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WELDING OF THERMOMECHANICALLY ROLLED STEEL BY YB:YAG DISK LASER

SPAWANIE STALI WALCOWANEJ TERMOMECHANICZNIE LASEREM DYSKOWYM YB:YAG

Autogenous laser welding of 5.0 mm thick butt joints of thermomechanically rolled steel S7T00MC was investigated.
The Yb:YAG disk laser TruDisk 3302 emitted at 1.03 pm was used for the trials of autogenous welding. The effect of laser
welding parameters and thus thermal conditions of welding on weld shape, microstructure of weld metal and heat affected
zone (HAZ), tensile strength, bending angle, impact toughness and microhardness profile was determined. Studies have shown
that it is advantageous to provide a high welding speed and low heat input. High cooling rate of weld metal and HAZ leads
to the formation of a favorable structure characterized by a large proportion of fine-grained acicular ferrite and provides high
mechanical properties of butt joints.
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W artykule opisano wyniki badan procesu spawania laserowego bez materiatu dodatkowego ztaczy doczolowych
o grubosci 5.0 mm ze stali walcowanej termomechanicznie S7T00MC. Proby spawania wykonano za pomoca lasera dyskowego
Yb:YAG TruDisk 3302, ktéry emituje promieniowanie o dtugosci fali 1.03 um. Badano wplyw parametréw spawania
laserowego, a gtdéwnie warunkow cieplnych procesu spawania na ksztatt §ciegu spoiny, mikrostrukture metalu spoiny i strefy
wplywu ciepta (SWC), wytrzymalo$¢ na rozcigganie, kat giccia, udarno$¢ oraz rozktad mikrotwardosci. Wyniki badan
wskazuja, ze korzystne jest zapewnienie duzej predkosci spawania przy jednoczesnie niskiej energii liniowej spawania. Duze
szybkosci stygniecia metalu spoiny i SWC prowadza do utworzenia korzystnej drobnoziarnistej struktury o duzym udziale

ferrytu drobno plytkowego, co zapewnia wysokie wltasciwosci mechaniczne zlaczy doczotowych.

1. Introduction

Modern fine-grained, thermomechanically rolled steels
characterized by high yield point are increasingly used in the
industry because of the many advantages and the desire to
reduce weight and increase structural strength and reliability
[1-3]. However, the performance of the structure depends
on the weakest link, which is usually a welded joint [4-6].
The structural fine-grained, thermomechanically rolled steels
with yield point up to 700 MPa have extremely low content
of alloying elements mainly Nb, Ti, V, Zr, B etc. [3,7-9].
The total amount of Nb, V and Ti is limited to 0.15%. The
Ti content does not exceed 0.015% in order to prevent the
grain growth and loss of strength and toughness in the heat
affected zone of welded joint (HAZ). Due to the extremely
low content of alloying elements, these steels are commonly
called microalloyed steels [3,10]. Additionally, these steels
are characterized by low carbon equivalent, e.g. CEV 0.38

and CET 0.25 in a case of the lowest thickness (e.g. DOMEX
700MC) [3,11]. The thermomechanically rolled steels,
especially the grade 700MC, are often mistakenly compared
to the quenched and tempered steels S690Q (e.g. WELDOX
700) although they have a different chemical composition
and thus different carbon equivalent and additionally
their mechanical properties are obtained in different ways
[3,12,13]. The differences in the value of carbon equivalent
of the mentioned above steel grades are given in the Table 1.
However, it should be noted that in practice the differences
in the carbon equivalent values can be considerably higher,
as shown by Gorka J. [14]. Mechanical properties of the
thermomechanically rolled steels are shaped in the complex
technology of Thermo-Mechanical Control Processing
(TMCP), as shown in Fig. 1 [3]. This technology provides
a two phase microstructure consisting of very fine ferrite
grains and bainite and/or martensite, depending on the
processing conditions [3,14-17].
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Fig. 1. Schematic illustration of thermomechanical rolling of

microalloyed steels (TMCP) [3]

Due to the low carbon equivalent, the fine-grained,
thermomechanically rolled steels are considered to
be good weldable [1,2,14,18]. According to the steel
manufacturer’s instructions all conventional arc welding
methods can be successfully used for welding of the modern
thermomechanically rolled, microalloyed steels [3,14].

