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Abstract. This paper presents a comprehensive review of recent
advancements in the mechanical properties, crack behavior, and fatigue
performance of friction stir welds (FSWs) and flash butt welds (FBWSs) on
the structural steel construction. Friction stir welding (FSW) gained
significant traction in various industries due to its capability to join
different materials, including pure, alloy, and composite materials, and its
application in aerospace, shipbuilding, railway, and automotive sectors.
Despite its advantages, challenges such as high heat-induced weakening of
residues and formation of defects in dissimilar material welds persist. This
review also covers advancements in flash butt welding (FBW), particularly
for rail joining, which includes analyses of temperature distribution, joint
strength, and the impact of process parameters on weld quality. The paper
further explores the heat-affected zone (HAZ) in both FSW and FBW
processes, detailing the microstructural changes and their implications on
weld performance and fatigue life. Key findings include the effects of
temperature on HAZ microstructure and the development of novel
methods for evaluating weld quality and fatigue resistance. This study
aims to provide insights into ongoing research and potential improvements
in welding technologies.

Key words: friction stir welding, flash butt welding, crack behavior, fatigue
performance, structural steel construction.

1. Introduction

Among modern joining techniques, Friction
Stir Welding (FSW) stood out as a versatile
process that has revolutionized the field of
materials joining. This solid-state welding
method demonstrated exceptional capability
in joining diverse materials, seamlessly
connecting pure metals, alloys, and
composite materials with high efficdency

and reliability. Additionally, it was capable
of welding dissimilar materials using the
same method. In recent times, the FSW
process had been employed to manufacture
aerospace, shipbuilding, railway, and
automotive components (El-Sayed et al.,
2021) and widely regarded as the most
notable advancement in metal joining over
the past twenty years (Singh et al., 2018).
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There was a significant lack of research in
the investigation of tools that have multiple
shoulders, which suggested a promising
area for future (Khaliq et al.,, 2023), also
microstructural evaluation of welded joints
(Krélicka et al, 2020) and the fatigue
experiment and assessment of butt welded
joint (Cui et al., 2024).

However, the high levels of heat produced
during friction stir welding (FSW) cause
significant weakening and dissolution of the
strengthening precipitated in AA6061-T6
butt welded joints. To address this
challenge, a review study had been
developed by Ogunsemi et al. (2021) that
presented a range of improvement strategies
from previous research that had been
developed to enhance the ovwverall
performance in  different  processing
conditions. Another researcher has reported
successful utilization of the friction stir
welding process to join dissimilar materials
such as copper and aluminium. They stated
that the primary categories of defects
comprise tunneling, cavities, and voids,
cracks, keyholes, and weld thinning. It was
important to mention that the improper
interaction between the base metals (BM)
and the formation of intermetallic phases
were the main factors that significantly
contribute to the formation of defective
welds (Isa et al, 2021). Life Cyde
Assessment (LCA) could be conducted for
FST (friction stir techniques) to evaluate
their environmental impact and identify
potential strategies for mitigating these
impacts (Prabhakar et al., 2022).

The motivation for this review arose from
the need to address critical gaps in
understanding the mechanical properties,
crack behavior, and fatigue performance of
friction stir welds and flash butt welds in
structural steel construction. The primary
purpose of this paper was to synthesize and
analyze existing research on these welding

methods, focusing on their applicability and
performance in structural applications. The
objectives include evaluating the mechanical
characteristics of these welds,
understanding the mechanisms of crack
initiation and propagation, and exploring
factors affecting fatigue life. This review
aims to provide a comprehensive
perspective to support the optimization and
broader adoption of these welding
techniques in structural steel construction.

2. Welding techniques and defects

2.1 Flash Butt Welds and their defects

The forging stage of rail flash welding
determined joint strength, and the process's
temperature distribution improved the
strength. The simulated rail end reached a
peak temperature of 1906.9°C, significantly
surpassing the melting point of the rail steel
such depicted in Fig. 1 (Xu et al., 2024).

Fig. 1. Infrared temperature results, temperature
measuring position (Xu etal., 2024).

The Flash Butt Welding (FBW) process
was preferred for rail joining due to its
superior joint quality compared to
thermite welding. Other study had been
utilized a statistically designed
experimental array to investigate four
parameters of the FBW process, which the
microhardness maps of the welded joints,
under various welding conditions, for the
Super Premium rail steels were displayed
in Fig. 2 (Bauri et al., 2020).
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Based on the calibration results of the steel
ruler and the actual image size, the length of
the steel ruler was 10 centimeters. Three
temperature lines were chosen
consecutively on the rail head, rail web, and
rail flange for the purpose of measurement
and analysis, as depicted in Fig. 1 (Xu et al.,
2024).
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Fig. 2. Super Premium rail’s Vickers microhardness
(Xu et al., 2024).
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2.2 Cold Butt Welds and their defects

Cold Butt Welding (CBW) utilized plastic
deformation to facilitate the production of
joints at room temperature that possessed
similar strength to their BMs. A beneficial
technique that enabled the creation of strong
connections without compromising the
mechanical characteristics of the BMs stated
by Celotto et al. (2024). The microstructure
of the dissimilar joint between 1070 and
6082 highlighted a distinctive feature, as
depicted in Fig. 3. A distinctive curved
contact zone was observed, where the more
rigid AA6082 wire penetrated the less rigid
AA1070 wire, forming a U-shaped interface
bond line. The white dashed lines
represented the configuration of the joined
interface, while the arrows indicated the
direction of material movement during the
process of upsetting (Celotto et al., 2024).
Their study addressed the research gap by
investigating Cold Butt Welding (CBW)
between two aluminium alloys with notably
different mechanical properties: AA1070,
with a yield strength of approximately 120
MPa, and AA6082, with a yield strength of
350 MPa. The base materials used were soft

AA1070 and hard AA6082, both supplied as
spools of @14 mm welding wires. An
aluminum alloy named AA1070, with 99.7%
Al, offers excellent corrosion resistance, high
thermal and electrical conductivity (~62%

IACS), and great formability but low
strength, making it ideal for electrical
conductors and decorative items. In
contrast, AA6082, a 6xxx series alloy

containing magnesium (0.6-1.2%), silicon
(0.7-1.3%), and manganese (0.4-1.0%),

provided medium to high strength, good
corrosion resistance (incduding in marine
environments), and excellent machinability.
Its balance of strength and weldability made
marine,

it suitable for structural, and

aerospace applications.

Fig. 3.A distinctive U-shaped contact zone of the

dissimilar 1070-6082 joint in the white dashed
line (Celotto et al., 2024).

