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A B S T R A C T

Improving the fatigue performance of welded structures is a critical engineering challenge. While previous 
studies have shown that modifying the weld toe geometry can enhance the fatigue properties of linear friction 
welded (LFWed) butt joints, industrial applications often require cruciform joints. In this study, we aimed to 
improve the fatigue properties by fabricating a cruciform joint using linear friction welding (LFW) and changing 
the welding conditions. LFWed cruciform joints were fabricated using short-side oscillation, in which the long 
side of the rib vibrated perpendicular to the oscillation direction, as established in our previous study. The results 
showed that all LFWed cruciform joints with flash exhibited superior fatigue performance, with fatigue cycles 
exceeding FAT63, the design curve for cruciform joints defined by the International Institute of Welding. 
Increasing the upset was found to enhance fatigue life more effectively than increasing post-oscillation pressure. 
When both the post-oscillation pressure and upset were increased, fracture occurred at the weld toe, regardless of 
fatigue stress level. Under a nominal stress range of 161 MPa, the longest fatigue life was observed, with the joint 
remaining unbroken even after 1 × 107 cycles. The transition from welding interface fracture to weld toe 
fracture, which significantly improved fatigue life, was influenced by an increased welding interface area due to 
a larger upset and a corresponding reduction in local stress at the weld toe of the welding interface. These 
findings indicate that increasing the upset to expand the welding interface area is an effective approach to 
improve the fatigue properties of LFWed cruciform joints. To fabricate defect-free cruciform joints using LFW, 
short-side oscillation with a larger upset is recommended.

1. Introduction

Fatigue properties are critical for steel structures, such as mechanical 
components and bridges, as these structures are frequently subjected to 
cyclic loading and strain [1]. Low carbon steel is widely used in various 
structural applications where high strength and toughness are essential. 
However, fusion welding can degrade fatigue properties due to several 
factors, including high stress concentration at the weld toe [2,3], 
welding-induced deformations such as misalignment and angular 
distortion [4], and heat affected zone (HAZ) softening [5]. To achieve a 
sustainable society, innovative welding methods are required to produce 
reliable joints with superior fatigue properties.

Solid-state joining techniques have garnered significant attention 
due to their advantages, such as low heat input and superior joint quality 
[6,7]. Various solid-state joining methods exist, among which linear 

friction welding (LFW) is a notable example. LFW is a solid-state joining 
process that generates heat through high-frequency linear oscillations 
applied to the contact surfaces of two workpieces under axial pressure, 
enabling material joining at the interface [8]. LFW offers several ad-
vantages over other solid-state joining methods. Friction welding [9], a 
rotary process, is limited to round bars, whereas LFW is independent of 
cross-sectional shape. Friction stir welding [10,11] requires consumable 
tools, which can significantly increase costs for high-melting-point ma-
terials due to tool wear [12]. In contrast, LFW does not require tools, 
allowing for significant cost reductions. Additionally, the joining time is 
less than 1 s, making it much faster than diffusion bonding [13]. Since 
joining is achieved by ejecting flash from the welding interface, LFW can 
be performed in an atmospheric environment. Due to these advantages, 
LFW has been actively studied.

The LFW process consist of the following four stages [14–16]: 1. 

* Corresponding authors at: Joining and Welding Research Institute, Osaka University, 11-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan.
E-mail addresses: yamashita.takayuki.jwri@osaka-u.ac.jp (T. Yamashita), fujii.hidetoshi.jwri@osaka-u.ac.jp (H. Fujii). 

