AA2139 alloy plates with
different initial tempering conditions, provided a suitable welding
parameters are used (Table 3). Similarly, Nikulin et al. also conducted
FSW on 4 mm-thick Al-Cu-Mg-Ag-Zr alloy plates employing a rotational
rate of about 1000 rpm and a traveling speed of about 150 mm/min
[131]. They report a relatively high joint efficiency (89%) for the joint.
Moreover, the authors also observed that a post-weld T8 heat treatment
further improved the joint efficiency to a value of about 98%.

The heat input applied to the workpiece during FSW and the initial
strength (temper condition) of the alloy prior to FSW are the main
factors that determine the joint performances achieved in these alloys
by FSW, as well as the plate thickness to be welded. The strength loss is
usually higher when the initial strength of the alloy is higher. However,
the strength loss during FSW is significantly lower in these alloys than
that experienced in conventional high-strength heat-treatable aero-
space Al alloys, i.e. Al-Cu alloys, when they are FS-welded using the
same weld parameter (thus the same heat input). This is because the
strengthening particles in these alloys (Q precipitates) are somehow
stable; they do not coarsen and/or dissolve, provided the heat input is
kept sufficiently low. Thus, it is worth noting that the heat input ex-
perienced during FSW must be kept as low as possible for optimum joint
efficiencies in these alloys.

4.2.3. Al-Cu-Li alloys

The evolution of fine recrystallized grains also takes place in the
weld nugget of FS-welded Al-Cu-Li alloys, as is the case in all Al alloys.
Moreover, a hardness decrease in the weld region of these alloys also
usually takes place, although grain refinement occurs, which is usual
for all heat-treatable Al alloys. For instance, Li et al. and Ma et al.
conducted FSW of AA2198-T8 alloy plates employing a rotational rate
of 600 rpm and a welding speed of 200 mm/min and observed a “U”-
shaped hardness profile with significant softening in the weld nugget
[132,133]. They also report a joint efficiency of about 72% for the
joints, as seen in Table 3.

Similarly, Shukla and Baeslack studied the FSW of AA2195-T8 alloy
plates and used various weld parameters in their study, namely rota-
tional rates ranging from 1800 rpm to 2400 rpm and welding speeds
ranging from 75 to 300 mm/min [134]. They observed significant
softening in the weld nugget and a U-type hardness profile. They also
report a joint performance value of about 70%, as seen in Table 3. They
conducted a detailed TEM study in order to determine the reason for
this softening and attributed it to the complete dissolution of T, and 6
‘precipitates in the weld nugget. In another work, Steuwer et al. also
observed an “U”-type hardness profile for FS-welded 5 mm-thick
AA2199-T8E74 alloy plates using a rotational rate of 800 rpm and a
welding speed of 400 mm/min, as opposed to a more common W-type
hardness profile with little hardness recovery in the weld nugget [135].
They also demonstrated by TEM investigations that T; precipitates—the
main strengthening phase in this alloy—completely dissolved in the
weld nugget. In contrast, Tavares et al. observed a “W”-type hardness
profile for FS-welded AA2198-T851 alloy joint produced using a rota-
tional rate of 600 rpm and a welding speed of 5mm/s, which is prob-
ably due to a higher heat input experienced during FSW, leading to
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some degree of over-aging in the HAZ on both sides [136].

In another work, Le Jolu et al. FS-welded 3.1 mm-thick AA2198-T8
alloy plates using a rotational rate of 1200 rpm and a welding speed of
480 mm/min. They report a slightly higher joint efficiency value of
78% [137,138]. Similarly, Gao et al. have more recently reported a
hardness decrease in the weld nugget of the FS-welded 1.8 mm-thick
AA2198-T8 alloy plates produced at a rotational rate of 800 rpm and a
welding speed of 300 mm/min, the joint efficiency being 75% [139].
They have also conducted detailed TEM studies, which indicate that the
dissolution of T; precipitates is the reason for the strength loss taking
place in the weld nugget. In another recent work, Wang et al. carried
out a study on BT-FSW of 3.2 mm-thick AA2198-T851 alloy plates and
produced several joints by employing various rotational rates ranging
from 400 to 1000 rpm at a constant welding speed of 42 mm/min in
order to determine the effect of rotation rate on the joint properties
[109]. They observed that a grain refinement took place in the SZ of all
the produced joints. They also clearly demonstrated that the finest grain
structure in the weld nugget was obtained with the lowest rotational
rate of 400 rpm, due to the lowest heat input involved. However, they
report that the maximum joint efficiency value of 80% was demon-
strated by the joint produced using a rotational rate of 800 rpm
(Table 3). Similar joint efficiency values of about 80% are also reported
by Rao et al. for FS-welded 3.2 mm-thick AA2198-T8 alloy joint pro-
duced using a rotational rate of 1200 rpm and a welding speed of
1000 mm/min [140]. In a very recent work, Goebel et al. have con-
ducted both BT-FSW and semi-stationary shoulder with a static upper
shoulder (SSU) BT-FSW of 3 mm-thick AA2198-T851 alloy plates using
a rotational rate of 400 rpm and a traverse speed of 500 mm/min; they
report that SSUBT-FS-welded joints display a “W”-type hardness profile
and a better joint efficiency of about 82% [141].

In another very recent work, Sidhar et al. have studied the FS-
weldability of 20 mm-thick AA2050-T3 Al-Cu-Li alloy plates and con-
ducted FSW at various rotational rates ranging from 200 to 420 rpm
using various welding speeds [142]. They observed “W”-type hardness
profiles for the joints produced and detailed TEM investigations in-
dicate that dissolution and/or coarsening of the strengthening particles
took place in the weld region (both in HAZ and SZ), leading to soft-
ening. They report a joint efficiency of about 75%. This significant loss
of strength is usual in FS-welded thick plates, since higher heat inputs
are generally required for the joining of these thicker plates. Similarly,
Pouget and Reynolds also report that significant loss of hardness took
place in the weld nugget of FS-welded 15 mm-thick AA2050-T851 alloy
joints produced at a rotational rate of 290 rpm and a welding speed of
200 mm/min [143]. On the other hand, Cai et al. carried out FSW of
thin (2 mm-thick) AA2060-T8 alloy plates using a rotational rate of
2400 rpm and a translational speed of 100 mm/min. They report a
much higher joint efficiency value of 82% [144]. They also observed a
“W”-type hardness profile. They conducted detailed TEM investigations
to explain the reason for the softening in the weld region and observed
that although T precipitates are retained in the HAZ, they completely
dissolve in the weld nugget, which is the reason for the strength loss in
this region.

Al-Cu-Li alloys exhibit a behavior similar to Al-Cu alloys when they
are subjected to FSW. Thus, the heat input applied during FSW and the
initial strength and thickness of the plate prior to FSW are the main
factors determining the joint performances of these alloys. The strength
loss is higher when the initial strength of the alloy is higher. In addition,
FSW results in lower joint efficiencies in thicker plates due to higher
heat inputs required. Again, as in the case of all Al alloys, joint per-
formance can be optimized up to a certain value by keeping the heat
input as low as possible.

