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Abstract

To extend the application of laser-arc hybrid welding to the joining of thick steel bridge
members, this study validated the effectiveness of laser-arc hybrid welding in fabricating these
components. Additionally, the mechanical performance of hybrid-welded joints was evaluated
through a comparative analysis with joints produced using conventional arc welding. A
comprehensive series of experiments and numerical simulations was conducted to facilitate this
comparison.

Weld cracking tests were performed on SBHS (Steels for Bridge High-performance
Structure) with 15 mm in thickness to identify the appropriate welding condition for achieving
one-pass full-penetration welding with sound welds. Using the established welding conditions,
butt joints were fabricated. For comparative analysis, the same dimensional butt joints were also
produced by arc welding. To elucidate the intricate distribution of welding deformation and
residual stress in the as-welded joints, a thermal elastic-plastic analysis was performed. A
thermal elastic-plastic analysis model for hybrid welding was developed by combining the
different heat sources of laser and arc welding. The experiments and numerical analyses
demonstrated that, compared to arc welding, hybrid welding reduced welding time by 98%,
angular distortion by 95%, and the range of tensile residual stress in the longitudinal direction by
approximately 50%. It is, therefore, validated that laser-arc hybrid welding is effective in the
fabrication of steel bridge members.

The mechanical performance of hybrid-welded joints was evaluated from three perspectives:
fatigue properties, toughness, and load-carrying capacity. The fatigue properties of the hybrid-
welded butt joints were assessed through a comparison with their arc-welded counterparts. Four-
point bending fatigue tests confirmed that the hybrid-welded joints met the class D design curve
of JSSC, whereas the arc-welded joints underperformed at higher stress levels. The toughness

of the hybrid-welded joints made of SBHS was verified by Charpy impact tests. Fracture Path
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Deviation (FPD) occurred in all test pieces. As an alternative approach, simulated test pieces
made of SBHS were meticulously fabricated using simulated thermal cycle tests to closely
replicate the actual metallographic structures. For comparative purposes, conventional SM400B
steel underwent the identical simulated thermal cycle tests as the simulated test pieces. These
simulated test pieces of SBHS and SM400B were then subjected to Charpy impact tests. The
test results indicated that at higher temperature levels (1200°C and 1350°C), SM400B's Charpy
absorbed energy did not reach 27 J, while SBHS consistently achieved 47 J. The load-carrying
capacity of hybrid-welded columns with L-shaped sections was evaluated by comparing them to
their arc-welded counterparts. Monotonic compressive loading experiments were conducted on
both types of columns. The results indicated that, compared to arc-welded columns, the average
elastic stiffness of the hybrid-welded columns demonstrated a 25% enhancement, and the
maximum average compressive load exhibited by these hybrid-welded columns increased by
5%. Accordingly, the mechanical performance of hybrid-welded joints was superior to those of
arc-welded ones.

Therefore, laser-arc hybrid welding technology demonstrated its feasibility in the connection
of steel bridge structural components, effectively enhancing manufacturing efficiency and

improving structural performance and sustainability.
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Chapter 1 Introduction

1.1 Research Background
1.1.1 Laser-arc Hybrid Welding

The joining technology for steel bridge structural components has evolved from rivet
connections to bolt connections and then to welded connections. Welded connections offer
numerous advantages such as design flexibility and lightness and are widely used alongside
bolting for joining steel bridge components. Various welding methods are available, including arc
welding, gas welding, and electron beam welding. Among these, arc welding has been the most

commonly used due to its long-standing technical development and high reliability [1.1].

In recent years, laser welding has garnered significant attention as a technique for welding
metal components [1.2]. Utilizing the thermal energy from laser irradiation, laser welding offers
a considerably higher energy density compared to arc welding. This capability allowed for high-
speed, deep-penetration welding, and low heat input [1.3] [1.4], a feature not possible with
conventional arc welding. The deep penetration characteristic reduces the number of welding
passes necessary to achieve the required throat thickness, and the low heat input effectively
minimizes welding deformation, thereby shortening the post-weld distortion correction process
[1.5]. Consequently, laser welding has been increasingly employed in the production of high-
precision, low-distortion, and low-heat input components, notably within the automotive industry
[1.6]. Advances in the power, efficiency, and performance of laser equipment have further
enhanced the feasibility of laser welding for thick steel plates in structural applications. Unlike
traditional welding methods that necessitate groove processing for joining thick plates, laser
welding eliminates this requirement. However, it necessitates meticulous management of the
gap between steel plates to prevent defects such as misalignment of the laser focus [1.7],

inadequate penetration, undercut [1.8], underfill [1.9], and other welding imperfections [1.10],



[1.11], [1.12], [1.13], [1.14]. Additionally, the high energy density in a confined area can induce
rapid heating and cooling, potentially causing hardening [1.15], [1.16] and cracking [1.17], [1.18]

in the welded joints, thereby complicating the selection of optimal welding parameters.

To address these challenges, the application of laser-arc hybrid welding, commonly referred
to as hybrid welding, has been explored across various industrial sectors [1.19], [1.20], [1.21]
[1.22]. This technique synergistically combines the advantages of laser welding and arc welding.
In hybrid welding, the process leverages the high speed and deep penetration of laser welding
[1.23], [1.24], [1.25]. Simultaneously, the arc welding wire supplies filler metal, thereby increasing
the permissible gap tolerance compared to laser-only welding [1.26], [1.27] and reducing the
occurrence of welding defects. While the heat input is higher than that of laser welding, it remains
significantly lower than in conventional arc welding [1.28], presenting a promising solution for
steel structure applications. This method not only enhances welding efficiency but also improves
the overall structural integrity of the welds, making it a viable option for critical engineering
projects. The ability to achieve high-quality welds with reduced deformation and enhanced
strength underscores the potential of hybrid welding in advancing modern construction
techniques. Consequently, hybrid welding has been gaining traction as a preferred method for
the fabrication and assembly of large-scale steel structures [1.30], addressing both performance

and reliability requirements in contemporary engineering.

1.1.2 High-performance Steel

High-performance steel (HPS) is distinguished by its outstanding strength, weldability, and
toughness, enabling cost savings and productivity improvements in steel bridge construction
compared to traditional steel grades. Research has shown that hybrid designs integrating HPS

with conventional steel grades can achieve significant reductions in both steel weight and overall
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costs [1.31]. Japan's innovative steel grade, SBHS (Steels for Bridge High-performance
Structure), developed through thermo-mechanical controlled processing (TMCP), exemplifies
these improvements. SBHS, standardized by JIS G3140 in 2008, is noted for its high strength,
toughness, weldability, and workability. For example, SBHS500 was used in 10,000 tons of the
20,000-ton steel weight in the three-span continuous composite truss bridge section of the Tokyo
Gate Bridge, achieving a 3% reduction in steel weight and a 12% reduction in total cost [1.32].
Consequently, SBHS was selected for this investigation, as its application in fabricating steel
bridge components is expected to reduce construction costs and enhance the durability of steel

structures.

1.1.3 Characteristics of Welded Joints

(a) Fatigue property

Fatigue performance is critical to the structural integrity and longevity of steel bridges.
Bridges are subjected to repeated cyclic loads from traffic, wind, and environmental changes,
making fatigue a significant concern. Understanding the fatigue behavior of welded joints is
essential to ensuring the safety and durability of these structures. Most existing research has
focused on the fatigue performance of joints created using traditional arc welding techniques,
providing a solid foundation of knowledge in this area [1.33], [1.34], [1.35]. These studies have
shown that while arc welding can produce strong and reliable joints, it also has limitations,
particularly in terms of weld quality and the occurrence of defects that can initiate fatigue cracks.
Improvements in welding techniques and post-weld heat treatments have mitigated some of
these issues [1.36], but the quest for better performance and efficiency continues. This is where
laser-arc hybrid welding comes into play. Despite the promising advantages of laser-arc hybrid

welding, research into the fatigue performance of hybrid-welded joints remains limited. This gap
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in knowledge is particularly important to address given the application of hybrid welding in steel
bridge construction. Investigating the fatigue behavior of hybrid-welded joints made of SBHS

materials will provide valuable insights into their suitability for use in critical infrastructure.

(b) Toughness of welded zone

The toughness of the welded zone is crucial for the structural integrity and safety of steel
bridges, especially when these joints are subjected to sudden or unpredictable loads. In laser
welding, significant hardening occurred in the fusion zone due to rapid heating and cooling [1.37],
[1.38], leading to increased brittleness. Hybrid welding reduces temperature gradients compared
to laser-only welding. This reduction potentially mitigates the severity of hardening. However,
even with less severe gradients, the risk of hardening remains. Any hardening can still
compromise the mechanical properties of the welded joints, making them vulnerable to failure
under operational stresses. Although SBHS materials are specifically designed for bridge
applications and offer high performance in toughness, it is critical to understand how hybrid
welding affects the toughness in the fusion zones and heat-affected zones of welded joints made
of SBHS. This poses significant concerns for bridge durability and safety, necessitating thorough

investigation.

Charpy absorbed energy is a crucial indicator for evaluating the toughness of materials,
including welded joints [1.39]. The Charpy impact test measures the amount of energy absorbed
by a material during fracture, which is indicative of its ability to withstand sudden impacts or loads
without breaking. The test helps distinguish between brittle and ductile materials. Brittle materials
absorb less energy and tend to fracture suddenly without significant deformation, while ductile

materials absorb more energy and exhibit significant deformation before fracturing. This



distinction is crucial for assessing the performance of welded joints under sudden or

unpredictable loads.

(c) Load-carrying Capacity

The load-carrying capacity of welded members is a critical factor in the design and
construction of steel bridges. These structures must withstand a variety of loads, including dead
loads, live loads, and environmental forces such as wind and seismic activity. The welded
members in these bridges play a crucial role in bearing the loads transmitted from the bridge
deck and distributing them to the foundation. Any weakness in these members, particularly at
the welded joints, can significantly affect the overall stability of the structure. Numerous
investigations have been conducted on the load-carrying capacity of arc-welded members [1.40],
[1.41], [1.42], [1.43], [1.44]. However, there are few studies on the load-carrying capacity of
hybrid-welded members. This gap in research highlights the need for comprehensive studies to
evaluate the performance of hybrid-welded members, considering their unique characteristics
and potential advantages over traditional welding methods. Understanding the behavior of
hybrid-welded members under various loading conditions is essential for optimizing bridge

design and ensuring long-term structural integrity and safety.
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1.2 Research Objective

This study aims to expand the application of hybrid welding in the manufacturing of steel
bridge components by verifying its effectiveness and investigating the performance of hybrid-
welded joints made of SBHS. The joining method employed is laser-arc hybrid welding
technology, which has garnered significant attention in recent years. The selected steel material
is high-performance steel (SBHS), recently developed and anticipated for extensive use in steel
bridge structural components. This research will explore the welding conditions necessary to
achieve single-pass full penetration welding for thick SBHS plates using hybrid welding
technology and assess its applicability in manufacturing steel bridge structural components.
Additionally, experiments will be conducted using both hybrid welding and arc welding to produce
butt joints, and thermal elastic-plastic analysis models will be developed to replicate these
experiments. A series of experiments and analytical results will verify the effectiveness of hybrid

welding in the manufacturing of steel bridge components.

Furthermore, the performance of hybrid-welded joints will be investigated from various
perspectives, including fatigue performance, toughness, and compressive load-carrying capacity.
For comparative analysis, arc-welded joints will also be evaluated from the same perspectives.
The ultimate goal is to expand the application of hybrid welding in steel bridge components,
thereby providing new welding process options and technological advancements to the bridge

construction industry.
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1.3 Structure of the Dissertation

This dissertation is structured into six chapters:

Chapter 1 describes the research background and objectives of the research.

Chapter 2 conducts weld cracking experiments using hybrid welding and explores the
welding conditions for achieving full penetration welding for 15 mm thick SBHS plates by varying
the welding parameters. Employing the established welding conditions, butt welding experiments

are performed to obtain sound hybrid-welded and arc-welded joints.

Chapter 3 evaluates the out-of-plane deformation and residual stress of hybrid-welded and
arc-welded joints fabricated in Chapter 2. These experiments are further simulated using thermal
elastic-plastic analysis to provide a comprehensive understanding of the deformation and
residual stress in hybrid-welded butt joints. Two hypotheses are derived: the first posits that the
fatigue performance of hybrid-welded joints may surpass that of arc-welded joints, and the
second suggests that the load-carrying capacity of hybrid-welded joints could be superior to that
of arc-welded joints. Additionally, a concern is raised that the toughness of hybrid-welded joints

may not meet the requirements specified by the standards.

