Journal of Constructional Steel Research 198 (2022) 107517

Contents lists available at ScienceDirect

Journal of Constructional Steel Research
journal homepage: www.elsevier.com/locate/jcsr

Mechanical properties of welded ultrahigh-strength S960 steel at low and
elevated temperatures
Lassi Keränen a, *, Olli Nousiainen a, Vahid Javaheri a, Antti Kaijalainen a, Aki-Petteri Pokka a,
Markku Keskitalo b, Juhani Niskanen a, Emil Kurvinen a
a
b

Materials and Mechanical Engineering, University of Oulu, Finland
Kerttu Saalasti Institute, Future Manufacturing Technologies (FMT), University of Oulu, Finland

A R T I C L E I N F O

A B S T R A C T

Keywords:
Ultrahigh-strength steel
MAG welding
Laser welding
Welding heat input
Tensile test
Heat-affected zone

New ultrahigh-strength steels have been developed to meet the need for better performance, load bearing ca
pacity, safety and weight saving. However, the design guidelines are incomplete, especially regarding the design
of welded ultrahigh-strength steel components in fluctuating operating conditions. This reduces usability and can
cause serious safety risks when the welded structures are in use. The heat input and cooling rate have a sig
nificant effect on the microstructure and mechanical properties of the ultrahigh-strength steels. Therefore, a
model to predict the strength and microstructure, based on welding parameters, is required for designers to
create safer solutions in engineering design. In this study, a 6 mm thick S960 low alloy ultrahigh-strength steel
was welded using gas metal arc welding (MAG) and laser welding. The effects of welding heat input and
operating temperature on the tensile properties, hardness, microstructure, and fracture mechanism of the welded
specimens were investigated. The effects of operating temperature on the mechanical properties of welded joints
were investigated by performing tensile tests between temperatures of − 80 ◦ C and + 400 ◦ C. The unwelded base
material was also tested in the same temperature range. The results showed a ductile fracture mechanism in all
the samples regardless of the test temperature and welding heat input. However, the tensile strengths and
elongations increased when the test temperature drops to − 80 ◦ C from room temperature. In addition, mathe
matical predictions for the strength and elongation properties, and grain sizes in heat-affected zones, as a
function of temperature and welding heat input were proposed.

1. Introduction
In modern times, ultrahigh-strength steels (UHSSs) are becoming
more commonly used, especially in structural applications. The excel
lent combination of strength and toughness, high strength/weight ratio,
weldability, machinability, and formability of UHSSs are achieved with
long-term research and development work, and these properties make
UHSSs usable in many structural applications [1,2]. The definition of
ultrahigh-strength steel varies considerably (i.e., composition, micro
structure and manufacturing process). Some references use ultimate
tensile strength and others, yield strength to quantify the strength level
of UHSS. In this work, UHSS refers to those with the yield strength level
higher than 700 MPa. Ultrahigh-strength steels with a yield strength
above 900 MPa are usually used in mobile structural components, for
example, lifting, forest harvesters, heavy-duty transportation vehicles,
and in other machines where low structural weight and high loading

capacity are needed [3]. The better load-bearing capacity of the
ultrahigh-strength steels can allow for thinner structures and wall
thicknesses and subsequently, up to 60% weight saving can be achieved
under tensile and bending loading.
Welding is the most common and efficient technique for permanently
joining steel components together, giving load-bearing capacity to
welded joints. However, the heat caused by welding changes the
microstructure and mechanical properties that are usually achieved by
the thermo-mechanical manufacturing process. Therefore, the heat
input and cooling rate of welding have a significant effect on the
microstructure, strength, toughness, load bearing capacity and fatigue
properties of ultrahigh-strength steels. Thus, the properties can be
weakened, or the steel can become brittle, due to formation of fresh
martensite or coarsening of the grain structure within heat-affected zone
(HAZ). [2,4–8]
Amraei et al. [9] have studied the effects of welding heat input at
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room temperature on the mechanical properties of steels with a yield
strength between 700 and 1100 MPa. The materials were 8 mm thick
and double-V grooves were used in MAG welding. The heat input values
in MAG welding were about 1.4 kJ/mm and 0.7 kJ/mm, and 0.3 kJ/mm
for laser welding. They showed that the effect of heat input on ultimate
and yield strengths was not considerable for S700 and S1100 steels, but
the properties of S960 steel deteriorate when heat input increases.
However, welding seems to cause the elongation properties of all tested
steels to worsen, most significantly for S960.
Likewise, Guo et al. [2] examined the microstructure and mechanical
properties of hot rolled and quenched laser welded S960 ultrahighstrength steel by performing hardness tests, tensile tests, three-point
bending tests and Charpy impact tests. The heat input in the laser
welding was 0.36 kJ/mm. They reported that the microstructures of the
fine-grained heat-affected zone (FGHAZ) and coarse-grained heataffected zone (CGHAZ) areas consisted of mostly mixtures of equiaxed
martensite and auto-tempered martensite with different prior-austenite
grain sizes. The base material was a mixture of martensite and bainite.
The softest area of the laser-welded joint was found within the subcrit
ical heat-affected zone (SCHAZ) and the highest hardness was measured
in the FGHAZ. The yield strength and ultimate strength of laser-welded
specimens were close to the base material, but the elongation of welded
specimens was lower, in the tensile test. However, elongation was not
evenly distributed over the welded joint areas and the fractures occurred
in base material in tensile testing. Based on the bending test, the laser
welds of S960 had good ductility because surface cracks were not found.
[2]
Alves et al. [10] and Wang et al. [11] have investigated the micro
structural and mechanical properties of laser-welded ferritic-martensitic
DP1000 steel with thicknesses of 1.8 mm and 1.5 mm, respectively. The
elongations of the welded joints were significantly lower than the
elongation of the base material in their findings. According to Alves et al.
[10], the specimens with lower heat input (0.013 kJ/mm) were not
remarkably different to the base material, however the specimen with
higher heat input (0.05 kJ/mm) gives a joint efficiency of 97%. On the
other hand, Wang et al. [11] reported that the tensile strength of welded
specimens was up to 91% of the base material when the specimens were
welded with heat inputs between 0.093 and 0.325 kJ/mm (best prop
erties at 0.13 kJ/mm). In the research of Wang et al. [11], every welded
specimen was broken in softened HAZ, whereas Alves et al. [10] re
ported that fracturing occurred in the base material of the specimens
with lower heat input. The main microstructure of the welded material
was martensite, but also bainite and ferrite were detected. In addition,
they found the presence of retained austenite which may affect the
mechanical properties of the welded steel.
On the tensile properties at different temperature ranges, Yan et al.
[12] have compared the tensile test results of unwelded mild steel and
high strength steel S690 in the temperature range of − 80 ◦ C and + 30 ◦ C.
They reported that the ultimate and yield strengths, and elastic modulus,
increased as the test temperature dropped to − 80 ◦ C from +30 ◦ C.
Additionally, fracture strains of tested materials were increased slightly,
but the reason for the increase was not described comprehensively. Xie
et al. [13] and Ehlers and Østby [14] reported similar stress-strain
behaviour at low temperatures. Xie et al. [13] tested high-strength
steel strands between 20 and − 160 ◦ C, and reported that the failure
mode changed from ductile to brittle below − 100 ◦ C in the tensile test,
while Ehlers and Østby [14] tested Norske Veritas Grade A shipbuilding
steel between 0 and − 90 ◦ C. Although the toughness of the typical
structural steels is significantly reduced when the operating temperature
drops, there are results from literature proving that the fracture elon
gation or impact energy increases when test temperature decreases
[12–15].
Li & Young [16] and Neuenschwander et al. [17] have studied the
behaviour of unwelded cold-formed 700 MPa and 900 MPa grade steels,
and S690QL and S960QL steels up to 1000 ◦ C and 900 ◦ C, respectively.
The reduction factors for strength and elongation properties and