Contents lists available at ScienceDirect

Journal of Manufacturing Processes

journal homepage: www.elsevier.com/locate/manpro

https://doi.org/10.1016/j.jmapro.2025.04.093
Received 5 March 2025; Received in revised form 22 April 2025; Accepted 30 April 2025  

Journal of Manufacturing Processes 146 (2025) 55–64 

Available online 1 May 2025 
1526-6125/© 2025 The Author(s). Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. This is an open access article under the CC 
BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:yamashita.takayuki.jwri@osaka-u.ac.jp
mailto:fujii.hidetoshi.jwri@osaka-u.ac.jp
www.sciencedirect.com/science/journal/15266125
https://www.elsevier.com/locate/manpro
https://doi.org/10.1016/j.jmapro.2025.04.093
https://doi.org/10.1016/j.jmapro.2025.04.093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2025.04.093&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Initial stage: The oscillating and forging components come into contact 
under pressure. At this stage, flash ejection and welding temperature 
remain minimal, as oscillation and pressurization are not fully initiated. 
2. Transition stage: The forging component presses against the oscil-
lating component, increasing the interface temperature. 3. Equilibrium 
stage: The interface continuously plasticizes, and flash ejection removes 
impurities and oxides from the interface. Flash ejection is controlled by 
the displacement (upset) between the components. 4. Cooling stage: 
Oscillation ceases while pressure continues to be applied for a certain 
period. The performance of linear friction welded (LFWed) joints is 
influenced by the applied pressure, frequency, amplitude, and upset 
throughout these four stages. Various studies have examined the effects 
of these parameters on the mechanical properties and the microstructure 
of the joint. Kuroiwa et al. [17] and Aoki et al. [18] reported that 
increasing the applied pressure during oscillation can lower the welding 
temperature. Toramoto et al. [19] also demonstrated that applying 
welding principles below the A1 transformation temperature of steel can 
produce joints with excellent resistance to hydrogen embrittlement.

Fatigue properties of the joints are also important for the practical 
application of LFW. Several studies have investigated the fatigue prop-
erties of LFWed steel joints [20–22]. Wang et al. employed LFW to 
fabricate the butt joints of SMA490AW and SPA-H steels. Fatigue tests on 
flash-removed specimens demonstrated fatigue strength comparable to 
that of the base metal (BM) and exceeding the FAT 112 curve, which was 
proposed by the International Institute of Welding (IIW) [20]. Addi-
tionally, Wang et al. also found that flash ejection reduced fatigue 
strength in SPA-H joints due to stress concentration at the weld toe, with 
a calculated high stress concentration factor of 2.56 [21]. In our previ-
ous study, LFW was used to fabricate butt joints of SM490A, and their 
fatigue properties with flash were evaluated [23,24]. The fatigue life of 
the joints was significantly enhanced by increasing the applied pressure 
(post-oscillation pressure) during the upset process. It was clarified that 
stress concentration at the weld toe had the greatest influence on this 
enhancement in fatigue life.

Various evaluations of LFWed butt joints have been conducted, 
including assessments of fatigue properties, mechanical properties [25] 
and microstructures [26], as described above. However, actual struc-
tures require various joint configurations, such as cruciform joints and 
T-joints. While previous attempts have been made to fabricate T-joints 
using LFW, a sound welding interface has not been achieved [27,28]. In 
contrast, our previous study successfully fabricated a T-joint with a 
sound welding interface using “short-side oscillation LFW”, in which the 
oscillation direction is perpendicular to the long side of the rib, resulting 
in uniform and flash ejection at the welding interface [29]. This tech-
nique is expected to be applicable to the fabrication of cruciform joints; 
however, no studies have investigated this possibility. Therefore, in this 
study, we first aim to fabricate a cruciform joint with a sound welding 
interface using LFW. Subsequently, we evaluate its fatigue properties 
with flash, which are among the most critical factors for joint applica-
tions. The welding conditions were based on our previous studies of 
LFWed butt joints, with variations in post-oscillation pressure and 
amount of upset to examine the effects on fatigue properties. Based on 
the findings, this study aims to propose guidelines for improving the 
fatigue properties of LFWed cruciform joints.

2. Experimental procedure

Low carbon steel SM490A was chosen for this study due to its 
widespread use in construction. Two specimen shapes were prepared: 
one measuring 90 mm in length, 59 mm in width, and 20 mm in 
thickness (skin), and the other 54 mm in length, 40 mm in width, and 9 
mm in thickness (rib). Table 1 presents the chemical compositions of the 
skin and rib. Before welding, the mill scale on the specimen surfaces was 
removed by milling before welding.

