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ARTICLE INFO ABSTRACT

Keywords: This study investigates the effect of soft metal insertion on the fatigue performance of fillet weld roots under
Steel bending-shear coupled loading. Previous research demonstrated that bonding-assisted welding improves fatigue
Fillet weld root strength, but issues such as epoxy combustion limited its application. To address this, zinc sheets were inserted
zz;ig;;al insertion between steel plates to establish zinc-steel bonding. Fatigue tests and numerical analyses were conducted on
Bending-shear coupling specimens with and without zinc insertion. Results indicate that zinc insertion significantly reduces fatigue stress
at the weld root, extending fatigue life by approximately 70 % in some cases. However, the instability of zinc-
steel bonding led to variations in fatigue strength among specimens. Finite element analysis using the effec-
tive notch stress (ENS) and equivalent displacement (ED) methods confirmed that zinc insertion reduces weld
root stress and deformation by nearly 90 %. Both methods demonstrated similar accuracy in evaluating fatigue
strength, but the ED method showed better alignment with the experimental results. This study demonstrates
that zinc insertion effectively enhances the fatigue strength of fillet weld roots, providing a promising approach

for improving welded joint durability.

1. Introduction

Steel is extensively utilized in engineering disciplines—including
civil, mechanical, and structural engineering—due to its high tensile
strength, ductility, and durability, which enable it to withstand large
loads and deformations without failure [1,2]. Its relatively low pro-
duction cost and high recyclability also contribute to its economic and
environmental advantages [3,4]. In complex engineering structures
such as bridges, buildings, and offshore platforms, steel plates are
typically joined to form load-bearing frameworks using methods such as
welding, riveting, or bolting, each selected based on performance re-
quirements, accessibility, and anticipated loading conditions [5-8].
Among these, welding is widely adopted in civil and mechanical engi-
neering due to its rapid construction, minimal weight addition, and
aesthetically pleasing finish [9]. However, in civil engineering appli-
cations, steel plates are often thick, making non-penetration welded
joints unavoidable [10,11]. Under the complex loading conditions of
actual engineering applications, these non-penetration welded joints are
often subjected to various types of cyclic loads, including Mode I
(opening or tension), Mode II (in-plane shear), Mode III (out-of-plane
shear), and their combinations [12,13]. The complex load conditions
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hinder the accurate fatigue assessment of such structural details.
Furthermore, the structural characteristics of weld roots in these joints
result in high stress concentrations, exacerbating the risk of fatigue
failure. Studies indicate that such stress concentrations significantly
shorten the lifespan of welded structures, necessitating frequent in-
spections and maintenance [14]. Moreover, fatigue cracks originating at
the weld root are difficult to detect due to their internal location within
the structure [11]. Addressing these challenges is critical for ensuring
the structural integrity and longevity of welded steel components.
Numerous studies have explored solutions to weld root fatigue.
Ahola et al. conducted experimental and numerical investigations on the
fatigue strength of non-load-carrying transverse attachment joints with
single-sided fillet welds, identifying the weld root as the critical fatigue
failure mechanism. They examined fatigue life improvement techniques,
such as curved plate edge shapes and varying weld penetration, which
enhanced fatigue strength by up to 25 % in high-strength steel [15].
Raftar et al. evaluated various methods for assessing weld root fatigue
strength in load-carrying fillet welds, including the nominal stress
method, the effective notch stress (ENS) method, and the theory of
critical distance. They also introduced the 4R method, an ENS-based
approach incorporating the Smith-Watson-Topper mean stress
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correction, and compared its accuracy to other assessment techniques
[14]. Zhao et al. proposed a traction stress-based failure criterion to
distinguish between weld toe and weld root failure in load-carrying
cruciform fillet welds, addressing the challenge of predicting weld
root failure [16].