4.2.4. Al-Mg-Li alloys

Al-Mg-Li alloys (such as alloy AA1420) possess low density but
display low ductility. Thus, they are susceptible to cracking in fusion
welding, even in low-heat-input LBW. As a solid-state joining
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technique, FSW offers a potential for the defect-free joining of these
alloys, which are susceptible to cracking. Some of these alloys, such as
01424 Al-Li alloy, are considered to be thermally stable. Thus, low-
heat-input joining techniques can be successfully be used to join these
alloys. FSW offers a good potential in this respect due to the fact that
the heat input is low during FSW, since it is a solid-state joining process.
However, information on the FSW of precipitation-strengthened Al-Mg-
Li alloys is very scarce. There are only two studies on FSW of these
alloys reported in the open literature. In one of them, Wei et al. in-
vestigated the FS-weldability of 2 mm-thick 01420 Al-Li alloy by em-
ploying various weld parameters, namely rotational rates ranging from
480 rpm to 1960 rpm and welding speeds ranging from 23.5 mm/min to
85.7 mm/min [145]. They clearly demonstrated that defect-free joints
can be readily be produced in this alloy using a wide range of weld
parameters. They studied the effect of FSW parameters on the me-
chanical properties of the FS-welded joints produced using different
weld parameters and observed that the weld parameters do not play an
important role in the joint strength. They also report that a joint effi-
ciency value as high as 86% can be achieved. However, the precipita-
tion behavior of the alloy is not addressed.

In the other work, which is very recent, Sidhar et al. have conducted
FSW of 01424 Al-Li alloy, the joining of which is of special interest,
using a rotational rate of 800 rpm and a welding speed of 305 mm/min
[146]. They obtained a joint efficiency of 76% in the as-welded con-
dition and also reported that the joint efficiency value was increased to
92% by employing a PWHT. They conducted TEM investigations which
indicate that a softening takes place in the weld nugget due to dis-
solution of strengthening precipitates in the as-welded condition. They
also clearly demonstrated that by employing a PWHT fine strength-
ening particles precipitate and thus, the strength is recovered up to the
level of that of the base alloy.

As already mentioned, the number of works on FSW of this group of
Al alloys is very low. However, it can be concluded that although a
material softening takes place in the weld region of these alloys, it is not
as significant as in more conventional Al alloys such as Al-Cu (2xxx
series) and Al-Mg-Si (6xxx series) alloys. The heat input should be kept
as low as possible during FSW, as in the case of all Al alloys, for ob-
taining better joint properties.

4.2.5. Al-Mg-Sc alloys

Fine grains also evolve in the weld nugget of FS-welded Al-Mg-Sc
alloys, as in the case of all Al alloys. Moreover, usually a hardness
decrease in the weld region of these alloys also takes place, although
grain refinement occurs, as is the usual case in all heat-treatable Al
alloys. For instance, Lapasset et al. report a hardness decrease in the
weld region of FS-welded 4 mm-thick Al-Mg-Sc (C557) alloy in H116
temper condition [147]. They do not give any details about the weld
parameters they used, but they report a joint performance value of
about 87% (Table 3). As seen in Table 3, similar joint performance
values of 82% and 83% are also reported by Cabello Muiioz et al. and
Besel et al. respectively for FS-welded Al-Mg-Sc alloy in H116 temper
condition [148,149]. Furthermore, Cabello Mufioz et al. also demon-
strated that the hardness decrease in the weld region was lower than
those experienced in other types of high-strength heat-treatable Al al-
loys, such as Al-Cu alloys [148]. Similarly, Sauvage et al. studied the
FSW of Al-Mg-Si alloy (AA6061-T6) and Al-Mg-Sc alloy (T6) and de-
monstrated that a lower hardness decrease takes place in Al-Mg-Sc alloy
due to the stable strengthening particles in this alloy, i.e. Al3Sc (L1,
phase), which is stable to dissolution and/or coarsening during FSW
[150]. They have also conducted detailed TEM studies in order to de-
termine the reason for different hardness alterations in these two alloys
after FSW; it was demonstrated that no dissolution of strengthening
particles took place within the weld nugget of Al-Mg-Sc alloys. The
authors also report that the recrystallized grain size is much smaller in
the weld nugget of FS-welded Al-Mg-Sc alloy because of the pinning
effect of nanoscale Al;Sc particles in this alloy.
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Recently, Malopheyev et al. studied the FSW of Al-Mg-Sc-Zr alloy
plates in annealed (O), quarter-hardened (H323), and fully hardened
(H18) conditions [151]. They conducted FSW using a rotational rate of
500 rpm and a welding speed of 75 mm/min. They report that the joint
produced in fully hardened state displayed the lowest joint efficiency of
74% (Table 3), whereas the joints produced in the quarter-hardened
and annealed conditions exhibited 95% and about 100% joint effi-
ciency, respectively. Similarly, Malopheyev et al. conducted FSW trials
for joining hot- and cold-rolled Al-Mg-Sc-Zr alloys. They report that the
joint efficiency of the joint produced in hot-rolled condition was higher
(92%) than that of the cold-rolled plate, which was relatively low
(67%) (Table 3) [152]. In contrast, Peng et al. report that a relatively
high joint performance value can be achieved for Al-Mg-Sc-Zr alloys in
both hot- and cold-rolled conditions - 93% and 92% respectively - as
seen in Table 3 [153]. They do not, however, give any details about the
welding parameters they used. They point out that the strengthening
particles in this alloy - namely Als(Sc,Zr) phase - have a high thermal
stability; thus, they do not coarsen and/or dissolve at temperatures up
to 550 °C. They observed that the strengthening particles only partly
dissolved in the weld nugget. A strength loss of about 8% was experi-
enced in the weld nugget of the FS-welded joints even in the cold-rolled
state, which is much lower than that of conventional high-strength
aerospace Al alloys. Similarly, relatively high joint efficiency values of
94% and 91% were reported for FS-welded 10 mm-thick hot-rolled Al-
Mg-Sc-Zr alloy joints produced with a rotational rate of 500 rpm and a
welding speed of 150 mm/min by Zhemchuzhnikova et al. [154,155].
They also demonstrated that the strengthening particles, i.e. Al3(Sc,Zr)
phase, were preserved in the weld nugget of the FS-welded joint. They
claim that the subtle softening in the SZ was due to the elimination of
the initial work-hardening resulting from the recrystallization taking
place during FSW [154]. Moreover, Zhao et al. even report quite a high
joint performance value of 94%, for FS-welded 2 mm-thick cold-rolled
Al-Mg-Sc-Zr alloy joints [156]. However, they do not give any detail
about the weld parameters they used. They propose that the reason for
such high joint efficiency was due to the excellent thermal stability of
the strengthening particles, i.e. Al3(Sc,Zr) phase.

As in the case of Al-Cu alloys, the heat input applied to the work-
piece during FSW and the initial strength (temper condition) of the
alloy prior to FSW are the main factors that greatly determine the joint
performances achieved in these alloys by FSW. The strength loss is
usually higher when the initial strength of the alloy is higher. However,
the strength loss occurring during FSW is significantly lower in these
alloys than that experienced in conventional high-strength heat-trea-
table aerospace Al alloys, i.e. Al-Cu alloys, when they are FS-welded
using the same weld parameter (and thus the same heat input). The
reason for this is that the strengthening particles in these alloys, i.e.
Al5(Sc,Zr) precipitates, are much more stable; thus, they do not coarsen
and/or dissolve even at relatively high temperatures of up to 650 °C. On
the other hand, the plate thickness does not play an important role in
FSW of Al-Mg-Sc alloys, in contrast to Al-Cu alloys. For instance, a joint
efficiency as high as 94% can be achieved in 10 mm-thick FS-welded
joints provided the heat input is kept sufficiently low. Thus, it is worth
noting that the heat input achieved during FSW must be kept as low as
possible for optimum joint efficiency.

