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Abstract

Laser hybrid welding presents several challenges when used to weld thick steels. A typical weld is divided into the arc-
dominated and laser-dominated zone. These zones lead to variations in the mechanical properties of the weld. The laser-
dominated zone is of particular importance regarding mechanical properties, notably Charpy impact toughness, due to the
high cooling rates and the absence of filler wire. The low heat input of the laser can lead to martensitic microstructure causing
hardening and deterioration of impact toughness. The high heat input of the arc can lead to grain coarsening and even loss
of impact toughness. This study examines the influence of heat input on the cooling rates, microstructure and mechanical
properties of single-pass laser hybrid welded steels of S355J2 and EH36 with thicknesses up to 30 mm. The experiments
were performed with a 20-kW fibre laser and a contactless electromagnetic weld backing in the butt-joint configuration in 1G
welding position. The cooling time was measured in three different locations near the fusion lines corresponding to different
heights of the seam using a special configuration with pyrometers, collimators and optical fibres. The test specimens for the
Charpy impact testing and tensile testing were extracted in three different depths. The experiments indicated that a heat input
of 1.6 kJ/mm-2 kJ/mm, 2 kJ/mm-2.4 kJ/mm and 3.7 kJ/mm were recommended when single-pass laser hybrid welding of
20-, 25-, and 30-mm-thick structural steels regarding the minimum requirements of the mechanical properties, respectively.
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1 Introduction

The laser-GMA hybrid welding process is a coupling of
the laser beam welding (LBW) and gas metal arc weld-
ing (GMAW) processes in a common welding zone. The
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objective of the coupling is to eliminate the constraints and
exploit the advantages inherent to the process. Consequently,
the LBW guarantees a deep penetration weld due to the high
energy density of the laser beam. Additionally, the GMAW
process is employed to enhance gap bridgeability and influ-
ence mechanical properties through the utilisation of an
appropriate filler wire. Compared to conventional arc-based
welding processes such as submerged arc welding (SAW),
the laser-GMA hybrid welding process offers many advan-
tages such as accessibility, high productivity due to reduced
requirement of filler material, high penetration depth and
welding speed [1-3]. Nevertheless, the industrial use of the
laser-GMA hybrid welding process remains constrained,
with a few exceptions, such as in the shipbuilding indus-
try and crane construction, where plate thicknesses do not
exceed 15 mm. The reason for this is that certain process-
specific challenges emerge when laser-GMA welding of
thick-walled steels is employed, particularly in single-pass
and 1G welding positions. These include humping defects,
poor root quality and excessive penetration [4, 5]. One of the
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major challenges is the deteriorated mechanical properties of
the welds due to the high cooling rates or short cooling times
from 800 to 500 °C (#g5-time) of a few seconds.

An adjustment of the welding speed and thus the cool-
ing rates can be realized to a limited extent. One reason for
this is that in laser welding of thick-walled steels, there is a
complex relationship between the selected welding speed,
the root quality of the weld seam and the mechanical prop-
erties. Lower welding speeds lead to droplet formation and
excess penetration at the weld root, also resulting in under
filled seams. Therefore, a stability criterion for laser weld-
ing of thick-walled steels has already been shown by Avilov
et al. [6], where the maximum permissible root seam width
for a stable process was theoretically determined as a func-
tion of the plate thickness to be welded. Accordingly, droplet
formation would occur with wider weld seam roots. The
droplets can be avoided with narrow weld seams, which can
be achieved at high welding speeds. At high welding speeds,
martensite formation, hardening > 350 HV and poor Charpy
impact toughness can be expected. A significant reduction of
the welding speed can lead to grain coarsening and forma-
tion of a wide heat-affected zone (HAZ) [7]. Coarse grain
sizes have a great influence on the microstructure, hardness
and the toughness of the material especially in the HAZ.
The results are a reduction of hardness and impact tough-
ness at room temperature [8]. For this reason, the selection
of welding parameters is strongly limited. For sheets of
up to 12-mm thickness, the mechanical properties can be
improved by using a suitable filler material. In the case of
thicker sheets, the limited distribution of the filler metal does
not affect the mechanical properties of the welds, particu-
larly in the root, as has been reported [9—13]. Therefore, the
root of the weld is more critical in terms of the challenges
mentioned above. This is due to the inhomogeneous heat
distribution throughout the thickness and the lack of filler
wire, which can lead to different microstructures and grain
sizes throughout the seam depth. Therefore, the terminol-
ogy of arc-dominated and laser-dominated zone has been