In addition to the above explorations, studies have shown that
bonding-assisted welded joints exhibit superior mechanical properties
[17,18]. The authors previously attempted to enhance weld root fatigue
life by inserting epoxy resin and heat-resistant rubber between steel
plates. The bonding effect of epoxy on steel plates was utilized to reduce
the cyclic tensile stress at the weld root, thereby improving fatigue life.
However, during fabrication, it was observed that epoxy tended to burn
during welding, compromising the welding quality. Even with the
insertion of heat-resistant rubber, welding defects at the weld root could
not be eliminated [19-21]. Consequently, this study investigates the use
of soft metal insertion as an alternative bonding method. Soft metals
such as zinc, aluminum, and copper offer superior high-temperature
resistance and durability compared to epoxy [21,22]. Their use as a
bonding material to assist welding can ensure better welding quality and
provide a more durable bonding effect.

Previous studies have reported that fillet welds between bottom
flanges and sole plates in steel bridge supports are susceptible to various
types of fatigue cracks [23,24]. Among these, cracks initiating at the
weld root have received relatively little attention due to the difficulty of
detection, as illustrated in Fig. 1. These welds are typically subjected to
bending-shear coupling. One of the challenges in evaluating the fatigue
strength of such fillet welds is the difficulty in calculating nominal stress
at the weld root, as these structural details are not covered in the [IW
recommendations [25]. Therefore, this study focuses on the fillet welds
around bridge supports, designing and conducting a series of experi-
ments and numerical analyses to investigate the feasibility of bonding-
assisted welding technology through soft metal insertion and its effec-
tiveness in improving the fatigue performance of the weld root.

2. Experiments
2.1. Specimens

The specimens were designed based on actual bridge supports
(Fig. 1), with dimensions scaled proportionally. Each specimen con-
sisted of a 300 mm-long, 9 mm-thick flange plate and a 120 mm-long, 22
mm-thick sole plate joined by fillet welding (Fig. 2). The specimens were
40 mm wide. The length of the fillet weld leg was 4 mm. The specimens
were divided into two categories, welding only (W) and zinc insertion
(Z). In W specimens, the flange and bottom plates were joined solely by
fillet welding, whereas in Z specimens, a 0.5 mm-thick zinc sheet was
inserted between the steel plates to provide bonding. Additionally, W
specimens were further divided into WO (no gap) and W0.5 (0.5 mm
gap) according to whether there was a gap between the flange plate and
the bottom plate. The Z specimens were divided into Z0 (no distance), Z5
(5 mm distance) and Z10 (10 mm distance) according to the distance
between the zinc sheet and the fillet weld root.

Sole plate

Bearing
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2.2. Fabrication

As shown in Fig. 3 (a), all specimens were initially fabricated from
200 mm-wide steel plates, which were surface-blasted before welding.
For WO specimens, the flange and sole plates were directly welded after
surface treatment. For W0.5 specimens, a 0.5 mm-thick steel sheet was
inserted between the flange plates and sole plates before welding. After
welding, the steel sheet was removed to artificially create a 0.5 mm gap
between the two steel plates. For Z specimens, a 0.5 mm-thick zinc sheet
was inserted between the flange plates and sole plates before welding,
and the zinc sheet was retained after welding (Fig. 3 (b)). The welding
conditions were 130 A current, 18 V voltage, and 5.0 mm/s welding
speed. During the welding process, the Z0 specimen had an insufficient
distance between the zinc sheet and the weld root. The welding heat
caused the zinc to vaporize, which negatively impacted the welding
quality and posed a safety risk. The details of this issue will be discussed
in Section 3.1. As a result, the Z0 specimen was excluded from subse-
quent tests. The remaining specimens underwent heat treatment in a
high-temperature furnace, where they were heated to 500 °C over 8 h,
held at 500 °C for an additional 8 h, and then slowly cooled to room
temperature in the furnace (Fig. 3 (c)). The heat treatment aimed to melt
the zinc sheet, of which the melting temperature was around 420 °C,
allowing it to better fill the gap between the steel plates and enhance the
zinc-steel bond. According to previous studies, steel exhibits significant
creep only above 550 °C, and metallurgical changes typically require
even higher temperatures [26-28]. Therefore, it can be considered that
this heat treatment did not affect the steel properties in the specimens.
After heat treatment, all specimens were cut to a final width of 40 mm
for subsequent fatigue testing (Fig. 3 (d)). Previous studies have pointed
out that residual stress is partially released during cutting. Specifically,
the longitudinal residual stress of the entire specimen and transverse
residual stress on the cut surface are almost fully released, while a low
level of transverse residual stress remains internally [29]. Considering
that the residual stress at the fatigue crack observation surface is nearly
eliminated, and the internal residual stress is similarly low across all
specimens, its limited influence was neglected in the subsequent
analysis.