4.2.6. Al-Mg-Si alloys

FSW leads to a grain refinement in the weld nugget of these alloys,
as in the case of all Al alloys. However, it also results in a significant
softening in the weld region, due to the dissolution and/or coarsening
of strengthening precipitates. For instance, Sauvage et al. studied the
FS-weldability of AA6061-T6 alloy plates and conducted welding using
a rotational rate of 400 rpm and a weld speed of 2mm/s [150]. They
also conducted detailed TEM investigations, which demonstrate that
the dissolution of the strengthening precipitates took place in the weld
nugget, leading to a sharp hardness drop in the weld region. Similarly,
Moreira et al. also observed a significant decrease in the strength in the
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weld nugget of FS-welded 3 mm-thick AA6061-T6 alloy joints produced
using a rotational rate of 1120 rpm and a weld speed of 224 mm/min
[157]. They report a weld efficiency of about 68%. Moreover, Liu et al.
conducted FSW of 4 mm-thick AA6061-T6 alloy plates at a constant
rotational rate of 600 rpm using various traverse speeds ranging from
50 to 200 mm/min [120]. They also report a significant strength loss in
the weld nugget, the maximum joint efficiency value being 69% ob-
tained from the joint produced at the highest traverse speed of 200 mm/
min. Their TEM observations also indicate that the dissolution of the
strengthening particles was the reason for the strength loss in the weld
nugget. A slightly lower joint efficiency value for FS-welded thicker
AA6061-T6 alloy joints (plate thickness 6.35mm) produced using a
rotational rate of 1200 rpm and a travel speed of 810 mm/min is re-
ported by Trueba Jr. et al. [158].

ipekoglu et al. also studied the effect of weld parameters on the joint
quality of AA6061-T6 alloy plates by varying the rotational rate from
750 to 1500 rpm and the weld speed from 150 to 400 mm/min [159].
They report that the highest joint efficiency (74%) was exhibited by the
joint produced at a rotational rate of 1500 rpm using a traverse speed of
400 mm/min. ipekoglu et al. also demonstrated that by applying
PWHT, the joint efficiency value can further be increased up to 90%
[160]. Similarly, Lim et al. also report a joint efficiency of about 78%
for the FS-welded 4 mm-thick AA6061-T651 alloy joints produced using
a rotational rate of 2000rpm and a weld speed of 400 mm/min
(Table 3) [161]. In another work, Chandu et al. also studied the
weldability of 6 mm-thick AA6061-T6 alloy plates; they varied the ro-
tational rate from 800 to 1600 rpm and kept the weld speed constant at
28 mm/min [162]. They report that the highest joint efficiency value of
80%, was displayed by the joint produced with a rotational rate of
1200 rpm. A slightly higher efficiency value of 83% is also reported by
Kumar et al. for the FS-welded 6 mm-thick AA6061-T6 alloy joints
produced using a rotational rate of 355rpm and a welding speed of
400 mm/min [163]. Recently, Malopheyev et al. have conducted FSW
of 3 mm-thick AA6061-T6 alloy plates using a constant rotational rate
of 1100 rpm and three different travel speeds of 125, 380 and 760 mm/
min; they report that the increasing welding speed increased the joint
efficiency value, the maximum joint efficiency being 89%, obtained for
the joint produced at a travel speed of 620 mm/min [164]. They con-
ducted detailed TEM investigations and observed that the reason for the
high joint efficiency was the prevention of the coarsening of the
strengthening precipitates when FSW was conducted at higher welding
speeds, which decrease the heat input. On the other hand, Zhou et al.
report much lower joint efficiency values for the 3 mm-thick self-re-
acted (SR) FS-welded AA6061-T6 alloy joints, produced at a constant
travel speed of 350 mm/min using rotational rates varying from 300 to
600 rpm (the best result of 75% was displayed by the joint produced at
a rotational rate of 400rpm) [165]. The results indicate that the
welding parameters (thus heat input during FSW) and the initial plate
thickness play an important role in the joint properties produced by
FSW.

In another work, Dalle Donne et al. investigated FSW of 1.6 and 4
mm-thick Al-Mg-Si-Cu alloy (i.e. AA6013-T4) plates and reported joint
efficiencies of 73% and 78% respectively (Table 3) [116]. They pro-
posed that the dissolution of the strengthening precipitates in the weld
nugget was the reason for the loss of strength. In a more recent work,
Braun et al. also conducted FSW of 4 mm-thick AA6013-T4 alloy plates
using a rotational rate of 2500 rpm and a travel speed of 800 mm/min;
they report slightly higher joint efficiency value of 83% [166]. They
also observed that the dissolution of the strengthening precipitates took
place in the weld nugget. Similarly, Heinz and Strotzki also studied FSW
of 4.0 mm-thick AA6013 alloy in both T4 and T6 conditions; they
produced FS-welded joints using a rotational rate of 1400 rpm and a
travel speed of 400 mm/min [167]. They reported a much higher joint
efficiency for the joint produced in T3 condition (94%) compared to
Braun et al., but a relatively lower joint performance value of 75% for
the joints produced in T6 condition [166]. Their detailed TEM
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investigations demonstrate that the dissolution of the strengthening
precipitates took place in the weld nugget, leading to strength loss. In
another work, Leitao et al. also conducted FSW of 1 mm-thick AA6016-
T4 alloy plates using a rotational rate of 1120 rpm and a traverse speed
of 320 mm/min. They also report a quite high joint efficiency value of
82% [168].

In a recent work, Zhao et al. demonstrated that FSW can be suc-
cessfully used to produce AA6013-T6 alloy T-joints in two configura-
tions for skin and stringer applications, namely T-lap and T-butt-lap
joints [169]. They produced defect-free FS-welded T-lap and T-butt-lap
joints by employing a rotational rate of 1000 rpm and welding speeds of
100 mm/min and 200 mm/min respectively. They also report that the
T-lap joints welded with die radii of 3 mm exhibited higher strength
than those with die radii of 2 mm.

As in the case of Al-Cu alloys, the heat input applied to the work-
piece during FSW and the initial strength (temper condition) of the
alloy prior to FSW are the main factors that greatly determine the joint
performances achieved in these alloys by FSW. The strength loss is
usually higher when the initial strength of the alloy is higher. The
strength loss occurring during FSW is similar to those experienced in Al-
Cu alloys. The reason for this is the dissolution and/or coarsening of
strengthening precipitates within the weld region. Moreover, the plate
thickness also plays an important role in FSW of Al-Mg-Si as in the case
of Al-Cu alloys. As seen from Table 3, as the plate thickness increases,
the joint efficiency value somewhat decreases. Finally, it is worth
noting that the heat input achieved during FSW must be kept as low as
possible for optimum joint efficiency.

