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The detailed influence of the energy input of autogenous laser welding by means of a modern solid-state disk laser on the
structure of the weld metal, the heat-affected zone and the mechanical properties of 5.0-mm-thick butt joints of STRENX
1100MC was studied. Laser-welding trails were conducted over a wide range of energy inputs, from approximately 100 up to
400 J/mm. The studies showed no tendency for the cracking of butt joints, despite the low energy inputs of the welding.
However, a significant decrease in the hardness was revealed in the heat-affected zone. The static tensile strength was found to
be slightly lower (by approx. 8 %) compared to the tensile strength of the base material. There was also a strong relationship
between the impact toughness of the test joints and the energy input of the laser welding. However, the impact toughness of the
laser-welded joints was significantly lower than that of the base material. This article attempts to explain the drop in the
toughness and the static tensile strength with respect to the structural transformations of the weld metal and the heat-affected
zone, depending on the welding parameters, especially the energy input, and thus the heating conditions of the welding.
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Preiskovan je bil podroben vpliv dovedene energije avtogenega laserskega varjenja s pomocjo laserja na SSD-ju na strukturo
varjenega jekla, na toplotno vplivano podrocje varjenja (angl. HAZ) in na 5.0-mm debele ¢elne spoje pri jeklu STRENX
1100MC. Lasersko varjene poteze so bile izvedene v Sirokem razponu energijskih vlozkov, od priblizno 100 J/mm do 400 J/mm.
Studije so pokazale, da celni spoji ne pokajo kljub nizko-energijskemu dovajanju energije pri varjenju. Vendar pa se je
pokazalao znatno zniZanje mikrotrdote v toplotno vplivani coni. Ugotovljeno je bilo, da je staticna natezna trdnost nekoliko
niZja (ca. 8 %) v primerjavi z natezno trdnostjo osnovnega materiala. Ugotovljena je bila tudi mo¢na povezava med udarno
zilavostjo testnih spojev in dovedeno energijo med laserskim varjenjem. Kakorkoli, udarna Zilavost lasersko varjenih spojev je
bila obc¢utno nizja kot pri osnovnem materialu. Clanek poizkuSa razloZiti padec Zzilavosti in staticno natezno trdnost glede na
strukturne transformacije varjenega jekla in na toplotno prizadeta obmocja, odvisno od varilnih parametrov, zlasti dovajanja

energije in s tem toplotnih pogojev varjenja.

Klju¢ne besede: lasersko varjenje, visokotrdno jeklo, trdnost, ¢elni spoji, laserski disk

1 INTRODUCTION

A continuous and dynamic development in the field
of steel metallurgy, plastic forming and heat treatment
leads not only to an improvement of mechanical proper-
ties and overall performance of modern structural steels,
but also to an implementation of completely new grades
of advanced high-strength steels (AHSS) and super
high-strength steels (SHSS), such as STRENX
1100MC."-7 This new steel grade shows the strength and
yield point (1100 MPa) of quenched and tempered
low-alloy steels, while being a low-carbon equivalent at
a level similar to the typical thermomechanically rolled,
fine-grained, microalloyed steels.®!' To be able to use
such high strength and performance of this steel grade in
practice, it is necessary to provide at least similar pro-
perties of the welded joints.'-%!12-1> However, there is
currently no method of conventional arc welding that
could provide such high mechanical properties of welded
joints.'®22 Conventional welding technologies such as
manual metal arc welding (MMAW), gas metal arc weld-
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ing (GMAW) or submerged arc welding (SMAW) are
cannot provide satisfactory properties of welded joints,
especially in the case of steel grades having the yield
point above the level of 900 MPa. That is why the lead-
ing steel manufacturers around the world continue to
develop new steel grades, new solutions in the produc-
tion process, the methods of forming properties, while
paying the greatest attention to the importance of
improving the weldability of modern high-strength and
ultra-high-strength steels.