Chapter 4 examines the fatigue characteristics of hybrid-welded joints by comparing them
with butt joints using arc welding, thus validating one of the hypotheses. Additionally, this chapter
addresses the concern regarding toughness by discussing the toughness of hybrid-welded

SBHS joints based on Charpy impact tests.

Chapter 5 conducts monotonic compressive loading experiments to evaluate the load-
carrying capacities of both hybrid-welded and arc-welded columns, thereby validating the other

hypothesis.

Chapter 6 summarizes the findings of the study and outlines future work.
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Chapter 2 Exploring Hybrid Welding Conditions and Fabricating Hybrid-

welded Joints

2.1 Introduction

To validate the effectiveness of hybrid welding in the manufacture of steel bridge
components, it is imperative to establish the hybrid welding conditions for the thick steel plates
used in steel bridge structures. Accordingly, this chapter aims to identify the hybrid welding
parameters for 15 mm thick steel plates by conducting weld cracking experiments and
subsequently employing the established welding parameters to fabricate one-pass full
penetration hybrid-welded butt joints with SBHS. Comparisons are made between butt joints
fabricated using both hybrid welding and conventional arc welding techniques, from the

viewpoints of welding time and energy consumption.

2.2 Exploring Hybrid Welding Conditions
2.2.1 Weld Cracking Experimental Specimens

Figure 2.1 illustrates the geometry and size of test samples. The geometric shape of the test
specimens referred to the shape of weld cracking experimental specimens with the y-shaped
groove specified in JIS Z 3158 [2.1]. The test specimens measured 200 mm in length, 145 mm
in width, and 15 mm in thickness. An 80 mm long and 0.2 mm wide slit was provided at the center
of the specimens using electrical discharge machining.

The test samples were made of SBHS400. Table 2.1 provides the chemical composition and

mechanical properties (mill sheet values) of the test steel material used.
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Figure 2.1 Geometry and size of experimental specimens
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Table 2.1 Chemical composition and mechanical properties of the steel material and filler wire

Material Chemical compositions [mass%] Yield Tensile  Elon-
C Si Mn p S Ni Cr Fe strength strength gation
[N/mm?]  [N/mm?] [%)]
SBHS400 011 029 136 0.009 0.001 0.01 0.02 bal 503 567 22
G49AP3M16 0.11 074 136 0.006 0.017 — — bal 450 573 27

2.2.2 Experimental Setup

Hybrid welding integrates MIG arc welding with fiber laser welding. A digital pulse welding

power source from DAIHEN Corporation (model: DP350) was employed for the arc welding. The

welding wire, G49AP3M16, specified in JIS Z 3312 [2.2] and produced by Kobe Steel

Corporation, had a diameter of 1.2 mm. Table 2.1 presents the chemical composition and

mechanical properties of the welding wire. The shielding gas, comprising Ar+5% O2, was

delivered at a flow rate of 20 L/min. For the laser oscillator, a fiber laser from IPG Photonics

Corporation (model: YLR-20000) with a maximum output of 20 kW was employed. Key laser

parameters included a focal length of 250 mm, a laser spot diameter of 600 um, and a focal

offset distance of -5 mm. Figure 2.2 illustrates the experimental setup for hybrid welding,
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highlighting the strategic placement of heat sources: an arc heat source followed by the laser,
spaced 3 mm apart. The arc torch was angled at 30°, and the laser head was inclined at 5°
relative to the vertical.

Table 2.2 provides the specific conditions for hybrid welding. The arc current and voltage
were maintained constant, while the laser output and welding speed were varied to determine

the welding conditions for achieving full penetration in a single pass.

_ R/ | 5°
[ Laser head [

— 80

45 Welding
\ direction Arc

\ L
-Arc torch ‘
\

Laser
head

torch Y
s
3mm
A
(a) Appearance of hybrid welding (b) Arrangement and angles of heat sources
Figure 2.2 Experimental setup for hybrid welding
Table 2.2 Hybrid welding conditions
Welding Laser Welding Arc Arc Number of
condition power speed current voltage Specimens
[kW] [m/min] [A] V] P

1 131 1.4 250 28 2

2 131 1.6 250 28 2

3 13.1 1.8 250 28 2

4 15.3 1.6 250 28 1

5 12.5 1.6 250 28 1
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2.2.3 Experimental Results

Figure 2.3 demonstrates cross-sectional macroscopic photographs of welds taken under
the tested welding conditions 1 to 5, as specified in Table 2.2. In an attempt to investigate welding
conditions conducive to achieving single-pass full penetration, the welding speeds were initially
adjusted for welding conditions 1 to 3, maintaining all other welding parameters constant. As a
result, underfill was observed in welding condition 1 at a welding speed of 1.4 m/min, and
significant melt-off was induced in welding condition 3 at a welding speed of 1.8 m/min. However,
an overall satisfactory bead shape was achieved in welding condition 2 at a welding speed of
1.6 m/min. Subsequently, in pursuit of achieving satisfactory weld seams, adjustments were
made to the laser power based on welding condition 2, leading to welding conditions 4 and 5. In
welding condition 4, the excess weld metal on the laser-irradiated surface was slightly reduced.
On the other hand, the weld seam was smooth on the front and back surfaces of the welded joint
in welding condition 5. Ultimately, it was determined that welding condition 5 was the optimal
solution for hybrid welding, with a laser power of 12.5 kW, an arc current of 250 A, an arc voltage

of 28 V, and a welding speed of 1.6 m/min.

Condition No. 1 No. 2 No. 3 No. 4 No. 5
Laser power
kW] 13.1 13.1 13.1 15.3 12.5
Weldingspeed |, , 18 | 16 16

[m/min]

Macroscopic
photograph

X

Figure 2.3 Macroscopic photographs taken under tested welding conditions
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2.3 Fabricating Hybrid-welded Butt Joints

In steel bridge construction, butt joints are extensively employed to join deck plates, beams,
and columns, thereby ensuring structural integrity and stability. Consequently, butt joints have
been selected as a primary subject of this research. Figure 2.4 illustrates the application of butt
joints in the joining of deck plates. The thickness of the steel deck plate is generally 12 mm — 16

mm.

12mm-— 16 mm

Vertical stiffener

Figure 2.4 Butt joints in steel deck plates

2.3.1 Butt Joint Specimens

Figure 2.5 illustrates the dimensions and groove shape of the butt joint specimens utilized
for both hybrid and arc welding processes. The material used was SBHS400, with three prepared
in total: two for hybrid welding, labeled as HWBJ-1 and HWBJ-2, and one for arc welding, labeled
as AWBJ-1. The base material was 16 mm thick, while the welded portions were milled down to
15 mm thick. To ensure a precise assessment of deformation and residual stress induced by
hybrid and arc welding, it was crucial to fabricate the specimens without any misalignment
caused by tack welding. Consequently, a single steel plate with a central groove was utilized for
welding instead of two steel plates [2.3]. The dimensions of the steel plate were 500 mm in width

and 300 mm in length. Additionally, protruding tabs were provided at the start and end of the
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weld line, with the length of the weld line set at 340 mm. Figure 2.5 (c) shows a 0.3 mm slit
created by electric discharge machining for hybrid welding. Figure 2.5 (d) depicts a V-shaped
groove with a 50-degree angle, used in arc welding. The chemical composition and mechanical

properties (mill sheet values) of the test steel material have been shown in Table 2.1.

/)
STATES
l == 16
| S<siit: 0.3 i
I il
(b) Schematic cross-sectional view of butt joint (d) Groove shape for arc welding

Figure 2.5 Specimen geometry and groove shape

2.3.2 Experimental Setup

As illustrated in Figure. 2.6 (a) and (b), the hybrid welding setup utilized the same
equipment as described in Section 2.2.2, including the welding machine, welding wire, shielding
gas, and so on. The welding conditions determined in Section 2.2.3 were slightly modified to
accommodate the longer weld line (340 mm) compared to the weld line (80 mm) in Section 2.2.1.
The longer weld line might result in slit closure during welding, making it challenging to achieve

a stable back wave. To avoid this phenomenon, the slit was widened from 0.2 mm to 0.3 mm,
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and the laser output was increased. The deformation of hybrid-welded butt joints was not
restrained during welding. Table 2.3 presents the welding conditions for hybrid welding.

For arc welding, the technique employed was Gas Metal Arc Welding (GMAW). A digital
pulse welding power source from DAIHEN Corporation (model: Welbee P500L) was used for the
arc welding power supply. The filler wire, specified as YGW11 by JIS Z 3312 and manufactured
by Kobe Steel Corporation, had a diameter of 1.2 mm. The chemical composition and
mechanical properties of filler wire are shown in Table 2.4. The shielding gas used was 100%
CO2, with a flow rate maintained at 23 L/min. The backing was a ceramic U-groove, with a
protrusion length of 15 mm. The angle of the arc torch was 0 degrees, and the inter-pass

temperature was kept below 100°C. The experimental setup is illustrated in Figure 2.6 (c) and

(d). The test specimens during welding were unconstrained. Table 2.3 presents the welding

conditions for arc welding. In addition, the wire feeding speed was maintained at 5.9 m/min.
300 7

Welding “'thl
direction
j Arc \\

torch

Laser
head

= e
3mm

(b) Arrangement and angles of
hybrid heat sources

Arc
torch
Welding
direction E
Yp)
(c) Arc welding (d) Arrangement and angles of

arc heat source
Figure 2.6 Experimental setup for hybrid and arc welding

24



Table 2.3 Welding conditions for hybrid and arc welding

Welded joint Specimen Welding Laser Weld(ijng Arc Arft Welding Heat input [J/mm]
type ID-No. pass power speec current  voltage time Laser Arc Total
[kW] [m/min]  [A] [Vl [s]
Hybrid-welded HWBJ-1 1 13.01 1.6 255 28.1 12.75 488 269 757
butt joint HWBJ-2 1 13.01 1.6 258 28.1 1275 488 272 760
1 0.15 200 27 2160
2 0.18 200 27 1800
_ 3 0.25 200 26 1248
Arcwelded  p\yg-1 616.5 9576
butt joint 4 0.25 200 26 1248
5 0.20 200 26 1560
6 0.20 200 26 1560

Table 2.4 Chemical composition and mechanical properties of filler wire

Material Chemical composition [mass%] Yield Tensile Elon-
C Si Mn =) S strength strength gation
[N/mm?] [N/mm?] [%]

YGW 11 0.08 0.51 1.10 0.010 0.010 490 570 31

2.3.3 Experimental Results

(a) Welding time

In comparing the welding time between hybrid- and arc-welded butt joints, a pronounced
disparity was observed. As delineated in Table 2.3, the hybrid welding technique enabled full
penetration of 15 mm thick steel plates with a single pass, completing the task in approximately
12.75 seconds. In stark contrast, conventional arc welding required up to six passes to achieve
similar penetration, amassing a total of about 616.5 seconds, excluding the time for inter-pass
cooling. Consequently, hybrid welding exhibited a remarkable time efficiency improvement of
approximately 98% over conventional arc welding. This substantial reduction in welding time
indicates that hybrid welding technology markedly enhances manufacturing efficiency,

particularly for joining thick steel plates.
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(b) Energy conservation

In the comparative analysis of energy efficiency between hybrid- and arc-welded butt joints,
a notable discrepancy in energy consumption was evident. As detailed in Table 2.3, the heat
input required for hybrid welding to achieve single-pass full penetration of 15 mm thick steel
plates was approximately 760 J/mm. Conversely, the arc welding technique required an
approximate heat input of 9580 J/mm to achieve a similar depth of penetration. Therefore, hybrid
welding offered an energy savings of approximately 92% over arc welding. This significant
reduction in energy consumption aligns with the Sustainable Development Goals, particularly
SDGs Goal 9: Industry, Innovation, and Infrastructure. This goal emphasizes sustainable
industrialization, which is directly furthered by innovations that reduce energy consumption in
manufacturing processes, thereby contributing to resource conservation and reducing the

environmental impact of industrial activities.