Moreover some of the steel manufactures recommend low-
hydrogen welding methods. Additionally the only criterion for
welding procedure (method of welding, parameters of welding,
as well as the filler metal) is ensuring the tensile strength of
joint not less than the tensile strength of the base metal (BM)
[1,2]. However welding of these steel grades at too high heat
input, especially during submerged arc welding, and also GMA
welding may lead to significant decrease of plasticity and
toughness of the welded joints, increase susceptibility to brittle
fracture and fatigue as a result of harmful structural changes,
creation of coarse structure of the weld metal and significant
grain growth in the heat affected zone (HAZ) [14,19,20].

Many researchers have shown that in the case of welding
of the fine-grained and especially ultra-fine grained steels by
conventional arc welding methods such as GMA (gas metal arc
welding) or SAW (submerged arc welding) the heat input has
a significant influence on the mechanical performance of weld
joint [21,22] The studies showed that the grain coarsening
in heat affected zone (HAZ) may cause the performance
mismatch between HAZ and base metal (BM) decreasing the
mechanical performance of weld joint dramatically [14,21].
Therefore, new technologies of welding are being developed
that provide high performance and relatively low heat input
of welding. An example of a cutting-edge technology of
microalloyed steel welding is the technology of GMA welding
with micro-jet cooling elaborated by Wegrzyn T. and Piwnik
J. [4,6,23,24]. They showed that the micro-jet cooling can
significantly increase the cooling rate of weld metal and thus
increase the percentage of acicular ferrite in the weld metal.
Other promising technologies of welding the microalloyed,
thermomechanically rolled steels are laser beam welding
(LBM) and laser hybrid welding (LHW) [21,25,26]. These
technologies are now widely investigated. Laser beam welding
has many advantages such as low heat input, very narrow heat
affected zone (HAZ), low thermal stresses and distortion, high
quality of joints, high speed welding and deep penetration
[25,27]. Until recently, for laser welding of steel joints just
CO, (A=10.6 um) and diode-pumped Nd:YAG (A=1.064 pm)

lasers were used. On the other hand, the dynamic progress
in design and development of laser devices have led to the
introduction of new types of lasers for welding industry, such
as a fiber and disk laser. These new types of lasers have many
advantages compared to previously used industrial workhorse
CO, and Nd:YAG lasers as showed by Sharma R. [28,29].
The mechanism of autogenous laser welding at keyhole mode
is incomparable to the mechanisms of arc welding with an
additional material [1,5,30]. The heat input of laser welding
is many times lower and the cooling rates of weld metal and
HAZ are very rapid [1,30]. Grajcar A. and Rozanski M. et
al. investigated the keyhole welding of thermomechanically
rolled steel sheets 2.0 mm thick by the Yb:YAG disk laser
with output power of 12 kW [31]. They found that the thermal
cycle of laser welding is extremely dynamic and it strongly
influences the structural changes and microhardness of weld
metal and HAZ.

Thus, it is clear that the development of laser welding
technology of modern microalloyed steels with application
of new types of lasers requires detailed investigations of the
influence of the laser beam characteristic and processing
parameters on the stability of the welding process and
properties of welded joints [32,33].

Therefore, the study of laser welding of
thermomechanically rolled steel sheet S700MC with
a thickness of 5.0 mm was carried out by the modern disk laser
TruDisk 3302 manufactured by TRUMPF.

The effect of laser welding parameters, especially heat
input, on the microstructure of fusion zone and heat affected
zone, hardness distribution, mechanical properties such as
tensile strength, bending angle and also impact toughness of
test joints have been evaluated.