comparison to design standards were presented in both papers. Based on
the papers, the properties of cold-formed and hot rolled high strength
steels are not comparable. Also, Cadoni and Forni [18] reported the
reduction factors and design proposals for S960QL steel based on
modified Split Hopkinson Tensile Bar tests at elevated temperatures
with high strain rates.
Based on the literature, significant efforts have been made to study
and improve the weldability of different steel grades with different
welding methods. However, no comprehensive study on the combined
effects of the heat input and alternative operating conditions of
ultrahigh-strength S960 grade steel has been conducted yet. Therefore,
this study examines the effects of welding heat input and operating
temperature between − 80 ◦ C and + 400 ◦ C on the mechanical properties
of S960 structural steel. The mechanical properties of the same unwel
ded steel were also previously studied between the temperature range of
20–1000 ◦ C [19]. Three different heat input values of MAG and laser
welding were used in comparison to unwelded steel to determine the
effect of heat input on the microstructure and mechanical properties
over the recommended heat input range. Finally, a novel model for
predicting the strength and elongation properties as a function of
operating temperature and welding heat input are proposed based on a
total of 96 tensile test results.
2. Material and methods
2.1. Test material
The studied material was thermo-mechanically rolled and direct
quenched commercial steel of Strenx 960 MC grade with a thickness of 6
mm, provided by SSAB Europe. Table 1 shows the chemical composi
tions and nominal mechanical properties of the material.
2.2. Welding
Two different common welding methods of MAG and laser welding
were employed in this study. To achieve a solid and perfect weld, Vgrooves were used in MAG welding while for the laser welding, a square
type of groove was considered for the test materials. During laser
welding (with one weld pass), heat input stayed constant throughout the
length of the weld seam. In MAG welding, two different welding travel
speeds were used to achieve two different heat inputs, named low heat
input (LMAG) and high heat input (HMAG). In both welding processes,
the weldments were perpendicular to the rolling direction. More infor
mation about the welding procedure and parameters can be found in
Appendix A. The calculated cooling rate t8/5 values for HMAG and
LMAG welds were 15.1 s and 9.2 s, respectively while it was 0.7 s for the
laser welding.
2.3. Mechanical testing
This study includes 60 tensile tests of MAG-welded specimens, 18
tensile tests of laser-welded specimens and 18 tensile tests for the base
material. Tensile tests were carried out at various temperatures from
− 80 ◦ C to +400 ◦ C. This temperature range was selected to emulate the
conditions of structural steel materials at typical alternating operating
temperatures in arctic conditions.
Tensile tests were performed using a Zwick 100 mechanical testing
machine according to EN ISO 4136 [20], EN ISO 6892-1 [21], EN ISO
6892-2 [22] and EN ISO 6892-3 [23]. Test specimens were cut using an
abrasive water jet cutting machine to minimize the thermal effect, which
can cause unwanted microstructural changes. After cutting, the speci
mens were machined and grinded using cutting fluid so that the test
specimens were in the middle of the plates in their thickness direction.
The welded specimens were machined (according to Fig. 1.A. in the
appendix) to avoid tensile properties being affected by weld face and
root reinforcements. Tests were performed in parallel to the rolling
2
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Table 1
Structural steel S960 MC chemical compositions (wt%) and nominal mechanical properties. (CEV is the carbon equivalent content).
Material

Chemical composition %
C

960 MC

Si

Mn

0.091
0.06
1.11
Yield strength min [MPa]
960

P

S

0.011

0.001
0.034
0.002
Tensile strength [MPa]
980–1250

Al

Nb

direction of the base material. MAG-welded specimens were tested at
− 80 ◦ C, − 60 ◦ C, − 40 ◦ C, − 20 ◦ C, 0 ◦ C, +20 ◦ C, +100 ◦ C, +200 ◦ C,
+300 ◦ C and + 400 ◦ C temperatures. Laser-welded and base material
specimens were tested at − 80 ◦ C, − 40 ◦ C, 0 ◦ C, +20 ◦ C, +200 ◦ C and +
400 ◦ C temperatures. Tensile tests were carried out in a temperature
range of − 80 ◦ C – 0 ◦ C using liquid nitrogen. In the low temperature
tests, the test temperature was controlled by a thermo-couple attached
to the test specimen, as shown in Fig. 1. Tests in the temperature range
200 ◦ C – 400 ◦ C were performed using a Zwick 100 combined with
Maytec high temperature tensile test equipment, where the specimens
were heated in a furnace with the three separately controlled resistors.
Temperature was recorded and controlled with six temperature de
tectors, three measured the temperature of air in the furnace and three
measured the temperature of the test specimen. The maximum deviation
for the preselected test temperature was ±3 ◦ C. The holding time, when
the desired temperature was reached, before starting tensile tests was
120 s. The holding time was ensured by monitoring the strain values due
to thermal expansion. Test was started when the strain value had sta
bilized, which means that the specimen is in uniform temperature.
Relatively short holding time can be applied with small test specimens,
as in this research was used. Tensile tests were based on the steady state
test method and displacement-controlled test procedure. The original
gauge length in the tests was 50 mm. More detailed information of
specimen dimensions can be found in Appendix B. A strain rate of 0.008
1/s was used at room temperature and below, above room temperature
the rate was 0.0014 1/s as shown in Table 2. Up to room temperature,
the test rates were based on EN ISO 6892-1 [21] method B, and above
room temperature, the rates were based on EN ISO 6892-2 [22] method
A range 3, which is recommended for determining ultimate strength and
elongation values.
Vickers hardness profiles of the weld cross sections were determined
with micro-indentation testing. The test force was 1 N (HV 0.1) with a
10-s loading time, and measurements were performed according to EN
6507–1 [24]. The distance between the measuring points was 0.3 mm
for MAG-welded samples and 0.2 mm for laser-welded sample. Hardness
tests were performed on middle lines of cross sections in the direction of
thickness, which are also the middle lines of tensile test specimens.

V

Ti

Cu

Cr

Ni

0.011

0.019
CEV
0.53

0.012

1.1

0.05
0.123
0.005
Charpy V min impact energy
27 J/− 40 ◦ C

Mo

N

B
0.0015

Table 2
Tensile test speeds and standards.
Test temperature

− 80 ◦ C – 20 ◦ C

> 20 ◦ C

General test speed
Young’s modulus determination
speed
Yield point test speed
Standard/Method

