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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 

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 (t8/5-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 

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 t8/5-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. Üstündag 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.

Fig. 1   Hardness maps in laser 
hybrid welds: a cross-section of 
single-pass welded 15-mm-thick 
steel of EH36 [16]; b longitudi-
nal section of partial penetrated 
weld [11]
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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 G3Ni1 according to 

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% CO2 in argon with 
a flow rate of 20 l/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 × mrad. The laser radiation 
was transmitted through an optical fibre with a core diam-
eter of 200 µm. 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 

Fig. 2   Schematic representation 
of the FPD according to [22]

Table 1   Chemical composition 
of the materials used (according 
to the manufacturer), shown in 
wt%

Material/element C Mn Si P S Cu Cr Ni Mo Fe

S355J2 0.08 1.30 0.29 0.019 0.004 0.08 - - - Bal.
EH36 0.11 0.77 0.23 0.009 0.004 0.015 - - - Bal.
G3Ni1 0.08 1.40 0.612 0.004 - - 0.014 0.73 0.08 Bal.

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

Material Yield 
strength in 
MPa

Tensile 
strength in 
MPa

Elonga-
tion A5 
in %

Impact energy in J

S355J2 355 470–630 22 27 (− 20 °C)
EH36 355 490–620 22 34 (− 40 °C)
G3Ni1 500 590 24 47 (− 50 °C)
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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 t is the material thickness; 
PL is the laser power; vw is the welding speed; vwire is the 

wire feed speed; Uarc and Iarc are the mean arc current and 
arc voltage, respectively. Thereby, PL, vw and vwire were set 
and Uarc and Iarc were read at the arc power source accord-
ing to the internal characteristic curves. The total heat input 
(Qtot) was calculated as follows:

Qtot is calculated as the sum of the heat input from the 
laser beam QL and from the arc Qarc with an efficiency factor 
of 0.8. The welding speed vw 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 μm 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 10 × 5 × 55 mm3 were 
extracted from the 20-mm-thick plates; 10 × 7.5 × 55 mm3 
sub-samples were taken from the 25-mm-thick plates; and 

Qtot = QL + Qarc = (
60PL

vw
+

60IarcUarc

vw
) × 0.8

Fig. 3   Experimental setup during laser hybrid welding

Table 3   Welding parameters t in mm/material PL in kW vw in m/min vwire in m/min Uarc in V Iarc in A Qtot in kJ/mm

20/S355J2 16.1 0.75 9 35.9 264 2
17.7 1.2 13 39.8 372 1.6
19.8 1.7 15 40.9 432 1.3
20 2.2 15 40.9 432 1.1

25/S355J2 18.1 0.5 10 33.5 270 3.2
19.6 0.7 10 33.5 270 2.4
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 34.2 274 3.5
19.8 0.6 12 36.6 329 3.3
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standard size of 10 × 10 × 55 mm3 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 

Fig. 4   Setup for optical measurement of the cooling time

Fig. 5   Charpy impact testing specimen extraction scheme

Fig. 6   Outer appearance of 
single-pass laser hybrid welded 
20-mm-thick steel of S355J2 
(Qtot 1.6 kJ/mm), X-ray image 
and cross-sections with holes 
for temperature measurements
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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 t8/5-time is lowered to 3.1 s and 1.9 s 
in the mid-thickness and the bottom, respectively, compared 
to 4.5 s at the top.

The t8/5-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 t8/5-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 t8/5-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 t8/5-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.

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 

Fig. 7   Cross-sections of single-pass laser hybrid welded 20-mm-thick steels with varied heat input

Fig. 8   Temperature curves 
at the top, mid-thickness 
and root of single-pass laser 
hybrid welded 20-mm-thick 
S355J2 steel with a heat input 
of 1.6 kJ/mm

Table 4   t8/5-times for single-pass laser hybrid  welded 20-mm-thick 
steel of S355J2 with varied heat input measured by a pyrometer

Qtot in kJ/mm t8/5-time top 
in s

t8/5-time middle 
in s

t8/5-time 
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



Welding in the World	

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 μm and 
19.5 μm, respectively. The average grain size diameter 
of the base material is 8.8 μm. 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 
(ak) value of 34 J/cm2 for S355J2 at a test temperature of 