(c) Macroscopic photograph

Figure 2.7 displays the cross-sectional macroscopic photographs of butt joints fabricated by
hybrid welding and arc welding. Hybrid welding was capable of achieving one-pass full-
penetration butt joints, whereas arc welding required six passes to fabricate the same
dimensional full-penetration joints. In addition, the maximum heights of excessive convexity on
the top and bottom surfaces, as measured by a laser displacement meter, were approximately

0.5 mm and 0.6 mm, respectively.
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(a) Hybrid-welded butt joint " (b) Arc-welded butt joint
Figure 2.7 Macroscopic photographs of the welded part

2.4 Summary

This chapter delved into the investigation of hybrid welding parameters designed to achieve
single-pass full penetration on 15 mm thick steel plates from one side. Through a series of weld
cracking experiments, optimal welding conditions were identified. Subsequently, using these
established parameters, hybrid-welded butt joints were fabricated. The following are the main
findings obtained.

(1) Within the scope of this experiment, a sound hybrid-welded butt joint was successfully
fabricated under specific conditions: a laser power of 12.5 kW, a welding speed of 1.6 m/min,

an arc current of 250 A, and an arc voltage of 28 V.

(2) In terms of time efficiency and energy savings, hybrid welding demonstrated approximately

98% and 92% improvements, respectively, when compared to conventional arc welding.
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Chapter 3 Characteristics of Welding Deformation and Residual Stress in

Hybrid-welded Butt Joints

3.1 Introduction

In examining the effectiveness of hybrid welding in the fabrication of steel bridge
components, this chapter focuses on the out-of-plane deformation and residual stresses in
welded joints. The welded steel structures inevitably undergo deformation, necessitating
correction procedures that entail both time and monetary expenses. Therefore, it is desirable to
minimize welding deformation.

Residual stresses, both along and perpendicular to the weld line directions, critically impact
the structural performance. Residual stress along the weld line direction can compromise the
load-carrying capacity of welded steel structures. Residual stress perpendicular to the weld line
direction can adversely affect fatigue performance. This necessitates post-weld treatments such
as heat treatment, peening, and overloading to mitigate residual stress [3.1].

A detailed analysis of the residual stress distribution is essential for ensuring structural
integrity and longevity. This analysis uses hybrid-welded joints fabricated as described in
Chapter 2 to measure out-of-plane deformation and residual stresses. Furthermore, numerical
simulations are performed using thermal elastic-plastic analysis to further understand these
phenomena. By comparing conventional arc welding with hybrid welding, this study aims to
validate the superiority of hybrid welding in the production of steel bridge components from the

viewpoints of welding deformation and residual stress.
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3.2 Butt Welding Experiments

3.2.1 Experimental Specimens

The experimental specimens utilized in this chapter consisted of two hybrid-welded
specimens (HWBJ-1 and HWBJ-2) and one arc-welded specimen (AWBJ-1), as described in

Section 2.3.2.

3.2.2 Experimental Methods

In Section 2.3.2, thermocouples were attached to the specimens prior to the fabrication of
hybrid-welded butt joints, aiming to record temperature histories throughout the process. The
locations of the thermocouples, as detailed in Figure 3.1, were positioned 10 mm from the
centerline (depicted as a light blue dotted line, x = -10 mm). Specifically, four thermocouples
were mounted on the surface at positions: y = -15, -30, -50, and -80 mm.

Following the welding process, the out-of-plane deformation was measured using a digital
depth gauge along three measurement lines at x = -75, 0, and 75 mm. Additionally, residual
stresses— both parallel and perpendicular to the weld line— were measured using the X-ray
diffraction method near the weld line at positions x = -20 mm, and y = -20, -15, -10, -5, 5, 10, 15,
20 mm. To mitigate the potential impact of surface finishing on the measurements, electrolytic
polishing was performed to a depth of approximately 200 ym from the surface at the residual
stress measurement points, as illustrated in Figure 3.2.

For arc welding, the methodologies utilized to measure temperature histories, out-of-plane
deformation, and residual stresses were consistent with those employed in hybrid welding,

ensuring comparability between the two welding processes.
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Figure 3.1 Hybrid-welded specimen for temperature histories, deformation, and residual stress
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3.2.3 Experimental Results

(a) Temperature histories

Figures 3.3 and 3.4 illustrate the temperature histories recorded for both hybrid-welded and
arc-welded butt joints. Notably, the temperature data for the first and second passes were not
captured in the case of arc welding. These temperature measurements are critical and will be
employed to validate the thermal elastic-plastic analysis model, as discussed later in Section

3.3.3 (a).

(b) Welding deformation

Figure 3.5 illustrates the angular distortion measured in hybrid- and arc-welded butt joints.
The initial geometry of each specimen was meticulously documented prior to welding. The
angular distortion resulting from the welding process was then quantified by subtracting these
initial measurements from the values obtained post-welding. Measurements from -50 mm to 50
mm were unattainable due to the interference from the weld bead, leading to the necessity of
predicting the value at y = 0 mm through linear interpolation from adjacent measurements.

The angular distortion observed in both hybrid- and arc-welded butt joints presented a V-
shaped pattern. Specifically, the hybrid-welded butt joints, HWBJ-1 and HWBJ-2, exhibited
relatively minor distortions of 0.56 mm and 0.44 mm, respectively. In stark contrast, the arc-
welded butt joint, AWBJ-1, displayed a more pronounced angular distortion of 10.95 mm. This
marked variation in angular distortion could be primarily attributed to the substantial differences
in heat input between the two welding methods: hybrid welding utilized an input of 760 J/mm,
compared to 9576 J/mm for arc welding, as detailed in Table 2.3. Regarding longitudinal bending
deformation, the small variations in measurements at lines of x =-75, 0, and 75 mm suggest that

the longitudinal bending deformation from both welding methods was minimal.
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Figure 3.5 Angular distortion for hybrid- and arc-welded butt joints
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(c) Residual stress

Figure 3.6 presents the average values and standard deviations of the residual stresses
measured in both parallel and perpendicular directions to the weld line for hybrid welding.
Measurements were obtained from specimen HWBJ-1 at locations y = -20, -15, -10, 10, 15, 20
mm, and from specimen HWBJ-2 at positions y = -10, -5, 5, 10 mm. A comparative analysis
between the measurements at locations y = -10 and 10 mm for both specimens HWBJ-1 and
HWBJ-2 revealed no significant differences in residual stress. Consequently, the residual stress
data for HWBJ-1 and HWBJ-2 were combined for further analysis.

In the direction parallel to the weld line, tensile residual stresses were observed within
approximately 25 mm of the weld center (-12.5 mm <y < 12.5 mm), peaking at 341 N/mmZ.
Beyond this zone (y <-12.5 mmand y > 12.5 mm), compressive residual stresses were observed,
with the maximum being -47 N/mm?. Perpendicular to the weld line, the maximum tensile residual
stress recorded was 174 N/mm?2, with stresses diminishing toward zero as the distance from the
weld line increased.

Figure 3.7 illustrates the residual stresses measured for arc welding in both parallel and
perpendicular directions to the weld line. In the parallel direction, all measured residual stresses
were tensile, with a maximum of 415 N/mm?2. In the perpendicular direction, the peak tensile

stress was 296 N/mm?3.
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Figure 3.6 Residual stresses caused by hybrid welding
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Figure 3.7 Residual stresses caused by arc welding

3.3 Thermal Elastic-Plastic Analysis

In this section, to reproduce the hybrid and arc welding experiments conducted in Section

2.3.2, fully-coupled thermal elastic-plastic welding models are developed using the finite element

method. The validity of the models is assessed by comparing the experimental results with the

analytical outcomes. This comparative analysis substantiates that the models accurately

replicate the physical and mechanical behaviors observed during the welding processes, thereby

affirming their reliability for further analyses in welding studies.
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3.3.1 Investigation of the Mechanical Properties of Weld Metal

In hybrid welding, the accelerated cooling rate necessitated consideration of hardening in
the weld metal. Hence, based on prior research [3.2] [3.3], this study quantified the Vickers
hardness of hybrid weld seams and used the ratio of average Vickers hardness between the
weld metal and the base material to establish the mechanical properties of the weld metal.

Figure 3.8 illustrates the locations where the Vickers hardness measurements were taken
for HWBJ-1. The test force applied was 0.98 N. Hardness measurements for hybrid-welded joints

were conducted along lines (1) and 2) (refer to Figure 3.8). These measurements covered points
subjected to the combined heat input from both laser and arc welding (at z=14 mm on line (1)),
and areas affected solely by laser heat (at z=7.5 mm on line (2)). Each line consisted of 50 points

spaced 0.2 mm apart, extending from the center of the weld metal through the heat-affected
zone on both sides to the base material. Results revealed a hardness ratio of approximately
1:1.5 between the base material and the weld metal. Consequently, in the simulation model (as
detailed later in Section 3.3.2), the yield stress and tensile strength of the weld metal were set to
1.5 times as high as those of the base material.

Figure 3.9 presents the results of the Vickers hardness measurements performed on the
arc-welded joint. The test force was maintained at 0.98 N, consistent with that used in hybrid

welding. Measurements were taken along lines (1), @), and 3 ( see Figure 3.9). The
measurement points on the lines from (1) to (3) comprised 50 points, spaced 0.4 mm apart,

centered on the weld metal, extending through the heat-affected zone on both sides and
reaching down to the base metal. The Vickers hardness of the weld metal was found to be
equivalent to that of the base material across all measured locations. Consequently, for this

analysis, the yield stress and tensile strength of the weld metal were not adjusted based on the
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average Vickers hardness ratio; instead, values derived directly from the welding wire

specifications, as detailed in Table 2.4, were utilized.
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Figure 3.8 Vickers hardness of hybrid-welded butt joint (HWBJ-1)
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Figure 3.9 Vickers hardness of arc-welded butt joint

3.3.2 Analysis Conditions

(a) Hybrid welding simulation

The fully-coupled thermal elastic-plastic analysis was performed using the software Abaqus
to simulate the butt welding experiment detailed in Section 2.3.2. The analytical model, depicted
in Figure 3.10, utilized an 8-node brick element with reduced integration. The mesh division
perpendicular to the weld line was determined from the cross-sectional macroscopic
photographs presented in Figure 2.6 (a), and the element length along the weld line direction

was established at 1 mm. An element birth function was employed to accurately model the

38



deposition of weld metal in the excess and slit areas. The moving heat sources were employed.
Mechanical boundary conditions were constrained to rigid body displacement, and thermal
boundary conditions considered heat transfer to the surrounding air. The ambient and initial
temperatures of the model were set based on the experimental conditions. Moreover, the model
leveraged the symmetry of the experimental specimen by employing a half-model approach.

Regarding the material properties of the base metal, the temperature-dependent stress-
strain relationship and various physical constants shown in Figure. 3.11 were derived from
previous literature [3.4] [3.5] [3.6].

In this study, following previous research [3.2], the heat input from the laser and the arc was
modeled as uniform body heat fluxes. The respective melt zones were defined as the areas of
arc and laser heating. Repeated heat conduction analyses were conducted to determine these
zones, effectively replicating the molten pool shapes observed experimentally. The spatial
relationship between the laser and arc heat sources during welding was not considered;
simultaneous heating was assumed.

The calculations for the laser heat input, Q; [J/mm], and arc heat input, Q4 [J/mm], were

conducted using equations (3.1) and (3.2), respectively.

P .
0, = v’“ (3.1)
[1-v-
0 =— N4 (3.2)

Here

P : laser power (W)

I - arc current (A)

V © arc voltage (V)

v : welding speed (mm/s)

1. - thermal efficiency of laser

14 - thermal efficiency of arc
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Thermal efficiencies vary by the welding process. Prior studies have documented thermal
efficiencies ranging from 0.5 to 0.9 for laser [3.7] [3.8] and from 0.65 to 0.8 for arc [3.9]. In light
of these findings, the efficiency values were carefully examined to ensure alignment between
the simulated and experimental temperature histories. Consequently, the thermal efficiencies
selected were n; = 0.6 for laser and n4 = 0.7 for arc. This selection was based on the criterion
that the model's predicted thermal profiles closely match those measured experimentally,

ensuring that the simulations are both realistic and reliable.
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Figure 3.10 FE model for thermal elastic-plastic analysis on hybrid welding specimen.
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Figure 3.11
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(b) Arc welding simulation

The arc-welded butt joint experiment was simulated by a fully-coupled thermal elastic-plastic
analysis. Unlike the symmetrical half-model employed in hybrid welding, the analytical model for
arc welding, depicted in Figure 3.12, utilized a full model to accurately represent the
asymmetrical buildup of the weld bead. The mesh division perpendicular to the weld line was

based on the cross-sectional macroscopic photographs displayed in Figure 2.6 (b), with an
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element length of 10 mm along the weld line. Other analysis conditions were consistent with
those described in Section 3.3.2 (a). After repeatedly examining the thermal efficiency to ensure
alignment with the experimental temperature history, a thermal efficiency of n, = 0.7 was

determined.
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Figure 3.12 FE model for thermal elastic-plastic analysis on arc welding specimen

3.3.3 Analysis Results

(a) Temperature history

Figure 3.13 illustrates the temperature histories obtained from both the hybrid welding
experiments and their corresponding simulations. It was confirmed that the experimental and
analytical results generally align.