2. Material and experimental procedure

The grade S700MC thermomechanically rolled steel was
chosen for the study of autogenous laser welding of butt joints,
Fig. 2. Samples in dimension of 100.0 x 100.0 mm were cut
from 5.0 mm thick plate by means of industrial 2D cutting
machine equipped with a CO, laser. The chemical composition
and mechanical properties of the investigated steel are given in
the Table 1 and 2. Surfaces of steel samples were sandblasted
and next mechanically cleaned by a brush with stainless steel
wires and finally cleaned by acetone just before the trials of
laser welding. The surfaces were prepared in such a way that
all the samples had same surface finish. The steel samples were
mounted in a fixture as shown in Fig. 3. The weld configuration
was set as square groove, butt joint (I-joint type) and tightly
clamped to eliminate any distortion or displacement during
laser welding, Fig. 3b. The area of laser beam interaction and
the surface of a weld pool were protected by argon shielding
delivered by a cylindrical nozzle set in front of the weld pool
as shown in Fig. 3b. Argon flow was kept at 12.0+15.0 1/min.
Additionally the weld root was protected by argon delivered
via a grove in a cooper backing of the fixture device. Argon
flow from the root side was kept at approx. 3.0 1/min. The
specific disk laser used for welding tests was Yb: YAG TruDisk
3302 manufactured by TRUMPF with maximum output power
3300 W and beam quality (beam parameter product - BPP) of
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TABLE 1

Chemical composition of thermomechanically rolled steel ST00MC according to EN 10149 —2 and comparison to DOMEX 700MC and
WELDOX 700, Table 2, Fig. 2

Content % wt.
Steel grade =0 TS T Mo | V| Nb | Ti | Al P S B Cr | cu | wi | CETY
S700MC
Accord. to | max max max max | max* | max* | max* | max max | max | max 0.38
EN-10149-| 0.12 | 2.10 | 0.60 | 0.50 | 020 | 0.09 | 022 | 0.015 | 0.025 | 0.015 | 0.005 | i i '
3
DOMEX | max max max max max max min max max
- - - - - 0.33
700MC 0.12 2.10 0.10 0.20 0.09 0.15 | 0.015 | 0.025 | 0.010
WELDOX | max max max max max max max max max max 0.53
700 020 | 1.60 | 0.60 | 0.70 | = i i ~ | 0020|0010 | 0005 070 | 030 | 2.0 '
Remarks; *Nb+Ti+V < 0.22 %, 1) — comparison of the maximum values of carbon equivalent CET, DOMEX and WELDOX are SSAB’s trade names
8.0 mm-mrad. The laser beam emitted at a wave length of 1.03 TABLE 3

pm was delivered into the welding head via fiberglass with
a core of 200 pm in diameter, Fig. 3a, Table 3. The fiberglass
was coupled with the welding head by a collimator equipped
with a 200 mm collimator lens. The laser beam was focused
by a 200 mm focusing lens to a diameter of 200 um. Technical
data of the disk laser and focusing optics are given in Table 3.

The disk laser generator and beam transmission was
controlled by a master control of a prototype, 4-axis fully
automated positioning system based on three linear drives in
the Cartesian coordinate system “x,y,z” and additionally with
a rotary drive axis “a” as shown in Fig. 3a. The laser welding
head was mounted vertically on a linear drive in the “z”
direction (z axis). The linear drive “z” was used just to set the
required distance from the laser head, which was perpendicular
to the direction of welding and to the steel plate surface. During
the trials of laser welding the laser head was stationary, while
the plates to be welded were moved in a horizontal plane “x,y”,
driven be two linear stages (“x,y”).

The welding parameters for autogenous laser welding
were established in previous investigations on the influence
of basic parameters of laser welding on the penetration
characteristics and porosity formation in the weld metal during
bead-on-plate laser welding. Results of these studies are
described in detail in the ref 34. The laser beam was focused on
the top surface of steel sheets (200 pm spot size) and the beam
spot was relatively moved along the edges of the steel plates
during welding. Welded joints have been created as a result of
melting of the steel sheets edges and subsequent solidification
of the liquid metal, without an additional material (filler).
The test butt joints were one-side welded at parameters and
technological conditions given in Table 4.

