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Abstract: Among the various welding technologies, resistance spot welding (RSW) and laser beam
welding (LBW) play a significant role as joining methods for the automobile industry. The
application of RSW and LBW for the automotive body alters the microstructure in the welded
areas. It is necessary to identify the mechanical properties of the welded material to be able to make
a reliable statement about the material behavior and the strength of welded components. This
study develops a method by which to determine the mechanical properties for the weldment of
RSW and LBW for two dual phase (DP) steels, DP600 and DP1000, which are commonly used for
the automotive bodies. The mechanical properties of the resistance spot weldment were obtained
by performing tensile tests on the notched tensile specimen to cause an elongation of the notched
and welded area in order to investigate its properties. In order to determine the mechanical
properties of the laser beam weldment, indentation tests were performed on the welded material to
calculate its force-penetration depth-curve. Inverse numerical simulation was used to simulate the
indentation tests to determine and verify the parameters of a nonlinear isotropic material model for
the weldment of LBW. Furthermore, using this method, the parameters for the material model of
RSW were verified. The material parameters and microstructure of the weldment of RSW and LBW
are compared and discussed. The results show that the novel method introduced in this work is a
valid approach to determine the mechanical properties of welded high-strength steel structures. In
addition, it can be seen that LBW and RSW lead to a reduction in ductility and an increase in the
amount of yield and tensile strength of both DP600 and DP1000.

Keywords: mechanical property; resistance spot welding; laser beam welding; dual phase steel

1. Introduction

One major challenge for automotive manufactures is to reduce car body weight and fuel
consumption while improving crashworthiness [1,2]. As a solution, the automotive industry has
started to replace traditional low carbon and high-strength low-alloy steel with dual phase steels
such as DP600 and DP1000 [3]. DP steels offer exceptional strength and impact resistance combined
with good formability that can improve the crash performance of the automobile [4]. RSW and LBW
are the most commonly-used joining methods for DP steels in the automotive industry [5]. However,
the characterization of the mechanical properties of the weld metal remains a critical concern to
analyze the safety of automotive products [6]. Various investigations, therefore, deal with the
fracture behavior of resistance spot-welded steel [7]. Manladan [8] investigated the mechanical
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properties of resistance spot welds for DP780 and 590R under quasi-static loading conditions. He
showed that a large nugget diameter of the weldment led to high strength and improved energy
absorption, and concluded that the nugget diameter has a critical influence on the mechanical
performance of spot welds. Pouvranvari [9] studied the effect of the weld nugget size on the failure
mode of resistance spot-welded DP steels. He concluded that overloading while applying the force
needed for RSW reduces the weld nugget size and failure strength, and eventually changes the
failure mode from pullout to interfacial. Furthermore, the mechanical properties of DP steel using
tensile-shear or cross-tensile tests were evaluated [10]. Ramazani [1] characterized the weldment of
DP600 after RSW. He pointed out that the load for failure for the cross-tensile samples was lower
than for the tensile-shear samples with maximum values of 6.8 kN and 7.9 kN respectively. Nayak
[11] researched the HAZ softening and tensile properties of DP600, DP780, and DP980 after RSW. He
noted that higher grades of DP steels exhibited a stronger softening effect in the HAZ. Nonetheless, a
lap-shear tensile test used for calculating the lap-shear tensile load-displacement curves showed that
the energy absorption of DP980 was higher than those of DP600 and DP780. However, the
mechanical properties of the weld nugget, such as the yield and tensile strength or fracture strain,
have barely been investigated [12]. Those properties can be determined by performing uniaxial
tensile tests on welded DP steel. Dancette [13] produced homogenous tensile specimens from
resistance spot-welded DP450 and DP980 using a Gleeble 3500 thermomechanical simulator to
reproduce the microstructure of the weld nuggets on a large plate. Specimens were obtained from
this plate and used for tensile tests to determine the material parameters of welded DP steels for
different sheet thicknesses and cooling rates. However, the Gleeble system requires extremely high
cooling rates and only a few research institutes or industries have access to such systems. Another
approach to determining mechanical properties is scaling the stress—strain curves of the base metal
according to the hardness profile of the weld metal, as presented by Lee [14], Kong [15], and Yang
[16]. Similarly, Gosh [17] used a ball indentation technique to obtain force-penetration depth-curves
for the weld zone and HAZ of high-strength, low-alloy steel. The force-penetration depth-curves
were used to calculate the corresponding true stress—strain curves and mechanical properties of the
different zones. Murtey [18] used the same indentation technique to investigate the mechanical and
failure properties of welded SA-533B steel for the base metal, the HAZ, and the weld metal.