Figure 3.14 displays the temperature histories from arc welding and its simulation, with a
similar confirmation that both experimental and analytical results coincide.

It was evident that the maximum temperatures reached in hybrid welding were lower than
those in arc welding at identical measurement positions. Furthermore, it was confirmed that the

cooling rate of hybrid welding was faster than that of arc welding.
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(b) Welding deformation

Figure 3.15 (a) and (b) illustrate the angular distortion at x = 0 mm for both hybrid and arc
welding, derived from experiments and simulations. In hybrid welding (refer to Figure 3.15 (a)),
the central plots depict predicted values interpolated linearly from measured data, with dashed
lines representing simulated interpolations in the weld bead region. Similarly, in arc welding (see
Figure 3.15 (b)), predicted values are shown, with dashed lines indicating simulated angular
distortions in the same region. The analytical results for both welding methods closely replicate
the trends observed in the experimental data, thereby confirming the accuracy of the simulations
in reflecting actual welding distortions.

Figure 3.15 (c) presents a comparison of angular distortions from hybrid and arc welding,
according to the analysis. The angular distortions were 0.6 mm for hybrid welding and 10.8 mm
for arc welding. Compared to conventional arc welding, the angular distortion in hybrid welding
was reduced by 95%.

In the initial welding pass of arc welding, the underside of the steel plate was heated to a
high temperature, leading to an inverted V-shaped distortion as it cooled and contracted.
Subsequent passes heated and contracted the top side of the plate, with the latter contractions
exceeding the initial, thereby resulting in a V-shaped overall distortion. In contrast, hybrid welding
completed full penetration welding in a single pass, reducing the heat input and minimizing the
temperature gradient across the steel plate compared to arc welding. This led to less angular
distortion in hybrid welding than in arc welding. The reduced angular distortion in hybrid welding
could diminish the need for strain correction during the fabrication of steel structural components,

potentially offering advantages in terms of time and cost efficiency.
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Figure 3.15 Angular distortions obtained by welding experiments and simulation

45



(c) Residual stress

Figure 3.16 (a) and (b) illustrate the residual stresses aligned with and perpendicular to the
weld line direction in hybrid welding, derived from both experimental data and analytical
predictions. The experimental data averaged residual stress measurements from specimens
HWBJ-1 and HWBJ-2 at locations y = -10 mm and 10 mm. The analytical values of the welded
metal section were extracted from the surface of the weld seam in the model. The analytical
results were well-aligned with the observed experimental trends, both parallel and perpendicular
to the welding line. Moreover, the analysis has revealed detailed distributions of residual stresses
that were not captured by experimental measurements. Specifically, Figure 3.16 (a) shows that
tensile stresses were observed within approximately 25 mm of the center (-12.5 mm <y <12.5
mm), consistent with experimental observations. The analytical model predicted a sharp increase
in residual stress values near the weld line due to higher yield stress and tensile strength settings
for the weld metal compared to the base material (detailed in Section 3.3.1). In the direction of
the welding line, the peak analytical tensile residual stress reached 721 N/mm?, and the
maximum analytical compressive residual stress was -52 N/mm?Z. In the perpendicular direction,
the maximum analytical tensile and compressive stresses were 149 N/mm? and -288 N/mm?,
respectively, indicating a sharp increase in compressive stresses near the weld line.

As confirmed by Section 3.3.3 (a), (b), and (c), the developed analytical model for hybrid
welding accurately replicated experimental outcomes with high fidelity, supporting the validity of
the hybrid welding model. Furthermore, the analysis also provided an in-depth look at the
detailed distributions of residual stresses.

Figure 3.17 (a) (b) presents the experimental and analytical residual stresses for arc welding
in both directions. The analytical values for the weld metal section were obtained from the bead
surface. In Figure 3.17 (a), while the analytical values were generally close to the experimental

results, discrepancies such as the value at location y = -10 mm were observed but considered
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acceptable given that the positions within £10 mm of the weld line fell within the weld bead area,
where significant measurement error by the X-ray diffraction method (XRD) increased [3.10].
The maximum tensile residual stress obtained through analysis was 689 N/mm?, and the
maximum compressive residual stress was -122 N/mm?2. Regarding Figure 3.17(b), both
experimental and analytical values showed significant fluctuations near the welding line, making
it difficult to assert a consistent trend between experimental and analytical results. Nevertheless,
the position at a distance of 10 to 20 mm from the cross direction of the weld line was the region,
where the weld bead changed to the based metal. It was thus inferred that the measurement
error by the X-ray diffraction method (XRD) increased. The analytical approach obtained a
maximum tensile stress of 274 N/mm?, with no compressive residual stress detected.

These results thus confirmed that the analytical model for arc welding developed in this
study could closely replicate the experimental findings and provide detailed insights into the
distributions of residual stresses.

Figure 3.18 (a) and (b) compare the residual stresses from hybrid and arc welding
simulations. In Figure 3.18 (a), hybrid welding exhibited maximum tensile residual stresses of
721 N/mm? and compressive residual stresses of -52 N/mm?, localized within a 25 mm span
around the weld line (-12.5 mm <y < 12.5 mm). In contrast, arc welding showed a broader
distribution of tensile residual stresses, up to 689 N/mm?, extending over 50 mm (-25 mm <y <
25 mm), with the maximum compressive residual stresses reaching -122 N/mm?2. Beyond the
region, the compressive residual stresses in the direction of the welding line were generated to
counterbalance the tensile residual stresses, thus reducing the load-carrying capacity of welded
structures. Compared to arc welding, hybrid welding displayed a narrower range of tensile
residual stress and a correspondingly lower maximum compressive residual stress. Considering

the reduced out-of-plane deformation associated with hybrid welding, as discussed in Section
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3.3.3 (b), this suggested that, compared to arc welding, hybrid welding may offer superior
compressive load-carrying capacity in welded structures.

In Figure 3.18(b), the maximum tensile residual stresses in hybrid welding and arc welding
are 149 N/mm? and 274 N/mm?, respectively. The tensile residual stresses perpendicular to the
weld line direction could critically reduce the fatigue strength of butt joints. Hybrid welding
exhibited a substantial 125 N/mm? reduction compared to arc welding. This significant decrease
suggests that hybrid-welded butt joints are likely to have superior fatigue strength than arc-

welded ones.
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Figure 3.17 Residual stresses obtained by arc welding and its simulation
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3.4 Summary

In this chapter, hybrid-welded butt joints fabricated in Chapter 2 were employed to obtain
out-of-plane deformations and residual stresses. Thermal elastic-plastic analysis was performed
to elucidate the detailed distribution of deformations and stresses. For comparative analysis,
similar measurements and simulations were conducted on conventional arc-welded butt joints.
Through a series of experiments and numerical simulations, this chapter presented the following
conclusions.

(1) The angular distortions were 0.6 mm for hybrid welding and 10.8 mm for arc welding.
Compared to conventional arc welding, the angular distortion in hybrid welding was reduced

by 95%.

(2) The maximum compressive residual stress along the weld line direction in hybrid welding
was around 70 N/mm? lower than that in arc welding. Furthermore, the range of tensile
residual stress was reduced by about 50%. Given the diminished out-of-plane deformation
induced by hybrid welding, hybrid welding may offer superior compressive load-carrying

capacity in welded structures compared to arc welding.

(3) Hybrid welding exhibited a substantial reduction of 125 N/mm?2 in tensile residual stress along
the cross direction relative to arc welding. Therefore, hybrid-welded butt joints are likely to

have superior fatigue strength than arc-welded ones.
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Chapter 4 Mechanical Performance of Laser-arc Hybrid-welded Joints

4.1 Introduction

The fatigue performance of welded joints is crucial for ensuring the long-term reliability and
durability of steel structures, such as steel bridges, vehicles, and ships. In Section 3.3.3 (c) of
Chapter 3, it was inferred that the fatigue performance of laser-arc hybrid-welded joints may be
superior to that of arc-welded joints. This inference is further examined in this chapter by
assessing the fatigue strength of hybrid-welded joints under the established fatigue design

curves for arc-welded joints.

Furthermore, the toughness of materials, critically quantified by Charpy absorbed energy, is
vital when materials are subject to sudden or unpredictable loads. Detailed in Section 3.3.1 of
Chapter 3, the weld metal (WM) and heat-affected zone (HAZ) in hybrid-welded butt joints using
SBHS have undergone significant hardening due to substantial temperature gradients at the
weld seam. Since hardening in steel typically leads to a reduction in toughness, it is essential to
investigate the toughness of hybrid-welded butt joints. One of the key metrics for assessing the
toughness of welded structures is the Charpy absorbed energy. Consequently, Charpy impact
tests will be performed to determine the toughness of both the weld metal and the heat-affected

zone in these hybrid-welded joints.
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4.2 Four-point Bending Fatigue Test

4.2.1 Experimental Specimens

The experiment specimens with shapes and dimensions as shown in Figure 4.1 were

extracted from hybrid- and arc-welded bultt joints.

Unit: mm

Weld line
AN

300

30

Figure 4.1 Experimental specimen for fatigue test.

4.2.2 Experimental Setup

To investigate the fatigue characteristics of hybrid-welded joints, fatigue tests were
conducted. For comparative purposes, the fatigue strength of arc-welded joints was also
assessed. The loading conditions, as depicted in Figure 4.2, involved subjecting specimens to
four-point bending loads with a support span of 240 mm and a uniformly stressed region of 100
mm. This setup ensured the central placement of the weld zone within the uniformly stressed
section. The specimens were positioned on the supports such that tensile stresses from the
bending loads acted on the upper surfaces of the hybrid-welded joints. The relationship between
stress and time during the fatigue tests is illustrated in Figure 4.3. The range of applied stresses
was determined based on the nominal tensile stresses at the surface of the specimens within
the uniform bending section, with a stress ratio set at 0.1. Strain gauges were attached to 5 mm
from the weld toes to monitor the strain amplitude during repeated loading cycles. Upon the
initiation and propagation of fatigue cracks at the weld toe, a decrease in strain amplitude was
observed relative to its initial value. This reduction, quantified as 5% from the initial value, was

defined as the endpoint for fatigue life in these experiments. Prior research indicated that a 5%
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reduction in strain gauge amplitude at a location 5 mm from the weld toes corresponded to a
crack depth of approximately 1 mm (a physical microcrack) [4.1]. The termination of the tests
occurred when the specimen either succumbed to fracture or surpassed 2.5 million cycles of
repeated loading; subsequently, the number of cycles at which the strain amplitude

demonstrated a 5% reduction from the initial value was computed.

Cyclic loading
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A \
 t=15 I =

T 7T 7T :
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Figure 4.2 Loading conditions
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Figure 4.3 Relationship between stress and time.

4.2.3 Test Results

The fatigue behavior of hybrid-welded joints was evaluated through four-point bending
fatigue tests, as detailed in Figure 4.4. These fatigue specimens conformed to the JSSC class
D design curve, which is typically applied to arc-welded joints (butt, without weld toe treatment
according to reference [4.2]). The fatigue life of these joints closely followed the JSSC class D

mean curve.

The fatigue strength under bending loads is typically approximately one grade higher than
under axial loads, with an increase of about 20% to 25%. The "Fatigue Design
Recommendations for Steel Structures" issued by the Japan Society of Steel Construction [4.2]
recommends that when welded joints are subjected to out-of-plane bending, the resultant stress
should be scaled down by a factor of 4/5. This adjusted stress range should then be combined
with the axial stress range to obtain the normal stress range. Adhering to the JSSC Guidelines,
the fatigue test outcomes with the adjusted nominal stress range are presented in Figure 4.5.