TABLE 2
Mechanical properties of thermomechanically rolled steel ST00MC
according to EN 10149 -2, Table 1

Nominal thickness, mm <3 >3
. A80 AS
Total elongation, A80 or AS, %
10 12
Minimum yield strength ReH, MPa >700
Tensile strength Rm, MPa 750-950
Notch impact energy at -20°C, KV, J > 40
Notch impact energy at -40°C, KV, J >27

Technical data of the Yb:YAG TruDisk 3302 laser and the focusing
optics, Fig. 3

Parameter Value

Wave length, nm 1030
Maximum output power, W 3300
Laser beam divergence, mm-mrad <8.0
Fiber core diameter, pm 200.0
Collimator focal length, mm 200.0
Focusing lens focal length, mm 200.0
Beam spot diameter, pm 200.0
Fiber length, m 20.0

When the laser welding tests were completed, first
the visual inspection were performed according to PN-EN
970 standard and then samples for further metallographic
examinations were cut perpendicularly to the joint axis at the
mid-length of the joint away from the region of initiation and
completion of welding process.

The samples were mounted in resin (chemically
hardened), grinded and polished then etched by Nital
solution (3.0%) to reveal the fusion zone shape, heat affected
zone width and microstructure of the welded joint. The
metallographic examinations were based on macrostructure
and microstructure observations using a light microscope,
scanning electron microscope (SEM) and chemical
analysis by energy dispersive X-ray spectroscopy (EDS).
Microhardness was measured on the polished samples across
the weld using a Vicker’s tester at a load 200 g according
to PN-EN 1043-2:2000 standard. Further, tensile tests of the
laser welded joints were performed according to the PN-EN
895 standard, at room temperature. The tensile test samples
were cut perpendicularly to the joint axis and shaped by
milling with intensive water cooling, to avoid the effect of
heat on the performance of test samples. They were 35.0 mm
wide at the grip region and 25.0 mm wide in the mid region.
Two tensile samples were tested for each laser welded joint
and the fracture surfaces were further examined by scanning
electron microscope (SEM) to identify ductile or brittle
fracture mode.
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TABLE 4
Parameters of autogenous laser welding of 5.0 mm thick butt joints of ST00MC steel by disk laser TruDisk 3302, Fig. 3, Table 1-3
Output laser Welding speed . Width of the Width of the
. Heat input
Test butt joint power (mm/min) weld face weld root Remarks
(W) (mm/s) (J/mm) (mm) (mm)
A 3300 1500 (25) 132 1.98 1.35 PP,GL, UF
B 2500 500 (8.33) 300 3.6 2.3 PP,GL
C 3300 1000 (16.6) 198 2.9 1.8 PP,GL, UF

Remarks, other parameters of butt joints laser welding: wavelength of laser radiation 1.03 pm, focal length of focusing lens: 200.0 mm, focal length of collimator lens: 200.0 mm,
fiber core diameter: 200.0 pm, 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

weld): 10.0-12.0 I/min, gas feed rate from root side: 3.0 I/min, Quality assessment of the welds: FP — full penetration, FF — flat wed face, UF — undercut of wed face

Technological bend tests of the laser welded joints were
performed on samples having a width of 20.0 mm according
to the PN-EN 910:1999. Samples for the bend test were cut in
the same way as the samples for tensile tests, perpendicularly
to the joint axis.

Fig. 2. Microstructure of the base metal (BM) of the 5.0 mm thick
S700MC steel sheet at different magnification, 3% Nital etched, Table 1

o

Fig. 3. A view of the prototype experimental stand for automated laser
welding (a) equipped with the fixture device and shielding nozzles for
protection of weld pool and root of the weld (b), Table 3

Finally, the impact test were performed according to PN —
EN 10045-1 standard. Two impact test samples were prepared
and tested for each laser welded joint. Result of the tests,
measurements and analysis are given on the Fig. 4 to 11 and in
the Table 4 to 8.

3. Results and discussion

All the test butt joints produced by autogenous laser
welding using the disk laser are fully penetrated over the
entire length, as shown in Fig. 4 and 5. The fusion zone shapes
(configuration) as well as width of weld faces and roots of the
butt joints are similar to the bead-on-plate welds produced at the
same parameters and discussed in the ref 34, Table 4, Fig. 5. The
butt joint B welded at laser power 2.5 kW and welding speed
500 mm/min, thus heat input 300 J/mm, showed smooth and