In the joints, the loading direction (LD), oscillation direction (OD), 
and width direction (WD) were defined as shown in Fig. 1. LFW was 

performed using short-side oscillation [29], in which the short side of 
the rib vibrates along the OD. The rib was secured in a jig equipped with 
the oscillation mechanism of the LFW machine. The LFWed cruciform 
weld was fabricated in two steps. First, short-side oscillation was applied 
to join the skin and rib, forming T joints. Then, the process was repeated 
on the opposite side of the skin to create cruciform joints. The rib po-
sitions were adjusted to ensure proper alignment of both ribs.

During oscillation, the applied pressure, frequency, and amplitude 
were maintained at 150 MPa, 50 Hz, and ± 1 mm, respectively. The 
upset distances were set to 2.0 mm and 2.5 mm. Immediately after 
oscillation, the applied pressure was either maintained at 150 MPa or 
increased at 350 MPa, a value reported to provide the best fatigue 
properties in previous study on LFWed butt joints [23]. The pressuri-
zation time after oscillation was set to 10 s. Table 2 summarizes the 
welding conditions. The joints obtained under each condition are 
designated as Joint 1, Joint 2, and Joint 3.

Fatigue tests were conducted under uniaxial tensile-tensile loading 
with a stress ratio (R) of 0.05, using load control conditions. The grip-
ping length from the end face of each rib was 35 mm. The frequency was 
maintained at 7 Hz, and tests were terminated if no failure was observed 
after 1 × 107 cycles. The applied load was set below the yield stress of 
the rib.

Fig. 2 illustrates the procedure for measuring the fracture surface 
profile. The shape profile of the fracture surface along the OD at the 
crack initiation site was measured from the LD. Some specimens that 
fractured at the welding interface retained flash formed by LFW on the 
fracture surface, preventing accurate measurements from the LD. 
Therefore, as shown in Fig. 2, additional measurements were taken from 
directions inclined ±45◦ to the LD.

The fracture surface after fatigue test was analyzed macroscopically 
using a wide-field 3-D measuring microscope and microscopically using 
a scanning electron microscope (SEM).

3. Results

3.1. LFWed joint appearance and fracture type

Fig. 3(a) shows the macroscopic appearance of an LFWed cruciform 
joint. The two ribs were symmetrically joined to the skin, and flash was 
uniformly ejected in all directions from the weld toe of the rib. Figs. 3(b) 
and 3(c) depict the cross-sectional flash shapes of Joint 1 and Joint 2, cut 
from the weld center. Both joints exhibited a crescent-shaped flash. By 
comparing Figs. 3(b) and 3(c), it was found that increasing the pressure 
after oscillation did not significantly affect the flash shape. Fig. 3(d) 
presents the flash shape of joint 3, where a strip-shaped flash was 
observed. A clear difference can be seen when compared Fig. 3(d) with 
Figs. 3(b) and 3(c). The flash length of Joint 3 was greater than that of 
the other joints due to its larger upset. In all joints, no unbonded areas 
were observed except at the root of the flash from the skin, confirming 
that sound welding interfaces were formed by LFW.

Fig. 4 shows the appearance of the test specimen after fatigue frac-
ture. Typical fracture locations in the fatigue test of cruciform LFWed 
joints can be categorized into two types. The first type exhibits fracture 
at the welding interface, as shown in Fig. 4(a), where the fracture 
location is primarily located between the flash and the skin. The second 
type exhibits fracture at the weld toe, as shown in Fig. 4(b), where the 
fracture is mainly located at the interface between the flash and the rib. 
Hereafter, a joint that fractures due to fatigue crack propagation along 
the welding interface is referred to as a “welding interface fracture”, 
while a joint that fails at the weld toe, where a crack has developed 

Table 1 
Chemical composition of SM490A (wt%).

C Si Mn P S Nb V

0.16 0.15 0.99 0.13 0.04 0.012 0.003
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inside the rib – is referred to as a “weld toe fracture”.

