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LASER WELDING AND REMELTING OF DC05 LOW CARBON STEEL

Laser welded joint of ferritic low carbon steel DC05 was manufactured as Tailored Blank and examined by non-destructive
visual testing and destructive testing by macro- and microscopic examination and hardness measurements. The tensile strength of
the welded joint was 280 MPa and corresponds to the tensile strength of the base material. Microscopic observations of thinner
plate revealed heat affected zone with coarse grain, in contrast to the thicker plate where coarse grain was not observed. Detailed
analysis of laser remelted area on plates after various cold deformation (1%, 4.15% and 12.5%) reveals a significant influence of
the plate state on the occurrence of grain growth. The increase in the width of the coarse-grained zone after 12.5% deformation
increases by approximately 60% compared to the undeformed state, regardless of the travel speed.
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1. Introduction

Laser technology has significantly contributed to the devel-
opment of new methods of manufacturing, joining and improving
the properties of the material [1-5]. The use of a concentrated
beam of photons allows for very quickly and precise heating
of the material. As the energy of the laser beam increases, it is
possible to obtain full remelting of any range of engineering
materials, regardless of their melting point.

Laser joining of engineering materials is an issue widely stud-
ied in the scientific literature. The problems of joining materials
such as titanium, cobalt, nickel, magnesium, iron and aluminium
alloys were analysed [6-11]. One of the most important aspects of
laser processing is microstructural changes occurring in the beam
interaction area and heat affected zone. The laser power, scanning
speed and the area of focus of the laser beam have a key influence
on the changes in the structure of the material [12]. An important
aspect of the laser remelting process is the strong anisotropy of
the material properties resulting from a significant temperature
gradient in the beam interaction area. New grains crystallize in
highly metastable conditions from the liquid phase, which results
in significant fragmentation of the dendritic structure, which is
a direct consequence of the sudden cooling of the material [12-17].
This also applies to the change in the size of the crystallites in
the remelting area. The crystallites size after SLM (selective
laser melting) is related to the speed of heat removal from the

material. The subsequent interaction of the laser beam causes
an increase in the size of the crystallite. Reheating of the previ-
ously re-melted area will result in the expansion of the existing
crystallite areas by the diffusion mechanism [13]. The formation
of new and the growth of existing dendritic areas during SLM is
explained by the nucleation of a material with a similar crystal
structure to the starting material. Heterogeneous nucleation on
the already existing grains will reduce the energy needed for the
development of the structure in the area of the weld, which favours
the growth of crystallites with a short time of beam interaction
[14]. Refinement of the joint structure is possible by adding ad-
ditional particles to the material. It takes place by heterogeneous
nucleation of new regions on the introduced particles [17-21].
The refinement of the crystal structure is also possible by using
the oscillating interaction of the laser beam and thus introducing
significant thermal stresses to the material [18]. The growth of
new crystallites is related to the crystallographic orientation of the
base material. The build-up and growth of the crystalline regions
in the weld strongly depend on the specific crystallographic ori-
entation observed during laser remelting of material [16,22-24].

However, not only the structure of the re-crystallizing layer
after the laser remelting process will have a significant impact on
the material properties. The areas near the fusion line are of great
importance as they may affect product properties. A common
phenomenon observed in these areas is transcrystalline cracks.
The significant temperature gradient generated during the pro-
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cess leads to the appearance of meaningful thermal stresses in
the material. In extreme cases, the value of stresses will exceed
the material’s resistance to cracking. Besides, rapid heating to
high temperature can cause grain boundaries liquation, leading
to the destruction of the product or a significant decrease in its
functional properties [25,26]. Fragmentation of grains not re-
melted during the joining process by stresses generated in HAZ
(heat-affective zone) was observed. After the critical strain is
exceeded, the dominant mechanism will be the nucleation of
new grains in the heated area. However, with a significant over-
heating of the material and a high-temperature gradient between
the melted areas and the base material, the nucleation process
will be difficult, because the growth time will be shorter than
the nucleation and growth. The dominant factor influencing the
geometrical dimensions of the structure in HAZ will also be the
mobility of the interface. Higher mobility of the interface will
result in the formation of a coarser-grained structure in the heat-
affected zone (CGHAZ) [27]. Phase transformation during the
welding process will also affect the microstructure of the joint
and HAZ. In the steels with micro-additives, degenerated upper
bainite was observed in the heat-affected zone at the fusion line,
transforming into granular bainite and a ferritic-pearlitic structure
as it moved away from the fusion line. The fragmentation of the
grains was observed in the area close to the base material [28].
In the dual-phase steel, which uses the possibility of chang-
ing the phase composition by heat treatment to improve their
properties, the softening of the material in the heat-affected area
was observed for laser welding. Local martensitic islands were
tempered, reducing the functional properties of the element [29].
The grain fragmentation phenomenon was also observed in NPC
steel. In the heat affected zone, areas with an enlarged grain,
areas of fine grain and mixed grain are visible. Fragmentation is
caused by heating the material to the temperature range close to
the end of dissolution of the hypoeutectoid ferrite and martensitic
transformation of supercooled austenite [30].