This paper presents a method to determine the mechanical properties for the weldment of RSW
and LBW for two dual phase steels (DP600 and DP1000). The mechanical properties of resistance
spot-welded DP steel were characterized by firstly reproducing the microstructure of the weld
nugget of RSW on one plate. Then, the notched tensile specimens were made to perform tensile tests.
The notch is needed to force failure in the welded area. The material parameters of the welded
material were then calculated considering the influence of the notch. The mechanical properties of
laser beam welded DP steel were obtained by performing indentation tests on the welded zone to
calculate the force-penetration depth-curve. A numerical simulation of the indentation test was used
to determine the parameters of a nonlinear strain hardening material model to characterize the
performance of the weldment. Using the same approach, material parameters for the HAZ of RSW
were calculated. The influence of LBW and RSW on the mechanical properties and microstructures
of DP steels are compared and discussed in this work.

2. Experimental Analysis

2.1. Material Characterization

In the experimental tests, cold rolled and zinc-coated steel plates of DP600 with a thickness of 1
mm and blank plates of DP1000 with a thickness of 2 mm were used. The chemical compositions of
both materials are summarized in Table 1.

Table 1. Chemical compositions of DP600 and DP1000, in weight-%.

Material C Si Mn Cr Mo Al Fe
DP1000 011 05 214 0.03 0.002 0.04 Dbalance
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DP600+ZE75/75 0.1 0.14 14 0.16 0.18 0.02 balance

2.2. Resistance Spot Welding

For the RSW, a C-type servo motor spot weld gun with a frequency of 1000 Hz direct-current
transformer was used. Since the RSW specimens are to be used for tensile tests, the microstructure of
two resistance spot-welded plates must be reproduced in a single plate. Optimum welding
parameters were investigated, as described in detail in [19]. Table 2 summarizes the welding
parameters used.

Table 2. Welding parameters for RSW for one plate.

Material Force in kN Hold time in ms Current in kA Electrode Cape
DP600 5 600 16 Al6
DP1000 5 600 13.5 Al6

2.3. Laser Beam Welding

The laser beam welding was carried out with a Yb:YAG disk laser. The beam source of the
system has a maximum power of 16 kW and a wavelength of 1030 nm. Steel plates made of DP600
and DP1000 were welded to investigate their microstructures and material properties. The welding
parameters for the laser beam process are summarized in Table 3.

Table 3. Welding parameters of laser beam welding.

Material PowerinkW  Focusinginmm  Speed in m/min
DP600 1.6 0 1.8
DP1000 2.4 0 1.8

2.4. Tensile Specimen

The tensile tests were made to determine the mechanical properties of the base weld metal. The
geometry was chosen according to [19], and is shown in Figure 1. For DP1000, a geometry with a
distance D between the notches of 3 mm was chosen. Tensile tests have shown that this geometry for
tensile specimens from DP600 leads to failure outside the notched and welded area. Therefore, a
modified notch geometry with D = 2mm was used for the DP600 specimens, where the material
failure occurs in the welded area.
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Figure 1. Geometries of the notched tensile specimens in mm: (a) DP1000 with a sheet thickness of 0.9
mm; (b) DP600 with a sheet thickness of 0.4 mm.

To produce the samples, steel plates of DP600 and DP1000 were provided with resistance spot
welds. The rough dimensions of the tensile specimens were cut from the sheets using water jet
cutting, and then finished by milling. Finally, the surface of the samples were ground to remove the
area of the HAZ so that the sample in the welded area consisted exclusively of weld metal. The
thickness of the DP1000 samples was thus reduced from 2 mm to 0.9 mm, and the thickness of the
DP600 samples from 1 mm to 0.4 mm. The specimens were then sandblasted at the clamping points
to increase the surface roughness locally and prevent slippage after clamping the specimens in the
testing machine.