A novel method was suggested to measure
the difference between electric-current and
electrode-position signals obtained during
the flash welding process using a
spatiotemporal warping approach. Their
experimental results have shown that the
proposed methodology not only accurately
identified the directional differences among
flash welding profiles, but also surpasses
traditional clustering algorithms by a
significant margin (Chen et al., 2019). Other
study proposed the model that could be
utilized to evaluate the fatigue life and
design fatigue stress amplitude of steel
rebars that were connected through flash
butt welding. The model presented a
potentially advantageous alternative to
fatigue testing (Sheng et al., 2024).
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The study on the damage behaviour of rail
flash-butt welding joints under controlled
impact kinetic energy identified three key
zones that rewvealing distinct damage
mechanisms developed by Shen et al. (2024).
By analyzing impact wear characteristics,
their research offered a predictive
framework for damage evolution,
addressing critical weak points in railway
track integrity. Their results highlighted
significant variations in material properties,
influencing the track's service life. Another
study pointed out that the flash-butt
welding process enhanced the strength and
ductility of an IN718 alloy joint by
optimizing the distribution of a diverse
microstructure through controlled upsetting
deformation (Zhou et al., 2023). Other study
examined the dimensions of the hot-rolled
440CL HSLA steel pairs used in the
experiment were 70x10x6 mm. The steel
composition consisted of 0.08% carbon (C),
1.188% manganese (Mn), 0.06% silicon (Si),
0.025% aluminum (Al), 0.017% chromium
(Cr), 0.017% titanium (Ti), 0.014%
phosphorus (P), 0.019% sulfur (S), 0.007%
niobium (Nb), 0.005% nitrogen (N), and the
remaining balance being iron (Fe), all in
weight percentages. The welding process
was performed using a Gleeble 3500
thermo-mechanical simulator (Wang et al.,
2021). Other study focused on analyzing the
key process parameters involved in flash
butt welding of mild steel brake tension
rods. Specifically, the rate of current flow,
heating time, flashing method, and initial
distance between the jaws were examined to
optimize the welding process (Rajesh and
Devaraj,  2021).  Severad researchers
examined flash welding such as FBW
ductility of Inconel 718 joints (Zhou et al.,
2022), and numerical study on the
ratcheting performance of FBW rails (Su et
al., 2021) and curved tracks (Wu et al., 2022).

A comparative study had been conducted to
analyze the changes in microstructure and

mechanical properties of a Ti6242 alloy,
which consists of both a and  phases, after
undergoing FBW. Flawless bonding was
achieved through the absence of welding
defects while subjecting the material to a

temperature gradient and deformation
caused by upsetting (Xu et al., 2020). Some

researchers, such as Su et al. (2020) studied
FBW ratcheting behavior under uniaxial and
biaxial cyclic loadings, weldability of
Inconel 718 using FBW (Zhu et al., 2018),
and FBW reliability analysis (Xu et al., 2020),
and using HSLA steel (Shajan et al., 2019).

2.3. Linear Friction Welds (LFW)

Linear Friction Welding (LFW) was a solid-
state welding technique that was widely
used to join a wide range of products,
ranging from small to large, made from
similar or different materials. The study
conducted by Mishra et al. (2023) employs
linear friction welding to join two dissimilar
materials. They conducted linear friction
welding to examine the weldability of
stainless steel with medium carbon steel.
Another study explored by Miao et al. (2024)
examined the factors that impact the fatigue
life of LFW low carbon steel SM490A. The
primary factors that were found to have the
greatest impact on the LFW joints were the
improvement of fatigue life and the
mitigation of local stress concentration.
Therefore, the act of joining with heightened
force  following the  back-and-forth
movement suggested in this research was a
highly efficient approach to enhance the
endurance of LFW joints. This was due to its
ability to alter the contour of the weld edge
depicted in Fig. 4 and diminish the
concentration of stress (Miao et al., 2024).

Other study suggested utilizing electric
pulse treatment (EPT) to simultaneously
enhance the TC17 LFW joint’s strength and
ductility by improving microstructure. Their
study offered crucial insightsinto enhancng
the strength and ductility of LFW TC17
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titanium alloy blisked and expanding the
use of LFW in aeroengine components
(Zhang et al., 2024). Other study performed
by Yu et al. (2024) examined the impact of
LFW on the microstructure, mechanical
properties, and corrosion behavior of
GH4169 superalloy.

Fig. 4. Weld toe region’s hardness distribution at
the edge (Miao et al., 2024).
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Fig. 5. Microhardness distribution of joints around
weld center line, the highest hardness in No. 4# joint
(Yu et al., 2024).

The weld center zone exhibited higher
hardness and tensile strength than the base
material. They pointed out that as the grain
size of the weld decreased, the fine-grain
strengthening effect became more
pronounced, resulting in increased strength

and plasticity such depicted in Fig. 5.
Corrosion  resistance improved with
increased joint shortening, though it

decreased at higher solution temperatures.
Notably, mechanical strength and corrosion

resistance showed no significant correlation,
allowing optimization of  welding
parameters to achieve high joint
performance in both aspects (Yu et al., 2024).
Another study state that the microstructure
of WZ (welded zone) exhibited a fine
equiaxed crystal structure, while the TMAZ
(thermos-mechanically affected zone)
displayed a typical streamline structure. The
BM structure consists of long strip
structures aligned along the rolling
direction. Fig. 6 shows the tensile specimen:
(a) Macro morphology of joints (b) High
multiple of area A (Xiao et al., 2024).

; : I mm v = el
Fig. 6. Scanning electron microscopy (SEM) images
illustrating the fracture morphology of tensile
specimens (Xiao et al., 2024).

Both numerical simulation and
experimental research were conducted by
Yu et al. (2024) to study LFW for GH4169
superalloy. The strain rate of the joint
increased progressively as the welding
frequency increased. Additionally, the
thermoplastic metal experienced an
increased in deformation resistance during
the welding process, which prevented the
timely extrusion of the thermoplastic metal
at the interface, resulting in a decreased in
joint shortening over time.
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Fig. 7. Simulation vs experimental of macroscopic

morphology (Yu et al., 2024).
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Fig. 7 compared simulation and experimental 500
. ; — As-welded
results of joint morphology, showing good 400 - B g

agreement with evident curling. Then they
highlights the shortening amount during
welding, where the simulation shows 4.21
mm on one side, closly matching the
experimental result of 4.15 mm under
identical parameters (Yu et al., 2024). A
numerical correlation had been established by
Peng et al. (2024) between the elastic
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accurately determine residual  stresses Fig. 8. The internal residual stresses on path of
dep|cted F|g 8inlinear friction We|d|ng TC17 which was eliminated by PWHT become -47

MPa (Peng et al., 2024).
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Fig. 9. Low temperature plastic layer, inverted V-shaped plastic flow diijring embedded LFW process (Tiejun et
al., 2024).
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Several important results regarding LFW
were found by Tiejun et al. (2024) that the
plastic deformation in the oscillating
direction was uniform. Thermo-plastic
metals predominantly flew downwards
along the welding interface in a
perpendicular direction to the oscillation,
leading to the formation of an inverted "V"
shaped plastic zone such depicted in Fig. 9
at the interface.