4.2.7. Al-Zn-Mg-Cu alloys

As previously pointed out, 7xxx series Al alloys are widely used in
aerospace applications. These alloys exhibit weldability similar to 2xxx
series Al alloys and they are difficult to fusion-weld—particularly
AA7075 alloy. Thus, even FSW as a solid-state welding technique
causes a significant strength loss in the weld nugget due to the dis-
solution and/or coarsening of strengthening precipitates. There are
several publications in the open literature reporting a strength loss
taking place in the weld nugget of FS-welded 7xxx series alloy joints,
although fine grains are recrystallized. For instance, Jata et al. studied
FS-weldability of 6.35mm-thick AA7050-T7451 alloy plates by em-
ploying a rotational rate of 400 rpm and a travel speed of 120 mm/min
and reported that fine recrystallized grains (i.e. 1-10 microns) evolved
in the weld nugget after FSW [170]. They also reported a joint effi-
ciency of 77%. Similarly, Pao et al. also conducted FSW of the same
alloy (the thickness being the same) by employing similar weld para-
meters (rotational rate = 400 rpm and weld speed = 100 mm/min).
They also report the same joint efficiency value of 77% [171]. In an-
other work, Su et al. conducted detailed TEM investigations to under-
stand the material softening in the weld region of the FS-welded
6.35 mm-thick AA7050-T651 alloy joints produced using a rotational
rate of 350 rpm and a travel speed of 15 mm/min and observed that the
strengthening precipitates actually redissolve in both TMAZ and dy-
namically-recrystallized zone (DXZ) regions, leading to the loss of
strength [172]. Similarly, Reynolds et al. also studied the FS-weld-
ability of 6.4 mm-thick AA7050-T7451 alloy plates using various ro-
tational rates and travel speeds; they also observed a significant hard-
ness decrease in the weld mugget and a W-type hardness profile [173].
In a more recent work, Zhou et al. produced FS-welds of 5 mm-thick
AA7050-T7451 alloy plates using a rotational rate of 600 rpm and a
weld speed of 100 mm/min; they report that defect-free joints were
obtained which exhibited quite high joint efficiency of about 81%
[174]. Similarly, Wu et al. also conducted both conventional FSW and
SSFSW for joining 6.3 mm-thick AA7050-T7651 alloy plates by em-
ploying a constant weld speed of 400 mm/min at a rotational rate of
700 rpm and 1500 rpm respectively [175]. They point out that the
joints exhibit U-shaped hardness profile when hardness measurements
are done right after the welding and a W-type hardness profile if a
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sufficient time is allowed to pass, since natural aging in these alloys
(7xxx series alloy) significantly recovers the hardness in the weld
nugget. They also report relatively high joint efficiency values of 88%
and 91% for both conventional FS-welded and SSFS-welded joints re-
spectively.

The FSW process leads to similar joint properties in other 7xxx
series alloys such as very difficult-to-fusion-join AA7075 alloy - i.e.
significant material softening in the weld region - unless the heat input
is not kept sufficiently low due to the redissolution and/or coarsening of
strengthening precipitates. For instance, Zhang et al. report a relatively
low joint efficiency value of 74% for the FS-welded 6 mm-thick Al-Zn-
Mg-Cu alloy (in aged condition) joints produced using a rotational rate
of 350 rpm and a welding speed of 100 mm/min [176]. Similarly, Ra-
jakumar et al. conducted FSW of 5 mm-thick AA7075-T6 alloy plates
using a rotational rate of 1400 rpm and a welding speed of 60 mm/min;
they report that a significant strength loss (about 23%) took place,
leading to a joint efficiency of about 77%, as seen in Table 3 [177]. On
the other hand, ipekoglu et al. also studied the effect of welding
parameters on the joint quality of AA6061-T6 alloy plates using a ro-
tational rate ranging from 750 to 1500 rpm and a weld speed ranging
from 100 to 300 mm/min; they report that the highest joint efficiency
(82%), which is quite high per se, was exhibited by the joint produced
at a rotational rate of 1000 rpm using a traverse speed of 150 mm/min
[178]. ipekoglu et al. also report that a PWHT could further improve
the tensile strength of the joint, taking it to the level of that of the base
alloy [179]. ipekoglu et al. also report a relatively high joint perfor-
mance value of 77% for FS-welded AA6061/AA7075 (both in T6 con-
dition) dissimilar joint produced at a rotational rate of 1500 rpm using a
traverse speed of 400 mm/min; they also further report that it was
improved up to 88% by a PWHT [180]. A similar joint efficiency value
of 85% was also reported by Lim et al. for the FS-welded 4 mm-thick
AA7075-T6 alloy joints produced using a rotational rate of 1400 rpm
and a weld speed of 400 mm/min (Table 3) [161].

A similar joint efficiency value of 82% was also reported very re-
cently by Bayazid et al. for the FS-welded 5 mm-thick AA7075-T6 alloy
joints produced using a rotational rate and a welding speed of 1250 rpm
and 31.5 mm/min, respectively (Table 3) [181]. They also report that
the strength of the joints could be increased to the level of that of the
base material by applying a PWHT. Similarly, Fratini et al. also in-
vestigated the FSW of 3 mm-thick AA7075-T6 alloy plates with and
without external water cooling during FSW [182]. They obtained a
quite high joint efficiency value of 84% for the joint they produced at a
rotational rate of 715rpm and a welding speed of 214 mm/min
(Table 3). They also clearly demonstrated that external water-cooling
during FSW further increased the joint efficiency value to 88% and thus
reduced the material softening by decreasing the heat input. A similar
joint efficiency of 87%, was also reported by Lotfi and Nourouzi for the
FS-welded 3 mm-thick AA7075-T6 alloy joint produced using a rota-
tional rate of 1050 rpm and a welding speed of 100 mm/min (Table 3)
[183]. Fuller et al. also observed a more significant softening in the
weld regions of the FS-welded AA7075-T651 and AA7050-T7651 alloys
joints [184]. They also investigated the effect of natural aging after FSW
and observed that a strength recovery up to the level of the strength of
the base material was achieved after natural aging following FSW. Si-
milarly, Li et al. also conducted SSFSW of 5 mm-thick AA7075-T651
alloy plates using a rotational rate of 1500 rpm and a travel speed of
50 mm/min and observed a significant material softening in the weld
region, the maximum joint efficiency being about 70% (Table 3) [185].

On the other hand, FSW and SSFSW were carried out by Barbini
et al. for the butt joining of dissimilar AA2024-T3 and AA7050-T7651
aluminum alloys with thicknesses of 2 mm; very high joint efficiency
values were observed, particularly for the SSFSW joints [186]. The
highest tensile strength achieved with the FSW process was 421 MPa,
which corresponds to 86.4% of the base material. In comparison, the
highest tensile strength for the SSFSW specimens reached 460 MPa with
a joint efficiency of 94%. Similarly, Azimzadegan and Serajzadeh also
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studied FSW of 5mm-thick AA7075-T6 alloy plates and conducted
several FS-welds of this alloy using a rotational rate ranging from 1000
to 1300 rpm and a welding speed ranging from 40 to 80 mm/min [187].
They also report very high joint efficiency values for the joints, the best
joint efficiency being as high as 91%, as was exhibited by the joint
produced at a rotational rate of 1300 rpm and a welding speed of
40 mm/min.

In contrast, Srinivasa Rao et al. conducted FSW of thicker (10 and
16 mm-thick) AA7075-T651 alloy plates and report that the best joint
efficiencies, namely about 70% and 55%, were obtained from the 10
and 16 mm-thick joints produced using welding parameters of
700 rpm/120 mm/min and 500 rpm/25 mm/min, respectively [188].
These results clearly demonstrate that higher heat inputs are involved
in the FSW of thicker plates and thus more significant material soft-
ening takes place within the weld nugget, indicating that the plate
thickness is an important factor affecting the performance of FS-welded
joints of this alloy.