Tensile tests on the smooth and notched tensile specimens of the base material were carried out
to compare the stress—strain curves and to calculate the geometry factor resulting from the notch.
Furthermore, notched specimens were made from the welded material to force plastic deformation
in the welded area. In this way, the mechanical properties of the weld metal could be investigated.
The stress—strain curves of the notched and welded specimens were multiplied by the geometry
factor to determine the stress—strain curves of the smooth and welded specimens and to calculate the
material parameters of resistance spot-welded DP600 and DP1000.

A quasi-static tensile test was performed on all samples. The strain was measured using the 3D
digital image correlation (DIC) system, GOM Aramis 4m. The accuracy and calibration of this
system can be found in [19]. First, a tensile test of the smooth specimen of the base metal of DP600
and DP1000 was performed with a strain rate of 0.001 s?. Using the DIC-system, a virtual
extensometer length of 50 mm was used to measure the strain globally. Afterwards, tensile tests
were carried out on the notched specimens of the base and weld metal of DP600 and DP1000 using a
strain rate of 0.00004 s and an extensometer length of 1 mm to measure the strain in the notched
area. Measuring the strain with varying extensometer lengths of the DIC system helped us to
determine the influence of the extensometer length on the stress—strain diagram. It is important to
adjust the velocity of the strain rate to the width of the notched area of the specimens. Since the
width of the notched tensile specimen is smaller than the width of the smooth specimen, the
quasi-static tensile test on the notched samples was performed with a smaller strain rate compared
to the smooth samples.

2.5. Indentation Test

Penetration tests were carried out with a ZHU2.5 machine (ZwickRoell, Kennesaw, GA, USA)
and a diamond indenter with a tip radius of 0.2 mm. The maximum penetration depth of this
indenter was 60 um. To achieve a penetration depth of 8-12% of the nominal indenter radius of 0.2
mm, the maximum load was set to 120 N and the speed of the indenter to 0.05 mm/min. After
reaching the maximum load and observing a waiting time of two seconds, the sample was relieved
with a speed of 0.05 mm/min. For the DP600 and DP1000, two points each were tested in the base
metal, i.e., in the HAZ and in the weld metal, for both the LBW and RSW specimens.

2.6. Analysis of the Penetration Profile

Optical analyses of the specimen after the indentation test were carried out using an Alicona
Infinite Focus microscope (Alicona Imaging GmbH, Graz, Austria). Alicona is a high-resolution,
optical 3-D measuring system that analyses the surface of a specimen to extract depth information.
With this system, the penetration profile of the specimen can be determined and compared with the
result from the numerical simulation to verify the calculated material properties of the weld metal of
the investigated DP steels.

3. Numerical Approach

3.1. Tensile Test
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Numerical simulations of the tensile tests of smooth and notched specimens were performed. In
order to calculate the plastic stress—strain behavior of the investigated materials, the Voce nonlinear
isotropic hardening model [20], shown in Equation (1), was used.

0'=00+R0~spl+Roo-(1—e(_b'gpl)) 1)

Where o, stands for the yield strength, i.e., the stress at which the plastic deformation begins, Rois
the slope of the saturation stress, and Rir is the difference between the initial yield strength and
saturation stress. The parameter b is a hardening parameter that characterizes the saturation rate,
and ¢&,; describes the plastic strain. Figure 2 illustrates this influence of the parameter on the stress—
strain behavior.

A — /"-Ro
il Voce hardening law
,"f_&, = 6g +Rg & + Ry, 1- exp(-b&™))
20y :
: >l
v
— "RO

Figure 2. Parameters of the Voce nonlinear isotropic hardening model [20].

Figure 3 shows the simulation models of the notched tensile specimens. The specimens were
fixed on the bottom side and a load was continuously applied to the upper side of the sample. A
two-dimensional simulation was carried out with four-node plane elements. A mesh size of 0.05 mm
in the notch and 1 mm in the remaining tensile specimen was used. In order to calculate the local
strain in the welded area, the displacement of four points in the notch was investigated, as
schematically shown in Figure 3a.