The process of oontinuous dynamic
recrystallization leads to the formation of
interface bonding, which occurs

simultaneously with significant dislocation
motion and the generation of numerous low-
angle grain boundaries (LAGBs). The grain
orientation at the interfacial bonding area was
characterized by randomness and a relatively
low texture strength. The interfacial shear
stress diminished during the process of
continuous recrystallization (Tiejun etal., 2024).

2.4. Friction Stir Welds (FSW)

Friction stir welding (FSW) in Fig. 10 was a
contemporary welding technique that
enabled the solid-state joining of two
partners.

Down aéoroe
Welding

z direction
Tool rotation i

Friction stir Shoulder

welded region

Pin

S TR _N‘ug;ga
Hetreatrng%ﬁ Advancing
side side

Fig. 10. A solid-state joining technique developed by
The Welding Institute (TWI1) called FSW that
traversed along joint line (Singh et al., 2018).

An inaccurate displacement weakened the
connection, resulting in an unbalanced
interpenetrating feature (IPF) and possible
geometric flaws depicted in Fig. 11 (Khalig
et al., 2023). The welding experiments were
conducted  using a Gebr. Heller

Maschinenfabrik GmbH CNC milling
machine model MCH 250, which was
modified to carry out FSW.

Pre-weld joint line f-w.]

Mg Interpenetrating leature 'f ‘‘‘‘‘ i
{IPF) :
S
|

Fig. 11. Incorrect offset weakens the joint, leading to

asymmetrical IPF due to tool offset and defects
(Khaliq et al., 2023).

They confirmed that presence of multiple
alignment discrepancies depicted in Fig. 12
exacerbated the degradation of weld quality
compared to single alignment discrepancies,
because of the interactions between the
factors (Vieltorf et al., 2024).

[ Sheet 1 Ny/ Sheet2 |
0 | et _k """"""""
Gap o0l Linear
offset Misalignment

® Welding direction
Fig. 12. Three alignment discrepancies (cross section)

(Vieltorf et al., 2024).

Flg 13 ESBD analysis (Patel et al., 2023)

The study had been conducted by Patel et al.
(2023) examined the microstructures and
mechanical properties of lap welds created
using stationary shoulder friction stir welding
(SSFSW). The SSFSW process achieved
flawless welds with exceptional blending of
materials in the SZ at welding speeds of 3 and
5 mm/s. The grain size in the SZ significantly
decreased compared to both base materials,
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indicating  the  remarkable dynamic mechanical properties in comparison to the

recrystallization (DRX) in thisregion.

Fig. 13 presented the EBSD analysis results
conducted on the SZ in the S4 weld, which
revealed multiple features. The inverse pole
figure (IPF) map in Fig. 18 illustrated a
significant decreased in grain size in
comparison to the base materials. It reveals
two distinct types of grains: larger grains
aligned along the (111) direction and
smaller grains aligned along the (101)
direction (Patel et al., 2023).

The kissing bond defect typically arose at
the weld root or at the interface between the
base materials, as illustrated in Fig. 14a).The
FSW tool did not penetrate the large
distance at the bottom of the joined sheets,
as shown in Fig. 14b). The occurrence of
flash defect was caused by the excessive
expulsion of plasticized material on the
upper surface, resulting in a corrugated or
ribbon-like appearance along the retreating
side, as shown in Fig. 19¢). A groove defect,
as shown in Fig. 19d), was a pothole that
develops on the surface of a welded joint
because of an excessively small or large
tilting angle, which may resulted in a

limited amount of downward shaping of the
plasticized material (EI-Sayed et al., 2021).

'f‘ - > e -'-"
Fig. 14. Defects: kissing bond, lack of penetration,

flash, and groove defects at the FSW interface of
plasticized material (El-Sayed et al., 2021).

The macro-section analysis and
microhardness testing revealed that the
reversed direct-squeeze friction stir welding
(DS-FSW) technique exhibited superior

conventional static shoulder friction stir
welding (SS-FSW) method. Significant
deterioration in the tensile properties such
depicted in Fig. 15 was observed in the
highly effective hybrid joint area of the
AA2024-T3 to AA2198-T8 weld, which was
produced using the reversed double-sided
friction stir welding (DS-FSW) technique
(Alemdar et al., 2023).

1007% Joint Efficiency %o

B
11K BE%

g B B

Tensile Strength TS (MPa)

g

a
Aswelded 15 30 45 60 7o a0

Exfoliation Corrosion Exposure Time (hrs)
Fig. 15. Significant deterioration of tensile and
elongation after the different durations of exposure

to exfoliation corrosion using DS-FSW technique
(Alemdar et al., 2023).

A study has been presented on the analysis
of the microstructure and mechanical
properties of friction stir welded (FSW)
joints, with a focus on the plastic flow and
stirring of metal in the joint zone. Their
analysis specifically examined thin sheets.
They pointed out that the obtained joints
have exhibited a durability ranging from 80-
90% in comparison to the parent materials
(Sliwa et al., 2019). Another researcher found
that during the process of welding, the
welding force and temperature both
escalated as the weld materials were
rotated. The microstructure of the weld was
influenced by an increased in the HAZ area,
resulting in a softening of the weld's
microstructure. The fracture strength
measured 63.5 KN, while the weld strength
was approximately 117 MPa, slightly below
the BM’s strength (Yasui et al., 2018).
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Another study had been conducted by Silva
et al. (2023) conducted a numerical and
experimental analysis of the factors that
influence the friction stir welding (FSW)
process using AISI 410S stainless steels.
When the temperature in the stir zone
approached 80% of the melting temperature,
the likelihood of weld defects was greatly
diminished. Colder temperatures could lead
to issues with mixing, while hotter
temperatures could resulted in the
occurrence of flashes (Silva et al., 2023). In
test no. 4 (22 kN in Fig. 16c), the simulation
observed a maximum temperature near the
melting point. This proximity to the melting
point could promote the formation of flash,
as materials with lower viscosity would be
expelled. As the temperature rose, the
likelihood of welding defects also increased.
Fig. 16d) and e) demonstrated the expansion
of the high-temperature area (Silva et al.,
2023).
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Fig. 16. Temperature cross-section with a rotation of

800 rpm at: ¢) 22 kN; d) 25 kN ; and e) 30 kN at 80%

melting temperature using AISI 410S stainless steels
(Silva et al., 2023).

