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Abstract

While conventional short-circuit wire feed control
processes are effective in achieving low spatter and
low-heat-input welding, they present challenges when it
comes to high-current ranges, medium-to-thick plates,
and multi-layer multi-pass welding. To address this issue,
the world’s first non-short-circuit-type wire feed control
process, AXELARC™, has been developed, in which
the process leverages the inertia for droplet transfer by
alternating the wire feed direction forward and backward.
The applicability of the process to the field of medium-
to-thick plates has been examined. The results confirm
its ability to achieve low spatter and low fume welding
in a wide range of conditions, from low to high currents.
Additionally, it enables deep penetration, high deposition,
and high-speed welding capabilities. The newly developed
process is expected to make a significant contribution to
improving welding quality and efficiency in the field of
medium-to-thick plates.

Introduction

In the gas shielded metal arc welding process, the
welding wire serves as the electrode. The electrode
wire melts due to the Joule heat and the arc heat at
the wire extension. As the droplet detaches from the
wire tip, the arc length changes. In other words, the
frequency of droplet transfer and the droplet size
are factors that govern the arc stability, and droplets
that cannot transfer smoothly may lead to spatter
and fume emission. Therefore, in the arc-welding
process, advanced technologies of droplet transfer
control play significant roles in increasing efficiency,
improving welding quality and pursuing further
functional enhancement. Typical droplet transfer
control technologies so far include the method of
detecting necking of a droplet during the short
circuit transfer process and controlling the current
waveform,” as well as the method of regularly
detaching droplets by changing the welding current
pulse-wise, as in pulsed MAG and MIG welding.?
These methods balance external forces acting on the
droplet, such as surface tension, electromagnetic
force, shear force caused by plasma stream, and
arc pressure, through the operation of the welding
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current waveform. However, relying solely on the
control of external force balance through the current
waveform makes it challenging to expect significant
progress in the arc welding process in the future.

Hence, Kobe Steel has developed the world’s first
wire feed control process, AXELARC™Nete D which
utilizes “inertia” as a new droplet transfer control
factor by changing the wire feed direction and speed
over time and reversing the wire feed direction. This
paper introduces an overview of AXELARC™ and
provides an example of its effectiveness.

1. Overview of the newly developed non-short-
circuit-type wire feed control process, AXELARC™

1.1 Outlines and issues of short-circuit wire feed
control processes

In recent years, an extremely low-spatter and
low-heat-input welding method has been gaining
popularity, especially in the field of thin-plate
welding. This method closely coordinates welding
current waveform control with wire feed control
by AC servo motors. Various welding processes
have been introduced by welding equipment
manufacturers in Japan and other countries.>~” The
droplet transfer mode for these welding processes,
using wire feed control, is consistently the short-
circuit transfer mode. When the droplet at the tip of
the welding wire short-circuits to the molten pool,
the welding current is reduced, and reversing and
retracting the welding wire opens the short circuit.
The common feature is the significant reduction of
spatter generation upon the re-establishment of the
arc. These short-circuit wire feed control processes
have the advantage of suppressing short-circuit
currents, achieving lower heat input compared
with conventional short-circuit welding processes,
which is particularly beneficial for extremely thin
plates, around 1.0 mm thick, reducing distortion and
preventing burn-through.

However, this excellent low-spatter effect
mainly relies on the stabilization of the short-

Note) AXELARC is a registered trademark (TM) of Kobe
Steel.



circuit transfer phenomenon in the low current
range, and maintaining a similar droplet transfer
mode and its benefits in the high current range
is generally challenging. Moreover, assuming
short-circuit transfer as the basis results in shallow
penetration and high weld reinforcement, often
leading to a narrow convex bead shape. Increasing
the welding current (wire melting rate) to enhance
welding efficiency exacerbates this convex bead
formation tendency. Consequently, the efficiency
improvements sought in the medium-to-thick
plate welding field, including high current and
faster welding speeds, become less attainable.
Additionally, when performing multi-layer, multi-
path welding within a groove, issues like insufficient
penetration and lack of fusion become more likely,
presenting challenges for the application of short-
circuit wire feed control processes in medium-
to-thick plate welding. In contrast, AXELARC™
assumes no short-circuiting of the droplet at the
wire tip with the molten pool. This means it’s a
process developed to overcome the challenges
associated with the short-circuit wire feed control
processes mentioned above. It holds the potential for
application in medium-to-thick plate welding.

1.2 System configuration of AXELARC™

The configuration of the experimental apparatus
for the AXELARC™ process is shown in Fig. 1. The
feeding unit of this system comprises a push feeder
that forwards the wire at a set speed, a pull feeder
integrated into the welding torch, and a servo driver
that controls the pull feeder. Furthermore, a wire
buffer mechanism has been provided between the
push feeder and the pull feeder to detect and correct
errors in the amount of wire feeding. A mild-steel
solid wire with a diameter of 1.2 mm, subjected to
a special surface treatment, is used as the welding
wire, and 100 % CO, is used for the shielding gas.
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Base current

d) e)

Wire feed speed
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1.3 Droplet transfer mode for AXELARC™

Fig. 2 schematically illustrates the welding
current waveform and wire feed speed waveform
for AXELARC™ and presents images with examples
of droplet transfer. The forward and backward
feeding of the wire occurs repeatedly, and the
current waveform is a pulse current waveform
synchronized with the wire feed waveform’s phase.
As shown in Fig. 2(a) to (b), by forming droplets at
the wire tip while advancing the wire, the droplets
are accelerated in the direction of the molten pool.
Consequently, as shown in Fig. 2(c), even after
reversing the wire feed direction, the droplets at
the wire tip attempt to move in the molten pool
direction due to inertia. As a result, necking occurs
at the top of the droplet (Fig. 2(d)), allowing the
droplet to detach (free transfer) even without a
short circuit (Fig. 2(e)). It should be noted that if the
current is in a low current state, or the base current,
at the time of droplet detachment, the generation
of small particle spatter immediately after the
droplet detachment is suppressed. Normally, in the
high current range of CO, arc welding, a repulsion
transfer mode occurs due to the upward force of
the arc on the lower part of the droplet, leading to
the generation of a significant amount of large-sized
spatter. In contrast, the present process effectively
utilizes inertia for the droplet detachment, and thus
the detachment direction does not deviate greatly

Push feeder Wire buffer

Robot V\(Ijeliirng | ____Servo
controller [P driver
source

J

Fig. 1 Schematic diagram of the experimental system

Pull feeder

Welding
wire

Fig. 2 Droplet transfer phenomenon using inertia
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from the wire feed direction. Therefore, a regular
droplet transfer synchronized with the wire feed
speed waveform is achieved across a wide range of
conditions, from low current to high current, with
very little occurrence of large-sized spatter.

1.4 Effect of droplet size and the maximum wire
feed speed at wire tip on AXELARC™ droplet
transfer phenomenon

In order to achieve stable droplet transfer in
AXELARC™, various welding parameters related
to the welding current waveform and wire feed
speed waveform must be optimized. In this
study, attention is focused on droplet size and
the maximum speed of the wire tip to observe the
droplet transfer phenomenon. It should be noted
that, in AXELARC™, droplet transfer is based
on one droplet detachment per one period of the
forward-backward movement of the wire. The
droplet size (V) is determined using Equation (1):

2

Varop = Wfayg X %X% .............................. (1)

wherein, Wf,  represents the average wire feed
speed, d is the wire diameter, and f is the frequency
of forward-backward feed.

Additionally, the maximum speed of the wire
tip is determined using the highest acceleration rate
(Wf,..,) and is calculated with Equation (2):

W =L X T X oeeeeeeessessiseie )

wherein, L stands for the amplitude of wire
feeding, and f is the frequency of the forward and
backward feed.

W¥,..« represents the speed added to the average
wire feed speed when the wire tip reaches its
maximum speed.

In the following experiment, the welding current
waveform parameters were adjusted within the
range of an average wire feed speed of 13 to 19
meters per minute. Specifically, the droplet size
and the maximum wire feed speed of the wire tip
were changed by manipulating the amplitude and
frequency in the wire feeding parameters.

First, the following describes the case where the
droplet size is kept constant, and the maximum
wire feed speed is varied. Fig. 3 shows the droplet
transfer phenomenon at two different maximum
wire feed speeds, 90 m/min and 70 m/min, at an
average wire feed speed of 19 m/min with a droplet
size of 3 mm?®. In Fig. 3(a), with the maximum
wire feed speed at 90 m/min, the droplet transfer
phenomenon can achieve free transfer, similar to
that shown in Fig. 2. However, as shown in Fig. 3(b),
when the maximum wire feed speed is 70 m/min, no
necking occurs on the top of the droplet in the steps
3) to 4) in Fig. 3, and in step 5), the droplet does not
detach. In AXELARC™, to utilize inertia for droplet
transfer, it is necessary to configure wire feeding
conditions to secure a predetermined average wire
feed speed while setting an appropriate maximum
wire feed speed depending on the droplet size.

Next, the following describes the case where
the maximum wire feed speed is kept constant,
and the droplet size is varied. Fig. 4 shows the
droplet transfer phenomenon with droplet sizes
of 2 mm?® and 3 mm?® at an average wire feed speed
of 13 m/min and the maximum wire feed speed
of 70 m/min. In Fig. 4(a), with a droplet size of 3
mm?, the droplet transfer phenomenon is similar
to that shown in Fig. 2. However, in the case where
the droplet size is 2 mm?® as shown in Fig. 4(b),
the droplet cannot detach in the steps 3) to 5) in
Fig. 4. To realize droplet transfer in AXELARC™, the
current waveform and wire feed speed waveform

(b) Wfiax @ 70 m/min
Fig. 3 Effect of maximum wire feed speed on droplet transfer phenomenon (Wf,: 19 m/min, V,
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Fig. 4 Effect of droplet size on droplet transfer phenomenon (Wf,,: 13 m/min, Wf__: 70 m/min)

parameters must be set such that the droplet size
becomes appropriate for the average wire feed
speed.

The above experimental results indicate that
the key factor determining the success of droplet
detachment in AXELARC™ is the ability to
accelerate the droplet to form necking on the top
of the droplet through inertia. If a droplet reaches
only an insufficient speed, the droplet is pulled
back along with the wire without forming necking
when the wire enters the backward movement.
Consequently, in the subsequent wire melting
period, the droplet enlarges, resulting in an unstable
droplet transfer mode. On the other hand, when
the droplet size and the maximum wire feed
speed of the wire tip are properly configured, the
formed droplet is synchronized with the wire and
sufficiently accelerated towards the molten pool.
If necking occurs on the top of the droplet due to
inertia after the wire enters the backward movement,
the droplet can detach during the backward
movement. It should be noted that achieving this
droplet transfer requires setting the parameters
of the current waveform and wire feed speed
waveform, and the optimal parameters may vary
depending on the wire composition, wire diameter,
shielding gas composition, and average wire feed
speed.

2 Application effects of new wire feed control
process, AXELARC™

2.1 Reduction in spatter and fume
Comparisons have been made between the

conventional CO, arc welding process using constant
voltage control and AXELARC™. Fig. 5 compares

[l Conv. CO,-CV  Welding speed : 400 mm/min
B AXELARC" CTWD : 25 mm

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Spatter generation rate (g/min)

0.0
230 A 280 A 330 A

Welding current
Fig. 5 Comparison of spatter generation rate

the spatter generation rate, and Fig. 6 compares the
scattering of spatter during welding. In Fig. 5, the
comparison was made on the spatter generation rate
when welding at currents ranging from 230 to 330
A, with the wire feed speed and the contact-to-work
distance (CTWD) held constant. In the conventional
CO, arc welding process, a significant portion of
the spatter consists of spatter due to arc re-ignition
after short circuit and large-sized spatter caused by
droplets that rotate themselves and scatter due to
repulsion and detachment. On the other hand, in
AXELARC™, the droplet transfer process generates
minimal short circuits, and thanks to the utilization
of inertia, the detachment direction of the droplet
remains aligned with the wire feed direction. As
a result, the spatter generation rate is significantly
reduced even under CO, arc welding process gas
shield. Compared with the conventional CO, arc
welding process, the spatter generation rate for
AXELARC™ is generally less than 1/10 in a wide
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Wire feed rate : 16 m/min
350 A-37 V-500 mm/min

Fig. 6 Comparison of spatter scattering

Conv.CO,-CV
Wire feed rate:13 m/min
300 A-33 V-400 mm/min

Wire feed rate : 16 m/min
310 A-38 V-500 mm/min

AXELARC"

Wire

270 A-34 V-400 mm/min

feed rate:13 m/min

Fig. 7 Comparison of bead appearance in flat fillet welding

range of current conditions form low to high. As
shown in Fig. 7, the amount of spatter adhering to
the vicinity of the welding bead is also minimal.

Next, the fume emission rates for the
conventional CO, arc welding process and for
AXELARC™ were compared, and the results are
shown in Fig. 8. Compared with the conventional
CO, arc welding process, the fume emission rate for
AXELARC™ is consistently lower under various
wire feed speed conditions, and especially under
high-speed wire feeding (high current) conditions,
for which the fume emission rate using AXELARC™
is 40% or less that of the conventional method.
Welding fume originates mainly from metal vapor
emitted from droplet surfaces overheated by the
arc. It diffuses through the repeated contraction
and expansion of the surrounding gas during short
circuits and re-arcing.®’ The reduction in fume
emission with AXELARC™ is attributed to the
minimal occurrence of short circuits and the reduced
heating time of the droplet thanks to the shorter
droplet transfer period.

2.2 Melting characteristics of wires

Fig. 9 shows the relationship between the
welding current and wire melting rate for
the conventional CO, arc welding process
and AXELARC™. The wire melting rate with
AXELARC™ is approximately 15-20% higher for
the same average current. Therefore, under the same
average current conditions, an increase in deposition
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Fig. 8 Comparison of fume emission rate
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Fig. 9 Comparison of wire melting rate



is expected, which leads to improved welding
efficiency. This difference is believed to be primarily
the result of the pulse current used in AXELARC™,
resulting in a higher Joule heating rate in the wire
extension part, unlike the conventional CO, arc
welding process, which experiences relatively small
current variations.

2.3 Deep penetration performance

Fig.10 shows the penetration depths for various
welding processes when bead-on-plate welding is
performed by varying the welding speed, using a
common wire feed speed of 16 m/min and a contact-
to-work distance of 25 mm. AXELARC™ exhibits
deeper penetration compared with conventional
short-circuit wire feed control processes and pulsed
MAG welding process, achieving penetration depths
equivalent to those of the conventional CO, arc

conventional CO, arc welding is based on short-
circuit transfer. The above experiments indicate the
possibility that AXELARC™ will improve defect
tolerance and has the potential to contribute to the

f Wire feed rate : 16 m/min

.8 CTWD : 25 mm
E 7 |- -
£ | e AXELARC
S 6
s _ |-
S5 [ Conv. CO,-CV
c T
S 4
-
% 3 (P Pulsed-MAG
c 2 AT
& Conv. Wire feed

1 control|process (CO,)

200 300 400 500 600 700 800

Welding speed (mm/min)
Fig.10 Comparison of penetration depth in Bead-on-plate

welding process. Fig.11 shows the penetration welding
depth in flat fillet welding. In a wide range of .
wire feed speed conditions, AXELARC™ exhibits Welding speed : 400 mm/min AXELARC"
deeper penetration, achieving depths equivalent to T, | cwo:2smm /
or greater than those of the conventional CO, arc £
welding process. In addition, it advantageously £, Conv. €OV
yields a flatter bead shape compared with 9 T puieed tAc
. ulsed MAG

conventional short-circuit wire feed control 5
processes. Fig.12 compares penetration shapes in g rfgn”tvrbmﬁﬁg(coz)
flat fillet welding by various welding processes. g
AXELARC™ exhibits a flat bead shape even at a & ™ Conv. wire feed

. . . . control process (MAG)
wire feed speed of 7 m/min, which is in contrast 0 ‘
to the conventional CO, arc welding process. 5 10 15 20
This improvement in bead shape is attributed to Wire feed speed (m/min)
AXELARC™'s ability to minimize short circuit Fig.11 Comparison of penetration depth in flat fillet
occurrences and promote free droplet transfer, while welding

Wire feed rate 7 m/min 13 m/min 16 m/min 21 m/min

Conv. wire
feed control
process (MAG)

Conv. wire
feed control
process (CO,)

Pulsed MAG

Conv. CO,-CV

AXELARC"

Fig.12 Comparison of cross-sectional profile in flat fillet welding (CTWD: 25 mm, Welding speed: 400 mm/min)
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high-quality welding of medium to thick plates.

2.4 Improved welding efficiency for medium-to-
thick plates

Fig.13 shows examples of welding conditions,
bead appearance, and macroscopic cross-sectional
photos in flat fillet welding. AXELARC™ increases
the deposition rate compared with pulsed MAG
welding, allowing for an approximately 20% faster
welding speed while maintaining an equivalent
leg length. It also results in a pronounced, deep
penetration with a bowl-shaped appearance. In flat
fillet welding, conventional pulsed MAG welding
requires 3-4 passes to achieve a leg length of 18

mm, whereas AXELARC™ achieves the same leg
length in a single pass, as shown in Fig.14. This
fact demonstrates the potential of AXELARC™
for higher speed and a greater deposition rate in
flat fillet welding. Fig.15 shows examples of
horizontal fillet welding by pulsed MAG welding
and AXELARC™, aiming at a leg length of 9 mm.
AXELARC™ allows for an approximately 30% faster
welding speed, while achieving an excellent bead
appearance and a deep penetration shape. This
feature is distinct from pulsed MAG welding, which
exhibits small undercut on the vertical plate side.
Thus, AXELARC™ contributes to improved quality
and efficiency in welding medium-to-thick plates.

Process
/ Bead appearance

Pulsed MAG
i)
I

7‘,5‘9; X
Sopm
@/2‘?’49 .

- 5 A

AXELARC™

Leg Welding Welding
length | current speed s(é::(t)isosn
(mm) (A) (mm/min)

8 380 420

10 380 300

st 420

14 380

2nd 260
8 390 500
10 390 360

1st 500
14 390

2nd 310

Fig.13 Welding conditions and results for flat fillet joint

Wire feed rate : 19 m/min
380 A-43 V-150 mm/min

Fig.14 Bead appearance and cross-sectional profile in flat fillet welding with a large leg length
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23
45
(a) Pulsed MAG process

(280 A-220 mm/min)

(o) AXELARLC™ (300 A-290 mm/min)

Fig.15 Bead appearance and cross-sectional profile in horizontal fillet welding aiming for a 9 mm leg length

Conclusions

Kobe Steel has developed a new wire feed
control process, AXELARC™, which utilizes
droplet acceleration and the formation of necking
as a result of inertia, eliminating the need for short-
circuit transfer. This process enables low-spatter
and low-fume welding over a wide range of current
conditions while maintaining deep penetration,
allowing for high deposition rates and increased
welding speed. As a result, AXELARC™ is poised to
significantly contribute to improving the quality and
efficiency of welding in the medium-to-thick plate
field. Kobe Steel will strive to utilize AXELARC™
and aim to create new welding solutions that go
beyond the constraints of wire types, shielding
gas compositions, and welding condition ranges
that have been inherently limiting in conventional
welding processes.
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Welding Machine “SENSARC™ RA500” with Highly

Efficient Welding Processes

Shogo NAKATSUKASA*! - Akira OGAWA*' - Eiji SATO*! - Baini JO*' + Shota SEKIGUCHI*!

*I'Technical Center, Welding Business

Abstract

SENSARC™ RA500 is an arc-welding machine newly
developed with highly efficient processes. It was
launched in the summer of 2021 as a higher-end model
encompassing the current SENSARC™ AB500. This high-
end welding machine is equipped with highly efficient
processes and functions suitable for automated welding
of medium-to-thick plates for, for example, architectural
steel frames, construction machinery, bridges, and
vehicles, which are Kobe Steel’s specialty. This paper
introduces the highly efficient welding methods realized
by SENSARC™RA500, including pulsed MAG welding
with expanded efficiency, REGARC™ with even lower
spatter, and tandem welding specialized for high-speed
welding.

Introduction

In the realm of large welding structures, like
architectural steel frames and construction
machinery, which entail thick plates and canning
by multi-layered welding, the demand for enhanced
efficiency is unceasing due to the substantial
welding volume and prolonged welding processes.
Conversely, in industries primarily dealing with
thinner plates and single-pass fillet welding,
there is a pressing need for improved efficiency
through heightened welding speeds. However,
achieving heightened efficiency in high-speed
welding presents challenges in preserving welding
quality, including addressing welding defects, bead
appearance degradation, and increased spatter
generation, among other issues. To resolve these

\SENSARCTM
—~AS500

Fig. 1 Outside viewing of welding power source
SENSARC™ RA500
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challenges, Kobe Steel offers a comprehensive
solution leveraging its own products, encompassing
welding materials, welding robots, and welding
machines.

This paper introduces a new cutting-edge
welding machine, SENSARC™Nete) RA500 (hereafter
referred to as “RA500") (Fig. 1). The RA500 comes
equipped with a range of high deposition welding
processes and plays a pivotal role in the welding
robot system, making a valuable contribution to
overcoming various challenges.

1. Features of RAS00

Since the early 1980s, Kobe Steel’s arc-welding
robots have found widespread adoption among
customers, both in Japan and other countries,
primarily in the medium-thick plate sector. The
key requirements for welding systems in this field
include: i) improving efficiency (shortening cycle
times and increasing operation rates), ii) achieving
high-quality welding work, and iii) expanding
automation. Improving efficiency is often associated
with the “arc time,” which makes up 70-80% of the
robot’s operational duration. To reduce the arc
time, it is essential to increase the welding speed.
Achieving this necessitates a welding power source
with an expanded upper limit of welding current
output and appropriately controlled welding current
waveforms.

1.1 Welding power source

Table 1 presents a comparison of exemplary
specifications between the newly developed
welding power source, RA500, and the conventional
model, SENSARC™ AB500. Regarding the basic
performance, the RA500 has made substantial
improvements through revisions to the power
circuit and housing design, resulting in a significant
expansion of its 100% usage rate. For the DC
constant voltage welding method, the rated output
has been increased from 450 A to 500 A, and for the
DC pulse welding method, it has gone from 400 A to
450 A. This expansion allows for improved efficiency

Netel) ' SENSARC is a registered trademark (TM) of Kobe
Steel.



Table 1 Comparison of specifications between developed power source and conventional power source

RA500

AB500

Rated output

100%-500 A DC-CV
100%-450 A PULSE
60%-500 A PULSE

90%-500 A DC-CV
100%-400 A PULSE
40%-500 A PULSE

Temperature range

. . . W386xD629xH810(mm) | W370xD663xH685(mm)
Physical dimensions 71(kg) 69(kg)
Operation Operation

-10°C to 40°C

-10°C to 40°C

Controller

Control cycle : 12.5us
Sampling cycle : 2 MHz

Control cycle : 50us
Sampling cycle : 40 KHz

Connectable device

Welding robot
Welding carriage

Welding robot

Industrial network

EtherCAT
Ethernet/IP

CANopen

in the high-current range. Furthermore, as explained
in more detail below, it has adopted new output
control for the extended high current range of DC
pulse, enabling both high efficiency and high-quality
welding.

The control section of the power circuit has
enhanced output control with an increased control
period of 12.5 us (four times longer than the
conventional model) and raised feedback sampling
frequency of 2 MHz (a 50-fold increase compared
with the conventional model). These enhancements
have enabled more precise control of arc length
and droplet transfer, making it easier to customize
welding for different materials and work needs.

Although the external dimensions of the welding
power source have increased in height by 125 mm
when compared with the conventional AB500
model, the ground contact area ratio has remained
at a similar level. To enhance dust resistance, the
heating part of the power circuit, the electronic
circuit control section, and the cooling part are
configured in complete isolation (Fig. 2). A side-flow
structure is employed for forced air cooling, drawing
air in from the sides and expelling it from the front
and rear, thereby improving the cooling efficiency.
For instance, while the conventional model requires
a 300 mm clearance from surrounding obstructions,
the RA500 can satisfy the usage rate with only a
50 mm clearance under specific conditions.
Additionally, in terms of maintenance, the structure
allows cleaning of the heat sink from the front panel.
This facilitates cleaning without moving the welding
power source from the robot system (Fig. 3).