Therefore, the global industry’s attention is focused
on laser-welding technologies, which provide a much
wider technological capabilities and flexibilities.!6-23-25
Laser-beam welding (LBW) is one of the most advanced
welding technologies.!®2¢ Its mechanisms of material
heating, melting, and subsequent solidification and weld
forming are significantly different, compared to conven-
tional arc-welding processes.®?>28 Moreover, the inten-
sity of laser-beam heating, the mechanism of surface
melting, the penetration depth, the shaping of the fusion
zone, the width/depth ratio and the volume of the weld
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pool depend on laser-beam characteristics and also on
processing parameters.'® However, so far there has been
no information about the laser welding of the new steel
grade STRENX 1100MC. Therefore, the author under-
took a research in the field of autogenous laser welding
of the new steel grade STRENX 1100MC, recently
introduced into the global industry. The aim of the work
is to study the microstructure, morphology and mecha-
nical properties of butt joints of STRENX 1100MC, 5.0
mm thick, and welded with a modern solid-state
Yb:YAG disk laser.

2 EXPERIMENTAL PART
2.1 Material

The 5.0 mm thick plates of steel grade STRENX
1100MC, currently commercially available, were chosen
for laser-welding tests. However, the steel plates were
delivered by the WIELTON Company directly from the
Swedish steelwork as experimental plates (melt).

The new grade of steel STRENX1100 MC is
classified by the manufacturer as thermomechanically
rolled fine-grained microalloyed steel. However, the
mechanical properties of this steel go far beyond the
steels specified in the standard for thermomechanically
rolled steels (EN 10149-2). Additionally, details of the
manufacturing process of the new steel grade are
undisclosed by the manufacturer. The investigated steel
with a nominal chemical composition of 0.16%C,
0.30%S1, 1.3%Mn, 0.018%Al, the sum of Nb+Ti+V with
a maximum of 0.18 % in mass fractions and balance Fe
has the minimum yield strength of 1100 MPa, a typical
tensile strength of 1200—-1460 MPa and an elongation of
AS min 6 % for a sheet thickness = 3 mm. Specimens
for the laser-welding test were cut from a 5.0-mm-thick
steel plate into coupons with dimensions of (100.0 x
100.0) mm by means of a 2D laser cutting machine with
a CO, generator. Surfaces to be welded were sand
blasted and then cleaned with acetone.

2.2 Laser-welding procedure

The trials of welding were performed by means of a
solid-state Yb:YAG disk laser emitted in the conti-
nuous-wave (cw) mode at a 1.03 um wavelength with the
maximum output power of 3.3 kW. The laser beam was
focused on a diameter of 200 um. First, the bead-on-
plate welds were produced at the maximum output laser
power of 3.3 kW and different welding speeds, as shown
in Table 1. The bead-on-plate welds were produced to
simulate the process of welding autogenous butt joints
and to investigate the influence of the welding para-
meters on the penetration depth and weld shape. Based
on the bead-on-plate welding trials, the optimum para-
meters for butt-joint welding were selected. A proper and
full penetration of the 5.0-mm-thick steel plate, a proper
shape of the weld with narrow face and root, and a
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narrow HAZ were chosen as criterions for the selection
of the welding parameters for the test butt joints.

Table 1: Parameters of bead-on-plate laser welding of 5.0-mm-thick
plates of STRENX 1100MC steel, using the Yb:YAG disk laser

Bead |Welding speed, Laser | Energy
(joint) m/min power input Remarks
W) (J/mm)

1 2.0 3.3 99 LP, UF, S
2(A) 15 33 | 132 | HRERR.SP
3(B) 1.0 33 198 |S, ERR, HF, FP

UF, S, FP, SP,

4 0.5 3.3 396 HF ERR

Other welding parameters: nominal beam-spot diameter: 200.0 pm,
shielding-nozzle diameter: 8.0 mm, shielding gas: Ar (99.999%), gas
feed rate on the top surface (face of a weld): 15.0 L/min, quality
assessment of the welds: LP — lack of penetration, FP — full
penetration, UF — undercut of the weld face, S — spatter, HF — hollow
face, ERR — excessive root reinforcement, ER — excessive face
reinforcement, SP — single pore

