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Laser Welding of High-Strength Steel S960QL

Abstract: The article discusses the results of tests concerning the effect of param-
eters used during the basic bead-on-plate laser welding (i.e. location of the la-
ser beam focus, welding rate and linear welding energy) of 4.0 mm thick sheets

made of high-strength steel S960QL on the quality and properties of simulated

butt joints. The welding tests were performed using a YAG TruDisk 3302 Yb disk
laser (TRUMPF) having a maximum output power of 3.3 kW and provided with

a head focusing the laser beam spot to a diameter of 200 pm. The simulated butt
welded joints were made without the filler metal, using a technique which con-
sisted in the laser beam melting of sheets. Macroscopic and microscopic tests as

well as impact strength tests, fractographic tests and microhardness measure-
ments involved the cross-section of the simulated specimens.
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Introduction

Producers of steel structures and machinery,
including stationary and self-propelled cranes,
hoists, railway wagons, posts, poles, bridge sup-
ports, oil rigs or structural elements of cars and
special vehicles, try to use materials provid-
ing a favourable weight-strength ratio. Advan-
tages resulting from the attempted reduction
of vehicle weight were discussed in detail by
Li G.J. and Liu X.L. [1]. The aforesaid trend,
arising from increasingly demanding custom-
ers’ expectations, the necessity of decreasing
production-related material consumption and
energy consumption indexes, is continuous-
ly confronted with the need for the improve-
ment of operating parameters of steel structures,
their service life and reliability. Some of the
structural materials improving the strength

of structures without increasing the weight of
the entire load-carrying structure, commonly
used in industry, are advanced high strength
steels (AHSS), including dual phase steels (DP),
complex phase steels (CP), martensitic steels
as well as steels characterised by transforma-
tion induced plasticity (TRIP) (discussed in
detail by Ohjoon K. et al. [2]). High mechani-
cal properties (e.g. yield point restricted within
the range of 460 MPa to 1300 MPa; Fig. 1) of the
above-named steels, resulting from their chem-
ical compositions and applied manufacturing
processes, were discussed in detail by Goss C.
et al. and Urbanczyk M. et al. [3-4].

Advanced high strength steels are character-
ised by good weldability, yet their joining re-
quires the precise adjustment of parameters as
well as the rigorous following of technological
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welding conditions. Traditional welding tech-
nologies are not always capable of satistying
strict criteria connected with the welding of
advanced high strength steels and, as a result,
are not able to ensure the required quality and
the strength of welded joints. The aforemen-
tioned issue was discussed by Holzner A. and
Gorka J. et al. [5-6]. For this reason, industries
worldwide see the continuous search for new
and specialist welding technologies, based on,
e.g. laser welding or hybrid laser arc welding
processes (HLAW) [7]. As can be seen in nu-
merous publications, owing to high laser beam
power, laser welding enables the obtainment
of high penetration depth-weld width ratios,
yet it requires the precise preparation of joints
and the accurate positioning of the laser weld-
ing head in relation to a workpiece. Because of
the significant inertia of robotic systems, the
above-presented requirements entail the re-
duction of welding head travel rates and ne-
cessitate pressing the edges of elements being
joined (butt welded joint) [7-9].

Hybrid welding (laser + MAG) involves the
simultaneous application of two heat sourc-
es, i.e. laser beam radiation and electric arc. In
comparison with “conventional” laser welding,
the hybrid welding process is characterised by
significantly higher tolerance as regards the
width and the shape of the weld grove, but also
by significantly lower welding rates and shal-
lower penetration depth. One of the advantages
of the aforesaid hybrid welding method is the

Reduction of sheet thickness, %

Yield point, MPa

possibility of joining sheets of significant thick-
nesses without the special preparation of edges
of elements, which translates into the reduction
of welding process-related costs [9].

The research discussed in the article aimed to
analyse the effect of basic laser welding process
parameters (i.e. laser beam power, welding rate
and welding linear energy) applied when join-
ing 4.0 mm thick sheets made of advanced high
strength steel S960QL on the quality and prop-
erties of simulated butt welded joints made us-
ing a TruDisk 3302 Yb:YAG disk laser (Trumpf)
(having a maximum power of 3.3 kW and fea-
turing a head focusing the laser beam diame-
ter to 200 um).