After applying the 4/5 conversion factor, the hybrid-welded joints still met the requirements of the
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Class D design curve, whereas the arc-welded joints did not perform adequately at higher stress

ranges.

Figure 4.6 demonstrates that fractures in all fatigue specimens originated from the weld toes.
At a nominal stress of 200 N/mm?, prior to adjusting by the 4/5 factor, there was no evidence of
crack initiation in either the hybrid-welded or arc-welded specimens. This suggests that both
types of joints maintained structural integrity under these lower stress ranges. However, at stress
levels elevated to 250 N/mm? and beyond, without the 4/5 conversion factor, the hybrid-welded
specimens exhibited a fatigue strength that was either equivalent to or exceeded that of the arc-

welded specimens.
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Figure 4.4 Fatigue test results.

57



400

T g
£200 ¢ o’
=z ~
P L
o .
C ~
E ~
@ @ Hybrid
g 100+ ® Arc
w
——JSSC class D design curve
- --JSSC class D mean curve
50 1 1 1 [ T N I | 1 1 1 T T N | 1 1 1 [ T A |
1.0E+4 1.0E+5 1.0E+6 1.0E+7

Number of cycles [N]
Figure 4.5 Fatigue test results with stress range multiplied by 4/5

(a) Hybrid welding . (b) Arc welding
Figure 4.6 Ruptured specimens for hybrid- and arc-welded joints

58



4.2.4 Investigation of Differences in Fatigue Life

In Section 4.2.3, it was demonstrated that the fatigue life of hybrid-welded joints surpassed
that of arc-welded joints when subjected to stress ranges exceeding 250 N/mm?2. As illustrated
in Figure 4.7, a slower rate of strain amplitude reduction was observed for specimens under a
300 N/mm? stress range in hybrid welded joints, suggesting an inhibited crack propagation rate.
This trend was consistent under stress ranges of 275 N/mm?, 290 N/mm?, and 310 N/mm?.
Moreover, as shown in Figure 4.6, fatigue cracks originated at the weld toe, progressed through
the heat-affected zone, and then propagated through the base material. Given that the properties
of the base material were identical for both welded joints, it was inferred that there were no
significant differences in the rate of crack propagation through the base material. Therefore, the
superior fatigue life of hybrid-welded joints was attributed primarily to a suppressed rate of crack

initiation and early-stage propagation.

To elucidate the mechanisms underlying this suppression, Vickers hardness tests were
performed on the weld toes of both hybrid-welded and arc-welded joints. As displayed in Figure
4.8, measurements were conducted at intervals of 0.5 mm within a 2 mm span centered on the
weld toes, ranging from -1 mm to 1 mm, and at depths from 0.5 mm to 1 mm below the surface
of the welded joints. As shown in Figure 4.9, the hardness values ranged between 268 HV and
311 HV in hybrid-welded joints and between 187 HV and 215 HV in arc-welded joints. The greater
hardness near the weld toes in hybrid welded joints, likely due to rapid heating and cooling,
confirmed an increase in strength at the weld toes. This enhanced strength is considered to

significantly contribute to the inhibition of crack propagation during the initial stages.

59



1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

—e—Hybrid

-e-Arc

Strain amplitude / Initial strain amplitude

o1 -
0.0E+0 5.0E+5

Number of cycles [N]

Figure 4.7 Fatigue behavior of decreasing strain amplitude (300 N/mm?)

(a) Hybrid welding

60



(b) Arc welding

Figure 4.8 Vickers hardness test on weld toe
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Figure 4.9 Test results of Vickers hardness
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4.3 Charpy Impact Test of Welded Joints
4.3.1 Test Specimen

Test pieces were extracted from the weld metal (WM), heat-affected zone (HAZ), and base
metal (BM) of two hybrid-welded joints, HWBJ-1 and HWBJ-2. For each category, three
specimens were taken at a depth of 1-2 mm from the surface of welded joints. These specimens
were prepared in accordance with the No. 4 test piece, featuring a V-shaped notch as prescribed
by JIS Z 2242. The three-dimensional geometry of the test pieces is depicted in Figure 4.10.

Charpy impact tests were then performed on these specimens at a test temperature of 0°C.

m \Weld metal 6:5(
Unit: mm

/Q\ A Unit: mm
=" Notch root radius: 0.25

(a) Shape and dimensions of test pieces (b) V-shaped notch
Figure 4.10 The three-dimensional geometry of the test piece

4.3.2 Charpy Absorbed Energy

Figure 4.11 presents the Charpy absorbed energy for each specimen category, with
identifiers for each specimen distinctly marked. The figure delineates the specified value of
Charpy absorbed energy for the base material, which is 100 J, represented by a solid line. In
contrast, the actual measured average value of the base material, depicted by a dashed line,

was significantly higher, recorded at 294 J. This measured value is nearly threefold the specified
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value. Consistent findings were observed in both the weld metal (WM) and the heat-affected
zone (HAZ), where the Charpy absorbed energy values closely aligned with those recorded for

the base material.
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Weld metal HAZ

Figure 4.11 Charpy absorbed energy for each specimen category

4.3.3 Fracture States and Brittle Fracture Surface Ratio

Figure 4.12 illustrates the fracture states of the specimens, all of which displayed brittleness
fraction surface ratios of 0%. In these specimens, it was observed that cracks deviated from the
notch tip, extending toward the base material and culminating in ductile fractures within the base
material itself. This phenomenon suggested that the test outcomes may not accurately reflect
the Charpy absorbed energy of the weld metal and the heat-affected zone (HAZ). The challenges
associated with measuring localized toughness in the narrow weld metal and HAZ of hybrid-
welded joints were well-documented [4.3]. Similar challenges have been noted in previous
studies examining narrow weld zones in laser welding, where Fracture Path Deviation (FPD)

was frequently observed, with cracks originating in the weld metal and deviating toward the base
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material [4.3]. The width of the HAZ in hybrid-welded butt joints was approximately 1 mm, a
dimension within which significant variations in material properties, such as hardness, were
found. Consequently, capturing the localized toughness of such narrowly defined areas via
Charpy impact tests presented considerable difficulties. In this study, all specimens exhibited
FPD, underscoring the potential influence of notch placement precision and the varying material
characteristics of the HAZ on test results. This variability made the fracture path likely to deviate
from the notch tip toward the base material, contrasting with results from more homogeneous

materials.

No. Base metal Weld metal HAZ

Figure 4.12 Fracture state
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4.4 Simulated Welding Thermal Cycle Tests

4.4.1 Thermal Cycle Simulated Test Pieces

In the Charpy impact tests conducted on the hybrid-welded butt joints, no specimen
succeeded in accurately determining the Charpy absorbed energy for the weld metal and HAZ,
thus hindering a comprehensive assessment of the toughness of welded joints. To overcome this
limitation, simulated thermal cycle tests were implemented to reproduce the HAZ as a
homogeneous material. These tests aimed to replicate the metallurgical structure of the HAZ by
simulating the thermal cycles that the base material undergoes during hybrid welding, thereby
reducing material heterogeneity and enabling an estimation of the Charpy absorbed energy of
HAZ. Itis crucial to acknowledge, however, that this method does not replicate the metallurgical

structure of the weld metal, since the material does not melt and only the HAZ is simulated.

For the simulated thermal cycle tests, specimens measuring 120 mm x 12 mm x 12 mm
were extracted from the base metal of the hybrid-welded joints. The testing employed the
THERMECMASTOR-Z, produced by Fuji Electronic Industrial Corporation, utilizing high-
frequency induction heating for thermal cycles and helium gas injection for cooling.
Thermocouples installed in the center of the specimens controlled the temperature. The
specimens were heated to peak temperatures of 1350 °C, 1200 °C, 1050 °C, and 900 °C,

maintained for 5 seconds, and then cooled at a rate of 80 °C/s.

4.4.2 Metallographic Observation

The metallographic structures of the actual heat-affected zone (HAZ) and simulated thermal
cycle materials were thoroughly compared and examined. The actual HAZ was categorized into

three distinct regions: Region (1) (coarse-grain HAZ), Region (2) (midsection HAZ), and Region
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@ (fine-grain HAZ), as shown in Figure 4.13. These regions were imaged at a magnification of

500x, as shown in Figure 4.14 (a). To facilitate the comparison of metallographic structures
between the actual HAZ and the simulated HAZ, the structures of materials subjected to various
peak temperatures (1350°C, 1200°C, 1050°C, and 900°C) were similarly captured at a

maghnification of 500x, as illustrated in Figure 4.14 (b).

Upon heating the steel above its transformation temperature, an austenitic structure forms,
which, upon quenching, transforms into martensite and bainite. This transformation results in the
coarsening of metallographic structures, thereby increasing hardness while decreasing
toughness. The proportions of these coarsened structures are crucial in evaluating the
metallurgical similarity between the actual HAZ and simulated materials. These proportions were
quantitatively analyzed using the image analysis software WinROOF2018, and the findings are

presented in Table 4.1.

In the actual HAZ, coarsened structures were observed in Regions (1) and (2. In contrast,

in the simulated materials, such structures were found in the specimens heated to 1350°, 1200°,
and 1050°C. Both the 1350°C and 1200°C materials exhibited nearly 100% coarsened structures,
with the 1350°C material predominantly composed of martensite. The 1200°C and 1050°C
materials primarily consisted of bainite. For the specimen heated to 900°C and held for 5
seconds, no complete transformation to the y-phase occurred, and consequently, no coarsened
structures were detected. Although direct measurement of the grain size from the microstructural

photographs of Region (3) and the 900°C material is challenging, comparative analysis indicates

that the grain size in the 900°C simulated material was finer than that observed in Region (3.
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Figure 4.14 Comparison of metallographic structures between
actual HAZ and simulated material
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Table 4.1 Coarsened fraction of HAZ and simulated thermal cycle material

Actual HAZ

Region( Region(® Region(®
Coarsened metallographic
structure fraction [%] 85 23 0

Thermal cycle simulated materials

1350°C 1200°C 1050°C 900°C
Coarsened metallographic
structure fraction [%] 100 95 70 0

4.4.3 Vickers Hardness Test

Hardness, similar to the proportion of coarsened metallographic structures, is also an
essential metric for assessing the metallurgical similarity. Accordingly, the hardness of each
specimen was quantitatively evaluated using the Vickers hardness test. The results are
displayed in Figure 4.15. The analysis revealed that the hardness of the material subjected to a

peak temperature of 1350°C aligned with that observed in Region (1). Similarly, the hardness

values for materials exposed to peak temperatures of 1200°C and 1050°C corresponded to

those measured in Region (2. The hardness of the material that was subjected to a peak

temperature of 900°C paralleled the hardness observed in Region (3.

300
| 2I3 | | 203
® @ @ 1350°C1200°C1050°C 900°C
Figure 4.15 Hardness of actual heat-affected zone and thermal cycle simulated materials

303

Vickers hardness [HV]
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4.4.4 Metallographic Similarity Assessment

Metallurgical similarity was evaluated by analyzing both the proportion of coarsened

metallographic structures and the Vickers hardness measurements. Region (1) exhibited a

metallographic state intermediate between the materials subjected to peak temperatures of
1200°C and 1350°C. The 1350°C material demonstrated a fully coarsened structure,

predominantly composed of martensite, whereas Region (1) consisted largely of bainite (85%),

thereby showing greater similarity to the 1200°C material that was also bainite-dominant. Region

2 aligned more closely with the 1050°C material. The comparatively lower proportion of
coarsened structures in Region (2), as compared to that in the 1050°C materials, was attributed

to the inclusion of metallographic features nearer to the base metal within this region’s

micrographs. Region (3) was assessed to resemble the metallurgical condition of the 900°C

material or to be slightly more akin to the heat-affected zone microstructure on the base metal

side.

It was, therefore, concluded that the simulated thermal cycle tests, conducted under
conditions of maximum heating temperatures of 1200°C, 1050°C, and 900°C with a cooling rate
of 80°C/sec, effectively replicated the metallurgical structures across the three regions of the

heat-affected zone in the hybrid welded joints.
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4.5 Charpy Impact Test on Simulated Thermal Cycle Materials

4.5.1 Simulated Test Specimen

Charpy impact tests were conducted on simulated test pieces, which were extracted from
materials subjected to simulated thermal cycles. These specimens effectively replicated the
metallurgical structures of the heat-affected zone (HAZ) in the hybrid-welded butt joints, as
described in Section 4.4.4. Three specimens from each set of conditions— 1350°C, 1200°C,
1050°C, and 900°C— were tested. The shape and dimensions of these simulated test pieces
conformed precisely to those used in the Charpy impact tests detailed in Section 4.3.1. The tests

were conducted at a temperature of 0°C.