20 mm 20 mm
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Figure 3. Simulation model of the notched specimen, (a) original notched geometry for DP1000, (b)
modified notched geometry for DP600.

Calculating the distance between point 1 and point 2 results in the changing cross-section of the
specimen during the tensile test; this is necessary to determine the true stress. With the displacement
of points 3 and 4, the strain of the specimen can be investigated locally in the notched area. This
corresponds to the operating principle of virtual extensometers for evaluating tensile tests with the
DIC system. The true stress—strain curves can be determined with the cross-sections, strains, and
applied loads.

First, the material parameters for the smooth sample of the base material DP1000 can be
determined by inverse simulation. This is done by simulating the tensile tests with varying material
parameters randomly until there is a minimal Euclidean distance between the simulation and
experimental results. With this approach, the material parameters for the smooth base metal of
DP1000 are obtained. Subsequently, the notched specimen with the notch geometry shown in Figure
3a was simulated with the same material model parameters as those of the smooth base metal of
DP1000 to only investigate the influence of this notch geometry on the stress—strain behavior. The
geometry factor for DP1000 was calculated by comparing both of the aforementioned stress—strain
curves. Afterwards, the material parameters for welded (RSW) and notched DP1000 can be
determined by using the experimental data from the tensile tests and inverse simulation, as
described above. Those material model parameters for welded and notched specimens of DP1000
are then multiplied by the geometric factors to calculate the material parameters for smooth and
welded specimens from DP1000. Finally, the notched and welded specimen is simulated with the
calculated model parameters for smooth and welded specimens, and compared with the results of
the tensile tests to validate the simulation result.

The same procedure is used to calculate the material parameters for DP600. However, a
modified notch geometry has to be used, because the tensile tests have shown that failure occurred
outside the notched and welded (RSW) area of the DP600 specimen. This modified notch geometry
is shown in Figure 3b. Consequently, new geometric factors for DP600 have to be determined using
the same approach as explained above. The material model parameters for welded and notched
DP600 are calculated by inverse simulation and multiplied with the geometry factor for the modified
notch geometry to determine the material model parameters for smooth and welded DP600.
Afterwards, the tensile test for the notched specimen is simulated using the material model
parameters of smooth and welded specimens, and compared with the experimental results to
validate the simulation model for DP600.

3.2. Indentation Test

A two-dimensional, numerical simulation was performed using eight-node elements. A
linear-elastic material behavior was selected for the indenter with a Young's modulus of 1140 GPa
and a Poisson's ratio of 0.07. For the specimen, a nonlinear isotropic strain hardening material
model, as described in Section 3.1, is used. The geometry and dimensions of the simulation model
are shown in Figure 4 and Table 4. A mesh size of 0.0057 mm in the area of the contact between the
indenter and specimen, and 0.018 mm in the remaining specimen, was used.
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Figure 4. Geometry of the simulation model.

The model was constructed to be axially symmetrical to the y-axis, and the bottom of the
sample was fixed. A load (F) of 120 N was applied to the upper edge of the indenter. A
flexible-to-flexible contact pair between the indenter (target) and the specimen (contact) was
defined. For the contact between a diamond indenter and a steel sample, a coefficient of friction of
0.15 according to [21] was selected.

Table 4. Dimensions of the simulation model.

Geometry Abbreviation Dimension [mm]
Radius of the indenter R 0.2
Width of the specimen B 2.5
Height of the specimen H 1.5

To determine the load-indentation depth curve, the displacement and the load of a node in the
middle of the contact between the indenter and the specimen were investigated. Furthermore, the
penetration profile of the indenter was simulated by calculating the displacements of the nodes on
the surface of the sample after applying the load. The material parameters for welded DP600 and
DP1000 could be determined by inverse simulation. For this approach, in the first step, the
indentation test was simulated with random values for the material parameters gy, Ry, R+, and b, as
given in Equation (1). In the next step, the material parameters were adjusted until there was a
minimal Euclidean distance between the simulation and the experimental results of the indentation
tests. Using this approach, the difference of the simulation results and the experimental data was
minimal, and therefore, the material parameters for the base and weld metal of LBW, and for the
HAZ of RSW, were obtained. In addition, numerical simulations were carried out with the material
parameters for the base metal and weld metal of RSW, as already determined from the tensile tests,
to validate the results.