1.2 Wire feeder

The wire feeder is designed with a full-cover
structure to safeguard it against unintentional
contact with the welding circuit. (Fig. 4).
Furthermore, the dust resistance of the feeding

Control
circuit

Heating
Cooling circuit
part

Fig. 2 Layout inside the welding power source

Air intake
| from inside Air exhaustion

to rear side

Removable
front cover

Air exhaustion
to front side

Fig. 3 Side flow structure

Fig. 4 Outside view of wire feeder

motor has been enhanced, achieving an IP53
protection rating. The feeder has undergone
significant performance enhancements, including
a 13% increase in the rated load torque and a
durability boosted to 1.5 times that of the previous
model (with a load of 1.5 Nm and a feeding speed
of 22 mpm). Thus, this feeder seamlessly integrates
safety, dust resistance, and durability, guaranteeing
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robust performance for enduring extended periods
of continuous welding, while achieving a maximum
feeding speed of up to 30 mpm.

2. Welding process
2.1 Standard welding mode

The arc-welding machine comes equipped with
specialized welding modes designed to suit a variety
of materials, with a primary emphasis on general-
purpose welding materials for mild steel (Table 2).
The RA500 differentiates between rutile-based wires
and metal-based wires, offering dedicated flux-
cored wire welding modes for each, with the goal of
improving welding quality through precise output
control. If necessary, it is also possible to expand and
integrate welding modes for materials other than
mild steel.

Table 2 Built-in welding mode

Welding ; ; Wire diameter
P GAS Wire materials (mm)
DC-CV CO2 | MILD STEEL(SOLID) 12, 14, 16
MILD STEEL(Rutile-FCW) | 1.2, 1.4,
MILD STEEL(Metal-FCW) | 1.2, 1.4,
STAINLESS(FCW) 1.2
Ar+CO2 | MILD STEEL(SOLID) 1.2
PULSE | Ar+CO2 | MILD STEEL(SOLID) 12, 14
Melting rate (at CTWD 25 mm, Pulse-MAG)
200
180 === Coventional
E - -m--RA500
> 160
L 140
o
> 120 /é
c
g 100 -/
~
80 /
60
200 250 300 350 400 450 500

Weliding current (A)
Ar80%+CO:2 solid wire, ¢ 1.2 mm,

Fig. 5 Relationship between welding-current and wire
melting rate

Ne methOd L. Conventi

Pulse-MAG, WFR:22 mpm, CTWD: 25 mm
Travel: 350 mm/min, Solid wire: ¢ 1.2 mm, Conditions: 430 A

Fig. 6 Adhesive spatter reduced by new method
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With the expansion of the 100% usage rate,
high efficiency is achieved for DC pulse welding,
with current conditions exceeding 400 A. Fig. 5
shows an example of the efficiency improvement
for a solid wire with a diameter of ¢ 1.2 mm. RA500
has a maximum wire melting rate increased by
approximately 20% from the previous 150 g/min to
185 g/min, enabling highly efficient welding work.
It should be noted that the 100% usage rate for DC
pulse welding is 450 A; however, considering the
burden on consumables in the feeding system due
to the increased feeding speed of ¢ 1.2 mm wire
and the stability of molten metal, the upper limit for
welding current is estimated to be around 430 A. In
general, under welding conditions exceeding 400 A,
minor spatter adhesion is observed even in pulse
welding. However, RA500 employs optimal pulse
output control for this range, significantly reducing
such adhesive spatter (Fig. 6).

As a specific example of efficiency improvement,
the calculated arc time for a 16 mm thick,
50° V-groove butt welding is shown in Fig. 7. In
this example, the first layer ensures fusion, the
finishing layer emphasizes appearance, and the
maximum melting speed is applied primarily to the
intermediate layer. Even in this example, where the
intermediate layer has the smallest proportion, there
is an expected reduction of approximately 13% in arc
time compared with AB500.

2.2 New pulse control

In RA500, a new pulse control has been adopted
for the DC pulse mode for solid wire, enabling stable
pulsed arc welding across a wide current range,
from low to high currents. This new pulse control
is particularly effective in pulsed MAG welding
with a ¢ 1.4 mm wire. In conventional pulse control,
arc length control was performed by base-time
modulation (Fig. 8), whereas the RA500s arc length
control employs peak-current modulation (Fig. 9)
in the high current range. Specifically, base-time

Welding Welding Wire feed Melting ARC
Pass current travel rate rate time
[A] [mm/min] [m/min] [g/min] [min/m]
1 280 280 12 105
RA500 2 430 290 22 190 10.6
3 400 290 20 173 -
1 280 250 12 104 @_
AB500 2 380 250 18 154 12.0
3 380 250 18 154

80%Ar+CO, DC-PULSE
¢ 1.2 mm, YGW15
CTWD: 25 mm

RER

T: 16 mm
V: 50°

GAP: 5 mm

Fig. 7 Comparative examples of efficiency of butt welding



RA500

Conventional

New method

Welding current: 600 A, Wire feed rate: 24 mpm
Solid wire (YGW11) ¢ 1.4 mm, CTWD: 30 mm

Fig.11 Comparison between new pulse control method and

conventional pulse control method

Melting rate (at CTWD 28 mm, Pulse-MAG)
300
280
gig - = -RAS00 +20% 48
220 z
200
180
160
140
120
100 §
80

60
300

=== Conventional

Melting rate (g/min)

350 400 450 500

Welding current (A)
Ar80%+COz2, Solid wire: ¢ 1.4 mm, YGW15

Fig.13 Welding current and wire melting rate

550 600

modulation control is applied for currents of 450-500
A or lower, and peak-current modulation control
is applied for those of 500 A or higher (Fig.10).
This effectively suppresses the vibration of the
molten pool in high-current welding exceeding 500
A (Fig.11), which was a previous challenge, and
enables the creation of beads with well-defined toes.
This also reduces spatter adhesion to the base metal
(Fig.12). However, in the high current range, droplet
transfer may sometimes become a rotating transfer,
and pore defects originating from the atmosphere
are likely to occur due to turbulence in the shielding
gas. Therefore, careful attention is required.

The recommended upper limit for the proper

Modulation_base-time

Method for modulation peak current
Fig. 9 New method (modulating peak-current)

Modulation peak-current
Fig.10 Application image of new pulse control

Pulse-MAG, WFR: 20 mpm, CTWD: 30 mm
Travel: 350 mm/min, Solid wire: ¢ 1.4 mm, Conditions:550 A

Fig.12 Appearance of welding bead

Welding Welding Wire feed Melting ARC
Pass current travel rate rate time
[A] [mm/min] | [m/min] [g/min] [min/m]
1 280 350 9 109
RA500 | 2 560 350 22 260 8.6
3 450 350 16 189 -
1 280 350 9 109 @
AB500 2 500 290 18 213 9.8
3 450 285 15 177
80%Ar+CO,, DC-PULSE
6 1.4 mm, YGW15 5 ;gomm
CTWD: 28 mm GAP: 5 mm

Fig.14 Efficiency comparison example of butt welding

welding current in this new pulse control process
is approximately 560 A (with a wire diameter of
¢ 1.4 mm, in parallel configuration). At this current,
the wire melting rate is around 260 g/min. This is
about 20% higher than that of AB500, whose limit
for stable bead formation is at around 500 A. Further
increasing the output is possible, but it can make
controlling the molten pool more challenging, as
the molten metal may flow ahead, making it not
advisable. The relationship between the melting
speed and output current is shown in Fig.13.

As a specific example, the calculated arc time
for welding a 16 mm thick, 50° V-groove butt joint
is shown in Fig.14, where an approximately 14%

KOBELCO TECHNOLOGY REVIEW NO. 41 MAR. 2024

12



reduction in arc time is expected, compared with
AB500.

2.3 Tandem MAG pulse

Tandem MAG pulse welding is one of Kobe
Steel’s longest-standing high-efficiency welding
methods and has continued to evolve alongside
the development and improvements of welding
machines. In the tandem mode of AB500, the tailing
electrode pulses in sync with the leading electrode
to achieve arc stability equivalent to single electrode
welding, despite its double electrode configuration.
In contrast, RA500 has reevaluated the control of the
tailing electrode to further enhance the arc stability.
It should be noted that the RA500 tandem welding
system was launched in June 2022.

The tandem mode of RA500 includes a tandem
welding mode for flux-cored wires in addition to
the mode for solid wires. Tandem welding divides
the electrode into two electrodes, offering superior
welding speed compared with single electrode
welding with the same melting speed. However,
further increasing the speed can lead to challenges
such as a convex bead shapes and destabilization
of the molten pool due to increased deposition
amounts. On the other hand, using flux-cored
wires results in stable streaming transfer without
interference between the electrodes even in the
high current range of 400 A or higher, thanks to
the effect of flux columns, which is characteristic
of the droplet transfer of these wires. This action
suppresses the movement of the molten pool,
enabling the formation of flat beads even in high-
speed welding with a leg length of 8 mm and a
welding speed of 1,000 mm/min (Fig.15). High
deposition applications are also possible. The use of
a low-slag flux-cored wire with a diameter of ¢ 1.3
mm, under the conditions of a leading electrode

Solid wire

Tandem-Pulse-MAG, Travel: 800 mm/min
CTWD 25 mm, Lead: 400 A-32 V, Trail: 360 A-33 V

Leg length: 8.6 mm

.
Leg length: 8.1 mm

Tandem-Dccv-MAG, Travel: 1,000 mm/min
CTWD: 25 mm, Lead: 400 A-31 V, Trail: 360 A-37 V

Fig.15 Example of tandem welding method
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at 430 A and a tailing electrode at 400 A, enables
a deposition amount of approximately 350 g/min.
This is the highest deposition amount in the welding
methods hitherto proposed by Kobe Steel (Fig.16).

Another advantage of using flux-cored wire is
as follows: In tandem welding where solid wire
is generally used, the DC pulse welding method is
typically employed. In the tandem welding mode
using flux-cored wire, the application of the constant
voltage direct current welding method is possible,
thanks to the action of the flux columns. This makes
the setting of welding conditions easier than in the
case of the DC pulse welding method. Furthermore,
the application of the DC pulse welding method
is not mandatory, making it less prone to the
destabilization of power supply due to tip wear
(Table 3).

2.4 New REGARC™ Note2)

The common practice in steel frame welding is
to use the relatively inexpensive carbon dioxide gas
as a shielding gas, and, therefore, welding is mainly
performed at high currents to enhance efficiency.
Especially within the high current range, there has
been a long-standing challenge of increased spatter
generation due to the irregular globular transfer
of droplets. To address this challenge, Kobe Steel
has developed the REGARC™ welding process. In

— Tandem using FCW
-*Tandem using solid-wire

1,200
£
£ 1,000 [ ]
€
E 00
©
3
2 600
(/2]
400 |
©
= 200
200 300 400 500

Lead current (A)

Fig.16 Applicable range of tandem welding method using
FCW

Table 3 Advantages of flux-cored wire

Solid wire Flux-cored wire
Welding method Pulse DC-CV
Bead appearance Average good
Tip durability Average good
High speed welding Average good
Versatile Average good

Note2) REGARC is a registered trademark (TM) of Kobe
Steel.
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Fig.17 Reduced adhesive spatter amount in new REGARC™

carbon dioxide arc welding, this method involves
shaping the welding current into a special pulse
waveform at specific times during the droplet
formation and detachment processes, thereby
suppressing the upward movement of droplets.
This allows the droplets to be transferred to the
molten pool in an orderly manner before they grow
large. This welding method effectively reduces the
occurrence of short circuits and the generation of
large-sized spatter, and its applications are rapidly
expanding.”

RA500 comprises a newly developed output
control that enhances the output waveform and
arc-length control of the conventional REGARC™
welding process, achieving further reduction of
spatter (Fig. 17).

3. Application
3.1 Robot function

RA500 serves as a welding machine within
Kobe Steel’s robot welding systems, featuring an
information gathering function when combined
with a robot. It includes applications useful for
welding machine maintenance, such as recording
operating time, welding duration, various alarms,
and monitoring parameters like welding current and
wire feed speed load (Table 4).

3.2 Digital interface

In terms of digital interfaces, RA500 utilizes
EtherCAT for digital connection with Kobe Steel’s

Table 4 Combination function with robot

+ Welding operation time

+ Temperature inside the welding power source
+ Rotation error of cooling fan

+ Fine-adjustment of welding ball removal control
+ Motor overcurrent warning detection level

- Voltage detection error sensitivity adjustment

Maintenance
information

Welding + Wire-feed load monitor

information + Welding current monitor

- Welding voltage monitor

Rail type welding carriage
ISHIMATSU . SE? SE§_LA

Fig.18 Cooperation with rail-type welding carriage

multi-articulated robot ARCMANT™ Nete3) Tt g
also designed to be adaptable to various protocols
for digital connection with small and portable
robots. For example, plans are in place to establish
system integration using EtherNet/IP™ for digital
connection with Kobe Steel's ISHIMATSU controller
(Fig. 18).

Noed)  ARCMAN is a registered trademark (TM) of Kobe
Steel.
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Furthermore, RA500 is equipped with Anybus®
CompactCom, enabling the development of various
digital communication protocols (a total of 11
protocols including Modbus, DeviceNet) tailored
to other automation apparatuses. There are plans to
gradually expand the range of protocols that can be
used for digital communication interfaces.

Leveraging this digital communication interface
and the robot functions described in the previous
section, RA500 incorporates welding condition
instructions for automation equipment connections,
such as arc start and crater handling. Additionally,
considerations are being made for functions like
recording and monitoring welding information
that cannot be executed by various automation
equipment alone. In the future, there may also be
functions that allow for reviewing work records
specific to welding portions.
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Conclusions

This paper has introduced the newly developed
high-end welding machine, SENSARC™ RA500.
Alongside the welding processes and functions
introduced in this paper, the ongoing development
of new welding processes will continue. Plans are
in place to incorporate AXELARC™ Nete4 3 non-
short-circuit-type wire feeding control method for
carbon dioxide gas processes, into RA500, with the
aim of commercialization in the fiscal year 2024
and beyond. Kobe Steel will strive to contribute to
solving problems so as to improve welding quality
and efficiency together with welding materials
and welding equipment while expanding other
functions.
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Abstract

The rapid development of information and communication
technologies, as well as the widespread use of Al
technologies, is expected to accelerate automation and
labor-saving measures in production sites. Kobe Steel
has been developing various functions to automate
welding operations and increase the ratio of robots
used in welding processes. However, the adoption of
welding robot systems has resulted in new manual
tasks such as teaching and maintenance. By reducing
these manual operations, the introduction of welding
robot systems can be more effective than ever before,
leading to increased productivity. To overcome these
challenges, Kobe Steel has leveraged ICT/Al technology
to develop an automatic function that generates welding
programs, reducing the need for manual teaching work.
This feature has been added to the ARCMAN™ Offline
Teaching System. A camera has been mounted on the
ARCMAN™ PRODUCTION SUPPORT, expanding remote
visualization capabilities, which is expected to improve
safety by reducing the number of work at elevated areas.

Introduction

Kobe Steel has been developing and selling
welding robot systems and apparatuses for
medium-to-thick plate applications in, for example,
construction steel frames, construction machinery,
bridges, and shipbuilding, automating the welding
process and saving labor. This contribution enhances
society’s development and improves its customers’
production. When welding medium-to-thick plate
components, challenges arise due to the large
workpieces leading to assembly errors and the
tendency for thermal distortion during multi-layer,
repeated welding over extended periods. To address
these challenges and achieve welding automation,
the company has developed technologies such as
arc sensors that detect changes in welding current
and correct the robot tip position to a pre-taught
location. Furthermore, in recent years, Kobe Steel
has implemented automation in areas like flare
grooves, traditionally performed by skilled welding
workers, by measuring root gap with laser sensors
and adjusting welding conditions depending on the
root gap."

Thus, the application rate of welding systems has
been increased to promote automation. However,
introducing welding robot systems has brought
about the need for new manual labor, including
tasks like teaching work, robot operations, and
recovery from short-time breakdowns, which were
previously unnecessary in conventional manual
welding operations.

To reduce such manual labor, Kobe Steel has
provided solutions such as the ARCMAN™ Offline
Teaching System to simplify teaching work and
ARCMAN™ PRODUCTION SUPPORT, which
allows for the visualization of robot production and
helps in reducing short-time breakdowns.

This paper introduces functions achieved by
adding ICT and AI technology to the software,
aiming to reduce teaching work time and improve
workability through further visualization of robot
production. These functions make welding robot
systems easier to use than ever before, promoting the
automation of the welding process.

1. Teaching-less welding robot system

Before commencing production with a welding
robot system, it is necessary to provide instructions
for the robot, guiding it on how to weld different
parts of the workpiece. This process involves
establishing essential welding torch postures to
ensure welding quality, avoiding any interference
with the workpiece and clamp jigs, configuring
sensors to account for potential workpiece
misalignment, and defining its overall operation.
This task demands a deep understanding of
robot operation and welding expertise, especially
for intricate workpieces, making it a challenging
endeavor not easily undertaken by just anyone.

For more than two decades, Kobe Steel has
been steadfast in the development of teaching-less
welding systems. In the domain of construction
steel frames, bridges, and shipbuilding, teaching-
less systems have been successfully integrated,
significantly contributing to the automation of
welding for many customers?-? (Fig. 1). A key
distinguishing feature of this approach lies not only
in providing robot location information tailored to
the specific workpiece but also in offering optimal
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welding conditions. This enables production to
commence on the same day the robot is installed.
Furthermore, in recent years, 3D-CAD is employed
for inputting workpiece information, enabling the
direct use of data generated during the design phase
as manufacturing data (Fig. 2). This has led to the
realization of a teaching-less system capable of
swiftly acquiring workpiece information, even for
workpieces with multiple welding lines *.
Workpieces for which the teaching-less system
has already been established often share similar
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Fig. 2 SMART TEACHING™ for CAM
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and patterned shapes, allowing their teaching to
be achieved by adapting the reference teaching
program. However, for complex-shaped workpieces,
as found in construction machinery, where
patterning is challenging, applying the same method
is difficult, preventing the realization of a teaching-
less system. Moreover, teaching such complex tasks
requires skilled teaching techniques, often resulting
in lengthy teaching work durations. In response to
this challenge, Kobe Steel has developed functions to
simplify the automatic creation of teaching programs
and the verification of these programs, thereby
reducing the workload for those involved in the
teaching process.

This section will elaborate on the welding-
program automatic generation function, which
automatically creates teaching programs offline
(Section 1.1), and the cable simulation function,
enhancing the accuracy of offline program
verification (Section 1.2).

1.1 Welding-program automatic generation function

Excavators, a type of construction machinery,
consist of a combination of multiple large and
intricately shaped workpieces. These workpieces
vary in shape for different machine models, making
it imperative to develop a multitude of patterns
if one were to achieve teaching-less automation
using a patterning method, similar to the approach
employed in construction steel frames, bridges, or
shipbuilding.

The introduction of new machine models with
dissimilar shapes presents additional challenges,
necessitating the creation of setting patterns for a
new reference program in accordance with a new
shape.

Hence, an alternative approach has been adopted
to automatically generate teaching programs for
complex-shaped workpieces like construction
machinery. This approach revolves around the
“exploration” of robot postures suitable for welding.
This has led to the development of a function for
automatic program generation to determine the
positions and angles for the robot, positioner,
and moving apparatus. The exploration approach
entails translating the teaching techniques of
experienced personnel into rules. Following these
rules, the positioner and torch angles are initially
determined on the basis of welding positions and
welding information. Subsequently, by exploring
the robot's welding postures, multiple teaching
program candidates are created (Fig. 3). A two-step
evaluation process is then carried out, encompassing
robot operation evaluation and welding operation



evaluation. This process aids in selecting the most
suitable candidates for welding, culminating in the
automatic generation of teaching programs (Fig. 4).
The utilization of this function can significantly
reduce the teaching work, which typically takes
two days on an actual machine, to just one day. This
not only shortens the duration of teaching work,
but also may decrease production line downtime.
Furthermore, even operators with limited experience

in creating teaching programs can readily generate
teaching ones that match those made by seasoned
teaching personnel.

1.2 Cable simulation function

When teaching programs created offline are

tested on the actual machine, there are instances
where the welding torch cables attached to the robot

Set positioner

Set robot torch angle

Search for robot posture

Torch tilt angle

1a
Torch front-back angle :

B | Search for robot position |

Fig. 3 Flow of robot pose search

Robot motion Welding operation )

-Interference
-Motion range
-Trajectory

- Weaving posture

dN

-Degree of cable bending

Wrist axis ?

Scores candidate task programs

based on 2-step evaluation

=Selection of the candidate
with the highest score

[ Candidate | —Points |

*PRGT : 95
PRG280
PRG3 .30
P:RG4':“":‘0

Fig. 5 Cable simulation to check distance between cable and workpiece
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interfere, necessitating corrections and re-teaching,
which can lead to prolonged teaching sessions. To
address this issue, a cable simulation function has
been developed, allowing the behavior of the cables
to be confirmed offline. Fig. 5 shows how cable
simulation is used to check the cable state in narrow
areas that are difficult to assess with the naked eye
in the actual system. Particularly, as indicated in
the right side of Fig. 5, the relationship between
the cable and the workpiece position can be easily
understood. As a result, teaching programs without
cable interference can be created through offline
work, shortening the time required for teaching
adjustments in the field.

The cable simulation uses geometric curve
calculation logic to represent curves that resemble
the actual cable’s movements. Therefore, it requires
fewer calculations to display the cables, compared
with using a physical simulation, which requires
precise calculation. This enables fast visualization
without causing work stress.

The settings for cable movement include only
four simple parameters: (1) the starting and ending
positions of the cable, (2) the decision whether or not
to use a spring balancer, (3) the selection of the torch
cable’s stiffness, and (4) the direction in which the
cable bends. This makes it user-friendly and easy for
anyone to use.

2. Production visualization system

Kobe Steel provides ARCMAN™ PRODUCTION
SUPPORT, a solution designed to aid in the analysis
of short-time breakdowns, welding defects, and
production management by aggregating operational
data from welding robot systems and rendering
welding and production data visually 7.

This section begins with a discussion of
ARCMAN™ View (Section 2.1), which bolsters
productivity by linking video information from
network cameras with traditional welding and
production data. This is followed by the explanation
of a work-type determination function (Section 2.2)
aimed at preventing erroneous setup due to the
robot operator teaching wrong program numbers,
through the utilization of images captured prior to
production. Additionally, the section introduces the
wireless remote monitoring system (Section 2.3),
which harnesses mobile computers to enhance work
efficiency.

2.1 ARCMAN™ View

As an optional feature within ARCMAN™
PRODUCTION SUPPORT, a camera function
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named ARCMAN™ View has been developed. This
function enables real-time display and recording by
connecting network cameras to a PC. Since the size
of medium-to-thick plate welding systems tends to
increase, ARCMAN™ View incorporates a unique
function to control the camera, ensuring that the
robot’s tip always remains centered in the frame by
utilizing the robot tip location information (Fig. 6,
Fig. 7).

The videos recorded using ARCMAN™ View
can be linked to error information and welding data,
facilitating replay covering the time corresponding
to specific information. Through this movie-log
linkage function, users can readily review the images
to verify the welding conditions when errors occur
or welding defects manifest, enabling a detailed
analysis of the root causes of short-time breakdowns
(Fig. 8).

Moreover, ARCMAN™ View’s images enable
operators to manage the robot while monitoring
the screen without the need to approach the robot
physically. However, due to the limited depth

Net k
N " 3 > Networl
etworl Networ

ARCMAN™ HUB
PRODUCTION SUPPORT

Fig. 7 Sample image of ARCMAN™ View



perception in images, accurately guiding the robot
to the welding start position can be challenging.
To address this challenge, a touch-sensing function
has been devised, allowing the operator to execute
it at any chosen time by applying sensing voltage
to detect when the wire makes contact with the
workpiece. This action triggers the remote sensing
function, causing the robot to halt when the wire
touches the workpiece (Fig. 9). With the help of
this function, robot operation from outside the
safety fence becomes feasible, thereby reducing the
necessity for work in hazardous locations such as
elevated areas.