4.5.2 Test Results

Figure 4.16 presents the Charpy absorbed energy for the simulated test pieces, and Figure
4.17 displays the corresponding fracture states. Due to the uniform metallographic structures
near the notch tip, no fracture path deviation (FPD) was observed in these simulated test pieces,
and cracks propagated directly from the notch tip, leading to fracture. The simulated test pieces
from the 900°C and 1050°C materials exhibited almost no brittle fracture surface, with the brittle
fracture surface ratios being close to 0%. In contrast, the brittle fracture surface ratios for the
simulated test pieces from the 1350°C and 1200°C materials ranged from approximately 60% to
80%. The Charpy absorbed energy for the simulated test pieces from the 900°C material,
resembling fine-grain HAZ, from the 1200°C material, akin to coarse-grain HAZ, as well as from
the 1050°C material, representing an intermediate state between the two metallographic states,
met the 47 J required to prevent brittle fracture in SBHS400 [4.5]. Moreover, the simulated test

pieces from the 1350°C material, which exhibited a more coarsened metallographic structure
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than that observed in coarse-grain HAZ, demonstrated a Charpy absorbed energy of 97 J,
thereby not only meeting the requirements for bending workability by being below 100 J but also

simultaneously preventing brittle fracture by exceeding the 47 J.

M+S
E M
M-5

Charpy absorbed energy [J]
o
o

900 1050 1200 1350
Maximum temperature in
simulated thermal cycle test [°C]

Figure 4.16 Charpy absorbed energy for simulated test pieces

No. | 1350°C simulated 1200°C simulated 1050°C simulated | 900°C simulated test
test piece test piece test piece piece

Figure 4.17 Fracture states for simulated test pieces
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4.5.3 Comparison with SM400B

To assess the influence of the high Charpy absorbed energy, as guaranteed by SBHS, on
the toughness of hybrid-welded joints, this study contrasted the Charpy absorbed energy of
thermally simulated test pieces derived from SBHS with those from conventional steel. The
conventional steel chosen for this comparative analysis was SM400B, a commonly used
structural rolled steel. The mechanical properties and Charpy absorbed energy values for

SM400B are detailed in Table 4.2.

Simulated thermal cycle tests replicated the conditions applied to SBHS400, involving peak
heating temperatures of 1350°C, 1200°C, 1050°C, and 900°C, coupled with a rapid cooling rate
of 80°C/sec. The resultant metallographic images of the simulated thermal cycle materials for
SM400B are displayed in Figure 4.18. Consistent with observations in SBHS400, coarsened
structures such as martensite and bainite were identified in materials heated to 1350°C, 1200°C,
and 1050°C. Notably, the material exposed to 1350°C was completely comprised of martensite,
while the material heated to 1200°C and 1050°C predominantly featured bainite, with the 1200°C

material showing a higher proportion of bainite.

Specimens were extracted from each condition of the simulated thermal cycle materials and
subjected to Charpy impact tests. The geometric specifications of these specimens conformed
to those delineated in Section 4.3.1, with the testing temperature maintained at 0°C. The
comparative outcomes of the Charpy absorbed energy between the simulated thermal cycle

materials for SBHS400 and SM400B are illustrated in Figure 4.19.

For the 900°C material, akin to the fine-grain HAZ, and the 1050°C material, representing
the intermediate state between fine-grain and coarse-grain HAZ, both SBHS400 and SM400B
satisfied the minimum energy requirement of 47 J. However, for the 1200°C material, analogous

to coarse-grain HAZ, and the 1350°C material, which exhibited a more coarsened structure than
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the coarse-grain HAZ, the Charpy absorbed energy of SM400B did not exceed 27 J. In contrast,
the SBHS material met the 47 J within the scope of this test, indicating that its high toughness
was effectively utilized. These results suggest that the high Charpy absorbed energy guaranteed

by SBHS could ensure values exceeding 47 J in the heat-affected zones of hybrid-welded joints.

Table 4.2 Mechanical properties of SM400B

Material  Yield strength  Tensile strength Elongation ~ Charpy absorbed energy

[N/mm?] [N/mm?] [%] [J]
SM400B 300 448 29 185

1350°C sumulated material 1200°C snmulated matenal

Figure 4.18 Metallographic structure in sulated thermal cyce material using SM400B
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Figure 4.19 Charpy absorbed energy of thermal cycle simulated test piece of
SBHS400 and SM400

4.6 Summary

In this chapter, the fatigue characteristics of hybrid-welded joints were compared with those
of conventional arc-welded joints. Specimens extracted from both hybrid- and arc-welded joints
were subjected to four-point bending fatigue tests to assess their performance under cyclic
loading. Moreover, the toughness of the hybrid-welded joints was thoroughly evaluated. The

findings can be summarized as follows:

(1) Fatigue test results revealed that under nominal stress ranges exceeding 250 N/mm?,

hybrid-welded joints displayed equal or superior fatigue strength compared to arc-welded
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joints, due to the hardening around the weld toe that enhanced strength and suppressed

the rate of crack initiation and early-stage propagation.

Following the JSSC guidelines, after applying the 4/5 conversion factor, hybrid-welded
joints met the class D design curve, unlike arc-welded joints, which underperformed at

higher stress levels.

Every specimen extracted from the weld metal and the heat-affected zone (HAZ) exhibited
fracture path deviation (FPD), which obstructed the precise assessment of Charpy

absorbed energy.

Simulated thermal cycle tests were executed at peak heating temperatures of 1350°C,
1200°C, 1050°C, and 900°C, accompanied by a cooling rate of 80°C/sec. These
experiments effectively replicated the coarse-grained, fine-grained, and transitional areas
of the heat-affected zone (HAZ), as verified through assessments of metallographic

structures and hardness profiles.

The results from Charpy impact tests on SBHS400 materials, subjected to simulated
thermal cycles at peak temperatures of 1350°C, 1200°C, 1050°C, and 900°C, indicated that
the Charpy absorbed energy in the simulated HAZ met the required 47 J to prevent brittle

fracture.

The comparison of Charpy absorbed energy between SBHS400 and SM400B showed that
both materials satisfied their respective requirements (47 J for SBHS400 and 27 J for
SM400B) at 900°C and 1050°C. However, at 1200°C and 1350°C, SM400B's Charpy
absorbed energy did not reach 27 J, while SBHS400 consistently achieved 47 J. These
outcomes indicate that SBHS likely provides enhanced toughness in the heat-affected zone
(HAZ) of hybrid-welded joints due to its higher Charpy absorbed energy in the base metal

(BM).
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Chapter 5 Load-carrying Capacity of Hybrid-welded Column with L-shaped
Section

5.1 Introduction

The load-carrying capacity of steel bridge structural components is pivotal for maintaining
their structural integrity and safety, as it determines their ability to withstand daily traffic loads
and environmental stresses. Section 3.3.3 (c) of Chapter 3, drawing on empirical data, suggested
that hybrid welding may offer superior performance compared to conventional arc welding in
terms of the compressive load-carrying capacity of welded structures. This chapter aims to
rigorously evaluate this hypothesis through a comprehensive comparative analysis of the load-
carrying capacities of hybrid-welded and arc-welded columns. The selected specimens are taken
from the corner part of the diagonal members in truss bridges shown in Figure 5.1. The diagonal
members have a box section made of 10-12 mm thick steel plates. The corner part, forming an
L-shaped section, is extracted from the box section with welded joints. Monotonic compressive
loading experiments are performed on these specimens to determine the maximum compressive
loads. Eventually, the effectiveness of hybrid welding in the fabrication of steel bridge
components is confirmed through comparisons with the widely used arc welding technique. This
comparison synthesizes findings from this and previous chapters, examining factors such as out-
of-plane deformation, residual stress, fatigue strength, toughness, load-carrying capacity, and

constructability.
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Source: https//www_northernarchitecture us/steel-
construction/curved-tubular-members html

Figure 5.1 Diagonal member in truss bridges

5.2 Corner Joint Welding

5.2.1 Experimental Specimens

In this section, hybrid- and arc-welded columns with L-shaped sections were fabricated to
prepare for subsequent monotonic compressive loading experiments. Figure 5.2 depicts the
three-dimensional geometries and dimensions of the specimens, alongside the groove
configurations used for both welding methods. The joints were assembled from two 12 mm steel
plates, tack welded together to connect the loading plates, forming an L-shaped cross-section.
This assembly method was designed to facilitate precise load transfer during the testing phase
and to mitigate the impact of residual stresses on the corner joints, thereby enhancing the
reliability of the experimental outcomes.

For the hybrid-welded specimens, a gap of 0.5 mm was precisely maintained between the
plates. The selection of a 0.5 mm gap was based on earlier research [5.1], which demonstrated
the capacity of hybrid welding to bridge gaps up to 0.8 mm in 15 mm thick structural steel. In
contrast, the arc-welded specimens were engineered with a single 45° bevel and a 1 mm root

face to ensure robust joint formation conducive to achieving sound arc-welded corner joints,
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similar to the groove processing strategies detailed in section 2.3.1 of Chapter 2 for arc-welded
butt joints.

The chemical composition and mechanical properties of the base metal and filler
materials used are comprehensively detailed in Table 5.1. It is noteworthy that the steel
grade used for constructing the column differs from that employed in the hybrid-welded and
arc-welded butt joints discussed in Chapter 2. In the case of the hybrid-welded and arc-
welded butt joints, SBHS400 was utilized, whereas this chapter employed SBHS500.
SBHS500, offering higher strength and more extensive applications compared to SBHS400,
was selected for the fabrication of the columns. This selection is underpinned by the superior

mechanical properties and broader applications of SBHS500.

5.2.2 Experimental Methods

Figure 5.3 demonstrates the experimental setup for both hybrid and arc welding techniques,
with 100% CO:2 used as the shielding gas for each. In the hybrid welding setup, the arc torch
was positioned ahead of the laser head, facilitating one-pass full penetration as outlined in the
welding conditions listed in Table 5.2. In stark contrast, the arc welding technique required four
welding passes: it began with three passes along the machined groove sides of the joints,
followed by gouging, and concluded with a final pass from the rear to achieve equivalent full
penetration. Each welding method was applied to four joints, designated as HWJ-1, HWJ-2,
HWJ-3, HWJ-4 for hybrid welding and AWJ-1, AWJ-2, AWJ-3, AWJ-4 for arc welding. Hybrid
welding was performed in a horizontal orientation, whereas all passes in arc welding were
conducted downward.

For each type of welding technique, three thermocouples were attached to the surface of

Panel 2. For hybrid welding, the thermocouples were positioned at coordinates x = 27.5 mm,
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37.5mm, 47.5 mm; y = 250 mm; z = 0 mm. For arc welding, they were positioned at x = 38 mm,
48 mm, 58 mm; y = 250 mm; z = 0 mm.

The out-of-plane deformations of the specimens were measured along the y-direction before
and after welding. For Panel 1, measurements were taken along the lines at x =0 mm and z =
50 mm, and for Panel 2, along the line at x = 65 mm and z = 0 mm. The differences in these
measurements correspond to the deformations caused by welding.

