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Fatigue strength improvement of linear friction welded butt joints of

low carbon steel by pressurizing after oscillation
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! Joining and Welding Research Institute, Osaka University, Osaka 567-0047, Japan
2 Graduate School of Engineering, Osaka University, Osaka 565-0871, Japan

Abstract: Although linear friction welding (LFW) has received significant attention as an effective solid-
state welding method, the fatigue properties of LFW joints have not been fully investigated. In this study,
the fatigue strength of the steel joints fabricated using LFW was investigated and improved by increasing
the pressure after oscillation. Low-carbon steel SM490A was successfully joined using LFW without
unbonded areas or apparent softening in the heat-affected zone (HAZ). The microhardness, microstructure,
weld toe shape, and fatigue life were assessed to investigate their relationships with the pressure conditions
after oscillation. The results indicated that increasing the pressure after oscillation improved the area fraction
of martensite (M) and the hardness of the weld interface center. The weld toe radius (p) and weld toe angle
() also increased regardless of the upset control condition. The increasing of the pressure after oscillation
from 50 MPa to 300 MPa increased p from 0.4 mm to 2.1 mm and the o increased from 92.7° to 103.4° at
the weld center, accompanied by a reduced stress concentration factor (K;) from 3.0 to 1.7. Under the fatigue
test conditions of the stress range of 380 MPa, the fatigue life of the LFW as-welded joints was increased by
approximately 31% when the pressure after oscillation was 250 MPa compared to that of 50 MPa and by
87% when it was 300 MPa compared to that of 250 MPa. Despite the possibility of fracture initiation at the
weld toe at the edge of the LFW joints, the fatigue strength demonstrated a substantially longer fatigue life
than the S-N design curve FAT90 recommended by the International Institute of Welding.
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1. Introduction

Linear friction welding (LFW) is a solid-state process that joins similar or dissimilar materials without
any filler material or external heat sources [1-5]. This involves applying high-frequency oscillations to
workpieces in a linear motion under applied pressure, resulting in heat generation at the interface between
the two parts [6, 7]. The LFW process can be divided into four stages [8—11]: the contact stage (stage 1),
during which the reciprocating and stationary components contact each other under a load; the pressurization
and temperature rising stage (stage 2), during which the stationary component is forced against the
reciprocating component, which shows a reciprocating motion in a linear direction; the deformation stage
(stage 3), during which the weld interface is plasticized and expelled as a flash; and the cooling stage (stage
4), during which the oscillation motion is stopped, and a forge force is applied to produce a consolidated
joint. Moreover, in LFW, the softened material is expelled from the joint interface as a flash, similar to rotary
friction welding [12]. The volume of the flash is controlled by the upset. In the LFW, the total upset includes
part of the oscillation process (stage 3) and the pressurizing process after the oscillation (stage 4). LFW
offers several advantages over other welding techniques. First, LFW is highly energy efficient because only
frictional heat is required to create a joint. Second, it can be applied to objects that are not axially symmetric,
whereas conventional rotary friction welding is suitable only for cylindrical objects [9]. Additionally, LFW
does not require a tool, whereas friction stir welding is limited by tool life expectancy. Therefore, LFW is
considered an appropriate approach for manufacturing aerospace components, such as bladed disks [13—16].
Arc welding of butt joints of steel plates can be more challenging than LFW because full penetration requires
beveling the plates to a V-groove. The intrinsic properties of the arc welding process result in inferior
mechanical properties of the welded joints owing to high welding temperatures and rapid temperature
changes. However, the LFW welding process can be completed within a few seconds without preparing the
V-groove because of the complete contact between the two specimens. As the LFW welding temperature is
lower than the melting point of steel, the inferior mechanical properties caused by the high welding
temperature during fusion welding can be improved. Therefore, if LFW could be used to join steel structures,
it would be safer and more reliable. Some reports exist on LFW steel joints based on simulations and
experiments [8, 17, 18]. Although steel joints can be obtained using LFW, the fatigue properties must be
considered in practical structures because cyclic loading over an extended period can cause cracks and
structural failure [19]. Several studies have been conducted on the fatigue properties of LFW joints [20-25].
However, the research on the LFW fatigue tests mentioned above was carried out by removing the flash,
which excluded the shape factor and reduced the stress concentration.

