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Abstract: The presented research background is a car body manufacturer’s request to test the car
body’s components welded from dissimilar steel sheets. In view of the vehicle crew’s protection, it is
necessary to study the static and dynamic behavior of welded steels. Therefore, the influence of laser
welding on the mechanical and dynamical properties, microstructure, microhardness, and welded
joint surface roughness of interstitial free CR180IF and dual-phase DP600 steels were investigated.
Static tensile tests were carried out by using testing machine Zwick 1387, and dynamic test used
rotary hammer machine RSO. Sheet steel was tested at different strain rates ranging from 1073
to 103 s~1. The laser welds’ microstructure and microhardness were evaluated in the base metal,
heat-affected zone, and fusion zone. The comprehensive analysis also included chemical analysis,
fracture surface analysis, and roughness measurement. The research results showed that the strain
rate had an influence on the mechanical properties of base materials and welded joints. The dynamic
loading increases the yield stress more than the ultimate tensile strength for the monitored steels,
while the most significant increase was recorded for the welded material.

Keywords: CR180IF steel; DP600 steel; dissimilar laser welding; static properties; dynamic properties;
microstructure; microhardness; welded joint roughness

1. Introduction

The automotive industry has a significant impact on people’s daily lives worldwide
and affects their safety [1]. Steel is the first choice for most manufacturers, although it is now
possible to produce car bodies from a variety of materials, from traditional steel through
composite materials to plastics. Thanks to improvements in the steel industry, modern
steel has higher strength and lower weight. The main factors influencing manufacturers in
choosing steel for car bodies are thermal, chemical, mechanical resistance, manufacturing
efficiency, and durability. Steel sheets used for body construction have a natural ability to
absorb energy in the event of an impact and ensure higher safety [2]. Moreover, the sheets
have good weldability and ductility.

The individual parts of the car body have long been joined by welding. However,
laser welding is gradually replacing traditional welding methods as inert tungsten gas
(TIG) welding, inert metal gas (MIG) welding, and spot-welding [3] with many advantages
and can significantly reduce production costs while increasing production efficiency and
quality. On the other hand, laser welding affects the static and dynamic properties of
welded sheets, which influence passenger safety. Therefore, thorough testing of welded
metals (WM) is necessary. New testing procedures and methods play a crucial role in
deciding on material selection, manufacturing processes, analysis of collected data, and
taking appropriate preventive actions to improve processes [4,5]. Low-carbon and ultra-
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low-carbon steel sheets are frequently used materials in the automotive industry, as they
can be pressed and joined into complex units at low production costs [6,7].

High-strength interstitial free (IF) steels are suitable for complex structural components
of automobiles that require combined tensile ductility and deep drawing. The increase
in plasticity is achieved by reducing the carbon concentration to 0.01% and less and by
microalloying. Interstitial free steels have no interstitial solute atoms to strain the solid
iron lattice. Liquid steel is processed to reduce C and N [8,9]. Then the steel is stabilized by
small additions of Ti and Nb. These steels have low yield strength from 100 to 310 MPa [10]
and good ductility [11].

Dual-phase steels (DP) belong to advanced high-strength steels (AHSS). One of the
essential specifics is the contribution of these steels to safety. Automobile components
made of AHSS can better absorb energy in a collision with a foreign body, thus preventing
the penetration of dangerous objects and their fragments into the vehicle cabin [12,13].
Dual-phase steels are generally characterized by a structure containing a martensitic and
a ferritic component. A specific heat treatment achieves this microstructure. The steel is
first intercritically annealed in the range of recrystallization temperatures Acl and Ac3 [14],
while austenite and ferrite are transformed in the stable phase [15,16]. The process follows
with hardening, in which the material cools very rapidly, which results in the conversion
of austenite to martensite [17,18].

The surface quality of welded steel depends mainly on the parameters and conditions
of welding. The high surface roughness of welded joints could be undesirable in the further
processing of sheets. Laser beam welding is now standard in many industrial areas that
require precision and high manufacturing efficiency. Laser welding surpasses traditional
welding techniques with speed, thin welding, strength, easy integration, contactless process,
and minimal maintenance costs. Due to the small heat input, the welded joint is significantly
less prone to deformation due to material expansion [19]. The disadvantages of laser
welding are low-energy efficiency, strict requirements for the purity of working gases (CO,,
nitrogen, and helium), and material thicknesses up to about 2 mm for solid-state and diode
lasers [20]. However, laser welding enables the joining of two dissimilar materials, as
described by several authors [21-23].