2.3. Materials

To investigate the fatigue performance of fillet welds near bridge
supports, a commonly used structural steel in Japan, SM400A [30], was
selected for the specimens. The specimens consisted of two steel plate
thicknesses: 9 mm and 22 mm. The welding wire used was G49A0C12 in
JIS Z 3312, classified as a 490 N/mm? welding material [31]. The
composition ratios and mechanical properties of these steels are pro-
vided in Table 1 and Table 2, respectively. To explore the feasibility of
bonding-assisted welding through soft metal in preventing root fatigue
cracks and increasing fatigue life, zinc was chosen as the insert material
due to its low cost and good corrosion resistance compared to other soft
metals. Moreover, zinc has a relatively low melting point (approxi-
mately 420 °C), which minimizes thermal effects on the steel plates
during heating. The zinc sheets inserted between the steel plates were
made of pure zinc, and their mechanical properties are also shown in
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Fig. 1. Weld root fatigue problem of steel bridge supports.
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Fig. 3. Fabrication process of the specimens.

Table 2.

The zinc-steel bonding strength was tested by the specimen shown in
Fig. 4. The specimen consisted of two steel blocks sandwiching a 0.5
mm-thick zinc sheet and had dimensions of 40 mm x 40 mm x 44.5 mm.
It was heated for the same duration as the fatigue specimen to establish
the zinc-steel bond. The bonding strength was then tested through an

axial tensile test (Fig. 5). A total of five specimens were tested, yielding
an average strength of 0.92 N/mm?2.

2.4. Test setup and measurements

As shown in Fig. 6, a four-point bending loading mode was chosen to
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Table 1
Composition ratios of steels.

Category Composition ratios [mass %]

C Si Mn P S
SM400A (9 mm) 0.08 0.25 0.82 0.018 0.003
SM400A (22 mm) 0.07 0.20 0.84 0.016 0.007
G49A0C12 0.09 0.44 0.94 0.012 0.012

Note: The data for G49A0C12 are nominal values.

Table 2
Mechanical properties of metals.
Category Elastic Yield Tensile Elongation
modulus [N/ strength [N/ strength [N/ [%]
mm?] mm?] mm?]
SM400A (9 2.06 x 10° 293 447 31
mm)
SMA00A (22 46 10 285 439 34
mm)
G49A0C12 2.06 x 10° 460 540 -
Zinc sheet 1.18 x 10° - 118 -

Note: The data for G49A0C12 and the zinc sheet are nominal values. All elastic
moduli are nominal values.

simulate the bending-shear coupled loading of fillet welds between the
bottom flange and sole plate of bridge supports during the fatigue tests.
The tests were carried out using a servo-hydraulic fatigue test machine
with a cyclic load ratio (minimum load / maximum load) of 0.1 and a
frequency of 5 Hz. After excluding all ZO specimens and other specimens
with poor welding quality, a total of 25 specimens were tested, con-
sisting of three WO specimens, eight W0.5 specimens, six Z5 specimens,
and eight Z10 specimens. During the fatigue tests, the generation and
development of fatigue cracks at the weld root were monitored using
fluorescent magnetic particle inspection, as shown in Fig. 7. The fatigue
life was defined as the number of load cycles until a fatigue crack longer
than 0.2 mm developed at the weld root. If no fatigue failure was
observed after two million cycles, the test was terminated.