B

Ultralight Mg-14Li-1Al alloy sheets were
used in a comparative study to investigate

the effects of conventional FSW and rapid
cooling FSW (RCFSW). Utilizing coolant
had a more pronounced effect on enhancing
the thermal cycle and preventing grain
coarsening compared to reducing the
rotation rate.

The UTS (ultimate tensile strength) and
fracture elongation of the conventional FSW
LA141 joint could be increased to 182 MPa
and 8.3%, respectively, by decreasing the
rotation rate. In contrast, the UTS and
elongation of the RCFSW600 joint were
measured to be 181 MPa and 9.6%,
respectively (Xu et al., 2023).

3. HAZ, Other Defects and Mechanical
Properties
3.1. Heat affected zone (HAZ)

The heat affected zone (HAZ) refers to the
area that underwent a thermal cycle without
any plastic deformation. Consequently, the
heat generated did not affect the evolution
of the microstructure. Nevertheless, El-
Sayed et al. (2021) said that when the
temperature of a heat-treatable aluminum
alloy exceeds 250°C, it has a notable effect
on the structure of the precipitation, causing
them to coarsen. A novel twin-disc
experiment was conducted utilizing discs
that encompassed all microstructures found
in the HAZ of flash-butt welded rails. They
said that extended crack lengths or clusters
of cracks were detected in the HAZ

boundary and the central weld regions
(Shenetal., 2024).

The results had been summarized by Bai et
al. (2023) indicated that the HAZ subzones
displayed intricate microstructures that vary
depending on the peak temperatures (PTs).
As the PT increased, the prevailing
microstructure type in the HAZ evolved
from polygonal bainitic ferrite at 700 °C to a
combination of fine bainitic ferrite and
granular bainite at temperatures ranging
from 850 to 1000 °C, and ultimately to
coarse bainitic ferrite and granular bainite at
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1350 °C. Impact tests revealed that the
impact toughness shows a notable increased
as the PT reached 920 °C specifically, in the
fine-grained heat affected zone (FGHAZ).
However, beyond this temperature, the
impact toughness began to decline. The
FGHAZ exhibited the highest impact
toughness among HAZs, although it was
still lower than that of the BM. During the
welding process, the microstructure of the
joint will undergo changes compared to the
original microstructure. This was caused by
the formation of a HAZ, which could
negatively impact the mechanical properties
of the joint. Their materials used was high-
strength carbide-free bainitic (CFB) rail
steel. Welding thermal simulations were
conducted using a Gleeble-3500 simulator to
replicate peak temperatures (PT) for each
heat-affected zone (HAZ) subzone. The
resulting microstructures were analysed,
and impact toughness was evaluated using
instrumented Charpy impact tests. The
research revealed distinct correlations
between welding PT and microstructural
evolution, with differences in fracture
morphologies and crack propagation modes
across HAZ subzones (Bai et al., 2023).

Continuing the previous research have
developed by Shen et al. (2024), they stated
that the extended crack lengths or clusters of
cracks were observed in the HAZ boundary
and central weld regions. They added that
the cross-sectional metallography analysis
revealed that these cracks were specifically
associated with the microstructure of
spheroidized cementite at the HAZ edges or
pro-eutectoid ferrite at the central region
(Pereira et al, 2024). An experimental
simulation was conducted to create a
controlled aging process to study the
microstructural gradient of the HAZ in
aluminum alloy FSW. Their simulation
aimed to assess the impact of the HAZ
microstructural gradient on the rate of
fatigue crack propagation, while

disregarding the influence of weld residual
stresses (Kermanidis and Tzamtzis, 2017).

w ¥, Tt e :' , £3
Fig. 17. EBSD results of the Al HAZ depending on
welding hot and cold parameter (Baek et al.,
2024).

When considering hot wall joints, a
dendrite-like Al HAZ was consistently
detected under all welding current
conditions. There was a significant
difference in hardness between the Al HAZ
in the hot wall case and the Al in the cold
wall case without a HAZ such depicted in
Fig. 17. The indusion of Al HAZ had a
significant influence on the hardness
properties of the molten steel section. When
using a welding current of 10.5 kA, the hot
wall showed a roughly 30% higher tensile
shear load and a 66% greater displacement
compared to the cold wall configuration
without HAZ (Baek et al., 2024).

0.0 0.01 0.02

Accumulated plastic strain, p [-]

B .

0.0 0.15 0.3
Accumulated plastic strain, p [-]

S—
0.0 0.75 1.5
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Fig. 18. The accumulated 2D plastic plane-strains
contour within HAZ materials with CL model an
guasi static conditions at: a) yielding; b) strain
localization; and c) fracture (Aune et al., 2024).
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Subsequently, the fusion zone underwent a
rapid increased in hardness due to work
hardening, causing the plastic strains to
concentrate within the HAZ materials until
they eventually fractured (Aune et al., 2024).
The 2D plane-strain model deformation
sequence with CL model and quasi-static
conditions shown inFig. 18.

A study has been conducted by Yan et al.
(2023) examined the mechanical properties
of the HAZ using a semi-empirical
approach. They examined the mechanical
properties of the HAZ using a semi-
empirical approach. The HAZ of S355 and
S500 exhibited an average reduction of 13%
and 4% in yield and ultimate strength,
compared to the BM depicted in Fig 19. The
modification factors (MF1 and MF2)
considered the transverse restriction caused
by the BM and the weld metal (WM) on the
HAZ, as this restriction enhanced the
resistance of the HAZ (Yan et al., 2024).
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Fig. 19. Hardness reduction in HAZ vs. BM nominal

yield strength (Yan et al., 2024).

If the HAZ was the weakest part of a welded
joint, both the WM and/or the BM will exert a
transverse constraint on it, regardiess of the
steel grade. The greater the disparity in
material hardening behavior between the
HAZ and the WM and/or BM, the more
pronounced the transverse constraint.