Although research into laser-welded materials provides much valuable information,
there are still problems and issues that need to be further analyzed and discussed. It
concerns gathering information on less explored material pairs and examining the dynamic
properties of joints, as steel manufacturers usually perform only a series of static tensile
tests on welded joints before they are subjected to full-size crash tests [24].

The presented research aims to examine not only the static properties but also the
dynamic behavior of laser-welded CR180IF and DP600 steels.

2. Materials and Methods

The investigated materials are interstitial free CR180IF and dual-phase DP600 steels
in the cold-rolled and annealed condition. The thickness of both steel sheets is 1.9 mm.

The measurement of the chemical composition of both materials by atomic emission
spectrometry according to ASTM E415-17:2017 [25] is in Table 1.

Table 1. Chemical compositions of investigated steels (wt %).

Steel C Si Mn P S Ti Al Nb \% N
CR180IF 0.01 0.006 0.082 0.011 0.011 0.04 0.055 0.001 0.002 0.002
DP600 0.072 0.005 1.18 0.017 0.01 0.002 0.057 0.002 0.002 0.005

Intestinal free CR180IF and dual-phase DP600 steels were laser welded using a solid-
state fiber laser YLR 4500 (IPG Photonics, Oxford, MA, USA). Welding parameters (Table 2)
are based on industrial recommendations of experts from the First Welding Company, Inc.,
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Bratislava, Slovakia. The test specimen consists of two sheets 250 mm x 130 mm, which
were clamped and welded in a protective helium atmosphere.

Table 2. Parameters of laser welding by solid-state fiber laser YLR 4500.

Laser Power Welding Speed Focal Length Feeding Fiber Collimation

Steel W) (mm.s—1) (um) Diameter (um) (mm) Shielding Gas
CR180IF .
DP600 2000 40 200 100 200 Helium

The metallographic samples for microstructural analysis were cut from the welded
cross-section, polished, etched with a 2% Nital solution, and examined with an optical
microscope Olympus Vanox AH2-AN45 (Olympus, Tokyo, Japan), and scanning electron
microscope JEOL JSM-6610LV (JEOL Ltd., Tokyo, Japan). We tested microhardness in base
metals (BM), in heat-affected zones (HAZ), and fusion zones (FZ) by Vickers method
according to ISO 6507-1:2018 [26] with microhardness tester Struers Duramin 5 (Struers
GmbH, Villich, Germany). The indenter load was 980.6 mN (100 g) and a holding time
was 10 s. Software Ecos ver. 2.37.2 (Struers, Ballerup, Denmark) automatically evaluated
microhardness HV0.1 on polished metallographic samples at room temperature. The
measuring points were arranged in line perpendicular to the direction of the weld, crossing
the base metal, the heat-affected zone, and the welded metal zone. The distance between
indentations was 0.15 mm (Figure 1).

500 pm

Figure 1. The indentation lines after surface microhardness HV0.1 measurement.

The welded specimens were used for a static and dynamic tensile test and fracture
surface analysis. Static test was realized according to ISO 6892-1:2019 [27] by the tensile
testing machine Zwick 1387 (Zwick/Roell, Ulm, Germany). The mechanical properties—
yield strength, ultimate tensile strength, and elongation were measured on specimens with
longitudinal laser weld showed in Figure 2. Dynamic tests were performed according
to ISO 26203-2:2011 [28] with rotary hammer RSO (WPM, Leipzig, Germany). The force
was measured by a force sensor Quartz Load Washer Kistler with a range of 0-35 kIN. The
signal was sent to a charge amplifier Kistler 5015A (Kistler Instrumente AG, Winterthur,
Switzerland), and processed by the oscilloscope LeCroy Wave Ace (Teledyne Le Croy,
Chestnut Ridge, NY, USA). The Scope Explorer ver. 2.25 (Teledyne Le Croy, Chestnut
Ridge, NY, USA) software was used to evaluate measured data (Figure 3). The speed of the
hammer ranges from 5 to 50 m/s, which corresponds to an impact energy of 1.4 to 140 k].
Because the work required to deform the specimen up to fracture is less than 60 J, the
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impact velocity during the test is almost constant [29]. Finally, accurate surface topography
measurements were performed using an optical profiler PLu neox 3D (Sensofar Metrology,
Terrasa, Spain) (Figure 4).