Laser welding is widely used in many industries, including
in the automotive industry. Many different materials need to be
welded [31]. Welded joints are made both between mild steel [32]
and modern steels — Interstitial Free (IF) steels [33], High Strength
Low Alloy (HSLA) steels [34,35], Advanced High-Strength Steels
(AHSS) [36], Bake Hardening (BH) steels [37,38], Dual Phase
(DP) steels [39-41], Transformation-Induced Plasticity (TRIP)
steels [42], Complex-Phase (CP) steels [43], martensitic steels
[44] and austenitic steels [45]. To reduce the weight of vehicles,
semi-finished sheet of various grades and/or thicknesses are.
Tailored Blanks are used as structural parts in the body-in-white
of cars for improving crash performance. Typical applications
are pillars (A and B) or the inner structure of car doors, where
different strengths in different regions are required [46,47].

The work aimed to analyze the possibility of making a joint
by laser beam welding and to show the mechanism of the struc-
ture formation in this welded joint. This goal was achieved by
metallographic macro- and microscopic observations of welded
joint and re-melts fusion in deformed plates by tensile test. So
far, the reasons for the grain growth occurring in HAZ during

tailored blanks laser welding of steels have not been fully ex-
plained. The present study aimed to clarify this phenomenon
based on the theory of critical strain under the conditions of
plastic deformation of the sheet during cutting and intense/
dynamic heating during laser welding.

2. Materials and methods

The butt welded joint of EN 10130: DC05+ZE (1.0312+ZE;
ASTM A 1008: EDDS) plate with different thickness (#; = 0.6
mm, £, = 1.2 mm) was welded by the 521 laser beam welding
(LBW) process without a filler metal. Design of the welded joint
are presented in Fig. la. This joint was a part of a right front
door of a passenger car (Fig. 1b).

(@) ISO 4063: 521

1.2 mm

0.6 mm

Fig. 1. The welded joint: (a) design, (b) right front door of a passenger
car after welding and stamping. The place where the joint occurs is
marked with a red line

To evaluate the influence of plastic deformation on the mi-
crostructure, annealed and cold deformed DC05+ZE plates with
nominal thickness ¢; = 0.7 mm and £, = 1.2 mm was remelted by
the 521 process, realized by Trumpf TLF 6000 Turbo. Process
parameters are presented in TABLE 1. The travel speed and focus
were variable for both plates thickness, remaining parameters
were constant. Before the process, plates were soaked in a 40%
hydrochloric acid solution to remove zinc coating. Appropriate
degree of deformation was obtained by means static tensile



tests, realized by Zwick/Roell Z250 with extensometer. The
specimens was a flat with the dimension of L/W = 12.5/80 mm.
The cleaned surface was covered by water glass before welding
to improve the absorption.

Chemical composition of base metals was measured by
Optical Emission Spectroscopy using a Foundry Master-WAS
Spectrometer. Macro- and microscopic examinations were per-
formed on cross sections after mechanical grinding, polishing
and etching in 5% Nital reagent (5 ml HNO3 + 95 ml C2H5SOH).
Base metals, heat affected zones, weld metal and remelted areas
were examined using light microscope Leica DM/LM. The grain
size of base metals was quantified by the Jeffries method and
the result was related to the grain size determined by ASTM
E 112 [48]. Hardness measurements was performed by the Vick-
ers method (2.96 N for HV0.3 and 4.93 N for HVO0.5) with use
Tukon 1202 universal hardness tester.