0.008 1/s
30 MPa/s

0.0014 1/s
0.0014 1/s

0.0025 1/s
EN ISO 6892-1 /
B

0.0014 1/s
EN ISO 6892-2 / A range
3

2.4. Microstructure analysis
The microstructures and grain sizes of the base material (BM), finegrained heat affected zone (FGHAZ) and coarse-grained heat affected
zone (CGHAZ) were determined using a field emission scanning electron
microscope (FE-SEM) equipped with electron backscatter diffraction
(EBSD). An operating voltage of 15 kV and a step size of 0.2 μm were
used in the EBSD analysis. The length of the HAZ-areas was determined
based on macrostructure and hardness profiles. Examination of the MAG
welding filler metal was excluded from the study. Moreover, due to the
difficulties revealing the prior austenite grain structure using common
metallography techniques, a reconstruction method was applied to the
final EBSD data using MATLAB software supplemented with the MTEX
toolbox [25] to reveal the prior austenite grains. The reconstruction
technique was carried out based on the orientation relationship between
final microstructure and parent austenite using the same approach as
described in [26,27]. In addition, optical microscopy was used to
characterize the macrostructures. Nital etchant was used to reveal the
macrostructures of the specimens after common metallographical sam
ple preparation.
The amounts of retained austenite in the base metal, HAZs, and the
weld materials were determined by a Rigaku SmartLab X-ray diffrac
tometer with focused Cross Beam Optics (CBOf). A capillary with a beam
diameter of 200 μm and Co source (5.4 kW) were used in the mea
surements. The 2θ range of 45◦ - 130◦ was measured with a scan step size
of 0.05 and scan speed 1◦ /min. The quantification of retained austenite
was done by Rietveld Whole Powder Pattern Fitting (WPPF) using
PDXL2 software.
3. Results and discussion
3.1. Heat-affected zones and hardness
The effects of different welding heat inputs and welding methods can
be observed from the weld cross-sections and hardness profiles. Crosssections with hardness profiles are shown in Fig. 2. MAG-welded
joints with higher heat input (HMAG sample) are shown in Fig. 2a and
joints with lower heat input (LMAG) are shown in Fig. 2b. When
comparing the geometries of HMAG and LMAG cross-sections, it can be
noticed that the shape of face reinforcement of the LMAG specimen is
steeper and the width of molten weld metal of the HMAG specimen is
larger. In addition, there is some underfill in the LMAG cross-section,
which may be due to the higher travelling speed to achieve the lower
heat input. A cross-section of a laser-welded joint is shown in Fig. 2c,
where the typical hourglass shape for laser welding is visible. The full
penetration of all specimens was observed, and porosity or other

Fig. 1. Tensile test equipment and testing at low temperatures.
3
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Fig. 2. Cross-sections of welded joints with hardness profiles. HAZ and areas considered are labelled. Horizontal axis is the distance from weld centreline and vertical
is hardness in HV.

internal weld defects were not noticed. CGHAZ is the zone next to the
weld metal, where the peak temperature during welding is about
1350 ◦ C, while the maximum temperature in SCHAZ is about 700 ◦ C,
which is lower than the Ac1 temperature of the studied material [28].
Next to the CGHAZ is a fine-grained zone, FGHAZ, where the hardness is
typically at its maximum. The next zones are called intercritical HAZ
(ICHAZ) and subcritical HAZ (SCHAZ), which is typically the softest area
of a welded joint [2,28,29]. These most important heat-affected zones
are shown in Fig. 2.
When comparing MAG- and laser-welded cross-sections, as expected,
laser welding produces noticeably narrower weld bead and heat-affected
zones than MAG welding. In addition, the geometry of laser-welded
joints is smoother with smaller weld reinforcements. These differences
are due to different groove geometries, heat inputs and the fact that laser
welding was performed without filler metal. Macroscopically, the dis
tances between the most softened areas are 13 mm, 10 mm and 2 mm for
HMAG, LMAG and Laser specimens, respectively. The higher welding
heat input also produces a softer final structure. Alves et al. [10] re
ported that the distances between the most softened areas of laserwelded 1.8 mm thick DP1000 steel were about 0.5–2.5 mm when heat
inputs were between 3.5 and 15 J/mm, which was in line with the re
sults of this paper using 6 mm thick steel.
The effects of heat input and welding methods on hardness profiles

are shown in Fig. 2, which compares the hardness profiles of two
different heat inputs from MAG welding (Fig. 2a and 2b) and laser
welding (Fig. 2c). Based on this, the hardness of the unwelded base
material is about 400 HV. The maximum and minimum hardness values
in weld areas of the HMAG specimen are 403 HV and 215 HV, respec
tively. The maximum value was observed in the middle of weld metal
and the minimum in tempered base material, which may also be called
subcritical HAZ (SCHAZ). For the LMAG specimen, the maximum and
minimum values were 389 and 271 HV, respectively, where the
maximum value was measured in the middle of weld metal and the
minimum in tempered base material (SCHAZ). For the laser-welded
specimen, maximum and minimum hardness values in weld areas
were 453 HV and 317 HV, respectively. Also here, the softest area was in
the SCHAZ. However, the hardest area of laser-welded specimen was in
FGHAZ, while the hardest areas in MAG-welded specimens were in weld
metal.
The compiled hardness values in different areas and the amount of
hardening or softening are shown in Table 3. The hardness of weld metal
in HMAG is on the same level as the hardness of base material. However,
the hardness of weld metal in LMAG is lower than the base material.
Based on the hardness values, the matching weld, compared to S960
steel, can be achieved with undermatching Esab OK Aristorod 89 filler
metal. The maximum hardness in weld metal of the laser-welded
4
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Table 3
Hardness values in weld areas.
HMAG
Weld metal
CGHAZ
FGHAZ
SCHAZ

LMAG

Laser

Hardness

Changes to BM (400 HV)

Hardness

Changes to BM (400 HV)

403
303
345
215

0.008%
− 24.3%
− 13.8%
− 46.3%

389
336
363
271

−
−
−
−

specimen is about 10% higher than the base material thanks to the lower
heat input and faster cooling. As shown in Fig. 2 and Table 3, the
hardness values of the HMAG specimen in CG-, FG- and SCHAZ areas are
lower than those for the LMAG specimen. MAG welding seems to cause
softening in all HAZ areas; higher heat input produces a softer structure.

2.8%
16.0%
9.3%
32.3%

Hardness

Changes to BM (400 HV)

453
446
448
317

13.3%
11.5%
12.0%
− 20.8%

While for the laser-welded samples, only the SCHAZ region is softer than
the base material, other areas had a higher hardness level than the base
metal.
Amraei et al. [9] have detected a similar hardness trend in MAGwelded S960 steel with a heat input of 1.4 and 0.7 kJ/mm, when plate

Fig. 3. EBSD inverse pole figures of final microstructure (left) with high-angle grain boundaries (>15◦ , black) and prior austenite grain morphologies (right) of
investigated samples. Please note the different magnification in (d) and (f).
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thickness was 8 mm. They reported that the largest reduction of hard
ness was 46% and 41% with heat inputs used. However, they observed
that weld metal was harder than the base material for lower heat input,
and that it may be due to harder filler metal of Union X96 with an ul
timate strength of 980 MPa.

findings, in each sample, PAG differed in terms of the morphology and
size. The various temperature histories of each subzone can be linked to
the variances in the prior austenite grain characteristics, as each HAZ
subzone had its own heating rate, peak temperature and cooling rate
based on the welding method and distance from the fusion line. Except
for the FGHAZ laser welded sample, the elongated structure of the base
material was eliminated and replaced by an almost equiaxed type of
grain structure. The higher the peak temperature, the coarser prior
austenite grains. In all welding conditions, FGHAZ regions showed an
almost similar grain size distribution to the base material, while CGHAZ
regions produced by both LMAG and HMAG had significantly larger
prior austenite grains.

3.2. Microstructural characteristics
Several microstructural characteristics were found in the base metal
and different HAZ subzones, including various bainitic morphologies
(granular, upper, and lower bainite), lath-structured martensite,
tempered martensite, and retained austenite, based on the specific
thermal cycle each region experienced. The effect of distance from the
fusion line, which determined the thermal gradients on the prior
austenite grain structures and final microstructure, was investigated
using FESEM and EBSD. The main points concerning the microstructure
are given in the following subsections.