4. Results and Discussion

4.1. Metallographic Analysis

Investigations have shown that in the weld metal of DP steels, a martensitic microstructure is
formed when the cooling time tss (i.e., the time it takes for the weld seam and HAZ to cool from 800
°C to 500 °C) is less than three seconds [22]. Measurements on the welded plates showed a cooling
time ts50f 0.3 s for RSW and 0.4 s for LBW. It is therefore assumed that a martensitic microstructure
is present in both weldments. Figures 5 and 6 show the microstructure of the weldment of LBW and
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RSW DP600 and DP1000. The welding zones of DP600 and DP1000 show a martensitic
microstructure with columnar martensite grains. The base metal of DP600 and DP1000 typically
shows a mixture of ferrite and martensite microstructures, which was completely converted into a
martensite structure after welding.

Figure 5. Microstructure of DP600: (a) base metal; (b) weld metal of RSW of two plates; (c) weld
metal of RSW of one plate; (d) weld metal of LBW.

Figure 6. Microstructure of DP1000: (a) base metal; (b) weld metal of RSW of two plates; (c) weld
metal of RSW of one plate; (d) weld metal of LBW.

In addition, the macrostructure of the welded joints of RSW and LBW of DP600 and DP1000 are
shown in Figures 7 and 8 to gain a better overview about the size of the weld metal and HAZ.
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1.7mm

Figure 7. Macrostructure of welded joint of DP600: (a) RSW of two plates; (b) RSW of one plate; (c)
LBW.

Figure 8. Macrostructure of welded joint of DP1000: (a) RSW of two plates; (b) RSW of one plate; (c)
LBW.

In the next step, a Vickers hardness test for both welding methods and DP steels was performed
according to [23], and is shown in Figures 9, 10, and 11. Figures 9 and 10 show the mapping of
hardness value (HV0.1) for DP600 and DP1000. Each indentation was automatically performed on
the samples with 0.1 mm distance from the last one in each direction (X and Y) in order to measure
the Vickers hardness value (HVO0.1) based on [23]. The total number of indentations in the entire
specimen is mentioned in the caption of Figures 9 and 10 for each sample. Then, the value of each
indentation is mapped to a color. Figure 11 compares the hardness values (HV1) for different
welding methods performed on DP600 and DP1000. It can be observed that the hardness value of the
weld seams is above 400 HV1, which is related to the martensite phase [19].
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Figure 9. Hardness (HV0.1) mapping of DP600: (a) RSW of two plates (4296 indentations); (b) RSW of
one plate (2436 indentations).

Figure 10. Hardness (HVO0.1) mapping of DP1000: (a) RSW of two plates (11050 indentations); (b)
RSW of one plate (4944 indentations); (¢) LBW (3520 indentations).

—+—DP600-RWS-Two Plates
—=—DPG00-RSW-One Plate
—+—DPG00-LBW
~—><—DP1000-RSW-Two Plates
—#—DP1000-RSW-One Plate
—=—DP10001BW

Hardness HV 1

N
13
o

10 K 5 4 2 0 2 4
Distance from the center of weld seam in mm

Figure 11. Comparison between the hardness value (HV1) of different welding methods performed
on DP600 and DP1000.

4.2. Tensile Test
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Quasi-static tensile tests were carried out on the smooth and notched tensile specimens of the
base and weld material. The strain was measured locally with the DIC systems, as described in
Section 2.4. The local strain distributions of the notched and welded specimens are presented in

Figure 12.
Strain [%] Strain [%]
9.092 8.614
l 8.000 7:500
7.000 w
1 6.000
6.000
B 4.500
5.000
4.000 = 3.000
3.000
= 1.500
2.000
1.000 0.000
a) -0.250 -1.491

Figure 12. Strain distribution of the notched and welded (RSW) specimens before fracture, (a) DP600,
(b) DP1000.