3.2. Fatigue property

The S–N curves obtained from fatigue tests on each LFWed cruci-
form joint are shown in Fig. 5. Hollow and filled symbols represent the 
welding interface fractures and weld toe fractures, respectively. The 
weld design curve for cruciform joints, FAT63, as proposed by the In-
ternational Institute of Welding (IIW), is also included for reference. The 
fatigue life of all LFWed joints significantly exceeded that of FAT63, 
indicating superior fatigue performance. Joint 1 and Joint 2 fractured 
along the welding interface, while Joint 3 fractured at the weld toe. No 
significant difference in fatigue life was observed between Joint 1 and 

Joint 2, suggesting that post-oscillation pressure had little effect on fa-
tigue life in cruciform joints compared to our previously reported butt 
joints results [23]. However, Joint 3, which had a larger upset, exhibited 
a longer fatigue life than both Joint 1 and Joint 2, while approximately 
the same fatigue life was confirmed under high stress levels at each of 
the joints. Notably, at a maximum fatigue stress of 170 MPa, Joint 3 
remained unfractured even after reaching 1 × 107 cycles. Typically, 
fatigue testing of welded joints terminates at approximately 2 × 106 

cycles [30,31]. Therefore, Joint 3 demonstrates exceptionally excellent 
fatigue performance.

Although fatigue strength was the primary focus of this study, it is 
acknowledged that tensile strength is also a crucial parameter for 
assessing the overall mechanical performance of welded joints. In our 
previous work on T-joint configurations, tensile testing confirmed that 
the weld interface possessed sufficient strength under static loading 
conditions [29]. However, in the present study, due to limitations in the 
capacity of our available testing equipment, it was not possible to 
conduct tensile tests on the cruciform joint specimens, as the equipment 
could not apply a load high enough to cause fracture. As a result, the 
tensile strength of the cruciform joints could not be directly evaluated 
and remains a subject for future investigation.

3.3. Fractography characteristics

The results of macroscopic observations on the fracture surfaces of all 
LFWed joints after fatigue testing are summarized in Fig. 6. The area 
enclosed by dashed lines in each figure represents fracture surfaces that 
are nearly perpendicular to the loading axis. Blue dashed lines indicate 
fatigue fracture surfaces at the welding interface, while red dashed lines 
indicate those at the weld toe.

No significant difference in fracture surface morphology was 
observed between Joint 1 and Joint 2, suggesting that their fatigue 
fracture behavior was identical. In contrast, the fracture surface 
morphology of Joint 3 differed from that of Joint 1 and Joint 2, exhib-
iting a smooth region enclosed by a red dotted line. The extent of this 
smooth fracture surface increased as the maximum fatigue stress 
decreased. Among the tested joints, only Joint 3 demonstrated superior 
fatigue properties. This attributes that its fatigue fracture behavior 
differed from that of Joint 1 and Joint 2. The cause of this different 
behavior is discussed later.

To enable a more detailed comparison of fracture surface 
morphology, SEM observations of the fatigue fracture surface under a 
low applied fatigue stress of 180 MPa were conducted on Joint 1 and 
Joint 3. These joints were selected because Joint 1 exhibited the shortest 

Fig. 1. Schematic of LFWed cruciform joint.

Table 2 
Welding condition for LFWed Joints.

LFWed 
Joints

Frequency 
(Hz)

Amplitude 
(mm)

Pressure in 
oscillation 
(MPa)

Pressure after 
oscillation 
(MPa)

Upsets 
(mm)

Joint 1
50 ±1 150

150 2
Joint 2 350 2
Joint 3 350 2.5

Fig. 2. Schematic of fracture surface measurement.
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fatigue life, while Joint 3 exhibited the longest.
Fig. 7(a) presents a macroscopic image of the fatigue fracture surface 

of Joint 1, obtained using an optical microscope. The blue, green, and 
orange dashed lines in the figure delineate regions of fatigue fracture, 
mixed fracture, and ductile fracture surfaces, respectively. Red arrows 
indicate locations where steps were formed. These steps are numerous 
along the long side of the fracture surface, suggesting that multiple 
initial cracks developed along the long side of the rib and subsequently 
propagated and merged. Fig. 7(b) shows an SEM image obtained from 
point b in Fig. 7(a), where a brittle fracture surface was observed. Figs. 7
(c) and 7(d) display SEM images taken from points c and d, respectively, 
revealing a combination of ductile fracture morphology with dimples 
and brittle fracture features. Fig. 7(e) presents an SEM image obtained 
from point e, showing a predominantly ductile fracture morphology. 
The regions exhibiting mixed and ductile fracture surfaces are likely 
unrelated to fatigue crack propagation and instead correspond to the 
final fracture. Fracture surfaces formed by fatigue crack propagation 
within the blue dashed line accounted for 54.3 % of the total fracture 
surface area.

