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InvestIgatIon of Beam WeldIng technologIes effect on the ProPertIes  
of Welded JoInts of s960mc steel

the work is focused on welding of fine-grained ultra-high-strength steel S960MC by laser beam welding and electron beam 
welding technologies. For a given type of steel, when the heat input is exceeded, the mechanical properties of welded joints will 
deteriorate. as a result, using beam welding technologies to limit the amount of heat input is recommended. Several butt welds 
were made, and mechanical tests and macroscopic analyses were performed to determine the impact of welding parameters on 
mechanical properties. Using beam welding technologies, the value of heat input was reduced by up to 73% compared to gas metal 
arc welding. When compared to a gas metal arc welded joint, the width of the soft zone was reduced by 69 to 79%. this resulted in 
a considerable reduction in the width of the soft zone, which was reflected in a 24% increase in yield strength and a 23% increase 
in tensile strength compared to gas metal arc welding.
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1. Introduction

the share of high-strength steels in the global steel market 
is growing every year. the reason is not only the ever-growing 
automotive industry, which consumes up to 70% of the world’s 
high-strength steel production, but also the general requirement 
to reduce the weight of structures in other industries. For this 
reason, production of high-strength steels is expected to almost 
double in 2027 compared to 2019 [1]. the steel market currently 
offers several types of high-strength steels, which differ in me-
chanical properties, method of production, chemical composi-
tion, or various specific properties. High Strength Low alloyed 
(HSLa) steels account for the largest, more than 50%, of the 
world’s total production of high-strength steels [2].

HSLa steels have undergone significant development in 
recent decades, resulting in new types of steels with increased 
yield strength (YS). the essence of these steels is a suitable 
combination of applied strengthening mechanisms, which, un-
like other types of steels, are not based on a gradual increase 
of carbon content and alloying elements. Primarily, a grain 
boundary strengthening is used, which as the only strengthening 
mechanism allows the strength of the material to increase without 
a significant decrease in ductility [3]. in combination with pre-
cipitation strengthening with (ti, nb) (C, n) type particles and 

dislocation strengthening, high-strength steel with good ductility 
and cold formability is formed [4-6]. in order to apply all the 
mentioned strengthening mechanisms, it is necessary to use a pro-
duction process consisting of controlled rolling and controlled 
cooling – thermo-mechanically controlled process (tMCP).

among the biggest issues in welding these types of steels 
are hydrogen induced cracking (HiC) and softening. Cracking 
may appear in conditions where the cooling rate is too high (e.g. 
wet welding) [7,8]. However, since the current tMCP steels are 
more resistant to HiC, the limitations in the welding process are 
mainly aimed at suppressing the formation of the soft zone in 
the HaZ [9]. this phenomenon is generally known as the sof-
tening effect and is observed for materials formed by unstable 
bainite and martensite phases. the cause are irreversible changes 
in microstructure of base material in areas of the HaZ caused 
by the heat from welding process. the reason is a decrease in 
the strengthening effects when exposed to high temperatures, 
which is characteristic of the above-mentioned strengthening 
mechanisms applied to the steel. While in case of grain bound-
ary strengthening, the decrease in YS is observed only after 
the austenitizing temperature is reached (increase in austenitic 
grain), in case of dislocation strengthening there is a significant 
decrease in the dislocation density and the related decrease in the 
strengthening effect already at temperatures above 400°C [10-13]. 
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the coaersing of the (ti, nb)(C, n) precipitates, which also con-
tribute to the decrease in the YS, also partially contributes to the 
softening effect [14]. the most significant decrease in hardness 
occurs in areas between Ac3-Ac1 temperatures and in areas below 
Ac1, where no recrystallization occurs but the microstructure is 
affected by tempering of bainite and martensite. Studies focused 
on the weldability of tMCP steels show a significant effect of heat 
input and cooling rate on the resulting mechanical properties of 
welded joints [15-19]. at higher values of heat input, the risk of 
decrease in strength of the welded joint appears. the thickness 
of the welded material must be also considered when assessing 
the impact of the soft zone width on the strength. as a result, 
the relative thickness of the soft zone (XSZ) is calculated, which 
is calculated as the ratio of the soft zone width to the material 
thickness. When welding sheets of larger thicknesses, there is 
no decrease in mechanical properties even at higher values of 
heat input [17,20,21]. Problems occur when welding thin sheets, 
where there is insufficient heat transfer from the weld area. 
therefore, it is recommended to minimize the heat input when 
welding the given steel types, to minimize the relative thickness 
of the soft zone. Studies have shown that sufficient narrowing of 
the soft zone will affect the weld by the constraint effect. Mate-
rial with higher strength surrounding the softened HaZ creates a 
hydrostatic stress by the means of constraint boundary condition, 
which increases the joint strength and ductility [21-24].