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
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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

Fig. 11   Hardness maps of single-pass laser hybrid welded 20-mm-thick steel of S355J2 with varied heat input
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−20 °C. As the heat input increases, the impact toughness 
meets the requirements for Charpy impact toughness as 
shown in Table 5, where KV is the energy absorbed. The 
impact toughness ak 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/cm2 ± 2.6 J/
cm2, whereas in the root it drops to 27.8 J/cm2 ± 18.8 J/
cm2. For the heat input of 1.3 kJ/mm, the impact tough-
ness in the top is 69.6 J/cm2 ± 12.3 J/cm2 and decreases 
to 50.8 J/cm2 ± 15.6 J/cm2 in the root. For heat inputs of 
1.6 kJ/mm and 2 kJ/mm, the impact toughness varies from 
94.9 J/cm2 ± 14.4 J/cm2 to 64.3 J/cm2 ± 7.9 J/cm2 and from 

84.6 J/cm2 ± 15.9 J/cm2 to 66.9 J/cm2 ± 25.8 J/cm2, 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.

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/cm2, n = 5)

* FPD detected

Qtot in kJ/mm KV top in J ak top in J/cm2 KV root in J ak root 
in J/
cm2

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

Fig. 12   Tensile test speci-
mens for single-pass laser 
hybrid welded 20-mm-thick 
steel of S355J2 (Qtot 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   t8/5-times for single-pass laser hybrid  welded 25-mm-thick 
steels of S355J2 with varied heat input measured by a pyrometer

Qtot in kJ/mm t8/5-time top in s t8/5-time mid-
dle in s

t8/5-time 
root in s

2 9.2 8 3.2
2.4 12.5 8.4 4.7
3.2 19.3 15.8 14.1
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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 S355J2

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 t8/5-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 t8/5-
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 t8/5 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 
HV due to the formation of ferrite in the root part.

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/cm2 ± 2.6 J/cm2 in the top to 147.3 J/cm2 ± 90.9 J/
cm2 in the mid-section to 161.3 J/cm2 ± 86.8 J/cm2 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 t8/5-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/cm2 ± 12.7 J/cm2 on the top, 
200.1 J/cm2 ± 104.1 J/cm2 in the mid-section and 69.1 J/
cm2 ± 13 J/cm2 in the root (see Table 7). For the highest 
heat input of 3.2 kJ/mm, the impact toughness decreases 
from 82.3 J/cm2 ± 7.3 J/cm2 to 47.3 J/cm2 ± 21 J/cm2 to 
34.9 J/cm2 ± 12.3 J/cm2 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 t8/5-time varies between 9.2 and 19.3 s, which 
is due to the well-mixed region of the filler wire in the upper 

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

Table 7   Charpy impact toughness of single-pass laser hybrid  welded 
25-mm-thick steel of S355J2 with varied heat input (minimum 34 J/cm2, 
n = 5)

* FPD detected

Qtot in kJ/mm ak top in J/cm2 ak middle in J/cm2 ak root in J/cm2

2 85 ± 3 147 ± 91* 161 ± 87*
2.4 94 ± 13 200 ± 104* 69 ± 13
3.2 82 ± 8 47 ± 21 35 ± 12
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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 t8/5 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.

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 
S355J2 with varied heat input
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3.3 � 30 mm 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 

t8/5-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/cm2 
could be reached in all analysed zones. The Charpy impact 
toughness varies from 108 J/cm2 ± 19 J/cm2 on the top to 
65 J/cm2 ± 25 J/cm2 in the middle and 98 J/cm2 ± 30 J/cm2 
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 

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)
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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 
S355J2 with varied 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:

•	 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.

•	 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.

•	 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 (t8/5-
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 t8/5-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.

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 



	 Welding in the World

Acknowledgements  The presented investigations were carried out at 
the Federal Institute of Materials Testing and Research (BAM) within 
the framework of the Industrial Collective Research programme (IGF 
No.20.827N). Financial funding is gratefully acknowledged.