Fig. 1 Hardness maps in laser HV
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established and accepted by many researchers, e.g., Olschok
[14] and Reisgen et al. [15]. The mechanical properties of
laser hybrid welded thick-walled steels have been studied by
several researchers. Webster et al. [16] demonstrated single-
pass laser hybrid welds of 15-mm thick steels of shipbuild-
ing steel EH36. They show that the hardness increases over
the penetration depth, exemplarily shown in Fig. 1 a. Similar
results were obtained by Bunaziv et al. [11], where partially
penetrated laser hybrid welds with a penetration depth of
approx. 20 mm were performed. The #4/5-time decreased
from 7.7 s in the arc-dominated zone to 1.3 s in the laser-
dominated zone, and the hardness increased from 260 to
350 HV (Fig. 1b). It could also be noted that the hardness
increases rapidly from a certain depth (marked with a black
dashed line in Fig. 1b) which corresponds to the depth, up to
where a homogeneous filler wire mixing could be detected.

Comparable results were obtained by Turichin et al.
[17, 18]. They reported that the microstructure varied with
the depth of the weld with the weld metal (WM) being
martensite and the hardness values reaching 375 HV. The
hardness values could only be reduced by preheating the
samples to 180 °C. Ustiindag et al. [19] pointed out that
the hardness values increased in the laser-dominated zone
during single-pass laser hybrid welding of 25-mm-thick
structural steels. The Charpy impact toughness differed
over the depth, where the toughness was reduced by up to
50% compared to the toughness in the arc-dominated zone.
Similar results were obtained by Olschok [14], where a
substantially variation of the toughness was reported.

Another characteristic in evaluating the Charpy impact
toughness of laser hybrid welded samples, is the phenome-
non known as fracture path deviation (FPD). Here, a crack
initiation deviates from the WM to the base metal (BM),
due to the narrow weld seams [20, 21]. An FPD into the
BM was described as an indication of high Charpy impact
toughness [22]. A schematic representation of the FPD in
Charpy impact test specimens according to [22] is shown
in Fig. 2.

0.53 kJlmm 320
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Fig.2 Schematic representation
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Table 1 Chgmical comp ositign Material/element C Mn Si P S Cu Cr Ni Mo Fe
of the materials used (according
to g}e manufacturer), shown in S$35512 008 130 029 0019 0004 0.08 - - - Bal.
wte EH36 0.11 0.77 0.23 0.009 0.004 0.015 - - - Bal.
G3Nil 0.08 1.40 0.612 0.004 - - 0.014 0.73 0.08 Bal.

Strictly defined, the temperature gradient defines the mor-
phology of the microstructure, while the cooling rate defines
the occurring phase. However, since the cooling rate is
directly proportional to the temperature gradient, the impact
on mechanical properties can also be determined from the
cooling rate. Therefore, there are many studies in the litera-
ture that use the cooling rate to analyse the microstructure
and mechanical properties of laser arc hybrid—welded mate-
rials, [23-26].

This study deals with the influence of the heat input and
cooling rates on the mechanical properties, including Chrapy
impact toughness, tensile strength and hardness, of single-
pass laser hybrid welded thick steels of grade S355J2 and
EH36 with plate thickness up to 30 mm.

2 Experiments
2.1 Welding materials

The welding experiments were conducted on three types of
plates: 20- and 25-mm-thick structural steel plates of S355J2
in a square groove butt-joint configuration, and 30-mm-thick
EH36 shipbuilding steel with a single-V joint with a root
face of 25 mm and an opening angle of 60°. A different
seam preparation had to be selected for the 30-mm-thick
component as the laser power was limited to 20 kW and full
penetration welding was not possible. The 25-mm root face
ensures full penetration during the welding of the 30-mm-
thick plate. The length and width of the plates were 300 mm
and 80 mm, respectively. A solid wire G3Nil according to

Table 2 Mechanical properties of the materials used (according to the
manufacturer)

Material Yield Tensile Elonga- Impact energy in J
strengthin  strengthin  tion As
MPa MPa in %
S355J2 355 470-630 22 27 (=20 °C)
EH36 355 490-620 22 34 (-40°C)
G3Nil 500 590 24 47 (=50 °C)

EN ISO 14341-A with a wire diameter of 1.2 mm was used
as filler material. The chemical composition of the materials
is shown in Table 1. A gas mixture of 18% CO, in argon with
a flow rate of 20 1/min served as shielding gas.