A further analysis showed that the bead-on-plate
weld produced at a welding speed of 0.5 m/min (thus,
the heat input was almost 400 J/mm) was extremely wide
and overheated. On the other hand, the bead-on-plate
weld produced at the maximum welding speed was
characterized by an uneven width of the weld root at the
limit of penetration. Therefore, the test butt joints used
for a detailed analysis of the microstructure and for me-
chanical examinations were produced at the maximum
laser power of 3.3 kW and welding speeds of 1.0 m/min
and 1.5 m/min, respectively. Detailed parameters and
technological conditions of autogenous laser welding are
given in Table 1. The specimens to be welded were
mounted to a clamping device to protect them against
distortions. The weld pool was protected by an argon
flow via four cylindrical nozzles with a diameter of 8.0
mm and set at an angle of 45° to the joint surface. The
flow of argon was kept at 15 L/min. The laser beam with
a beam spot diameter of 200.0 um was focused on the
top surfaces of the specimens to be welded.

2.3 Characterisation

When the laser-welding tests were completed, visual
inspections (VT) were performed according to the proce-
dure of quality control in welding. Next, metallographic
and mechanical examinations were done. An examina-
tion of the structure was carried out by means of optical
microscopes (OM) and a scanning electron microscope
(SEM). The chemical composition of the base metal was
determined using a glow discharge spectrometer (GDS).
The mechanical tests included a technological bending
test according to the PN-EN ISO 5173 standard, a static
tensile test according to the PN-EN ISO 4136 standard
and the Charpy V-notch test according to the PN-EN ISO
14556 standard. From each test joint, three samples were
taken for the bending test, tensile test and toughness test.
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Therefore, the mean values given are the results of the
mechanical tests and examinations.

The Vickers microhardness was measured along the
symmetry axes of the butt joints, and the microhardness
profiles were determined. The microhardness values in
specific regions of the surface layers were correlated
with the structures.

3 RESULTS AND DISCUSSION

3.1 Macrostructure characterisation

Based on the preliminary tests of bead-on-plate laser
welding, the energy input of approx. 100 J/mm (a laser
power of 3.3 kW, a welding speed of 2.0 m/min) required
for a full penetration of the 5.0-mm-thick plate of the
STRENX 1100 MC steel was determined. The fully
penetrated bead-on-plate weld was produced at the
maximum output power of 3.3 kW of the applied disk
laser TRUMPF TruDisk 3302 and a welding speed of
2.0 m/min. The face (top surface) width of the bead-on-
plate weld produced at the minimum energy input was
approx. 1.45 mm, while the root (back side) width was
up to 0.25 mm. However, in some places along the weld
root, the width was very small (almost zero), on the
verge of a lack of penetration (Figure 1c).

The shape of the fusion zone (FZ) for all the bead-
on-plate welds, produced with the disk laser in the
investigated range of the processing parameters clearly
indicates that the welds were produced in the keyhole
welding mode, characteristic for a high-power-density
laser beam. In the case of a bead-on-plate weld produced
at the minimum energy input (100 J/mm), the FZ is
columnar with almost parallel sidewalls and the
depth/width ratio is 3.5. A further reduction in the speed

Figure 1: Optical micrographs of the 5.0-mm-thick butt joints of
STRENX 1100 MC steel produced with autogenous laser welding: a)
at 3.3 kW, 1.5 m/min, energy input of 132 J/mm (joint A), b) at 3.3
kW, 1.0 m/min, energy input of 198 J/mm (joint B) and bead-on-plate
welds produced at: c¢) 3.3 kW, 2.0 m/min, energy input of 99 J/mm, d)
3.3 kW, 0.5 m/min, energy input of 396 J/mm
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of bead-on-plate welding at a constant value of the laser
output power increased the width of the weld and the
width of the heat-affected zone (HAZ) due to the
increased energy input. For example, the face width of a
bead-on-plate weld produced at the maximum energy
input of 396 J/mm was very wide, over 6.0 mm (Fig-
ure 1d). It obviously indicates that the energy input was
too high for the bead-on-plate laser welding of 5.0-mm-
thick butt joints. Additionally, the HAZ width was very
wide, over 1.5 mm (each side), indicating intensive
heating and relatively slow cooling rates, which may
lead to harmful structural transformations. It should also
be noted that no cracks were found in the regions of the
weld metal, or in the heat-affected zones. Based on the
results obtained during the preliminary test of bead-on-
plate laser welding, the welding speeds of 1.0 m/min and
1.5 m/min were considered as the optimum values at the
laser output power of 3.3 kW, and thus energy inputs of
132 J/mm and 198 J/mm, respectively, were chosen for
the laser welding of butt joints for the subsequent
mechanical examinations.