2.2 Work-type determination software

In medium-to-thick plate welding systems,
there are scenarios where an operator employs
a crane to load a workpiece onto the system and
manually selects a teaching program for playback
via the teaching pendant or control panel. However,
operator errors occasionally lead to the unintentional
selection of a different program with similar shapes,
resulting in issues like welding in an incorrect
position or the torch coming into contact with the

Error log Arc log

Son o
Recorded video Arc data

Fig. 8 Concept of log linkage function

CTRL+{Z—

CTRL+

Wire touch — Robot stop

Fig. 9 Concept of sensing remote

workpiece.

One potential solution to this problem involves
the utilization of Radio Frequency Identification
(RFID). Nonetheless, using RFID for large metal
objects like construction machinery necessitates
highly precise RFID readers that are less susceptible
to radio wave reflections from metal surfaces.
This can result in increased initial investment and
operational costs.

To tackle this challenge while keeping initial
investment and operational costs manageable,
Kobe Steel has devised a work-type determination
software employing cameras and Al for
discrimination. Picture recognition technology,
widely explored across various fields, is employed to
estimate the types of objects from camera images 9.
However, even when Al recognition accuracy is on
par with or exceeds human capability, achieving
100% accuracy presents certain challenges. To
address this, a double-checking function involving
both humans and AI has been integrated.

When an operator intends to initiate welding,
the operator selects the program based on the work
type after loading the workpiece and then activates
the playback start switch. The developed work-type
determination software establishes communication
with the robot as soon as the playback start
switch is pressed, identifies the program number
chosen by the operator, and captures an image of
the workpiece using the camera. By analyzing the
captured image, the software distinguishes the work
type and verifies whether the combination of the
determined work type and the operator-selected
program number is accurate. If it's an incorrect
combination, the software suspends the playback
and prompts the operator for confirmation (Fig.10).

In a production environment where the work-
type determination software operates, incorporating
new workpieces into the system necessitates learning
new images of the added work. Traditionally, this
process required the expertise of Al developers. To
streamline this, a system has been put in place for
automatic learning from workpiece images acquired
during production. With this system, even in cases
with a limited number of initial learning data or low
determination accuracy for work types, or when new
workpieces are introduced, the software learns and
enhances determination accuracy while in operation
(Fig.11).

2.3 Wireless remote monitoring system
Kobe Steel actively pursues the development of

a wireless remote monitoring system, which makes
use of mobile devices like tablets, alongside the
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visualization of welding processes on desktop PCs
and laptops. In certain work environments, skilled
operators may be required to continuously oversee
welding conditions to ensure the quality of the
welds.

However, with the recent decline in the number
of skilled operators, the inability to manage multiple
welding apparatuses simultaneously has emerged
as a significant concern, leading to decreased work
efficiency. The implementation of a wireless remote
monitoring system addresses this issue by enabling
remote monitoring of multiple welding systems
from a distance. This monitoring system empowers

KOBELCO TECHNOLOGY REVIEW NO. 41 MAR. 2024

Fig.12 SESLA™ and remote application for SESLA™

non-skilled operators to operate each welding
apparatus, potentially allowing each skilled operator
to support multiple operators concurrently.

The wireless remote monitoring system functions
through wireless communication between the
SESLA™ main unit and industrial mobile computers
equipped with Android (a trademark of Google
LLC)¥. It provides real-time monitoring of welding
conditions, presenting data in numerical and
graphical formats. Moreover, it allows for remote
adjustments of welding conditions and the storage of
monitoring data in CSV format (Fig.12).

It should be noted that the development of the



wireless remote monitoring system extends beyond
the SESLA™ monitoring system and there are plans
to make it available for various systems in the future.

Conclusions

This paper has presented novel functions
that merge Kobe Steel’s proprietary expertise in
welding technology with ICT and Al technology.
The ongoing challenges posed by Japan's aging
population suggest a sustained demand for
automation and workforce reduction within
production sites. In response, Kobe Steel remains
unwavering in its commitment to development
efforts focused on alleviating labor shortages and
relieving operators from physically demanding
tasks. The company is steadfast in its mission to
enhance the automation and quality of welding,
ultimately aiming to boost productivity and safety

for its valued customers.
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Abstract

A state-of-the-art welding robot system has been
developed for architectural steel frames, featuring
the latest technology such as the ARCMAN™ A60
manipulator and the SENSARC™ RA500 welding power
source. The system is aimed at increasing productivity
and has a reduced cycle time compared with the previous
model. This paper provides an overview of the system’s
components, highlighting the technology that has
contributed to the reduction in cycle time. Specifically,
the REGARC™ process is covered in detail, which
has been improved by the new welding power source,
and the welding wire, which now benefits from surface
treatment for improved feedability. These advancements
have resulted in highly efficient welding conditions,
improving the welding current and speed compared with
conventional welding techniques, as outlined in this
paper. Additionally, the development technology used to
create the system equipment is described.

Introduction

Recent years have witnessed a consistent annual
demand for steel in architectural frames in Japan,
stabilizing at approximately 4.6 million tonnes per
year V. This demand is anticipated to endure, as
there is a pressing need to replace buildings erected
during the high economic growth period. However,
this scenario poses a challenge due to a shortage of
welding technicians, highlighting the imperative
for enhancements in both productivity and welding
quality. Consequently, there are ongoing initiatives
to automate the welding process in the domain of
architectural steel frames.

The automation for the welding process of
architectural steel frames can be broadly categorized
into two primary types: in-factory welding
automation and construction site automation. These
approaches further break down into automation
using vertically articulated robots and automation
employing simplified portable robots.

This paper specifically concentrates on in-factory
welding automation within the facilities of steel-
frame fabricators and introduces a welding robot
system that utilizes a vertically articulated robot,
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known for its benefits of prolonged continuous
operation and high productivity.

1. Background of system development

The robotic automation of welding processes for
the in-factory settings of architectural steel frames
presents challenges due to the unique distinctive
feature of each welded structure and the great
thickness of the plates involved. The evolution of
such robotic automation has involved incorporating
mechanisms for automatically generating programs
through software technology, enhancing robot
functions for multi-layer welding, and integrating
equipment to facilitate unmanned operation.

Steel frame fabricators, undertaking the
installation of new robot systems, aim not only
to introduce cutting-edge equipment but also to
modernize existing systems, increase production
volume, and reduce labor requirements. In response
to such needs, Kobe Steel has been conducting
product development to reduce cycle times and
contribute to increased productivity. As for cycle
time reduction, efforts have been made to shorten
both welding and non-welding times. For welding
time, a specific focus has been placed on developing
welding conditions for cold-formed angular steel
columns (hereafter referred to as “columns”).

2. System Advantages and Configuration

The advantage of Kobe Steel's welding robot
system for architectural steel frames lies in its ability
to facilitate robot welding for workpieces, each
unique and distinctive, without the need for manual
teaching of welding paths or conditions on the actual
machine. This comprehensive system comprises
a welding robot, welding power source, welding
wire, a positioner for mounting and posturing
workpieces to be welded, a transfer device with a
robotic manipulator to expand the range of motion,
equipment associated with continuous operation,
and steel frame software that automatically generates
robot programs. Fig. 1 displays an exemplary
welding robot system for architectural steel frames.

This system introduces newly developed



Fig.1 Structural steel large assembly welding robot system

robotic functions, such as the capability to rectify
discrepancies in root gaps that may occur during
workpiece assembly and an arc-sensor function to
monitor workpiece deformation during welding.
Additionally, the system ensures seamless robotic
rerun for grooved multi-layered welding by
incorporating standard devices for exchanging short/
long nozzles, an automated slag remover, a wire
cutter, and torch cleaner.

The steel frame software encompasses multiple
welding conditions categorized by target joints.
Users can access specific welding conditions for
each joint by inputting relevant joint information.
Two types of welding conditions are offered: one for
constant voltage welding and the other for welding
utilizing the low-spatter REGARC™ process, which
ensures stable globular transfer through pulse
waveform control.

The REGARC™ process significantly reduces
spatter generation during welding, compared with
the constant voltage welding method, thanks to
its combination of pulse waveform control and
dedicated welding wire. Consequently, the spatter
adhering to the base material surface is minimized,
reducing the need for spatter removal work in
subsequent processes.

The following sections delve into the enhanced
performance of the REGARC™ process, made
possible by a new power source, welding wire,
high-efficiency welding conditions resulting from
their use, and technology developed for the system
equipment.

3. Welding work ?-
3.1 Improvement of REGARC™ process

3.1.1 Stability improvement of droplet transfer
against changing wire extension length

The REGARC™ process alternately outputs two
pulse waveforms with different peak currents to
stabilize droplet formation and detachment, thereby
achieving low spatter during globule transfer in
carbon dioxide arc welding. However, a challenge
has been the instability of droplet transfer and
increased spatter due to the variation in wire
extension length, which changes during welding,
causing fluctuations in arc length.

The primary joint shape of welding structures
for architectural steel frame is a single bevel groove
with a gap. During the welding process, a weaving
operation is performed to ensure a sound joint,
including penetration. However, this weaving
operation causes the wire extension length to change
at both ends of the groove. This change in wire
extension length leads to spatter generation, and in
particular, spatter generated on the groove side may
adhere to the vertical surface of the workpiece.

Fig. 2 illustrates an example of the mechanism
where changes in wire extension length result in the
instability of droplet transfer and the generation of
spatter. When the wire extension length changes
during welding, the base period of the pulse
is modulated to track current changes. The base
period that has become shorter due to modulation
results in insufficient energy, preventing the droplet
from adequately growing, leading to insufficient
squeezing and weight of the droplet itself. This
causes the droplet to be unable to detach with
appropriate timing. The droplets that cannot detach
may gradually grow and enlarge over time. These
enlarged droplets can transform into large-sized
spatter due to their contact with the molten pool and
the repulsive force of the arc, among other factors®.

To tackle this mechanism, enhancements have
been made to improve the stability of droplet
transfer and mitigate spatter generation while
restraining arc length fluctuations in the globule
transfer region, as depicted in Fig. 3.

In the conventional control method, only the base
period for droplet formation has been modulated.
However, in the new approach, both the base
period and the pulse’s peak current are modulated
simultaneously to ensure sufficient energy for
melting the wire and forming droplets. Furthermore,
by ensuring a sufficient duration of the pulse’s
base period during the droplet formation phase,
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more stable droplet formation has been achieved.
Additionally, by introducing a fixed current section
during the pulse’s descent period in the droplet
detachment phase, the success rate of droplet
detachment within the specified droplet transfer
period has been increased. As a result, excessive
droplet growth has been restrained, leading to a
reduction in the generation of large-sized spatter.
In the new REGARC™ process using the welding
power source RA500, the basic waveform of the
conventional REGARC™ has been retained, but
waveform control has been further optimized to
enhance the stability of the droplet transfer mode in

the globule region and reduce spatter. Fig. 4 shows a
comparison of droplet transfer phenomena inside a
groove.

3.1.2 Expansion of welding current region

As a result of enhancing droplet transfer
stability, the wire feed speed in REGARC™ has
been increased to 18.0 m/min from the conventional
16.4 m/min, and the maximum welding current has
been expanded from 320 A to 340 A. This, as will be
described in section 3.3, has contributed to realizing
high-efficiency welding.

Figs. 5 and 6 compare the droplet transfer modes
of the conventional REGARC™ process and the new
REGARC™ process at a wire feed speed of 18 m/
min and a set welding current of 340 A. In Fig. 5, the
conventional method exhibits large spatter resulting
from droplets growing and short-circuiting with
the molten pool. However, in Fig. 6, the improved
control method demonstrates regular droplet
formation and stable droplet detachment.

3.1.3 Regarding the occurrence of spatter in the
groove of steel frame structure

The new REGARC™ process also enhances
stability in the droplet transfer mode within the
conventional welding current range. Column
specimens with a thickness of 22 mm, simulating
the structure of an architectural steel frame, were
welded using both the conventional REGARC™
process and the new REGARC™ process. Figs. 7
and 8 show the results of comparing the amount
of spatter generated when the gap is 4 mm and 10
mm. Under the welding conditions of a set current
of 280 A and a wire feed speed of 13.8 m/min, the
amount of spatter generated is reduced for both gap
conditions of 4 mm and 10 mm. This suggests that
even with gap variations due to assembly errors,
compared to the reference gap of 7 mm, a reduction
in spatter is still observed.

Movie ”
Conventional

Movie

New method

Fig.4 Observation of Metal droplet transfer in welding groove
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3.2 Development of dedicated welding wire

The welding wire used in the present process
must be capable of responding to an increase in
the wire melting rate, which corresponds to an
increase in wire feed speed, compared with the
conventional process. As the wire feed speed

increases, the reaction force experienced by the wire
from the feeding path’s inner surface also rises,
making it more challenging to maintain a stable
wire feed speed. When assuming intermittent, long-
duration continuous welding, it is essential for wire
feedability to be of superior quality to suppress
variations in the wire feed speed and achieve stable
welding.

Factors that can influence variations in wire feed
speed include the curvature of the feeding path and
clogging due to solid matter within the feeding path.
Regarding the curvature of the feeding path, the
robot system is designed to avoid extremely small
curvature radii. And here, the focus is placed on the
details of clogging due to solid matter within the
feeding path.

The packaged wire installed in the robot
system, passes through the feeder from the flexible
conduit, and then travels through the conduit
liner within the torch cable and the inner tube
inside the welding torch before being supplied to
welding via the contact tip while receiving power.
During this process, solid matter such as copper
dust generated from the wire surface continues to
deposit on components like the conduit liner, inner
tube, and contact tip located downstream of the
feeder. This deposition can negatively impact wire
feedability and arc stability. In particular, the contact
tip, located at the tip of the wire feeding path, has
a small clearance with the wire, making it more
prone to clogging due to solid matter. While regular
cleaning of the feeding path can help mitigate the
effects of the deposited solid matter, it may not
be practical to clean the feeding path frequently,
especially when considering the continuous
operation capability of the robot system.
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The New REGARC™ dedicated wire, as shown
in Table 1, has the advantage of suppressing the
amount of clogging in the feeding path compared
with conventional wire, even under severe
welding conditions with high welding current, as
demonstrated in Fig. 9. This advantage is mainly
achieved through a special treatment of the wire
surfaces during the wire manufacturing process.
The treatment reduces the sliding friction resistance
between the wire surface and the conduit liner
or inner tube, making it less likely for the copper
plating on the wire surfaces to fall off within the
feeding path. By applying the New REGARC™
dedicated wire, it is possible to achieve stable
welding performance even during extended periods
of continuous welding.

3.3 High efficiency welding conditions for columns

As described in section 3.1, the new REGARC™
process enables an increase in welding current and
wire feed speed, as shown in Fig.10. Leveraging
the expanded range of welding current and wire
feed speed, new welding conditions have been
developed for welding around columns and through
diaphragms. These newly developed high-efficiency
welding conditions maintain the heat input for each
path below 30 kJ/cm, similar to the conventional
process, while achieving cycle time reduction by
increasing welding current and welding speed.
This is accomplished while maintaining mechanical
performance equal to that of the conventional
REGARC™ process.

3.4 Joint performance

The welding conditions for the conventional
REGARC™ and the newly developed welding
conditions were used to evaluate a test piece
resembling a joint between a 32 mm thick
column and a through diaphragm. The inter-pass
temperature between welds was maintained below
250, and FAMILIARC™ MG-56R(A) was used for
the welding wire. Table 2 presents a comparison
of the mechanical performance of the welded joint,
as determined by the results of tensile tests and
Charpy impact tests for the weld metal. It should be
noted that the Charpy impact test was conducted
at a depth of 7 mm from the upper surface of the
column in the direction of the plate thickness.
Both the tensile strength and Charpy impact test
values satisfactorily meet the standards required for
architectural steel frame, similar to the conventional
method. Moreover, as demonstrated by the cross-
sectional macrophotographs in Fig.11, comparable
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Table 1 Products applied New REGARC™ process

Products’ JISZ 3312 T.S. grade of
name classification deposited metal
FAMILIARC™
YGWI11 490MPa
MG-50R(A)
FAMILIARC™
FAMILIARC YGWI18 550MPa
MG-56R(A)
TRUSTARC™
G59JA1UC* 590MPa
MG-60R(A)

*Index of chemical composition;3MI1T
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Fig.10 Expansion of welding current range of REGARC™

Table 2 Comparison of mechanical properties of weld metal
between conventional process and developed

process
Item Location | Conventional Developed
TS(MPa) Straight 650 643
Straight 111 108
VEoc(])
Corner 123 124

results were obtained for the penetration depth
achieved by the conventional method and by the
newly developed conditions.
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Fig.11 Cross-sectional macro comparison between conventional method and developed construction conditions

4. Configuration and advantages of new steel frame
welding robot system ¥

This section explains the system components
mentioned in Chapter 2, specifically the arc welding
robot ARCMAN™ A60, the nozzle autochanger
(NAC-3), and other related equipment. Fig.12
displays the appearance of the welding robot and
the nozzle autochanger.

One of the advantages of ARCMAN™ A60 is
that the center of the robot’s one-axis drive section
is hollow, allowing for the internal installation of
cables within the one-axis part. In the steel frame
welding robot system, a slag removal automation
device is used, which allows for interchangeability
with the welding torch. This setup involves wiring
the necessary air hoses and signal lines up to the
robot’s wrist section. In the conventional system,
these hoses and signal lines are run aerially behind
the robot. However, in the new steel frame welding
robot system, they are wired along the manipulator’s
lower arm through the one-axis part. This eliminates
concerns about interference with the hoses and
signal lines, which have previously been wired
aerially at the rear, while the robot is in operation.

The nozzle auto changer/cleaner (NAC-
3) is designed to prevent nozzle attachment/
detachment errors and reduce the time required for
replacement operations. Additionally, it features a
function that checks if the set nozzle matches the
specified position before the nozzle replacement
operation, thereby avoiding system stoppages
and equipment failures. In conjunction with the
development of the NAC-3, the arrangement of
related equipment mounted on the robot transfer
device and the driving plan of the robot has been
optimized. This has led to a reduction in non-
welding time for activities such as nozzle cleaning,
nozzle replacement, wire cutting, and more. Fig.13

Fig.12 ARCMAN™AGBO, nozzle auto changer
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Fig.13 Comparison of related equipment time in structural
steel assembly welding robot system

compares the operating times of the conventional
ARCMAN™ MP system and the new ARCMAN™
A60 system.

As described above, efforts have been made
to optimize the ARCMAN™ A60 and related
equipment mounted on the transfer device.
The main body of the transfer device has also
achieved the high rigidity required for thick plate
welding through structural and component shape
optimization.
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5. Benefits

Through the changes in welding conditions,
leading to a reduction in welding time, and the
optimization of the arrangement of related
equipment, which reduced non-welding time, the
production time for robot-based column welding has
been reduced by up to 10% or more?.

As an example, the cycle time for a single joint
with a column dimension of 800 mm square, a plate
thickness of 32 mm, and a root gap of 7 mm was
estimated and compared. The results are presented
in Table 3. Approximately 15% of the overall cycle
time and about 12% of the arc-on time have been
shortened. Furthermore, the reduction in arc-on time
has led to a decrease in the usage of shielding gas.
It should be noted that this cycle time is calculated
using actually measured values for the developed
welding conditions and related equipment operating
times, with the assistance of Kobe Steel’s steel frame
software. Therefore, it may differ from the cycle time
observed on the actual machine. Additionally, this
calculated cycle time includes the time required for
removing slag from the intermediate layer.

Table 3 Comparison of estimate cycle time

Conventional New system
MPx AB500 A60xRA500
Cycle time (min) 201 171
Welding time (min) 148 129
Arc ratio (%) 73.4 75.5
Shielding gas
99 . 3,689 3,229
consumption (L)
Pass count (pass) 16 16
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Conclusions

This paper has introduced the latest technology
and advantages related to Kobe Steel's steel
frame welding robot system. The foundation for
productivity enhancement enabled by these new
technologies is stable and uninterrupted operation
during continuous welding. While space constraints
limited the extent of the description, it should
be noted that Kobe Steel is not only focused on
productivity enhancement but also on achieving
stable operation and quality enhancement.
Hopefully, the utilization of these new technologies
and items in production settings can contribute to
both productivity and quality enhancement in the
field of welding.
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Abstract

Japan’s domestic policy aimed to achieve carbon
neutrality by 2050 has resulted in a growing interest
in power generation methods that employ renewable
energy sources with low CO, emissions. Among these
methods, offshore wind power generation has garnered
significant attention in recent years. Wind turbines in
offshore facilities rely on foundations such as monopiles
for support. With the increasing size of wind turbines,
the monopiles have also grown gigantic in diameter and
length, making it necessary to use extra-thick steel plates
for their construction. Welding these plates requires an
appropriate welding process and welding consumables.
To meet these requirements, Kobe Steel has developed a
new electroslag welding process for extra-thick plates,
SESLA™, and welding consumables for narrow-groove
submerged-arc welding(SAW), FAMILIARC™ US-29HK
and TRUSTARC™ PF-H55LT-N.

Introduction

Since the Great East Japan Earthquake on
March 11, 2011, the nation’s energy policy has
undergone scrutiny, with increasing anticipation for
renewable energy as a new source. Among these,
one renewable energy that is attracting particular
attention is offshore wind power generation. In
order to overcome the energy crisis that European
countries are also facing, they are successively
announcing plans for the large-scale introduction of
offshore wind power generation. In Japan, Round
1 bidding in the offshore wind promotion area has
concluded, with expectations for Rounds 2 and 3
bids in the future?.

In offshore wind power generation, significant
costs are associated with installation, mooring, grid
connection, operation, and maintenance. Ensuring
profitability requires a crucial focus on increasing
power generation per windmill. Technology
development to enhance output by upsizing rotor
diameter is actively progressing and, as depicted
in Fig. 1, the rated power output of wind turbines
for wind power generation is increasing gradually.
Recent years have seen the adoption of windmills
with a rated power output of 5 to 8 MW in offshore
wind power generation. The anticipation is for larger
windmills exceeding 10 MW in rated power output
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Fig. 1 Growth of rotor diameter of wind turbines and rated
power for wind power generation3-9
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Fig. 2 Schematic image of a 5 MW-class offshore wind
power generation facility

in the future, reflecting the trend toward upsizing
offshore wind power generation equipment?.

As illustrated in Fig. 2, offshore wind power
generation equipment utilizes towers supporting
windmills and monopiles beneath the sea surface
as basic components. These are constructed by
welding steel pipes made of extra-thick plates with
a thickness exceeding 50 mm. For manufacturing
single pipes and weld joints, both vertical and
circumferential welding are indispensable, and an
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efficient welding process for extra-thick plates is
being sought.

This paper introduces a new electro slag welding
(hereinafter referred to as ESW)® process suitable
for vertical welding (vertical seams) on extra-thick
plates and welding consumables for narrow-groove
SAW suitable for circumferential welding.

1. New ESW process, SESLA™

The new ESW process, SESLA™ (hereinafter
referred to as SESLA™), is a high-efficiency vertical
automatic welding process developed by Kobe
Steel on the basis of the element technology of ESW.
Unlike arc welding, ESW forms a slag bath, and
welding progresses by melting the wire through
resistive heating in this bath. This results in the
significant advantage of minimal generation of
spatter and fumes. Moreover, since the molten pool
is protected by the slag bath, this welding process
exhibits excellent wind resistance even without the
use of shielding gas. The configuration of SESLA™
is illustrated in Fig. 3. The welding involves using
a water-cooled copper sliding shoe on the front side
of the groove and FAMILIARC™ KL-4 as a backing
material on the back side. Similar to the process in
conventional ESW, an arc is generated at the start
of welding. The introduced flux is melted to form
a slag bath. The electrical resistance heating of the
molten slag bath serves as the heat source, melting
the flux-cored wire. During this process, penetration
is formed through the convection action of the slag
bath, allowing welding to be completed in a single
pass even in butt joints of thick plates.

Backing material

Flux cored wire

+ Slag bath

Molten pool

Sliding Cu shoe Weld metal

Fig. 3 Configuration of SESLA™
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1.1 SESLA™ dedicated welding consumables

Electrogas arc welding (hereinafter referred to as
EGW) is widely applied in the shipbuilding sector
and other industries as a high-efficiency vertical
automatic welding process, similar to ESW. EGW
uses an arc as the heat source and employs shielding
gas, so it is necessary to consider the welding
environment, including the risk of shield failure
and fume generation. On the other hand, while ESW
allows welding without the use of shielding gas,
there is a limitation on the welding length due to the
structure of the welding equipment.