The mechanical properties of the materials used are
shown in Table 2.

2.2 Welding equipment and experimental setup

The welding tests were performed with a 20-kW Yb fibre
laser YLR 20000, with a wavelength of 1070 nm and a beam
parameter product of 11.2 mm X mrad. The laser radiation
was transmitted through an optical fibre with a core diam-
eter of 200 um. A laser processing head BIMO HP from
HIGHYAG with a focal length of 350 mm providing a spot
focus diameter of 0.56 mm was used. The Qineo Pulse 600A
welding unit served as the power source for arc welding and
was operated in pulse mode with a frequency of 180 Hz. The
wire feed speed is used to change the welding parameters,
while the voltage and current values are set automatically by
the machine using internal characteristic curves. The GMA
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torch was tilted 25° relative to the laser axis, where the laser
axis was positioned 90° to the surface of weld specimens.
All tests were carried out in 1G-welding position with an arc
leading orientation (pull technique). The distance between
the wire tip extension and the spot of the laser beam on the
workpiece was defined as 4 mm. The laser beam was focused
into one-third of the material thickness. As described in
detail in previous studies [27], during the experiments a non-
contact electromagnetic (EM) weld pool backing based on
oscillating magnetic fields was used. The only exception is
the 20-mm thick sample with 1.1 kJ/mm heat input. Here,
no magnet was used since the heat input was low and a weld
pool backing was not necessary. The AC electromagnet was
positioned 2 mm under the workpiece and moved along with
the welding process. Figure 3 shows the experimental setup
during the laser hybrid welding experiments.

Depending on the material thickness, the AC electromag-
net was operated with an oscillating frequency of 1.21 kHz
and a power of 1.6 to 2.7 kW. The remaining welding param-
eters are listed in Table 3, where ¢ is the material thickness;

P, is the laser power; v,, is the welding speed; v,;,, is the

laser
processing
R
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N piece o AC mag

\

ot
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N

Fig.3 Experimental setup during laser hybrid welding

wire feed speed; U,,. and I, are the mean arc current and
\wire WETE €t

arc voltage, respectively. Thereby, P;, v,, and v

and U,,. and I, were read at the arc power source accord-
ing to the internal characteristic curves. The total heat input
(Q,,,) was calculated as follows:

60/,,.U

arc — arc )

60P,

Qtot = QL + Qarc = ( v x 0.8

w VW

0, 1s calculated as the sum of the heat input from the
laser beam Q; and from the arc Q. with an efficiency factor
of 0.8. The welding speed v,, was converted in mm/min for
these calculations.

2.3 Analyses

During welding, the cooling time was measured using two
two-colour pyrometers, focused on two collimators with
a numerical aperture (NA) of 0.25 and a spectral range of
1,050 to 1600 nm. Two optical fibres with a core diameter of
550 pm and NA of 0.22 operating in the wavelength range
of 400 to 2200 nm were each fixed to the collimator. The
free end of the optical fibres was placed in the predrilled
material to measure the cooling time during welding within
the sample, specifically in the mid-thickness and the laser-
dominated zone (root part). The setup for the temperature
measurements using two two-colour pyrometers is shown
in Fig. 4.

After the welding, a series of destructive testing were per-
formed, namely cross-sections, UCI hardness measurements,
tensile testing at room temperature and Charpy impact test-
ing at a testing temperature of —20 °C according to DIN
EN ISO 148-1 standard. The specimen extraction scheme
for Charpy impact testing is shown in Fig. 5. The speci-
mens were extracted from three different depths. Sub-sized
specimens with the dimensions of 10X 555 mm? were
extracted from the 20-mm-thick plates; 10X 7.5 55 mm?
sub-samples were taken from the 25-mm-thick plates; and