Figures 13 and 14 show the results of the tensile tests on smooth, notched, and notched-welded
specimens for DP600 and DP1000, respectively. It can be seen that the yield and tensile strengths of
the notched specimens are higher than the strength of the smooth specimens of the base material due
to the additional notch stresses.

1400
©
01000
=
=
0
0]
L
v 600 -
S
= —Smooth tensile specimen (base metal)
—Notched tensile specimen (base metal)
—Notched tensile specimen (weld metal) |
200 7
0 ‘ 1
0 2 < 6 8

True Strain in %

Figure 13. Stress—strain curves for smooth, notched, and notched-welded (RSW) specimens of DP600
(mean value).
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Figure 14. Stress—strain curves for smooth, notched, and notched-welded (RSW) specimens of
DP1000 (mean value).

Table 5 shows the mechanical properties of DP600 and DP1000 calculated by the DIC-system
GOM Aramis 4m. For each material, three specimens were tested and the average results were
calculated. It should be noted that the parameters in Table 5 are directly calculated by the Aramis
system, and can only be compared to the parameters from the Voce nonlinear isotropic hardening
model to a limited extent, since the latter's parameters are calculated by inverse simulation, as
mentioned in Section 3.1. Analyzing the results of the notched and notched-welded specimens, it
was shown that RSW leads to a reduced total elongation at the maximum force for DP600 and
DP1000. It can be concluded that the microstructural changes reduce ductility and increase the
strength of the material. The yield and tensile strength are enhanced by 137% and 87% in the case of
DP600 and by 44% and by 28% for DP1000 after RSW.

Table 5. Mechanical properties of DP600 and DP1000 (mean values).

Yield Tensile Strain Total elongation
Material strengthin  strength in hardening at maximum force
MPa MPa exponent in %
Smooth sample 360+1.73 633 +2 0.216 + 0.002 18.7+1.1
DP600 Notched sample 430 +10.07 698 +2 0.124 + 0.009 15.8+1.37
Notched-welded 030, 306 130421082 0.049:+0.008 4.18+0.26
sample (RSW)
Smooth sample 630 +2.08 1025 +1.53 0.096 +0.002 8.3 +0.036
DP1000 Notched sample 800 + 36.3 1145 + 8.08 0.104 + 0.003 8.7 £0.376
Notched-welded 155, 205 146041344 0.057:+0.008 43025
sample (RSW)

4.3. Indentation Test

Indentation tests were performed on all specimens of DP600 and DP1000. Figure 15 shows the
results of the indentation tests for DP600. For each material, three specimens were tested and the
average results were calculated.
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160 T T .
—Experimental average - base metal
— Experimental average - weld metal (LBW)
—Experimental average - weld metal (RSW)
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Figure 15. Force-penetration depth-curve for DP600.
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The penetration depths of the weld metals are smaller than those of the HAZ and the base
metal. This is due to the higher hardness in the weld metal. Here, the microstructure consists almost
exclusively of martensite, and has a hardness of more than 400 HV1 [19]. In the HAZ, the martensite
content is lower, and thus, the reduced hardness leads to larger penetration depths. It is noticeable
that RSW leads to lower penetration depths compared to LBW. Measurements have shown that the
cooling time tss for RSW is lower than for LBW, which leads to a higher hardness, and thus, to
smaller penetration depths. Figure 16 shows the experimental results for DP1000. Once again, the
weld metal has a lower penetration depth than the HAZ and the base metal. It is noticeable that the
HAZ has a higher penetration depth than the base metal, and thus, is the weakest part of the
weldment. Hardness tests on resistance spot-welded DP1000 specimens have shown (Figures 10 and
11) that the hardness in the HAZ decreases compared to the base material, which leads to greater

penetration depths [19].

140 T

’—Experimental average - base metal
—Experimental average - weld metal (LBW)
—Experimental average - weld metal (RSW)
—Experimental average - HAZ (RSW)

100

60 |-

Force in N

0 0.01 0.02 0.03
Penetration Depth in mm

Figure 16. Force-penetration depth-curve for DP1000.