Funding  Open Access funding enabled and organized by Projekt DEAL. 
The research project was carried out in the framework of the Industrial 
Collective Research programme (IGF No. 20.827N). It was supported by 
the Federal Ministry for Economic Affairs and Climate Action (BMWK) 
through the AiF (German Federation of Industrial Research Associations 
e.V.) based on a decision taken by the German Bundestag.

Data Availability  The authors confirm that the data supporting the 
findings of this study are available within the article [and/or] its sup-
plementary materials.

Declarations 

Conflict of interest  The authors declare that there exists no competing 
financial interest or personal relationships that could have appeared to 
influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Sorrentino S, Fersini M, Zilli G (2009) Comparison between 
SAW and laser welding processes applied to duplex structures 
for bridges. Weld Int 23(9):687–698

	 2.	 Brunner-Schwer C, Üstündag Ö, Bakir N, Gumenyuk A, Reth-
meier M (2023) Process advantages of laser hybrid welding com-
pared to conventional arc-based welding processes for joining 
thick steel structures of wind tower. IOP Conf Ser Mater Sci Eng 
1296(1):12028

	 3.	 Reutzel EW, Kelly SM, Sullivan MJ, Huang TD, Kvidahl L (2008) 
Hybrid laser-GMA welding for improved affordability. J Ship 
Prod 24(02):72–81

	 4.	 Kim D-S, Lee H-K, Seong W-J, Lee K-H, Bang H-S (2021) 
Experimental study on laser-MIG hybrid welding of thick high-
Mn Steel plate for cryogenic tank production. JMSE 9(6):604

	 5.	 Bunaziv I, Dørum C, Nielsen SE, Suikkanen P, Ren X, Nyhus B 
et al (2021) Root formation and metallurgical challenges in laser 
beam and laser-arc hybrid welding of thick structural steel. Int J 
Adv Manuf Technol 116(1–2):561–578

	 6.	 Avilov V, Fritzsche A, Bachmann M, Gumenyuk A, Rethmeier M (2016) 
Full penetration laser beam welding of thick duplex steel plates with 
electromagnetic weld pool support. J Laser Appl 28(2):1–7

	 7.	 Juan W, Yajiang L, Peng L (2003) Effect of weld heat input on 
toughness and structure of HAZ of a new super-high strength 
steel. Bull Mater Sci 26(3):301–305

	 8.	 Muda W, Nasir MSM, Mamat SS, Jamina S (2015) Effect of 
welding heat input on microstructure and mechanical properties 
at coarse grain heat affected zone of ABS grade a steel. ARPN J 
Eng Appl Sci 10(20):9487–9495

	 9.	 Karhu M, Kujanpää V, Eskelinen H, Salminen A (2019) Filler 
metal mixing behaviour of 10 mm thick stainless steel butt-joint 
welds produced with laser-arc hybrid and laser cold-wire pro-
cesses. Appl Sci 9(8):1–20

	10.	 Suder W, Ganguly S, Williams S, Yudodibroto BY (2021) Pen-
etration and mixing of filler wire in hybrid laser welding. J Mater 
Process Technol 291:1–11

	11.	 Bunaziv I, Wenner S, Ren X, Frostevarg J, Kaplan AF, Akselsen 
OM (2020) Filler metal distribution and processing stability in 
laser-arc hybrid welding of thick HSLA steel. J Manuf Process 
54(1):228–239

	12.	 Sohail M, Karhu M, Na SJ, Han SW, Kujanpaa V (2017) Effect of 
leading and trailing torch configuration on mixing and fluid behav-
ior of laser-gas metal arc hybrid welding. J Laser Appl 29(4):1–14

	13.	 Gook S, Gumenyuk A, Rethmeier M (2014) Hybrid laser arc 
welding of X80 and X120 steel grade. Sci Technol Weld Joining 
19(1):15–24

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

Table 8   t8/5-times for single-pass laser hybrid  welded 30-mm-thick 
steel of EH 36 measured by a pyrometer

Qtot in kJ/mm t8/5-time top in s t8/5-time middle 
in s

t8/5-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/cm2, n = 5)