Residual stress in Panel 1 was measured using X-ray diffraction. Measurements were taken
at various points (z-values of 2.5, 7.5, 12.5, 17.5, 22.5, 27.5, 32.5, 37.5, 47.5, 57.5, 67.5, 77.5,
87.5 mm) along the line aty = 230 mm and x = 0 mm for both hybrid- and arc-welded specimens.
For hybrid-welded specimens, measurements were also taken on the x-axis at 2.5, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 75, 85, 95 mm, and for arc-welded specimens at x-values of 2.5, 30,
35, 40, 45, 50, 55, 60, 65, 75, 85, 95 mm, with both sets along the line aty =230 mmand z=0
mm. Before these measurements were taken, the area surrounding the measurement positions
was electropolished to a depth of about 300 um in order to remove any influences from surface

treatments.
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Figure 5.2 Three-dimensional geometries and dimensions of columns

Table 5.1 Chemical composition and mechanical properties of SBHS500 and filler material

Material Chemical compositions [mass%] Yield Tensile  Elon-
strength strength gation
c Si Mn P S Ni Cr Cu [N/mm2]  [N/mm?] [%]
SBHS500 0.10 0.22 154 0.014 0.002 0.02 0.14 0.01 587 684 35
YGW11 0.08 0.51 110 0.010 0.010 — — — 490 570 31
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Figure 5.3 The experimental setup for hybrid and arc welding

Table 5.2 Welding conditions

Welding Welding Laser power Arc current Arc Welding Heat input [J/mm]
o voltage  speed

condition pass [kW] [A] V] [m/min] Laser Arc Total
Hybrid 1 6.8 230 23.8 1.2 340 274 614
welding

1 — 175 245 0.35 — 735
Arc 2 — 250 30.5 0.35 — 1307 2650
welding 3 — 250 31.0 0.2 — 2325

4 — 300 36.5 0.2 — 3285

Figure 5.4 illustrates the as-welded conditions of both hybrid-welded and arc-welded
specimens. To assess the quality of these joints, cross-sectional observation was performed on
specimens (HWJ-4 and AWJ-4) from both welding methods, after measuring the out-of-plane
deformation and residual stress. Their cross-sections were meticulously observed to assess the
integrity and quality of the welds.

Figure 5.5 presents cross-sectional macroscopic photographs of joints using both hybrid
and arc welding. Meticulous visual inspection revealed no defects in the joints from either method,
underscoring the high quality and effectiveness of the welding procedures employed. Notably,

hybrid welding achieved significantly deeper penetration compared to arc welding, a feature
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clearly shown in Figure 5.5. While arc welding required four passes to achieve full penetration,
hybrid welding accomplished this in a single pass, even with thick steel plates. This stark contrast
not only highlights the superior efficiency and process simplification afforded by hybrid welding

but also enhances the structural integrity of the welds.

a) Hybrid welding

(b) Arc welding
Figure 5.4 As-welded conditions of both hybrid-welded and arc-welded specimens

“UW T
% |00

S T TR
(a) Hybrid welding (b) Arc welding
Figure 5.5 Cross-sectional macroscopic photographs of joints
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5.2.3 Experimental Results

(a) Temperature history

Figures 5.6 and 5.7 illustrate the temperature profiles recorded for the two types of joints.

Notably, hybrid welding demonstrates a more rapid reduction in temperature compared to arc

welding, leading to a pronounced temperature gradient. This substantial gradient increases the

propensity for hardening phenomena in the vicinity of the weld metal.
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Figure 5.6 Temperature histories for hybrid welding
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Figure 5.7 Temperature histories for arc welding
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(b) Welding deformation

The out-of-plane deformations, as depicted in Figure 5.8, were determined by averaging
measurements from four specimens each for the hybrid and arc welding processes. Notably,
Panel 1 reported maximum deformations of 0.67 mm for hybrid-welded joints, significantly lower
than the 2.37 mm observed in arc-welded joints. Similarly, Panel 2 showed deformations of 0.47
mm and 1.87 mm for hybrid and arc welding, respectively.

This marked reduction in deformation between the two welding processes is striking, with
hybrid-welded specimens showcasing a reduction of approximately 70% as compared to their
arc-welded counterparts. This substantial difference is predominantly attributable to the reduced
heat input required in hybrid welding compared to that of arc welding. Detailed quantification of

this variation in heat input is comprehensively documented in Table 5.2.
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Figure 5.8 Averaged out-of-plane deformation

(c) Residual stress

Figure 5.9 demonstrates the distribution of stress components along the welding direction
for Panels 1 and 2, compiling the average residual stresses from four specimens each of both
hybrid and arc welding techniques. The weld bead areas are distinctly marked: light red for hybrid
welding and light blue for arc welding. Crucially, the figure reveals that the residual stresses were
not directly measured on the weld beads. This omission is primarily attributable to the inherent
complexities within the weld bead areas, such as intricate microstructures, pronounced
temperature gradients, and rapid material properties variations, all of which can compromise the
accuracy and reliability of stress measurements. Therefore, measurements were strategically
performed on the surface areas immediately adjacent to the weld beads of Panels 1 and 2. This
strategic approach facilitates more reliable data acquisition by effectively managing the
challenges associated with the physical characteristics of the weld beads.

Experimental results demonstrated significant differences in the residual stress profiles
between the two welding techniques. For Panel 1, peak compressive residual stresses were
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recorded at -143.3 N/mm? for hybrid welding and -307.8 N/mm? for arc welding. In a similar
fashion, Panel 2 exhibited the compressive stresses of -105.5 N/mm? in hybrid-welded joints and
-188 N/mm? in their arc-welded counterparts, indicating that compressive stresses in hybrid-
welded joints are approximately half those observed in arc-welded joints.

In the case of hybrid welding, tensile residual stresses emerged adjacent to the weld bead
areas, precipitated by the contraction during the rapid cooling phase— an effect that was
particularly pronounced in Panel 2. In stark contrast, the arc-welded specimens exhibited
minimal residual stresses near the weld zones. This is likely attributable to the tempering effect
of the thermal cycles from successive welding passes, which acted as a localized heat treatment
to alleviate residual stress. Furthermore, the out-of-plane deformation induced by welding, which
manifested as a convex configuration oriented towards the positive directions on the x and z
axes, might have imposed additional bending stresses on Panels 1 and 2. This deformation is
hypothesized to superimpose compressive stress onto the surfaces of the panels, potentially
explaining the reduced residual stresses observed near the weld bead regions.

From the investigation above, it can be observed that, compared to arc welding, hybrid-
welded joints exhibited lower compressive residual stress and out-of-plane deformation. This
may imply that the load-carrying capacity of joints welded by hybrid welding could potentially be

superior to those produced by arc welding.
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5.3 Monotonic Compressive Loading Experiments
5.3.1 Experimental Specimens

In this section, monotonic compressive loading experiments were conducted to evaluate the
load-carrying capacities of hybrid-welded joints (HWJs) and arc-welded joints (AWJs).
Specifically, specimens HWJ-1, HWJ-2, HWJ-3, AWJ-1, AWJ-2, and AWJ-3 were subjected to
the loading experiments. Since specimens HWJ-4 and AWJ-4 have been utilized for cross-
sectional observations, they were consequently unavailable for monotonic compressive loading

experiments, as elaborated in Section 5.2.2.

5.3.2 Experimental Setup

Figure 5.10 depicts the setup used for the monotonic compressive loading experiments. A
universal testing machine was utilized to apply a static compressive load axially to the specimen.
After confirming that the maximum load had been reached, the load was then removed. Vertical

displacement was measured at the central lower surface of the loading plate.

q il
b!l\ T
- Experimental specimen
== - =
Slenderness parameter
Panel 1: R =0.72
Column: A = 0.14 (Fix)

|
;
t

Displacement meter

Figure 5.10 Setup for monotonic compressive loading experiments

90



5.3.3 Experimental Results

Figure 5.11 illustrates the relationship between compressive load and vertical displacement
for two specimen types: hybrid-welded joints and arc-welded joints. The three specimens in each
category demonstrated similar load-displacement behaviors. The average values for elastic
stiffness and maximum compressive load are documented in Table 5.3. Due to imperfect contact
between the specimen and the testing machine immediately after loading, accurate
measurement of the load-displacement relationship was not feasible. Therefore, the elastic
stiffness was determined within the load range of 400 to 800 kN, where the material exhibited
elastic behavior. In this study, linear regression was employed to calculate the elastic stiffness,
ensuring precise estimation despite the initial measurement challenges.

The average elastic stiffnesses were determined to be 864.8 kN/mm for hybrid-welded
specimens and 698.1 kN/mm for arc-welded specimens. Notably, the stiffness of the hybrid-
welded specimens exceeded that of the arc-welded specimens by approximately 24%, a
discrepancy likely stemming from differential welding deformation. The deformation,
corresponding to the welding initial deflections [5.2], [5.3] during the loading process, profoundly
impacted both elastic stiffness and the maximum load capacity. As indicated in Table 5.2, arc-
welded joints were subjected to a higher heat input relative to their hybrid-welded counterparts
during the welding process, culminating in more substantial welding deformation. Such
augmented deformation precipitated increased strains and displacements, consequently
diminishing the structural stiffness. In contrast, hybrid-welded joints exhibited reduced welding
deformation, which in turn, had a lesser effect on their elastic stiffness.

The average peak compressive loads for hybrid- and arc-welded specimens were
respectively quantified at 1343 kN and 1280 kN. Notably, the load exhibited by the hybrid-welded
specimens surpassed that of the arc-welded specimens by approximately 5%. This discrepancy

can be attributed not only to differences in welding deformations but also to variations in
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compressive residual stresses. Significantly, the compressive residual stress, denoted as oy, is
identified as a pivotal factor affecting the maximum compressive loads. As depicted in Figure 5.9,
the oy in the arc-welded specimens was higher than that in the hybrid-welded specimens, which
instigated an earlier yield during the loading experiments. Such premature yielding constrains
the ultimate compressive loads that arc-welded specimens can withstand.

Therefore, in light of the absence of detectable welding defects in the macroscopic cross-
sectional imagery, the load-carrying capacity of the hybrid-welded joints could indeed surpass

that of their arc-welded counterparts.

Table 5.3 Elastic stiffness and maximum compressive load
Specimen No.  Elastic stiffness Maximum load Average elastic stiffness Average maximum load

[KN/mm] [kN] [kN/mm] [kN]
HWJ-1 863.9 1350.2
HWJ-2 860.8 13451 864.8 1343
HWJ-3 869.6 1332.5
AW J-1 693.1 1282.5
AWJ-2 698.1 1284.6 698.1 1280
AWJ-3 703.1 1273.1
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5.4 Summary

In this chapter, one-pass full penetration hybrid-welded columns with L-shaped sections
fabricated using SBHS500 were examined. For comparative analysis, joints created using
conventional arc welding were also produced. Monotonic compressive loading experiments were
conducted to assess the load-carrying capacity of the hybrid-welded columns. The principal
findings are encapsulated as follows:

(1) The deformation resulting from welding in the hybrid-welded joints was approximately 70%
less compared to the arc-welded joints. Additionally, the peak compressive residual stresses
observed in the hybrid-welded joints were roughly 50% lower than those in their arc-welded

counterparts.

(2) Compared to arc-welded joints, the average elastic stiffness of the specimens welded using
hybrid techniques demonstrated a 24% enhancement, and the maximum average

compressive load exhibited by these hybrid-welded specimens saw a 5% increase.
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Chapter 6 Conclusions

6.1 Summary and Discussion

In this study, with the intention of broadening the application of laser-arc hybrid welding to
joining steel bridge structural components, the objectives were twofold: to verify the effectiveness
of hybrid welding in the fabrication of steel bridge components and to evaluate the mechanical
performance of hybrid-welded joints. A series of experimental investigations and numerical
simulations were conducted to achieve the aims. The subsequent sections will systematically

summarize the principal insights derived from this research.

In Chapter 1, the background of this research was established by highlighting the increasing
applicability of hybrid welding in the fabrication of steel bridge components. The objectives of the
study were clearly defined, and the structure of this dissertation was outlined to provide a

comprehensive overview of the research framework.

In Chapter 2, a hypothesized 15 mm thick SBHS400 steel plate was investigated for its
feasibility of being penetrated in a single pass using hybrid welding through weld cracking
experiments. The findings indicated that, under the conditions of 12.5 kW laser power, 1.6 m/min
welding speed, 250 A arc current, and 28 V arc voltage, a robust welded joint could be obtained.
Employing these parameters, subsequent butt welding experiments were conducted to produce
hybrid-welded butt joints. Regarding time efficiency and energy preservation, hybrid welding
exhibited enhancements of approximately 98% and 92%, respectively, relative to conventional

arc welding.