Direct observations, visual inspections (VT) and
macrograph examinations of the test butt joints showed
proper shapes of the weld face, the root and the FZ in the
case of test joint B, laser welded at 1.0 mm/min and at a
laser power of 3.3 kW, thus using the energy input of 198
J/mm (Figure 1b). The weld face and the root were very
flat and even with proper reinforcements, which prove a
high quality of such types of butt joints. For comparison,
test joint A, welded at a slightly lower energy input of
132 J/mm (a laser power of 3.3 kW, a welding speed of
1.5 m/min), showed undercuts of the root and a slight
collapse of the weld face, as can be seen in Figure 1a.
The shapes of the FZs of both test welds were appropri-
ate, exhibiting X configurations, the so-called hourglass
configurations (Figure 1). Such a shape of the fusion
zone during butt-joint welding with a laser beam is also
typical for the keyhole-mode (deep penetration) welding.
The depth/width ratio measured for test joint A was 1.9
and in the case of test joint B it was approx. 1.15.
Examinations of the macrographs showed no internal
imperfections of the two test butt joints.

3.2 Microhardness and mechanical examinations

The microhardness was measured on the cross-sec-
tions of the test butt joints. Based on the results, the
microhardness profiles were determined (Figure 2). As
can be seen in Figure 2, a sharp drop in the micro-
hardness occurs in the HAZ region adjacent to the fusion
zone, while the microhardness of the base material of the
STRENX 1100 steel is in a range of 400-450 HVO0.2
(Figure 2). The minimum value of the microhardness
determined in the HAZ was a bit below 300 HVO0.2,
while the microhardness in the fusion zone (the weld
metal) was stable and in the range 400—450 HV 0.2.

645



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

A. KURC-LISIECKA: IMPACT TOUGHNESS OF LASER-WELDED BUTT JOINTS OF THE NEW STEEL GRADE STRENX 1100MC

200
150

Microhardness HV0.2

100 +
HAZ FZ

50 +

LI e
4,0 3,2 2,4 1,6 0,8 0,0 0,8 1,6 24 3,2

Distance from the weld center, mm

500 T = T

450 ;
I

400 —‘Wﬁg
1 1

350 : N i

300
250
200
150

d

Microhardness HV0.2

100 - ]
BM HAZ

50 —
1

HAZ BM

FZ

0+t
45 37 29 21 13 05 01 09 1,7 25 33 41

Distance from the weld center, mm

Figure 2: Microhardness profiles at the cross-sections of the
5.0-mm-thick butt joints of STRENX 1100 MC steel welded with a
disk laser: a) joint A (energy input of 132 J/mm), b) joint B (energy
input of 198 J/mm)

The technological bending tests exhibited a limited
plasticity of the test butt joints due to a low angle of the
bending, being in the range 85-90° for both test joints.
On the other hand, the results of the static tensile tests
showed that the tensile strength of the test joints is just
slightly lower, compared to the strength of the base
material (BM) of the STRENX 1100MC steel. The
tensile strength for both tested joints was in a range of
1192-1295 MPa, while the tensile strength of the BM
was 1324-1340 MPa. In all the tensile samples of the
butt joints, fracture occurred in the weld metal. The
reason for a lower tensile strength of the test joints in
comparison to the BM is a decrease in the microhardness
of the HAZ adjacent directly to the FZ, as shown in
Figure 2.