Several factors affect the fatigue properties of joints, such as the loading conditions [26], HAZ softness
[27], mechanical properties of the material [28], microstructure [29, 30], and weld toe profile [31-33]. Owing
to the stress concentration and HAZ softness, the arc welding area is a critical crack initiation area despite
several techniques that can improve the weld toe radius, such as grinding [34] and tungsten inert gas dressing
[35, 36]. However, removing the flash from large structures such as bridges can be labor-intensive and time-
consuming, especially if joints are difficult to access. By leaving the flash in place or with less treatment,
the welding process can be completed more quickly and at a lower cost. In addition, the LFW pressurization
process after oscillation may change the shape of the weld by applying plastic deformation. Therefore, it is
expected that the stress concentration [37], welding quality [38], and resultant fatigue life can be adjusted
by modifying the flash and weld toe shape [25, 31-33]. Although some reports have separately controlled
the pressures during and after oscillation [13, 39], a systematic analysis of the applied pressure on LFW after
oscillation has not yet been conducted. The relationship between the weld toe shape, fatigue strength,
microstructure, and applied pressure after oscillation remains unclear. Therefore, the purpose of this study



was to systematically investigate the hardness distribution, microstructure, fracture characteristics, and weld
toe shape of LFW joints by increasing the pressure after oscillation.
2. Experimental procedures

Low-carbon SM490A was used in this study because it is a readily available steel grade. Additionally,
SMA490A is typically used for welded structures such as bridge architecture and other engineering structures.
This steel plate’s fatigue properties are important in understanding the application of LFW to structures.
Table 1 lists the chemical composition of the test steel. The base metal (BM) microstructure consisted of
ferrite (F) and pearlite (P), as shown in Fig. 1. Two workpieces with dimensions of 54 mm x 40 mm X 9 mm
were joined using LFW in the configuration of the butt joints. Before welding, a 40 mm x 9 mm surface was
used as the joining surface, and the black oxidation layer was removed using a milling machine.

Fig. 2 shows the LFW equipment and a schematic illustration of the specimen in both the oscillation
and forging directions. The loading direction (LD), oscillation direction (OD), and normal direction (ND) of
the specimens during joining are shown in Fig. 2. Table 2 lists the welding conditions used in this study.
LFW was conducted at a constant amplitude of +£1.5 mm and a frequency of 50 Hz. A pressure of 50 MPa
was applied during the oscillation to achieve a higher temperature [8]. Increasing the temperature of the
bonding interface is believed to raise the temperature of the surrounding region and clarify the behavior of
the plastic deformation zone when pressure is applied after oscillation. In contrast, pressures were maintained
or adjusted to 50, 250, and 300 MPa, respectively, for a holding time of 10 s. The joints obtained under each
welding condition are hereafter referred to as the 50—50MPa, 50—250MPa, and 50—300MPa joints. The
welding processes were carried out using upset control, which involved controlling the displacement after
contact with the samples. In this study, a constant final upset condition was used to adjust the deformation
length between the two specimens to investigate the effect of the pressure after oscillation on the weld toe
shape. The upsets in the oscillation process were changed and adjusted, including 3.4 mm for the 50—50MPa,
2.5 mm for 50—250MPa, and 2.0 mm for the 50—300MPa joints, respectively. The final upset value was
maintained at 3.4 mm with a variation from —0.15 mm to 0 mm. This variation is because of the slight
deviation in the upset caused by the post-oscillation pressurization, which is difficult to avoid compared to
the upset caused by oscillation. Additionally, to check whether the upset value of the oscillation affected the
weld toe shape, the weld toe shape was investigated again for the joints fabricated under the condition of a
constant oscillation upset of 2.0 mm.