4.4. Numerical Analysis

4.4.1. Numerical Simulation of the Tensile Tests

0.04
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Simulations of the tensile tests were carried out and compared with the experimental results to
obtain the geometric factors and material parameters of RSW DP600 and DP1000. Inverse simulation
was used to calculate the material parameters for smooth and notched base material of DP600 and
DP1000 as described in Section 3.1. Afterwards, the material parameters of the notched samples
were divided by the material parameters for the smooth samples to determine the resulting
geometry factors. Table 6 shows the results for base material of DP600 and DP100 and the calculated
geometric factors for both notch geometries.

Table 6. Material model parameters and geometric factors for base metal of DP600 and DP1000.

. o, in Roin Rinf in b
Material MPa MPa _ MPa

Smooth sample 360 710 268 22

DP600 Notched sample 430 1300 207 25
Resulting geometric factors for DP600 1.19 1.83 0.77 1.14

Smooth sample 630 1100 390 72

DP1000 Notched sample 800 1250 340 75
Resulting geometric factors for DP1000 1.27 1.14 0.87 1.04

In the next step, the material parameters of the notched and welded samples of DP600 and
DP1000 were calculated by using inverse simulation, as mentioned above Afterwards, those material
parameters were divided by the geometry factor to determine the material parameters for the
smooth and welded samples (RSW) of DP600 and DP1000. These material model parameters are
summarized in Table 7.

Table 7. Material model parameters for RSW DP600 and DP1000.

. g, in Roin Rinf in b
Material MPa  MPa MPa
DP600 Smooth-welded sample 867 65 420 110
Notched-welded sample 1036 120 325 125
DP1000 Smooth-welded sample 906 175 437 96
Notched-welded sample 1150 200 380 100

Figures 17 and 18 show a comparison of the experimental results from the tensile tests with the
results of the simulation.

1600

- —Smooth tensile specimen (base metal)
a 1200 -~ Smooth tensile specimen (base metal) - Simulation | |
E —Notched tensile specimen (base metal)
= R R Notched tensile specimen (base metal) - Simulation
8 —Notched tensile specimen (weld metal)
5 800 F - Notched tensile specimen (weld metal) - Simulation|
Q|
= e — e
|_

400 3

200 1 1 1

0 2 6 8

4
Plastic Strain in %
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Figure 17. Stress-strain curves for DP600: Comparison between the tensile tests and simulation
(welding method: RSW).

A good agreement with the numerical and experimental results is recognizable. The calculated

model parameters for the smooth and welded DP600 and DP1000 were validated by the simulation.
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Figure 18. Stress—strain curves for DP1000: Comparison between the the tensile tests and simulation
(welding method: RSW).

4.4.2. Numerical Simulation of the Indentation Tests

The indentation tests were simulated with varying values for the material parameters
09, Ro, Res, and b, until a good agreement between the simulation and the experimental results was
achieved for the indentation tests, as described in Section 3.2. The results are shown in Table 8.
Compared to the base material, the yield strength in the HAZ was decreased by around 27% after
RSW. The yield strength of weldment of DP1000 could be increased by 27% after LBW. However, it
should be noted that the HAZ of LBW was not investigated. Similar to RSW, it is expected that the
strength of the HAZ is reduced after LBW. Consequently, the HAZ is the weakest part of the
weldment, and determines the overall strength of the welded component.

Table 8. Material model parameters for the weldment of LBW and the HAZ of RSW.

Material gyin Roin Rinf in b
€ MPa MPa MPa
DP600 LBW-Weldment 700 30 320 40
RSW-HAZ 460 1500 343 50
br1000 LBW-Weldment 800 175 437 96

In Figures 19 and 20, the experimental results of the indentation tests and the penetration
profiles, as described in Section 2.6, are compared with the results of the numerical simulation. A
good agreement of the simulation results with the experimental data of laser-welded DP600 in the
weld metal can be seen, whereby the material model parameters can be validated.
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Figure 19. Force-penetration depth-curve for DP600: Comparison between experimental results and

simulation.