Table 3 Welding parameters

tin mm/material P, inkW v inm/min v, in m/min U, inV [I,inA Q,inkl/mm
20/S355J)2 16.1 0.75 9 359 264 2
17.7 1.2 13 39.8 372 1.6
19.8 1.7 15 40.9 432 13
20 2.2 15 40.9 432 1.1
25/S355]12 18.1 0.5 10 33.5 270 32
19.6 0.7 10 33.5 270 24
20.4 0.9 10 33.5 270 2
30/EH36 20.4 0.45 9 32.8 256 3.7
19.8 0.5 10 342 274 35
19.8 0.6 12 36.6 329 33
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Fig.5 Charpy impact testing specimen extraction scheme

Fig.6 Outer appearance of
single-pass laser hybrid welded
20-mm-thick steel of S355J2
(Q,pr 1.6 kJ/mm), X-ray image
and cross-sections with holes
for temperature measurements

top
middle
bottom

standard size of 10X 10X 55 mm?® specimens was extracted
from the 30-mm plate.

The tensile test specimens are extracted similarly to Fig. 5
but from only two zones: the arc-dominated zone (top) and
the laser-dominated zone (bottom), each 2 mm from the
surfaces. The dimensions of the tensile test specimens cor-
responded to the form E according to DIN 50125, with a
thickness of 5 mm.

3 Results and discussion

3.1 20 mm S355J2

Steel plates with a thickness of 20 mm could be welded in
single square groove butt joint configuration in a single-pass
with four different heat inputs. With the use of a contact-
less EM backing, sagging and gravity were avoided even for
lower welding speeds. All the welds could be classified in
the highest evaluation group B according to EN ISO 12932
regarding the outer appearance of the seams. Exemplarily,
the outer appearance, X-ray image and two cross-sections
with the holes for the temperature sensors in the mid-thick-
ness and in the root are shown in Fig. 6. It can be seen that
the temperature was measured where the holes meet the
weld seam. No internal defects such as pores and cracks
could be identified on the X-ray image.

The cross-sections of 20-mm-thick structural steels
subjected to single-pass laser hybrid welding with vary-
ing heat input are depicted in Fig. 7. The fully penetrated
welds took on the classic wine-cup shape typical for laser
hybrid welding. The upper region of the weld shows a wide
seam attributable to the arc welding process (arc-dominated
zone), while the lower region is predominantly affected by
the laser (laser-dominated zone) and has seam flanks that are
almost parallel. Furthermore, it has been observed that the
seam width and the HAZ increase in size with an increase

280 mm
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Fig.7 Cross-sections of single-pass laser hybrid welded 20-mm-thick steels with varied heat input
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in the heat input, particularly at the mid-thickness and root.
It is worth noting that the seam root width increases from
approximately 1.8 to 3.9 mm as the heat input increased.

Exemplarily, Fig. 8 presents temperature curves for sin-
gle-pass laser hybrid welded 20-mm-thick steel with a heat
input of 1.6 kJ/mm. The #y/5-time is lowered to 3.1 sand 1.9 s
in the mid-thickness and the bottom, respectively, compared
to 4.5 s at the top.

The tg/5-times for single-pass laser hybrid welded 20-mm-
thick sheets with varying heat input are summarized in
Table 4. For samples welded with a low heat input of 1.1 kJ/
mm and without EM backing, the fgs-time reduces from
2.1 s on the surface to 1.1 s at the root. With a higher heat
input of 1.6 kJ/mm, the fg;5-time varies from 4.5 s on the
surface to 3.1 s at the mid-thickness and 1.9 s at the root.
With the highest heat input of 2 kJ/mm the f;s-time changes
from 8.2 s to 6.4 s and 4.1 s from the top surface to the mid-
thickness and root, respectively.