Fig. 8(a) presents the macroscopic fatigue fracture surface of Joint 3 
under a low applied fatigue stress of 180 MPa, captured using optical 
microscopy. The blue and orange dashed lines outline the fatigue frac-
ture surface and ductile fracture surface, respectively. Fig. 8(b) shows an 
SEM image taken from position b in Fig. 8(a). In this region, the fracture 
surface, highlighted by the yellow dashed line, features a step with a 
height difference. This step was formed as multiple fatigue cracks 

Fig. 3. (a) The appearance of LFWed cruciform joint. Cross sectional flash shape of (b) Joint 1, (c) Joint 2, and (d) Joint 3.

Fig. 4. Two types of the fatigue fracture surface of joints: (a) Welding interface fracture of Joint 2; (b) Weld toe fracture of Joint 3.

Fig. 5. The S–N curves of LFWed cruciform joints.
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intersected and eventually merged during the propagation. SEM images 
obtained from positions c, d, and e in Fig. 8(a), representing crack 
propagation stages, are shown in Fig. 8(c), 8(d), and 8(e), respectively. 
Striations with a linear pattern were observed at all three locations, 
indicating that the crack propagation direction was perpendicular to the 
striation pattern [32,33]. Fatigue fracture surfaces within the blue 
dashed area accounted for 67.9 % of the total fracture surface area. 
Figs. 8(f) and 8(g) present SEM images from positions f and g in Fig. 8(a), 
where a ductile fracture surface with dimples was observed, indicating 
that this region corresponds to the final fracture zone.

The fracture surface observations reveal that the welding interface 
fractures of Joint 1 and Joint 2 contained multiple initial cracks, 
resulting in a rough fatigue fracture surface. In contrast, in Joint 3, 
where the upset was increased, the number of initial cracks at the weld 
toe was reduced, and the area of the smooth fatigue fracture surface was 
enlarged. However, since the crack propagation path remains unclear, 
the fracture surface profile is investigated in the following sections to 
better understand crack propagation behavior.

3.4. Fracture locations and fracture profiles

Fig. 9(a), 9(b), and 9(c) show the fracture surface profiles of Joint 1, 
2, and 3 as a function of an applied maximum fatigue stress, respec-
tively. The red line represents the fatigue fracture surface area, the blue 
line indicates the final fracture area, the green line marks the region 
where the flash and skin are presumed to be in contact or bonded, and 
the black line represents the profile obtained from the surface of the 
flash and base metal. In all figures, the direction of fatigue crack prop-
agation is standardized, proceeding from left to right.

Fig. 9(a) presents an overview of the fracture surface profiles ob-
tained from Joint 1, which exhibited a welding interface fracture. 

Regardless of the applied maximum fatigue stress, cracks initiated at the 
welding interface and propagated along it. Joints subjected to higher 
maximum fatigue stresses (260 MPa and 240 MPa) showed a final 
fracture region inclined at approximately 45◦ to the loading direction. 
No substantial difference in the fatigue crack propagation paths was 
observed under different maximum fatigue stresses. The fracture surface 
length measured along the red, blue, green, and black lines in the figure, 
represents flash width. The shortest fracture length was 13.3 mm, while 
the longest was 14.6 mm.