Cross-sectional specimens were prepared using an electric discharge machine (EDM) and cut from the
obtained joint, as illustrated in Fig. 3(a), where the observation position was close to the center area in the
ND. The specimens underwent mechanical polishing using abrasive papers of 240 grit to 4000 grit, followed
by 3 um and 1 um diamond paste finish. The specimen was chemically etched in a 1.5% nital solution for
8 s at room temperature, and its microstructure was observed using a scanning electron microscope (SEM).
In addition, a Vickers hardness test was performed on the cross-section specimen using a load of 0.98 N at
200 um intervals along the forging directions (see Fig. 3(a)) for a dwell time of 15 s.

Fatigue tests were conducted on nine specimens, consisting of six LFW as-welded butt joints and three
BM specimens. Fig. 3(b) shows the geometric shapes of the BM specimens used in the fatigue tests. Polished
BM specimens were used in this study to determine the fatigue properties of the BM without the effect of
stress concentration. The size of the BM fatigue test specimens used in this study was similar to the length,
width, and thickness of the LFW as-welded joints. An arc shape was cut by EDM in the center to avoid
fracture at the clamping area with stress concentration in the fatigue test and to achieve fracture near the
center of the BM specimen, thus eliminating the effect of the shape factor. Three BM specimens were
polished with a 2000 grit abrasive paper before the tests. These fatigue tests were carried out at the final



upset of the 3.4 mm condition because this condition could ensure a consistent joint length and eliminate the
effect of weld length on fatigue strength. A hydraulic fatigue testing machine was used with a loading
frequency of 7 Hz and a stress ratio of R = 0.05. The fatigue test was defined as running out when the number
of loading cycles exceeded 2x10°. Finally, the fractured surfaces of the LFW joints were observed using a
wide-area 3D measurement microscope. Moreover, to evaluate the weld toe shape quantitatively, the weld
geometry and profiles of LFW joints were measured to assess the weld toe radius (p) and the weld toe angle
(@) using the macroscope, as shown in Fig. 4(a). The p was obtained by measuring the distance between the
tangent line of the curved surface and the center of the circle. The o was obtained as the angle between the
tangent lines of the curved surface. Based on the p and a, the K; values were calculated and evaluated. The
flash and weld toe profiles of the LFW joints were measured at three positions, namely one at the center of
the specimen width and two on the sides, which were approximately 17 mm away from the center, as shown
in Fig. 4(b).

Table 1 Chemical composition of low carbon steel (wt.%).
Material C Si Mn P S Nb v
SM490 A 0.100 0.290 1.320 0.010 0.002 0.012 0.003

Table 2 LFW conditions of this study.

Parameter Conditions
Applied pressure during oscillation (MPa) 50
Pressure after oscillation (MPa) 50, 250, 300

Ramp time after oscillation (s) 0.01
Pressurizing time after oscillation (s) 10
Amplitude (mm) +1.5

Frequency (Hz) 50

Constant final upset (mm) 34

Upset control

Constant oscillation upset (mm) 2.0

Fig. 1. SEM micrograph of the BM.
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Fig. 4. (a) Definition of weld toe radius and weld toe angle, the horizontal line is parallel line of
measurement; (b) Measurement locations for the weld toe shape.



3. Results
3.1. Microhardness distribution and microstructure characteristics

Fig. 5(a) shows a photograph of the 50—50MPa joint under the constant final upset condition, which
serves as an example of a LFW joint. Flash discharges were observed in both the oscillation and forging
directions at the joints. However, despite this, no cracks were observed in the joint, and it was considered to
be sound. As shown schematically in Fig. 3(a), a specimen was obtained from the joint for microstructural
observation and hardness testing.