3. Experimental results
3.1. Welding quality

Previous studies on epoxy resin bonding-assisted welding technology
reported problems with unstable weld quality and defects, such as
incomplete root penetration and incomplete epoxy filling [21,32]. These
problems arise primarily from the difficulty in precisely controlling the
volume of epoxy applied. In contrast, these defects did not occur in soft
metal bonding-assisted welding using zinc, due to the better controlla-
bility of the insertion volume. However, due to the proximity of the zinc
sheet to the weld bead, welding failures were common in the Z0 speci-
mens, while the Z5 and Z10 specimens exhibited good welding quality.
Fig. 8 presents macrographs of the welds in W0.5, Z0, Z5, and Z10
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b
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specimens. The physical properties of zinc, including its lower specific
heat capacity and higher thermal conductivity compared to steel, as well
as its significantly lower boiling point than steel’s melting point, led to
zinc vaporization when placed too close to the weld. As a result,
excessive heat input during welding caused spattering in Z0 specimens,
compromising weld quality and posing safety risks. In contrast, the Z5
and Z10 specimens maintained a safe distance from the weld, preventing

Fig. 5. Axial tensile test setup.

240 .
I )

N 4
P: Cyclic loads

P2 P2

Fig. 6. Fatigue test setup (unit: mm).

Fig. 7. Root fatigue crack.

70

Steel block
Zmc sheet (0.5 mm thick)
Steel block

Bonding specimen

Fig. 4. Details of the zinc-steel bonding specimen (unit: mm).
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(c)Z5

(d) Z10

Fig. 8. Macrographs around the welds.

zinc vaporization and achieving welding quality comparable to that of
WO.5 specimens. These findings suggest that when applying soft metal
bonding-assisted welding, key material properties such as melting point,
boiling point, specific heat capacity, and thermal conductivity should be
carefully considered to avoid welding defects and hazards. Maintaining
a sufficient safety distance between the soft metal insert and the weld is
recommended to ensure optimal welding quality.

3.2. Fatigue life

The nominal stress at the root of fillet welds subjected to bend-
ing-shear coupling, such as those near bridge supports, is difficult to
calculate accurately. Previous study has attempted to evaluate weld root
fatigue strength using nominal stress at weld roots but achieved limited
accuracy [21]. Therefore, this study adopts an alternative approach by
analyzing the S—N relationship using the nominal stress at the bottom
flange (Fig. 9), which is easier for calculation. Excluding those exceeding
two million cycles, the remaining data points form two distinct linear
trends in a double logarithmic coordinate system. The blue line is fitted

by some Z specimens, and the red line is fitted by the W specimen and
the remaining Z specimens. More than half of the Z specimens exhibited
significantly higher fatigue strength, demonstrating a fatigue life com-
parable to W specimens under a load range more than 1.7 times that of
W specimens. However, other Z specimens showed no significant dif-
ference from W specimens, likely due to variations in zinc-steel bonding
strength, which will be discussed in Section 3.3. In addition, WO speci-
mens exhibited slightly lower fatigue strength than WO0.5 specimens,
potentially due to a sharper weld root in WO specimens, leading to
greater stress concentration. This hypothesis will be further verified
through finite element analysis.