As shown in Fig. 9(b), welding interface fractures were also observed 
in Joint 2. Cracks were initiated at the welding interface under all the 
fatigue stress conditions, and the crack propagation path in the final 
fracture region differed from that of Joint 1. This difference may be 
attributed to the changes in hardness and microstructure at the welding 
interface due to the increased applied pressure after oscillation [29]. 
Additionally, cracks propagated along the welding interface and curved 
toward the skin, which may be related to variations in hardness distri-
bution and fraction of martensite caused by the increased applied 
pressure after oscillation. Cracks tend to propagate along regions of 
lower strength [24]. The measured flash width, indicated by the blue 
arrows, ranged from 13.9 mm to 16.2 mm.

In Joint 3, shown in Fig. 9(c), initial fatigue cracks did not form at the 
welding interface but at the weld toe. Under high maximum fatigue 
stress, cracks initiated at the weld toe propagated within the rib along 
the thickness direction, forming a step on the fracture surface at 
approximately half the rib thickness. The lower step corresponded to the 
welding interface, where the final fracture occurred rather than at the 
weld toe. Under lower maximum fatigue stress, the crack propagation 
path was flatter, with the final fracture also occurring on the rib side 
rather than at the welding interface. The fatigue crack propagation 
distance (red line) increased as the applied fatigue stress decreased. 

Fig. 6. Macroscopic fractography of cruciform LFWed joints after fatigue test with different applied fatigue stress levels.
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Compared to Joint 1 and Joint 2, the crack propagation region (red line) 
of Joint 3 was shorter. This is presumably because the fracture location 
in Joint 3 was at the weld toe rather than the welding interface, resulting 
in a shorter crack propagation distance along the rib thickness. Under 
the lowest applied fatigue stress condition (170 MPa), no fractures 
occurred, and thus no fracture surfaces were observed. The shortest flash 
width was 18.5 mm, and the longest was 20.2 mm, which was larger 
than those of Joint 1 and Joint 2.

The impact of LFW conditions on joint life varies with stress levels. 
Under low-cycle fatigue (high stress), the fatigue life remains nearly the 
same across different welding conditions. In contrast, under high-cycle 
fatigue (low stress), Joint 3 demonstrates the longest life, as illustrated 
in Fig. 5. The reasons for this behavior are discussed in Section 4.2.

4. Discussion

4.1. Relationship between welding parameters and welding interface area

Joint 1 and Joint 2 showed welding interface fracture, while Joint 3 
showed weld toe fracture. The improved fatigue life in Joint 3 is thought 
to be due to the transition of the fracture location from the welding 
interface to the weld toe. One of the reasons for the transition to the weld 
toe fracture is that the cross-sectional area of the joint at the welding 
interface is different for each joint, and the joints with better fatigue life 
may have a larger cross-sectional area at the welding interface. There-
fore, the relationship between the welding conditions and the cross- 
sectional area was investigated.

However, it is difficult to directly measure the cross-sectional area of 
each joint; as shown in Figs. 3(b)-3(d), there are parts that are welded 

Fig. 7. Fracture surface of Joint 1: (a) Macroscopic fracture surfaces on rib side; (b)-(e) SEM images at each point in (a) (Fatigue condition: maximum fatigue stress of 
180 MPa, Nf = 448,323).
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and parts that are only in contact. The extent to which the joints are 
welded is also difficult to estimate. Therefore, in this study, it is assumed 
that almost all of the areas expelled as flashes are welded, and the cross- 
sectional area of the rib including the area of flashes is calculated as the 
cross-sectional area at the welding interface. Fig. 10(a) illustrates the 
relationship between the welding interface area and the welding con-
ditions. When comparing Joint 1 and Joint 2, the welding interface area 
of Joint 2 was slightly larger; however, the difference was negligible. 
This suggests that the increase in applied pressure after oscillation has 
little effect on the increasing of the welding interface area. In contrast, 
the welding interface area of Joint 3 was significantly larger than that of 
the other joints. This indicates that the increase of upsets substantially 
contributed to the enhance of the welding interface area.