4.3. Microstructure and mechanical properties of welded joints

FSW usually results in the formation of fine equiaxed grains in the
SZ of all Al alloys, including high-strength aerospace grades due to
dynamic recrystallization resulting from the combined effect of ex-
cessive plastic deformation and temperature. Fine grains also evolve in
TMAZ. There are several studies in the literature reporting grain re-
finement in FSW of high-strength heat-treatable Al alloys. For instance,
ipekoglu et al. report that grain refinement occurs in FS-welded
AA6061-T6 alloy joints [159,160]. Similarly, ipekoglu et al. also report
that finer grains evolved in the weld region of FS-welded AA7075-T6
alloys joints [178,179]. Grain refinement is also reported in dissimilar
FS-welded AA6061-T6 and 7075-T6 joints by ipekoglu and Gam and
dissimilar FS-lap-welded AA5754-H22/AA2024-T3 joints by Bozkurt
et al. [180,189]. Cam et al. also observed the evolution of fine grains in
the weld region of FS-welded AA6061 alloy joints using a higher
strength interlayer [190].

Similarly, grain refinement also takes place in aerospace Al alloys
unless the initial grain structure is not extremely fine. For instance,
Yang et al. and Yan et al. report that fine grains are formed in the weld
nugget of high toughness aerospace Al-Cu alloy, namely AA2524-T351,
plates [108,124]. Fig. 15(b—f) shows grain refinement in the weld
nugget of FS-welded AA2524-T351 alloy joints. Lower heat inputs
during FSW lead to the evolution of finer grains in the weld zone.

Similarly, Cabello Munoz et al. and Peng et al. both report that fine
equiaxed grains (a few microns in size) formed in weld nugget of FS-
welded Al-Mg-Sc alloy, which is a new-generation aerospace alloy
[148,153]. Similar results are also reported by several researchers for
Al-Li aerospace alloys, namely AA2050-T34 and AA2198, claiming that
fine grains evolved in the weld nugget of the FS-welded joints
[109,132,191]. Moreover, Campanile et al. and Hornbuckle et al. also
report that grain refinement takes place in the weld nugget of FS-
welded Al-Cu-Ag alloys (i.e. AA2139-T8) [126,129].

It may be thought that high mechanical properties are obtained in
the weld area of FS-welded high-strength aerospace Al alloys joints as a
result of grain refinement. This is true for non-heat-treatable Al alloys
which are not heavily cold-worked prior to FSW; in the weld region of
these alloys, mechanical properties are even higher than those of the
respective base alloys are achieved owing to grain refinement [16].
Moreover, FSW results in some softening of the weld region of these
non-heat-treatable alloys when they are cold-worked to a sufficient
degree prior to FSW, due to the annealing effect [192]. On the other
hand, the strength of high-strength heat-treatable Al alloys arise mainly
from the fine strengthening precipitates homogeneously distributed in
the matrix alpha phase. FSW results in the dissolution of these pre-
cipitates in the SZ and the coarsening and/or dissolution of these
strengthening particles in the HAZ regions [16]. Thus, a significant
strength loss takes place in the weld region (particularly in the HAZ) of
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high-strength age-hardened Al alloys after FSW. Table 3 summarizes
the mechanical properties of FS-welded high-strength heat-treatable Al
alloys. This strength loss may be partly overcome by controlling the
welding parameters, so that the heat input is sufficiently low. However,
even then, a strength loss is encountered.

New-generation high-strength aerospace alloys, on the other hand,
do not exhibit significant strength loss in the weld region after FSW.
This is because the strengthening particles in these new-generation
high-strength Al alloys resist coarsening and/or dissolution. For in-
stance, the strengthening phase in Al-Mg-Sc and Al-Mg-Sc-Zr alloys is
Al3Sc and Al;(Sc,Zr), respectively [150,152,155,156]. These pre-
cipitates are stable against coarsening for temperatures up to 350 °C;
the decomposition temperature can sometimes reach as high as 650 °C.
Thus, FSW does not give rise to strength loss in the weld region, since
the precipitates resist dissolution and/or coarsening in the SZ and HAZ
regions. Similarly, precipitates of the Q phase forming in new-genera-
tion 2xxx series Al-Cu alloys, namely Al-Cu-Ag alloys such as AA2139,
instead of 6’ (Al,Cu) phase, exhibit good thermal stability. Hence, the
strength loss in the weld region of these alloys after FSW is not as
significant as those encountered in conventional high-strength 2xxx
series aerospace Al alloys [128,129].

5. Comparison of the two welding processes

Both LBW and FSW can be successfully applied for the joining of
high-strength aircraft aluminum alloys. In the case of optimized pro-
cesses, high joint efficiencies can be achieved for a wide range of
structural aluminum alloys (Tables 2 and 3). The differences lie in the
microstructure of the joints; as the FSW process is conducted at tem-
peratures under the melting points of the respective materials, higher
hardness and strength can be achieved in the SZ (FSW process) in
comparison to the hardness and strength in the FZ (LBW process).
However, due to the higher heat input, the larger TMAZ + HAZ is
present (Fig. 16(c)) in comparison to the HAZ obtained in the case of
the laser welding process (Fig. 16(a)). Even in the case of the SSFSW
process (Fig. 16(d)), the HAZ width is higher than that of Nd:YAG LBW
(Fig. 16(a)) and is much higher than that of the fiber LBW (Fig. 16(b)),
with a very narrow beam diameter and a high Rayleigh length. The
differences between LBW and FSW are clearly seen in hardness profiles
of AA6013 (Fig. 17(a)) and AA7050 (Fig. 17(b)) alloys.

In the case of the structural applications, the low strength in the
weld zone (FZ + HAZ in the case of the LBW and HAZ + TMAZ + SZ in
the case of the FSW) has to be normally compensated through geome-
trical reinforcements. As the HAZ + TMAZ + SZ is normally larger than
the HAZ + FZ, the width of the reinforcement required for FSW is
higher than that for LBW. This can be attributed to the better light-
weight potential of LBW in comparison to the FSW, if the joining pro-
cess is applied in airframe.

The fatigue behavior of typical FS-welded and laser-beam-welded
butt joints and T-joints is compared in Fig. 18
[17,62,101,136,193-195]. Welded joints show a level of fatigue
strength similar to that of the state-of-the-art riveting. Franchim et al.
investigated the fatigue behavior of FS-welded AA2024-T3 butt joints
and compared it to the base material specimens notched with a stress
concentration K; = 2, which is the case of riveted joint (Fig. 18(a))
[193]. They reported that the fatigue strength of the FS-welded joints is
comparable to those of the riveted joints. Due to the reduced fatigue
strength, the riveted joints between fuselage structures, typically with
three rivet lines, always shows thickness increase in the overlapped
regions to compensate the fatigue strength reduction. FS-welded fu-
selage structures in butt joint show a reduced weight, where at similar
reinforcement thickness, the weight reduction can be achieved through
the absence of overlapped material and rivets. By using materials with
higher specific strength, e.g. Al-Cu-Li alloys AA2198 and AA2196, the
fatigue strength of laser-beam-welded AA2198-AA2196 T-joint can
even be higher than that of the state-of-the-art riveted AA2024-AA7075
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Fig. 18. Fatigue properties of laser-beam-welded and FS-welded

(a) butt joints and (b) T-joints (hoop-stress). The data were col-
lected from different sources: Groth et al. (AA2024-T3 BM-L),
Franchim et al. (AA2024-T3 FSW and AA2024-T3 BM, fatigue test
of notched specimens with a stress concentration K, = 2), Kashaev
et al. (AA2198-T3 BM-L, AA2198-T3 BM-T, AA2198-T3 BM-L),
Tavares et al. (AA2198-T8 FSW), Kashaev et al. (T-joint AA2198-
T8-AA2196-T8 LBW, T-joint AA2024-AA7075 riveted), Prisco
et al. (T-joint AA2139-AA2139 LBW, T-joint AA6156-AA2139
LBW), and Schmidt and Schmidt-Brandecker (T-joint AA6013-
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(Fig. 18(b)).