SESLA™ is a new welding process developed
to overcome the shortcomings of ESW. It utilizes
a specific welding apparatus and dedicated
welding consumables, namely the flux-cored wire
FAMILIARC™ ES-X55E and the melting-type flux
FAMILIARC™ EF-4. A study has been conducted
using JIS G 3106 SM490A steel plates to investigate
the impact of preheating on the mechanical
properties of SESLA™ weld metal. The relationship
between heat input and proof strength/tensile
strength is shown in Fig. 4, and the relationship
between heat input and -20C absorbed energy is
shown in Fig. 5. The strength of SESLA™ weld metal
decreases with an increase in heat input; however, it
maintains excellent notch toughness.

1.2 Application to extra thick plates

The SESLA™ achieves excellent mechanical
properties across a broad spectrum of heat inputs,
and it has been verified that single-pass welding is
viable for plate thicknesses up to 80 mm. Table 1
outlines the conditions for testing and welding extra-
thick plates with a thickness of 80 mm. JIS G 3106
SM490A was used as the base metal. Fig. 6 displays

700 ; s s
650 | [Tensilestrength
= SN |
§600 e o N [ S
Sss0 i O
% 500 ____ﬁ__ﬁ_____,,;__@Yiﬁ!siﬁ_s_t_rfﬂg@_,__ _______________
§450 | Ok
g s Q e
e .
350 i i i
0 20 40 60 80

Heat input (kJ/mm)

Fig. 4 Relationship between heat input and tensile
strength of SESLA™
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Fig. 5 Relationship between heat input and -20°C
absorbed energy in SESLA™

Table 1 Test condition of butt joint welding

Wire-flux combination FAMILIARC™ ES-X55E /FAMILIARC™ EF-4
JIS G 3106 SM490A,

Base metal 80 mm'x (150+150) mm*x 600 mm"
v > 10
80

Groove configuration

£y /‘3;\ [Unit:mm]

Welding parameter DCEP, 420 A-47 V-17 mm/min

Heat input 69.7 kJ/mm
Preheat Room temp.
PWHT condition As-welded

Fig. 6 Cross-sectional macrograph of weld joint

Table 2 Chemical composition of weld metal (mass%) *'

C Si Mn P S
0.06 0.20 1.22 0.010 0.004

*1 Location: Center of weld metal

Table 3 Mechanical properties of weld metal

Tensile properties*! Notch toughness*!
Location | 92%PS| TS | EL Absorbed energy (J)
(MPa) | (MPa)|(%)| [-40°C] (-20°C]
168 186
e heesige | 95| 561 | 24 | 169 | & | 106 | 58
153 214
191 191
40 mm beneathl 435 | 568 | 25 | 176 | A%E | 202 | SVE
155 207
162 184
73 mm beneath 446 577 | 23 | 159 Avg. 200 Avg.
the face side 163 161 136 173

*1 Tensile test specimen: round tensile specimen, Dia.=10 mm, G.L.=50mm
Impact test specimen: 10X 10 mm square shape, 2 mm V notch based on

AWS B4.0

the macrostructure of the weld joint, while Table 2
presents the chemical composition of the weld metal,
and Table 3 provides its mechanical properties.
Satisfactory penetration is observed for a plate
thickness of 80 mm. Despite the increased heat input
of up to 69.7 k]/mm, the weld metal maintains ample
strength and exhibits excellent notch toughness at
-40C.

2. Consumables for narrow groove submerge arc
welding

For welding extra-thick plates, the utilization of
SAW with a high-deposition rate, is common. An
effective approach to enhance its efficiency involves
narrowing the groove. In response to narrow groove
requirements in SAW, new SAW materials, namely
FAMILIARC™ US-29HK and TRUSTARC™ PF-
H55LT-N, have been developed. The following
introduces the details:

FAMILIARC™ US-29HK is a solid wire for
carbon steel, while TRUSTARC™ PF-H55LT-N
is a fluoride-basic type bonded flux, adopting a
flux design with enhanced basicity index. The
advantages lie in the optimization of the flux design,
ensuring excellent notch toughness and excellent
slag removability in narrow grooves. Notably,
these materials can be used with both direct current
(DCEP) and alternating current (AC).

2.1 Performance of deposited metal

The investigation encompassed various
performance characteristics of the deposited metals
of FAMILIARC™ US-29HK and TRUSTARC™
PF-H55LT-N. Table 4 presents the chemical
composition of the deposited metal under both
DCEP and AC. Table 5 and Fig. 7 present the as-
deposited mechanical properties. It has been verified
that a deposited metal with high strength (exceeding
550 MPa) and exceptional absorbed energy up to
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Table 4 Chemical composition of deposited metal
(mass%)*! 2

Polarity | C Si Mn P S
[FJUS-29HK, DCEP | 0.07 | 0.29 | 1.85 |0.013 | 0.002
[T]PF-H55LT-N"3 AC 0.08 | 0.27 | 1.73 1 0.013 | 0.002
*1 Location: Center of the deposited metal
*2 Welding condition: 550 A-30 V-420 mm/min; Ext.=30 mm; 4.0 mm wire dia.
*3 [F]: FAMILIARC™ welding consumables,
[T]: TRUSTARC™ welding consumables

Table 5 Mechanical properties of deposited metal*'- 2

PWHT Polarit 0.2%PS| TS EL

condition Y (MPa) |(MPa)| (%)

[FJUS-29HK, As-welded DCEP 514 603 28
[T]PF-H55LT-N*3 AC 534 618 | 29

*1 Size of impact test specimen is based on AWS B4.0
Tensile test specimen: round tensile specimen, Dia.=12.5 mm, G.L.=50 mm
Location: the same as analysis location for chemical composition
*2 Welding condition: 550 A-30 V-420 mm/min; Ext.=30 mm; 4.0 mm wire dia.
*3 [F]: FAMILIARC™ welding consumables,
[T]: TRUSTARC™ welding consumables

100
PWHT : as-welded ODCEP
80 | OAC

60 |
40
20

=1

Brittle fracture ratio (%)

300 PWHT : as-welded ®DCEP

250 | OAC

200 - m
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Absorbed energy (J)

50

0 1 1
90 -8 -70 -60 -50 -40
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Fig. 7 Transition curves of notch toughness of deposited
metal in as-welded condition*" 2
*1 Size of impact test specimen is based on AWS
B4.0 Impact test specimen: 10X 10 mm square
shape, 2 mm V notch Location: the same as
analysis location for chemical composition
*2 Welding condition: 550 A-30 V-420 mm/min;
Ext.=30 mm; 4.0 mm wire dia.

Table 6 Diffusible hydrogen test results*!

Diffusible hydrogen content (mL/100g)
N=1 N=2 N=3 Avg.

DCEP?| 3.2 33 33 33

Polarity

[FJUS-29HK,

[T]PF-H55LT-N

*1 Test method: JIS Z3118, gas chromatography method

*2 Welding condition: 550 A-30 V-400 mm/min; Ext.=30 mm; 4.0 mm wire dia.
Redrying condition: 350°C X 1 h, Welding atmosphere: 11°C X 79 %RH
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-60C can be obtained.

Table 6 displays the amount of diffusible hydrogen
when welding with the combination of FAMILIARC™
US-29HK and TRUSTARC™ PF-H55LT-N under
direct current (DCEP). Through the optimization of
flux design, the amount of diffusible hydrogen has
become as low as approximately 3 mL/100g.

2.2 Performance of weld joints

A test evaluating various performance
characteristics of weld joints was performed using
the combination of FAMILIARC™ US-29HK and
TRUSTARC™ PF-H55LT-N in narrow gap SAW.
Table 7 outlines the test conditions, Table 8 details
the welding conditions, and Fig. 8 illustrates the
groove shape and welding procedure. Tandem
welding aimed at achieving high efficiency was
executed with a bipolar trailing electrode of 2.4 mm.
The electrode arrangement for tandem welding is
depicted in Fig. 9. Fig.10 presents a cross-sectional
macrograph of the weld joint, while Table 9 details
the chemical composition of the weld metal, and
Table 10 provides its mechanical properties. In the

Table 7 Test condition of both side butt joint welding

FAMILIARC™US-29HK,
Electrode| Leading electrode(L):4.0 mm dia.
Trailing electrode(T):2.4 mm dia. X 2 wires

Flux | TRUSTARC™PF-H55LT-N

Base | JIS G 3106 SM490A,
metal | 80 mm!X(150+150) mm*X800 mm"

Table 8 Welding parameters for both side butt joint

welding
No. of . 1 Heat input
passes Welding parameter (kJ/mm)
1 Single, DCEP, 600 A-30 V-600 mm/min 1.8
1st 2 Single, DCEP, 650 A-30 V-600 mm/min 2.0
side 3.3 |Tandem, L: DCEP, 650 A-30 V 13
T: AC, 600 A-32 V-700 mm/min )
ond 1 Single, DCEP, 600 A-30 V-600 mm/min 1.8
side | 2-21 Tandem, L: DCEP, 650 A-30 V 33
T: AC, 600 A-32 V-700 mm/min :
*1 Preheat and inter pass temperature.:100~147°C
60°
\s"’_\’/ 1st 1st
27 ; R=8 _
10— ] 1
< 80 << 80 <
58
43
s 2 £y
/\—/\ 2nd — 2nd
40° 16 [UNIT : mm]

Fig. 8 Groove configuration and pass sequences



Welding direction weld joint, excellent impact performance at -60T is

——
e ensured while maintaining strength?”.
ey o 0° .

Conclusions
T:AC L: DCEP In recent years, there has been a growing
expectation for the sustainable utilization of wind
power generation as a renewable energy source.
CTWD: 35 m;f _I;TWD: 30 mm Particularly, offshore wind power generation is
expanding globally, with significant growth
Distance: 17 mm observed in Europe. In Japan, the Cabinet has

resolved to introduce offshore wind power
generation on a large scale as a key strategy for the
substantial integration of renewable energy into the
main power supply. This decision is outlined in the
6th Next Energy Basic Plan (2021).

This paper has introduced SESLA™, a suitable
welding process for the extra-thick plates used in
the fabrication of components like giant monopiles
in offshore wind power generation facilities, as
well as consumables for narrow gap SAW, namely
“FAMILIARC™ US-29HK / TRUSTARC™ PE-
H55LT-N.” These contribute to the high-efficiency
welding of extra-thick plates, allowing the weld
metal to attain excellent mechanical properties,
including the necessary strength and low-
temperature notch toughness required for large steel
structures used offshore. This is anticipated to result
in a broad application spectrum in the offshore wind
power sector, focusing not only on the integrity and
reliability of weld joints but also on the demand for

Fig.10 Cross-sectional macrograph of both side butt joint upsizing and mass production of power generation
welding facilities.

Fig. 9 Electrode configuration of tandem welding

Table 9 Chemical composition of weld metal (mass%)*!

C Si Mn P S
0.09 0.30 1.78 0.014 | 0.003
*1 Location: Center of weld metal

Table 10 Mechanical properties of weld metal*'

Tensile properties™? Notch toughness™
Location 02%PS| TS | EL Absorbed energy (J)
(MPa) | (MPa) | (%) | [-60°C] (-40°C]
112 161
7mmbeneath | 406 | 618 |33 | 123 | N8| 156 | 1%
127 147
162 194
40mmbeneath| - 5g) | 634 | 28 | 181 [ V& | 196 | A€
152 196
128 184
73 mm beneath 591 664 | 28 | 130 Avg. 185 Avg.
2nd side 179 146 183 184

*1 PWHT condition: as-welded
*2 Tensile test specimen: round tensile specimen, Dia.=6.0 mm, G.L.=24 mm
Impact test specimen: 10 X 10 mm square shape, 2 mm V notch based on AWS B4.0
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Abstract

The demand for liquefied natural gas (LNG) is expected
to rise, and 9% Ni steel is the material of choice for the
tanks (both for above-ground and marine applications)
used to store and transport it. However, welding of 9%
Ni steel requires high skill levels and is prone to defects
like lack of fusion. To address this issue, this paper
introduces a portable, specialized robot system designed
for the highly efficient and deskilled welding of 9% Ni
steel. The system utilizes a cartesian coordinate robot
with mounting jigs, sensing methods, welding power
supply, and optimal welding conditions tailored to the
manufacturing of 9% Ni steel LNG tanks. This robot
system allows welders to produce sound-quality welded
Jjoints during vertical welding of 9% Ni steel, with reduced
defects. Furthermore, by using two robots simultaneously
with one operator, significant improvements in efficiency
can be expected.

Introduction

In line with the global trend towards
decarbonization for carbon neutrality, there has been
a sharp increase in demand for natural gas, which is
a crucial transition energy with lower CO, emissions
than oil and coal’. When storing and transporting gas
by vessels, it is common for it to be liquefied at -1621C
and sealed in dedicated tanks. Therefore, many tanks
for LNG are manufactured using 9% Ni steel, which
excels in strength and low-temperature toughness.

This paper relates to the welding of 9% Ni steel
LNG tanks, whose demand is expected to increase,
and introduces the development of an automatic
welding system using a compact portable robot
(product name, “KI-700"), which enables deskilling
and high efficiency by combining Kobe Steel’s nickel-
based alloy flux-cored wire (hereafter referred to as
Ni-based FCW) for 9% Ni steel LNG tanks.

1. Development background

Nickel-based alloys exhibit high viscosity when
melted, leading to poor fluidity. Additionally, their
melting point is lower than that of the 9% Ni steel
base metal, making lack of fusion defects more likely
to occur during welding. Consequently, establishing
an appropriate groove shape and employing special

electrode manipulation are necessary to sufficiently
melt the groove during welding. Blow holes
are also prone to occur due to the infiltration of
oxygen and moisture from the atmosphere and
other factors, necessitating proper shielding and
control of arc length. Thus, the use of nickel-based
alloy welding consumables demands a high level
of skill, with variations in quality likely due to the
welder’s expertise. On the other hand, the shortage
of highly skilled welders has become a serious issue,
further exacerbated by the retirement of experienced
welders. The environment for welding 9% Ni steel
structures has become more tough?.

Against this background, Kobe Steel has
commercialized an automatic welding system using
a compact portable robot, named “KI-700”, that can
be applied to the welding of LNG tanks, which
are experiencing a rapid increase in demand. This
system is expected to compensate for the shortage
of welders and decline in skill, thereby contributing
to the high efficiency and high-quality construction
of storage facilities, which are indispensable for CO,
reduction.

2. Development of process for Nickel-based-alloy
flux-cored arc welding (Ni-based FCAW)

The process introduced in this paper involves a
specialized welding robot optimized for Kobe Steel's
HASTELLOY® et type Ni-based FCW, recognized
for its outstanding resistance to hot cracking. The
configuration also incorporates a digital welding
power supply and dedicated rails. This section
provides detailed information about the robot,
power supply, and rails. In the development of this
process, one factor causing the decrease in working
efficiency of semi-automatic welding in a vertical
position is considered to be the need for repair work
associated with the occurrence of short-length bead
connection. Therefore, the focus has been placed
on achieving long-seam welding. The goal is to
complete the welding without stopping midway
in the vertical welding of 4 meters, the maximum
width of 9% Ni steel plates, ensuring the production
of sound weld metal.

Nete): HASTELLOY is a registered trademark of HAYNES
International Inc.
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2.1 Development of compact portable robot

The KI-700 is a portable Cartesian coordinate
robot system developed on the basis of a
conventional model, which has a track record in the
short-length welding of the medium-to-thick plate
made of general carbon steel used in industries such
as structural steel, bridges, and shipbuilding. The
name “KI-700" covers a manipulator, controller, and
teaching box. The appearance of the KI-700 is shown
in Fig. 1.

The KI-700 features a manipulator weight of
approximately 6 kg, making it both compact and
lightweight. Another notable attribute is its capacity
for remote operations using the teaching box.
Additionally, its software functionality enables the
automatic generation of a suitable build-up sequence
and welding conditions tailored to Ni-based
FCW, utilizing groove shape data automatically
detected through touch sensing. Consequently, it
can effectively address variations in machining and
assembly precision, ensuring stable welding quality
with straightforward operations, even without the
need for highly skilled operators.

Fig. 1 Appearance of KI-700 compact portable welding
robot for Ni steel

Conventional sensing method

Improvements to the groove sensing method
are depicted in Fig. 2. In the conventional welding
of medium-to-thick plates, commonly involving
robotic applications, a root gap of approximately 4
to 10 mm is utilized. However, in the application
of welding marine tanks, where the KI-700
is expected to be utilized, the anticipation is for
thin plates with an envisioned zero-millimeter
root gap. Therefore, precise shape detection is
essential due to the relative narrowing compared
to the grooves traditionally considered in sensing
methods. The KI-700 addresses this need by
adopting a teaching-dedicated metal tip that excels
in machining precision and rigidity, departing from
the conventional practice of combining sensing
with slightly bent welding wire. During sensing,
the contact tip is replaced with this dedicated tip.
Furthermore, the newly developed touch sensing,
in contrast to conventional methods limited to
obtaining location information from the welding
groove surface, now captures location information
from both the welding groove surface and the
adjacent base metal surfaces.

2.2 Optimization of function for automatically
generating welding conditions/build-up sequence

As indicated in Section 2.1, the KI-700
automatically generates suitable welding conditions
and a build-up sequence tailored to Ni-based FCW
on the basis of groove shape data. The unique
aspects of this capability will be further detailed
below.

As mentioned at the outset of Section 1, in
vertical LNG tank welding, critical considerations
encompass: inadequate fluidity leading to lack of
fusion; joint strength reduction attributed to the
disparity in melting points between the base
metal and the weld metal; and the decrease in
alloy components in the weld metal due to base

Improved sensing method

Detection

N
Movemen
in detect

Misdetection

Teaching tip

Fig. 2 Schematic diagram of improved sensing method
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metal dilution. The decline in joint strength poses
a particular challenge, especially with thin plates.
This arises from the base metal temperature easily
rising during welding, coupled with a substantial
proportion of the root section where base metal
dilution is more pronounced. Taking these factors
into consideration, optimizations have been
implemented.

Specifically, attention has been paid to wire
aiming positions to prevent lack of fusion, adjusting
welding heat input and weaving width for each path
to prevent dilution, ensuring proper conditioning
of the molten pool for arc stability in root welding,
and considering the build-up sequence and weaving
conditions that promote the attainment of a flat bead
shape. Consequently, the capability to successfully
perform vertical welding has been realized, as
demonstrated by positive test results presented in
Section 3 and subsequent sections.

2.3 Welding power source

The welding of 9% Ni steel using Ni-based FCW
is carried out within a relatively low current range
to mitigate the risk of hot cracking. In conventional
power sources with thyristors, the low control
frequency contributes to insufficient arc stability
in the low current range, prompting a preference
for inverter-controlled power sources. The robot-
specific digital control inverter welding power
source, SENSARC™ AB500, introduced by Kobe
Steel in 2010, is equipped with advanced current
and voltage control capabilities. Leveraging these
features, it offers high-quality and versatile welding
modes, rendering it optimal for medium-to-thick
plate welding?. Furthermore, to enable the use of
Ni-based FCW in the vertical welding position and
improve arc stability in the low current range of 200
A and below, the KI-700 has been enhanced with a
dedicated mode for the Ni-based FCAW process.

Assuming a welding length of 4 meters in an
LNG tank, the external appearance of the shield
nozzle after 40 minutes of continuous welding is
displayed in Fig. 3. This outcome affirms that spatter
adhesion to the shield nozzle, which can disrupt
the shielding gas, is minimized. This is credited to
the inherent low spatter design of Kobe Steel's Ni-
based FCW and the additional reduction achieved
through the digital control of the power source.
Even during 40 minutes of continuous welding,
the spatter adhesion to the shield nozzle remains
minimal. Moreover, considering the heat resistance
required for prolonged welding, a welding torch
with a higher rated duty cycle than conventional
robots has been chosen.

2.4 KI-700 dedicated rail

The length of the vertical welding joint in a 9%
Ni steel LNG tank depends on the width of the steel
plate, with a maximum length of approximately 4
meters. Furthermore, 9% Ni steel is susceptible to
magnetization, leading to welding defects caused
by magnetic arc blow during welding. As a result,
the use of magnets, commonly employed to prevent
the manipulator from falling and for securely fixing
metal rails with a rack as the running axis to the
base metal, is not feasible. Hence, owing to the
lightweight effect of the KI-700 manipulator, it has
been determined that secure fixation is achievable
with easily attachable and detachable vacuum
clamps. Consequently, the system has adopted
vacuum clamps.

The overview of the dedicated rail developed for
the KI-700 is illustrated in Fig. 4. To ensure rigidity,
considering the lifting process, a reinforcement
frame has been attached to the main rail. The
suction power of the vacuum clamp is designed to
withstand the weight of the manipulator and cables.
To prevent unintended falls, a fall prevention fixture
has also been added to ensure safety.

3. Vertical welding test using KI-700

This section presents the details of the vertical
welding tests specifically designed for actual LNG
tank welding using the KI-700.

The 9% Ni steel LNG tank is broadly classified
into “above-ground storage tanks” and “marine
tanks” employed for transportation on ships
or as fuel tanks. To meet the distinct mechanical
performance requirements of the welding sections,
two types of Ni-based FCWs have been lined up,
namely, PREMIARC™ DW-N709SP (above-ground
storage) and PREMIARC™ DW-N609SV (marine).

e i
Fig. 3 Nozzle appearance after 40 minutes continuous of
welding
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Both products share the common advantage
of excellent workability during vertical welding.
As outlined in Section 2.1 and Section 2.2, the KI-
700 automatically computes the optimal welding
conditions (current-voltage-speed-weaving

Hanging hole

Anti-fall hook —

Vacuum pad ———

Reinforcing frame

\

Fig. 4 KI-700 dedicated 4 m long welding rail

/ Hand valve

I Air flow

R Rail

condition) and build-up sequence for each Ni-based
FCW on the basis of the sensed groove shape. The
results of welding tests conducted under these
specified welding conditions and build-up sequence
demonstrated exceptional welding quality, as shown
in Section 3.1 and Section 3.2. Further details are
shown below.

3.1 Conditions assumed for above-ground LNG
tanks

Table 1 presents the scope of application for
the KI-700, considering welding for an above-
ground LNG tank. Additionally, Table 2 displays
the output results of the recommended welding
conditions automatically generated for joint welding
with a plate thickness of 12 mm, considering the
combination with the PREMIARC™ DW-N709SP
welding wire for the above-ground LNG tank. On
the basis of these results, a groove was actually
formed. The process involved a combination of gas
cutting and grinding on the 1st side, and on the 2nd
side, mechanical processing such as milling was
performed after welding on the 1st side. Table 3
shows the bead appearance, cross-sectional macro
photographs, and mechanical performance obtained
when automatic welding has been conducted
under the conditions specified in Table 2. Under
both conditions with a root gap of 3 mm and

Table 1 KI-700 applicable groove dimension for aboveground
LNG storage tank

Welding position Thickness Groove angle Root gap

Vertical upward 12-35 mm 55-65° 3-7 mm

Table 2 Welding conditions for PREMIARC™ DW-N709SP generated by KI-700

Root gap 3mm
Welding Arc Welding Wﬁg;‘g
current | voltage speed inout
(A) V) (mm/min) (kJ/F:nm)
150 26 156 1.5
1st
160 26 219 1.1
160 26 132 1.9
2nd
160 26 114 2.2
Root gap 7mm
Welding | Arc Welding Wﬁ";';‘g
current | voltage speed inout
(A) W) | (mm/min) |  FP
150 26 96 2.4
1st
160 26 162 1.5
160 26 132 1.9
2nd
160 26 114 2.2

¥ Machining
[back chipping]

¥ Ceramic backing bar
consumable was used.