The use of digital image correlation (DIC)
resulted such in Fig. 20 in an increased
overestimation of the strength of the HAZ

material (Yan et al., 2022). A comprehensive
analysis had been conducted by Maia et al.
(2023) on the HAZ of 3 welded joints with
varying heat-input conditions to assess the
impact of reheating cycles and welding
parameters on the microconstituents. They
said that SCR-CGHAZ  consistently
demonstrated the highest microhardness
values among all welding conditions. This
aligns with the analysis of the cap passes,
which indicated that the FGHAZ was the
hardest region in the heat-affected zone. On
the other hand, the SC-CGHAZ and IC-
CGHAZ displayed lower microhardness
values. Fig. 21 displayed microhardness
maps of the fill passes HAZ in each sample,
indicating heterogeneous HAZ with distinct
regions based on microhardness values.

(%]

a) 5% max strain b i
Fig. 20. Major strain contour plots at the ultimate

load (Yan etal., 2022).

b) 10% max strain €) 15% max strain

Fig. 21. Micrdhardness mapping over :r"gheated HAZ
of fill passed on samples of a) medium heat-input;
b) low and; c) high heat-input (Maia et al., 2023).
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In Fig. 21 a-c, the upper area of light blue
tones was the FZ, while the lower area of

dark blue tones (lower microhardness) was
the BM (Maia et al., 2023).

3.2. Defect types, location, and aspect ratio

To ensure the rational performance of a
welded structural member, the potential
presence of welding defects must be
carefully considered regarding its fitness for
purpose. Consequently, it was essential to
assess the fatigue performance of welded
joints that contain various defects.

A study had been conducted on the fatigue
performance of butt-welded joint specimens
with five distinct types of defects, differing
in size and location, across a broad range of
fatigue life. The defect usually contained in
specimens were crack (CR), incomplete
penetration (IP), lack of fusion (LOF), slag-
inclusion (SI), and blowhole (BH), which
were vary in size and location. The CR type
defect usually was weld-hot crack such
depicted in Fig. 22.

a) Single flaw
Depth of defect, 23/ 2 ﬁ
\Z
b) multiple flaw

—»

X

-
Length of defect, 2¢ So=0.25 x min (cy,c;)

S<8 > 2c=2¢+2c45
S > Sy —> cracks are isolated
Fig. 22. lllustration of defects and their length (Miki

etal., 2001).

This kind of crack type defect often occurs
in the first layer of multipass welding,
therefore CR type of this defect installed on
the first layer in their study. The depth of
defect was almost impossible detected by
RT (radiographic testing).

In order to evaluate the RT results, the
detected defect’s length on failure surfaces
were measured after the fatigue test. These
measured results called as real size was

compared with the RT results as shown in
Fig. 23 (Miki et al., 2001).
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Fig. 23. Comparison between RT and real size
defects such cracks, incomplete penetration, lack of
fusion, slag-inclusion and blowhole (Miki etal., 2001).

3.3. Fatigue Performance

The study had been developed by Zhao et al.

(2015) examined the fatigue fracture
mechanism of flash butt welding joints of
U75V rail steel by analyzing their

microstructure, hardness, S-N curve, and
fatigue fracture resulting from two different
welding procedures. They found that the
fatigue performance of flash welding joints
was primarily determined by the level of
upset pressure such depicted in Fig. 24.

Increasing the pressure above the normal
level was beneficial for enhancing the
resistance to fatigue. The fatigue crack
originated from the interface area and
subsurface of the sample in the presence of a
corrosive environment (Zhao et al.,, 2015).
An investigation had been conducted to
analyze the tensile strength, fatigue
strength, fatigue surface characteristics, and
fatigue crack propagation of the hybrid
shoulder friction stir welded (HS-FSW) joint
in an Al-Mg-Si alloy depicted in Fig. 25.
They concluded that HS-FSW joint exhibited
exceptional fatigue characteristics (Zhang et
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al., 2023). When the IMCs layer was thin, the
Al/steel interface would form a strong
metallurgical bond, resulting in increased
strength and fatigue resistance of the joints.
However, if the IMCs layer at the interface
became excessively thick, it could cause
cracks and could decrease the load-bearing
capacity of the joint (Liu et al., 2023).
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Fig. 24. a) Local stress range vs fatigue life cycles

(Miao et al., 2024); b) Brinell Hardness (HB) data,
BM=base metal, WB=weld bead, HAZ=heat affected
zone (Godefroid et al., 2014).

Another study determined that fatigue
cracks originated near the weld bead
depicted in Fig. 26 and propagated in a
britdle manner, resulting in premature
material failure (Godefroid et al., 2014). An
experimental study has been performed by
Sheng et al. (2020) was conducted to
investigate the tensile and high-cycle fatigue
properties of HRB500 high-strength steel

rebars that were joined using flash butt
welding. The fatigue strengths of welded
specimens decreased as their diameters
increase, and the reduction in high-cycde
fatigue strength was more pronounced for
large-diameter welded specimens. Welded
specimens of HRB500 high-strength steel
rebars were more susceptible to premature
fatigue failure compared to the base
materials. Additionally, the rate at which
the fatigue strength of welded specimens
decreased with increasing loading cycles
diminished (Sheng et al., 2020).
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Fig. 25. The fatigue test results of the RS-FSW, NRS-
FSW and HS-FSW joints (the highest) in Al-Mg-Si
alloy (Zhang et al., 2023).

A coupled finite element method (FEM) that
incorporated thermal, metallurgical, and
mechanical factors was utilized by
Ghazanfari and Tehrani (2021) to assess the
fatigue life and determine the angle at
which cracks initiate in welded rails. Their
analysis was based on the critical plane
method. FBW optimization was conducted
to enhance fatigue life (Ghazanfari and
Tehrani, 2021).
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Fig. 26. Stress-N cycles curve of conventional and

corrosion joints under three welding processes
condition (Zhao et al., 2015).

The S-N curves for fatigue demonstrated
that the fatigue life of the specimens was
enhanced by Li et al. (2022) using LSP (laser
shock peening) treatment, especially when
subjected to low levels of bending stress.
The fatigue limit experienced a 6.7%
increase, rising from 264.0 MPa. The fatigue
fracture analysis showed that the presence
of high-density dislocations increased the
resistance to the growth of fatigue cracks.
As a result, the area where the crack
propagated near the surface treated with
LSP exhibited a rough morphology
characterized by steps (Li et al., 2022). The
fusion line in the flash butt weld exhibited
lower toughness when compared to the
CGHAZ, FGHAZ, and parent material
(Shajan et al., 2019).

The test results had been utilized by
Trimech et al. (2023) to examine the fatigue
failure mode of this distinct joint type and to
establish the S-N curve that was valuable for
characterizing and designing fatigue-
sensitive components. The fatigue data was
evaluated utilizing the effective notch stress
(ENS) methodology, as advised by the
International Institute of Welding (11W). The

results indicated that the IIW design ENS
IIW FAT-71 curve, which was based on
fatigue tests conducted on fusion-welded
joints, was overly cautious when evaluating
the fatigue performance of butt-lap friction

stir welded (FSW) joints, particularly in the
high cycle range (Trimech et al., 2023).