3. Results and discussion

Chemical compositions of base metals and mechanical
properties, verified by the Optical Emission Spectroscopy
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and static tensile test, are presented in TABLE 2. Significant
deviation between the inspection document and OES results in
phosphorus content were found. The obtained value exceeds
the content permitted by the EN 10130 [49] standard. In the
case of manganese, the value is equal to the limit value. The
results of the mechanical test showed that the strength and
plastic properties are within the limits set by the EN 10130 [49]
standard. Higher yield strength and lower elongation than the
values from inspection documents may be due to the longer time
between production and testing than the guaranteed 6 months
and higher content of phosphorus. The long-term strain-ageing
effect on the properties was observed on low-carbon steel
reinforcement [50].

3.1. Welded joint analysis

The butt welded joint was B quality level (acc. to ISO
13919-1 [51]) in visual testing (VT) and macroscopic exami-
nation (Fig. 2). A weld was obtained with full penetration and
a thickness not less than the joined thinner plate.

TABLE 1
Laser beam process parameters
. Travel speed m/min
Thickness, mm | Focus, mm 050 | 057 | 065 | 075 | 086 | 1.00 | 131 | 150 | 172 | 2.00
60 — — — X X X X X X X
07 120 — — — X X X X — — —
12 60 — — X X X X X X X X
) 120 X X X X X — — — — —
Power: 1 kW; Frequency: 30 kHz; Beam diameter: 5 mm; Shielded gas: argon
TABLE 2
Chemical composition and mechanical properties of base metals
Chemical composition, mass % Mechanical properties
Steel DCOS C Si Mn P S Al Ti Nb | R, MPa | R,, MPa| Agy, %
EN 10130 standard [49] | <0.06 — <0.35 | £0.025 | <£0.025 — — — <180 | 270-330 40
Inspection documents 0.0011 0.02 0.12 0.006 — 0.036 0.028 0.014 155 294 45
OES/tensile tests results 0.02 0.08 0.35 0.042 0.006 0.029 0.029 0.023 160 280 41

Fig. 2. General view (a) and macrostructure (b) of the welded joint. Regular shape of the weld with a smooth transition to the base material,

without welding imperfections
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Fig. 3 presents the microstructure of the welded joint. Base
metals (Fig. 3a-b) was characterized by ferrite with equiaxial
grain, which indicates a annealing delivery condition. The grain
size was A= 143 pm?, which corresponds to G = 10 acc. to ASTM
E 112 [48]. In the heat affected zone of thinner plate (Fig. 3c)
coarse and elongation grain in the area up to 300 pm from the
fusion line were observed. Contrariwise, the growth of grain in
the thicker plate is almost imperceptible (Fig. 3d).

In the heat-affected zone of laser-welded joints of steel with
the BCC crystal lattice matrix, the most frequently observed
coarse-grain zone (CGHAZ), fine-grain zone (FGHAZ) and the
area of partial recrystallization (ICHAZ) of variable equiaxial
grain size [52]. Mei et al. [53] observed conventional HAZ in
DCO03 and DC56D steels welded with CO, and fiber laser, and
Zdravecka and Slota [54] in DX53D and DX54D steels welded
with CO, laser. Danielewski and Skrzypczyk [55] observed
conventional HAZ in S235JR steel steels welded with CO, laser.
The research by Lisiecki et al. [5S6] and Prijanovi¢ et al. [S7] on
DC04 and U/AHSS Docol® 1200M steels revealed the effect of
reducing laser power on limiting grain growth in CGHAZ. This
effect was observed in the work of Gongalves et al. [58], Luo

et al. [59] and Antunes and Lima [60] on AISI40, DC52D and
DP600 steels. Contrariwise, in the laser welded joint of the DP-
600MC and DCO6EK steels, analyzed by Mihalikova etal. [61],
clongated grain growth in CGHAZ is visible. Excessive grain-
growth in HAZ during the welding of IF steels were observed by
Bayraktar et al. [27,62] in welded joints made by Gas Tungsten
Arc Welding (GTAW) and Resistance Spot Welding (RSW).

To explain the excessive grain growth, a thesis was put
forward, according to which the grain growth in the HAZ is
related to the recrystallization of the deformed material in the
critical strain range, which is caused by a portion of heat input
into the material during welding.

Hardness of the thinner plate was 152 HV0.3 and of the
thicker plate was 145 HV0.3. The decrease in hardness is ob-
served in the coarse grain HAZ of the thinner plate (140 HV0.3),
while in the thicker one it increases (180 HV0.3). Hardness
of the weld was 176-215 HV0.3. In the static tensile tests the
material broke in the thinner base material with tensile strength
Rm =280 MPa. The values exceed the minimum requirements
for the base material (TABLE 2) and correspond with base metal
tensile strength, which is the expected effect.