As the cross-sectional area of the welding interface increases, the 
stress actually applied to the welding interface during fatigue test (true 
stress) should decrease. Fig. 10 (b) shows the true stress at the welding 
interface as a function of the welding interface area of each joint. The 
true stresses were lower than the applied loading stresses during the 
fatigue test for all joints. The true stress was significantly reduced for the 
joints with larger cross sections. Therefore, it is considered that the true 
stress was low at Joint 3 due to the increased upset after the oscillation 
of LFW irrespective of the applied pressures, where the cross-sectional 
area of the interface is large, and the fracture location seems to transit 
from the welding interface to the weld toe. However, the joints 1 and 2 
fractured at the welding interface under the low fatigue stress condition, 
even though the true stress of these joints was lower than that of Joint 3 
under the high fatigue stress condition. Therefore, the magnitude of the 
true stress does not necessarily determine the fracture location. There 

may exist a threshold value for the cross-sectional area for determining 
the fracture location, e.g. 780 mm2. However, other important affecting 
factors besides cross-sectional area such as the stress concentration 
factor and local stress should be taken into consideration, which are 
discussed in the next section.

4.2. The relationship between welding parameter and local stress

In our previous studies [23,24], stress concentration at the weld toe 
was found to be the factor most strongly correlated with the fatigue life 
of the joint. The LFWed cruciform joint is also expected to exhibit stress 
concentration at the weld toe, which may have influenced the fracture 
mode. Therefore, it is necessary to estimate the stress concentrations at 
both the flash weld toe and the rib weld toe.

In calculating stress concentration factors for LFWed butt joints, the 
flash at the welding interface was assumed to act as reinforcement 
height in arc welding. However, since the weld toe geometry of an 
LFWed cruciform joint differs from that of a butt joint, the assumptions 
used in previous studies cannot be applied. Instead, the formula for a 
corner joint was employed to derive the stress concentration factor for 
the LFWed cruciform joint. Nevertheless, the flash and weld toe of an 
LFWed cruciform joint differs significantly from that of a typical corner 
joint. While fusion welded corner joints are generally assumed to have 
an obtuse weld toe angle, the weld toe of an LFWed cruciform joint is an 
acute angle. Fig. 11 shows (a) a schematic of the LFWed weld toe in this 
study and (b) a schematic of the weld toe with assumptions for deriving 
of the stress concentration factor. As shown in Fig. 11(a), the root of the 
flash and the ribs of the LFWed cruciform joints in this study have acute 

Fig. 8. Fracture surface of Joint 3: (a) Macroscopic fracture surfaces on the rib side; (b)-(g) SEM images obtained from each point in (a). (Fatigue test condition: 
maximum fatigue stress of 180 MPa, Nf = 801,234).
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angles at the weld toe. Therefore, the weld toe angle was assumed to be 
90◦, as shown in Fig. 11(b). This assumption may lead to an underesti-
mation of the stress concentration factor at the root of the flash. How-
ever, since stress concentration can be evaluated by considering the 
effects of plate thickness and true stress, a qualitative assessment of the 
degree of stress concentration can still be made. The following equation 
[34] was used to calculate the stress concentration factor for a corner 
joint assuming a 90-degree weld toe angle in this study. 

Kt = 1+

⎡

⎢
⎣

1
2.8 B

b − 2
h
ρ

⎤

⎥
⎦

0.65

(1) 

Where Kt is stress concentration factor, h is step height, B represents half 
width of the skin, b represents half width of the rib, and ρ is weld toe 
radius.

For calculations, the width of the skin and the width of the flash were 
used as the values for 2B and 2b at the weld toe of the welding interface. 
The stress concentration factor values thus obtained were multiplied by 
the maximum value of the stress range in the fatigue test to estimate the 
local stresses acting on the weld toe of the welding interface. Instead of 
directly using the nominal stress to determine the maximum value of the 
stress range, the true stress discussed in Section 4.1, which also accounts 
for the flash area increase, was employed.