Fig. 5(b) shows the hardness distributions of the 50—50MPa, 50—250MPa, and 50—300MPa joints
along the forging direction. There was no significant difference in hardness between the oscillation and
forging sides. The BM had a hardness of approximately 184 HV. A hardness peak was observed at the center
of the joint under all pressure conditions. As the pressure after the oscillation increased from 50 to 250 MPa,
the peak hardness value rose from 302 to 446 HV. The peak hardness value increased from 446 to 478 HV
as the pressure after the oscillation increased from 250 to 300 MPa. Furthermore, no distinct softened regions
were identified compared to the BM. This suggests that the LFW joints exhibit improved mechanical
properties.

Fig. 6 depicts SEM micrographs of the welding interfaces of the 50—50MPa, 50—250MPa, and
50—300MPa joints at both the edge and center areas. The microstructure of BM is shown in Fig. 1.
Fig. 6(a)—(c) show the microstructures in the middle of the weld interface. In the 50—50MPa joint, a
microstructure consisting of F, bainite (B), and M was observed, as shown in Fig. 6(a). As the pressure after
the oscillation increased from 50 to 250 MPa, a more significant area fraction of M was confirmed for the
50—250MPa joint, as shown in Fig. 6(b). Furthermore, for the 50—300MPa joint in Fig. 6(c), most of the
microstructure consisted of laths M. This microstructure formation is related to the increase in hardness, as
shown in Fig. 5(b). Fig. 6(d)—(f) show the microstructures at the edge of the weld interface under various
pressures after oscillation. The F, B, and M microstructures were confirmed for the 50—50MPa joint, as
shown in Fig. 6(d). Additionally, a significant area fraction of M was confirmed for the 50—250MPa joint,
as shown in Fig. 6(e), compared to Fig. 6(d). Furthermore, a larger area of M formation was observed
compared to the middle, suggesting the possibility that the cooling rate was faster at the edges than in the
middle area [40].
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Fig. 6. SEM microstructures of middle and edges of the welding interface from the cross-section specimens
under various pressures after oscillation: (a) 50—50MPa joint of center; (b) 50—250MPa joint of center; (c)
50—300MPa joint of center; (d) 50—50MPa joint of edge; (¢) 50—250MPa joint of edge; (c) 50—300MPa
joint of edge; F = ferrite, B = bainite and M = martensite.



3.2. Fatigue strength

A fatigue test was performed on the LFW joints fabricated under a constant final upset after
pressurization. Fig. 7 shows the relationship between fatigue fracture life Nrand the nominal stress range Ao
of the six LFW joints and three BM specimens. Furthermore, for comparison with the fatigue life of the LFW
joints, the FAT90 design curve proposed by IIW [41] is plotted using a black diagonal line.

Because of the fatigue test, all LFW joints ruptured near the weld toe area, indicating that the welding
conditions in this study achieved strong bonds at the weld interfaces. Importantly, the fatigue life of all the
as-welded LFW joints greatly exceeded the FAT90 design curve, indicating that the LFW conditions in this
study had sufficient fatigue strength, even when using as-welded joints with flash discontinuity. Under
fatigue test conditions in the stress range of 380 MPa (maximum stress of 400 MPa), the fatigue life
increased by approximately 31% when the pressure condition changed from 50—50MPa to 50—250MPa
joints, The fatigue life improved by 87% when the pressure condition changed from 50—250MPa to
50—300MPa joints. In the conditions of the stress range of 332.5 MPa (maximum stress of 350 MPa). The
fatigue life improved by 47% and 50% when the pressure condition changed from 50—50MPa to
50—250MPa and 50—300MPa joints, respectively. The fatigue life of the BM specimens were longer than
those of the LFW joints.
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Fig. 7. The fatigue strength of LFW joints under various pressure conditions.