Qtot in kJ/mm ak top in J/cm2 ak middle in J/cm2 ak root in J/cm2

3.7 108 ± 19 65 ± 25 98 ± 30

http://creativecommons.org/licenses/by/4.0/


Welding in the World	

	14.	 Olschok S (2008) Laserstrahl-Lichtbogen-Hybridschweißen 
von Stahl im Dickblechbereich, Dissertation, RWTH Aachen, 
Shaker-Verlag

	15.	 Reisgen U, Olschok S, Mavany M, Jakobs J (2011) Laser 
beam submerged arc hybrid welding. Physics Precedia 
12(2011):179–187

	16.	 Webster SE, Tkach Y, Langenberg P, Nonn A, Kucharcyzk P, 
Kristensen J K, Courtade P, Debin L, Petring D (2009) Hyblas: 
economical and safe laser hybrid welding of structural steel: 
final report. Research Fund for Coal and Steel, Contract RFSR-
CT-2003–00010, Corus UK Limited

	17.	 Turichin G, Kuznetsov M, Sokolov M, Salminen A (2015) Hybrid 
laser arc welding of X80 steel: influence of welding speed and 
preheating on the microstructure and mechanical properties. Phys 
Procedia 78:35–44

	18.	 Turichin G, Kuznetsov M, Pozdnyakov A, Gook S, Gumenyuk A, 
Rethmeier M (2018) Influence of heat input and preheating on the 
cooling rate, microstructure and mechanical properties at the hybrid 
laser-arc welding of API 5L X80 steel. Procedia Cirp 74:748–751

	19.	 Üstündağ Ö, Gook S, Gumenyuk A, Rethmeier M (2019) Mechan-
ical properties of single-pass hybrid laser arc welded 25 mm thick-
walled structures made of fine-grained structural steel. Procedia 
Manuf 36:112–120

	20.	 Takashima Y, Ohata M, Inose K, Yamaoka H, Nakanishi Y, 
Minami F (2016) Evaluation of Charpy impact toughness using 
side-grooved specimen for hybrid laser-arc welds of ultra-high-
strength steel. Weld World 60:1191–1199

	21.	 Inose K, Yamaoka H, Nakanishi Y, Minami F (2017) Toughness 
assessments of laser arc-hybrid welds of ultra high strength steel. 
Weld World 61:955–961

	22.	 Hesse AC, Nitschke-Pagel T, Dilger K (2019) Investigations on 
the impact and fracture toughness of beam welded structural steels 
with yield strengths from 355 to 960 MPa. Weld World 63:87–95

	23.	 Chen J, Zhang Z, Zhang Z, Liu Y, Zhao X, Chen J, Chen H (2022) 
Effect of the cooling rate of thermal simulation on the micro-
structure and mechanical properties of low-carbon bainite steel 
by laser-arc hybrid welding. Coatings 12(8):1045

	24.	 Yang S, Wang D, Yang L, Zhang F, Zhang C, Zhou B et al 
(2022) Effects of laser-arc hybrid welding on microstructure 
and mechanical properties of dissimilar steel joint. Optik 
268:169795

	25.	 Wei H, Blecher JJ, Palmer TA, Debroy T (2015) Fusion zone 
microstructure and geometry in complete-joint-penetration laser-
arc hybrid welding of low-alloy steel. Weld J 94(4):135–144

	26.	 Ribic B, Palmer TA, DebRoy T (2009) Problems and issues in 
laser-arc hybrid welding. Int Mater Rev 54(4):223–244

	27.	 Üstündağ Ö, Fritzsche A, Avilov V, Gumenyuk A, Rethmeier M 
(2018) Hybrid laser-arc welding of thick-walled ferromagnetic 
steels with electromagnetic weld pool support. Weld World 
62:767–774

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Influence of heat input on cooling rates and mechanical properties of laser hybrid welded thick structural steels
	Abstract
	1 Introduction
	2 Experiments
	2.1 Welding materials
	2.2 Welding equipment and experimental setup
	2.3 Analyses

	3 Results and discussion
	3.1 20 mm S355J2
	3.2 25 mm S355J2
	3.3 30 mm EH36

	4 Conclusions
	Acknowledgements 
	References