3.3. Zinc-steel bonding strength

A total of five zinc-steel bonding specimens were tested, and the
results are presented in Fig. 10. All specimens failed within the zinc
sheet, with a layer of zinc remaining firmly adhered to the bonding in-
terfaces of the steel blocks on both sides, as illustrated in Fig. 10 (b). This
suggests that the zinc-steel bonding strength appears to exceed the

500
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Fig. 9. S—N relationship (nominal stress).
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strength of the zinc sheet. However, numerous fine internal defects
formed during the liquefaction and solidification of zinc, resulting in a
significant decrease in its strength. The average bonding strength of the
five specimens was measured to be 0.92 N/mm?, but significant varia-
tion was observed among the specimens, leading to differences in the
fatigue strength of the Z specimens. Z specimens with higher zinc-steel
bonding strength exhibited greater weld root fatigue resistance, as
their bonding provided a more sustained effect in reducing fatigue stress
at the weld root. Conversely, Z specimens with lower zinc-steel bonding
strength likely experienced premature bond failure, preventing effective
stress reduction at the weld root. As a result, these specimens displayed
fatigue performance similar to that of W specimens. The zinc-steel bond
extends the fatigue life of the weld root through a self-sacrificial
mechanism, which will be further analyzed in conjunction with finite
element analysis.

4. Numerical analyses

For fillet welds subjected to bending—shear coupling, such as those
near bridge supports, the inability to directly calculate the nominal
stress at the weld root complicates fatigue strength evaluation [21]. The
IIW recommendations do not involve the calculation case of nominal
stress for such structural details [25]. Even with finite element analysis,
weld root stress singularity remains a challenge, as the theoretical stress
at the singularity tends toward infinity. Therefore, the stress magnitude
at the weld root is highly sensitive to element size [33]. To address this
issue, two methods have been proposed in previous studies, namely the
effective notch stress (ENS) method and the equivalent displacement
(ED) method. In this study, a series of finite element models were
developed using both the ENS and ED methods to evaluate the fatigue
strength of these fillet welds and assess the effectiveness of soft metal
bonding-assisted welding with zinc.

4.1. Effective notch stress

The ENS method is proposed by Fricke et al. based on the micro-
structural support effect proposed by Neuber [34,35]. This approach
mitigates stress singularity by introducing an artificial notch at the weld
root, allowing for the obtained stress to be averaged near the notch
[36,37]. As shown in Fig. 11, this method artificially introduces a
standardized keyhole or U-shaped notch, or applies a smooth transition
at the stress singularity in the finite element model. The fatigue stress is
then reflected by the maximum principal stress or von Mises stress
distributed on the notch circumference. Currently, there are two
commonly used notch reference radii: ref = 1 mm and ryef = 0.05 mm,
which are suitable for plate thickness > 5 mm and < 5 mm, respectively
[38]. This distinction prevents the artificial notch from affecting the
stress distribution, which could otherwise cause misestimation of fatigue
strength. In addition, it is recommended that the element size on the
notch circumference should not be greater than ryr / 4 [39]. The ENS
method is widely utilized, due to its compatibility with conventional
stress-based fatigue criterion and its accessibility through elastic finite
element analysis. However, it also increases the complexity of modeling
and meshing, especially for high-precision, three-dimensional finite
element models.

4.2. Equivalent displacement

The ED method, first proposed by Tateishi et al., evaluates structural
fatigue performance under both Mode I and Mode II loading (bending-
shear coupling) in fracture mechanics [40]. As shown in Fig. 12, this
method establishes a finite element model based on the actual config-
uration and selects four specific nodes near the weld root. The
displacement components of these nodes in the x- and y-directions are
extracted from the finite element analysis, and the displacement com-
ponents u and v are then calculated respectively using the following

E=EEE
(b) Keyhole notch

(a) Ideal

e
(c) U-shaped notch

Fig. 11. Artificial notch in finite element models.
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Fig. 12. Node displacements near the weld root.

equations:
u = |(ua —Uao) — (up — Upo) | 'e))
v =|(Va —Vao) = (v — Vpo) | )

where, uy, usg, ug, and up are the displacements of nodes A, Ag, B, and
By in the x-direction, respectively; and v, vag, VB, and vpg are their
displacements in the y-direction, respectively.