@ Springer

Table 4 1g5-times for single-pass laser hybrid welded 20-mm-thick
steel of S355J2 with varied heat input measured by a pyrometer

0,,; in kJ/mm Ig/5-time top tys-time middle  #g/5-time
ins ins root in s

1.1 2.1 - 1.1

1.3 3.7 2.3 1.8

1.6 4.5 3.1 1.9

2 8.2 6.4 4.1

The microstructure of a single-pass laser hybrid welded
20-mm-thick S355J2 steel with a heat input of 1.1 kJ/mm
and without EM backing is demonstrated in Fig. 9. Fur-
thermore, the diameters of the average grain size were also
provided. Microstructures were captured from the HAZ
and WM located in the top area (arc-dominated zone)
and root area (laser-dominated zone), respectively. The
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Overview

Fig. 9 Microstructure of single-pass laser hybrid welded 20-mm-thick steel of S355J2 without EM backing at a heat input of 1.1 kJ/mm

measured grain size in the HAZ is identified by the grain
size number G: the values correspond to 6.2 on the upper
side and 8.4 on the lower side, respectively. The grain
boundary (GB) can be detected in the cross-section. As
per the specification in the standard DIN EN ISO 643,
the average grain size diameters in the arc-dominated
and laser-dominated zones correspond to 41.6 pm and
19.5 pm, respectively. The average grain size diameter
of the base material is 8.8 pm. The microstructure of the
welded joint comprises lath martensite (LM) with small
amounts of bainite (B) at the upper part and mainly mar-
tensite in the root section.

The WM microstructure of 20-mm-thick steels welded
with laser hybrid welding process and EM backing is
assessed at the locations depicted in Fig. 9. As seen in
Fig. 10, the WM in the arc-dominated zone displays a
blend of LM and some amount of upper bainite (UB)
at a heat input of 1.3 kJ/mm. The microstructure in the
laser-dominated zone is martensitic. With an increase in
heat input to 1.6 kJ/mm, there is no observable variation
in the microstructure within the arc-dominated zone, but
a certain amount of UB can be perceived in the laser-
dominated zone. Further increase of the heat input (2 kJ/
mm) leads to a primarily bainitic microstructure within
the arc-dominated zone and laser-dominated zone.

Figure 11 shows the UCI hardness measurements for
20-mm-thick single pass laser hybrid welded structural steel
with varying heat input. The hardness measurements show
that the values reach 480 HV for the sample welded with a
heat input of 1.1 kJ/mm, especially in the root. With increas-
ing heat input, the maximum hardness value decreases from
460 to 420 HV and 380 HV, respectively, which is above
the maximum permissible values of 350 HV for this type of
steel. The Vickers hardness of the base material is 150 HV.
It can also be noted that the hardness increased slightly up
to a certain depth. An abrupt increase towards the root can
be observed from this depth, which is in line with reports
by Bunaziv et al. [11] and Webster et al. [16]. A transition
to higher hardness occurs at a depth of approximately 7 to
12 mm, which corresponds to the depth at which homoge-
neous mixing of the filler wire is expected. This indicates
that hardness depends on the presence of chemical elements
from the filler wire, as well as the heat input and the result-
ing cooling time. It is only at the maximum heat input (2 kJ/
mm) that an almost uniform distribution of hardness over
the entire thickness of the weld is achieved. Such a hardness
distribution has only been demonstrated by Turichin et al.
[17, 18] on preheated specimens.

Charpy impact tests show a minimum impact toughness
(ay) value of 34 J/em? for S355J2 at a test temperature of
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Fig. 10 Microstructure in

top and root WM of 20-mm-
thick S355J2 single pass laser
hybrid welded steel with vary-
ing heat input

1.1 kJ/mm

1.6 kJ/mm

2 kJ/mm
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Fig. 11 Hardness maps of single-pass laser hybrid welded 20-mm-thick steel of S355J2 with varied heat input
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Table 5 Charpy impact energy and toughness of single-pass laser
hybrid welded 20-mm-thick steel of S355J2 with varied heat input
(minimum 34 J/cm?, n=35)

Q,,inkl/mm KytopinJ @, topinJ/cm®* KyrootinJ @ root
inl/
cm?

1.1 27+3 70 11+£6 28

1.3 28+4 70 20+5 51

1.6 38+5% 95 26+ 3* 64

2 34+ 6% 85 27+9 67

* FPD detected

—20 °C. As the heat input increases, the impact toughness
meets the requirements for Charpy impact toughness as
shown in Table 5, where K, is the energy absorbed. The
impact toughness g, is presented as mean values. For the
lowest heat input of 1.1 kJ/mm, the impact toughness in
the arc-dominated zone corresponds to 70.3 J/cm? +2.6 J/
cm?, whereas in the root it drops to 27.8 Jem?+18.8 1/
cm?. For the heat input of 1.3 kJ/mm, the impact tough-
ness in the top is 69.6 J/cm? + 12.3 J/cm? and decreases
to 50.8 J/cm® + 15.6 J/cm? in the root. For heat inputs of
1.6 kJ/mm and 2 kJ/mm, the impact toughness varies from
94.9 J/cm? + 14.4 J/em? to 64.3 J/cm®+ 7.9 J/cm* and from