3.2.2. Transformed microstructure
EBSD inverse pole figure (IPF) maps with high-angle boundaries
(>15◦ , in black) of the final microstructures are presented in Fig. 3.
Likewise, Table 4 presents the calculated equivalent circle diameter
(ECD) for grains surrounded by low-angle (dl, >3◦ ) and high-angle (d,
>15◦ ) boundaries, together with the ECD value of the 90th percentile in
the cumulative grain area distribution (d90%). The results show that the
effective grain size (d) and coarse grains (d90%) of the base material is
1.43 μm and 6.2 μm, respectively. These grain size values are similar to
those previously reported for bainitic-martensitic strip steel in [30]. It is
obvious that grain sizes in the CGHAZ are bigger than the FGHAZ, which

3.2.1. Prior austenite grain structure
The mean values of the equivalent circle diameter (ECD) of grains
can be used to accurately evaluate and compare the size distribution of
prior austenite grains (PAG) acquired from different subzones. Figs. 3
and 4 show the reconstructed prior austenite grain structure as well as
the related ECD measurements for all the samples. According to the

Fig. 4. High-angle grain ECD area distributions of final microstructure (left) and prior austenite grain size distributions (right) of investigated samples.
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Fig. 4. (continued).

can clearly be seen in Fig. 3. The same is true of the grain sizes, with the
low heat input (LMAG) smaller compared to higher heat input (HMAG).
When comparing the grain area fractions (in Fig. 4), it can be noticed
that grains in the base material, LMAG and Laser FGHAZs are distributed
in smaller grains (<20 μm), while those in the CGHAZ are much larger.
However, those few large ones correspond to almost 50% of the
measured areas.

in the test joints. The amount of retained austenite is given in Table 5. It
should be noted that the results concerning the HAZ are averaged values
of austenite content in the CGHAZ and FGHAZ due to the narrowness of
these zones. In the case of the laser-welded joint, the result is close to the
reliable detection limit of the XRD. In general, the detection limit of
retained austenite is 0.5–1.0 with modern XRD equipment [31]. If the
current XRD configuration with CBOf x-ray optics is used, the detection
limit of the retained austenite is approximately 1.5 vol% in hot rolled
low carbon bainitic/martensitic steels with high dislocation density and
microstrain levels. In this case, the welded joint has a coarse

3.2.3. Retained austenite
The XRD measurements revealed that retained austenite also existed
7
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austenite in the HMAG specimen are 4–5.3% and in the Laser specimen
0.9%; amounts are shown in Table 5. The HAZ area of the laser-welded
specimen is narrow and thus, reliable measurement is difficult. How
ever, the amount of retained austenite in laser-welded specimens is less
than in MAG-welded specimens. Fig. 5 shows the example result of XRD
tests. The main signs of the existence of retained austenite are the peaks
at 51 and 60 degrees of 2-theta.

Table 4
Mean effective ECD grain (d) and subgrain (dl) sizes and at 90% in the cumu
lative grain area distribution (d90%) for investigated materials. Subgrain sizes
defined by misorientation angles > 3◦ and grain sizes by misorientation angles
> 15◦ .
Sample

dl [μm]

d [μm]

d90% [μm]

Base material
LMAG-FGHAZ
LMAG-CGHAZ
HMAG-FGHAZ
HMAG-CGHAZ
Laser-FGHAZ
Laser-CGHAZ

1.20 ± 0.03
1.63 ± 0.05
2.69 ± 0.09
2.55 ± 0.14
3.36 ± 0.19
1.11 ± 0.02
1.31 ± 0.06

1.43 ± 0.05
1.98 ± 0.10
3.22 ± 0.21
3.10 ± 0.28
4.18 ± 0.50
1.40 ± 0.05
1.51 ± 0.10

6.22
10.21
25.18
17.09
42.39
7.12
14.62

3.3. Tensile properties
The aim of tensile testing is to determine the effect of welding heat
input and operating temperature on the mechanical properties of S960
steel. A summary of the tensile test results is shown in Table 6, where the
values are the averages of three tests. The test results of BM between
20 ◦ C and 400 ◦ C were published in Ref. [19]. The results are compared
in Fig. 6, where the average value of the test results for the base material,
laser welds and two different MAG welds are compared as a function of
test temperature.
The unwelded base material has the greatest tensile strength, yield
strength and elongation regardless of the test temperature, compared to
welded material. Based on Fig. 6, the higher welding heat input causes a
higher drop in yield strength and ultimate strength. However, the laserwelded material has the worst elongation properties compared to MAGwelded and unwelded materials. Based on Fig. 6a, the yield strength of
all specimens is highest at − 80 ◦ C. The yield strengths decrease in a

Table 5
The amount of retained austenite in welded specimens.
HMAG-welded
Laser-welded

Weld metal

HAZ

5.300%
0.900%

4.00%
–

solidification microstructure without high dislocation density. There
fore, the Rietveld analysis of this joint was successful.
The XRD tests showed that the weld metal, HAZ-areas and unwelded
base material included retained austenite. The amounts of retained

Fig. 5. XRD test results of MAG-welded HMAG specimen.
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Table 6
Average values of tensile test results as function of test temperature.
T (◦ C)
− 80
− 60
− 40
− 20
0
20
100
200
300
400
*

Yield strength Rp0.2 (MPa)

Tensile strength Rm (MPa)

Uniform elongation Agt (%)

Total elongation At (%)

BM

HMAG

LMAG

Laser

BM

HMAG

LMAG

Laser

BM

HMAG

LMAG

Laser

BM

HMAG

LMAG

Laser

1121
–
1072
–
1061
1053
–
1010
–
892

811
824
809
795
780
783
766
735
760
746

869
828
840
831
802
801
793
785
796
762

1090*
–
1039
–
1019*
1001
–
960
–
865

1201
–
1147
–
1134
1127
–
1137
–
982

958
946
923
895
877
862
815
808
825
821

983
951
940
909
889
866
843
837
848
830

1139*
–
1083
–
1052*
1034
–
1001
–
960

4.02
–
3.50
–
2.95
2.70
–
2.59
–
1.90

2.87
2.49
2.56
2.06
1.87
1.68
1.26
1.23
1.27
1.70

2.21
2.74
1.88
1.65
1.72
1.48
1.18
1.04
1.20
1.60

1.58*
–
1.42
–
1.19*
1.17
–
1.05
–
1.63

9.09
–
8.30
–
7.44
7.04
–
6.88
–
6.43

5.09
4.38
4.08
3.73
3.56
3.25
2.67
2.30
2.53
3.70

4.01
4.38
3.49
3.16
3.18
2.95
2.54
1.87
2.35
3.38

2.87*
–
2.46
–
1.99*
2.05
–
1.33
–
3.86

Average of two tests

Fig. 6. Tensile test results and prediction of mechanical properties.

similar trend when the test temperature increases up to room temper
ature. Between room temperature and 300 ◦ C, the yield strength of
MAG-welded specimens is quite constant and above that, yield strength
begins to decrease, while yield strengths of BM and Laser specimens
decreases continuously as temperature increases.
As shown in Fig. 6b, the ultimate strength is the highest at − 80 ◦ C for

all specimens, and the trend is similar with yield strength. Above room
temperature, the ultimate strength of the base material begins to
decrease above 200 ◦ C, while the decrease of welded steels begins
immediately above room temperature. However, the ultimate strengths
of MAG-welded specimens are quite constant between room tempera
ture and 300 ◦ C. Above 300 ◦ C, the strength decreases more rapidly.
9