The displacement components u and v correspond to Mode II and
Mode I loading, respectively. The equivalent displacement d is then
determined using the following equation:

d=+/3u%+1?2 3)

This method leverages the low sensitivity of displacement to element
size, offering a different solution to the stress singularity issue [40].
Although less commonly used, the ED method presents advantages such
as simplified modeling and reduced element refinement requirements,
making it a promising approach for future applications. However, as it
relies on a displacement-based criterion, it is not well compatible with

120
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the currently widely used stress-based criterion. Consequently, further
experimental validation and numerical studies are necessary to establish
the method’s effectiveness and reliability.

4.3. Finite element models

Both the ENS and ED methods rely on elastic finite element analysis.
Therefore, 3D elastic finite element models were developed in ABAQUS.
To enhance computational efficiency, the 1/4 models were used based
on symmetry. The basic geometric dimensions match those of the
specimens in Fig. 2, with local modifications near the weld root, as
shown in Fig. 13. For the ENS models, because the plate thickness
exceeded 5 mm, a notch of ref = 1 mm was adopted. The minimum
element size on the notch perimeter is 0.2 mm, transitioning to the
global mesh, with a maximum element size of 1 mm. For ED models, the
gap between the bottom flange and sole plate is simplified as a rectangle,
with a 0.1 mm element size near the weld root, also transitioning to a 1
mm global mesh. All models use 8-node hexahedral solid elements with
reduced integration (C3D8R). Monotonic loading is applied, with load
amplitudes corresponding to specimen load ranges. The base and weld
materials are assumed to have identical properties, with elastic moduli
for steel and zinc listed in Table 2 and Poisson’s ratios set at 0.3. The zinc
sheet was modeled as solid elements tied rigidly to the adjacent steel
surfaces to simulate bonding, assuming ideal bonding without failure.
Since welding residual stresses were partially released when the speci-
mens were cut, their influence is neglected in the analysis.

4.4. Comparison and discussion

The four groups of specimens (W0, WO0.5, Z5 and Z10) were evalu-
ated by the ENS and ED methods with a load range of 3 kN, corre-
sponding to a opom Of approximately 155.6 N/mm? (Fig. 9). The
maximum principal stress distributions near the weld root from the ENS
and ED models are shown in Fig. 14 and Fig. 15, respectively. All W
specimens exhibited severe stress concentrations at the weld root,
whereas the Z specimens, which incorporated zinc insertion, showed a
marked reduction in stress. The ENS and ED results of each model are
summarized in Fig. 16. The two methods respectively demonstrated that

P/4 1/4 model

Symmetrical boundary

50

(a) ENS models

wo Wo0.5, Z5, Z10

P/4 1/4 model

Symmetrical boundary

50

(b) ED models

wo Wo0.5, Z5, Z10

Fig. 13. Finite element models (unit: mm).
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[N/mm?]

Max =475.0

(b) W0.5

Max =94.6

(d) Z10

Fig. 14. Maximum principal stress distributions of the ENS models.

/

Max =63.8

(©)Z5

[N/mm?]

400 \fax =614.8

(b) W0.5

/'

Max = 89.0

(d) 210

Fig. 15. Maximum principal stress distributions of the ED models.

the insertion of zinc can significantly reduce the stress and deformation
of the weld root, with the results for the Z models being approximately
10 %-20 % of those for the W models. This highlights the effectiveness of
inserting zinc sheets between the bottom flange and sole plate to create
zinc-steel bonding, which helps prevent fatigue cracks at the weld root.
However, not all Z specimens showed a significant improvement in fa-
tigue strength, with the increase ratio being around 70 %. This could be
attributed to the instability and low strength of the zinc-steel bonding.
Under cyclic load, the zinc-steel bonding fails before the fatigue cracks
at the weld root appear, thus prolonging the weld root’s fatigue life by
sacrificing itself. Therefore, for the Z specimens with higher zinc-steel
bonding strength, the fatigue failure of the weld root can be divided

into two stages: before and after the zinc-steel bonding failure. It is
assumed that the specimens conform to the cumulative fatigue damage
rule. Before the failure of the zinc-steel bonding, the fatigue stress at the
weld root is below 20 % of the stress after bonding failure, so the
accumulated fatigue damage can be considered negligible. According to
the fitted trend line in Fig. 9, it can be inferred that the stage before the
failure of zinc-steel bonding accounts for more than 95 % of the total
fatigue life of these specimens.