In Chapter 3, the hybrid-welded butt joints crafted in Chapter 2 were utilized to assess out-
of-plane deformations and residual stresses. A thermal elastic-plastic analysis was executed to
illuminate the intricate distribution of these deformations and stresses. A numerical simulation

model for hybrid welding was developed by combining the different heat sources with laser and
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arc welding. For a comparative evaluation, analogous measurements and simulations were
performed on conventionally arc-welded butt joints. This analysis yielded several notable
conclusions. The angular distortions measured were 0.6 mm for hybrid welding and 10.8 mm for
arc welding, indicating a reduction in angular distortion by 95% in hybrid welding compared to
arc welding. The peak compressive residual stress along the weld line direction in hybrid welding
was approximately 70 N/mm? lower than that observed in arc welding. Additionally, the range of
tensile residual stress was diminished by roughly 50%. Owing to the reduced out-of-plane
deformation elicited by hybrid welding, it was postulated that hybrid welding could enhance the
compressive load-carrying performances of welded structures relative to arc welding. Moreover,
a significant reduction of 125 N/mm? in tensile residual stress along the transverse direction was
noted in hybrid welding compared to arc welding. Consequently, butt joints using hybrid welding
were posited to exhibit enhanced fatigue strength when contrasted with those fabricated via arc
welding. In addition, material hardening was observed in the heat-affected zone (HAZ) and weld
metal (WM) of hybrid-welded joints, a phenomenon that could diminish the toughness of welded
joints and elevate the risk of failure under sudden or unpredictable loads. As a result, Chapter 3

proposed two inferences and one concern.

Chapter 4 validated one of the inferences and addressed the concern raised. To elucidate
the fatigue characteristics of hybrid-welded joints using SBHS400, four-point bending fatigue
tests were conducted. Given the limited research on the fatigue properties of hybrid-welded joints,
this study is pivotal for accumulating essential data for their practical application. The fatigue
tests undertook a comparative analysis with arc-welded joints as a basis. According to the
findings from fatigue tests, when subjected to nominal stress ranges exceeding 250 N/mm?2,
hybrid-welded joints demonstrated fatigue strengths that were equivalent to or surpassed those
of arc-welded joints. This enhanced performance was attributed to the hardening around the

weld toe, which significantly contributed to strength augmentation and mitigates the initiation and
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early-stage propagation of cracks. Following the application of a 4/5 conversion factor, in
alignment with the JSSC guidelines, hybrid-welded joints adhered to the class D design curve
requirements. In contrast, arc-welded joints exhibited suboptimal performance under similar
high-stress conditions. By contrasting these two types of joints, the fatigue test results provided
a clearer understanding of the specific benefits and limitations inherent in the use of hybrid
welding technology, thereby contributing to its advancement and implementation in structural
applications. In addition, to address the concern mentioned above, the Charpy impact test was
conducted to provide a straightforward indicator of toughness via the Charpy absorbed energy.
This evaluation focused on the toughness of the heat-affected zone (HAZ) and weld metal (WM)
within the hybrid-welded joint. However, the occurrence of fracture path deviation (FPD) in all
test pieces extracted from both the HAZ and WM presented challenges in accurately assessing
the Charpy absorbed energy. As an alternative approach, simulated test pieces were
meticulously fabricated to closely replicate the actual metallographic structures of the HAZ. For
comparative purposes, traditional SM400B steel underwent the identical thermal cycle as the
simulated HAZ. The subsequent Charpy impact tests on these pieces revealed that both
SBHS400 and SM400B met their respective requirements— 47 J for SBHS400 and 27 J for
SM400B— at temperatures of 900°C and 1050°C. However, at elevated temperatures of 1200°C
and 1350°C, only SBHS400 consistently achieved the required 47 J, indicating enhanced
toughness, while SM400B failed to meet its required 27 J. This suggests that SBHS400 likely
offers superior toughness in the heat-affected zones of hybrid-welded joints compared to

SM400B.

Chapter 5 resolved another inference previously proposed in Chapter 3. The columns with
L-shaped sections assembled by one-pass full-penetration joints of SBHS500 with a thickness
of 12 mm were constructed using hybrid welding. For comparison, columns with the same

dimensions and L-shaped sections assembled by identical full-penetration joints were also
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produced using arc welding. The welding deformation experienced by the hybrid-welded joints
was significantly reduced, showing approximately 70% less distortion compared to the arc-
welded joints. Furthermore, the peak compressive residual stress observed in the hybrid-welded
joints was about 50% lower than that in their arc-welded counterparts. Monotonic compressive
loading experiments were conducted to assess the load-carrying capacities of both types of
welded joints. The results revealed that the hybrid-welded joints exhibited a 24% increase in
average elastic stiffness and a 5% increase in maximum mean compressive load compared to

the arc-welded joints.

6.2 Effectiveness of Hybrid Welding in Fabricating Steel Bridge Components

In this section, to verify the effectiveness of laser-arc hybrid welding in fabricating steel
bridge structural components, this dissertation systematically evaluated its potential through four
distinct lenses: manufacturing efficiency, economic efficiency, mechanical properties, and
alignment with Sustainable Development Goals (SDGs). Interviews with five domestic bridge
manufacturers were conducted to explore this topic, incorporating both the experimental and
analytical results obtained from hybrid and arc welding in this study. This approach enabled a
comprehensive assessment of the implications and potential advantages of hybrid welding in

bridge construction.

(a) Manufacturing efficiency

The welding experiments conducted in this study demonstrated that hybrid welding can
achieve substantially higher welding speeds compared to conventional arc welding. Specifically,
for butt joint welding, the speed of arc welding ranged from 0.15 m/min to 0.25 m/min, while

hybrid welding reached speeds up to 1.6 m/min, thereby reducing the welding time for butt joints
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by over 98%. For corner joint welding, the speed increased from 0.20 m/min to 0.35 m/min in arc
welding to 1.2 m/min in hybrid welding, achieving a time reduction of more than 94%. Additionally,
the use of single-pass penetration in hybrid welding eliminates the need for inter-pass cooling
time required in arc welding, further reducing the total construction time.

Interviews revealed that submerged arc welding and semi-automatic arc welding are
predominantly used in field operations. For butt joint welding of 15 mm thick steel plates,
submerged arc welding is typically performed at speeds ranging from 0.3 m/min to 0.45 m/min,
usually involving about two passes with bevels on both sides. Semi-automatic welding is carried
out at speeds between 0.25 m/min and 0.4 m/min, requiring approximately four to six passes
with beveling on one side and including backside operations. The length of welds for butt-jointed
components, such as in plate connections, correlates to dimensions such as web height or flange
width, with a maximum of approximately 3500 mm.

This research also explored the potential time-saving effects of replacing these conventional
welding methods with hybrid welding, offering a detailed assessment of efficiency gains within
the context of modern structural engineering practices. Assuming the same hybrid welding
conditions as in the experimental setting and arc welding conditions under semi-automatic
settings with a welding speed of 0.3 m/min and five passes on one side, hybrid welding required
131.25 seconds for a 3500 mm weld, whereas arc welding took 3500 seconds. Factoring in
approximately 500 seconds for inter-pass cooling, the total time for arc welding amounted to
5500 seconds. Thus, hybrid welding reduced the welding time by approximately 5369 seconds
(about 1.5 hours) compared to arc welding. These findings underscore the considerable
advantages of hybrid welding, including significant reductions in welding time and the elimination
of backside operations and associated tasks. However, precise gap management is crucial for
successful hybrid welding, necessitating further investigation for field application. Although

precision management is more feasible in factory settings, exploring the applicability of hybrid
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welding even for fillet welds, which are commonly performed in factories, is considered

worthwhile.

(b) Economic efficiency

The welded steel structures require a straightening process to correct welding deformations.
Interviews regarding the time and economic costs associated with the straightening process
during factory production revealed that it constitutes 2 to 9% of the total. Due to the variability in
straightening processes among companies and the diversity of steel structural member sizes, it
is challenging to generalize total production times or costs. However, it was estimated that for a
500t class bridge, the straightening process would take approximately 225 hours. In this study,
hybrid welding produces less out-of-plane deformation compared to arc welding. If applied in
actual construction, hybrid welding could shorten the straightening process and reduce
economic costs, thus potentially affecting the cost-effectiveness of fabricating steel bridge

components significantly.

(c) Mechanical property

(i) Fatigue strength

Steel bridges are frequently subjected to repetitive traffic loads, making fatigue strength a
critical factor in assessing their long-term structural safety. Bridges with high fatigue strength can
endure more frequent and prolonged load cycles without succumbing to material fatigue damage
or cracking. As detailed in Chapter 4, fatigue test results have indicated that under nominal stress
ranges exceeding 250 N/mm?, hybrid-welded joints demonstrated equivalent or superior fatigue
strength compared to arc-welded joints. Following the guidelines of the Japanese Society of
Steel Construction (JSSC) and applying the 4/5 conversion factor, hybrid-welded joints met the

standards of the Class D design curve, whereas arc-welded joints underperformed at higher
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stress levels. Consequently, bridge components fabricated using hybrid welding technology are
less prone to fatigue cracking when subjected to repetitive loads, significantly enhancing the

reliability and lifespan of the bridge.

(i) Toughness

The Charpy absorbed energy serves as an essential metric for evaluating the resistance of
materials to fracture under impact loads. This parameter is particularly critical in low-temperature
environments where steel becomes increasingly brittle and prone to fracture. Chapter 4
discussed experiments that replicated the metallographic structures within the heat-affected
zone (HAZ) of hybrid-welded joints through simulated thermal cycle tests, assessing their Charpy
absorbed energy. The assessments revealed that the Charpy absorbed energy in the simulated
HAZ achieved the required 47 J, effectively preventing brittle fracture. This result underscores
that, in cold climates or during winter's low-temperature conditions, the utilization of hybrid
welding techniques in steel bridges significantly enhances structural integrity and safety.
Moreover, this welding technology not only improves the mechanical properties of materials but

also boosts the reliability and durability of steel bridges under extreme weather conditions.

(iii) Load-carrying capacity

The load-carrying capacity of steel bridges directly determines the maximum permissible
load of the bridges, which is crucial for ensuring traffic safety and maintaining bridge functionality.
Through the application of hybrid welding technology, material deformation and residual stresses
induced by welding processes can be significantly reduced. Moreover, the enhancements in
fatigue strength and Charpy absorbed energy contribute to improved structural integrity and
safety. This augmentation not only improves the stability of the structure but also enables the

design of lighter bridge structures, thereby saving on materials and costs. Furthermore, a higher
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load-carrying capacity allows bridges to better withstand unexpected overload events, reducing

the likelihood of structural damage resulting from such incidents.

(d) Sustainable Development Goals (SDGs)

In the context of SDGs Goal 9, which emphasizes industry, innovation, and infrastructure,
the comparison of heat input between hybrid welding and conventional arc welding technologies
becomes particularly relevant. As detailed in Chapters 2 and 5, hybrid welding offers a significant
reduction in heat input compared to conventional arc welding. This reduction in heat input not
only minimizes thermal distortion and residual stresses in welded components but also enhances
the overall energy efficiency of the fabrication process.

From an industrial innovation perspective, the lower heat input associated with hybrid
welding translates into improved structural integrity and performance of welded components.
This is crucial for critical infrastructure projects, where the longevity and safety of steel structures
such as bridges and buildings are paramount. Furthermore, the precision and control afforded
by hybrid welding technology allow for more complex and finely tuned welding operations,
pushing the boundaries of what can be achieved in modern construction and manufacturing
processes.

Moreover, the adoption of hybrid welding aligns with the infrastructure component of SDGs
Goal 9 by promoting sustainable industrial processes. By reducing energy consumption, hybrid
welding supports the development of greener fabrication methods. This contributes to the
construction of more sustainable infrastructures, which is vital for reducing the environmental
impact of the industrial sector.

In conclusion, hybrid welding represents a pivotal advancement in welding technology with
significant implications for industry, innovation, and infrastructure. Its ability to decrease heat

input while enhancing component quality and production efficiency exemplifies the kind of
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technological innovation that drives sustainable industrial practices, ultimately supporting the
objectives of SDGs Goal 9.

From the detailed analysis above, hybrid welding technology not only significantly enhances
the structural integrity and safety of steel bridges but also offers substantial economic benefits.
Therefore, considering these advantages, hybrid welding technology emerges as a valuable

method, particularly in bridge engineering projects with high standards.

6.3 Future Work

In this study, hybrid welding was compared with arc welding for 12 mm and 15 mm thick
SBHS steel, clearly demonstrating the superiority of hybrid welding. The plate thickness
commonly used in the fabrication of steel bridge components ranges approximately from 9 to 40
mm. Given this range, it is necessary to explore the application of hybrid welding to plate
thicknesses exceeding 15 mm in future studies. In such cases, the feasibility of single-pass full
penetration welding, which was effective in this research, might become challenging, suggesting
a need for further investigation into multi-pass hybrid welding techniques. Such studies are
crucial as they potentially address the complexities associated with welding thicker sections,

thereby ensuring the integrity and fabrication efficiency of steel bridge components.
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