When the stress range was 380 MPa, the
fatigue life of the LFW as-welded joints
increased by around 31% when the pressure
after oscillation was 250 MPa, compared to a
pressure of 50 MPa. Similarly, when the
pressure after oscillation was 300 MPa, the
fatigue life increased by 87% compared to a
pressure of 250 MPa. Although there was a
chance of fractures starting at the weld toe
on the edge of the LFW joints, the fatigue
strength showed a significantly longer
fatigue life compared to the S-N design
curve FAT90 recommended by the W
(Miao et al., 2023).

A thorough investigation has been done by
Liu et al. (2023) conducted to analyze and
describe the fatigue fracture properties of
linear friction welded Til7 joint and Til7
joint after wundergoing different post
welding heat treatment (PWHT) methods.
Their results indicated that the Til7 joint, as
welded, tends to fracture at the weld
centerline zone (WCZ) and the TMAZ
during fatigue service. The joint has a
fatigue life of 45201. The fracture occurs in a
heterogeneous structure consisting of
refined equiaxed 3 grain, coarse 3 grain, and
basket-weave [ grain with partially
dissolved lamellar a. This structure
corresponded to the weld centerline zone
(WC2Z), the TMAZ, the HAZ, and the BM
(Liu et al., 2023).

The results had been done by Miki et al.
(2001) reveal that the shape, size, and
location of these defects significantly
influence the fatigue performance of the
specimens. Fatigue test results were plotted
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in S-N curve depicted Fig. 27 represented
the specimen that contain CR type defects.
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Fig. 27. Fatigue test results: S-N curve for CR type

defect (Miki et al., 2001).
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Fig. 28. Stress-N cycles summary of observed failure
specimens with fatigue crack originated from weld
toe (Miki et al., 2001).

10* 10°

Some of specimen failed with fatigue cracks
originated from the embedded defects, and
some other specimen have fatigue cracks
initiated from weld-toes. The cracks from
defects were indicated by blue circle in the
S-N curves, while cracks from weld-toes
were indicated by red circles. The number
beside the symbols indicated the defect’s
size in length 2c, as illustrated in Fig 22. A
number of specimens were observed to
failure with fatigue cracks originated from
weld toe as summarized in Fig. 28.

By using fracture mechanics analysis,
critical defect size could be calculated which
was shown in Fig. 29. By applying 100 MPa
stress range for the fatigue life of 2.106
cycles, the critical defect size of about 4.2-
mm was obtained. The result was smaller
compared to the experimental result, which
was reasonable, because the initiation
fatigue life was not take into account in the
analysis. However, the value was
conservative, therefore further study was
necessary in order to get more suitable
results from fracture mechanics analysis.
For joint with larger plate thickness that
have similar geometry as the 25-mm joint
specimen the permissible defect sizes were
little bit larger as shown inFig. 22.

—
La
o

§ T

Stress Range (MPa)

2a=2c {mm)
Fig. 29. Critical and permissible defect size based on
100 MPa stress range and 2106 cycles fracture
mechanics analysis (Miki etal., 2001).

Therefore, in the case of the change of plate
thickness to the thicker one there was a
possibility the same value of 10-mm could
be applied. Fatigue life predictions, based
on fracture mechanics analysis following
this recommendations, tend to be
conservative in the long-life region (Miki et
al., 2001).

3.4. Fracture or cracks

An investigation has been conducted by Xu
et al. (2016) to analyze the failure modes and
fracture mechanism of the wheel rim that
have failed. Their study assessed the
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microstructure and fracture mechanism of a
flash butt welded 380CL steel by comparing
the failed wheel rim with the intact wheel
rim. The wheel rim's high yield ratio led to a
lack of formability during the flaring
process. The fracture mechanism of the rim
that failed involved a combination of ductile
and brittle fracture modes (Xu et al., 2016).
The fracture surface of the U71Mn rail
exhibited a prominent corrosion area,
suggesting prolonged usage of the rail. The
rail welding joint exhibited fatigue fracture
as its characteristic feature such depicted in
Fig. 30. During the process of straightening,
transporting, laying, and serving, cracks
propagate due to bending stress until they
caused fracture (Yu et al., 2015).

Fig. 30. Metallographic morphology of the rail
welding joint and fracture surface edge (Yuetal.,
2015).

In the study had been developed by Hu et
al. (2023), they used various macro and
micro characterization tools to investigate
the factors leading to the formation of
surface cracks in a flash butt welding joint of
a high manganese steel frog. Their findings
indicated that these cracks were
intergranular  stress  corrosion  cracks
(IGSCC) that were primarily located near
the fusion line between the carbon steel rail
and the stainless-steel medium on the
stainless-steel side (Hu et al., 2023).

When the value of ® was 0, the elliptical
pore had the most significant impact on the
deformation of the creep crack at the
prefabricated crack. Additionally, the crack

propagation rate was the highest in this
case. In general, the influence of pores on
the propagation of creep cracks was more
pronounced compared to that of inclusions
such depicted in Fig. 31 (Yang et al., 2024).
Other study had been done by Owsinski et
al. (2021) investigated the fracture behavior
in welded steel. Cracks were observed to
form in the parent material but away from
the transformed weld region, revealing a
potential connection to the heat-affected
Zone.

Fig. 3L SE: a) vaI orpology and cracks;
(Yang et al., 2024).

The orientation of crack planes relative to
the nominal weld interface correlated with
fracture patterns. By analyzing fracture
points and interpolating a crack initiation
plane, they suggested that residual stresses
and angular orientation influence fracture
direction and behavior in welded joints
(Owsinski et al., 2021).

A comprehensive FEM-based methodology
was introduced to simulate the fatigue
propagation of multiple cracks in friction
stir weldments under cyclic tensile loading.
The study incorporated both linear and non-
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linear models, utilizing residual stresses
from thermo-mechanical simulations.
Vasudevan's, Kujawski-Ellyin, and
UniGrow laws were employed to assess
fatigue crack growth. Experimental defects
were integrated using constrained crack
faces  technique, enabling accurate
predictions of crack behavior under varying
material condition (Lepore and Berto, 2019).
The fatigue crack growth rate of the welded
joint depicted in Fig. 32 was significantly
affected by the relative rotational speed.
Unequal rotational speeds between the tools
cause an irregular stirring of the material,
leading to flaws and a higher rate of fatigue
crack growth with an n value of 4.307. On
the other hand, maintaining a consistent
rotational speed resulted in uniform
material stirring, which leads to a decreased

in defects and a reduction in the rate at
which fatigue cracks spread, reaching an n

value of 4.157 (Puspitasari, 2024).
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Fig. 32. Stress intensity factor versus fatigue crack
growth rate (Puspitasari, 2024).