even surfaces of the face and root as well, slightly convex but
without undercuts, Fig. 4b and 5b. Fusion zone shape is proper,
although single and small size pores with a diameter below 0.15
mm were found on the cross-sections, Fig. 5b. The butt joint C
welded at laser power 3.3 kW and welding speed 1000 mm/min,
thus heat input almost 200 J/mm, showed flat and even surface
of the root but slight undercuts of the weld face, Fig. 5c. Fusion
zone in X configuration also is proper but some small pores were
found on the cross-sections with a maximum diameter below 0.1
mm, Fig. 5c. The butt joint A welded at minimum heat input of
about 130 J/mm, at laser power 3.3 kW and welding speed 1500
mm/min, showed rather a columnar shape at the depth/width
ratio about 2.5, Fig. 5a. Surface of the root is flat and even but
the weld face is slightly hollowed, Fig. 4a.

a)

P AT e ST T I T

Fig. 4. A view of the weld face (top surfaces) and root (bottom) of the
5.0 mm thick butt joints of S7T00MC steel produced by autogenous
laser welding (Table 4); a) at minimum heat input of 132 J/mm (3.3
kW, 1.5 m/min), joint A and b) at maximum heat input of 300 J/mm
(2.5 kW, 0.5 m/min), joint B



The microstructure of the base metal of microalloyed,
thermomechanically rolled steel S700MC is shown in Fig.
2, while the microstructures of butt joints produced by the
disk laser welding are shown in Fig. 6. The microstructure
of S7T00MC steel plate with a thickness of 5.0 mm consists
mainly of fine grained ferrite with a uniform dispersion of
fine carbides, Fig. 2. Additionally segregation shearing lines
created as a result of the rolling process can be observed on
the optical micrographs. As can be seen in Fig. 5 and 6 the
microstructure of the weld metal in fusion zone (FZ), as well
as the width and microstructure of heat affected zone (HAZ),
were significantly dependent on the thermal conditions (heat
input) of laser welding and thus subsequent cooling rates.
The cooling times between 800 and 500°C were calculated
for different heat inputs of autogenous disk laser welding of
5.0 mm thick butt joints of the S7T00MC steel in the manner
described in detail in the ref 34. The results of calculations are
given in the Table 5.

a) b) c)

Fig. 5. Optical micrographs of the 5.0 mm thick butt joints of S7T00MC
steel produced by autogenous laser welding (Table 4); a) joint A (3.3
kW, 1.5 m/min, heat input 132 J/mm), b) joint B (2.5 kW, 0.5 m/min,
heat input 300 J/mm), c) joint C (3.3 kW, 1.0 m/min, heat input 200
J/mm)

The HAZ of joints have been recrystallized and therefore
there are no segregation shearing lines, Fig. 6. The narrowest
HAZ has the butt joint A welded at the lowest heat input of 132
J/mm, laser output power of 3.3 kW and welding speed 1.5 m/
min, Fig. 5a and 6a. The cooling time tgs calculated for the
joint A is approx. 2.3 s and the width of HAZ does not exceed
0.75 mm, Fig. 6a, Table 5. The HAZ microstructure of A joint
is very fine-grained with average grain size approx. 0.5 pm,
so a couple of times smaller than the grain size of base metal
(BM) approx. 0.8-3.5 um, Fig. 6a. Near the fusion line coarse-
grain structure can be observed but the region is very narrow
with a width of one-tenth of the entire HAZ, Fig. 6b. Structure
of the fine-grained region of HAZ is composed of ferrite with
a uniform dispersion of fine carbides, similarly as the base
metal, Fig. 2. On the other hand the structure and width of HAZ
in a case of joints welded at significantly higher heat input and
thus longer cooling times is different. For comparison the HAZ
width of the joint C produced at heat input 198 J/mm (over
twice higher that in a case of the joint A), resulted in cooling
longer time tgs approx. 5.2 s, is over 1.0 mm, Table 5. In this
case the region of coarse-grain structure is also wider and it is
approximately half the width of the entire HAZ, as can be seen
in Fig. 6¢. The relatively wide coarse-grain structure regions of
HAZ in a case of the joint C but also joint B include polygonal
ferrite grains oy, as can be seen in Fig. 6c. Close inspection
of the weld metal micrographs showed clear differences in
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structure and grain size of the joints produced at different
parameters of laser welding, thus different thermal conditions
(heat input), Fig. 5 and 6. The fusion zone of the joint
A produced at the lowest heat input of 132 J/mm has a columnar
shape with a width approx. 1.0 mm, slightly concave face and
fine-grained structure, Fig. 5a and 6b.