(mm)
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Table 3 Bead appearance, cross-sectional shape of weld metal, mechanical test results of weld metal by PREMIARC™

DW-N709SP

Root gap 3mm

Root gap 7mm

Bead appearance

Macro-structure

Tensile strength (MPa)
(Test temperature : 20°C)
[Target value = 690 MPa]

754
(Fractured position : weld metal)

725
(Fractured position : weld metal)

Absorbed energy (J)
(Test temperature : -196°C)
V notch
[Target value = 55]]

91,78,92 Avg. 87

86,95,78 Avg. 86

7 mm, satisfactory appearances and mechanical
properties have been achieved. In the joint tensile
test, the weld metal has fractured, but it satisfies
the strength standards for the base metal and meets
the requirements of the pressure vessel standard JIS
B 8265. In semi-automatic welding performed by a
welder, it is estimated that the maximum continuous
welding length in a vertical position is generally
around 700 mm. With the KI-700, there is no such
limitation, enabling stable continuous welding even
for long-length welds exceeding 1 meter. To evaluate
the stability in long-length welding, a 1-meter-long
vertical welding joint was created, and radiographic
testing was conducted. The welding conditions
and results are presented in Table 4. For a welding
length of 900 mm, no lack of fusion has occurred,
and there are a total of 7 blowholes. This level of
performance is well within the passing criteria of
JIS B 8265 (either Class 1 or Class 2 according to
JIS Z 3106). It confirms the high-quality stability
of long continuous welding achieved through the
combination of PREMIARC™ DW-N709SP and KI-
700.

3.2 Conditions assumed for marine LNG tanks

Table 5 outlines the KI-700’s application scope,
considering welding for a marine LNG tank. Given
its role as a fuel tank, strict capacity assurance
is required. To prevent deviation towards lower
capacity due to welding-induced deformation, the
allowable root gap range is narrower, specifically
ranging from 0 to 3 mm, in comparison with above-
ground LNG tanks. As demonstrated in Section
2.1, the conventional sensing method shows a
reduction in touch sensing points at a 0 mm gap,

Table 4 Welding conditions for PREMIARC™ D\W-N709SP
generated by KI-700 and radiography results

Welding Arc Welding Welding
current voltage speed heat input
(A) W) (mm/min) (kJ/mm)
150 26 126 1.9
1st
160 26 149 1.7
160 26 136 1.8
2nd 170 27 143 1.9
160 26 116 2.2

. XAir-arc gouging + grinder [back chipping]
* ¥Ceramic backing bar consumable was used.

60°  °
Linear defect Spherical defect JIS B 8265
Blow hole 7pieces -
N.D. (dia. 0.6~0.9 mm) Satisfied.

»¢Evaluation length in radiography : 900 mm

Table 5 KI-700 applicable groove dimension for marine
LNG storage tank

Welding position Thickness Groove angle Root gap

12-35mm 55-65° 0-3mm

Vertical upward

with increased likelihood of detection errors in the
groove width direction sensing. Consequently, a
newly developed sensing method has been adopted
for marine LNG tank conditions.

Table 6 shows the output results of the
recommended welding conditions using the marine
LNG tank welding wire PREMIARC™DW-N609SV,
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Table 6 Welding conditions for PREMIARC™ DW-N609SV
generated by KI-700

Table 8 Welding conditions for BREMIARC™ DW-N609SV
generated by KI-700 and radiography results

Welding Arc Welding Welding
current | voltage speed heat input
(A) (V) | (mm/min) | (kJ/mm)
160 27 181 1.4
1st
170 27 151 1.8
160 25 237 1.0
2nd
170 27 191 14
XAir-arc gouging + grinder
[back chipping]
1st (mm)
12 R=5~7
I =6
2nd

Table 7 Bead appearance, cross-sectional shape of weld
metal, mechanical test results of weld metal by
PREMIARC™ DW-N609SV

Root gap 0 mm

:
i

Bead appearance

Macro-structure

Tensile strength (MPa)
(Test temperature : 20°C)
[Target value = 690 MPa]

722
(Fractured position : weld metal)

Absorbed energy (J)
(Test temperature : -196°C) 84,80,80 Avg. 81
V notch

[Target value = 34 J]

with input conditions specified for joint welding
with a plate thickness of 12 mm. On the basis of
these results, an actual groove was formed. The
process involved a combination of gas cutting and
grinding on the 1st side, and on the 2nd side, a
combination of air arc gouging and grinding was
performed after welding on the 1st side. Table 7
shows the bead appearance, cross-sectional
macrographs, and mechanical properties obtained
by automatic welding under the conditions outlined
in Table 6. It is evident that excellent appearance and
mechanical properties have been achieved.
Similarly to the case of above-ground LNG
tanks, a vertical welding joint with a welding length
of 2 meters was created to evaluate the stability of
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Welding Arc voltage Welding Welfimg
current W) speed heat input
Aa) (mm/min) (kJ/mm)
160 27 207 1.3
1st 170 27 194 1.4
170 27 167 1.7
160 25 199 1.2
2nd
27 153 1.8
X Air-arc gouging + grinder
[back chipping]
1st
16 =
2nd
Linear defect Spherical defect JIS B 8265
Blow hole 5pieces
N.D. (dia. 0.6~0.9 mm X 4, Satisfied.
dia. 1.0 mm %X 1)

3 Evaluation length in radiography :1800 mm

long-length welding in the groove of the marine
tank, and radiographic testing was conducted. Table
8 presents the welding conditions and results. For
1,800 mm of welding length, there are 5 blowholes,
and no lack of fusion has occurred. This performance
level, akin to the previously mentioned PREMIARC™
DW-N709SP, aligns well with the passing criteria
of JIS B 8265, confirming the high-quality stability
in long continuous welding achieved through the
combination of PREMIARE™ DW-N609SV and KI-
700.

4. Enhancement effect on work execution efficiency
achieved by using KI-700.

In Ni-based alloys, cracks almost invariably
occur at the bead’s terminal crater. Therefore, it is
necessary to completely remove the crater with
a grinder for bead connection. As discussed in
Section 3, the use of KI-700 in LNG tank vertical
upward welding enables stable long-length
welding with consistent quality. This reduces the
need for grinding work during bead connection
approximately every 700 mm, as required in semi-
automatic welding. Furthermore, there is no longer
a need for the welder to move scaffolding to align
with the welding position of the vertical joint.
Moreover, the KI-700 can continuously weld without
constant monitoring, except for the task of removing
slag. This allows a single operator to simultaneously
execute work on two joints.

The estimated results for the total working hours
when a welder individually executes 36 locations
of vertical welding joints with a plate thickness
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Fig. 5 Comparison of total working hours for various welding procedures

of 20 mm and a welding length of 4 meters are
presented in Fig. 5. The breakdown of welding
preparation includes slag removal, grinding
of craters (bead connection), back chipping, and
contact tip replacement. When applying the KI-
700, the preparation time increases due to rail
installation work and the time required for groove
sensing with the KI-700. However, the welding
process is automated, resulting in an approximately
50% working hour reduction for workers. While
welding hours remain unchanged from those of
semi-automatic welding, the productivity per day
increases, as the operation continues even when
welders are taking breaks. Furthermore, by having
one worker handle two KI-700 units, alternately
performing the preparation and welding, the total
working hours, including welding, are reduced by
approximately 40% compared with semi-automatic
welding, contributing to a shorter project duration.

Conclusions

This paper has outlined Kobe Steels initiatives
in achieving de-skilling, high efficiency, and stable
quality in LNG tank vertical welding. Kobe Steel
aspires to become the “most trusted welding solution

company in the world.” The automatic welding
system utilizing KI-700 in conjunction with Ni-based
FCW represents a welding solution product that
capitalizes on Kobe Steel’s expertise in robotics,
welding consumables, welding power sources,
and welding execution methods. In recent years,
there has been a noticeable surge in the demand for
constructing energy infrastructure, encompassing
not only LNG tanks but also hydrogen/ammonia
tanks, and liquefied CO, tanks, aligning with the
pursuit of carbon-neutral goals. The Kobe Steel
welding solutions presented in this paper are put
forth to make meaningful contributions to society.
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Abstract

Over the past few years, the demand for larger structures
like spherical tanks and pressure vessels has risen,
leading to a requirement for higher strength steel and
welding consumables. However, the use of post-weld
heat treatment (PWHT) to relieve welding residual stress
has been known to deteriorate the notch toughness of
high-strength weld metal. To investigate the factors
contributing to this deterioration, an analysis has been
conducted on the fracture surface morphology and
microstructure after impact testing of weld metal for
780 MPa class steel, with electrodes for flux-cored arc
welding as the main focus. The findings suggest that
temper embrittlement and precipitation hardening caused
by carbide are the main reasons for the deterioration of
notch toughness after PWHT. Following several studies,
an empirically derived component system of weld metal
has been developed to minimize the negative aspects of
temper embrittlement or precipitation hardening caused
by carbide after PWHT. Utilizing these results, Kobe Steel
has launched TRUSTARC™ e ) L B-80LSR as a shield-
metal arc-welding consumable for 780 MPa class steel,
which boasts excellent notch toughness even after PWHT.

Introduction

In the construction of spherical tanks,
pressure vessels, and similar structures, PWHT is
employed to reduce residual stresses introduced
by welding and enhance fatigue properties. Due
to the recent surge in energy demand, there is a
trend toward upsizing and higher pressure in those
structures, driving advancements in high-strength
steel materials and welding consumables. More
recently, significant progress has been made in the
development of PWHT capable high-strength steel,
exemplified by EN10028-6 P690QL2, boasting a
tensile strength of 780 MPa, designed specifically for
liquefied CO, tanks for ships". This advancement
has resulted in an increased demand for welding
consumables suitable for this type of steel.

Typical 780 MPa-class steel weld metal undergoes
a decrease in notch toughness following PWHT. One

Note) TRUSTARC is a registered trademark (TM) of Kobe
Steel.

43 KOBELCO TECHNOLOGY REVIEW NO. 41 MAR. 2024

contributing factor is temper embrittlement (mainly
referring here to embrittlement caused by the
segregation of phosphorus (P) at grain boundaries)
occurring after specific PWHT?. Another factor is
precipitation hardening resulting from the formation
and growth of carbides during PWHT due to
impurity elements like Nb, V, and solid-solution
hardening elements such as Cr, Mo?-*.

This paper investigates the fracture morphology
and microstructure of Charpy impact test specimens
after PWHT, with weld metal produced using
shielded metal arc welding rods (SMAW) and rutile-
based flux-cored wire (FCW). Furthermore, the
study explores the ingredient range of 780 MPa class
steel weld metal, demonstrating excellent notch
toughness even after PWHT.

1. Experimental method

Various components were integrated to
manufacture the SMAW and FCW for 780 MPa
class steel. Table 1 outlines the composition range
of the weld metals prototyped in this paper. Weld
metals were created through prototype SMAW on a
test plate with a thickness of 20 mm, a groove angle
of 20°, and a root gap of 16 mm, employing direct
current electrode positive (DCEP). Furthermore,
weld metals were produced by prototype FCW
on a similarly sized test plate through multi-layer
welding using shield gas Ar+20%CQO,.

The average heat input during welding was
2.0 kJ/mm for SMAW and 1.3 kJ/mm for FCW. In
SMAW, preheat and interpass temperatures were
maintained at 95-105C, while in FCW, the preheat
temperature was set at 100-120C, and the interpass
temperature ranged from 140 to 160C. To assess the
effects of temper embrittlement and carbide-induced
embrittlement, PWHT was conducted under two
conditions: 2 hours at 580C and 8 hours at 620TC
after welding. Tensile test specimens and Charpy

Table 1 Chemical composition range of weld metals
investigated in this study (mass%)
C Si Mn Ni Cr Mo | Others

0.06-| 02- | 0.7- | 24- | Max. | 0.1-
0.08 0.3 2.0 5.5 0.3 0.5

Ti,B




impact test specimens were extracted from the
central portion of the weld metals to evaluate their
tensile strength and notch toughness. Additionally,
the microstructure of each weld metal was observed
using an optical microscope, scanning electron
microscope (SEM), and scanning transmission
electron microscope (STEM). The STEM observation
samples were prepared using the extraction replica
method. The identification of trace elements that
segregate locally in the weld metal was performed
using the three-dimensional atom probe tomography
(APT) method.

2. Effects of PWHT on 780 MPa-class steel weld
metals

The Larson-Miller parameter (hereinafter
referred to as “LMP") serves as an index for PWHT
conditions. LMP is calculated using Equation (1):

LMP =T (logt +20)

wherein, T represents the PWHT temperature (K),
and t is the PWHT holding time (h).

A PWHT at 580C for 2 hours corresponds to
an LMP of 17.3X10°, and a PWHT at 620C for 8
hours corresponds to an LMP of 18.7 X 10°. The
relationship between the Larson-Miller Parameter
(LMP) and -40C absorbed energy for conventional
materials (SMAW and FCW) producing 780 MPa-
class steel weld metals is depicted in Fig. 1. In terms
of concentration in the weld metal, SMAW results
in approximately 0.5% of Mo, while FCW yields
around 2% of Mn.

SMAW exhibits reduced notch toughness as LMP
increases. In FCW, notch toughness declines under
low PWHT conditions when LMP ranges from 17.0
to 18.0 X 10°. However, when LMP exceeds 18.0 X 10°,

120
=2 e O Conventional SMAW
O 100 f @ Conventional FCW
o
b
5 80
2 60 | o)
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o
T 40 |
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<
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As- 2 160 170 180 190 20.0
welded LMP (x10°%)

Fig. 1 Relationship between LMP and absorbed energy at
-40°C with conventional SMAW and FCW

notch toughness gradually recovers. The reduction
in notch toughness after PWHT in SMAW is thought
to result from both “temper embrittlement” and
“embrittlement due to precipitation hardening
caused by Mo-dominated carbides.” The drop in
notch toughness in FCW at LMP levels of 17.0
to 18.0 X10° is primarily attributed to temper
embrittlement. The factors contributing to the
gradual recovery of notch toughness at LMP levels
above 18.0 X 10° will be discussed later.

2.1 Effect at low LMP conditions (LMP = 18.0x10%)
(Verification with FCW)

The investigation into the connection between
low LMP conditions (PWHT at 580C for 2 hours,
corresponding to LMP=17.3 X10% and temper
embrittlement was conducted using FCW within
the composition range outlined in Table 1, with a
specific focus on the Mn content in the weld metal.
Fig. 2 displays the fractography of -40C Charpy
impact test specimens under low LMP conditions,
showecasing variations in the Mn content in the weld
metal. In such conditions, a higher Mn content in
the weld metal leads to dominant grain boundary
fracture along the prior austenite grain boundaries
(PAGB), while a lower Mn content results in
dominant ductile fracture.

In other words, it has been determined that the
primary cause of temper embrittlement is grain
boundary fracture along the PAGB, attributed
to the Mn content in the weld metal. To explore
elements cosegregating with Mn, trace elements
around the PAGB in weld metals with varying Mn
contents were measured using the APT method. The
concentration profile of phosphorus (P), exhibiting
local segregation, is depicted in Fig. 3. Phosphorus
(P) segregates along the PAGB, and there is an
observable trend of increased segregation with
higher Mn content. Therefore, in weld metals with
elevated Mn content, it is inferred that phosphorus
(P) is more prone to cosegregation under low LMP
conditions, thereby promoting grain boundary
fracture.

2.2 Effect at high LMP conditions (LMP > 18.0x10%)
(Verification with FCW)

In the composition range of weld metals outlined
in Table 1, the study centers on weld metal with
added chromium (Cr) and molybdenum (Mo) using
FCW. Investigation has been carried out on the
microstructure under high LMP conditions (8 hours
of PWHT at 620C, equivalent to LMP=18.7 X 10%).
The microstructure, examined with an optical
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Fig. 2 Fractographs of impact test specimens containing different Mn content at low LMP condition
(a) High Mn content, (b) Middle Mn content, (c) Low Mn content
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Fig. 3 Concentration profiles of phosphorus around the PAGB at low LMP condition measured by APT method
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Fig. 4 Optical micrographs of weld metals (a) As-welded, (b) Low LMP condition, (c) High LMP condition

Fig. 5 SEM micrographs of weld metals and SEM-EDX analysis results of Ni
(a), (d) As-welded, (b), (d) Low LMP condition, (c), (f) High LMP condition
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microscope, is depicted in Fig. 4 in its as-welded
state, with the inclusion of low LMP conditions.
In the targeted weld metal, a mesh-like micro
segregation zone (referred to as the “segregation
zone") is observed under high LMP conditions,
contrasting with the as-welded and low LMP
conditions®.

Subsequently, in Fig 5, the microstructure near
the segregation zone and the analytical results
using a Scanning Electron Microscope with Energy
Dispersive X-ray Analysis (SEM-EDX) are presented.
Segregation zones were noted irrespective of PWHT,
with a predominant concentration of Ni in the
segregation zone. This hints at the potential for
structural changes in the segregation zone after
PWHT. Consequently, an analysis using electron
backscatter diffraction (EBSD) was performed on
the weld metal. The inverse pole figure (IPF) map
and phase map obtained through EBSD are shown
in Fig. 6. From the IPF map and phase map, it is
apparent that the metallographic structure of the
targeted weld metal is predominantly ferrite in the
as-welded state, with PWHT causing the ferrite to
coarsen. The microstructure referred to as “ferrite”

—Sum__ —um__

here is a composite structure consisting of bainitic
ferrite and in-grain ferrite (acicular ferrite)®.

Under high LMP conditions, an increase in
austenite has been observed compared with the as-
welded state. This austenite is identified as retained
austenite, undergoing reverse transformation, and
retained until room temperature in the high LMP
conditions.

In the previously mentioned conventional
material (FCW), the gradual recovery of notch
toughness under high LMP conditions is believed
to stem from the presence of soft austenite. The
effective utilization of austenite retained through
PWHT necessitates a reduction in the Acl
transformation point, indicating the essential
addition of a specific amount of alloy. Further
validation is required for the alloying additive that
manifests this effect.

In high LMP conditions, the possibility of
embrittlement due to carbides was considered,
leading to an investigation using STEM. The
microstructure observed through STEM is shown
in Fig. 7. The carbides found in the targeted
weld metal are primarily composed of cementite,

—Sum__

Fig. 6 IPF maps and phase maps obtained by EBSD
(a), (d) As-welded, (b), (e) Low LMP condition, (c), (f) High LMP condition (Green : Ferrite, Red : Austenite)

(b) i STEM-BF : STEM-BF

o BT

| . Em = ; . 3
Fig. 7 STEM micrographs of weld metal (a) As-welded, (b) Low LMP condition, (c) High LMP condition
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Fig. 8 Relationship between LMP and mechanical property of weld metals in this study

with only a small quantity of carbides other than
cementite. Additionally, while some cementite
exhibits Ostwald ripening tendencies after PWHT,
generally, cementite in the range of 100 to 200 nm
predominates. In weld metal where Cr and Mo have
been adjusted, the formation and growth of carbides
are suppressed, and embrittlement due to carbide-
induced precipitation hardening is considered to be
minor.

It should be noted that further investigation is
necessary regarding these factors in the future.

2. Mechanical properties of the optimal composition
system for weld metal

Within the composition range of the weld
metal presented in Table 1, an investigation was
conducted on the relationship between LMP and
the mechanical properties of the weld metal.
The shielding agent design for SMAW has been
optimized to reduce oxygen levels, and the results
are depicted in Fig. 8. The tensile strength of the
weld metal meets or exceeds 780 MPa even under
high LMP conditions. Moreover, regardless of the
presence of PWHT, the absorbed energy at -40C
consistently surpasses that of the conventional
material. The embrittlement due to PWHT is
minimal, allowing for responsive performance
across a broad range of PWHT conditions. It is
noteworthy that in SMAW weld metal, including
the as-weld specimen, no grain boundary fractures
are observed on the fracture surface of the Charpy
impact test specimens after PWHT. SMAW for
direct current electrode positive (DCEP) with
excellent mechanical properties of weld metal of
780 MPa-class steel, has been commercialized as
“TRUSTARC™ LB-80LSR.”
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Conclusions

A study has investigated the fracture morphology
and microstructure of 780 MPa-class steel weld metal
submitted to PWHT, with the aim of establishing
design guidelines for achieving excellent notch
toughness. The study found that adjusting the Mn
content is effective in reducing temper embrittlement
under low LMP conditions. Additionally, it
identified the fact that adjusting the Cr and Mo
content is effective in reducing embrittlement
caused by precipitation hardening due to carbide
formation/growth after PWHT. Furthermore, the
insight was gained that optimizing other alloying
additives contributes to the preservation of notch
toughness after PWHT by facilitating the reverse
transformation of austenite under high LMP
conditions. On the basis of the insights gained, a
shielded metal arc welding rod for 780 MPa-class
steel, TRUSTARC™ LB-80LSR, has been developed,
the rod exhibiting excellent notch toughness after
PWHT. It is believed that this will contribute to
expanding the possibilities of manufacturing in the
future.
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Abstract

ASME Gr. 93 steel is a heat-resistant steel, in which
creep strength is increased by adding elements such
as W and B to the conventional 9% Cr ferritic heat-
resistant steel. An investigation has been conducted on
the effects of W addition on the creep rupture time and
metallographic structure of weld metals for Gr.93 steel.
The results of the creep rupture test on weld metals with
varying additions of W show that creep rupture time
increases with the increasing amount of W. Observations
of specimens thermally aged at 650°C have confirmed the
presence of the Laves phase, suggesting that the increase
in creep rupture time is attributable to particle dispersion
strengthening by the Laves phase. Increasing the additive
amount of W increases the number density of the Laves
phase and, furthermore, suppresses the coarsening of the
Laves phase during thermal aging. The coarsening rate
of the Laves phase during thermal aging has been in good
agreement with the calculated value obtained from the
theoretical equation for Ostwald ripening. Like M,,C, the
Laves phase may contribute to the creep strengthening by
suppressing the coarsening of the lath size.

Introduction

In Japan, the 6th Strategic Energy Plan" was
approved by the Cabinet in October 2021. As a result
of this policy, it is considered that the proportion
of electricity generated by coal-fired thermal power
will decrease, and the predominant focus in thermal
power generation will shift towards co-combustion
and dedicated combustion of non-carbon fuels such
as ammonia and hydrogen. Since thermal power
generation is assumed to function as a regulating
power source to supplement the unstable renewable
energy supply, the frequency of the startup and
shutdown cycle is expected to increase compared
with conventional operations, and the thermal
fatigue property of boilers is a concern. One of the
methods to improve thermal fatigue properties is to
enhance the strength of steel and thin out piping.
The benefits associated with the increased strength
of steel include the reduction of maintenance costs
by extending the lifespan of piping.

ASME Grade 93 steel (9Cr-3W-3Co-Nd-B steel)
has improved the creep strength and creep rupture
ductility of conventional 9Cr ferritic heat-resistant

steel . Characteristics of this steel grade include
the addition of boron to suppress formation of fine-
grains in the heat affected zone (HAZ) of welding
and improved creep strength. Additionally, tungsten
(W) is added to achieve solid-solution strengthening
and particle dispersion strengthening with the Laves
phase (Fe,W)?. The addition of boron is reported by
Nako et al.? to contribute to the creep strengthening
of weld metal for ASME Grade 92 (9Cr-1.8W-
0.5Mo-Nb-V) steel by suppressing the coarsening
rate of M,,C,. Fedoseeva et al. have reported that
increasing the W content from 2 mass% to 3 mass%
in ASME Grade 92 steel improves its creep strength
up to 10,000 hours, but the effect of W on creep
strength disappears at 100,000 hours ¥. However, it
is not clear whether the weld metal of Grade 93 steel
exhibits a similar trend. This paper focuses on W
and reports the results of investigation into the way
in which W addition to Grade 93 steel weld metal
affects the creep rupture time and metallographic
structure.

1. Experimental method
1.1 Test Material

Weld metals were produced using a covered
electrode having a core diameter of ¢4.0 mm. For
two types of weld metal with different compositions
(A and B), specimens were prepared by varying
the W content within the range of 1.6 to 2.8 mass%
for each composition. The welding conditions
were described as follows, polarity: direct current
electrode positive (DCEP), heat input: 1.5 to 2.5 kJ/
mm. The produced weld metals were subjected to
post-weld heat treatment (PWHT) at 760C for 4
hours. The chemical compositions of the weld metals
are shown in Table 1.

1.2 Creep rupture test

The all-weld-metal creep specimens were taken
from the center of weld metals in the longitudinal
direction. The round bar specimens have a nominal
diameter of 6 mm, and the nominal gauge length of
30 mm. The test temperature was set at 650C, with
stress conditions of 170 MPa and 80 MPa.
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Table 1 Chemical compositions in weld metals

(mass%)
Specimen | ¢ C Si Mn Ni Cr v Co B Nb N
mark
28W-A | 28 03 0007 | 005
oA e o1 | %3 | o5 05 9 0.2 s | 00T 1 00 | 002
2TW'B 2.7 0.1 0.3 05 05 9 0.2 3 0004 | 008
L7TWB 17

1.3 Metallographic observation

The field emission scanning electron microscope
(hereinafter referred to as “FE-SEM") was used to
evaluate the microstructure morphology of the
weld metal. The observation positions were set to
correspond to the reheated zone along the axis of
the creep specimens of the weld metal. Elemental
mapping data was obtained using Energy Dispersive
X-ray spectroscopy (hereinafter referred to as “EDX")
to identify the precipitates.

