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Assessment of the Possibility of the Laser Welding of High
Strength Steel Having a Yield Point of 1100 MPa

Abstract: The article presents selected results of technological tests involving the
welding of high-strength steel (with a guaranteed yield point of 1100 MPa) using
arobotic laser beam welding station. The joints made in the tests were subjected
to visual, macroscopic and microscopic tests as well as to hardness measurements.
The obtained results revealed the presence of martensitic-bainitic structure in
the cross section of the welded joint and the presence of a narrow zone charac-

terised by low hardness (softened zone).
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Introduction

Among presently available structural steels, high-
strength steels are enjoying growing popularity.
The high strength of such steels is obtained in a
metallurgical process through a controlled ther-
mo-mechanical treatment. High-strength steels
are obtained as a result of the thermomechanical
treatment or toughening. High-strength steels
according to PN-EN 10025-6 include a group of
steels having a guaranteed yield point of up to
960 MPa. In turn, the product range offered by
SSAB or TyssenKrupp includes steels character-
ised by even higher strength, e.g. S1100 or S1300.
However, an increase in the yield point comes at
the expense of the reduced weldability of these
steels [1]. An increase in the yield point is con-
nected with the obtainment of the appropriate
structure, hardness and the chemical compo-
sition of steel. As a result, if the content of car-
bon and the carbon equivalent are relatively low,

a decrease in toughness or the effect of soften-
ing in the heat affected zone may be of key im-
portance as regards the functional properties
of welded joints. An important aspect related
to the welding of high-strength steels is a rela-
tively low heat input to the steel. Because of this,
arc welding processes should be automated and,
in many cases, replaced with welding processes
characterised by high power density such as laser
beam welding, electron beam welding or hybrid
processes. The application of the above-named
processes enables the reduction of the negative
effect of the welding thermal cycle on mechan-
ical properties.

Steels subjected to toughening are char-
acterised by hard, i.e. martensitic or marten-
sitic-bainitic, structure. The above-named
fact limits machinability during the pre-weld
preparation of edges. Another negative aspect
is the adverse effect of heat as an excessive heat
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input to steel results in its tempering. In addi-
tion, in steels containing a molybdenum addi-
tion, the heating of the metal to a temperature
below that of tempering may trigger the precip-
itation of molybdenum carbides, located along
grain boundaries and responsible for the brit-
tleness (low toughness) of welded joints. A heat
input can take place during welding or as a re-
sult of heat-related processes (application of ex-
cessively high temperature) during operation.
The above-presented situation may lead to a
significant decrease in mechanical properties
(as a result and, consequently, the deterioration
of the functional properties of a product. The
foregoing leads to the conclusion that the ap-
propriate control of a heat input to the materi-
al is crucial for the welding process [2].

The article presents selected test results re-
lated to the welding of toughened steel having
a yield point of 1100 MPa made using a robot-
ic laser beam welding station. The test results
include the results of microstructural tests and
those of Vickers hardness tests.

Laser beam welding station

To provide required welding process efficiency,
the robotic welding station was equipped with
a laser beam-based welding power source IPG
Photonics having a power of 6 kW, an M710iC
robot (Fanuc) and a biaxial welding positioner.
Welding parameters were controlled using the
robot control system. Figure 1 presents the sche-
matic diagram of the welding station, where-
as Figure 2 presents an exemplary welding cell.
The crucial aspect of a laser welding cell is the
application of a tight screen separating the cell
interior from its surroundings and aimed to
prevent health and life hazards resulting from
laser radiation.

The use of the welding robot arm as the ma-
nipulator of the welding arm enabled fast, pre-
cise and repeatable movements of the laser head
along edges being joined. The welding tests re-
vealed that it was possible to make precise butt
welded joints of 6 mm thick plates.
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Fig. 1. Schematic integration of the components of the
robotic laser beam welding station

Fig. 2. Exemplary welding cell for laser beam welding pro-
cesses — model in the RoboGuide environment; two-sided
station with a screen and a 2-axial positioner

Fig. 3. Exemplary modelling of the technological welding
process for a laser beam welding station equipped with
a welding robot integrated with a 2-axial positioner; a
workpiece (housing) is fixed to the positioner
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The application of the computer-aided sys-
tems (where all welding station elements are
defined) for the modelling of technological pro-
cesses enabled the fast design of the welding
trajectory as well as made it possible to veri-
ty if the fixtures were used properly (already at
the design stage and not during welding tests).