In the S—N relationship (nominal stress) shown in Fig. 9, the fatigue
strength of the WO specimens is similar to that of the W0.5 specimens,
with only a slight decrease for the WO specimens. Both the ENS and ED
models show nearly identical results for the WO and WO0.5 specimens.
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Fig. 16. Effect of zinc insertion on improving fatigue strength.

However, it is noteworthy that the ENS for the WO model is smaller than
that for the W0.5 model, which exhibits a trend opposite to the exper-
imental results. In contrast, the ED results for the WO and W0.5 models
are also nearly identical, and their trend aligns with the experimental
data. Therefore, the ED method appears to offer a more accurate eval-
uation, though additional data is needed for further validation. Subse-
quently, the fatigue strength of all W specimens was evaluated using
both the ENS and ED methods, resulting in the S—N relationship (ENS)
and D—N relationship shown in Fig. 17. The fatigue life data were
extracted from the experimental results. Excluding specimens that did
not develop fatigue cracks after more than 2 million cycles, the
remaining specimens were fitted. The correlation coefficients of the
trend lines fitted to the S—N relationship (ENS) and D—N relationship
were approximately 0.87 and 0.88, respectively, indicating similar
evaluation accuracy for both methods. However, the ED method proves
more convenient for modeling, suggesting its potential for broader
application. Similar findings have been reported where displacement-
based criteria may outperform stress-based criteria in specific fatigue
assessments [41].

5. Conclusions

This study proposes a method for inserting zinc between two steel
plates to establish zinc-steel bonding, thereby improving the fatigue
performance of the weld root in a fillet weld subjected to bending-shear
coupled loads. The effectiveness of this method was investigated
through experimental and simulation analyses, leading to the following
conclusions:

10°
- | = p 3!
X9 D W
E )%OX .......... x
g x
é SRl
v
7z 2 -
= owWo §=2528.0 N0150
x W0.5 R=087
102 L
10* 10° 109
Fatigue life, N [cycles]
(a) S-N relationship (ENS)

(1) In bonding-assisted welding, inserting zinc between steel plates
produces a more stable and higher-quality fillet weld than
inserting epoxy resin, owing to the improved control over the
volume of soft metal inserted. It is important to ensure a safety
distance (> 5 mm) between the inserted soft metal sheet and the
weld root.

Establishing zinc-steel bonding improves the fatigue strength of

the weld root under bending-shear coupled loads by approxi-

mately 70 %. However, due to the instability of zinc-steel
bonding strength, some zinc-inserted specimens (Z) still exhibit
fatigue strength similar to that of the welding-only specimens

(W).

(3) Both the effective notch stress (ENS) method and the equivalent
displacement (ED) method demonstrate that zinc insertion
significantly improves the fatigue strength of the weld root. When
the zinc-steel bonding takes effect, the fatigue stress and defor-
mation of the weld root in the Z specimens are reduced to about
10 %-20 % of those in the W specimens. This demonstrates the
potential of bonding-assisted welding using zinc in improving the
fatigue strength of the fillet weld root.

(4) For evaluating the fatigue strength of fillet weld roots with
varying welding gaps, both the ENS and ED methods showed
similar accuracy. However, the ED method more consistently
aligned with the trend of the experimental results.

(2

—

Given the observed instability in zinc-steel bonding in this study,
more research needs to be performed on developing methods to estab-
lish more stable and higher-strength zinc-steel bonding, which will help
promote the application of this method in engineering.
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Fig. 17. Comparison of fatigue life evaluations for the W specimens.
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