3.3. Fractography characteristics

In the fatigue test, all LFW joints fractured at the weld toe area. Fig. 8 shows a fractograph of the LFW
joint under the pressure condition of 50—50MPa. This fatigue test, conducted in the stress range of 380 MPa,
is a representative example of the joint’s appearance after fatigue testing. The LFW joints in this study were
characterized by weld toe fractures, as indicated by the red arrow in Fig. 8. The strength of the welding
interface was high and the sharp shape of the weld toe was prone to stress concentration compared to the
welding interface. The current analysis was performed on a macroscopic scale, and it was proposed that the
geometry of the weld toe affected the location of the fracture. However, past literature has suggested that the
fracture could be ascribed to local concentrated dislocation movement at the weld toe, possibly presented as



stress or strain concentration [42]. In this study, the changes in the dislocations and microstructure at the
weld toe were not investigated. Therefore, future studies should investigate the effects of these factors.

Fig. 9(a) shows a macro image of the fracture surface and the height distribution map of the fracture
surface from the 50—50MPa joint under the fatigue condition of a stress range of 380 MPa. The fracture
surface exhibited an evident height difference, characterized by crack propagation and ductile fracture
regions with a fibrous pattern. The red dotted rectangle in Fig. 9(a) illustrates a possible area of fatigue crack
initiation, exhibiting a quarter-circle characteristic of crack development near the weld edge. In Fig. 9(b),
the SEM morphology of the crack propagation area in the quarter-circle region, as indicated by the red dotted
line, shows typical striation associated with fatigue fractures. Fig. 9(c) reveals the fracture surface with large
and deep dimples, a result of favorable ductility.

Fig. 10(a) shows a macro image of the fracture surface and the height distribution map of the fracture
surface from the 50—300MPa joint under the fatigue condition at the stress range of 380 MPa. This fracture
surface exhibited a significant height difference, characterized by crack propagation and a ductile fracture
region with a fibrous pattern. Fig. 10(b) shows the SEM morphology of the crack propagation area indicated
by the red dotted line, which indicates a typical striation characteristic of a fatigue fracture. Fig. 10(c) shows
the joint center area and fatigue fracture surface, both showing the striation characteristics observed in the
50—300MPa joint. Therefore, the findings suggest that cracks propagate from the sides of the LFW joints,
and the geometry of the weld toe is expected to be of importance.

oD

LD

ND

o

oe fracture

Weld t

Fig. 8. Fractography characteristic of a weld toe fracture.



Fig. 9. Fractured surface morphology of 50—50MPa joint after fatigue test: (a) Fracture surfaces and height
distribution of joint; (b)-(c) SEM observation of fracture surface (Ao = 380 MPa, Ny= 52,084, Red dotted
line illustrated the fatigue fracture surface with striation).
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Fig. 10. Fractured surface morphology of 50—300MPa joint after fatigue test: (a) Fracture surfaces and
height distribution of joint; (b)-(c) SEM observation of fracture surface (Ao = 380 MPa, Ny= 127,202, Red
dotted line illustrated the fatigue fracture surface with striation).
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4. Discussion
4.1. Reason for improved fatigue properties

Because the fracture position occurred at the weld toe, it was hypothesized that the change in the weld
toe shape affected the fatigue properties. The weld toe profiles of the LFW joints were measured for joints
welded under a constant final upset condition. The profile results for the 50—50MPa, 50—250MPa, and
50—300MPa joints are shown in Fig. 11(a)—(c), respectively. LFW flash typically exhibits a mountain-like
shape, with the flash height and width near the edge of the joint being smaller than those near the center.
Comparing the profiles of the 50—50MPa, 50—250MPa, and 50—300MPa joints, the height of the weld
toe increased as the pressure increased. The maximum weld toe height increased from approximately 0 mm
to 0.43 mm and 0.81 mm at the center of the specimen when the pressure was increased from 50 to 250 and
300 MPa, respectively. Next, the relationship between p and a obtained using the results of this profile
measurement and the applied pressure are discussed.