the issue of welding thin sheets of tMCP steels using the 
gMaW method has been addressed, for example, by Jambor 
et al. [15] and Mičian et al. [16]. these studies investigated 
the influence of the welding process on the resulting mechani-
cal properties of welded joints, which, despite the significant 
heat input decrease, did not reach the strength required by the 
standards. one of the solutions to this issue may be the applica-
tion of technologies using concentrated energy sources such as 
laser beam welding and electron beam welding [17,25-27]. the 
mentioned technologies achieve higher energy density compared 
to arc welding technologies. the decrease in heat input will 
significantly affect the width of the softened area which reduces 
the decrease in the strength of welded joints [28].

the purpose of this work is to assess the influence of beam 
welding technologies on the properties of the soft zone in the 
HaZ as well as the influence of the width of the soft zone on 
the resulting mechanical properties of welded joints. due to 
the character of the fusion zone and the low heat input of beam 
welding technologies, a significant narrowing of the soft zone 
is expected. For a more detailed comparison and understanding 
of the results, they will be compared with existing welded joints 
welded by gMaW and MCaW technologies.

2. materials and methods

2.1. experimental material

the base material used to make the welded joints was 
structural steel Strenx 960 MC (SSaB aB, Sweden) with 

thickness of 3 mm. the sheet metal was produced by a thermo-
mechanical controlled process (tMCP), which in combination 
with suitable chemical composition leads to the formation of 
a fine-grained microstructure. the microstructure of the steel 
consists by a mixture of fine-grained bainite, martensite and 
tempered martensite (fig. 1).

fig. 1. Martensite-bainitic structure (a) and eBSd grain size analysis 
(b) of tested S960MC steel (Hv 20 kv, step size 0,2 um)

Mechanical properties of the steel according to the inspec-
tion certificate are shown in taBLe 1. the chemical composi-
tion of the steel based on the inspection certificate from the 
manufacturer is shown in taBLe 2.

taBLe 1

Mechanical properties of S96MC according to the inspection  
certificate

Rp0,2 [mPa] Rm [mPa] A [%] cet/cev Kv –40°c [J]
1018 1108 6.7 0.28/0.51 32
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taBLe 2

Chemical composition of S960MC according to the inspection  
certificate (wt.%)

c si mn P s al nb v
0.085 0.18 1.06 0.01 0.003 0.036 0.002 0.007

ti Cu Cr ni Mo n B  
0.026 0.01 1.08 0.07 0.109 0.005 0.0015  

the filler material used in the laser beam welding with 
the filler material variant was Union X96 L-MC wire with di-
ameter of 1 mm (voestalpine, austria) with classification g89 
5 M21 Mn4ni2.5CrMo according to Stn en iSo 16834-a. 
the chemical composition of the filler material guaranteed by 
the manufacturer is given in taBLe 3.

taBLe 3

Chemical composition of Union X96 L-MC according  
to manufacturer (wt.%)

c si mn cr ni mo
0.12 0.8 1.9 0.45 2.35 0.55

2.2. Welding procedure

Welded joints were made using laser beam welding (LBW) 
and electron beam welding (eBW) technologies. Sheets of 