Fig. 3. Microstructure of DCOS5 steel: (a) base metal of thinner plate, (b) base metal of thicker plate, (c) heat affected zone in thinner plate, (d) heat
affected zone in thicker plate (5% nital etched). Significant difference in the structure of the HAZ despite the similar input microstructure of
both plates



3.2. Influence of laser beam parameters on the shape
of structure transformation area

In order to confirm the thesis, the parameters of the laser
remelting process were selected. The process and measurement
scheme is shown in Fig. 4a. Fig. 4b presents the influence of
laser beam remelting parameters on the width and height of
structure transformation area (remelted area with heat affected
zone). The width and depth of this area decrease with increasing
travel speed and focus, which is the expected effect, observed
e.g. by Lisiecki et al. [56] and Prijanovi¢ et al. [57]. Doubling
the focus causes a decrease in the remelting width by 17-25% in
the top of the remelting and by 30-47% in the centre and at the
bottom of the remelting. Increasing the thickness from 0.7 mm to
1.2 mm with a focus of 60 mm reduces the penetration width in
the top by 38-53%. For both plates, at travel speeds higher than
1000 mm/min and focus of 60 mm, the penetration depth tends
to 0. In any case, the smallest fusion width occurs in the middle
of the plate thickness, which is related to the greatest number of
heat discharge directions. This profile is often observed in laser
beam welded joints [43,63-65]. To investigate influence of de-
formation on the grain size after remelting with a laser beam, the
parameters including the focus of 60 mm and the travel speeds
of 860 and 750 mm/min were selected.
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Fig. 4. (a) Schematic of laser beam remelting, (b) Influence of travel
speed and focus on the width and height of structure transformation area

3.3. Influence of deformation on the grain size
after laser beam remelting

On the basis of the stress-strain diagram (Fig. 5a), three
ranges of sample deformation were selected: 1%, 4.15% and
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12.5% of elongation. The samples deformed in a controlled
manner were remelted with laser beam in the same way as in
Fig. 4a. Regardless of the travel speed of the laser beam, the
remelted layer width and the heat-affected zone increases with
the increase of deformation (Fig. 5b). The change in the depth
of remelting observed in the diagram is results from the change
in the cross-section of the sample after its plastic deformation
and in fact in all cases was 100% of the plate thickness.
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Fig. 5. (a) Stress-strain diagram, (b) influence of elongation on the width
and height of structure transformation area

Detailed analysis of the microstructure of the analyzed
samples showed that the width of the area of the coarse grain
heat affected zone increased with the increase of the travel speed
of the laser beam. In the non-deformed plate, near the fusion
line, coarse grain area was not observed (Fig. 6a), similar to the
Gongalves et al. [58], Luo et al. [S9] and Antunes and Lima [60]
research. As the deformation of the sheets increased, the width
ofthe CGHAZ increased (Fig. 6b-d) and the grain shape differed
from equiaxial to elongated in the direction of heat flow. Moreo-
ver, CGHAZ hardness increased from 70 HV0.5 to 85 HVO0.5
with the increase of deformation before remelting. The above
experiment proves that in the case of cold rolled low carbon
steels, the influence of deformation on grain growth is crucial.



Fig. 6. Microstructure of remelted area with travel speed of 860 mm/min and heat affected zone of DCO5 steel: (a) non-deformed plate,
(b) deformed plate with 1% of elongation, (c) deformed plate with 4.15% of elongation, (d) deformed plate with 12.5% of elongation




4. Conclusions

The grain size in CGHAZ is strongly dependent on the de-
gree of cold deformation. As the deformation increases, the
width of the CGHAZ and the grain size increases. Thus, it is
possible to control grain size in the laser remelting process
through thermo-mechanical processes preceding remelting.
A deformation degree of 12.5% increases the width of the
CGHAZ by approximately 60%.

As the travel speed of the laser beam and the focus increases,
the width and depth of the remelting area and HAZ are
reduced. The reduction in the remelting width is from 11
to 24% and the remelting depth is approximately 32% for
each increase in the travel speed by 100 mm/min.

To avoid unfavorable grain growth in CGHAZ, cold shaping
of the plates before welding should be avoided. Preparing
the edges of the elements for welding should be performed
in a way that does not introduce significant deformation in
the area of the cut.
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