2. Experimental results and discussion
2.1 Effect of W on creep rupture time

Fig. 1 shows the relationship between the creep
rupture time and the W content in the weld metal
under various stress conditions. Regardless of the
stress conditions, increasing W tended to improve
the creep rupture time. According to Kimura et al.”,
simultaneous addition of W and Co in 15Cr ferritic
heat-resistant steel enhances creep strength, and the
contributing factor may be precipitates. Morimoto
et al. 9 state that when the W content in the weld
metal is between 1.6 to 1.7 mass%, the Laves phase
precipitates during creep rupture testing at 600C
(after approximately 100 to 1,000 hours). In this
study, microstructure observations were conducted
considering the possibility that the Laves phase may
have an impact on creep rupture time.

2.2 Effect of W on microstructure of weld metals

The microstructures of the weld metal were
observed after PWHT and subsequent thermal aging
at 650C for 3,000 to 20,000 hours. It should be noted
that, due to the absence of applied stress, the thermal
aging causes diffusion to progress less readily
compared with the creep rupture test. However,
considering the cost of the tests, it was adopted
for the purpose of understanding the trends. Fig.
2 shows the backscattered electron image taken
by FE-SEM, and Fig. 3 shows the EDX elemental
mapping images of 2.8W-A after 5,000 hours of

50,000
-®-650°C - 80 MPa
-4-650°C - 170 MPa
10,000
Cl (1.7W-B)
g‘.)
2
f=1)
=}
-
8
g 1,000
& (2.8W-A)
(L.6W-A)
100 ¢ : :
L5 2.0 2.5 3.0

W content in weld metals (mass%)

Fig.1 Relationship between time to rupture and W
content in weld metals

Thermal aging time: 0 h (as PWHT)

Thermal aging time: 5,000 h | Thermal aging time: 20,000 h |

2.8W-A

1.6W-A

Laves phase "J

A
M;5Cq

“= Inclusion

Fig.2 Backscattered electron images of weld metals
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thermal aging. In FE-SEM observation, two types of
precipitates, white and gray in color, were observed.
The precipitation mainly occurred at the locations
identified as lath boundaries within the martensite
structure.

No white precipitates were observed after PWHT
of 1.6W-A, but they were confirmed after 5,000 hours
of thermal aging. However, the number density of
these precipitates is significantly lower compared
with 2.8W-A. The white precipitates observed in
2.8W-A were nearly elliptical after PWHT, and they
grew with increasing thermal aging time. On the
other hand, the grain size of the gray precipitates
was smaller than that of the white precipitates and
the shape is closer to a circle or ellipse. From the
EDX elemental mapping, it has been confirmed that
W is concentrated in the white precipitates, while Cr
is concentrated in the gray precipitates.

The precipitates formed in equilibrium at
760C and 650C based on the composition
shown in Table 1 were calculated by means of the
thermodynamic calculation software, Thermo-Calc
(Database: TCFE9). The results are presented in
Table 2. The calculated phases include M,,C,, the
Laves phase, MX, Cr,B, and Z phase. The particle
diameter of MX in 9Cr ferritic weld metal is reported
to be on the order of several tens of nanometers”, the
amount of Cr,B is low in equilibrium, and Z phase
is said to be formed during long-term thermal aging
exceeding several tens of thousands of hours. Based
on these factors, most of the precipitates seen in

Field of view

L

Fig. 2 are M,;,C, and the Laves phase. According
to these results, it is concluded that the white
precipitates are the Laves phase, while the gray
precipitates are Cr-dominant M,,C,. Subsequent
discussions focus on evaluating the Laves phase,
where the effect of W is more prominently observed.
The black inclusions present in some specimens are
oxide compounds generated during the shielded
metal arc welding.

Fig. 4 shows the average equivalent circle radius
and number density of the Laves phase with thermal
aging time, obtained from Fig. 2. In the case of 1.6W-
A, no Laves phase has been observed after PWHT,
which is consistent with the results from Thermo-
Calc calculations. The equivalent circle radius of the
Laves phase tends to increase with the progression
of thermal aging for both 2.8W-A and 1.6W-A.
However, in the case of 2.8W-A, the coarsening
stagnates at around 150 nm after thermal aging for
more than 10,000 hours. In contrast, the coarsening
of 1.6W-A progresses to approximately 200 nm after
thermal aging for 20,000 hours. The number density
of the Laves phase increases during relatively short-
term thermal aging after PWHT and then decreases
until 20,000 hours of thermal aging. At any thermal
aging time, the number density of the Laves phase of
2.8W-A is greater than that of 1.6W-A.

The formula for the creep strain rate ¢ of particle
dispersion strengthening materials is known to be as
follows®:

=

# T Laves phase

Fig.3 EDX mapping images of 2.8W-A after thermal aging for 5,000 h

Table 2 Volume fraction of precipitates at PWHT temp. and thermal aging temp. calculated by Thermo-Calc with TCFE9

database
(vol.%)
Specimen mark Calculated temp. M,5Cq Laves phase MX Cr,B Z phase
9.8W-A 760°C [PWHT/ 1.49 0.60 0.03 0.10 0.21
’ 650°C [Aging/ 1.55 1.86 0.00 0.10 0.25
LEW-A 760°C [PWHT] 1.31 0.00 0.19 0.18 0.00
650°C [Aging/ 1.42 0.65 0.03 0.18 0.24
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é:éo(a_Eath)m% ....................................... 1)

wherein, D is the diffusion coefficient, E is the
Young's modulus, b is the length of the Burgers
vector, and the coefficients ¢, and the effective
stress exponent m are material constants. g, is the
threshold stress, below which the creep strain rate
is assumed to be zero, and is independent of the
external stress g.

The threshold stress o, is known to be inversely
proportional to the interparticle spacing, and the
creep strength is improved by decreasing the
interparticle spacing. It is inferred that increasing
the W content results in a higher number density of
the Laves phase and a smaller interparticle spacing,
thereby increasing the creep rupture time.
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Fig.6 Comparison of theoretical formula and experimental
values of Ostwald ripening in the Laves phase

2.3 Thermodynamic considerations

Fig. 5 shows the change in the precipitate amount
of the Laves phase with aging time measured
through FE-SEM observations. The dashed lines in
Fig. 5 represent the volume fraction of the Laves
phase in equilibrium at 650C of 2.8W-A and 1.6W-A,
as indicated in Table 2. For both 2.8W-A and 1.6W-
A, the precipitate amount of the Laves phase reaches
equilibrium after approximately 5,000 hours or more
of thermal aging. Subsequently, the Laves phase
became larger and the number density decreased. It
is suggested that the Ostwald ripening of the Laves
phase is occurring. The theoretical formula for the
Ostwald ripening is represented by the following
equation:

r3_r03:kt ................................................ (2)
p=8 oV
9 Zc(x’?’_x{‘/’)Z ................................. 3)
" xi'D;/RT

wherein, r and r, are the particle radii of the
precipitates at any point during thermal aging and
at the beginning of Ostwald ripening, respectively,
t is the thermal aging time, o is the interface energy
between the matrix and precipitates, D, is the
diffusion coefficient of solute atom 7 in the matrix,
VP is the molar volume of precipitates, x7 is the
concentration of solute atom i in the precipitates,
xM is the concentration of solute atom i in the
matrix, R is the gas constant, and T is the absolute
temperature.

Fig. 6 compares the Ostwald ripening process
of the Laves phase derived from the theoretical
formula to the experimental values. As mentioned
above, the time for the precipitate amount of the
Laves phase to reach equilibrium is approximately



5,000 hours. Hence, the theoretical formula has been
calculated assuming that Ostwald ripening begins
at the point when the thermal aging time reaches
5,000 hours. The theoretical formula shows excellent
agreement with the experimental values. The
average equivalent circle radius of the Laves phase is
approximately 150 nm after thermal aging for 10,000
hours at 650C, as determined from experimental
values. The coarsening rate of the Laves phase
during thermal aging does not always coincide with
the coarsening rate of the Laves phase during creep
rupture test because the creep rupture specimen has
been applied stress. However, it is inferred that the
particle radius of the Laves phase coarsened to more
than about 150 nm under the condition of the creep
rupture test time exceeding 10,000 h. Fedoseeva
et al. reported that the dislocation pinning force
of the Laves phase in 9Cr-3W steel significantly
decreases when the creep rupture time exceeded
approximately 2,000 hours at 650C and 100-220
MPa®¥. However, in this study, it is demonstrated
that an increase in W content contributes to the
improvement of creep rupture time even when the
rupture time is 10,000 to 20,000 hours. This suggests
that the Laves phase is effective in increasing the
creep rupture time of the weld metal even if it
coarsens to a radius of more than 150 nm. As the
mechanisms by which precipitates contribute to the
creep strengthening of ferritic heat-resistant steel,
dislocation pinning, suppression of martensitic lath
coarsening, and strengthening of grain boundaries
are mentioned. The contribution of the Laves phase
to the dislocation pinning may be small, and the
MX which exists finely in the grain is more effective
for dislocation pinning than the Laves phase which
exists in the grain boundary. It is suggested that
the coarsening of martensite lath during creep was
suppressed by the Laves phase on grain boundaries
which may be martensite lath. M,,C, is known to
exist along lath boundaries as well as the Laves
phase and is effective in inhibiting the coarsening
of the martensite microstructure?, and in the case of
2.8W-A, the addition of W may have enhanced the
effect by increasing the precipitates formed on the
grain boundary.

Conclusions

The effect of W addition on creep rupture time
and microstructure for Gr.93 steel weld metal was
investigated. The main results can be summarized as
follows:

1. The creep rupture time at 650C improved
with increasing W content in the weld metal
regardless of the stress condition.

2. The average equivalent circle radius of the Laves
phase coarsens with the progress of thermal
aging at 650C. After 20,000 hours of aging, the
average equivalent circle radius of the Laves
phase is around 150 nm for W content of 2.8
mass%, while it grows to approximately 200
nm for W content of 1.6 mass%. The number
density of the Laves phase increases throughout
the period of 3,000 and 5,000 hours of thermal
aging after PWHT, subsequently decreasing.

3. The creep rupture time of 2.8 mass% W is higher
than that of 1.6 mass% W, and this is considered
to be due to the high number density and narrow
particle spacing of the Laves phase.

4. The formation of the Laves phase generally
reaches an equilibrium amount after thermal
aging for approximately 5,000 hours.
Subsequently, coarsening of the Laves phase
and the decrease of the number density are
considered to cause Ostwald ripening. The
experimental values and theoretical formula of
Ostwald ripening exhibit good agreement.

5. Even under conditions where the creep rupture
time is around 10,000 hours, the addition
of W remains effective in increasing the creep
rupture time. The Laves phase, is considered to
be effective for creep strengthening, even if it
coarsens to about 300 nm. Similar to M,,C,, the
Laves phase may enhance creep rupture time by
suppressing the coarsening of lath size.
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Abstract

To improve the durability and reliability of arc weld joints
of automobile chassis parts, a welding consumable has
been developed that can improve the electrodeposition
coatability of weld bead by adjusting the deoxidizing
elements in the welding wire. In this paper, the lap
fillet weld joints were prepared using conventional and
developed wire, and the surface and cross-section of weld
slag were observed to investigate the relationship between
the oxide state and electrodeposition coating properties.
It has been confirmed that the composition of the major
oxides in the weld slag of the developed wire is multiple
Mn-based oxides, rather than Si-Mn composite oxides.
In addition, it has been confirmed that the constitutional
state of the Mn-based oxides in the welding slag has
changed due to the dilution effect of the base steel plate,
and that these factors also affected the electrodeposition
coatability.

Introduction

Automobile chassis components, including
suspension systems, commonly utilize steel
materials. These materials must fulfill the concurrent
requirements of high strength, rigidity, fatigue
resistance, and corrosion resistance. As for corrosion
resistance, there is a need for enhanced performance,
given exposure to severe corrosion environments
like physical damage from road debris during
driving, salt-laden air in coastal regions, and de-icing
agents in cold climates.

In practice, a certain level of quality is ensured
through measures like the partial adoption of
galvanized steel sheets and rust prevention
treatments ), including electrodeposition coating for
the entire surface of the components.

For joining automobile chassis components,
gas shield arc welding is commonly employed.
The welding wire used in gas shield arc welding
contains deoxidizing elements such as Si and Mn.
These elements react with oxygen dissolved in the
molten metal and float up to form welding slag
on the bead surfaces, resulting in a sound weld
joint. On the other hand, since the welding slag is
primarily composed of insulating oxides, mainly
silicon oxide, the presence of these on the bead
surface prevents the formation of coating in the
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electrodeposition coating process after welding. In
corrosive environments, it is known that areas where
electrodeposition coating has not formed can serve
as the starting points for rusting. The results of cyclic
corrosion testing conducted on test pieces with lap
welding joints created using pulse MIG welding
after electrodeposition coating are presented
in Fig. 1. It is observed that no electrodeposition
coating has formed on the residual slag on the weld
joint bead, and corrosion has begun from those
areas.

To improve the condition of the electrodeposition
coating of the weld joint, it is preferable to remove
slag as much as possible beforehand. However,
manual slag removal is limited due to its high
labor intensity leading to a decrease in production
efficiency. Additionally, methods such as shot
blasting are available for physically removing slag;
however, they not only incur increased costs but
also present technological challenges, making their
application difficult when it comes to complex
shapes. Technology has been proposed for
controlling slag during welding because it acts as an
inhibiting factor for electrodeposition coating. Some
approaches involve welding consumables and the
welding process. For example, it has been proposed
to deliberately add sulfur (S) to agglomerate welding
slag or use processes that suppress the generation
of welding slag as much as possible, while allowing
the generated slag to agglomerate at the bead toe ?-9.
Furthermore, a past report indicates that improving
the electrodeposition coatability can be achieved
by reducing the amounts of Si and Mn in the
welding wire ¥. The present authors have adjusted
the balance of deoxidizing element additions in
the welding wire, thereby altering the morphology

Fig.1 Appearance of weld bead before and after cyclic
corrosion testing



and electrical properties of the welding slag. This
development allowed for the electrodeposition
coating to be formed even in the presence of residual
slag in the weld joint. This paper reports the results
of comparing the electrodeposition coatability of
weld joints using this welding wire with those using
the conventional pulse MIG welding wire and also
reports on the composition of the welding slag and
the internal structure of the oxide in the slag that
improves electrodeposition coatability.

1. Test Method
1.1 Test Specimens

Table 1 shows an example of the chemical
composition of the welding wire used for the
evaluation. As a comparison wire, a pulse MIG
welding wire (JIS Z 3312 G 49 A 2 M 16) with a
proven track record in welding automobile chassis
components was used. The distinctive feature of
the developed wire’s chemical composition is its
extremely low Si content and high content of Mn and
Ti. Testing was conducted on a 440 MPa-class hot-
rolled steel sheet (SPH440) and a cold-rolled steel
sheet (SPCC). Table 2 presents an example of the
chemical compositions of the steel sheets.

1.2 Preparation of weld joint
The welding conditions are presented in Table 3.

Each steel sheet, with a thickness of 2.3 mm, a width
of 50 mm, and a length of 200 mm, were fixed by

a jig as shown in Fig. 2. Three sets of lap welding
joints were created. The welding process utilized a
Digital Power Supply P500L and a welding robot,
FD-V8, both manufactured by Daihen Ltd. Pulse
MIG welding was conducted under an 80% Ar-20%
CO, mixed gas. Two sets of the prepared test pieces
underwent electrodeposition coating, while the one
remaining set was used for the analysis of various
slag characteristics.

1.3 Electrodeposition coating

Enlarged photographs were taken of the central
part of the bead immediately after welding, and
the distribution of slag was noted and entered
into comparison for each welding wire and
steel sheet. Subsequently, as a pretreatment for
electrodeposition coating, the test pieces underwent
cleaning, degreasing, surface adjustment and
chemical treatment. As a final step, black cationic
electrodeposition coating was applied. The target
coating thickness was 20 um.

1.4 Composition and phase analyses of welding slag

From the vicinity of the bead center (the steady
part of the bead) of the prepared test pieces, samples
for composition analysis were collected through
electrical discharge machining. To obtain average
composition information about the slag, element
analysis was initially conducted using a Scanning
Electron Microscope and Energy Dispersive X-ray
Spectrometry (SEM-EDS) from the surface side of

Table 1 Chemical composition of welding wires (mass%)

C Si Mn P S Ti

Conventional wire 0.05 0.75 1.25 0.010 0.004 <0.01

Developed wire 0.05 0.10 1.96 0.010 0.006 Add.
(Low Si wire)

Table 2 Chemical composition of steel sheets (mass%)

C Si Mn P S Ti
440MPa steel sheet™
(SPH440) 0.12 0.02 0.88 0.014 0.004 <0.01
Mild steel sheet
(SPCO) 0.02 0.01 0.11 0.017 0.002 <0.01

*Hot rolled sheet.

Table 3 Welding conditions

Robot FD-V8 (DAIHEN Corporation)

Power supply Welbee PSO00L (DAIHEN Corporation)

Welding method Pulse MAG Fixing clamp

Shielding gas 80%Ar-20%CO, Direction of

welding

=

440 MPa steel sheet
(2.3mmTx50 mmWx=200 mmL)

200A-24V I ‘
Travel speed 80 cm/min FOPper jig E
Travel angle Perpendicular
Contact-tip to work distance 15 mm

Base metal

Current-voltage

ELTA w) 2

Fig.2 Welding position
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the slag. Subsequently, cross-sectional observations
of the element distribution in the depth direction
of the slag were carried out. The test pieces were
embedded in resin and polished. Focusing on
the slag location on the upper side of the sheet,
where the slag was thickest in the bead cross-
section, backscattered electron image observation
was performed. For the developed wire, element
mapping was conducted using an Electron Probe
Micro Analyzer (EPMA). Furthermore, using the
multivariate image analysis software, COMPASS,
from Thermo Fisher Scientific Inc., phase separation
analysis was performed by extracting individual
oxide phases with distinctive spectra from the
element spectra obtained through EDS”.

1.5 Equilibrium state calculation of multi-
component oxide

To understand how the composition differences
in the welding wire affect the preferential formation
of oxide types in the molten slag, equilibrium state
calculations of oxides were performed using the
thermodynamics equilibrium calculation software
FactSage 8.1. In order to simplify the complex
relationships among oxides, the calculation was
limited to four elements—Si, Mn, Ti, and Fe. The
Gibbs energy minimization method was applied
to calculate the amount of oxide formed in each
temperature range using the thermodynamics
data base FToxid. To determine the mass ratio
(coefficient) of each oxide in the slag, the coefficients
for each oxide were calculated on the basis of the
EDS analysis results from the slag surfaces, while
ensuring that the sum of the coefficients for all
oxides equaled 100.

2. Test results and considerations
2.1 Results of welding and electrodeposition coating

An example of the observed slag behavior on the
molten pool during welding is shown in Fig. 3. The
welding slag from the conventional wire exhibits a
tendency to agglomerate on the molten pool. On the
other hand, the welding slag from the developed
wire shows suppressed agglomeration on the molten
pool and a thin formation on the surface towards the
rear of the molten pool. Photos showing the bead
appearance after welding and after electrodeposition
coating are presented in Fig. 4. The central part of
the photo represents the welding bead, with the
upper sheet above and the lower sheet below. With
the conventional wire, glossy welding slag has been
formed on the bead surfaces for both the SPH440
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and SPCC steel sheets. In areas where this slag
remains, no electrodeposition coating is formed.
In contrast, the bead surfaces with the developed
wire display a non-glossy dark brown slag that
spread uniformly, regardless of the type of steel
sheet. Although some areas of the welding slag on
the upper sheet side allow no electrodeposition
coating to form, the overall area without coating has
been significantly reduced compared with the area
where conventional wire was used. Focusing on
the differences in steel sheets, the SPCC steel sheet
exhibits superior electrodeposition coatability for
both the conventional and developed wire.

2.2 Observation and composition analysis results
for slag surface

The slag formed on the welding beads has been
observed as-is on the surfaces using SEM, and
composition analysis has been conducted using EDS.
Both the conventional wire and the developed wire
have been analyzed in the slag near the top sheet
side. The positions for the composition analysis of
the welding slag using the SPH440 steel sheet are
shown in Fig. 5. The square frames indicate the
analysis positions, and the circular frames indicate
the analysis areas. In the slag from the conventional
wire, charge-up traces are observed at the electron
beam irradiation positions in the SEM image,
suggesting relatively low conductivity. On the other
hand, no charge-up traces were observed in the

Fig.3 Observation image of molten pool during arc
welding (SPH440)

Base metal Conventional wire Developed wire

440MPa
steel sheet
(SPH440)

Mild
steel sheet
(SPCC)

Fig.4 Weld bead appearance (Top: as-welded, Bottom:
electrodeposition coated)



brown slag part where the developed wire was used.
Next, the EDS analysis results for the welding slag
formed using the SPH440 and SPCC steel sheets
are shown in Fig. 6. In both the steel sheets, the
proportion of Si in the entire slag is higher for the
conventional wire. For the developed wire, the
proportion of Si in the entire area of slag is smaller,
aligning with the intended result that the welding
slag is mainly composed of Mn and Ti oxides.
Additionally, traces of Fe and minor amounts of Al
are detected, which are believed to be inevitably
detected in the base metal steel sheet.

2.3 Observation and phase analysis results for slag
cross section

2.3.1 Welding slag of conventional wire

Fig. 7 shows the backscattered electron images
of the bead cross-sections of the SPH440 steel
sheet welded using the conventional wire. The
square frames in the figure indicate the locations
for slag observation. The thickness of the slag
formed in agglomeration near the top sheet side is
approximately 200 um locally. Three morphologies
of welding slag are identified: dark areas, bright

(a) Conventional wire (b) Developed wire

&

B Slag
& O sheet
Bead . :

[SEME

600am

Fig.5 EDS Analysis position (SPH440)

areas, and areas exhibiting distinctive patterns. The
results of the oxide phase analysis conducted using
COMPASS are presented in Fig. 8. The elements
listed in parentheses represent the elements with
a higher mass ratio in a phase, in the order from
left to right. The slag formed with conventional
wire is composed of three main oxide phases: Phase
@, consisting of Mn and Si; Phase (2), consisting
of Si and Fe; and Phase ), consisting of Mn, Si,
and Fe. Each of these phases corresponds distinctly
to the results of the backscattered electron image
observation, clearly existing in separate entities.
Consistent with previous findings, it has been
confirmed that the glossy slag formed with
conventional wire is predominantly composed of
oxides, primarily Si and Mn based, throughout the
entire region.

2.3.2 Welding slag of developed wire

The developed wire has been used to weld the
SPH440 steel sheets. Fig. 9 shows the backscattered
electron image of the slag cross-section and

wAl ®Si *®Mn ETi 7~ Fe =Others
100%

80%

/7
L 60% / Fe
~ Ti
] 0,
g 4% M
20% .
Si
0% Al
SPH440 SPCC SPH440 SPCC

Conventional wire Developed wire

Fig.6 Result of EDS analysis

250pum

Fig.7 Slag observation point (frame) and backscattered electron (BSE) image (conventional wire, SPH440)

Phase D. [Mn-O-Si]

Phase @. [Si-Fe-O]

Phase 3. [Mn-O-Si-Fe]

Fig.8 Results of phase analysis [chemical composition] (conventional wire, SPH440)
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Fig.9 Slag observation point (frame) and BSE image (developed wire, SPH440)
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Fig.10 Results of phase analysis [chemical composition] (developed wire, SPH440)
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Fig.11 Results of EPMA analysis [chemical composition] (developed wire, SPH440)

enlarged images of the observation points within
the square frame. The slag tends to form thickly on
the upper side of the sheet, similar to the results of
using conventional wire; however, its thickness has
been confirmed to be a maximum of about 100 um,
which is thinner than with conventional wire.
The morphology of the slag exhibits a dendrite-
like structure, a feature not observed in the case
of conventional wire. Fig.10 presents the results
of oxide phase analysis using COMPASS on the
slag formed on the SPH440 steel sheet. The slag is
composed of four types of oxide phases: a phase
consisting of Mn, Ti, and Fe (Phase 4)); Mn oxide
phase (Phase (®); iron oxide phase (Phase (6)); and an
oxide phase composed of Fe, Si, and Mn (Phase (7).
Phase @ is formed throughout the depth direction,
Phase (5 is formed near the surface of the slag, and
Phases (6) and (D are distributed on the interface
between the slag and the base metal. Unlike the
observation results for conventional wire, these
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phases are not clearly separated but exist in an
overlapping manner. The mapping results of the slag
part using EPMA are shown in Fig.11. In the areas
where dendrite-like crystalline structures appear
bright in the backscattered electron image, mainly
Mn, Ti, and Fe are condensed, while darker areas
primarily contain condensed Si.