Fig. 12 Tensile test speci-

mens for single-pass laser
hybrid welded 20-mm-thick
steel of $355J2 (Q,,, 1.6 kJ/
mm) in two different depths (top
and root), fracture locations in
the BM

Fig. 13 Cross-sections of
single-pass laser hybrid welded
25-mm-thick steels of S355J2
with varied heat input

Table 6 1gs-times for single-pass laser hybrid welded 25-mm-thick
steels of S355J2 with varied heat input measured by a pyrometer

0, in kl/mm tg/5-time top in s tys-time mid-  fg5-time
dleins root in s

2 9.2 8 32

24 12,5 8.4 4.7

32 19.3 15.8 14.1

84.6 J/cm?+15.9 J/em? to 66.9 J/cm? +25.8 J/cm?, respec-
tively. For the lowest heat input of 1.1 kJ/mm the Charpy
impact test specimens showed a brittle fracture through
the WM. In general, all the Charpy impact test specimens
show similar results in the arc-dominated zone. However,
the cooling time shows high variations between 2 and 8 s.
The microstructure of the WM is mainly influenced by the
filler wire elements. But in the laser-dominated zone high
variations of the Charpy impact, toughness can be noted
due to the lack of filler wire in the root part. The minimum
toughness requirements were not achieved at the lowest
heat input. It is also noteworthy that at the highest heat
input of 2 kJ/mm, the impact toughness starts to scatter,
especially in the root, as also noted by Olschok [14]. FPD
could be detected in the 1.6 kJ/mm specimens in the top
and root and in the 2 kJ/mm specimens in the top.
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All tensile test specimens showed a fracture location in
the BM, so the tensile strength of the BM was achieved for
single-pass laser hybrid welds of 20-mm-thick structural
steels with four different heat inputs. Exemplary tensile test
specimens from the arc-dominated and laser-dominated
zones are shown in Fig. 12. The tensile test specimens from
different zones are all fractured at the base material at a
tensile strength of 523 to 552 MPa.

3.2 25 mm $355J2

The cross-sections for single-pass laser hybrid welded
25-mm-thick steel of S355J2 with three different heat
inputs are shown in Fig. 13. The droplet formation due to
excess penetration could be avoided by the external applied
oscillating EM backing and the generated electromagnetic
pressure.

The cooling times in three different depths are summa-
rized in Table 6. For the specimen welded with the minimum
heat input of 2 kJ/mm, the #g/5-time decreases from 9.2 s on
the top surface to 8 s in the mid-thickness and 3.2 s in the
root. Similarly, at a higher heat input of 2.4 kJ/mm, the #g/s-
time in the laser-dominated zone is only a third of the cool-
ing time in the arc-dominated zone. Finally, for the highest
investigated heat input, the fg/5 time changes from 19.3 s to
15.8 s and 14.1 s from the top to the middle and to the root,
respectively.

The hardness maps in Fig. 14 show that the hardness
reaches up to 350 HV, which is acceptable according to the
standards, even by the lowest heat input in the laser-domi-
nated zone. With an increase of the heat input, the hardness
shows homogeneity over the entire seam thickness. For the
case with the highest heat input of 3.2 kJ/mm the maximum
hardness in the laser-dominated zone does not exceed 270
HYV due to the formation of ferrite in the root part.