L. Keränen et al.

Journal of Constructional Steel Research 198 (2022) 107517

When the temperature approaches 400 ◦ C, the differences between the
ultimate strengths of BM, HMAG, LMAG and Laser specimens decrease.
Based on Figs. 6a and 6b, the difference in yield strengths between
HMAG and LMAG is bigger than for ultimate strength. This is contrary to
the base material and laser welded steel. However, it can be seen that the
welding and higher heat input decreases the yield and ultimate strengths
at every operating temperature. In addition to heat input, the strength
properties are dependent on operating temperature.
The elongation properties of unwelded material are better than
welded material, as shown in Figs. 6c and d. The elongations of LMAG
specimens are lower than the elongations of HMAG specimens. The
lower heat input seems to have detrimental effect on elongation prop
erties. This may be due to the fast heating and cooling rates of smaller
heat input; the faster cooling produces more martensite and harder
material tends to have smaller elongations [2]. The difference in total
elongation is greatest between − 80 ◦ C and 300 ◦ C. Above 300 ◦ C, the
elongations of MAG- and laser-welded specimens converges, which
could be due to tempering and softening above these temperatures. The
elongations of both unwelded and welded steels increases, while oper
ating temperature decreases, from room temperature to − 80 ◦ C despite
heat input. The similar elongation and hardening behaviour at low
temperatures has been observed in many studies: Ehlers and Østby [14]
at − 90–0 ◦ C, Yan et al. [12] between − 80 – +30 ◦ C and Xie et al. [13]
+20 and − 160 ◦ C. Xie et al. [32] and Wang et al. [15] showed that
retained austenite increases both the ductility and low temperature
toughness of low alloyed steels (Mn < 3 wt%). Generally, austenite is
softer and has better toughness and elongation properties compared to
martensite, for example. When comparing the increase of total elonga
tion at − 80 ◦ C compared to 20 ◦ C, it can be seen that relation At(− 80)/
At(20) is the highest for HMAG and lowest for BM specimens. Corre
spondingly, the amount of retained austenite is highest in HMAG and
lowest in BM, as shown in Table 5. This correlation means that the
higher welding heat input seems to increase the amount of retained
austenite, and the existence of retained austenite may be one reason for
the better elongation behaviour at low temperatures.
The effect of operating temperature on the mechanical properties of
different welded materials can be predicted based on test results and
curve fitting. Curve fitting was performed based on the Gaussian
quadratic equation. This equation has been found to describe mechan
ical properties like Young’s modulus, yield strength, ultimate strength
and proportional limit as the function of test temperature with excellent
accuracy [19,33]. The equation needs 6 parameters which are shown in
Appendix Tables 2.C and 3.C for strength and elongation properties,
respectively. The Gaussian equation is in the form of:
( )2
( )2
−

f (x) = a1⋅e

x− b1
c1

−

+ a2⋅e

x− b2
c2

et al. [2] who previously reported that a welded 960 steel has ductile
behaviour in the room temperature. Some examples of a fracture surface
can be found in Appendix B.
The ductile behaviour of the high strength steel welds at cryogenic
temperatures has been confirmed in several studies [2,9,11,28]. In this
study, necking and final fracture of all test specimens was in the most
softened base material, as seen in Fig. 7 for MAG and welded specimens.
The digital image correlation (DIC) method for the strain measurement
of the HMAG specimen at room temperature reveals the strains during
tensile testing (Fig. 7). The strain was divided on both sides of the weld,
which eventually caused a fracture in the SCHAZ, which was the softest
area of the welded joint (Fig. 2).
The deformation tends to occur in the softest area, typically the
SCHAZ, of the specimen, which also means greater elongation [2,28].
This means the areas of higher hardness do not deform as much as softer
areas during loading. LMAG and laser-welded specimens behaved in the
same way in tensile testing. The similar behaviour was observed for
example in [2,9,11] for laser-welded S960 steel and DP1000 steels.
Considering the effect of the microstructure on the fracture behav
iour and plasticity of the tested specimen, the role of the grain size
distribution and the amount of the retained austenite are the main fac
tors to be evaluated. Alves et al. [10] pointed out that the retained
austenite and tempering of base material were reasons for the softened
material between intercritical and subcritical HAZs.
It is generally known that the fine and stable (i.e., sufficient carbon
content without a composition gradient) lamellar RA distribution within
the bainitic matrix is required for an adequate TRIP effect. In those
conditions, a gradual martensitic transformation during the plastic
deformation and a delay in the initiation of local strain concentrations
occur and a continuous work-hardening effect with enhanced plasticity
of the steel is achieved. Recently, Yamashita et al. [34] studied the TRIP
effect of a low alloy steel at cryogenic temperatures. They proved that a
stable retained austenite (C = 1.2%) was completely consumed due to
the TRIP effect at a temperature of − 80 ◦ C. This caused improvement in
the elongation and enhanced the work hardening rate of the tested steel.
In this study, retained austenite was not detected in the EBSD analysis.
This suggests that the size of the retained austenite phase was less than
the typical resolution of the EBSD detector. However, the carbon content
of the RA in the present specimens was low. To estimate the carbon
content in the retained austenite, the same equation that Yamashita
et al. [34] used was applied in this study. Based on the calculations, the
carbon content was 0.12% and 0.15% in the laser-and MAG-welded
specimens, respectively. These values are quite reasonable considering
that the t8/5 times of MAG specimens were <15 s, and only 0.7 s in the
case of laser welding. Therefore, a significant TRIP effect cannot be
expected in these conditions at the cryogenic temperature.
However, the stress-strain curves of the welded test specimen at
room temperature and − 80 ◦ C showed a slight improvement in the
plasticity at − 80 ◦ C, as shown in Fig. 8. Comparing the mechanical tests
results, PAG size and the effective grain size distribution, it is evident
that fine grain size and high hardness of the subcritical HAZ in the laserwelded specimen caused the lowest elongation in the tensile testing at
room temperature. In any case, mechanical properties were slightly
improved at a temperature of − 80 ◦ C.
When the heat input was increased, the larger effective grain size of
SCHAZ resulted in enhanced elongation and significant softening of the
microstructure of the test specimens. Nevertheless, the similar increase
in the elongation and tensile strength at − 80 ◦ C was detected compared
to the laser-welded test specimen. It was not exactly an unexpected
result, since the temperature and strain rate dependence of mechanical
properties among bcc metals in the temperature range of 20◦ – -80 ◦ C is
well established in literature. As Weinberger et al. [35] stated, the rate
controlling mechanism of low temperature and low-rate plasticity in bcc
metals is screw dislocation motion. Furthermore, the number of active
slip systems of bcc metals may be reduced at cryogenic temperatures
when the dislocation slip occurs mainly in the {100} planes, whereas the

(1)

where x is test temperature between − 80 and + 400 ◦ C and ai, bi and ci
are fit parameters shown in appendix. The goodness of fit based on Rsquare values is also shown in appendix. The R-square value is the
correlation between model and test results. When R approaches 1, the
greater the proportion of variance accounted for by the model, and the
model describes the phenomenon more comprehensively. All calculated
R-square values were at least 0.72, and typically over 0.9, so the pre
dictive equation with the given parameters describes the effect of
operating temperature on mechanical behaviour very well. Fitted curves
with tensile test results are shown in Fig. 6.
3.4. Fracture behaviour
The fracture surfaces of the MAG- and laser-welded tensile test
specimens were investigated at temperatures of 20 ◦ C and − 80 ◦ C.
Overall, the results indicated that all test welds tested in the temperature
range of +20 ◦ C – − 80 ◦ C show ductile fracture modes with typical void
formation in all test temperatures. The results were in line with Guo
10

L. Keränen et al.

Journal of Constructional Steel Research 198 (2022) 107517

Fig. 7. Longitudinal cross-sections at different test temperatures and DIC measurement where locations of necking and final fracture are visible.