a) b)

Fig. 6. Microstructure of the 5.0 mm thick butt joint of S7T00MC steel
plate autogenously welded by the disk laser; a) HAZ of test joint A,
b) FZ of test joint A, ¢) HAZ of test joint C, d) FZ of test joint C,
HAZFG - fine-grained region of HAZ, HAZCG — coarse-grained
region of HAZ, apf — polygonal ferrite, awf — widmanstatten ferrite,
oaf — allotriomorphic ferrite, aac — acicular ferrite

TABLE 5
Values of the calculated cooling times tgs during autogenous laser
welding of 5.0 mm thick butt joints of STO0MC steel by disk laser
TruDisk 3302, Fig. 5 and 6

Test Output Welding speed H eat HAZ | Cooling
laser . input . X
butt (mm/min) width | time tys
joint | PO (mm/s) W7 (mm) ()
J (W) mm/s mm)
A 3300 1500 (25) 132 | 0.6-0.75| 2.31
B 2500 500 (8.33) 300 | 1.5-1.75| 11.94
C 3300 1000 (16.6) 198 018175_ 5.20

The weld metal is free of any inclusions or porosity and
consists of different types of ferrite, Fig. 5a, 6b. In this case the
fraction of acicular ferrite o, is relatively high. Additionally
some fraction of fine-grained allotriomorphic ferrite o, (or
grain boundary ferrite) and single grains of polygonal ferrite
apf may be observed, Fig. 6b. On the other hand, in the case of
weld metal of joint C produced at lower welding speed 1.0 m/
min and heat input of 198 J/mm the acicular ferrite o, fraction
is lower, Fig. 6d. Simultaneously the grains of polygonal ferrite
a,rare larger in size, similarly like the grains of allotriomorphic
ferrite o, (or grain boundary ferrite), Fig. 6d.

The microhardness distribution across the butt joints
(microhardness profiles) are shown in Fig. 7. Microhardness
of the base metal of 5.0 mm thick S7T00MC steel sheet is very
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consistent in a range from 270 to about 290 HVO0.2, Fig. 7.
Comparison of the microhardness distribution in the HAZ
and FZ of the test butt joints produced at different welding
parameters indicates that the thermal conditions (heat input)
of welding have a strong impact on the microhardness values
measured in Vicker’s scale. In a case of the joint A welded
at the highest speed of 1.5 m/min and the lowest heat input
of 132 J/mm the HAZ shows a tendency for increasing the
microhardness, while the microhardness in the weld metal
is close to the values of BM, Fig. 7a. Maximum values of
microhardness approx. 350-400 HV0.2 were measured in the
HAZ region adjacent to the FZ, Fig. 7a.
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In contrast, the test joints welded at lower welding speed
1.0 and 0.5 m/min respectively and heat inputs 198 and 300
J/mm exhibit a slight decrease in microhardness in the FZ,
Fig. 7b,c. The minimum level of microhardness measured
in this case are approx. 240-250 HV0.2. Simultaneously the
microhardness in HAZ does not exceed 330-340 HV0.2, Fig.
7b,c. Profile and values of the microhardness is attributed to
the cooling rate and phase transformations (grain size and
proportions of different types of ferrite), Fig. 6.

Two tensile samples were prepared for each of the
investigated butt joints and the results are given in Table 6
and shown in Fig. 8. As can be seen, in a case of the test butt
joint A welded at maximum welding speed of 1.5 m/min and
thus the minimum heat input of 132 J/mm one test sample was
broken in the weld metal (FZ) but the second tensile sample
was broken in the base metal, Fig. 8a.