R25 CR180IF
A
A
2 &
Y.
r— weld
110
140
- »
230 DP600
el »

Figure 2. Specimens for tensile test, laser-welded specimen (unit: mm).

(a) (b)

Figure 3. Equipment for dynamic test: (a) LeCroy Wave Ace oscilloscope and Kistler 5015A charge
amplifier; (b) rotary hammer RSO.

Figure 4. Optical profiler PLu neox 3D for surface topography measurements.
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The principle of measuring the roughness using a confocal microscope consisted
of shifting the optical system’s focus and measuring the experimental material’s surface
irregularities. This method of measurement was considered noncontact because the surface
layer of the material was not damaged. According to ISO 4287:1997 [30], surface roughness
is defined as the sum of surface irregularities with relatively small distances resulting from
the manufacturing technology used. We evaluated the mean arithmetic deviation of the
profile (Ra). The measured values were subsequently graphically processed in the form of
3D maps with advanced analysis software SensoMAP ver. Standard (Sensofar Metrology,
Terrassa, Spain).

3. Results and Discussion
3.1. Microstructural Analysis

The microstructure of welded joint of CR180IF and DP600 steels is presented in
Figure 5. The average weld width was about 1.5 mm; the fusion zone width was 0.75 mm,
and the heat-affected zone width was 0.38 mm. Figure 6 shows the microstructure of base
metals, fusion zone, and heat-affected zone of the welded steels. Large images are from
Olympus Vanox AH2-AN45 osciloscope, and inset are detailed images from the scanning
electron microscope JEOL JSM-6610LV. The microstructure of the base material of CR180IF
steel in Figure 6a was formed only by polyhedral ferrite with relatively uneven grain size.
The grains size was measured by Jeffries Planimetric Method, and the average was 25 pm.
A ferrite-martensite fine-grained structure characterizes dual-phase steel in Figure 6b. This
steel had martensitic formations dispersed in a ferrite matrix. The structure consisted of
80% to 90% ferrite and 10% to 20% martensite. The fusion zone in Figure 6¢ was mainly
composed of acicular ferrite microstructure, bainite, and martensite, which had different
sizes and shapes.

Figure 5. The microstructure of welded joint CR180IF and DP600.
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Figure 6. The microstructure of investigated steels: (a) CR180IF steel; (b) DP600 steel; (c) fusion zone; (d) heat-affected zone

of CR180IF.

This observation is in line with other research findings, e.g., [23]. The dissimilar laser
welding of DP steels studied in the literature [31-33] also formed the fusion zone with
nonuniform microstructure in each part of the weld, which corresponds to the chemistry
during laser welding. The heat-affected zone shown in Figure 6d was created by a mixture
of fine grains of transformed ferrite, possibly bainite [34]. Due to the increased temperature
at the interface of the heat-affected zone of CR180IF, the ferritic grains increased.

3.2. Analysis of Microhardness and Its Distribution

The microhardness distribution is shown in Figure 7. The average microhardness
values HVO0.1 for each material are listed in Table 3.

Table 3. Measured values of microhardness HV0.1.

Material Base Metal Heat Affected Zone Fusion Zone
HVO0.1 HV0.1 HVO0.1
CR180IF 102 £ 2 213 +£2 253 4+ 2

DP600 197 £2 245+ 2 350 £ 2
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Figure 7. The microhardness distribution in base metal (BM), heat-affected zone (HAZ), and welded
fusion zone (FZ).