Fig. 8. True stress-strain curves.

slip in the {112} (and {123}) planes is activated at a higher temperature.
Together with the fact that the perfect screw dislocations can cross-slip
easily in high SFE metals, it is possible that the slight improvement in the
plasticity at cryogenic temperatures is due to reduced dislocation
interaction before the local strain concentration caused the necking of
the test specimen. It should be strictly noted that this study cannot
confirm the nature of the slip planes involved in the plastic deformation
process. Therefore, the root cause of the enhanced plasticity of the
welded test specimen is not clear. It is also interesting to note that the
enhanced plasticity of the martensitic base material with the bodycentered tetragonal (bct) crystal structure did not occur at the cryo
genic temperatures.
Ductility is a major requirement for using the steel in different
structures. Ductility describes the plastic deformation or energy ab
sorption before fracture. Ductility is good when both the elongation and
strength are high before fracture. In tensile tests, necking begins when
strain value reaches uniform elongation, and the material is strain
hardened between yield point and uniform elongation. An easy way to

evaluate the ductility at variable temperatures is the ratio of observed
uniform elongation and uniform elongation at room temperature, where
the higher value indicates better ductility [19,36]. In this study, the
same method is applied as shown in Table 7 and Fig. 9, where the per
centage of strain hardening is also shown. The ductility parameter is
calculated by dividing the observed uniform elongation by the room
temperature uniform elongation of unwelded steel. This parameter de
scribes the effect of welding heat input and operating temperature on
ductility compared to the base material. As shown in Fig. 9a, the strain
hardening of the base material is lowest in the whole temperature range
and highest for laser welds. Higher strain hardening typically means
worse ductility properties. This is shown also in Fig. 9b, where the
ductility parameters are compared to the base material at room
temperature.
3.5. Mathematical modelling of heat input effects
To take the effects of heat input into account in the practical design,
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Table 7
mDuctility properties based on averaged uniform and total elongations.
T (◦ C)
− 80
− 60
− 40
− 20
0
20
100
200
300
400

Strain hardening (Agt-0.2)/At [%]

Ductility parameter Agt(T)/Agt BM (20 ◦ C)

BM

HMAG

LMAG

Laser

BM

HMAG

LMAG

Laser

0.42
–
0.40
–
0.37
0.36
–
0.35
–
0.26

0.52
0.52
0.58
0.50
0.47
0.46
0.40
0.45
0.42
0.41

0.50
0.58
0.48
0.46
0.48
0.43
0.39
0.45
0.43
0.41

0.48
–
0.50
–
0.50
0.47
–
0.64
–
0.37

1.49
–
1.30
–
1.09
1.00
–
0.96
–
0.70

0.72
0.62
0.58
0.53
0.51
0.46
0.38
0.33
0.36
0.53

0.57
0.62
0.50
0.45
0.45
0.42
0.36
0.27
0.33
0.48

0.41
–
0.35
–
0.28
0.29
–
0.19
–
0.55

Fig. 9. Assessment of ductility.

specific knowledge about the behaviour of used material at a known
heat input level is required. Generally, a higher heat input produces
softer material and coarser grain structure, which appears to worsen
load bearing capacity or the ductility of the welded joint. It can be
thought that the capacity of the whole structure is as durable as the
weakest part of the structure. For this reason, the designer must know
the actual capacity of the structural material after the manufacturing
process, as after welding.
The effects of welding heat input on the mechanical behaviour of
S960 steel were studied based on different heat input levels in MAG and
laser welding. Heat input effects are shown in Fig. 10, where the test
results at − 80 ◦ C, 20 ◦ C, 200 ◦ C and 400 ◦ C are shown as a function of
welding heat input. For clarity, only these values are presented. The
values according to the desired temperatures between − 80 ◦ C and
400 ◦ C can be calculated based on the test results and models presented
below as a function of the welding heat input. A heat input of 0 kJ/mm
means unwelded base material (BM), 0.16 kJ/mm means heat input
from laser welding (Laser) and 0.61 and 0.71 kJ/mm means heat input
from MAG-welded specimens (LMAG and HMAG).
The effects of heat input on yield- and ultimate strengths can be
estimated with the aid of fitted curves as shown in Fig. 10a and b. Curve
fitting was performed based on a quadratic Gaussian formula, which was
presented in Eq. (1). The fitting parameters are shown in appendix
Table 4.C along with R-square values. Based on the high correlation,
about 0.98–0.999, the fitted curves describe the heat input effects on
yield- and ultimate strengths of S960 steel comprehensively for heat
inputs in a range of 0–0.71 kJ/mm. The decrease in strength properties
appears to be faster at − 80 ◦ C than at 400 ◦ C, when heat input increases.
When heat input approaches 0.71 kJ/mm, yield strength values at low

and elevated temperatures become closer to each other. This means that
the yield strength of S960 steel does not depend on operating temper
ature if heat input increases. According to the steel manufacturer [37],
the maximum recommended heat input is 0.73 kJ/mm, so at least up to
this value, the effects of heat input on yield strength must be considered.
The values of ultimate strength do not converge when heat input in
creases, regardless of the operating temperature. However, the values at
room temperature are closer to 400 ◦ C values with higher heat input,
while they are closer to − 80 ◦ C values when heat input is 0 kJ/mm. This
means that the effects of heat input on ultimate strength must be care
fully considered at all temperatures and heat inputs.
The effects of heat input on uniform and total elongations were
estimated based on test results and curve fitting, as shown in Figs. 10c
and 10d. Curve fitting was based on a quadratic exponential Eq. (2):
f (x) = a⋅e(b⋅x) + c⋅e(d⋅x) ,

(2)

where a, b, c and d are fitting parameters and are shown in appendix
Table 5.C. The R-square values for fittings are also shown in this table.
Based on the high correlation coefficients, about 0.89–0.98, the corre
lation between models and test results are good over the temperature
and heat input ranges considered. However, the correlation for uniform
elongation at 400 ◦ C is only 0.56, in which case, the model describes the
behaviour moderately. It can be noticed that with low heat inputs, the
elongation properties are the worst for all operating temperatures.
Regardless of heat input, the elongation properties at low temperatures
are better than they are at room temperature. When heat input increases,
the elongations at − 80 ◦ C increase faster than elongation at room tem
perature. The elongation behaviour at 400 ◦ C is completely different
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Fig. 10. Effect of heat input on mechanical properties of S960 structural steel. Test results are compared to results from literature.

compared to room temperature and low temperatures; the effect of heat
input is not as clear as it is at lower temperatures. This may be due to
tempering and softening of the martensitic-bainitic microstructure.
Based on test results and curve fitting shown in Fig. 10, the heat input
must be considered, especially when it increases. In this research, the
allowable heat input range for ultrahigh-strength structural S960 steel is
fully considered, and the obtained strength and elongation properties
are recommended for use in practical design. The obtained properties
are purely material properties because the tests were performed with
machined and grinded specimens which do not contain any stress con
centration factors due to geometry.
The effect of heat input on grain size can also be estimated with the
aid of curve fitting. As discussed above, the grain size significantly af
fects the ductility and fracture behaviour of welded joint. In Fig. 11, the
predictive curves for equivalent circle diameter (ECD) and subgrain sizes
are shown for the FGHAZ and CGHAZ. Curve fitting was based on the
quadratic exponential Eq. (2), whose fitting parameters are shown in
appendix Table 6.C. R-square values for all four curve fittings are 1,
which means that the equation with the given parameters describes the
effect of heat input on grain size perfectly within the considered heat
input range. As shown in Fig. 11, the grain size in fine grained HAZ
(FGHAZ) may be finer than it is in the base material. However, as the
heat input increases, the grain size in the FGHAZ is coarser compared to