Test material

The tests involved the use of 6 mm thick plates
made of steel having a yield point of 1100 MPa.
The chemical composition and selected mechan-
ical properties of the steel are presented in Table
1. The plates (100 mm x250 mm) were cut out
using the abrasive blasting process. Afterwards,
the plates were subjected to cleaning performed
to remove residual corrosion and other impu-
rities. The process of welding was performed
along the longer edge. Before welding, the edges
were subjected to grinding. The gap between the
ground surfaces mounted to less than 0.1 mm.
The plates were joined by means of terminally lo
cated tack welds. The welding process was per
formed at a rate restricted within the range of 1
m/min to 3 m/min and beam power restricted
within the range of 4 kW to 6 kW. The most fa-
vourable geometry of the face and root was ob-
tained using a welding rate of 1.5 m/min and a
power of 5 kW. The welding process enabled the
obtainment of a butt joint with full penetration
in one run of the beam.

Table 1. Chemical composition and selected mechanical
properties of steel S1100QL according to ThyssenKrupp,
heat analysis, % by weight

C Si Mn Cr Ni Mo A%
<0.2 | <0.50 |[<1.70| £1.70 | £2.50 | <0.70]1<0.012
S - max. 0.005 | P - max. 0.02 B - max. 0.005

Yield point, Tensile Elongation

R (MPa) strength, A (%)
R, (MPa)
1100 1200-1500 8

Visual assessment and macroscopic
tests

The visual assessment of the welded joint
was based on the PN-EN ISO 17637 standard.
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The joint represented quality level B accord-
ing to PN-EN ISO 13919-1. Figure 4a presents
a fragment of the weld face after welding with
visible layers of tarnish.

Fig. 4. Weld face (a) and the macrostructure in the
cross-section of the joint (b)

To reveal the macrostructure of the welded
joint it was necessary to sample the latter in the
cross-section perpendicular to the weld axis. The
specimen was included in epoxy resin and sub-
jected to grinding with water-based abrasive pa-
per and polishing with polishing cloth and the
water slurry of ALO,. The metallographic speci-
men prepared as described above was subjected
to chemical etching in the 4% alcohol solution
of nitric acid. The test revealed the regular shape
of the face and that of the root. On the root side
it was possible to notice slight excessive penetra-
tion whereas on the face side it was possible to ob-
serve slight two-sided concavity (below 0.1 mm).
In addition, it was possible to notice the slight
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misalignment of the joined edges. The obtained
weld was characterised by a symmetric shape and
a uniform width restricted within the range of
approximately 0.8 mm to 0.9 mm, which corre-
sponded to a joint shape factor of (b/h) restrict-
ed within the range of approximately 0.13 to 0.16.
The width of the HAZ heated above A, did not
exceed 0.6 mm and was sharply outlined. Within
approximately 1.5 mm, it was possible to observe
different behaviour during etching. The presence
of the concavity of the weld face required the per-
formance of grinding aimed to obtain the surface
without the notch, potentially responsible for the
reduction of mechanical properties under fatigue
and changes of steel properties in the area heated
below A, resulting from the effect of the weld-
ing thermal cycle.

Microscopic tests

The base material was characterised by the fine-
grained martensitic structure and martensit-
ic-bainitic structure with dispersive precipitates
of carbides and carboni-
trides located along
boundaries of martens-
ite laths and inside them.
The presence of carbides
resulted from the pres-
ence of molybdenum and
vanadium in the chemical
composition. A strongly
carbide-forming chemical
element added to tough-
ened steels is niobium.
The presence of carbides
enables the formation of
the fine-grained struc-
ture and the obtainment
of favourable mechani-
cal properties. However,
the foregoing is also con-
nected with the deterio-
ration of steel weldability
because of the tempering
effect in the heat affected
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HAZ - microscopic view containing
characteristic areas (from the right):
superheated zone, fine-grained zone,
partial crystallisation zone
and base material area
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zone and the area adjacent to the HAZ.

The HAZ of the welded joint contained three
sharply outlined zones, i.e. a superheated zone,
a fine-grained zone and a very narrow zone
of partial recrystallization. The above-named
areas contained the martensitic or martensit-
ic-bainitic structure (of various morphology).
The area heated (during welding) up to a tem-
perature restricted within the range of A_ to
A, (zone of partial recrystallization) contained
bright fields of fresh martensite against the dark
etching structure of high-tempered martensite.
In turn, the superheated area, in the direct vi-
cinity of the fusion line, was characterised by
grain growth (very narrow area).