The microhardness HV0.1 in the fusion zone differed significantly from the micro-
hardness of DP600 and CR180IF, although the welding parameters for these steels were the
same. The microhardness distribution in Figure 7 shows the highest value of 350 £ 2 HV0.1
in the transition area between HAZ-FZ on the DP600 steel side. The high microhardness
value corresponds to the microstructure in the measuring area, consisting of martensite and
acicular ferrite. The microhardness is given by different chemical compositions, i.e., carbon
equivalent CE, calculated according to Equation (1) [35,36] from the chemical composition

shown in Table 1. M CriMotV NidC
CE=C+-+ s 5°+ + 1;;“ 1)

CE crisorr = 0.024CE ppeoo = 0.269

In the described case, the hardness reached the highest value on the side of the
DP600 material, which also had a higher CE. A similar finding is described in [37], where
authors claim that fusion zone hardness increases with richer chemistries producing higher
CE values.

3.3. Static and Dynamic Tensile Tests and Fracture Surface Analysis

The mean strain rate during the tensile test was calculated according to Equation (2):
E=-=— ()

where: ¢ is the relative deformation, f is the duration of the deformation, L is the work-
ing length of the test specimen and ¢ is the rate of loading. For static loading, it is
8.33 x 1073571,

Table 4 shows the results of static and dynamic tests of base metals CR180IF, DP600,
and welded material (WM). Figure 8 shows the comparison of measured values of yield
stress (YS) for base metals and laser-welded material.

The strain rate affected the basic mechanical properties of tested steels. The change
of properties was higher at higher strain rates (Figure 8). Parametric Equations (3) and (4)
describe the dependence of strength properties on the strain rates for the tested steels in
the range from 1073 to 10% s71 [38]:

YS, = Y5, +Ax ln(;), ©3)
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€
UTS, = UTS,, + B x ln<£0), (4)

where: YS,, UTS, are yield stress and ultimate tensile strength, respectively, at a given
strain rate, YSs, UTS are yield stress and ultimate tensile strength, respectively, at a

static deformatlon rate (10 3s71), and A and B are material constants, which express the
sensitivity of Y'S, o UrTs. . on the strain rate. When A and B constants were higher, the steel
was more sensitive to the strain rate. CR180IF steel had A = 17.6 and B = 19.0, DP600 steel
had A =19.2 and B = 27.6, and welded material had constant A = 48.0 and B = 47.76.

Table 4. Mechanical properties of investigates steels CR180IF, DP600, and welded material (WM).

Yield Stress YS Ultimate Tensile
. 1 . . o,
Strain Rate (s—1) Material (MPa) Strength UTS (MPa) Elongation A (%) YS/UTS
CR180IF 186 320 35 0.58
8.33 x 103 DP600 393 579 25.3 0.68
WM 319 483 22.8 0.66
CR180IF 308 518 21 0.59
3.33 x 101 DP600 564 701 23 0.80
WM 680 832 24 0.81
CR180IF 389 546 32 0.71
1200 DP600 721 785 31 0.79
WM 889 1050 39 0.84
1000
900 A
800 e — -
= 7w e =
E 600 Y - e
- A > A —a— CRISOIF
% 00 e ‘ --#-- DP600
< 400 ~ - —a -WM
£ 300 K
200
100
0
8.33x107° 8.33x107° 3.33x107" 600 1200 Strain rate [s1]

Figure 8. Dependence of the yield strength (YS) on the tested steels’ strain rate and welded material.

The influence of strain rate on IF and DP steel’s basic mechanical properties was
studied in [39,40]. The finding was that the dynamic loading increased the yield stress
more than the ultimate tensile strength for the monitored steels. Our finding was that the
welded material had even greater sensitivity because the constants A and B were higher
than for the based material.

The fracture surface of CR180IF steel under static loading conditions is in Figure 9.
Figure 9a,b shows the fracture surface under static (8.33 x 103 s~!) and dynamic loading
conditions (1200 s 1), respectively. Ductile failure with pitting morphology predominated
in both fractures. After dynamic stress, the holes were smaller. As seen in Figure 9b. The
dimples diminished with increasing strain rate, forming voids with the increased depth
and reduced size. The consequence of this was a larger number of small voids at a strain
rate of 1200 s~ L. The fracture surface of DP600 steel under static loading is presented in
Figure 10a. It indicates ductile failure. The fracture surface under dynamic conditions was
formed by a pit morphology caused by transcrystalline ductile failure in Figure 10b.
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(a) (b)

Figure 9. Fracture surface of CR180IF steel: (a) under static loading 8.33 x 10-3 571, (b) under dynamic loading 1200 s L.
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K2008