The Charpy V-notch test, conducted at room tempe-
rature, showed that the impact toughness of the test butt
joints is significantly lower than the impact toughness of
the STRENX 1100MC steel. The experimentally deter-
mined impact toughness of the base material was in a
very narrow range of 141-143 J/cm?, while the impact
toughness of test butt joint A, welded at the lower energy
input of 132 J/mm (the laser power of 3.3 kW, the
welding speed of 1.5 m/min) was just 57.9-78 J/cm?,
having the mean value of 70.6 J/cm2. As can be easily
calculated, the impact toughness accounts for only 50 %
of that for the BM. On the other hand, the impact
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toughness of test joint B, welded at the higher energy
input of 198 J/mm (the laser power of 3.3 kW, the
welding speed of 1.0 m/min) was slightly higher,
86.13 J/cm?, so about 60.6 % of the impact toughness of
the BM.

SEM micrographs of the fracture surfaces of the test
joints are presented in Figures 3 and 4. As can be seen,
the fracture surfaces indicate a rather ductile dimple
fracture mode in both cases (Figures 3 and 4). The
impact toughness of the test joint welded at the higher
energy input (joint B) is clearly higher, by about 22 %,
compared to the impact toughness of the joint welded at
the lower energy input (joint A). Additionally, the frac-
ture surface of joint B exhibits a more ductile behaviour
than the fracture surface of joint A (Figures 3a and 4a).
Thus, the results indicate that the impact toughness of
the butt joints depends on the energy input of laser
welding, thus on the thermal conditions, cooling rates
and structure of the weld metal and the HAZ. However,
high-magnification SEM micrographs of the fracture
surfaces revealed discontinuities across the surfaces of
both test joints, such as small pores (Figures 3b and 4b).
Inside the spherical discontinuities, inclusions were
found.

| Mag= 1.00KX Signal A = SE2

Signal A = SE2

EHT = 15.00 kV

Figure 3: SEM micrographs of the fracture surface of test joint A
(energy input of 132 J/mm) after the impact test of the joints:
a) general view of the fracture surface, b) an inclusion placed in the
material discontinuity

Materiali in tehnologije / Materials and technology 51 (2017) 4, 643-649
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Figure 4: SEM micrographs of the fracture surface of test joint B
(energy input of 198 J/mm) after the impact test of the joints:
a) general view of the fracture surface, b) an inclusion placed in the
material discontinuity

The EDS spectrum of an inclusion showed mainly
iron (98.47 % Fe of mass fraction) and a small content of
chromium (1.53 % Cr of mass fraction), as shown in
Figure 5b. No traces of oxides were found. It indicates
that the inclusions are rather metallic and a proper
shielding-gas atmosphere was provided during the
laser-welding tests. Thus, the micropores revealed during
the examinations of the fracture surface are a result of
the metal vapours produced during intensive heating of
the liquid metal of the weld pool by the focused laser
beam at a high intensity and during keyhole-mode weld-
ing, as reported by other researches."!’

3.3 Microstructure examinations

In order to determine the microstructures of the weld
metal and HAZ, the chemical composition of the base
material was analyzed with the GDS method and the
cooling times tgs in a temperature range of 800-500 °C
were calculated according to the procedure described in
reference!’”. The cooling time g5 calculated for the
energy input of 198 J/mm of laser welding was below
1.3 s. The cooling time fgs for the energy input of
132 J/mm was below 0.6 s. It must be noted that the
cooling times are significantly shorter than the cooling
times recommended for the typical quenched and tem-
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Figure 5: a) SEM micrograph of the fracture surface of test joint B
(energy input of 198 J/mm) after the impact test of the joints and
b) EDS spectrum of the inclusion in the spherical discontinuity

pered steel grades, which are in the range 5-15 s.
Despite such short cooling times, the joints showed no
tendency to cold cracking.