Tests

Research-related tests consisted in the perfor-
mance of the simulated laser welding of 4.0 mm
thick butt welded joints (using the bead-on-
plate technique) made of steel S960QL. As a re-
sult, at the initial stage of the tests it was possible
to eliminate the effect of sheet preparation tol-
erance, variable gap width or the inaccurate po-
sitioning of the sheets. The tests involved the
use of sheets (150 mm x 225 mm X 4 mm) made
of high strength steel Sg60QL (Tables 1 and 2).
The laser welding process was performed using
an automated test rig equipped with a TruD-
isk 3302 disk laser (TRUMPF) (Fig. 2, Table 3).
The identification of the effect of laser weld-
ing process parameters on the shape of the
weld bead and the depth of penetration as well
as the determination of weld-

ing parameters enabling the ob-

tainment of proper test joints

at subsequent stages required

the performance of initial la-

ser welding tests in relation

to various laser beam posi-

tions, various welding rates

and, consequently, various val-

ues of welding linear energy.

Fig.1. Reduction of required sheet thicknesses in terms of steels characterised The primary criterion govern-

by high plastic strength in comparison with steel S355 [4]
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Table 1. Chemical composition of high strength steel S960QL in accordance with PN-EN 10025-6 [10]

Chemical composition content, % by weight
C Mn Si \% Cr Cu Ni P S Mo Others | CEV
Nb: 0.06
Ti: 0.05
max | max | max | max | max | max | max | max | max | max | ..o | max
0.20 1.70 | 0.80 | 0.12 1.50 | 0.50 2.0 0.02 | 0.01 0.70 o 0.82
N:0.015
B: 0.005

parameters enabling the obtainment of proper
test joints was connected with ensuring the full
penetration of sheets across their entire thick-
ness as well as the obtainment of the narrow-
est possible width of the weld face and that of
the weld root (Fig. 3, Table 4). Before the tests,
the sheet surfaces were subjected to mechanical
cleaning and degreasing with acetone. The first
six beads, having an approximate length of 60
mm, were used in macro and microscopic met-
allographic tests as well as in hardness measure-
ments. In turn, the two additional beads, each
having a length of 140 mm, were used in im-
pact strength tests performed at various tem-
peratures (Fig. 3).

The macroscopic metallographic tests were
performed using an SZXg stereoscopic micro-
scope (Olympus), whereas the microscopic
observations involved the use of a GX71 light
microscope (Olympus) (enabling the electronic
recording of images). To reveal their structure,
the metallographic specimens were subjected
to etching in Ma11Fe (Adler’s reagent), com-
posed of hydrochloric acid (35%), iron chloride
(FeCls x 6H,0), ammonium chloride (NH,4-
Cl) and copper chloride (CuCl,). The speci-
mens were observed using a magnification of
up to 1000 times.

The microhardness measurements were
performed in accordance with the PN-EN ISO
6507-1 standard, using the Vickers hardness
test and a 401 MVD microindentation hard-
ness tester (Wilson Wolpert). The hardness
measurements involved the use of the afore-
said metallographic specimens, an indenter
load of 0.5 kg and a measurement time of 15
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s. Except for specimen no. 2 (characterised
by incomplete penetration), microhardness
was measured along two lines, with measure-
ment points located every 0.5 mm. In rela-
tion to the narrowest beads having the narrow
HAZ, measurement points were located every
0.2 mm.

The impact strength tests involved speci-
mens having dimensions of 50 mm x 10 mm
x 8 mm and notch V=2 mm (Fig. 4). The tests
were performed using a SUNPOC Impact Test-
er at a temperature of -20°c, 0°c and 20°c. The
V-notch was made on the weld face side. The
tests were performed in accordance with the
PN-EN ISO 9016 standard. The fractures were
observed using a scanning electron microscope
(SEM). The chemical composition of the mi-
cro-areas was analysed and precipitates were
identified using energy dispersive spectrom-
etry (EDS).

Table 2. Mechanical properties of high strength steel
S960QL in accordance with PN-EN 10025-6 [10]

Parameter Value
Elongation, As, % As>10
Yield point R,;; , MPa > 960
Tensile strength R, , MPa 980-1150
Impact energy at 0°C, KV, J 35
Impact energy at -20°C, KV, ] 30
Impact energy at -40°C, KV, ] 27
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Table 3. Specifications of the TruDisk 3302 disk laser

(Trumpf)
Parameter Value
Laser radiation wavelength, nm 1030
Maximum laser beam power, W 3300
Laser beam divergence, mm mrad 8.0
Diameter of the core of the optical fibre 200
transmitting the laser beam, pm
Fig. 2. Automated test rig provided with the TruDisk 3302 Optical fibre length, m 20
disk laser (Trumpf) and the butt laser welding of 4.0 mm Lens focal 1 h 200
thick joints in high strength steel ens focal length, mm
[a)] [b)] Collimator focal length, mm 200
Laser beam focus diameter, um 200