Figure 10. Fracture surface of DP600 steel: (a) under static loading 8.33 x 1073 571, (b) under dynamic loading 1200 s L

Under static conditions, the fusion zone’s fracture surface had a graded character
of failure in Figure 11a. In the ductile fracture, a large number of dimples with different
forms and volumes were found, which is consistent with [41]. Under dynamic conditions
Figure 11b, brittle fracture was visible at the fusion zone, which occurred in welded mate-
rials with no macro-plastic deformation during loading. According to [42], dimples grew
by coalescing and eventually formed a continuous surface layer of the fracture, and the
form of the fracture was described as dimple break up. This mechanism is also visible in
Figure 11b.

3.4. Welded Joint Surface Roughness Analysis

Thirty measurements of surface roughness were performed for base materials and the
welded joint in different parts of the sample. Figure 12 shows laser confocal microscopy 3D
views of individual parts with a color resolution of the heights. The base material CR180IF
had an average roughness value Ra = 5.52 um, and the 3D map is shown in Figure 12a.
Figure 12c depicts the 3D map of the base material DP600, the average value Ra = 5.13 pm.
The mapped surface of the welded joint with an average value Ra = 60.24 um is shown in
Figure 12b.
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Figure 11. Fracture surface of the fusion zone: (a) under static loading 8.33 x 103 s 1, (b) under dynamic loading 1200 s 1,
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Figure 12. The 3D map: (a) base material CR180IF, (b) welded joint, (c) base material DP600.

The roughness of welded joint is many times greater than the roughness of base
materials. According to the roughness and waviness quality criteria, it may or may not
meet a specific application’s requirements. Welding surface morphology has been widely
studied for a long time. The literature on laser welding of two identical materials [43] and
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welding of two different ones [44] states that it is necessary to examine in more detail and
optimize the welding parameter to reduce the surface roughness.

4. Conclusions

This research presents the effect of laser-welding on the static and dynamic properties
of previously unexplored pair of steels DP600 and CR180IF. The experimental results
indicate that the strain rate affects the mechanical properties and fracture surface of tested
steels. The results from microstructure and microhardness analysis, static and dynamic
tests, fracture surface analysis, and welded joint surface roughness analysis were compared
with the literature and discussed. The following conclusions were drawn:

1.  CRI180IF steel contains only a ferritic structure. The microstructure of DP600 steel
consists of a fine-grained ferritic-martensite structure. The heat-affected zone forms a
coarse-grained ferritic structure on the side of the CR180IF steel. The fusion zone of
the microstructure consists of acicular ferrite, martensite, and bainite;

2. The calculated carbon equivalent for CR180IF steel was 0.024 and for DP600 steel
was 0.269. The microhardness HVO0.1 in the fusion zone differed significantly from
the microhardness of base materials. The CR180IF hardness was 102 + 2 HV0.1 and
DP600 197 + 2 HVO0.1, while the hardness of the fusion zone was 245 & 2 HV0.1 and
350 & 2 HV0.1 on the side of CR180IF and DP600, respectively. The highest value was
measured near the DP600 base material;

3. The yield strength of CR180IF steel increased from 186 MPa in static conditions to
389 MPa in dynamic conditions (109%). The yield strength of DP600 steel increased
from 393 MPa in static conditions to 721 MPa in dynamic conditions (83%). The
yield strength of laser-welded material increased from 319 MPa in static conditions to
889 MPa in dynamic conditions (178%);

4. Laser-welded material with a hybrid structure was more sensitive to strain rate. The
sensitivity coefficient A and B were 48, while the base material CR180IF has A = 17.6,
B =19.0, and DP600 steel has A =19.2 and B = 27.6. CR180IF steel with the fine-grained
ferritic structure and precipitates had a lower sensitivity to the strain rate;

5. The result of the ductile failure analysis with pitting morphology predominated in all
fractures of investigates steels;

6. The average surface roughness value was Ra = 5.52 pm for CR180IF, for DP600 was
Ra = 5.13 pm, and for weld was Ra = 60.24 pm. Such a high roughness requires
optimization of the welding parameters or further surface treatment.