The reduced strength of laser-beam-welded and FS-welded joints
requires the introduction of reinforcement to compensate the strength
decrease in the joint area. As the heat input in the case of the FS-welded
joints is even higher than that the laser-beam-welded joints (Fig. 16 and
17), the width of the socketing should be larger for the FSW process. As
the reinforcement width results in additional weight, the lightweight
potential of the LBW process could be a little higher in comparison to
the FSW process.

It is clearly seen from Fig. 18(b) that the fatigue strength of laser-
beam-welded AA2198/AA2196 T-joint is determined to be 80 MPa - i.e.
23% higher than the strength of riveted AA2024/AA7075, which is
65 MPa. The laser-beam-welded joints suffer from relatively sharp in-
consistencies in the weld zone, where cracks can initiate more easily
compared to the riveted joints with relatively large smooth holes.
Theoretically, with fatigue loading (R = 0.1) transverse to stringer,
AA2198-T8 skin must be 1.625mm thick to bear the same load as a
2.0 mm AA2024-T3 skin. For 1 m? the weight-saving would be 25%
without taking the stringers into consideration and calculating with the
following densities: AA2198 = 2.619 g/cm® and AA2024 = 2.79 g/cm?®
[101].

Two welding processes - LBW and FSW - have been considered to
replace extensive riveting used in aircraft structures [7]. Sound joints
with high mechanical performance can be achieved through both LBW
and FSW. Both technologies are very promising for the joining of air-
craft aluminum alloys for structural applications. The FSW process is a
promising joining technology for long-distance butt-joints or over-
lapped joints of aircraft structures [136]. In particular, long-distance
butt-joint of high surface quality can be achieved by using the semi-
stationary shoulder BT-FSW [141]. However, it is quite challenging to
apply the conventional FSW process with the rotating shoulder for the
joining of T-joints at the internal corners so as to not damage the outer
skin surface, which normally consists of a clad layer for protection
against corrosion. SSFSW, which is a novel variant of conventional
FSW, employs a stationary shoulder and therefore provides accessibility
from the inner corners that can be used for the welding of defect-free T-
joints [107]. Notwithstanding the good microstructural and mechanical
performance of FS-welded T-joints that can be welded at relatively
lower welding speeds (1 m/min, as reported by Li et al.), the FSW

10°
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AA6110 LBW). Tests were performed at load ratio of 0.1
[194,193,62,136,101,195,17].
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process is often uncommon or even not applicable for high-capacity
industrial productions because of the difficulties posed by it in welding
complex structures and in controlling tolerances [14,107,196]. In
contrast, a gap-bridging ability in the case of LBW of thin aluminum
sheets was successfully demonstrated by Schultz et al. [197]. Hence,
LBW has a clear advantage for T-joints because the joining can be
performed from the stringer side, thus leaving the skin surface un-
damaged.

6. Damage-tolerance behavior of welded integral structures

The qualification of LBW and FSW technologies requires compre-
hensive tests to meet the required fatigue and damage-tolerance reg-
ulations. Therefore, independent of the joining technology, fatigue and
residual strength tests have to be performed with coupons, components,
and panels during the development of the joining technologies
[198,199]. Full-scale tests have to be performed for the final verifica-
tion and type certification [17].

An example of the development tests performed for laser-beam-
welded and FS-welded AA6013-T6 panels is the residual strength test.
Vaidya et al. investigated the deformation and fracture behavior of
laser-beam-welded and FS-welded AA6013-T6 panels [198]. The de-
formation in the vicinity of crack under static load was obtained by
image evolution techniques (Fig. 19). In both panels - laser-beam-
welded and FS-welded - and at all load levels, the plastic deformation
remained confined entirely to the lower yield strength weld zone. As a
result, the confined plasticity within a narrow weld seam detrimentally
affected the load capacity of the panel and reduced the deformation
capacity while increasing the crack tip constraint. Therefore, in high-
stressed airframe applications, local joint design solutions like the in-
troduction of local thickness increase in the form of so-called “sockets
are applied.” The local increase of plate thickness in the weld by pro-
viding a “socket” would reduce the stress, thus improving the strength
performance of the joints. Depending on other structural requirements,
the geometry of the socket (width and height) needs to be optimized so
that the growing crack can deviate out of the weld (skin-skin and skin-
stringer) and grow further into the skin [198].

How the socketing can improve the residual strength of an integral
panel with laser-beam-welded stringers is illustrated in Fig. 20. In

Fig. 19. Evolution of the plastic zone ahead of the crack tip in the
center-cracked middle-tension panel with the crack in the weld
center (butt-joint). (a) Laser-beam-welded 760 mm wide AA6013-
T6 panel and (b) FS-welded AA6013-T6 750 mm wide panel. The
value ap/W = 0.33. According to Vaidya et al. [198]. Reprinted
with permission from Wiley.
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regard to the deformation behavior and residual strength, the perfor-
mance of the panel with socket is significantly higher than that of pa-
nels without sockets (Fig. 20(a)). This is seen as an increase of the
applied gauge length strain for a given crack-tip opening displacement
(CTOD). In the case of the panel with the socket, the crack deviates
from the weld into the skin (Fig. 20(b)). The improvement can be
achieved if the socket dimensions are properly selected [198].

While the fatigue and fracture mechanical properties of laser-beam-
welded 6xxx series aluminum alloys were extensively studied by the
end of 20'"/beginning of 21% century, recent interest is growing toward
the direction of lightweight and high-strength aluminum-lithium or
aluminum-magnesium-scandium alloys. In the last few years, some
developments have been accomplished for the optimization of the Al-
Cu-Li alloy AA2198 in order to achieve higher static strength and better
damage-tolerance properties compared to AA2524 (Al-Cu-Mg-alloy
developed toward the end of the last century to replace the widely used
standard AA2024), such that the resistance to fatigue-crack growth and
to fracture in terms of R-curve has significantly improved [7]. Studies
pertaining to damage tolerance of welded integral structures of Al-Cu-Li
alloys are, however, scarce. Whereas some data are available on FS-
welded Al-Cu-Li joints, data on laser-beam-welded stiffened panels are
lacking [200-204]. Comprehensive research regarding the damage
tolerance behavior of the laser-beam-welded Al-Cu-Li structures is re-
quired to fill the gap in structural integrity investigations.

The assessment of residual strength of aircraft structures has been in
focus since the launch of NASA’s Airframe Structural Integrity Program
(ASIP), and several studies have been carried out on mechanical
properties of AA2198 base materials (BMs) in regard to fatigue, fatigue-
crack propagation, and resistance against crack extension (R-curve)
[62,136,200,204-209]. Kashaev et al. investigated the fracture me-
chanical behavior of AA2198 laser-beam-welded joints as well as laser-
beam-welded integral structures [63]. Special emphasis was placed on
the characterization of the mechanical properties of the AA2198 for
providing an understanding of the fracture mechanisms involved in
such material, together with an analysis of the weld and base material
interaction. The authors performed a systematic analysis to clarify the
deformation and fracture behavior of the laser-beam-welded AA2198
butt joints in different temper conditions. The question raised in their
study pertains to how the unavoidable decrease in mechanical prop-
erties in the welding zone determines the deformation behavior of the
butt joints. The R-curves of the investigated materials are represented in
Fig. 21. It was shown that the AA2198, as a third-generation Al-Li alloy,
offers better resistance against fracture than the well-known AA2024
alloy, even though AA2198 is known as a material with a relatively
lower ductile fracture behavior. It was shown that it is possible to weld
AA2198 with good results and that the welds also exhibit a slightly
higher fracture resistance than AA2024 base material.