Note: optical fibre type: LLK-D 02/20

Fig. 3. Face (a) and root (b) of the test beads after laser
melting tests (simulated welding of butt joints) involving
4.0 mm thick sheets made of high strength steel S960QL;  Fig 4. Specimens made of steel S960QL used in the impact
process parameters as specified in Table 4 strength tests

Table 4. Parameters used in the laser melting (simulated welding of butt joints) of 4.0 mm thick sheet made of high

strength steel S960QL
Bead Loca.tion Of.t he laser beam | Laser beam Melting rate | Melting linear | Visual assessment
no./ focus in relation to the upper power (m/min] energy [J/mm] of penetration
Spec. no. | surface of the sheet [mm] (kW]
1 +5 1.0 198 FP
2 +5 1.5 132 LP FU
3 0 1.0 198 FP, FU, MS, C
4 0 3.3 1.5 132 FU, FP, MS, C
5 0 2.0 100 NP, FU, MS
FU, NP, EWMR,
6 0 2.5 80 MS
7 0 33 1.0 198 FP, FU
8 0 2.5 80 NP, FU, EWMR

Remaining parameters: laser beam focus diameter — 200 Xm, shielding gas — Ar (99.999%), shielding gas flow
rate — 15 [/min; bead quality assessment: LP - lack of penetration, FP - full penetration, NP — narrow pene-
tration, FU - face undercut, MS - material spatter, C — crater at the end of the bead, EWMR - excess weld
metal on the root side
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Fig. 5. Macrostructure of the beads made using the method of the simulated laser welding of butt joints in 4.0 mm
thick high strength steel S920QL; TruDisk 3302 disk laser (Trumpf); etching: Adler’s reagent II; designations as in Table
4: a) bead no. 1, b) bead no. 2, ¢) bead no. 3, d) bead no. 4, e) bead no. 5 and f) bead no. 6

The microhardness measurements concern-
ing the butt joints of 4.0 mm thick sheets made
of high strength steel S960QL and welded us-
ing the TruDisk 3302 disk laser were performed
in accordance with the PN-EN 6507-1 standard
and the schematic diagram presented in Figure
10. Depending on the width of the weld and
that of the HAZ, the distance between succes-
sive measurement points amounted to 0.5 mm
or 0.2 mm.

The impact strength tests concerning the
specimens obtained using the technique of the
simulated laser welding of butt joints of 4.0 mm
thick sheets made of high strength steel Sg60QL
were performed at a temperature of-20°C, 0°C

and 20°C, in accordance with the PN-EN ISO
9016 standard. The main view of the specimens
after the test is presented in Figure 15, whereas
the test results are presented in Table 5.

Fig. 6. Microstructure of the base material of the sheets
made of high strength steel S960QL in the as-received
state; etchant: Adler IT

Table 5. Impact strength test results concerning the specimens obtained using the technique of the simulated
laser welding of butt joints of 4.0 mm thick sheets made of high strength steel S960QL

Welding rate | Temperature | Impact energy | Average | Impact strength tests Average impact
[m/min] [°C] (7] value [J] [J/cm?] strength value [J/cm’]
20 28 | 22 | 29 | 26.33 87.5 | 68.75 | 90.62 82.29
1.0 0 22 | 21 | 24 | 2233 | 68.75 | 65.62 75 69.79
-20 22 [ 19 | 18 19.66 | 68.75 | 59.37 | 56.25 61.46
20 26 | 36 | 19 27 81.25 | 112.5 | 59.37 84.37
2.5 0 20 | 21 | 12 17.66 62.5 | 65.62 | 37.5 55.20
-20 19 | 11 | 13 14.33 | 59.37 | 34.37 | 40.62 44.78
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[2)] [b)]

Fig. 7. Microstructure of the simulated butt joint of the 4.0 mm thick sheets made of high strength steel S960QL (spec-
imen no. 1, focus location: +5 mm, laser beam power: 3.3 kW, welding rate: 1.0 m/min, as in Table 4), where A) BM-
HAZ interface, B) penetration, C) HAZ and D) area near the fusion line

Bl [b)]

Fig. 8. Microstructure of the simulated butt joint of the 4.0 mm thick sheets made of high strength steel S960QL (speci-
men no. 3, laser beam focused on the upper surface of the sheet, laser beam power: 3.3 kW, welding rate: 1.0 m/min, as
in Table 4), where A) BM-HAZ interface, B) penetration, C) HAZ and D) fusion line
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Fig. 9. Microstructure of the simulated butt joint of the 4.0 mm thick sheets made of high strength steel S960QL (speci-
men no. 4, laser beam focused on the upper surface of the sheet, laser beam power: 3.3 kW, welding rate: 1.5 m/min, as
in Table 4), where A) BM-HAZ interface, B) penetration, C) HAZ and D) fusion line