A detailed analysis of the chemical composition ob-
tained with GDS showed that the investigated melt of the
steel contains 0.139%C, 0.31%Si, 1.40%Mn, 0.7%Cer,
0.3%Ni, 0.06%Mo, 0.039%Al, 0.01% of both Ti and Cu,
0.006%V and 0.001%Nb.

| Mag= 3.00 KX EHT =20.00 kv

Signal A= QBSD

Figure 6: SEM micrograph of the base material STRENX 1100MC
steel
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Signal A= SE2

Mag= 1.00KX

Figure 7: SEM micrographs of test butt joint A welded at the energy
input of 132 J/mm (cooling time tg/5 of 0.6 s): a) weld metal, b) HAZ
region

Based on the determined chemical composition, the
martensitic-transformation temperature Ms and carbon
equivalent CET were calculated according to the proce-
dure described in details in 28. The calculated Ms
temperature was 430.6 °C, while the carbon equivalent
CET was just 0.328. The determined high Ms tempera-
ture and relatively low carbon equivalent, in relation to
the high strength of the investigated steel, indicate that
the hardenability of the steel is not very high.

SEM micrographs of the base material showed that
the STRENX 1100MC steel is composed of a fine-
grained bainitic-martensitic structure with a significant
proportion of acicular ferrite and also traces of retained
austenite (Figure 6). Additionally, precipitations of
small carbides with a high dispersion can be identified in
the structure. The structures of the weld metal and the
HAZ of test butt joints are shown in Figures 7 and 8. It
is clear that the structures and morphologies of the phase
constituents in the weld metal depend on the energy
input of laser welding. In general, the structure of the
weld metal consists mainly of bainite, plate martensite,
fine martensitic islands and also ferrite, mainly poly-
gonal (a,) and allotriomorphic ferrite (a.) (Figures 7
and 8).

As can be seen, the fraction (share) of plate mar-
tensite in the weld metal of test joint A, produced at the
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10pm ZEISS
= Mag= 1.00KX Signal A = QBSD EHT =20.00 kV
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Figure 8: SEM micrographs of test butt joint B welded at the energy
input of 198 J/mm (cooling time rg/5 of 1.3 s): a) weld metal, b) HAZ
region

energy input of 132 J/mm (the laser power of 3.3 kW, the
welding speed of 1.5 m/min) is approx. 20 % higher
(calculated with planimetric measurements on the micro-
graphs) compared to the weld metal of joint B, produced
at 198 J/mm (the laser power of 3.3 kW, the welding
speed of 1.0 m/min). Actually, plate martensite is the
dominant structure of the weld metal of joint A, while
the structure of the weld metal of joint B is more similar
to the structure of the base material of STRENX
1100MC (Figures 6, 7 and 8). In this case, the structure
is more diverse with a higher fraction of fine martensitic
islands (acicular martensite). In summary, the share of
the plate and acicular martensite had the greatest effect
on the properties of the test joints, especially on the
impact toughness. Cooling rates that are too high during
the laser welding of the 5.0-mm-thick butt joints of the
STRENX 1100MC steel lead to an increase in the plate
martensite and thus a decrease in the toughness.

4 CONCLUSIONS

The obtained results of the laser welding of the
STRENX 1100MC steel showed that it is possible to
produce butt joints characterized by a proper shape, flat
and even faces and roots, and free of any significant
structural imperfections. The investigated high-strength

Materiali in tehnologije / Materials and technology 51 (2017) 4, 643-649



MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967-2017) — 50 LET/50 YEARS

A. KURC-LISIECKA: IMPACT TOUGHNESS OF LASER-WELDED BUTT JOINTS OF THE NEW STEEL GRADE STRENX 1100MC

steel is characterized by a small amount of alloying
elements, surprisingly low carbon equivalent CET, just
0.328, and, simultaneously, a high temperature of mar-
tensitic transformation Ms, about 430.6 °C. Despite the
low carbon equivalent, the base metal has a fine-grained
bainitic-martensitic structure with a high microhardness,
400-450 HVO0.2. Despite a very rapid solidification of
the weld metal and rapid cooling rates, no tendency to
cracking of the weld metal or HAZ was found. A
significant drop in the microhardness was revealed in the
HAZ, resulting in the breaking of the samples during the
tensile tests.

The differences in the impact toughness of the test
joints are related to the share of the plate and acicular
martensite in the weld metal of the tests joints. Cooling
rates that are too high during the laser welding of the
5.0-mm-thick butt joints of the STRENX 1100MC steel
are unfavourable because they lead to an increase in the
plate martensite, which, in turn, decreases the toughness
of the weld metal.
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