Fig. 12(a) shows changes in p values plotted against the applied pressure after oscillation. The p value
increased with the applied pressure after the oscillation, regardless of the measurement position. Specifically,
the p value increased from 0.39 mm to 0.93 mm when the pressure after oscillation increased from 50 to
250 MPa. At the center, the p value reached a maximum value of 2.07 mm when the applied pressure after
oscillation was 300 MPa. Fig. 12(b) shows the « values plotted against the applied pressure after oscillation).
The « value increased with increasing applied pressure after oscillation at each measurement point. For
instance, a increased from 92.7° to 96.3° when the pressure after oscillation increased from 50 MPa to
250 MPa. Then, o showed a maximum value of 103.4° at the weld center with an applied pressure after
oscillation of 300 MPa. The reason for the increase in a and p at the weld toe owing to higher pressure can
be explained as follows: In LFW, the flow stress decreased as the welding temperature increased. Therefore,
some of the welded specimens that could no longer withstand the applied pressure were deformed and
discharged as flash. However, by increasing the pressure immediately after oscillation, the portion that was
not deformed at a low applied pressure was deformed. This suggests that the values of @ and p increased as
the area of deformation expanded with higher applied pressure.

The size and shape of the weld toe can significantly affect the stress concentration and, hence, the
fatigue strength of the welded joint. In particular, a small radius or sharp angle at the weld toe, i.e., small «
and p values, can result in a high stress concentration factor (SCF), which can lead to lower fatigue strength.
The K; values were calculated using the formula for butt-welded joints loaded under tension proposed by
Kiyak et al. [43]. K, was calculated using the results from the center and both ends of the specimen at a total
of three locations. Fig. 13 shows the K; values of the center and edges plotted against the applied pressure
after oscillation. The K, value decreased from 3.0 to 2.2 at the weld center when the pressure after oscillation
increased from 50 MPa to 250 MPa. Then the K; value decreased from 2.2 to 1.7 when the pressure after
oscillation was increased from 250 to 300 MPa. The center of the specimen has a lower K, value compared
to each edge side of the specimen owing to the larger values of a and p in the center (see Fig. 12(a) and (b)).
Therefore, it can be inferred that the fatigue properties of LFW joints can be improved by increasing the
applied pressure after oscillation, smoothing the weld toe shape, and decreasing the stress concentration.
However, the microstructural distribution of the weld toe and the residual stress distribution may affect the
fatigue strength. Therefore, these factors should be investigated in future studies.

Fig. 14 shows a schematic of the weld toe shape change between constant pressure in the normal case
and high pressure after the oscillation. In the oscillation stage, a low pressure with oscillation could achieve
a high temperature at the welding interface for both the constant- and high-pressure cases. The weld toe
shapes were almost the same before and after the forging pressure was applied in the constant pressure case.
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However, in this study, high pressure was immediately applied to the welding interface at high temperatures
after the oscillation. Therefore, a deformation area was induced between the BM and welding interface
compared to the constant-pressure case. This deformation made the « and p increase significantly. As a result,
this improved modification of the weld toe decreased the SCF and stress on the weld toe, thereby improving
the fatigue strength.
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4.2. Effect of upset control conditions on the weld toe shape

It was confirmed that increasing the applied pressure could increase the p and a at the weld toe,
potentially leading to improved fatigue properties because of maintaining the SCF at a low value. In the
joints where the fatigue properties were investigated, the final upset was maintained constant. However,
changes in the upset during oscillation were ignored. Therefore, the investigation focused on the variation in
upset during oscillation concerning the shape of the weld toe of LFW.