Line 1
BM HAZ weld HAZ BM

Line 2

Fig. 10. Schematic diagram presenting microhardness measurements in the cross-section of the specimens

Axis of symmetry

BM BM

Microhardness HV0.2

HAZ Pennetration HAZ

Measurement points Face Root
Fig. 11. Distribution of microhardness in the cross-section of the beads obtained using the technique of the simulated
laser welding of butt joints of 4.0 mm thick sheets made of high strength steel S960QL and welded using the TruDisk
3302 disk laser; specimen no. 1 in Table 4
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Axis of symmetry

BM
HAZ Pennetration HAZ BM

Microhardness HV0.2

Measurement points
P Face Root

Fig. 12. Distribution of microhardness in the cross-section of the simulated butt joint of 4.0 mm thick sheets made of
high strength steel S960QL and welded using the TruDisk 3302 disk laser; specimen no. 3 in Table 4

Axis of symmetry

Microhardness HV0.2

BM HAZ Pennetration HAZ BM

Measurement points
Face Root
Fig. 13. Distribution of microhardness in the cross-section of the simulated butt joint of 4.0 mm thick sheets made of
high strength steel S960QL and welded using the TruDisk 3302 disk laser; specimen no. 4 in Table 4

[2)] [b)]

Fig. 14. Impact strength test results concerning the specimens obtained using the technique of the simulated laser weld-
ing of butt joints of 4.0 mm thick sheets made of high strength steel S960QL and welded using the TruDisk 3302 disk
laser; welding rate v = 1 m/min. (top line) and v = 2.5 m/min (bottom line), where A) 20°C, B) 0°C and C) -20°C
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Fig. 15. Fractographic test results concerning the specimens obtained using the technique of the simulated laser weld-
ing of butt joints of 4.0 mm thick sheets made of high strength steel S960QL and welded using the TruDisk 3302 disk
laser; welding rate v = 1 m/min. (top line) and v = 2.5 m/min (bottom line), where A) 20°C, B) 0°C and C) -20°C

Bl [b)]

Fig. 16. Fractographic image (SEM) of the specimen made using a welding rate of 1.0 m/min, after the impact strength
test performed at a temperature of 00C (a) and the spectrum (EDS) of the surface of a spherical particle located on the
surface of the fracture (b)

[2)] [b)]

Fug. 17. Fractographic image (SEM) of the specimen made using a welding rate of 2.5 m/min, after the impact strength
test performed at a temperature of -200C (a) and the spectrum (EDS) of the surface of a spherical particle located on
the surface of the fracture (b)
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Analysis of test results

The visual tests (Fig. 3) revealed that not all of
the specimens made using the defined set of
laser welding parameters satisfied previous-
ly specified quality-related criteria. Because of
the lack of penetration in specimen no. 2 as
well as significant weld face undercuts in some
other specimens, subsequent tests included the
specimens made using the laser beam focused
on the upper surface (of a given specimen), a
linear energy of nearly 200 J/mm and a mini-
mum linear energy of 8o J/mm. Figure 5 pre-
sents the effect of the laser welding rate and a
constant laser beam power of 3.3 kW on the
shape of the fusion line, the width of the weld
and the width of the HAZ. An increase in the la-
ser welding rate and a simultaneous decrease in
linear energy were accompanied by a decrease
in the width of penetration and a decrease in
the width of the HAZ. Figure 5f presents the ex-
cessive incompletely filled groove and the ex-
cess weld metal on the root side.

The tests and microscopic observations
revealed that the base material of the sheet
made of steel S960QL was characterised by
the fine-grained structure of tempered mar-
tensite (Fig. 6). In turn, the tests and obser-
vations concerned with the microstructure
in the cross-section of penetration (of the
simulated butt welded joints) revealed that,
within the investigated range of parameters
and linear energy, the microstructure in the
penetration area and that in the HAZ were
similar. The structure observed in the HAZ
changed along with the distance from the fu-
sion line, where the initial area of the base
material side was characterised by clearly vis-
ible grain size refinement. The penetration
area contained primarily lamellar martens-
ite. In turn, on the metallographic specimen
plane it was possible to observe acicular mar-
tensite. The formation of the acicular mar-
tensite resulted from the cross-cutting of the
space structure with the plane (see Figures

7b, 8b and gb).
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The microhardness measurements revealed
that the microhardness of the base material of
the 4.0 mm thick sheets made of steel S9g60QL
changed within the range of 345 HVo.2 to 470
HVo.2 (Figures 11-13). The highest hardness,
observed in the HAZ, amounted to approxi-
mately 500 HVo.2 (Figures 11-13). In turn, the
microhardness in the penetration area was re-
stricted within the range of approximately 420
HVo.2 to 470 HVo.2. The significant hardness
increase in the penetration area and in the HAZ
was not favourable as it could result in the re-
duction of welded joint toughness.