2.3.3 Effect of steel sheet composition on welding
slag

The effect of the steel sheet composition
on welding slag has been examined using the
developed wire. Fig.12 shows the cross-sectional
backscattered electron image of the welding slag on
the SPCC steel sheet, welded using the developed
wire, and an enlarged image of the observation
points within the square frame. Similar to the
SPH440 steel, there is a tendency for the slag to
form thickly on the upper side of the sheet, but its
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Fig.12 Slag observation point (frame) and BSE image (developed wire, SPCC)

Phase ®. [Mn-O-Ti]

Phase @. [O-Mn-Ti-Si]

Phase @. [Fe-O]

Fig.13 Results of phase analysis [chemical composition] (developed wire, SPCC)

thickness has been confirmed to be a maximum of
about 50 um, and the slag exhibited a dendrite-like
morphology on the SPCC steel sheet as well. Fig.13
presents the results of oxide phase analysis using
COMPASS for the slag formed on the SPCC steel
sheet. The slag is composed of three major phases,
with a notably high ratio of oxide phase consisting
of Mn and Ti (Phase®) and oxide phase consisting
of Mn, Ti, and Si (Phase(®). Additionally, iron oxide
phase (Phase 10) is observed near the interface with
the base metal. In the SPCC steel sheet, as in the
SPH440 steel sheet, the main component of the slag
is oxide composed of Mn and Ti.

In Fig.10, the surface condensation layer of Mn
oxide observed in the SPH440 steel sheet is not
observed on the SPCC steel sheet. This suggests that
the significantly lower amount of Mn in the SPCC
steel sheet, as compared with the SPH440 steel sheet,
may be influencing this outcome.

2.3.4 Effect of welding slag thickness on
electrodeposition coatability

To assess the effect of slag thickness on the
state of electrodeposition coating, observations
have been conducted on the slag cross-section after
electrodeposition coating. Fig.14 shows the SEM
observation results near the slag for the SPH440
steel sheet welded with the developed wire.
Electrodeposition coating has been formed up to a
slag thickness of about 40-50 um, but in the areas
where the slag is thicker, no electrodeposition
coating has been observed. This implies

\ad

Weld metal

Fig.14 SEM image of weld slag (developed wire, SPH440
after electrodeposition coating)

that reducing slag thickness by suppressing
agglomeration may be effective in improving
electrodeposition coatability.

2.4 Structure prediction of multi-component oxide
by equilibrium state calculation

The results of the equilibrium state oxide
calculations for both conventional wire and
developed wire are presented in Fig.15. The vertical
axis represents the mass fraction of oxides, while the
horizontal axis represents the temperature. In the
case of the conventional wire, as the temperature
decreases from 1800C to 1200, the molten slag
gradually disappears. This means that MnFe,O,
begins to form initially, followed by the formation of
Si-Mn composite oxides with Olivine structure, such
as Mn,Si0, and MnSiO, (Rhodonite). Particularly
near room temperature, the proportion of Mn,SiO,,
a composite oxide of Si and Mn, becomes significant.
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Previous reports have suggested that in the
annealing environment of steel sheets with Si and
Mn additions, Si and Mn can mutually enhance each
other’s oxidation reactions, promoting the reduction
of iron oxides ?. It is considered that, even in the
deoxidation process during slag formation in arc
welding, mutual oxidation reactions (formation of
molten slag) are promoted. Moreover, composite
oxides of Si and Mn, such as Mn,SiO, and MnSiO,,
have lower melting points than composite oxides of
Fe and Ti with Mn. As shown in Fig. 3, these Si-Mn
composite oxides are likely to reside easily in the
molten pool's rearward direction and may persist as
thick, large residues during solidification.

Furthermore, the calculation results indicate
that Mn,SiO,, an insulating composite oxide of
Si and Mn, remains stable on the bead surfaces
up to near room temperature after being formed
from the molten slag. It is suggested that the
preferential formation of these low-conductivity
composite oxides during welding, coupled with their
local growth through agglomeration, hinders the
formation of electrodeposition coating.

On the other hand, in the calculation results for
the components of the developed wire, MnO is first
formed during the cooling process from the high-
temperature side. Subsequently, a composite oxide
of Mn and Fe with a spinel structure is formed,
followed by the sequential formation of composite
oxides with Olivine structure containing Si and Mn,
as well as composite oxide of Mn and Ti. Among
these, MnO is considered to correspond to the oxide
represented by Phase (5 in the phase analysis shown
in Fig.10. In light of the previous observations of slag
cross-sections, it is inferred that in the developed
wire, MnO (Monoxide) with higher melting point
precipitates ahead of the composite oxide of Mn
and Fe during the solidification of the slag formed
on the molten pool. Then, the composite oxides
of Mn and Si, as well as the composite oxides of
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Mn and Ti, begin to form, and these oxides grow
in such a way that they overlap, resulting in a
dendrite-like solidification morphology. In terms
of slag distribution, MnO and the composite oxide
of Mn and Fe have a higher solidification initiation
temperature and considering the lower ratio of
composite oxide of Si and Mn, the agglomeration
in the molten pool is less likely to occur, leading
to a tendency for the slag to spread thinly. As a
result, the conductivity of the slag portion increases,
and electrodeposition coatability is inferred
to have improved. Considering the conductivity
of Mn oxides from the calculation results, MnO
is generally known to have lower conductivity at
room temperature compared with FeO. Therefore,
it is believed that Mn;O, with a spinel structure and
composite oxides of Mn and Fe, as well as those of
Mn and Ti, contribute to the conductivity. However,
since the formed slag consists of multiple oxides
overlapping in a complex manner, separating the
combined state of individual oxides to identify
the specific current paths for the formation of
electrodeposition coating is challenging. The
mechanism is not yet fully understood, and further
investigation and consideration are needed in the
future.

Conclusions

By adjusting the balance of deoxidizing element
additions in the wire, a welding consumable has
been developed that could change the morphology
and electrical properties of welding slag, so as to
make electrodeposition coating formable even when
slag remains in the weld joint. In this report, the
composition of slag and the internal structure of
oxides within conventional wire and developed
wire have been explained in detail, and the factors
contributing to improved electrodeposition
coatability have been discussed as follows:



Changing the ratio of Si, Mn, and Ti components
in the wire allows control over the ratio of
elements constituting the welding slag, resulting
in a change in the slag morphology on welding
bead surfaces.

The internal structure of the slag in conventional
wire is primarily composed of oxides of Si and
Mn throughout, and these oxides are locally
thickly formed on bead surfaces.

In the developed wire, phases of oxides
consisting of Mn, Ti, and Fe are formed in the
depth direction of the slag, exhibiting a dendrite-
like structure. Slag agglomeration behind the
molten pool during welding is suppressed,
and the slag is formed thinner than for the
conventional wire.

The equilibrium calculation based on the
results of slag analysis suggest that Mn oxides
with a spinel structure may contribute to the
conductivity of the slag in the developed wire.

However, in this investigation, the specific oxides

responsible for the conductivity of the slag in the
developed wire were not identified. Further research
will be conducted to investigate the combined state
of oxides constituting the slag and to work towards
understanding the mechanism that improves
electrodeposition coatability.
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Abstract

Liquid metal embrittlement (LME) cracking, seen in
resistance spot welds of ultra-high strength steel, has
become a subject of discussion in the automobile industry.
However, only a few articles concerning the effect of
this type of crack on joint properties have been reported.
Therefore, in this study, LME cracks were classified into
3 types based on location and the influences of these
cracks on static and fatigue strengths were investigated.
Type A crack, occurring within an indentation of a spot
weld, slightly affected the joint strength, while type B
crack, generating on the indentation periphery or outside
it, significantly lowered both tensile-shear and cross-
tension strengths, which decreased by up to 35% and
44%, respectively. Type C crack, seen near the interface
of the sheets, deteriorated fatigue strength as well.

Introduction

Since the 1990s, there has been a global demand
for reducing greenhouse gases as a measure against
global warming, with advocacy for achieving carbon
neutrality by 2050. In the automotive industry,
efforts are being made to decrease CO, emissions
while driving by advancing the electrification and
lightweighting of vehicle bodies” ?. The demand
for collision safety is also increasing year by year.
To achieve this, along with fuel efficiency, the
application of ultra-high strength steel (referred
to as “UHSS") sheets to vehicle bodies is on the
rise. In the case of UHSS, alloying additives may
be increased to balance strength and workability?.
Generally, it is known that welding properties
deteriorate with an increase in alloying additives.
For example, in resistance spot welding, mainly
used in the production line of automobiles,
expulsion and surface flash occur on the low current
side, narrowing the condition range for proper
welding®-9. In tensile tests, brittle fractures, such
as interface failure and partial plug failure, occur,
causing a decrease in joint strength®. Furthermore,
in some recently developed UHSSs, LME cracks
caused by molten zinc have been reported to occur
during the welding of Zn-coated steel sheets”.
As shown in Fig. 1, LME cracks occur when three
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factors overlap: high crack susceptibility, molten
zinc, and tensile stress.

In other words, if any one of these factors can be
eliminated, the cracking can be prevented. Previous
studies have demonstrated through numerical
analysis that significant tensile stress occurs in the
welded area immediately after electrode release'”.
Suggestions have been proposed to mitigate LME
cracking through process enhancements, specifically
targeting stress alleviation and minimizing the
volume of molten zinc during electrode release'®').
On the other hand, welding conditions are often
restricted by production cycle time and part shapes,
making it not always possible to apply these crack
prevention methods. Therefore, to effectively utilize
UHSS, it is believed that optimization of welding
conditions alone is not sufficient, and structure
design allowing the presence of LME cracks is also
necessary. Generally, in the design of automobiles,
the required strength in the welding area is
calculated on the basis of the loads applied during
both driving and collision. For spot welding, JIS
Z 3140 specifies required values for tensile-shear
strength (TSS) and cross-tension strength (CTS)
for each category of sheet thickness and strength,
and these may be used as indicators during design.
Even if LME cracks occur, there is a possibility of
expanding the application range of ultra-high-tensile
steel by adopting a structural design approach that
allows for cracks as long as the standard strength
is achieved. A similar approach is adopted in JIS Z

Crack-susceptible
steel

Tensile
stress

Molten
zinc

Fig.1 Factors of LME cracking



3104, where, among the four categories of scratches
(defects), the first and fourth categories need not
be counted if they are below certain dimensions.
However, data regarding the effects of LME cracks
on joint strength is limited, and as of now, there are
no established standards for LME cracks. Against
this backdrop, this study aims to classify LME
cracks in accordance with their occurrence locations
and elucidate the effects of various cracks on static
strength and fatigue strength.

1. Experimental method
1.1 Classification of LME cracks

LME cracks are broadly categorized into outer
cracks occurring on the surfaces of joints and inner
cracks occurring internally'®. As shown in Fig. 2,
this study further classifies the outer cracks into
type A cracks, which occur within an indentation,
and type B cracks, which occur at the periphery of
an indentation. Inner cracks occurring in the heat-
affected zone (HAZ) are classified as type C cracks.

1.2 Investigation of the effects of LME cracks on
static strength and fatigue strength

The test material used was a 980MPa-grade
GA steel sheet with a thickness of 1.4 mm. For the
static tensile test, the test pieces were prepared in
accordance with JIS Z 3136 and Z 3137, and for the
fatigue test, the test pieces followed Z 3138, with
the size as shown in Fig. 3. The steel sheets were
immersed in hydrochloric acid, creating samples
with a remaining plating layer on only one side
near the welded area (hereinafter referred to as
“plated material”) and samples with all plating layers
removed on both sides (hereinafter referred to as
“bare material”).

A servo-pressure-type DC inverter welding
machine was used for welding. The electrodes were
DR-type electrodes made of chrome copper, with a
tip diameter of 6 mm and a tip curvature radius of
40 mm. The welding conditions are shown in Fig. 4,
and the schematic diagram of the joint preparation
method is illustrated in Fig. 5.

The plated material was used to control the
initiation positions of cracks; i.e., for outer cracks,
the plated surfaces of the upper and lower sheets
were positioned facing the electrode, and for inner
cracks, they were positioned facing the side of the
mating material. For the latter, aiming at promoting
crack formation, a strike angle of 7° was set, and
a 2 mm gap was introduced between the sheets.
For comparison, joints with no cracks but having a

nugget with a diameter equivalent to the joint with
outer and inner cracks were produced using the
bare material (hereinafter referred to as “defect-free
jointing”). The type B cracks have initiated from the
periphery of the indentation to the outside, and it

TypeA TypeB

Type C

Fig.2 Classification of LME cracks
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Fig.3 Dimensions of tensile specimens
(a) static tensile-shear, (b) static cross-tension tests
(c) tensile-shear fatigue, (d) cross-tension fatigue tests
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Fig.4 Welding conditions for producing welds with LME
(a) outer, (b) inner cracks
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is assumed that the degree of adverse effects varies
depending on the location of initiation. Controlling
the subtle initiation positions of cracks through
welding is challenging. Hence, the cracks were
simulated using a femtosecond laser. As shown in
Fig. 6, joint strength at various initiation positions
was investigated by forming a semi-circular groove
with a width of millimeter-order (hereinafter
referred to as an “artificial defect”) on a defect-free
joint. After welding the bare material under the
conditions shown in Fig. 7, artificial defects were
introduced to the inner and outer peripheries and
outside of the indentation on the side of the upper
sheet. The diameter of the artificial defect was 5.6
mm for the former and 7.0 mm for the latter. The
flow of evaluation tests for the prepared joints is
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shown in Fig. 8. Two types of static tensile tests
(tensile-shear test and cross-tensile test) and two
types of fatigue tests (tensile-shear fatigue test and
cross-tension fatigue test) were conducted. The
number of samples (denoted by a numerical value
following n) for the static tensile test was n3 to
n5, and the tensile speed was set at 10 mm/min.
Fatigue tests were conducted for n2 at each load,
with a stress ratio of 0.1, frequency of 5 to 20 Hz,
and a maximum repetition number of 2 X 10°. It
should be noted that, for joints where outer cracks
were induced experimentally, some included only
type A cracks, and others included both type A
and B cracks. Therefore, visual observation with a
microscope was conducted, and for the former, both
static tensile and fatigue tests were performed, while



for the latter, only static tensile tests were conducted.
Additionally, cross-sectional observations were
carried out for another set of n3 samples apart from
the tensile test. Observations of the welded area
were conducted by cutting the center of the nugget
in the tensile-shear test piece along the longitudinal
section, followed by corrosion in a picric acid-
saturated solution, and examination using an optical
microscope. The depth of the cracks was measured
following the procedure shown in Fig. 8.

2. Experimental results and discussions

2.1 Effect of outer cracks on static strength and
fatigue strength

The appearances and cross-sections of the joints
are shown in Fig. 9. A joint with only type A cracks
(b) has been checked as well as a joint with both
type A and B cracks (c) (hereinafter referred to
as “‘joint with type-A cracks” and “joint with type
A+B cracks,” respectively). The depths of the type
A and B cracks are 0.07 to 2.13 mm and 0.07 to
0.91 mm, respectively, and the type A cracks have
been observed to penetrate both surfaces of the
indentation.

The results of the static tensile test are shown
in Fig.10. In the lower part of the graph, the types
of cracks are also described. In comparison with
the defect-free joint, the joints with type A cracks

have been found to have equivalent joint strength,
confirming that the type A cracks have little effect
on static strength. On the other hand, the joints with
type A+B-cracks have cases where TSS and CTS are
lower than the defect-free joint. When comparing the
joint strength of the lowest strength combinations,
the joints with type A+B cracks show an
approximately 35% reduction in both TSS and CTS
compared with the defect-free joint. Fig.11 shows
the appearances of the joints with type A+B cracks
before and after the tensile tests. Also included in
this figure are the crack initiation positions, and the
schematic diagrams of fracture positions during the
tensile test. For the tensile-shear test joint, the crack
initiation positions have been classified into the
transverse area and longitudinal area, as shown in
this figure. In both joints, fractures have occurred
along the type B cracks. For joints with a small
crack initiation zone in the transverse area, TSS is
almost equivalent to that of the defect-free joint.
In contrast, joints with a wide-ranging presence of
cracks exhibit a significant decrease in TSS. In the
cross-tension testing, stress is uniformly applied at
the periphery of the nugget, resulting in a decrease
in strength regardless of the location of crack
initiation. In contrast, in shear-tension testing, stress
concentration primarily occurs in the transverse
area. Therefore, cracks that occur in the longitudinal
area are believed to have minimal impact on the
overall strength. The results of fatigue test for the

(a)

(b)

(c)

Fig.9 Surface and cross-section images of welds
(a) without LME crack, (b) with type A crack, (c) with type A+B cracks
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Fig.10 Results of static (a) TS, (b) CT tests
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Fig.11 Surface view of specimens with type A+B cracks before and after static tensile tests
(TS test: (a)nt, (b)n3, CT test: (c)n1, (d)n4)

joint with type A cracks and the defect-free joint are
shown in Fig.12. No significant difference has been
observed in the L-N diagram due to the presence
or absence of type A cracks, indicating that type A
cracks have little effect on fatigue properties.

2.2 Effect of occurrence position for Type B cracks
on static strength and fatigue strength (Results
of study utilizing artificial defects)

The appearance and cross-sectional images of
the joint are shown in Fig.13. The depths of artificial
defects at the inner and outer peripheries of the
indentation and the outside of the indentation are
0.55 to 0.63 mm and 0.54 to 0.61 mm, respectively.
The results of the static tensile test are presented
in Fig.14. For joints with artificial defects at the
inner and outer peripheries of the indentation, TSS
is equivalent, while CTS is lower in comparison
with the defect-free joint. On the other hand, for
joints with artificial defects on the outside of the
indentation, a slight decrease in TSS, in addition to
CTS, is observed. When the lowest CTS values are
compared, the former joint shows approximately a
35% reduction in strength compared with the defect-
free joint, and the latter joint shows approximately
a 44% reduction. This suggests that the further
away from the indentation, the greater the negative
impact on cracks. In comparison with the tests
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Fig.12 Results of (a) TS, (b) CT fatigue tests

using the previously mentioned joint with type
A+B cracks, no significant decrease in TSS has been
observed in joints with introduced artificial defects.
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Fig.13 Surface and cross-section images of welds
(a) without crack, with artificial crack (b) on indentation periphery, (c) outside indentation
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This is presumed to be due to the difference in size
between actual cracks and artificial defects. Due to
constraints in the laser processing machine used
in this experiment, the depth of artificial defects
has been aimed at 0.6 mm, which is smaller than
the actual depth of the type B cracks. In a previous
study based on numerical analysis, Ma et al. have
demonstrated that the reduction in tensile-shear
strength is enhanced with the increasing size of the
type B cracks'). Appearance images after tensile-

) @
Fig.15 Surface view of fractured TS and CT specimens
(a) without crack, with artificial crack (b) on indentation periphery, (c) outside indentation

shear and cross-tensile tests are shown in Fig.15.
In joints where a decrease in strength has been
observed, fractures have occurred along the artificial
defects. The results of the fatigue test are presented
in Fig.16. No significant differences are observed
in the L-N diagram due to the presence or absence
of artificial defects. In other words, in the range of
depths equivalent to the artificial defects studied in
this experiment, there is a high probability that the
fatigue properties would not significantly decrease
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due to type B cracks.

2.3 Effect of inner cracks on static strength and
fatigue strength

Fig.17 shows the cross-sectional images of
joints. Type C cracks have been observed at the
corona bond edges of the upper and lower sheets
(hereinafter referred to as a “joint with type C
cracks”). The depth of the cracks ranges from 0.25
to 0.79 mm. The results of the static tensile test are
presented in Fig.18. Within the range studied in this
experiment, there is little decrease in joint strength
due to inner cracks. Both the joint with type C cracks
and the defect-free joint exhibit interface fractures
in the tensile-shear test and plug fractures or partial
plug fractures in the cross-tensile test. Although no
changes are observed in joint strength or fracture
morphology due to the presence of inner cracks
in this experiment, a study using 1.2 GPa-grade
steel sheets confirmed a reduction in TSS due to
the type C cracks'. The reasons for the varying
effect of cracks due to differences in steel sheet
strength are not clearly understood. However, it
is speculated that the distribution of stress during
the tensile-shear test may change depending on
the hardness distribution in the nugget-HAZ-base
metal interfaces and the depth of the cracks. In the
case of 1.2 GPa-grade steel sheets, it is presumed
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Fig.16 Results of (a) TS, (b) CT fatigue tests
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(b)

Fig.17 Cross-section images of welds
(a) without LME crack, (b) with type C crack
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Fig.20 Surface view of fractured TS fatigue specimen with
type C crack

that the stress concentration on the type C cracks
is more pronounced. The results of the fatigue test
are shown in Fig.19. No significant differences are
observed in the L-N diagrams for cross-tension
fatigue tests between the joint with type C cracks
and the defect-free joint. On the other hand, in the
tensile-shear fatigue test, early fractures occur in the
joint with type C cracks under all load conditions,
indicating that type C cracks lead to a reduction
in fatigue properties. As shown in Fig.20, cracks
have propagated from around the nugget towards
the base metal in the joint with Type C cracks,
suggesting that type C cracks may have served
as the initiation point for the cracks. Initial cracks
in tensile-shear fatigue tests have been reported
to occur near the corona bond edges'). As type
C cracks occur in almost the same position as
these cracks, they are considered a potential factor
contributing to the reduction in fatigue properties.

Conclusions

LME cracks have been classified into types A
to C, and their respective effects on joint strength

have been experimentally investigated. The
summarized results are shown in Fig.21. Regarding
type A cracks, even those penetrating through both
the surfaces have little effect on joint strength. In
contrast, it has become evident that type B and C
cracks could potentially reduce joint strength. It
should be noted that, in this study, tensile tests and
cross-sectional observations have been conducted
separately; hence, a thorough discussion on the
relationship between joint strength and crack depth
has not been provided. In a previous study'®, the
authors have attempted to quantify the effect of
crack depth on joint strength by non-destructively
observing LME cracks in tensile test samples
using X-ray CT scans. As mentioned earlier, the
adverse effects of LME cracks vary with steel types
and sheet compositions. Performing tests for a
vast range of steel types and sheet compositions
similar to this study is impractical. Therefore, the
use of numerical analysis is essential. The authors
have already begun numerical analysis and have
constructed a model that can predict the effects
of cracks at the test piece level'”. Furthermore,
the investigation into the effect of LME cracks at
the level of actual vehicle components is ongoing.
Dynamic three-point bending tests have been
conducted on simulated center pillar samples with
artificially induced outer and inner cracks. The
results have revealed that, under assumed ITHS
side impact distribution conditions, the presence of
LME cracks did not lead to the fracture of resistance
spot welded parts. The effects on component
performance, such as maximum load and absorbed
energy, have been found to be extremely small *.
Vehicle lightweighting is a persistent need, and the
application of ultra-high tensile steel is predicted to
further expand in the future. While multiple spot
welding processes for preventing LME cracks have

Crack depth Static strength Fatigue strength
Crack type
P (mm) cT TS cT
A Weld crack | 0.07~2.13 Influenced Inﬂt_xenced InﬂL_lenced InﬂL_lenced
slightly slightly slightly
Weld crack 0.07~0.91 | Weakened | Weakened - -

Approximately | Influenced

Influenced | Influenced

Artificial crack 0.60 Weakened slightly slightly
C Weld crack 0.25~0.79 Influenced Inﬂgenced Weakened InﬂL_lenced
slightly slightly

Type A Type B
%

1) TSS might be weakened with a greater artificial crack.