Fig. 8. A view of the broken samples from the tensile tests of butt
joint A welded at 3.3 kW and welding speed of 1.5 m/min (heat input
of 132 J/mm, Table 6) (a) and an optical micrograph of the fracture
surface (delamination can be observed) (b)

The tensile strength of these samples is above 850 MPa,
Table 6. It is worth noting that the butt joint A welded at the
minimum heat input showed the highest microhardness both in
the FZ (weld metal) approx. 290-310 HVO0.2 and in the HAZ up
to 350-400 HV0.2, Fig. 6a. However, in a case of the butt joints
welded at higher heat inputs all the tensile samples were broken
in the FZ (weld metal), Table 6. The lowest tensile strength
of 756 MPa showed the sample B2 of the joint welded at the
maximum heat input of 300 J/mm, 2.5 kW and welding speed
0.5 m/min, Table 6. For comparison the tensile strength of the
joint C welded at the medium heat input is just slightly lower
(approx. 2.4%) than the tensile strength of the joint A. The mean
tensile strength of the test joint C is approx. 836 MPa, Table 6.

TABLE 6
Results of the tensile strength test of 5.0 mm thick butt joints of
S700MC steel laser welded by the disk laser, evaluated according to
the PN-EN 895 standard, Fig. 8

Fig. 7. Microhardness distribution (profile) across the 5.0 mm thick
butt joint of ST00MC steel plate autogenously welded by the disk
laser (Table 4); a) joint A, b) joint B, ¢) joint C

. Sample | Tensile strength Rm, Place of
Joint type No. MPa break
A Al 851 Weld metal
A2 861 Base metal




B Bl 784 Weld metal
B2 756 Weld metal
C Cl 835 Weld metal
C2 838 Weld metal

TABLE 7

Results of the technological bend test of 5.0 mm thick butt joints of
S700MC steel laser welded by the disk laser, evaluated according to

the PN-EN 895 standard, Fig. 9

Joint / Bendin,
sample Test type § Remarks
angle,
type
Longitudinal crack
Weld _root 142 with a length of
bending
A approx. 2.5-3 mm
Weld face Loggltudmal crack
. 151 with a length of
bending
approx. 3 mm
Weld root Longitudinal fraf:ture
. 55 across the entire
bending .
B width
Weld face Longitudinal fra.cture
bendin 58 across the entire
£ width
Longitudinal crack
Weld root 140 with a length of
bending
approx. 3-4 mm
¢ Longitudinal crack
Weld face onst
bendin 145 with a length of
£ approx. 2.5-3 mm

Fig. 9. A view of the samples after technological bend test (weld
root bending) of 5.0 mm thick butt joints of ST00MC steel sheets
autogenous laser welded by the disk laser, evaluated according to the
PN-EN 895 standard, Table 7

In general, the lower the heat input of welding, the higher
the strength of the test joints in the range of welding parameters.
However, it should be emphasized that the heat input, defined
as the ratio of laser power and welding speed, is only an
auxiliary parameter that may be applied for a comparison
of welding thermal conditions only over a narrow range of
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laser processing parameters, as shown by previous studies
discussed in the ref 34. The reason for this is the complexity
of the absorption of laser radiation, heat generation and heat
transfer in the region of welding, especially in a case of
a keyhole welding mode. The physical processes mentioned
above are influenced by many factors such as power density of
the laser beam (laser radiation), temperature of the irradiated
surface, time of laser beam irradiation, intensity of metal
evaporation, plasma plume formation and many others [34].
It was also found that the plastically deformed metal of the
tensile sample broken in the base metal, characterized by
maximum tensile strength, is delaminated in the fracture zone,
as shown in Fig. 8b. Delamination of the tensile sample is
a result of segregation shearing lines, which can be seen in
the micrographs of BM. The segregation shearing lines of BM
cause anisotropy of mechanical properties and can reduce the
mechanical performance of the steel plates.