The impact strength tests revealed that the
specimens made using the higher welding rate
(i.e. 2.5 m/min) and lower welding linear energy
were characterised by significantly lower tough-
ness (particularly at lower temperatures) than
those made using higher linear energy. For in-
stance, the impact energy of the specimens made
with higher linear energy (i.e. 198 J/mm) amount-
ed to 22.3 ] at a temperature of 0°C. In turn, the
impact energy of the specimens made using low-
er linear energy (i.e. 80 J/mm) amounted to 17.7
J. Even greater differences were observed in re-
lation to the results of the tests performed at a
temperature of -20°C, where the impact energy
of the specimen made using higher linear ener-
gy amounted to 19.7 ], whereas that of the spec-
imen made using lower linear energy amounted
to a mere 14.3 J (see Table 5). The detailed SEM-
based microstructural observations as well as the
analysis of the structure in the penetration area
and in the HAZ revealed that the aforesaid sit-
uation was triggered by the presence of lamellar
martensite in the specimen fusion area.

Excessively high cooling rates during the la-
ser welding of the 4.0 mm sheets made of steel
S960QL were unfavourable as they increased
the content of lamellar martensite, thus reduc-
ing material ductility. Figure 14 presents the
surfaces of the fractographic specimens used
in the impact strength tests, revealing clearly
visible differences of all the fractures in rela-
tion to various values of welding linear energy.
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The fractographic impact strength test-relat-
ed results concerning the specimens obtained
using the technique of the simulated laser weld-
ing of butt joints of 4.0 mm thick sheets made
of high strength steel S960QL and welded us-
ing the TruDisk 3302 disk laser (welding rates
v =1m/min and v = 2.5 m/min) are presented
in related microphotographs (Fig. 15). The ob-
servations of the fractures at a temperature of
20°C revealed the presence of a transcrystal-
line ductile fracture (Fig. 15a). The plastically
strained area was characterised by numerous
convexities and concavities (craters) contain-
ing spherical precipitates. The surface of ductile
fractures is usually expanded. When observed
by the unaided eye, the surface of ductile frac-
tures is grey and characterised by fibrous mor-
phology. The observations were concerned with
the ductile fractures of the specimens subject-
ed to impact strength tests performed at a tem-
perature of up to -20°C (Fig. 15¢). However, at
a temperature of -20°C it was also possible to
observe slight traces of cleavable areas and mi-
crocracks, particularly visible in the specimens
made using the higher welding rate (i.e. 2.5 m/
min) and, consequently, lower welding line-
ar energy.

The SEM-based microstructural observa-
tions performed at high magnification revealed
the presence of spherical particles as well as
of nanometrically-sized particles of irregular
shapes, located primarily in hollows situated
on the fracture surface. The EDS-based test re-
sults revealed that the aforesaid particles were
primarily oxides arranged dispersively in the
weld area (Fig. 16).

It could be stated that, because of the chem-
ical composition of steel S960QL, its high car-
bon equivalent and susceptibility to martensitic
transformation, the lowest laser welding-related
linear energy values were favourable as they in-
creased the content of martensite in the penetra-
tion area (i.e. in the weld of the simulated joint)
and, as a result, were responsible for decreased
toughness, particularly at lower temperatures.
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Concluding remarks

The above presented test results concerning the
simulated laser welding of 4.0 mm thick sheets
made of high strength steel S960QL using the
disk laser justified the formulation of the fol-
lowing conclusions:

— as regards laser welding without the use of
the filler metal, the obtainment of the prop-
er shape of the weld, i.e. with full penetration
and without undercuts, required the precise
adjustment of welding parameters;

— in terms of the sheets made of steel S960QL,
low values of laser welding linear energy were
responsible for a significant increase in hard-
ness in the weld and in the HAZ (even up to
so00HVo0.2);

— increased laser welding rates (within the
range of specified technological conditions)
and, at the same time, decreased welding lin-
ear energy were responsible for the increased
content of martensite (in relation to bainite)
in the penetration area (weld) and the de-
creased toughness of the test specimens, par-
ticularly at lower temperatures.
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