2) The result of the experiment using 1 GPa steel.

Nugget

y.

20l

Type C

Type C crack weakened TSS of spot welds of 1.2 GPa steel.

Fig.21 Summary of experiments
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been developed and proposed, establishing quality
assurance methods for LME cracks is also deemed
necessary. It is hoped that the approaches and
insights introduced in this paper can contribute to
these efforts.
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Abstract

In recent years, adhesive bonding has attracted interest
as a key joining technology for lightweight metals and
dissimilar materials, and its importance is increasing
across various industrial fields.

When bonding metallic materials, surface preparation
technology plays a crucial role in maximizing the inherent
bonding properties of the adhesive, because its bonding
strength is greatly affected by the surface condition. This
paper aims to discuss the relationship between the surface
condition of metallic materials and adhesion properties.
Additionally, it will cover the improvement of adhesion
by surface preparation, and efforts to evaluate adhesion
strength and durability, while considering the actual
environment of use.

Introduction

In the field of metal joining technology,
welding and bolted connections play a leading role
and are widely utilized across various industries
mainly for ferrous materials. On the other hand,
for joining parts requiring complex shapes, high
dimensional accuracy, dissimilar materials, or areas
where heating is to be avoided, adhesive joining
takes precedence. Adhesive joining excels in
rigidity, thanks to its ability to secure joints over
a large surface area, offering high air and water
tightness. Moreover, it avoids the distortions and
embrittlement caused by heat, often experienced
in welding. Additionally, it eliminates the need
for pre-drilling and screwing associated with
bolted connections, showcasing superior attributes
in terms of appearance and productivity. Given
these advantages, in recent years, the application of
adhesive joining has expanded in the automotive
industry for joining dissimilar materials, like joining
aluminum and composites, and for improving NVH
(Noise, Vibration, Harshness) characteristics V. Some
manufacturers outside Japan utilize adhesive joining
in skeleton structures for enhancing the collision
safety.

Adhesive joining poses unique challenges
compared with bolted connections and welding.
When designing the joint strength of adhesive
joining, for example, consideration must be given
to both adhesion strength and the material strength

of the adhesive itself. From a standpoint of strength
stability, it is desirable for the adhesion strength
to be higher than the material strength to ensure
that any fracture would consistently occur in
the adhesive material (hereinafter referred to as
“cohesive failure”). Insufficient adhesion strength
may lead to delamination at the interface between
the adhesive and metal before cohesive failure
occurs (referred to as “interfacial delamination”),
making it challenging to achieve stable joint
strength. Furthermore, since adhesives are typically
resin-based, they are prone to undergo changes
in state due to water, heat, UV radiation, and
stress. Consequently, when selecting adhesives,
consideration must be given to their effects in real-
use environments?.

Due to these challenges, adhesive joining falls
short of providing sufficient strength reliability
compared with other joining technologies.
Its adoption is limited in applications requiring
prolonged use in harsh environments or demanding
high safety standards. Therefore, this paper aims to
contribute to the understanding and improvement of
adhesive joining for metal materials. Specifically, it
compiles and explains factors that significantly affect
adhesion strength, such as the surface condition
of materials, surface modification technologies for
achieving stable adhesion strength, and case studies
on ensuring long-term strength reliability .

1. Surface conditions of metal materials and
adhesiveness

When bonding metal materials, the adhesive
comes into contact with their surfaces, making
the surface conditions of the material significantly
affect the adhesion strength. In most cases, the
surfaces of metal materials are covered with natural
oxide films. The effect of material compositions
and various processes such as rolling, extrusion,
cutting, as well as heating, water cooling, and others
during manufacturing can lead to excessive growth
of the oxide film, structural defects, alterations
and corrosion, creating non-uniform conditions.
Additionally, organic matter from processing oil,
packaging materials, storage environments, etc.,
may be adsorbed onto the oxide film, significantly
impacting the adhesiveness of metal materials %
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(Fig. 1(a)).
1.1 Surface contamination

In bonding any substance, not limited to metal
materials, the first essential step is to eliminate
factors hindering the physical contact between
the adhesive and the adherend material surfaces.
Due to these factors, residues on the surfaces of
adherend materials reduce the contact area between
the adhesive and the surfaces of the adherend
materials, hindering the intended adhesion strength.
Therefore, it is necessary to clean the surfaces of
adherend materials before adhesion. While particles
and oil content adsorbed on material surfaces can
be removed to some extent by solvent cleaning and
the like, some substances, such as those forming
a strong chemical bond with the oxide film, may
not easily be removed. Hence, alkaline degreasing
agents are commonly used for chemical cleaning .
On the other hand, certain adhesives have properties
that allow them to absorb and disperse oil content
within the resin. These adhesives can exhibit good
adhesiveness even when there is some oil on the
surfaces of adherend materials and are used in the
automotive manufacturing processes®.

1.2 Vulnerable Areas

The next important point is the strength of
the material surface. As previously mentioned,
the surfaces of metal materials are covered with
oxide films that change their states due to alloy
composition, manufacturing processes, and storage
conditions, leading to structurally or chemically
brittle areas. These vulnerable areas, known as weak
boundary layers (WBL), become fracture initiation
points in adhesive joining and can destabilize
adhesion strength.

For example, the surfaces of high-strength
aluminum alloys containing magnesium are known
to have a brittle, magnesium-containing oxide film

(a) Unfavorable surface for adhesion ¢ (b) Favorable surface for adhesion
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due to the heat effect during manufacturing, leading
to WBL 7. This oxide film can be dissolved and
removed with acid, which is why acid pickling is
often carried out as part of the pre-treatment for
adhesive bonding of aluminum alloys, typically
in conjunction with degreasing processes. After
acid pickling, only a thin, well-bonding natural
oxide film is present on the surfaces of aluminum
alloy, enabling the material’'s inherent adhesiveness
to be expressed (Fig. 1(b)). In addition to acid
pickling, processes such as blasting treatment and
laser treatment can effectively remove surface
contamination and WBL simultaneously, making
them useful as pre-treatments for adhesion.

Metal materials vary in manufacturing methods
and composition depending on the type, shape,
and application of the material. Additionally,
manufacturing processes and facilities may differ
among manufacturers. Consequently, even for metal
materials with the same strength specifications, their
surface conditions may not be identical. Therefore,
the pre-treatment processes discussed in this section,
aimed at removing surface contamination and WBL,
are fundamental operations for achieving high
strength reproducibility in adhesive bonding.

2. Adhesion mechanism and surface modification
of metals

As stated in Section 1, the ability to demonstrate
the inherent adhesiveness of an adhesive can be
achieved by “resetting” the surface of the metal
material by removing contamination and WBL
and returning it to a state with only the natural
oxide film. Furthermore, a crucial factor is the
compatibility between the adhesive and the oxide
film. Due to the polymer nature of the adhesive, its
chemical structure varies depending on the type
of resin composing it. Similarly, the composition
and chemical properties of the oxide film vary,
depending on the type of base material, leading
to differences in adhesiveness based on the
combination of adhesive and metal material, as
reported in the literature®. For instance, Fig. 2 shows
the observation results of the fracture morphology
after lap-shear tests on epoxy-bonded joints of
titanium and copper sheets which had been cleaned
and had their surface morphology controlled by
blast treatment. In the untreated state, both
materials have their metal surface, and interfacial
delamination dominates between the adhesive and
material. However, blasting treatment changes
the fracture morphology to cohesive failure of the
adhesive. In the case of copper, the fracture is almost
entirely cohesive failure. In contrast, with titanium,



Surface preparation Adhesion test Fracture observation

Titanium

Copper

Cohesive failure
(Good adhesion)

Interface failure
(Poor adhesion)

Fig.2 Difference of fracture surface after adhesion test of
blast-treated or untreated titanium and copper

interfacial delamination occurs. This indicates that,
even when the material’s cleaning conditions and
surface shapes are identical, there are differences in
adhesiveness based on the type of metal material,
specifically, the differences in the oxide film.

Moreover, the stability of the oxide film is a
crucial factor affecting adhesion strength. While the
oxide film immediately after cleaning treatment is
immaculate, it easily adsorbs organic matter and
moisture from the atmosphere, leading to changes in
its surface condition over time, causing a variation in
adhesion strength. Therefore, to consistently achieve
adhesion strength, a surface modification treatment
is necessary to chemically stabilize the oxide film
against temperature and humidity changes.

Automotive manufacturers in EU and USA
have included surface modification treatment in
their standard specifications, in addition to
surface cleaning, with the aim of improving the
adhesiveness and storage stability of aluminum alloy
oxide films. This ensures the long-term stability of
adhesive strength ?. Hence, this section introduces
Kobe Steel's research on the mechanism by which
adhesive strength manifests at the interface between
adhesive and metal material, providing a foundation
for understanding the surface conditions of metal
materials that excel in adhesion stability.

2.1 Improvement of adhesiveness with silane
coupling agent

The adhesion action occurring at the interface
between the adhesive and the oxide film has given
rise to various hypotheses, including the anchoring
effect, chemical bonding such as acid-base bonding
and covalent bonds, as well as physical bonding
like hydrogen bonding and van der Waals forces.
In reality, these factors act in combination, and it is
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believed that their contributions vary, depending on
the types of adhesive and oxide film '°. For example,
commonly used structural adhesives such as epoxy-
based adhesives and urethane-based adhesives
are thought to exhibit adhesive strength between
the “functional groups of the resin that constitutes
the adhesive” and the “functional groups on the
surface of the oxide film" -2, Additionally, the
improvement of adhesiveness through coupling
agents that excel in bonding with both the resin
and the oxide film has been reported . Hence,
investigations have been conducted into the
relationship between the state of the metal surface
after surface modification and adhesiveness.
Aluminum alloy sheets surface-treated with
silane coupling agents comprising a variety of
functional groups have been bonded with epoxy
adhesive and urethane adhesive to evaluate the
joint strength before and after degradation due to
saltwater immersion. The results are shown in Fig. 3.
In the case of joints bonded with epoxy adhesive,
there is no significant difference in strength before
saltwater immersion, as all evaluations have led to
base aluminum fracture. However, after saltwater
immersion, the use of coupling agents has resulted
in less strength reduction compared with the acid-
pickled material. On the other hand, in the case
of urethane adhesive, the improvement effect of
adhesiveness for different types of functional groups
is significant. Particularly, the use of coupling
agents containing amino groups has demonstrated
a superior adhesiveness improvement effect. To
elucidate the mechanisms of these effects, the
following sections introduce the results of the
analysis of the adhesive interface states using
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various spectroscopic methods. This analysis
has utilized bis-silane and amino-silane treated
materials, which demonstrated effects for epoxy
adhesive and urethane adhesive, respectively.

2.2 Mechanism of adhesion strength improvement
for epoxy adhesive

In recent years, there has been progress in
research on the methods of analyzing the adhesion
action directly and non-destructively at the interface
between the adhesive and the oxide film . As an
example, Fig. 4 shows the results of the analysis of
the electronic state of aluminum oxide film before
and after epoxy adhesive coating, using Hard X-ray
Photoelectron Spectroscopy (HAXPES). The electron
state of aluminum atoms constituting the oxide
film is represented by the broad spectrum, and the
peak top position shifts to the low-energy side after
coating the adhesive (Fig. 4(a)). This indicates the
donation of electrons from the functional groups
of the adhesive’s resin to the aluminum atoms in
the oxide film. The electron transfer, namely the
acid-base interaction, occurs with the adhesive’s
resin acting as the electron donor (base) and the
oxide film as the electron acceptor (acid) . The
HAXPES spectrum of the bis-silane treated material
shows a greater peak shift after adhesive coating,
compared with the acid-pickled material, suggesting
a stronger acid-base interaction. Fig. 4(b) presents
the analysis results by fitting the HAXPES spectra
to the acid-pickled material and bis-silane treated
material, separating the peaks corresponding to the
chemical bonding that constitutes the oxide film.
The analysis has been conducted on the assumption
that the peaks labeled Al-O represent the bonding

(@
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—Bis-silane
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that makes up the oxide film, the peaks labeled -OH
bonds (Al-O-5i-OH, Al-OH) represent the bonding
on the oxide film surface, and the peaks labeled
-O-C bonds (Al-O-5i-O-C, Al-O-C) represent the
bonding with the adhesive. The bonding on the acid-
pickled material is Al-OH, while the bonding on
the bis-silane treated material includes AI-OH and
silanol groups (5i-OH) in Al-O-Si-OH, indicating a
higher proportion of OH groups on the oxide film
surface. Furthermore, the analysis of the bonding
state after adhesive coating has revealed that the
bonding quantity with the adhesive is higher for
the bis-silane treated material (Al-O-Si-O-C and
Al-O-C) compared with the acid-pickled material
(Al-O-C). Silane coupling agents are known to
generate silanol groups through hydrolysis during
surface treatment, and these groups bond with the
oxide film (Fig. 5). Silanol groups have a higher
acidity than the hydroxyl groups (Al-OH) present
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in aluminum oxide, and oxides containing silanol
groups, such as silicic acid, are known to have
excellent compatibility with organic compounds
of a basic nature compared with aluminum oxides
containing AI-OH ' 17, Therefore, it is believed that
silane coupling treatment results in the generation
of acidic silanol groups on the oxide film, leading to
a greater and stronger acid-base bonding with the
adhesive, improving the bonding properties between
the adhesive and the oxide film, and suppressing the
reduction in strength due to saltwater immersion.

2.3 Mechanism of improvement of adhesion
strength for urethane adhesive

Urethane adhesive is believed to express
adhesive strength by the isocyanate (—N=C=0) in
the curing agent reacting with the adherend material
surface, forming a covalent bond. Therefore, to
investigate the change in chemical bonding on the
sample surface, isocyanate was coated on the amino-
silane treated material, in which improvement in
adhesiveness had been observed. The change was
analyzed using Infrared Reflection Absorption
Spectroscopy (IRRAS) (Fig. 6). In the amino-silane
treated material, an absorption peak around 1,640
cm™ is observed. In contrast, the acid-pickled
material, which exhibited inferior adhesiveness,
shows almost no absorption peak in this region.
Therefore, it is believed that this absorption peak
indicates the chemical bonding related to the
adhesive strength of urethane adhesive. Isocyanate
is known to react with various functional groups.
For example, it reacts with amines to produce

==Aminosilane + isocyanate
== Acid pickled + isocyanate

Absorbance

22

2

1,700 1,650 1,600 1,550 1,500 1,450 1,400
Wavenumber (cm™)

Fig.6 FT-IR spectra of acid-pickled and amino-silane-
treated 6000 series aluminum alloy after
isocyanate compound coating (data was taken by
reflection absorption spectroscopy method under
nitrogen stream)
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H
alcohol isocyanate urethane

Scheme 1 Reaction mechanism isocyanate with functional
groups

urea (—NHCONH—) and bonds with hydroxyl
groups, such as those in alcohols, to form urethane
(—OCONH—) (Scheme 1). These reactions
are characterized by absorption peaks around
1,650 cm™. Therefore, the absorption peak around
1,640 cm™ in Fig. 6 is attributed to the urea bonding
generated by the reaction between the amino group
introduced to the oxide film surface through amino-
silane treatment and the isocyanate in the urethane
adhesive. The covalent bond formation between
the oxide film and the adhesive has improved
adhesiveness. Furthermore, with other silane
treated or acid pickled materials, varying degrees of
adhesion strength have been obtained. It is assumed
that these agents introduced silanol groups onto
the oxide film surface through silane coupling
agents or that the hydroxyl groups on the oxide
film surface bonded with the isocyanate, generating
urethane bonding, and expressing adhesion
strength. Urethane adhesive typically exhibits
limited adhesiveness to metal materials and usually
requires the use of specialized primers or coatings
for pretreatment. However, performing modification
treatment on the oxide film as described provides a
certain level of strength stability without the need
for a primer.

2.4 Effect on dissimilar metal materials

As observed in the improving of aluminum oxide
film's adhesiveness to the adhesive by modifying
the film, comparable effects can be anticipated for
dissimilar metal materials. Various metal materials
were subjected to blasting treatment followed by
silane coupling treatment, and the adhesiveness to
epoxy adhesive was evaluated as shown in Fig. 7.
It is observed that, in addition to aluminum and
stainless steel, the adhesiveness of titanium, which
exhibited interfacial delamination with blasting
treatment alone, as demonstrated in Fig. 2, can
also be improved. By enhancing the adhesiveness
of metal materials through appropriate surface
treatment and suppressing interfacial delamination,
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it is possible to mitigate the decrease in strength in
adhesive joints, thereby enhancing the reliability of
long-term strength. Furthermore, the establishment
of suitable surface modification technologies for
different materials and adhesives holds the potential
for further utilization of adhesive joining, especially
in the context of dissimilar material joints.

3. Reliability of adhesion strength

When using adhesive bonding over an extended
period, it is crucial that the designed joint strength
does not easily deteriorate in the face of external
environmental changes, such as temperature,
humidity, ultraviolet radiation, and repetitive
stress. In other words, adhesive durability becomes
paramount. The durability of adhesive itself can be
estimated to some extent by controlling the type
of resin and the skeleton structure that constitutes
the adhesive and evaluating the resin material in
practical terms. On the other hand, predicting the
durability of adhesion strength with the material
involves considering changes in the adhesive, oxide
film, and the interface between them, making it
challenging. Hence, this section will introduce the
mechanisms through which strength reduction
occurs at the adhesive interface due to water, which
requires particular attention when using adhesive
bonding over an extended period. Also discussed are
approaches to reliability evaluation that take these
effects into account.

3.1 Factors of strength reduction
Adhesive undergoes changes in its chemical

structure during the curing process, often resulting
in volume changes such as expansion or contraction,
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as well as the generation of bubbles. Particularly
at the adhesive interface, structural defects and
compositional imbalances are prone to occur. As a
result, the interface between the adhesive and the
metal is more susceptible to water infiltration than
the adhesive itself '¥. When water infiltrates the
adhesive interface, it not only hinders the adhesion
action between the adhesive and the oxide film, but
also leads to various changes in the state, such as
hydration of the oxide film and alterations in pH, as
predicted by theoretical calculations. Consequently,
this can result in a reduction in adhesion strength **).

Therefore, water infiltration into the adhesive
interface and the associated changes in the oxide
film's state are significant factors causing a
reduction in the adhesion strength of metal
materials. The impact of these phenomena becomes
more pronounced in the presence of factors that
accelerate these processes. For instance, higher
environmental temperatures cause the resin
to become plasticized, accelerating the diffusion
of water and, consequently, promoting strength
reduction. Additionally, applying stress to the
joint exacerbates the reduction in strength . It
is known that applying stress to the joint has the
effect of expanding voids in the resin or adhesive
interface, facilitating water absorption. Furthermore,
the stability of the metal oxide film significantly
decreases in the presence of chloride ions, leading
to corrosion reactions, dissolution of the base metal,
and changes in pH that can invade the adhesive
interface. Therefore, special attention is required
when using adhesives in environments exposed to
saltwater (Fig. 8) .
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3.2 Measures to inhibit strength reduction

To mitigate the reduction in adhesive strength,
two key measures are crucial: “preventing water
infiltration into the adhesive interface” and
‘restraining changes in the oxide film'’s state.”
Regarding measures on the metal side, the surface
modification technology discussed in Section 2
becomes essential.

To prevent the infiltration of water into the
adhesive interface, it is crucial to enhance the
adhesion between the adhesive and the oxide film,
eliminating crevices and voids between them, and
thereby preventing the creation of pathways for
water infiltration. As illustrated in Fig. 3, the use of
a silane coupling agent has been shown to increase
the bonding between the adhesive resin and the
oxide film, contributing to improved adhesion
durability in a saline environment. Furthermore, as
a modification treatment to suppress changes in the
oxide film's state, various protective film treatments
have been employed for surface pretreatment in
painting, such as chromate treatment, anodizing,
and zinc phosphate treatment. These treatments
create stable protective films against acids, bases,
and chloride ions and have been utilized for an
extended period . On the other hand, while
these protective films excel in chemical stability,
the protective film itself may become a starting
point for fractures depending on the adhesive’s
strength characteristics. Hence, the selection of an
appropriate film depends on the adhesive used, the
operating environment, and the required product
lifespan.

3.3 Strength durability in real environment

When designing a product using adhesive
joining, it is essential to consider the expected
decrease in adhesion strength over the product’s
lifespan and to design joint strength accordingly. To
achieve this, it is desirable to conduct an accelerated
evaluation that intentionally exposes the joint over
a specific period to environmental factors known
to have a significant effect on adhesion strength, as
described in Section 3.1. This evaluation allows for
predicting the strength lifespan in actual market
conditions.

The following presents examples of efforts to
improve adhesion strength reliability in the
automotive market outside Japan. The auto
manufacturers in the EU and USA have established
their own criteria. In Europe, as part of accelerated
tests simulating market environments, adhesive
joints undergo cycle tests combining saltwater
spray and drying for several thousand hours, with
criteria specifying that interfacial delamination after
strength testing remains below a certain percentage.
In North America, a different approach is taken,
where pre-oiled test pieces are adhered, subjected
to environmental cycle tests with applied stress,
and evaluated for their strength lifespan ). To meet
these stringent testing criteria, surface modification
treatments applied to aluminum alloys include
barrier treatment using a composite oxide
with titanium and zirconium (TiZr treatment)
in Europe and a coupling agent treatment (A951
treatment) based on organic phosphoric acid in
North America ?-?%. These treatments have been
adapted to volume production. Both treatments have
demonstrated the ability to maintain the majority
of the initial adhesion strength even after more
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than ten years of use in various regional market
environments. It is inferred that reliability has been
established over an extended period on the basis of
the results of “1 to 2 months of accelerated laboratory
testing” and “several years of actual vehicle driving
tests” .

Also in Japan, there is a correlation being
established between the residual strength of
adhesive joints evaluated by recovering vehicles
that have been on the market for several years and
the accelerated laboratory evaluation results based
on the adhesive used in those vehicles. These efforts
have led to estimating a correlation between “short-
term accelerated tests in high-temperature and high-
humidity environments” and “results equivalent to
several years of actual driving” -2,

Finally, the benefits of using adhesive in
combination with other joining methods for
durability are introduced. Steel sheets were joined
using resistance spot welding or a weld-bonding
method combining adhesive and resistance spot
welding. After exposing them to environmental
conditions for a certain period at the outdoor
testing sites in Choshi City or Miyakojima City,
the remaining strength of the joints was evaluated,
and the results are shown in Fig. 9?®. As shown
in Fig. 9(a), even when exposed to harsh corrosive
conditions such as the sea breeze and sunlight
for two years, the majority of the initial strength
is maintained. This indicates that the adhesive
used in this test, a structural epoxy adhesive for
automobiles, possesses high durability. Furthermore,
in Miyakojima City, where the average temperature
is higher and the salt adhesion level is greater, a
more significant decrease in strength is observed
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(Fig. 9(c)-(e)). This result reflects the influence
of the factors causing strength reduction as
discussed in Section 3.2. It should be noted that
in joints joined only by spot welding, corrosion
occurs around the welded area, and the joining
strength decreases shortly after the exposure. In
contrast, the weld-bonded join whose welded
area is sealed with adhesive is protected from the
corrosive environment, resulting in the suppression
of strength reduction in the welded area (Fig. 9(b)).
Thus, by combining adhesives with other joining
technologies, synergistic effects can be expected,
leading to an enhancement of joint strength over an
extended lifespan.

Conclusions

The expectations for adhesive joining are
increasing year by year. In the automotive industry,
particularly in response to the electrification trend
leading to the lightweighting of vehicles and
increased production of batteries, the adoption
of adhesive joining is expected to expand further.
Additionally, in non-automotive industries, there
is a growing demand for adhesive joining of
dissimilar materials and productivity improvement.
Considering societal challenges such as a shortage of
welders ?), adhesive joining is anticipated to become
one of the primary joining technologies for metal
materials across various industrial sectors.

On the other hand, as mentioned in this paper,
to be able to rely on adhesive joining, it is crucial to
consider the surface conditions of metal materials.
Proper management of their state, including surface
treatment, becomes essential. Furthermore, since



the products, environments, and performance
requirements vary among users, it is important to
organize the relationships among adhesives, metal
materials, their surface conditions, and the strength
durability in the specifications in each case. With
the consolidation of such cases and experiences,
there is an expectation that the strength reliability of
adhesive joining will continue to improve.
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