The profile results of the 50—50MPa, 50—250MPa, and 50—300MPa joints are presented in
Fig. 15(a)—(c) under the constant-oscillation upset condition. The maximum height of weld toes increased
from approximately 0.08 mm to 0.41 mm when the pressure after oscillation changed from 50 to 250 MPa.
At the maximum pressure of 300 MPa, the maximum height of the weld toe was 0.72 mm at the center.
Fig. 16(a) shows a graph plotting p against pressure after oscillation. Higher pressure after oscillation led
to a higher p value at every measurement position of the joints. The p values increased from 0.31 mm to
0.90 mm when the pressure after oscillation increased from 50 to 250 MPa. The p values increased from
0.90 mm to 2.07 mm at the center of the specimen when the pressure after oscillation increased from
250 MPa to 300 MPa. Furthermore, the p showed a larger value at the weld center compared to the weld
edges. Fig. 16(b) shows a plot of a against pressure after the oscillation. The a values increased in both the
center and edge regions with increasing pressure after oscillation. At the weld center, o increased from 92.7°
to 95.9° when the pressure after oscillation increased from 50 to 250 MPa. The a values of the center
increased from 95.9° to 103.4° when the pressure after oscillation increased from 250 MPa to 300 MPa.
Furthermore, the a values of the center were initially smaller than those of the edges at 50 and 250 MPa.
However, when the pressure after oscillation increased to 300 MPa, the o of the center increased significantly.

Fig. 17 shows the changes in K, values under the constant-oscillation upset condition as a function of
the applied pressure. Additionally, the figure includes a white plot representing the K;values when the final
upset is maintained constant. The K, value decreased from 3.4 to 2.2 at the weld center when the pressure
after oscillation increased from 50 MPa to 250 MPa. At an applied pressure of 300 MPa after oscillation, the
K; value reached its smallest value of 1.7. The center of the specimen exhibited a lower K, value compared
to each edge side, primarily attributed to the larger values of a and p in the center (see Fig. 15(a) and (b)).
The value of K; was slightly smaller when the upset during oscillation was constant compared to when the
final upset was constant at 50 MPa after oscillation. However, no significant difference was confirmed for
all the pressure conditions. Considering that the values of o and p were nearly the same when compared, it
can be inferred that the value of the upset during oscillation and the total amount of upset had little effect on
the shape of the weld toe. Instead, it is believed that the pressure applied after the oscillation had a significant
effect on the shape of the weld toe. The greater the pressure after oscillation, the greater the amount of plastic
deformation (= value of final upset — the value of upset during oscillation) when the pressure is applied.
Consequently, it is presumed that higher pressure leads to more material being ejected outward. Therefore,
when using LFW for joining, one of the most effective methods to improve the fatigue properties is to
increase the pressure after oscillation to alter the shape of the weld toe.

15



6
(a) Center —50—50MPa
S -
—50—250MPa
E‘ 3 | F|3.Sh —50—300MPa
=2
[«5)
I 2 -
Weld toe
1 4 /
0 T r
0.0 1.0 2.0 3.0
Distance from weld interface, mm
6
(b) Sidel —50—50MPa
5 -
—50—250MPa
€ 4 1
g —50—300MPa
£ 3 1
=2
T 24
1 -
0 T T —
0.0 1.0 2.0 3.0
Distance from weld interface, mm
6 -
(c) Side2 —50—50MPa
5 .
—~50—250MPa
- —50—300MPa
T 3 1
=
T2 -
1 -
0 T T
0.0 1.0 2.0 3.0

Distance from weld interface, mm

Fig. 15. Geometry profiles of welds under various pressure conditions after oscillation at a constant upset
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Fig. 17. The relation between pressures after oscillation and stress concentration factor under the upset
control methods of constant upset during oscillation (The white plotted marks are results of constant final

upset condition for comparison).

5. Conclusions

In this study, a butt configuration of 9 mm thick low carbon steel SM490A was successfully joined
using LFW at different pressures after oscillation. The investigation focused on hardness, microstructure,
weld toe profile, fatigue properties, and fracture behavior. The following conclusions were drawn:

(1) Increasing the pressure after oscillation from 50 MPa to 250 MPa and 300 MPa resulted in a more
significant M fraction and a higher hardness value at the weld interface. However, no noticeable
HAZ softening was observed for any of the LFW joints.

(2) The fatigue life of the LFW as-welded joints significantly improved from approximately 31% to
87% under the stress range of 380 MPa when the pressure after oscillation was increased from
50 MPa to 250 MPa and 300 MPa, respectively. All the joints demonstrated higher fatigue strength
compared to the FAT90 design curve proposed by the ITW.