Because of the presence of precipitates of car-
bides and carbonitrides along the boundaries
of former austenite, the 1 mm wide base ma-
terial area heated below A was characterised by
sharply outlined boundaries of former austenite
grains and the presence of bright areas formed as
a result of steel tempering and grain formation

Base material - tempered martensite structure)

Fine-grained zone (3), partially
crystallised zone (2)
and base material (1)
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Partially crystallised zone (1)
and adjacent area heated below Acl

Bl

Weld - zone of transcrystallisation in the weld axis; coarse-crystal structure
martensitic structure - lath martensite

Fig. 5. Microstructure of the welded joint; etchant: 4% Nital (description under the

photographs)

The weld contained the martensitic structure

with columnar crystals located between the fu-
sion line and the weld axis. The aforesaid ar-
rangement resulted from the narrow width of
the weld and the fast discharge of heat to the
base material. The arrangement of the columnar
crystals, noticed already during the macroscop-
ic tests, was observed along the en-
tire length of the weld (Fig. 4b).
Because of the high purity of the
steel (low contents of S and P), the
crystal contact area did not con-
tain the band of impurities. Exem-
plary microstructures along with
their characteristics are presented
in Figure 5.

Hardness measurements

Hardness measurements were
based on the Vickers hardness
test performed under an indenter
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Zone of high-tempered martensite heated
below Acl (visible boundaries of former
austenite)
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load of 3 kG. The tests in-
volved the use of a met-
allographic specimen
perpendicular to the weld
axis. The metallograph-
ic specimen was subject-
ed to grinding, polishing
and chemical etching. In-
dents were made along
the measurement line at
the half of the joint depth
from the base materi-
al side, through the HAZ,
weld and the HAZ on the
side opposite the base ma-
terial. The hardness tests
revealed that the joint was
characterised by a signifi-
cant scatter of results re-
stricted within the range
of approximately 340 HV3
to 460 HV3 (i.e. a range of
120 HV3). In individual ar-
eas, changes in hardness
were relatively small in relation to that of the
base material — approximately 380-400 HV3
(R,=1200-1275 MPa). The tests revealed an in-
crease in hardness in the weld up to approxi-
mately 410-420 HV3 (R,=1330-1385 MPa) and
in the HAZ up to 460 HV3 (R ,=1540 MPa). On
the base material side, behind the area of partial

Fig. 6. Distribution of hardness HV3 in the cross-section of the laser beam

welded joint made in steel S1100QL
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crystallisation, it was possible to notice a sig-
nificant decrease in hardness to approximately
340 HV3 (R,=1065 MPa). The foregoing indi-
cated the presence of the softened zone having
a width of approximately 0.6 mm. The hard-
ness decrease in the above-named area in rela-
tion to the base material was relatively low, i.e.
to approximately 40 HV3, where the lowest val-
ue was obtained only in the area of the first in-
dent (approximately 0.1 mm to 0.2 mm). The
presence of such a narrow softened zone did not
affect the mechanical properties of the welded
joint under axial tension conditions.

Summary

The above-presented tests revealed it is possible
to obtain high-quality laser beam filler metal-
free welded joints in high-strength steel having
a guaranteed yield point of 1100 MPa. How-
ever, the welding process should be preceded
by the appropriate preparation of edges to be
joined in order to obtain the parallelism of the
edges and, consequently, a narrow gap (below
0.1 mm) between them. In relation to the 6 mm
thick plate, the obtained weld root was slightly
convex, whereas the weld face was slightly con-
cave (below 0.1 mm). The revealed weld geo-
metry indicated the necessity of post-weld
grinding of the face in structures exposed to
fatigue and was responsible for the weld thick-
ness reduction (restricted within the plate tol-
erance limits).

The weld and HAZ were narrow and sym-
metric, where individual HAZ areas or the fu-
sion line were nearly parallel. The significant
welding rate resulted in a slight increase in
hardness in the HAZ, i.e. by approximately 60—
70 HV3 in relation to that of the base material
and by approximately 40 HV3 in comparison
with the hardness of the weld. The foregoing
indicates that the above-named area will be
characterised by lower toughness and lower re-
sistance to fatigue cracking. However, the nar-
row HAZ area precluded the performance of
classical impact strength tests. In the material
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heated below A, it was possible to observe a
narrow zone characterised by lower hardness
than that of the base material and where ten-
sile strength could be lower (1065 MPa) than
the yield point of the base material (above 1100
MPa). Despite the influence of the fast welding
thermal cycle, the heat input to the steel trig-
gered the effect of softening, where the width
of the softened area decreased along with the
reduction of a heat input during welding.

The low contents of admixtures was re-
sponsible for the fact that the weld axis did not
contain an area of impurities triggering sus-
ceptibility to cracking during the welding pro-
cess. In addition, the hardness decrease in the
HAZ (softened zone) was not followed by the
deterioration of the mechanical properties of
the welded joint (immediate strength). How-
ever, the foregoing may affect fatigue strength.
The welded joint contained the martensitic
structure composed of lath martensite.
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