3.5. Mechanical Properties
Study had been conducted by Xi et al. (2016)
investigated the microstructures and
mechanical properties of flash butt welded
high-strength  RS590CL  steel  joints,
revealing that weld thermal cycles were
marked by high peak temperatures and

rapid heating and cooling rates. The joint's
microstructure included various zones with
differing hardness and toughness. Excessive
flash allowance significantly reduces joint
toughness due to coarsened upper bainite,
retained oxides, and defects in the weld
interface zone. Optimizing flash allowance,
upset allowance, and wupset pressure

enhanced joint toughness, matching base
metal strength (Xi et al., 2016). Also, the

effect of tool rotational speed on the
microstructure and mechanical properties of
Al-Li alloy AA2198 during bobbin tool
friction stir welding was investigated by
Wang et al. (2015). As rotational speed
increased, grain size in the stirred zone
grows, and joint line remnants compress
significantly in the shoulder-dominated
zone. The hardness profile evolved from U-
shaped to W-shaped, with joint efficiency
peaking at 80%. Three fracture modes were
identified, with cracking initiating at the
joint line remnant. Their study highlights
how rotational speed influenced joint
strength, hardness distribution, and fracture
behavior in Al-Li alloy welding (Wang et al.,
2015). The microstructural and mechanical
properties of ductile cast iron and alloy steel
joints, welded using magnetically impelled
arc butt (MIAB) welding, were evaluated by
Peng et al. (2021). Their study revealed that
non-uniform heating during welding led to
varying metal extrusion and changes in
microstructure across the weld zones. A
significant increased in weld hardness (482
HV) and tensile strength (382.4 MPa) was
observed, highlighting the effectiveness of
MIAB welding in joining these dissimilar
materials, with tensile strength reaching up
to 95.6% of the base metal such depicted in
Fig. 33 (Peng et al., 2021).

The study had been conducted by Pang et al.
(2022) investigated the microstructures,
mechanical properties, and residual stresses
in PG4 flash-butt welded rail joints.
Significant findings include a reduction in
hardness within the heat-affected zone
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(HAZ) and high heterogeneous strains, with
grain misorientation affecting the weld's
integrity. A key relationship between bond
strength and HAZ width was established,
revealing that strength was highest at the
rail's foot and head but decreased at the
web. High residual stresses were also
identified, underscoring the importance of
HAZ width in assessing weld quality and
improving rail safety (Pang et al., 2022).

The study had been developed by Li et al.
(2020) presented an in-depth analysis of
flash-butt welded TA19 joints, revealing that
post-weld heat  treatment (PWHT)
significantly enhanced both ductility and
strength.
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Fig. 33. a) Microhardness of MIAB welding joint;

b) Tensile results (Peng et al., 2021).

The uniform microstructure achieved
through PWHT, including the relief of
tensile residual stress and the formation of

large a grains, contributed to a ~25%
increased in ductility. Additionally, age
hardening accounts for a ~90% increased in
strength. Their research offered valuable
insights into optimizing microstructural

architecture to maintain high performance
in welded titanium alloys (Li et al., 2020).

The study had been performed by Shen et al.
(2018) examined the  microstructure
evolution and mechanical propertiesof flash
butt-welded Inconel718 joints, highlighting
the formation of a gradient structure in the
heat-affected zone (HAZ) due to thermal
and strain gradients. Grain growth and
phase dissolution in the welding seam
reduce ductility and strength, while
coarsened grain boundary carbides lower
impact toughness. Despite these challenges,
the joints exhibited sufficient formability,
offering valuable insights for improving the
welding of Inconel718 and similar
superalloys (Shen et al., 2018).

The study had been conducted by Porcaro et
al. (2019) investigated the microstructural
evolution and mechanical propertiesof flash
butt welded pearlitic steel rails, with a focus
on the heat-affected zone (HAZ).
Dilatometry revealed that larger austenitic
grain size leads to austenite-pearlite
transformation at lower temperatures,
resulting in increased hardness in the grain
growth region. Partial cementite
spheroidization in the HAZ caused a
decreased in hardness and tensile strength,
linked to failures. Their study proposed a
dilatometry-based methodology to optimize

post-weld  cooling, enhancing weld
performance by improving hardness
profiles without added costs or time

(Porcaro et al., 2019).

The study had been done by Yang et al.
(2023) explored the  microstructural
evolution and mechanical properties of
GH4169 superalloy joints produced via
linear friction welding (LFW). Their results
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showed that the weld zone exhibited a "W"
shaped hardness profile, with
microhardness varying across different
zones. Material defects, such as pores and
inclusions, were characterized, revealing
that they impact joint performance. Tensile
tests indicated that defects enriched with
oxygen, oxides, and carbide particles initiate
crack formation, leading to joint failure.
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Fig. 34. Tensile strength (MPa) in GH4269

joints under different parameters via LFW process
(Yang et al., 2023).
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Their findings highlighted the influence of
welding variables on joint quality and
provide insights for optimizing LFW of
GHA4169 superalloy. Their results were
shown in Fig. 34 (Yanget al., 2023).

4. Interpretation from Authors Perspective

The discussion of fatigue behavior in joints
with defects has primarily focused on the
length of the defects and the nominal
stresses applied. However, the depth of the
defects varied significantly, as well as their
locations and the corresponding stress
distribution, as highlighted earlier. These
factors were critical for evaluating the
fatigue behavior of joints containing
defects. In this evaluation, only specimens
that failed due to fatigue cracks initiated
from embedded defects were considered.
The fatigue behavior in the presence of
defects depended on Eq. (1), the stress
intensity factor associated with the initial
crack shape.

K, =oc«r-a-F 1)
F=F F-FK-F (2)

The parameter aa represented the half-
depth of the defect, modeled based on a
simplified crack. The correction factor F in
Eq. (2) incorporated several influences,
including the effects of the stress gradient
(Fg), crack shape (F¢), plate thickness and
width (Ft), and the eccentricity of the
defect relative to the central axis of the
plate (Fp).