From the structural integrity point of view, cracks initiated and
propagated along the stringer in the airframe structure are less critical
than cracks that can propagate into a direction transverse to the
stringer. If the crack growth is transverse to the stringer, the stringer
can fail, which in turn can cause serious structural problem. Therefore,
the investigation of residual strength behavior of welded panels with
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Fig. 20. (a) Effect of local thickness increase (socket) on the
crack-driving force curves of the laser-beam-welded skin-stringer
panels of AA6013-T6 alloy. The higher deformation capacity in
terms of the gauge length strain of the panel with socket, which
provides higher damage tolerance in terms of the CTOD due to the
fracture path deviation into the skin (pocket). (b) Fracture path
deviation from the thicker (socket), lower strength laser-beam-
welded T-joint area into the higher strength base material due to
the decrease in the local thickness (pocket) during the residual
strength test of 400 mm wide AA6013-T6 center-cracked panel
under static tensile loading. Depicted and adopted according to
Vaidya et al. [198].
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Fig. 21. 85-R curves of AA2198-T3 base material, AA2198-T8 base material,
laser-beam-welded AA2198-T8, AA2024-T3 base material and AA7020-T6 base
material. Reprinted with permission from Emerald [63].

initial cracks in transverse direction to the stringers is of high im-
portance.

The work of Seib aimed to improve the understanding of the failure
behavior of FS-welded and laser-beam-welded AA6013-T6 integral
structures [94]. The author proposes a verified approach to predict the
residual strength of the welded aircraft structure based on the European
structural integrity procedure (SINTAP) [210]. As mentioned, the FS-
welded and laser-beam-welded joints have yielded strength under-
matched welds. Therefore, the accurate prediction methodologies are of
high importance for identifying the design under the structural integrity
requirements. The investigated methodology in the work of Seib show a
strong agreement with experiment results [94].

Moreover, Kashaev et al. investigated the fracture mechanical be-
havior of laser-beam-welded AA2198 integral structures in order to
understand the mechanisms that can influence the crack-driving force
[63]. It was demonstrated that the laser-beam-welded four-stringer
panels exhibit a residual strength behavior superior to that of the flat
base material panel. The results indicate that it should be possible to
achieve the required residual strength performance of the laser-beam-
welded AA2198 structure by optimizing the structural design. It was
experimentally observed that crack-tip blunting and crack branching
are two mechanisms that decrease the crack-driving forces. Therefore,
the positive effects of crack-tip blunting and crack branching can be
taken into account while designing future laser-beam-welded Al-Cu-Li-
alloy structures.

Several studies have also investigated the fatigue-crack growth be-
havior of FS-welded and laser-beam-welded butt joints and integral
structures [62,71,136,198,199,211-215]. However, it should be noted
that the fatigue-crack propagation behavior is also influenced by the
presence of residual stresses as a result of the applied joining process.
Geometry of specimens welded, specimens used for investigating the
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fatigue-crack propagation behavior, and the applied welding process all
have a significant influence on the distribution and amount of residual
stresses. Therefore, in the case of fatigue-crack propagation tests of
specimens with welded joints, it is difficult to differentiate the effect of
residual stresses from the effect of microstructure on the fatigue-crack
propagation behavior. Therefore, a conclusion cannot be really drawn
about the improved fatigue behavior of an FS-welded specimen in
comparison to a laser-beam-welded specimen based on the fatigue-
crack propagation test of a small coupon specimen. A test of larger
specimens with welded stringers is required because the residual stress
state in the real component can be completely different from the re-
sidual stress state in a small coupon specimen. A possible relaxation of
residual stresses due to cyclic loading also has to be taken into account.

As the aircraft skin panels are subjected to the complex loads acting
in orthogonal directions, Richter-Trummer et al. investigated the fa-
tigue-crack growth behavior of FS-welded AA2198 panels subjected to
biaxial loads [215]. The authors investigated specimens where the fa-
tigue crack was initiated in the TMAZ of the weld and propagated
parallel to the weld joint line. The important result of the study is that
the rolling direction of the AA2198 alloy strongly affects the crack
growth path. The specimens welded orthogonally to the rolling direc-
tion exhibit a shorter fatigue-crack growth life in comparison to the
specimens welded parallel to the rolling direction.

Nesterenko reported that the durations of fatigue growth up to the
loss of structural integrity (the so-called durations of fatigue damage) in
integrally stiffened panels, produced through extrusion process, and
riveted panels are practically identical when the initial damage is a skin
crack between stringers, provided that the skins of integral and riveted
panels are made of the same material [216]. Therefore, for the first
estimation of the quality assessment of fatigue-crack propagation be-
havior of welded integral structures, the behavior of welded structures
can be evaluated according to the fatigue-crack propagation in the re-
ference base material specimen. This has been done for the laser-beam-
welded AA2198 integral laser-beam-welded four-stringer panels, for
example [71]. In the work of Kashaev et al., the fatigue-crack growth
behavior of the welded four-stringer panels was found to be comparable
to that of the base material [71]. The weld achieved better mechanical
properties than commonly expected. This indicates that high-quality
LBW of AA2198 can be produced using the developed LBW process,
which is suitable for the production of future aircraft structures.

Lanciotti et al. collected test data regarding the fatigue-crack pro-
pagation in integrally stiffened two-stringer panels (Fig. 22(a))
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produced by the use of high-speed machining, LBW (double-sided
successive and single-sided), and FSW (from the skin surface). The re-
sults of fatigue-crack propagation test are represented in Fig. 22(b). In
this kind of test, with the initial crack placed between the two stringers,
the fatigue-crack growth rate decreases when the fatigue crack ap-
proaches the stringer and increases rapidly after the stringer is broken
[199]. Therefore, the metallurgical conditions in the weld should have
less influence on the test results. The difference in the number of cycles
required for propagating the crack until the stringer is broken can be
explained by the presence of residual stresses, which have a significant
retardation effect on the fatigue-crack propagation. The authors mea-
sured the residual stresses using the electric strain gauge measurement
technique [217]. It is a destructive residual stress measurement,
whereby strain gauges are bonded in the area of interest and then the
structure is sectioned to allow the relaxation of the residual stress. The
residual stresses are obtained by measuring the difference between the
final relaxed state and the initial deformed configuration. The results
are presented in Fig. 23.

Both welding processes resulted in the generation of residual
stresses in the integral welded structures: longitudinal tensile residual
stresses in the weld zone (stringer positions in Fig. 23), which are
compensated by the presence of compressive residual stresses outside
the welded stringers. The longitudinal compressive residual stresses
have a significant retardation effect on the fatigue crack propagating in
transverse direction. As the high-speed machining should not generate
noticeable residual stresses in the integral two-stringer-panel, the fa-
tigue life of the two-stringer panel produced by high-speed machining is
lower than those of FS-welded and laser-beam-welded two-stringer
panels, where the longitudinal compressive residual stresses retard the
fatigue-crack propagation between the welded stringers. The difference
in the fatigue-crack propagation behavior between the FS-welded and
laser-beam-welded panels can be attributed to the different values of
compressive residual stresses in the longitudinal direction in the areas
between the stringers, which suppress the fatigue crack propagating in
the transverse direction (Fig. 23(a-b), longitudinal residual stresses in
the distance between 150 mm and 300 mm). It can be expected that due
to the lower heat input in the case of the LBW, the level of tensile re-
sidual stresses is lower in comparison to the FSW. Thus, in the case of
the LBW, lower compressive residual stresses are present and therefore
the retardation effect on the fatigue-crack propagation in the case of the
laser-beam-welded two-stringer panel is lower than that of the two-
stringer panel produced by FSW.