TABLE 8
Results of the impact toughness test of 5.0 mm thick butt joints of
S700MC steel laser welded by disk laser, evaluated according to the

PN-EN 10045-1 standard, Fig. 10

Joint type/ Absorbed Impact toughness, .
sample | impact energy, J J/em? Heat input
No. of laser

. Mean | Single Mean welding, J/
Single value | value value mm
value

1A 50 100

A | 2A | 4875 | 49.12 97.5 98.25 132
3A | 48.75 97.5
1B 30.5 61

B | 2B 32 32.5 64 65 300
3B 35 70
1C | 51.25 102.5

C | 2C | 56.25 | 54.16 112.5 108.25 198
3C 55 110

EHT = 20.00 KV
WD = 15 mm

Signal A = SE2
[Viag = 10.00 K X

Fig. 10. A view of broken impact sample of test joint B (a) and SEM
micrograph of the fracture surface of the test joint B - intercrystalline
cleavage fracture (b), Table 8
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Technological bend tests of the laser welded joints were
performed according to the PN-EN 910:1999. Two samples
were prepared for each of the examined butt joints (one for
root and one for weld face bending). Samples with a width of
15.0 mm were cut in the same way as the samples for tensile
tests, perpendicularly to the joint axis. Results are given in
Table 7 and in Fig 9. The results of technological bend tests
showed a similar trend as in the case of the tensile tests. It
was found that the bending angle of test samples is related to
the parameters of laser welding (heat input), Fig. 9, Table 7.
The test samples of the joint B welded at maximum heat input
of 300 J/mm showed the smallest bending angle approx. 55°,
Fig. 9, Table 7. On the contrary, the test samples of the joint A
welded at the minimum heat input showed the largest bending
angle approx. 145°, Fig. 9, Table 7.

The impact toughness tests of butt joints were performed
are at room temperature and the results are given in Table 8 and
shown in Fig. 10. The test butt joint A welded at the lowest heat
input (132 J/mm) and characterized by the highest microhardness
in fusion zone and heat affected zona, as well as the highest
tensile strength (851-861 MPa) and bending angle (142-151°),
showed the impact toughness almost 100 J/cm?, Table 8. The
test butt joint C welded at medium heat input of laser welding
(approx. 200 J/mm) showed a slightly higher impact strength at
the level 108 J/cm?, Table 8. The lowest impact toughness was
reveled in a case of the test butt joint B welded at the highest
heat input of 300 J/mm. In this case the impact toughness is
just 65 J/cm?, so approx. 60% of the maximum value measured
for the test joint C, Table 8. A close observation of the fracture
surfaces under a scanning electron microscope reveled the
fracture behavior of the samples of joint B, Fig. 10c.

Signal A = SE2

EHT = 20.00 k¥

WD = 15mm Mag= 10.00 K X

cilledaxd2\genesisigenmaps.spc 21-May-2012 14:35:53

LSecs: 29
987 Fe
o
789+
692+
Fe
3944
197 Fe
c
o -
1.00 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10,0

b) Energy - keV

Fig. 11. SEM of an inclusion on the fracture surface of broken impact
sample of test joint B (a) and EDS spectra of the inclusion (b)

The fracture surface is characteristic for intercrystalline
cleavage fracture of grains and subgrains boundaries. The
fracture behavior of test joints is directly related to the
microstructure of weld metal and heat affected zone and thus
indirectly to the welding parameters, thermal conditions and
heat input of laser welding. Additionally inclusions of small
size were found on the fracture surfaces of the test joints, Fig.
11a. The EDS spectra of the small inclusions showed high
content of oxygen in the compounds, indicating oxide nature
of the inclusions, probably mainly FeO, Fig. 11b.

4. Conclusions

In this research, autogenous laser welding of butt joints
of thermomechanically rolled steel ST00MC was investigated.
Effect of a disk laser output power and welding speed thus
heat input of welding on the welding mode, fusion zone shape,
microhardness profile, structure and quality of welded joints
were analyzed. Mechanical performance of the butt joints was
also examined. Based on the presented results of investigations
the following findings can be summarized.

Autogenous laser welding of 5.0 mm thick butt joints
at keyhole mode by the novel Yb:YAG disk laser provides
high quality joints characterized by fine-grained structure
with a large proportion of acicular ferrite, high mechanical
performance.

However, ensuring high quality of welded joints requires
precise selection of parameters and conditions of laser welding.
Both the microstructure and mechanical performance of test
joints showed a strong dependence on the welding parameters,
heat input and cooling rates.

In general, the lower the heat input of Yb:YAG disk
laser keyhole welding (resulted in very short cooling times tgs
approx. 2-5 s) the higher the mechanical performance such as
tensile strength, bending angle and impact toughness.
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