The material model parameters for weld metal from RSW, which were already determined
from the tensile tests, can be further validated due to the good agreement. The results of the base
material show that the deviation of the simulation results from the experimental results increases
with decreasing hardness of the sample; one reason for this could be the stronger occurrence of the
pileup effect with softer metals [24]. The comparison of the yield strength for the base metal and for
the weld metal of LBW shows that the yield strength was increased by 94% after welding, due to the

microstructural changes.
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Figure 20. Penetration depth depending on the distance from the center of the indenter (DP600).

Figures 21 and 22 show the results for DP1000. Good agreement of the simulation with the
experimental results for the weldment of LBW and for the weldment and HAZ of RSW can be
recognized. The newly-determined material model parameters for LBW can be validated, and the
material model parameters determined from the tensile tests can be confirmed.



Metals 2019, 10, 1 17 of 20
140 : i
— Experimental average - base metal
----- Simulation - base metal
—Experimental average - weld metal (LBW) =3 l
----- Simulation - weld metal (LBW) H r* f
—Experimental average - weld metal (RSW) £
100 ... simulation - weld metal (RSW) [ 1
—Experimental average - HAZ (RSW)
Z | | Simulation - HAZ (RSW) f
s |\ 1 [i
@ IH
S &
o 60 / i i
w / i
/
20| / :
: /i
O | s 1
0 0.01 0.02 0.03 0.04

Penetration Depth in mm

Figure 21. Force-penetration depth-curve for DP1000: Comparison between experimental results and

simulation.
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Figure 22. Penetration depth depending on the distance from the center of the indenter (DP1000).

4.5. Method Validation

To validate the method used in this paper, the calculated material parameters are compared
with the results of Dancette [13]. Dancette investigated RSW DP1000 with sheet thicknesses of 1 and
3 mm. In this paper, RSW DP1000 with a sheet thickness of 2 mm was used. Consequently, the
stress—strain curves from the obtained material parameters should lie between those determined by
Dancette (shown in Figure 23). The dotted lines represent the curves from the literature for sheet
thicknesses of 1 mm and 3 mm. It can be seen that the stress—strain curves calculated in this paper for
RSW DP1000 with a sheet thickness of 2 mm are located between those of Dancette, and can thus be
validated. Furthermore, the results for DP600 are similar to those for DP1000, due to the similar
microstructure in the weldment after RSW, as shown in Section 4.1. It is noticeable that RSW leads to
enhanced strengths compared to LBW for both DP steels. Compared to LBW, the yield strength of
DP600 and DP1000 is increased by 24% and 13%, respectively, after RSW.
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Figure 23. Comparison of determined material parameters with data from other literature [13].

5. Conclusions

In the first approach, the material parameters in the weld metal of resistance spot-welded steel
were successfully determined by uniaxial tensile tests. In order to investigate the local strain
behavior in the weld metal, a notch had to be made in the tensile test specimen. Considering the
resulting influence of the notch, geometric factors must be determined to calculate the material
parameters for the smooth and welded material. A subsequent numerical simulation was used to
validate the material parameters. It could be shown that RSW leads to a reduction of ductility and to
an increase in the strength of DP600 and DP1000. The yield and tensile strength were increased by
598 MPa and 606 MPa for DP600, and by 350 MPa and 315 MPa for DP1000 after RSW. It was
noticeable that the material parameters for welded DP600 and DP1000 were very similar, which
suggested that the same martensitic microstructure was present in the weld metal. For the second
approach, the material parameters of laser-welded DP steels and resistance spot-welded materials in
HAZ were determined by indentation tests. The results showed that the strength in the weld metal
of LBW increased due to the martensitic microstructure. Compared to the base metal, the yield
strength was increased by 340 MPa in the case of DP600 and by 170 MPa for DP1000 after LBW.
However, the yield strength of the resistance spot-welded DP1000 in HAZ was reduced by 170 MPa
compared to the base material. It can be concluded that both approaches are valid material
characterization methods for welded DP steels. Moreover, it is necessary to mention that for the
second approach, only an instrumented indentation test machine is required. This approach
significantly reduces the effort needed to determine the material parameters for welded steels
compared to the traditional method, i.e., using the Gleeble system.
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