(a) (b) = Fig. 22. (a) Geometry of the integral panels with two stringers
& = g = and (b) the results of fatigue-crack growth test of two-stringer
Py E g a g . panels fabricated by using high-speed machining (HSM), LBW
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Fig. 23. Longitudinal residual stresses in integral-stiffened two-stringer panels measured using the electric strain gauge measurement technique. Depicted and

adopted according to Lanciotti et al. [199].

However, the high-tensile residual stresses in combination with
possible welding defect can have a negative effect, such that the crack is
initiated in the stringers. Therefore, PWHT after the welding process
can be recommended as the level of the tensile residual stresses can be
reduced. This is why laser-beam-welded skin-stringer structures of
Airbus airplanes are post-weld heat-treated. In the case of welded
AA6013 alloy, the LBW is performed in T4 and then laser-beam-welded
structure post-weld heat-treated into T6 condition. Similarly, the laser-
beam-welded AA6056 in T4 is aged to T76 condition [17].

The fatigue-crack propagation and residual strength behavior of
welded panels and riveted or bonded panels are different. In the case of
crack growth, the integral structure behaves like a monolithic material.
If a crack grows in the skin toward a stringer in a riveted or bonded
structure, it just grows in the skin without penetrating the stringer. The
stringer stays intact and lowers the stress concentration at the crack tip
by carrying a part of the applied load. If a crack grows in the skin to-
ward a welded stringer of an integral structure, the crack branches and
the second crack tip grows vertically into the stringer. When the
stringer breaks, its stress-bridging effect is lost. This leads to a pre-
mature failure of the whole structure. The crack growth rate in the skin
is significantly higher and the stringer fails at a lower load due to the
active crack tip in the stringer (Fig. 24) [17].

The different crack scenarios and crack growth rates of integral
structures compared to the differential structures lead to reduced al-
lowable stress for crack growth and residual strength levels. According
to Schmidt and Schmidt-Brandecker, the allowable stress level for re-
sidual strength is reduced by approximately 65%, which limits the
application of welded structures. Therefore, welded structures have
been used so far only in those aircraft parts for which damage tolerance
is not the main design criterion, such as the lower fuselage panels,
which are under compression in a longitudinal direction to the aircraft
fuselage [17].

Before LBW or FSW is widely applied in more sensitive areas of the

fuselage construction, it is necessary to achieve significant improve-
ments in fatigue resistance and residual strength of the welded struc-
ture. In this context, residual stress-based methods, for example, can be
applied to significantly improve the fatigue behavior of the metallic
structures [218]. Numerous researchers have already proposed various
local engineering techniques such as crenellation (introduction of sys-
tematic thickness variations) and laser heating or laser shock peening
(introduction of beneficial residual stresses), to further improve the
fatigue performance of airframe structures [219-222]. Compared to
some other fatigue-crack retardation techniques like bonded crack re-
tarders, which add up additional materials, the crenellation concept,
which can be combined with the introduction of residual stresses by
laser shock peening or laser heating, is considered to be more ad-
vantageous from the point of view of manufacturing and recycling
[223,224]. The optimized engineering approaches and residual stress
engineering can significantly improve the damage tolerance behavior of
welded integral airframe structures [224]. The main challenge to be
addressed in the future work will be to develop and optimize technol-
ogies in order to increase the residual strength of integral welded
structures without increasing their weight.

7. Summary and outlook

Advanced joining techniques like LBW and FSW promise high joint
efficiencies and can be used for the realization of aircraft fuselage
structures of high-strength aluminum alloys. LBW and FSW are suitable
for efficiently joining both precipitation-hardened and naturally har-
dened aluminum alloys into integral structures with complex geome-
tries. They have the potential to reduce the total weight of the structure.
The FSW process is a promising joining technology for long-distance
butt joints or overlapped joints of aircraft structures, whereas the high-
speed and easily controllable LBW process allows the joining of com-
plex geometrical forms. Therefore, in the long-term, these innovative

Da/dN
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Fig. 24. Crack scenarios and crack growth rates in integral structures and built-up structures. Depicted and adopted according to Schmidt and Schmidt-Brandecker

[17].
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joining techniques can replace the state-of-the-art riveting design in the
aircraft industry and reduce the weight and manufacturing costs of
airframe structures. Laser-beam-welded and FS-welded aluminum alloy
structures show high integrity in their behavior under mechanical load.
It is not very simple to determine which of these joining technologies
(LBW or FSW) is preferable for the joining of airframe structures of
high-strength aluminum alloys. On the contrary, it is more accurate to
say that these two joining techniques actually complement each other
instead of competing against each other. They are expected to expand
together toward a constructive freedom for the design and realization of
lightweight load-bearing structures in near future.

The joining techniques LBW and FSW lead to a type of structure that
is close to an integral structural design. This design offers benefits from
the weight-reduction and manufacturing-cost points of view. However,
there are some concerns regarding the damage tolerance behavior of
integral structures in comparison to the differential state-of-the-art
riveted design. This is a crucial point in the application of these new
techniques and their application at present is limited because of it.

This situation can be radically changed if damage tolerance prop-
erties of welded integral structures are improved together with a better
understanding of damage mechanisms and main design issues. Since the
development and industrial implementation of CO; LBW for aluminum
airframe fuselage components at Airbus by the end of last century [28],
local engineering techniques were further developed, that can sig-
nificantly improve the fatigue resistance of fuselage structures without
introducing extra weight [219-222]. The local engineering techniques
are based either on optimization of structural design or introduction of
beneficial residual stresses.

The introduction of systematic thickness variations in fuselage skin
(crenellation) e.g. through an extrusion process can be considered more
advantageous from the point of view of manufacturing and recycling
compared with some other fatigue crack retardation techniques, such as
bonded crack retarders, which adds additional mass. By applying of
systematic thickness variations with introduction of beneficial residual
stresses, e.g. through laser heating, a fatigue life extension of 38-77 %
in comparison to a reference welded structure can be achieved [224].
One of the promising technique for introducing deep compressive re-
sidual stresses in fatigue critical areas is the laser shock peening. In case
of the laser shock peening process applied in the vicinity of a welded
stringer, an increase of 200-400 % in fatigue lifetime can be achieved
[225].

For an industrial implementation of the advanced welding and local
modification technologies in fabrication of airframe structures, they
have to undergo a certification process [28]. The certification process is
preceded by multiple coupon tests (e.g. fatigue crack propagation and
residual strength tests on center-crack tension specimens, C(T)-speci-
mens, or middle-crack tension specimens, M(T)-specimens), sub-com-
ponent tests (e.g. fatigue crack propagation tests, residual strength tests
and compression tests (buckling behavior) on panels with several
welded stringers) and full-scale structural tests (e.g. barrel test of fu-
selage section) to verify design failure loads and meet the actual fatigue
and damage tolerance regulations and the corresponding advisory cir-
cular AC 25.571-1D [226]. After validation of the technologies through
the certification process, recommendations can be formulated for the
industrial implementation.
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