Fig. 11. Effect of heat input on ECD (d) and subgrain (d1) grain sizes in the
CGHAZ and FGHAZ.
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unwelded steel.
In Fig. 10, the experimental room temperature results from literature
are also shown. Amraei et al. [9] reported the test results of welded S960
steel with a plate thickness of 8 mm. Tensile tests were performed with
large specimens; the parallel length was 220 mm, and the total length of
the specimen was 860 mm, while the dimensions in this paper are 70
mm and 200 mm, respectively. Double V-groove joints were used with
MAG welding and I-grooves with laser welding. The applied welding
heat inputs were 0.3 kJ/mm for laser welding and 0.7 and 1.44 kJ/mm
for MAG welding. The test results of Guo, Crowther et al. [2] are also
compared. They reported the yield and ultimate strength and total
elongation of laser welded and unwelded S960 steel at 8 mm in thick
ness. The heat input of laser welding was 0.36 kJ/mm. The test specimen
parallel length was 82 mm, and the total length was 200 mm, and tests
were performed in an as-welded state without grinding or post treat
ments. In addition, Guo et al. [38] reported tensile test results of ultranarrow gap laser- and MAG-welded S960 steel with heat inputs of 0.3
and 1.87 kJ/mm. They observed that the fractures of all laser-welded
specimens were in the base material and in a softened HAZ for MAGwelded specimens. Peng et al. [39] reported the ultimate strength of
25 mm thick X-groove multi-beam welded TMCP890 steel. The applied
heat input levels were 1.2, 1.5 and 1.8 kJ/mm. Tensile tests were per
formed before and after heat treatments, but only room temperature
results are compared. Chen et al. [40] tested laser-welded 800 MPa
TMCP steel at 8 mm in thickness. Laser welding was performed at seven
different heat input levels between 0.35 and 0.78 kJ/mm. The results of
unwelded base material were reported as well. The fractures occurred in
the HAZ when heat inputs were a maximum of 0.49 kJ/mm. Above 0.49
kJ/mm, the fractures were in a fusion zone of the laser weld. In Fig. 10,
the heat input 0 kJ/mm means the properties of unwelded base material.
When comparing the tensile test results of this paper and those from
literature, it can be noticed that there is significant deviation between
different test results. The differences may be due to steel grade,
manufacturing method or welding method, for example. What the
strength properties have in common is that the yield and ultimate
strength decrease as the heat input increases. For elongation properties,
the situation is more complicated, and differences are greater, especially
in total elongation. In any case, there are only a few results for S960 steel
in literature and more test results and discussion about heat input effects
are needed, especially at low and elevated temperatures. Based on the
conducted research, there is no adequate scientific justification to
generalize the current findings to other grades of UHSSs. The properties
of UHSSs are quite dependent to their composition, processing route and
welding parameters. However, the methodology and conducted mea
surements are applicable to other UHSS, and thereby the continuation of
the research related to other UHSS grades is needed to be able to
generalize the findings.

properties and the failure mode of the base material and MAG- and laserwelded ultra-high strength S960 steel were determined for the temper
ature range of − 80 ◦ C and + 400 ◦ C. Based on the results, novel math
ematical models for the prediction of the heat input effects on S960 steel
were proposed. The main results are summarized as follows:
- Based on the EBSD study, the morphology and grain size of prior
austenite depends on heat input; higher heat input produced coarser
prior austenite grains, and the grain structure of the base material
was replaced by mostly equiaxed grain structure in the HAZ areas of
MAG-welded joints.
- XRD tests showed that the higher welding heat input produces a
higher amount of retained austenite in the areas of welded joints.
- Both elongation and strength increased when the tensile test tem
perature drops to − 80 ◦ C from room temperature.
- Laser welding with lower heat input produces better strength and
lower elongation properties than MAG welding and higher heat
input, and only the strengths of laser-welded joints are the same level
as unwelded material.
- FE-SEM study showed that the fracture behaviour of all tested
specimens was ductile, and the final failures occurred in the
tempered base material far away from the weld, regardless of heat
input and test temperature.
- The results showed that the enhanced plasticity at cryogenic tem
peratures was not related to the TRIP effect. The finer microstruc
tural features from lower heat input resulted in improved strength
properties of test welds compared to the ones with high heat input.
- The prediction models were proposed to evaluate the behaviour of
ultrahigh-strength S960 steel-welded joints in a suitable heat input
range between arctic and high operating temperatures.
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4. Conclusions
The effects of welding heat input on the microstructure, tensile

Appendix A. Welding procedure
A.1. MAG welding
In MAG welding, filler metal Esab OK Aristorod 89 (EN 16834-A G 89×) 1.2 mm in diameter and shielding gas Mison 25 were used according to
recommendations [37]. The nominal yield strength of Aristorod 89 is 920 MPa and the tensile strength is 940 MPa. In MAG welding, the variation
between the maximum (sample name: HMAG) and minimum (LMAG) heat inputs was achieved by using two different welding travel speeds. When the
welding current and voltage are constant, increasing the travel speed decreases the heat input, and vice versa, according to Eq. (A.1):
[ ]
k • U • I • 60 kJ
Q=
,
(A.1)
v • 1000
mm
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where Q [kJ/mm] is heat input, k is thermal efficiency (0.8 for MAG welding), U is arc voltage [V], I is welding current [A] and v is travel speed [mm/
min] [41]. The maximum heat input in MAG welding was 0.71 kJ/mm and a minimum of 0.61 kJ/mm was performed. Welding parameters are shown
in Table 1.A. V-grooves were machined to a 50◦ groove angle in accordance with the general tolerance ISO 2768-f [42]. The root face of 0 mm was
used, and welding was performed with a 0–0.5 mm root gap. Groove faces were cleaned with brushing to avoid welding defects due to dirt. The plates
were attached on a welding jig with screw clamps and the plates were tack welded together from both ends of a groove before welding.
A.2. Laser welding
Disc-laser Yb:YAG (Trumpf HDL 4002) with a maximum power of 4 kW was used in the experimental setup of laser welding in this study. An energy
input (E) of 0.16 kJ was employed to weld butt welds and I-grooves without a root gap. The energy input value is about 22% of the recommended
maximum value from industrial guidelines. The output power (P) was 4.0 kW and travel speed was 1.5 m/min. The Argon shielding gas was blowed on
the backside of the keyhole through the 65 mm long nozzle 45◦ towards the welding motion. The flow rate of the Argon shielding gas was 30 l/min.
The edges of plates were prepared by machining before welding and argon was used as protection gas.
A.3. Cooling rate
The cooling rate (t8/5) from 800 ◦ C to 500 ◦ C has significant effects on the mechanical properties of the welded joint because the cooling rate
between these temperatures controls the main microstructural changes that occur in the material during a welding process. The cooling rate, t8/5,
depends on the welding parameters and heat input according to a commonly used Eq. (A.2) from EN 1011–2 [43]:
[(
)2 (
)2 ]
Q2
1
1
t8/5 = (4300 − 4.3 • T0 ) • 105 • 2 •
• F2,
(A.2)
−
500 − T0
800 − T0
d
where T0 is initial plate temperature, Q [kJ/mm] is welding heat input, d [mm] is plate thickness and F2 is joint shape factor [43]. Eq. (A.2) gives the
two-dimensional cooling rate and is suitable for low-alloyed steels. Steel manufacturers usually provide the recommended t8/5 rates based on steel
strength and thickness, and for S960, the cooling rate range is 1–15 s [37]. Those cooling rates produce the minimum impact toughness of 27 J at
− 40 ◦ C. Generally, the ultrahigh-strength steels are more difficult to weld compared to mild steels because the cooling rate limits the welding heat
input. A shorter cooling rate and smaller heat input lead to higher strength of the welded joint, hence the high strength steels should be welded with as
low heat input as possible.
The calculated t8/5 values from Eq. (A.2) for HMAG, LMAG and Laser welds are 15.1 s 9.2 s and 0.7 s, respectively, as shown in Table 1.A. In the
calculations, the initial plate temperature was 20 ◦ C and the shape factor for butt welds was 0.9. In the research, two-dimensional calculations were
done because three-dimensional calculations give unrealistic low t8/5 values, which means that cooling between 800 and 500 ◦ C follows twodimensional cooling rather than three-dimensional cooling.
Table 1.A
Parameters of MAG and laser beam welding.
Parameter