The stress gradient was derived from the
stress distribution in the X-direction,
perpendicular to the defect plane, as
determined through FEM analysis. The
relationship between the initial stress
intensity factor (Ko) and fatigue life (Ny)
was represented by a regression line fitted
to a power function. Results indicated that
joint specimens with fatigue cracks
initiated from embedded defects exhibited
similar fatigue behaviour, regardless of the
defect type. Fatigue life was influenced by
the shape and location of the defect, which
were effectively characterized by the stress
intensity factor. Residual stress was
excluded from the calculation, suggesting
that its impact on fatigue behaviour was
negligible.

The fatigue propagation life of specimens
with various defect types was analysed
using a fracture mechanics approach. The
initial crack dimensions and correction
factors for calculating stress intensity factors
were consistent with those applied in
previous calculations. The analysis
employed a modified "Paris" power law, as
recommended by the JSSC guidelines, with
the following formula and coefficients:

da/dN =C(AK" —AK,)
da/dN =0, if AK <AK,

(3)
(4)
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The constants used in Eq. (3) the modified
"Paris" power law were C=1.5x10"11and n =
2.75, based on the mean curve values
recommended by JSSC19. Additionally, the
threshold value for the stress intensity factor
range was specified in Eq. (4) as AK=2.9
(units in MPaym).

To evaluate the influence of stress
distribution on crack propagation, an
analysis was performed both with and
without incorporating the correction factor
Fg. Residual stress was excluded from this
calculation. The results of the analysis were
compared with fatigue testing outcomes.
When the nominal stress was used without
considering Fg, the crack propagation
analysis showed highly conservative results
for specimens containing CR and IP type
defects compared to LOF, SI, and BH
defects. Conversely, induding the effect of
stress distribution through Fgy produced
results consistent across defect types,
aligning closely with findings from fatigue
testing. This indicated that differences
among defect types, as observed in S-N
diagrams, were primarily influenced by
stress distribution near the defects.

These findings highlighted the importance
of considering stress distribution relative to
weld bead configuration in  crack
propagation analysis by incorporating Fyq.
The residual stress, however, appears to
have negligible effects on the analysis
results. Additionally, the analysis revealed
that crack propagation predictions tend to
be conservative in the long fatigue life
region, likely due to the inclusion of fatigue
initiation life, as identified through beach-
marking tests. However, in the low-cycle
fatigue life region, the crack propagation
analysis did not yield conservative results.

5. Product standards

Common standards for steel include ASTM
(e.g., ASTM A36 for carbon structural steel),

EN (e.g., EN 10025 for structural steels), and
JIS (e.g., JIS G3101 for general structural
steel). For welds, applicable standards
include AWS (e.g., AWS D1.1 for structural
welding), ISO (e.g., ISO 9606 for welder
gualification), and BS (e.g., BS EN 13479 for
welding consumables). These standards
ensured consistency and clarity in material
specifications and welding processes.

6. Future research directions

Future research directions in welding flaws
and defects characteristics could focus on
several key areas to improve understanding
and mitigation of defects in welded
structures. First, further investigation into
the precise mechanisms of weld defect
formation, including the influence of
welding parameters and material
properties, was essential for developing
more effective defect detection methods.
Additionally, research could explore
advanced non-destructive testing (NDT)
techniques, such as ultrasonics, X-ray, and
digital imaging, for more accurate and
efficient detection of internal weld flaws.
The impact of welding flaws on the long-
term fatigue performance and structural
integrity of welded joints also warrants
deeper exploration, especially under
complex loading conditions. Furthermore,
research into the development of new
welding materials and techniques, such as
friction  stir welding or  additive
manufacturing, may offer insights into
reducing flaw formation and improving the
overall quality of welded joints. Finally,
investigations into the role of residual
stresses and their interaction with weld
flaws in the context of crack propagation
could lead to better predictive models for
the service life of welded structures.

7. Conclusion

According to the discussion, the following
could be concluded. This review highlighted
significant strides in understanding the
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mechanical properties, crack behavior, and

fatigue performance of friction stir welds

(FSWs) and flash butt welds (FBWSs) for

structural steel construction application.

Both welding techniques are widely used in

various applications due to their advantages

in joint integrity and overall strength.

1. Friction Stir Welding (FSW) is known for
producing high-quality, defect-free
welds with minimal distortion, and it
significantly reduces the likelihood of
crack formation, especially in the heat-
affected zone (HAZ). It is particularly
advantageous in materials susceptible to
cracking, as the process operates at
lower temperatures compared to
traditional welding methods. The fine-
grained microstructure produced by
FSW enhances fatigue resistance, making
it an excellent choice for applications
requiring  durability under cyclic
loading. FSW also results in a
homogeneous microstructure with less
porosity, which contributes to improved
fatigue strength.

2. On the other hand, Flash Butt Welding
(FBW) is highly efficdent and effective for
joining large sections of steel, especially
in rail construction. However, FBW often
results in a more heterogeneous
microstructure and can lead to significant
variationsin the HAZ, which can increase
the risk of crack formation, especially in
the coarse-grained HAZ (CGHAZ). While
FBW provides high joint strength and
productivity, it may not offer the same
fatigue resistance as FSW, particularly in
areas with complex stress distributions.
The HAZ in FBW typically shows a
higher tendency for fatigue cracking due
to the thermal gradients and rapid
cooling rates involved.

3. Despite FSW’s prominence in joining
diverse materials for industries like
aerospace and automotive, challenges
remain regarding heat-induced
precipitate weakening and defect
formation in dissimilar welds. Similarly,

4. Continued

FBW excels in ral joining, where
improvements in temperature
distribution, joint strength, and process
parameters enhance fatigue resistance
and weld quality.

investigation into the
microstructural evolution, particularly
within the heat-affected zone (HAZ),
and the development of innovative

weld evaluation techniques were
crucial for optimizing  welding
processes to meet the rigorous
demands of modern engineering

applications. The HAZ in FBW is more
susceptible to variations, including
coarse grain formation, which can
reduce mechanical properties. FSW
produces a more uniform HAZ, leading
to better overall weld integrity.

5. FSW typically performs better than FBW
in terms of crack resistance due to its
lower processing temperatures and finer
microstructure, which reduce the risk of
cracking in the HAZ.

6. FSW offers superior fatigue resistance
compared to FBW. The refined
microstructure and minimized defects in
FSW lead to better performance under
cyclic loading conditions.

Friction Stir Welding is generally considered
the superior technique when comparing
crack resistance, HAZ integrity, and fatigue
resistance, especially in applications
requiring high durability. While Flash Butt
Welding offers advantages in terms of speed
and efficiency, particularly in large-scale
structural steel constructions, it may not
match FSW in terms of long-term
performance and structural integrity.
Therefore, for applications where crack
resistance, fatigue strength, and optimal
HAZ are critical, FSW is recommended over
FBW.
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