Fig. 12 shows the relationship between the welding conditions and 
local stress at the weld toe of the welding interface for Joints 1, 2, and 3. 
Under the same fatigue stress condition, Joint 3 exhibited lower local 
stress at the weld toe of the welding interface than the other joints. This 
reduction in local stress is attributed to the increased flash area. 
Therefore, Joint 3 is considered less likely to fracture at the welding 
interface. Although the precise stress values at the weld toe of the 
welding interface remain unknown, the results suggest that increasing 
the flash width and area qualitatively reduces local stress at the welding 
interface, thereby promoting to the weld toe fracture. These results 
indicate that LFW with increased upsets is effective in promoting weld 
toe fracture and improving the fatigue properties of the joint. Addi-
tionally, under lower fatigue stress conditions, a reduction in stress 
concentration generally leads to an extended crack initiation life 
[35,36], which may explain the more pronounced improvement in fa-
tigue life at lower fatigue stress levels in Fig. 5. The longest fatigue life 
observed in Joint 3, which exhibited weld toe fracture, suggests that 
shifting the fracture mode from welding interface fracture to weld toe 
fracture may be beneficial. To achieve the weld toe fracture, increasing 
the flash width is necessary.

Under low-cycle fatigue (high fatigue stress) conditions, the failure 
modes are essentially the same as those in high-cycle fatigue (Joint 1 and 
Joint 2: welding interface fracture, Joint 3: weld toe fracture). However, 
the difference in fatigue life is not significant under high fatigue stress 
conditions. This is likely because, under high fatigue stress, the local 
stresses at both the welding interface and the weld toe are elevated, 
leading to rapid initiation of fatigue cracks. As a result, the proportion of 
fatigue life spent in crack initiation is relatively low, while the propor-
tion spent in crack propagation is relatively high. This is supported by 
Fig. 9(c), which shows that the crack propagation path in the red area 
increased as the fatigue stress decreased. Therefore, the effects of local 
stress and stress concentration factors are smaller under high fatigue 
stress conditions.

Fig. 13 shows the local stresses at the weld toe of the rib and the weld 
toe of the welding interface for Joint 3. The local stresses at the weld toe 
of the rib are higher than that at the weld toe of the welding interface 
under all fatigue stress conditions. This result indicates that Joint 3 tends 
to fracture at the weld toe of the rib, which is consistent with the 
experimental findings. Therefore, the fracture of Joint 3 at the weld toe 
of the rib can be explained by the increase in welding interface area, 
which reduces the local stress at the weld toe of the welding interface. As 
a result fracture occurred at the weld toe of the rib, where the local stress 
is higher than the welding interface.

Although the present investigation was limited to SM490A, the 
fundamental mechanism for enhancing fatigue strength, which involves 
reducing local stress at the weld toe by increasing the interface area, is 
expected to be applicable to other carbon steels. In the future, it will be 
necessary to apply this method to more structural materials and examine 
their fatigue life, and to prove that it is a general-purpose method.

5. Conclusions

In this study, cruciform joints were fabricated using LFW, and their 
fatigue properties with flash were evaluated by varying the applied 

Fig. 9. Fracture surface profiles with different applied maximum fatigue stress: 
(a) Joint 1; (b) Joint 2 and (c) Joint 3.
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pressure after oscillation and upset to investigate the effect of welding 
conditions on fatigue performance. The results obtained are summarized 
as follows. 

(1) Cruciform joints without welding defects were successfully 
fabricated using LFW. All LFWed cruciform joints exhibited su-
perior fatigue performance, with fatigue cycles exceeding FAT63, 
the design curve for the fatigue life of cruciform joints defined by 
the International Institute of Welding.

(2) Increasing the upset was found to enhance fatigue life more 
effectively than increasing the post-oscillation pressure. Weld toe 
fracture was achieved by increasing the upset, which contributed 
to an improvement in fatigue life.

(3) In joints where both the applied pressure after oscillation and 
upset were increased, fracture occurred at the weld toe, regard-
less of the magnitude of the fatigue stress. Under a nominal stress 
range of 161 MPa, the longest fatigue life was observed, with the 
joint remaining unbroken even after 1 × 107 cycles.

(4) When the upset and flash width were increased, the fracture 
mode transitioned from welding interface fracture to a weld toe 
fracture, significantly improving fatigue life. This improvement is 
attributed to two factors: an increased cross-sectional area and 
reduced local stress. It is concluded that increasing the upset to 
expand the welding interface area is effective in fabricating 
LFWed cruciform joints with superior fatigue performance.
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