(3) All the LFW as-welded joints in this study displayed weld toe fractures. The fracture surface
exhibited an evident height difference, characterized by crack propagation and ductile fracture
regions with a fibrous pattern. Notably, a possible fatigue crack initiation area was identified on the
weld edge, which could experience high stress levels owing to a higher stress concentration.

(4) The enhancement in fatigue strength of the LFW as-welded joints can be primarily attributed to the
low K; caused by the smoothing of the weld toe. The larger p and a values caused by the larger
pressure after the oscillation led to a smaller K, value, consequently lowering the stress level on the
weld toe during the fatigue test.

(5) The larger p, @, and smaller K; values were obtained by increasing the pressure after oscillation
from 50 MPa to 250 MPa and 300 MPa, independent of the upset controlling conditions. Therefore,
the primary reason for the change in the weld shape can be attributed to the pressure value after

oscillation.

Caption list

Table 1 Chemical composition of low carbon steel (wt.%).

Table 2 LFW conditions of this study.

Fig. 1. SEM micrograph of the BM.

Fig. 2. Appearance of the equipment for the LFW and schematic illustration of the specimen.

Fig. 3. Schematic illustrations: (a) Sampling of microstructure observation and hardness test; (b) Fatigue

specimens for the BM.
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Fig. 4. (a) Definition of weld toe radius and weld toe angle, the horizontal line is parallel line of measurement;
(b) Measurement locations for the weld toe shape.

Fig. 5. (a) Appearance of 50—50MPa joint; (b) Hardness distribution of the LFW joints fabricated under
various pressures after oscillation.

Fig. 6. SEM microstructures of middle and edges of the welding interface from the cross-section specimens
under various pressures after oscillation: (a) 50—50MPa joint of center; (b) 50—250MPa joint of center; (c)
50—300MPa joint of center; (d) 50—50MPa joint of edge; (¢) 50—250MPa joint of edge; (c) 50—300MPa
joint of edge; F = ferrite, B = bainite and M = martensite.

Fig. 7. The fatigue strength of LFW joints under various pressure conditions.

Fig. 8. Fractography characteristic of a weld toe fracture.

Fig. 9. Fractured surface morphology of 50—50MPa joint after fatigue test: (a) Fracture surfaces and height
distribution of joint; (b)-(c) SEM observation of fracture surface (Ac = 380 MPa, Ny= 52,084, Red dotted
line illustrated the fatigue fracture surface with striation).

Fig. 10. Fractured surface morphology of 50—300MPa joint after fatigue test: (a) Fracture surfaces and
height distribution of joint; (b)-(c) SEM observation of fracture surface (Ac = 380 MPa, Ny= 127,202, Red
dotted line illustrated the fatigue fracture surface with striation).

Fig. 11. Geometry profiles of welds under various pressure conditions after oscillation at a constant final
upset after pressurizing (a) Center; (b) Sidel; (c) Side2.

Fig. 12. Geometry characteristics for various pressures after oscillation under a constant final upset
controlling method: (a) Weld toe radius; (b) Weld toe angle.

Fig. 13. The relation between pressures after oscillation and stress concentration factor under the upset
control method of constant final upset after pressurizing.

Fig. 14. Schematic of weld toe shape change between constant pressure in the normal case and high pressure
after oscillation of this research.

Fig. 15. Geometry profiles of welds under various pressure conditions after oscillation at a constant upset
during oscillation (a) Center; (b) Sidel; (c) Side2.

Fig. 16. Geometry characteristics for various pressures after oscillation at a constant upset during oscillation:
(a) Weld toe radius; (b) Weld toe angle.

Fig. 17. The relation between pressures after oscillation and stress concentration factor under the upset
control methods of constant upset during oscillation (The white plotted marks are results of constant final
upset condition for comparison).
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