Author Contributions: Conceptualization, M.M.; data curation, M.M.; formal analysis, M.M., K.Z.,
and P.B.; founding acquisition, K.Z.; investigation, M.M. and AS.; methodology, M.M. and K.Z,;
project administration, A.g.; resources, M.M. and K.Z; visualization, M.M., K.Z., and P.B.; writing—
original draft, M.M. and K.Z.; writing—review and editing, K.Z. and P.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the MINISTERSTVO SKOLSTVA, VEDY, VYSKUMU A
SPORTU SLOVENSKE] REPUBLIKY, Grant No. KEGA 043TUKE-4/2019 “Improving material
engineering and integrated management systems study programs for Industry 4.0”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable for this article.

Acknowledgments: Authors gratefully acknowledge the Slovak Academy of Science for the oppor-
tunity to perform surface topography measurements on Optical profiler PLu neox 3D.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2021, 14, 1553 12 of 13

References

1. Pacaiova, H.; Sinay, J.; Nagyova, A. Development of GRAM—A risk measurement tool using risk based thinking principles.
Measurement 2017, 100, 288-296. [CrossRef]

2. Kubjatko, T.; Gortz, M.; Macurova, L.; Ballay, M. Synergy of forensic and security engineering in relation to the model of
deformation energies on vehicles after traffic accidents. In Proceedings of the International Scientific Conference Transport Means,
Kaunas, Lithuania, 3-5 October 2018.

3.  Titanova. Traditional Welding vs. Laser Welding. Available online: https://www.titanovalaser.com/blog/traditional-welding-
vs-laser-welding/ (accessed on 11 May 2020).

4. Tomic, B. Inspection in Quality 4.0. Quality Magazine 25 June 2020. Available online: https:/ /www.qualitymag.com/articles /96
120-inspection-in-quality-40 (accessed on 25 June 2020).

5. Zgodavova, K.; Bober, P; Majstorovi¢, V.; Monkova, K.; Santos, G.; Juhaszova, D. Innovative Methods for Small Mixed Batches.
Sustainability 2020, 12, 6266. [CrossRef]

6.  Evin, E.; Tkacova, ].; TKka¢, J. Aspects of steel sheets selection for car body components. Al Mag 2012, 3, 96-98.

7. Den Uijjl, N.; Moolevliet, T.; Mennes, A. Performance of resistance spot-welded joints in advanced high-strength steel in static and
dynamic tensile tests. Weld World 2012, 56, 51-63. [CrossRef]

8.  Singh, S.; Nanda, T.; Kumar, B.R.; Singh, V. Controlled phase transformation simulations to design microstructure for tailored
mechanical properties in steel. Mater. Manuf. Process 2016, 31, 2064-2075. [CrossRef]

9. Brahma, D. Physical fundamentals. In Fundamentals of Steelmaking Metallurgy; Prentice Hall International: New York, NY, USA,
1993.

10. Duley, W. Laser Welding; John Wiley & Sons, Inc.: New York, NY, USA, 1999.

11.  Mohrbacher, H. Niobium: A cost effective solution for modern body engineering. In Proceedings of the International Symposium
on Niobium Sheet Steel for Automotive Application, Araxa, MG, Brazil, 5-8 December 2005.

12.  Rossini, M.; Spena, P; Cortese, L.; Matteis, P; Firrao, D. Investigation on dissimilar laser welding of advanced high strength steel
sheets for the automotive industry. Mater. Sci. Eng. A 2015, 628, 288-296. [CrossRef]

13.  Némecek, S.; Muzik, T.; Misek, M. Differences between laser and arc welding of HSS steels. Phys. Procedia 2012, 39, 67-74.
[CrossRef]

14. Valdes-Tabernero, M.; Celada-Casero, C.; Sabirov, I.; Kumar, A.; Petrov, R. The effect of heating rate and soaking time on
microstructure of an advanced high strength steel. Mater. Charact. 2019, 155, 109822. [CrossRef]

15. Chena, W,; Linb, G.; Hub, S. Comparison study on the effectiveness of stepped binder and weld line clamping pins on formability
improvement for tailor-welded blanks. J. Mater. Process. Technol. 2008, 207, 204-210. [CrossRef]