S960MC steel with dimensions 150×300×3 mm were welded 
for both technologies as closed square butt joints (no root open-
ing). the welding edges were thoroughly cleaned and degreased 
before welding. the laser-welded joints welded without filler 
material marked as LBW-S2 (Standard 2), welded with filler ma-
terial marked as LBW-FM, and welded without filler material 
with additional dressing marked as LBW-d (dressing) were 
made on trUMPf trudisk 4002 (trUMPf, germany) device. 
the laser-welded joint welded without filler material marked as 
LBW-S1 (Standard 1) was made on YLr 4500 (iPg Photonics, 
USa) device. all joints were shielded by 4.6 argon (the weld root 
was protected with helium shielding gas). the welding process 
of LBW-S2 variant is shown in Fig. 2a. the LBW-FM weld was 
welded using a filler material with wire feed speed 0.5 m.min–1. 
the eBW welded joint was made on the PZ eZ4 (first welding 
company inc., Slovakia) device. the welded parts were clamped 
in the jig without stitching tack welding (fig. 2b).

Welding parameters for LBW are shown in taBLe 4 and 
welding parameters for eBW are shown in taBLe 5.

taBLe 4
Welding parameters of LBW welded joints

Weld Power 
[W]

travel speed 
[mm.s-1]

focus 
[mm]

Gas flow 
[l.min–1]

heat input 
[kJ.cm–1]

LBW-S1 4250 30 +3.5 6 1.41
LBW-S2 2000 20 –1.0 30 1.00
LBW-FM 2000 18 –1.0 30 1.11
LBW-d* 2000 20 –1.0 30 1.00

LBW-d** 2000 20 +10.0 30 1.00
* – 1st layer (weld); ** – 2nd layer (additional dressing)

taBLe 5
Welding parameters of eBW welded joint

Weld accelerating 
voltage [kv]

Welding 
current 
[ma]

travel 
speed 

[mm.s–1]

chamber 
pressure 

[Pa]

heat 
input  

[kJ.cm–1]
eBW 55 100 40 <1,2.10–2 1.37

the heat input for electron beam welding was calculated 
according to eq. (1) and for laser beam welding according to 
eq. (2).
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2.3. mechanical testing and macroscopic analysis

after the welding process, test specimens were taken from 
all welds for a tensile test, a hardness test, a bend test, and struc-
tural analysis. For the purpose of the tensile test, two samples 
were taken from each welded joint, from which the average 
values of yield strength, tensile strength, and elongation were fig. 2. Welding of experimental welded joints by LBW (a) and eBW (b)



1056

determined. dimensions of the test specimen were made accord-
ing to the Stn en iSo 4136 standard to perform the tensile 
strength test. Measurements were realized on an inStron 5985 
(instron, USa) testing device.

the bend test was performed on four samples from each 
welded joint according to Stn en iSo 5173, where two samples 
were loaded from the root side (trBB) and two samples from 
the face side (tfBB) of the weld. the essence of the test was 
the three-point bending deformation of the test specimen by load 
former up to the prescribed bending angle or until the detection 
of cracking. the diameter of the load former was determined to 
be 35 mm according to the ductility of the base material. eq. (3) 
describes the calculation of the load former diameter (ød). the 
test was performed on a WdW 20 (Jinan kason testing equip-
ment Co., Ltd, China) testing device.

 

 
 

 

100   mm  
 %

  mm

specimen thickeness
ød

A

specimen thickness


 

  (3)

the linear hardness measurements were performed by the 
vickers method (Hv0.1) on an innovatest nexus 4300 (innovat-
est, the netherlands) testing device. Based on these measure-
ments, the width of the soft zones was evaluated. the soft zone 
is considered to be the HaZ area with a hardness drop below 
90% of the hardness of the base material. this criterion is based 
on literature review and has also been confirmed by physical 
simulations [8]. an area where hardness is less than the selected 
criterion value is considered the soft zone. the line was guided 
through the center of the material thickness, the individual in-
dentations being spaced 100 µm apart. the total amount of 121 
measurements for each welded joint were made. 

the macrostructures of the welded joints were analyzed by 
a neophot 2 (Carl Zeiss, germany) device. all samples were 
etched with 2% nital.