HMAG

LMAG

Laser

U [V]
I [A]
v [mm/min]
Q [kJ/mm]
P [kW]
E [kJ/mm]
t8/5 [s]

22
230–235
350
0.69–0.71
5.1–5.2
0.86–0.89
13.5–14.3

22
230–235
410
0.59–0.61
5.1–5.2
0.74–0.76
9.9–10.6

–
–
1500
0.16
4.00
0.16
0.7

Appendix B. Tensile tests
B.1. Tensile test specimens
The dimensions of tensile test specimens are shown in Fig. 1.B. The similar base material specimens were used in [19].
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Fig. 1.B. Dimensions of tensile test specimens [19].

B.2. The fracture
Fracture surface of the MAG-welded and laser-welded specimens for two tensile tests at − 80 ◦ C and + 20 ◦ C are shown in Fig. 2.B. and Fig. 3.B.,
respectively.

Fig. 2.B. Fracture surfaces of MAG-welded specimens.

Fig. 3.B. Fracture surfaces of laser-welded specimens.
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Appendix C. Prediction models
C.1. Prediction of mechanical properties
Yield and ultimate strengths and uniform and total elongations of unwelded S960 base material and welded steel with allowable heat input values
can be predicted as a function of operating temperature (− 80 − +400 ◦ C) based on a Gaussian quadratic Eq. (C.3):
(
−

f (x) = a1⋅e

)2
x− b1
c1

(
−

+ a2⋅e

)2

x− b2
c2

(C.3)

where x is test temperature and ai, bi and ci are fit parameters shown in Tables 3.C and 4.C.

Table 3.C
Fit parameters for strength properties as function of temperature.
Yield Strength Rp0.2

Tensile Strength Rm

(Ae3)

HMAG

LMAG

Laser

BM

HMAG

LMAG

Laser

BM

a1
b1
c1
a2
b2
c2
R2

848.2
− 800
3337
− 72.64
158.3
100
0.7237

999.0
− 383.5
724.8
450.2
412.9
291.4
0.8552

1.61e16
− 5422
941.8
964.3
113.0
868.4
0.9919

6.701e+15
− 2220
377.6
1052
− 2.56
991.6
0.9893

512.1
− 200.5
221.5
824.8
350.2
725.3
0.9813

393.3
− 192.1
178.4
845.3
281.9
892.5
0.955

3.91e16
− 9014
1571
967.6
290.4
804.3
0.9933

2.41e+16
− 4933
855.1
1134
171.8
601.3
0.9849

Table 4.C
Fit parameters for elongation properties as function of temperature.
Uniform Elongation Agt

Total Elongation At

(Ae3)

HMAG

LMAG

Laser

BM

HMAG

LMAG

Laser

BM

a1
b1
c1
a2
b2
c2
R2

5.382
− 325.8
281.1
2.982
933.9
933.9
0.8952

3.055
− 228.9
226.3
541.3
5172
1975
0.7914

6.796
1694
1083
1.388
− 168.8
191.7
0.9686

3.0
− 138.8
123.9
2.562
184.3
400.0
0.8648

124.1
− 1421
741.1
426.7
2343
883.8
0.8902

691.4
− 3205
1382
3.621
520.7
211.5
0.8554

3.581e42
1.804e4
1793
6.486e36
− 43,270
4720
0.9087

5.985
− 129.9
140.0
7.017
268.0
445.5
0.7804

C.2. Prediction of heat input effects
The effects of heat input on yield and ultimate strengths between 0 and 0.71 kJ/mm at different operating temperatures (− 80, +20 and + 400 ◦ C)
can be estimated based on a Gaussian Eq. (C.3) and fitting parameters in Table 5.C. The effects of heat input between 0 and 0.71 kJ/mm at different
operating temperatures on elongation properties can be estimated based on a quadratic exponential function (C.4):
(C.4)

f (x) = a⋅e(b⋅x) + c⋅e(d⋅x)

where a, b, c and d are fitting parameters and shown in Table 6.C.
The effects of heat input on the grain size of different HAZ areas can be predicted based on a quadratic exponential function (C.4). The fitting
parameters for each HAZ area are shown in Table 7.C.
Table 5.C
Fitting parameters for predicting the effect of heat input on yield and ultimate strengths at different operating temperatures.
Yield strength Rp0.2

Ultimate strength Rm

(Ae3)

− 80 ◦ C

20 ◦ C

400 ◦ C

− 80 ◦ C

20 ◦ C

400 ◦ C

a1
b1
c1
a2
b2
c2
R2

136.7
0.1386
0.3705
1.032e4
− 15.26
9.993
0.9985

200
− 4.148e-14
0.3468
6868
− 32.28
22.36
0.9981

263.5
1.112
0.5279
899.2
− 0.1402
1.333
0.9803

180.8
− 0.2866
0.6516
3.669e13
− 308.5
62.61
0.9979

849.2
− 4.359e-10
100
360
− 0.259
0.5113
0.9942

342
− 148.6
218.5
848.4
− 0.7851
2.533
0.9823

17

L. Keränen et al.

Journal of Constructional Steel Research 198 (2022) 107517

Table 6.C
Fitting parameters for predicting the effect of heat input on uniform and total elongations at different operating temperatures.
Uniform elongation Agt

Total elongation At

(Ae4)

− 80 ◦ C

20 ◦ C

400 ◦ C

− 80 ◦ C

20 ◦ C

400 ◦ C

a
b
c
d
R2

3.024
− 13.95
1.00
1.421
0.9027

2.022
− 11.24
0.678
1.278
0.94

0.395
− 10.0
1.508
0.139
0.5639

7.757
− 13.0
1.337
1.855
0.9588

5.787
− 15.0
1.248
1.371
0.9795

3.898
− 8.00
2.537
0.4995
0.8933

Table 7.C
Fitting parameters for predicting the effect of heat input on grain sizes in different HAZ areas.
(Ae4)

CGHAZ d

CGHAZ d1

FGHAZ d

FGHAZ d1

a
b
c
d
R2

1.041
− 1.174
0.3888
3.184
1

0.7155
− 1.373
0.4845
2.609
1

1.428
− 0.1624
0.001749
9.791
1

1.194
− 0.5794
0.006074
7.984
1
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