16. Meyer, A.; Wietbrock, B.; Hirt, G. Increasing of the drawing depth using tailor rolled blanks—numerical and experimental
analysis. Int. ]. Mach. Tools Manuf 2008, 48, 522-531. [CrossRef]

17. Mihalikova, M.; Liskova, A. Dynamic characteristics of automotive steel sheets. Metalurgija 2016, 55, 753-756.

18.  Chan, S.M.; Chan, L.C.; Lee, T.C. Tailored welded blanks of different thickness ratios effects on forming limiting diagrams. J.
Mater. Process Technol. 2003, 132, 95-101. [CrossRef]

19. Hu,S.; Zheng, D.; Zhao, G.; Li, G.; Tang, H. The effect of welded joint properties on the surface characteristics of laser welded
2205 duplex stainless steel. Adv. Mech. Eng. 2018, 10, 1687814018797449. [CrossRef]

20. Pastras, G.; Fysikopoulos, A.; Chryssolouris, G. A numerical approach to the energy efficiency of laser welding. Int. ]. Adv. Manuf.
Technol. 2017, 92, 1243-1253. [CrossRef]

21. Pancikiewicz, K.; Swierczynska, A.; Hucko, P.; Tumidajewicz, M. Laser dissimilar welding of AISI 430F and AISI 304 stainless
steels. Materials 2020, 13, 4540. [CrossRef]

22. Landowski, M.; Swierczynska, A.; Rogalski, G.; Fydrych, D. Autogenous fiber laser welding of 316L austenitic and 2304 lean
duplex stainless steels. Materials 2020, 13, 2930. [CrossRef] [PubMed]

23.  Zhao, X.; Shi, Z.; Deng, C.; Liu, Y.; Li, X. The Effect of Laser offset welding on microstructure and mechanical properties of 301L
to TA2 with and without Cu intermediate layer. Materials 2020, 13, 2930. [CrossRef]

24. Radek, N.; Pietraszek, J.; Goroshko, A. The impact of laser welding parameters on the mechanical properties of the weld. In AIP
Conference Proceedings; AIP: Bydgoszcz, Poland, 2018.

25. ASTM E415-17. Standard Test Method for Analysis of Carbon and Low-Alloy Steel by Spark Atomic Emission Spectrometry; ASTM
International: West Conshohocken, PA, USA, 2017.

26. 1SO 6507-1:2018. Metallic Materials. Vickers Hardness Test. Part 1: Test Method; ISO: Geneva, Switzerland, 2018.

27.  ISO 6892-1:2019. Metallic Materials—Tensile Testing—~Part 1: Method of Test at Room Temperature; ISO: Geneva, Switzerland, 2019.

28. IS0 26203-2:2011. Tensile Testing at High Strain Rates—Part 2: Servo-Hydraulic and Other Test Systems; ISO: Geneva, Switzerland,
2011.

29. Niechajowicz, A.; Tobota, A. Dynamic tension testing of DP600, DP800 steel and AL 6061 T4 alloy sheets by means of rotary
hammer. Arch. Metall. Mater. 2009, 54, 647-657.

30. ISO 4287:1997. COR 2:2005—Surface Roughness Measurement, Geometrical Product Specifications (GPS)—Surface Texture: Profile
Method—Terms, Definitions and Surface Texture Parameter; ISO: Geneva, Switzerland, 1997.

31. Xia, M,; Biro, E,; Tian, Z.; Zhou, Y. Effects of heat input and martensite on HAZ softening in laser welding of dual phase steels.

ISI] Int. 2008, 48, 809—814. [CrossRef]


http://doi.org/10.1016/j.measurement.2017.01.004
https://www.titanovalaser.com/blog/traditional-welding-vs-laser-welding/
https://www.titanovalaser.com/blog/traditional-welding-vs-laser-welding/
https://www.qualitymag.com/articles/96120-inspection-in-quality-40
https://www.qualitymag.com/articles/96120-inspection-in-quality-40
http://doi.org/10.3390/su12156266
http://doi.org/10.1007/BF03321365
http://doi.org/10.1080/10426914.2016.1198026
http://doi.org/10.1016/j.msea.2015.01.037
http://doi.org/10.1016/j.phpro.2012.10.015
http://doi.org/10.1016/j.matchar.2019.109822
http://doi.org/10.1016/j.jmatprotec.2007.12.100
http://doi.org/10.1016/j.ijmachtools.2007.08.003
http://doi.org/10.1016/S0924-0136(02)00407-7
http://doi.org/10.1177/1687814018797449
http://doi.org/10.1007/s00170-017-0187-3
http://doi.org/10.3390/ma13204540
http://doi.org/10.3390/ma13132930
http://www.ncbi.nlm.nih.gov/pubmed/32629895
http://doi.org/10.3390/met10091138
http://doi.org/10.2355/isijinternational.48.809