Fig. 14 Hardness maps of
single-pass laser hybrid welded
25-mm-thick steel of S355J2
with varied heat input

25 mm
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The results of the Charpy impact tests for single-pass
laser-GMA hybrid-welded 25-mm-thick S355J2 with dif-
ferent heat inputs are summarized in Table 7. The impact
toughness for the lowest heat input of 2 kJ/mm varies from
84.9 J/cm? + 2.6 J/cm? in the top to 147.3 J/em® +90.9 J/
cm? in the mid-section to 161.3 J/cm? + 86.8 J/cm? in the
root, respectively. Compared to the results of 20 mm a dif-
ferent course can be detected. The Charpy impact toughness
increased despite a decrease of the #g/5-time and a slight
hardening in the laser-dominated zone. Similar results were
reported by Reisgen et al. [15], where higher values were
reached in the laser-dominated zone during laser-SAW
hybrid welding. However, this could be attributed to the
excessive heat input from the SAW process and result-
ing grain-coarsening. For the heat input of 2.4 kJ/mm, the
impact toughness is 94.4 J/cm?+ 12.7 J/cm? on the top,
200.1 J/cm? + 104.1 J/cm? in the mid-section and 69.1 J/
cm?+ 13 J/ecm? in the root (see Table 7). For the highest
heat input of 3.2 kJ/mm, the impact toughness decreases
from 82.3 J/em®+7.3 J/em? to 47.3 J/em® +21 J/em? to
34.9 J/em? + 12.3 J/cm? from the top to the mid-thickness
and to the root, respectively. The impact toughness in the
arc-dominated zone is comparable for all three heat inputs,
although the #;/5-time varies between 9.2 and 19.3 s, which
is due to the well-mixed region of the filler wire in the upper

Table 7 Charpy impact toughness of single-pass laser hybrid welded
25-mm-thick steel of $355J2 with varied heat input (minimum 34 J/cm?,
n=>5)

Q,;inkKJ/mm a, top inJlem? @, middle in J/em* g, toot in J/cm?

2 85+3 147+£91* 161 +87*
2.4 94+13 200+ 104* 69+13
32 8248 47+21 35+12

* FPD detected

107
134
161

215
242
269

323
350
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Fig. 15 Records of the tested Charpy V-notch impact test specimens in different depths at single-pass laser hybrid welded 25 mm thick steel of

S$355J2 with varied heat input

part. The fracture surfaces show a mixture of ductile-brittle
fracture (Fig. 15). The impact toughness is decreased in the
laser-dominated zone just at higher heat inputs, similar to
the results in [19].

Significant variations in Charpy impact toughness can
be observed in the laser-dominated zone at different heat
inputs, especially at the highest heat input. A brittle fracture
is observed and the minimum required impact toughness is
not achieved despite a tg;5 time of 14.1 s, a bainite/ferrite
microstructure and a smooth hardness profile over the entire
weld thickness with values <260 HV. The reduction of the
impact toughness is attributed to the grain-coarsening,
a formation of a wide coarse grained heat affected zone
(CGHAZ) and the lack of filler wire predominant in the
laser-dominated zone at the highest heat input. The FPD to

the BM is interrupted due to the formation of coarse grains
and the wide CGHAZ. The FPD is generally considered to
be related to the hardness overmatch of the WM and the
width of the HAZ, especially CGHAZ, as also described by
Inose et al. [21]. Thus, the narrower the weld zone including
HAZ, the greater the FPD. Figure 16 illustrates the CGHAZ
width within the laser-dominated zone of single-pass laser
hybrid welded 25 mm thick structural steel with a heat input
of 2 kJ/mm and 3.2 kJ/mm. The related test specimens are
shown in Fig. 17. The fracture deviates from WM through
the CGHAZ and fine-grained heat affected zone (FGHAZ)
and reaches the BM, indicating a high Charpy impact
toughness, which is the case for the lowest heat input.

All the tested tensile test samples are fractured at the base
material at tensile strengths between 535 and 551 MPa.

@ Springer
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Fig. 16 Comparison of the
width of the CGHAZ (laser-
dominated zone) for single-pass
laser hybrid welded 25-mm-
thick steel of S355J2 with a
heat input of 2 kJ/mm (top) and
3.2 kJ/mm (bottom)

3.3 30mm EH36

The cross-sections of single-pass laser hybrid welded
30-mm-thick steels of grade EH36 are shown in Fig. 18.
The root is ideally compensated with the EM backing, and
no drop out or excessive penetration occurs. The width
of the root increases from 3.9 to 5.6 mm with increasing
heat input.

The related hardness maps are shown in Fig. 19.
There is a slight hardening in the root at the lowest heat
input of 3.3 kJ/mm. The maximum Vickers hardness is
350 HV in the root and at the HAZ on the top. The maxi-
mum hardness value decreases to 260 HV with increas-
ing heat input and a smooth course of the hardness could
be achieved. The average hardness of the base material
is 150 HV.