3. results and discussion

3.1. tensile test

the average values of the yield strength (YS), tensile 
strength (tS), and elongation for each welded joint and base 
material are shown in taBLe 6. the values for the base mate-
rial are based on our own measurements and will serve as the 
reference values for further calculations. Since the given mate-
rial does not show a significant yield point, the value of the 
yield strength Re had to be replaced by the offset yield point 
(or proof stress) Rp0.2, which is taken as the stress where 0.2% 
plastic deformation occurs. the yield point was for all welded 
joints determined graphically from the working diagram of the 
tensile test. Fig. 3 shows the fracture profiles of all welded joints. 
the fracture/initial crack was for every welded joint localized to 
the sub-critical HaZ (SCHaZ). the same results were observed 
by Mičian et al. [8], or by amraei et al. [29].

fig. 3. fracture profiles made after the tensile test: (a) eBW, (b) LBW-
S1, (c) LBW-S2, (d) LBW-fM, (e) LBW-d

taBLe 6

Mechanical properties of the evaluated welded joints  
of S960MC steel

specimen Rp0.2 
[mPa]

average value
Rp0.2 [mPa]

Rm 
[mPa]

average value
Rm [mPa]

A
[%]

Base 
material 1007 1007 1092 1092 7,9

eBW
993

989
1016

1017 2,2
986 1019

LBW-S1
997

998
1027

1026 2,3
999 1025

LBW-S2 1078
1079 1079 1153

1152 1152 4,1

LBW-FM
998

998
1083

1085 6,0
998 1087

LBW-d
1089

1091
1130

1129 2,47
1092 1127

results showed that the yield strength and the tensile 
strength reached the required minimum values of the base ma-
terial. these were set by the standard Stn en iSo 10149-2 at 
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960 MPa for the YS and 980 MPa for the tS. it is also possible 
to observe a significant elongation decrease compared to the 
base material.

3.2. Bend test

the bend test showed sufficient deformation properties for 
all laser welded joints. in the case of eBW welded joint, cracks 
appeared during the test on one of the test specimens (fig. 4), 
based on which it is possible to state unsatisfactory deforma-
tion properties of the given welded joint. a crack appeared on 
the face-loaded sample (tfBB) and the crack was initiated in 
the SCHaZ.

fig. 4. Cross-section of the eBW welded joint after the bend test

3.3. hardness measurements

Hardness measurements were realized to analyze the soften-
ing effect in the HaZ. Based on the measured values the width of 
the soft zone was determined for all welded joints. the character 
of hardness is similar for all assessed welds and is characterized 
by a hardness drop in the HaZ. due to the significantly narrow 
HaZ and distances between indentations, it is not possible to 
observe a typical increase in hardness in the fine-grain HaZ 
(fgHaZ), as is typical for gMaW welded joints [8]. the results 
of the linear hardness measurements are shown in the fig. 5.

the largest hardness drop was observed the inter-critical 
HaZ (iCHaZ) for all samples and reached values from 75% to 
78% of base material hardness. the average hardness value of 
the base material (BM) was 384 Hv0.1. Based on this value, 
the criterion value for the soft zone was set at 346 Hv0.1 (90% 
of the BM hardness value). Based on these measurements, the 
width of the soft zone was determined for all assessed welds. 
the soft zone width values are given in taBLe 7.