Materials 2021, 14, 1553 13 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Biro, E.; McDermid, J.; Embury, J.; Zhou, Y. Softening kinetics in the subcritical heat-affected zone of dual-phase steel welds.
Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2010, 41, 2348-2356. [CrossRef]

Nayak, S.; Baltazar Hernandez, V.; Zhou, Y. Effect of chemistry on nonisothermal tempering and softening of dual-phase steels.
Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2011, 42, 3242. [CrossRef]

Suliga, M. Analysis of the heating of steel wires during high speed multipass drawing process. Arch. Metall. Mater. 2014, 59,
1475-1480. [CrossRef]

Yurioka, N.; Okumura, M.; Kasuya, T.; Cotton, H. Prediction of HAZ hardness of transformable steels. Met. Constr. 1987, 4,
217R-223R.

Yurioka, N.; Kasuya, T. A chart method to determine necessary preheat temperature in steel welding. Q. J. Jpn. Weld. Soc. 1995,
13, 347-357. [CrossRef]

Okita, Y.; Baltazar Hernandez, V.; Nayak, S.; Zhou, Y. Effect of HAZ-softening on failure mode of resistance spot-weldeddual-
phase steel. In Proceedings of the 14th Sheet Metal Welding Conference, Livonia, MI, USA, 11-14 May 2010.

Armstrong, R.W.; Walley, S.M. High strain rate properties of metals and alloys. Int. Mater. Rev. 2008, 53, 105-128. [CrossRef]
Michel, J.; BurSak, M. The influence of strain rate on the plasticity of steel sheets. Key Eng. Mater. 2014, 635, 100-105. [CrossRef]
Slota, J.; Jur¢isin, M.; SpiSak, E.; Sleziak, T. An investigation of springback in sheet metal forming of high strength steels. Appl.
Mech. Mater. 2014, 693, 370-375. [CrossRef]

Khan, M.; Romoli, L.; Ishak, R.; Fiaschic, M.; Dinia, G.; De Sanctis, M. Experimental investigation on seam geometry, microstruc-
ture evolution and micro hardness profile of laser welded martensitic stainless steels. Opt. Laser Technol. 2012, 44, 1611-1619.
[CrossRef]

Wglowski, M.; Kwieciski, K.; Jachym, R. Characteristics of Nd: YAG laser welded joints of dual phase steel. Arch. Civ. Mech. Eng.
2009, IX, 85-97. [CrossRef]

Evin, E.; Tomas, M. The influence of laser welding on the mechanical properties of dual phase and trip steels. Metals 2017, 7, 239.
[CrossRef]

Kalaiselvan, K.; Elango, A. Studies of interfacial microstructure and mechanical properties on dissimilar sheet metal combination
joints using laser beam welding. Int. |. Mech. Mechatron. Eng. 2014, 8, 1903-1910. [CrossRef]


http://doi.org/10.1007/s11661-010-0323-2
http://doi.org/10.1007/s11661-011-0868-8
http://doi.org/10.2478/amm-2014-0251
http://doi.org/10.2207/qjjws.13.347
http://doi.org/10.1179/174328008X277795
http://doi.org/10.4028/www.scientific.net/KEM.635.100
http://doi.org/10.4028/www.scientific.net/AMM.693.370
http://doi.org/10.1016/j.optlastec.2011.11.035
http://doi.org/10.1016/S1644-9665(12)60072-7
http://doi.org/10.3390/met7070239
http://doi.org/10.5281/zenodo.1099080

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Microstructural Analysis 
	Analysis of Microhardness and Its Distribution 
	Static and Dynamic Tensile Tests and Fracture Surface Analysis 
	Welded Joint Surface Roughness Analysis 

	Conclusions 
	References