The Charpy impact toughness and the tensile strength
were tested only for the case with a heat input of 3.7 kJ/
mm. Since the laser power was limited to 20 kW, a wide
variation of the heat input could not be realized, so that
the heat inputs are close together. Therefore, the mechani-
cal properties were analysed for only one heat input. The
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tg/5-time decreases from 21.2 s on the top to 17.1 s in the
mid-section to 14.8 s in the root (Table 8). No FPD could
be detected in any of the tested samples.

The minimum required impact toughness of 43 J/cm?
could be reached in all analysed zones. The Charpy impact
toughness varies from 108 J/cm?+ 19 J/cm? on the top to
65 J/cm* 25 J/cm” in the middle and 98 J/cm? + 30 J/cm?
in the root (Table 9).

The tensile test specimens from different zones are all
fractured at the base material at a tensile strength of 512 to
517 MPa.

4 Conclusions

It could be shown that 20- to 30-mm thick steels could be
laser hybrid welded in a single-pass with a laser power of
20 kW in the context of the discussed experimental setup
and materials used. A contactless EM backing was used
to avoid droplet formation caused by excess penetration of
the root. This had the advantage that the process param-
eter window could be extended, without loss of the seam
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Fig. 17 Charpy V-notch impact test specimens from the laser-domi-
nated zone of single-pass laser hybrid welded 25 mm thick steel of
S$355J2 with varied heat input

root quality, so that the required mechanical properties such
as tensile strength and Charpy impact toughness could be
reached. A complex relationship between the heat input

Fig. 18 Cross-sections of
single-pass laser hybrid welded
30-mm-thick steel of EH36 with
varied heat input

and the mechanical properties could be shown. An increase
of the heat input can lead to grain-coarsening, whereas a
decrease leads to high cooling rates. Based on the experi-
ments, following recommendations can be made:

e A heat input of 1.6 to 2 kJ/mm is recommended when
single-pass laser hybrid welding of 20 mm structural
steel of S355J2 regarding the minimum requirements of
the mechanical properties. A lower heat input leads to
hardening in the laser-dominated zone and the loss of
Charpy impact toughness due to the high cooling rate
and the lack of filler wire.

e For single-pass laser hybrid welding of 25-mm-thick
steel of S355J2 a heat input of 2 to 2.4 kJ/mm is recom-
mended. Higher heat input leads to grain coarsening and
reduction of the Charpy impact toughness.

e For single-pass laser hybrid welding of 30-mm-thick
steel of EH36 a heat input of 3.7 kJ/mm is recommended.

Additionally, it can be noted that the extraction location
of the test specimens have a major influence on the local
mechanical properties. Even when the cooling time (#g/5-
time) is comparable, the microstructure and the Charpy
impact toughness showed high differences. Therefore, the
laser-dominated zone in the root part is more critical. Fur-
thermore, it has to be mentioned, that the recommendations
of the steel manufacturers regarding the tgs-times during
welding of this type of steel apply to arc welding processes,
where a suitable filler wire can influence the mechanical
properties. In addition, the recommendations regarding the
nominal heat input of 3.5 kJ/mm for welding of S355J2,
particularly in the offshore sector, also apply to arc welding
processes. For laser hybrid welding of thick-walled steels,
new recommendations should be developed, since the lack
of filler wire, especially in the laser-dominated zone, can
lead to undesirable results with regard to the mechanical
properties.

<<
o
£

3.5 kd mm™’
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Fig. 19 Hardness maps of
single-pass laser hybrid welded
30 mm thick steel of EH36 with
varied heat input

30 mm

Table 8 #gs-times for single-pass laser hybrid welded 30-mm-thick
steel of EH 36 measured by a pyrometer

in kJ/mm tg.-time topins tgs-time middle
1ot 8/5 Y 8/5
ins

tg/s-time root in s

3.7 21.2 17.1 14.8

Table 9 Charpy impact toughness of single-pass laser hybrid welded
30-mm-thick steel (minimum 34 J/em?, n=>5)

Q,,,inkJ/mm a top inJ/em? a, middle in J/em? @, root in J/cm?

3.7 108 +19 65+25 98+30
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