3.4. macroscopic analysis

Macroscopic analysis was performed on the cross-sections 
of welded joints. the images show a narrowing of the HaZ 
associated with a decrease in heat input for LBW-S2 welded 
joint compared to LBW-S2 welded joint. it is also possible to 

observe an improvement in the surface (removal of notches) in 
the variant using a filler material (LBW-fM) and with the variant 
using additional dressing (LBW-d) compared do variants welded 
without filler material (LBW-S1, LBW-S2, eBW).

fig. 5. Linear hardness measurements for all assessed welded joints

taBLe 7

values of the width of the soft zones and the relative thicknesses  
of the soft zones (XSZ)

method
soft Zone [mm]

XsZ [-]left side of the 
haZ

right side of 
the haZ

eBW 1.03* 0.85 0.34
LBW-S1 1.10* 0.85 0.37
LBW-S2 0.72* 0.65 0.24
LBW-FM 0.75* 0.62 0.25
LBW-d 0.69* 0.60 0.23

* the side of the weld on which the fracture occurred and from which 
the XSZ value was calculated.
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fig. 6. Macroscopic analyses of welded joints: (a) eBW, (b) LBW-S1, 
(c) LBW-S2, (d) LBW-fM, (e) LBW-d

3.5. the softening effect for s960mc welded joints

after measuring the width of the soft zone for all LBW and 
eBW welded joints, the values were converted to the relative 
thickness of the soft zone parameter. the given parameter was 
obtained as the ratio of the width of the soft zone to the thickness 
of the material. thanks to this recalculation, it will be possible 
to consider the thickness of the welded material (in this case 
only a plate with thickness of 3 mm was used). the values of the 
relative thickness of the soft zone were subsequently compared 
with the relative values of YS and tS. the values of YS and tS 

of the welded joints were recalculated in the used graph with 
respect to the value of YS and tS of the base material (taBLe 6).

For comparison, the Fig. 7 also shows the values of welded 
joints welded by gMaW and MCaW technologies. the values 
of YS, tS and XSZ for these welds (gMaW, MCaW) come 
from already performed experiments, the results of which were 
published in Mičian et al. [8]. this comparison makes it pos-
sible to observe a significant difference between beam welding 
technologies and arc welding technologies in all the observed 
parameters.

the values belonging to YS/tS are connected by a power 
trendline. Such an expression best describes the effect of the 
relative thickness of the soft zone on YS/tS of welded joints.

Fig. 7. influence of the relative thickness of the soft zone (XSZ) on the 
yield strength (YS) and tensile strength (tS) of the S960MC welded 
joints

taBLe 8
the values of relative YS/tS and relative thickness  

of the soft zone [XSZ]

relative Ys [–] relative ts [–] XsZ [–]
LBW-S1 0.99 0.94 0.37
LBW-S2 1.07 1.04 0.24
LBW-FM 0.99 0.99 0.25
LBW-d 1.08 1.03 0.23

eBW 0.98 0.93 0.34
gMaW-S [16] 0.88 0.84 1.08
gMaW-P [16] 0.91 0.86 1.03

gMaW-CMt [16] 0.92 0.87 1.00
MCaW-S [16] 0.94 0.89 0.92

MCaW-S cooled [16] 0.95 0.89 0.73
* the relative values of YS and tS are calculated from the BM values 

from taBLe 6.

4. conclusions

the significant reduction of heat input was achieved using 
beam welding technologies. the value of heat input was reduced 
by up to 73% compared to gMaW welding technology [8]. this 
significant decrease of heat input caused a decrease in the width 
of the soft zone, which was also reflected in the values of yield 
strength and tensile strength. these findings are consistent with 
similar experiments and simulations performed on tMCP steels 
[23,24,30-33]. the width of the soft zone was reduced by 69% 
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in the case of eBW, and by up to 79% in the case of LBW, com-
pared to the gMaW-S welded joint. Yield strength and tensile 
strength reached the required values for all welded joints. in the 
case of LBW-S2 and LBW-d, the YS and tS values exceeded 
the values of the base material. it can be concluded that with a 
sufficiently small value of XSZ, it is possible to achieve YS and 
tS at the level of base material. it follows that for values of the 
relative thickness of the soft zone less than 0.65, YS and tS 
should reach the standard required values applicable to S960MC 
steel. according to fig. 7 it can be also seen that the softening 
effect has a more pronounced effect on a decrease in YS than 
on a decrease in tS. 
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