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welded dual-phase (DP) steels is significantly reduced by the formation of a softened
Y. Zhou region in the heat-affected zone (HAZ). In this study, a finite element simulation of welded

DP980 samples undergoing transverse uniaxial tensile testing was used to evaluate the
effects of soft zone width and strength on formability characteristics. Both the strength
and the ductility of laser welded blanks decreased compared with those of unwelded
blanks due to the formation of a softened outer-HAZ, where strain localization and final
[fracture occurred during tensile testing. The magnitude of softening and the width of the
HAZ depend on the laser specific energy. It was observed from tensile test experiments
and numerical simulations that both a decrease in strength and an increase in width of
the softened HAZ were responsible for a decrease in the overall strength and ductility of
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1 Introduction

The use of tailored blanks has increased steadily over the past
20 years and is expected to continue to rise above current levels
[1,2]. Tailor welded blanks (TWBs) are produced by welding two
or more sheets together prior to forming operations to tailor de-
sired sheet thickness, strength, or coating properties in critical
areas of the part. TWBs offer several notable benefits compared
with monolithic blanks, such as reduced manufacturing costs,
minimized offal, and improved dimensional control, as well as
performance improvements and decreased part weight [1]. To fur-
ther improve crash resistance and weight reduction, automotive
manufacturers are evaluating the use of advanced high strength
steels (AHSSs) in TWB applications. One type, dual-phase (DP)
steel, is processed by intercritical annealing and rapid cooling to
produce a continuous ductile ferrite matrix with islands of hard
martensite [3]. This microstructure produces a high work harden-
ing rate, resulting in higher ultimate tensile strength (UTS), com-
pared with conventional high strength low-alloy (HSLA) steels
with similar yield strengths (YSs). Thus, DP steels are suitable for
forming operations and can be considered for TWB applications.

The predominate joining processes for TWB fabrication are la-
ser beam welding and mash seam resistance welding, with laser
welding more popular in North America [2]. Several laser sources
have been used in laser blank welding, including CO, [2],
Nd:YAG (yttrium aluminum garnet) [4,5], and high power diode
lasers (HPDLs) [6,7]. The effects of laser welding on the micro-
structure and properties of DP steels have been discussed in pre-
vious work [8—10]. A laser beam traveling along the weld joint
has the effect of a transient thermal wave moving through the
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material. The local structure and properties at any point within the
weldment are generally determined by the thermal cycle experi-
enced at that point, with the peak temperature decreasing with
increasing distance from the weld centerline. In the fusion zone,
the peak temperature is above the melting point. Just outside the
fusion zone, near the fusion boundary, the peak temperature ex-
ceeds the critical temperature upon which 100% austenite forms
(Acs). This region is called the supercritical heat-affected zone
(HAZ). Further from the fusion boundary, the peak temperature is
within the intercritical range, which results in austenitization of
the carbon-rich martensite phases while large areas of undissolved
ferrite remain unchanged. For transformable steels, including DP,
the cooling rate through the range, which austenite decomposes to
the final room temperature microstructure, is a critical determinant
of the phases present, with the cooling rate largely dependent on
the welding heat input. In laser welding of DP steels, the cooling
rate is typically high enough to result in the decomposition of
austenite to hard metastable phases such as martensite, bainite,
and carbides. Thus, the room temperature microstructures of the
fusion zone and the inner-HAZ (consisting of the supercritical and
intercritical regions) consist of a higher volume fraction of hard
phases than the base metal (with a resultant increase in microhard-
ness) and together form a “hardened zone.” Further from the fu-
sion boundary the peak temperature is below Ac;, the temperature
where austenite transformation begins (i.e., subcritical); however,
tempering of the metastable martensite phase occurs, resulting in
an overall reduction in microhardness. This outer-HAZ forms a
“softened zone,” which is adjacent to the unaffected base metal.
The effects of severe property gradients in the weld region on
the formability of welded blanks have been documented in the
literature. Hardening in the fusion zone and inner-HAZ increases
the strength of the weldment but decreases the ductility when
strained in a direction parallel to the weld line [4,8,11]. Con-
versely, softening in the outer-HAZ results in a local strength
decrease, especially in higher strength AHSS (i.e., 800-1000
MPa) with a substantial volume fraction of martensite [4,9,12].
When the loading direction is perpendicular to the weld line, lo-
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calized strain causes failure in the softened zone at low loads and
elongations [4,10,12,13]. With an increase in softening and soft-
ened zone width, the formability of TWBs has been found to
decrease [9,10,12]. Both the severity of softening and the width of
the soft zone are dictated by the heat input of the welding process.
Hence, it is difficult to experimentally determine the influence of
the individual effects.

Through the use of a finite element method (FEM) stamping
simulation, it has been shown that the formability of laser welded
blanks can be predicted without the production of test dies [14].
Numerical simulation is an effective tool for the clarification and
confirmation of experimental observations. Saunders and Wagoner
[15] used FEM to show that the formability of TWBs is related to
the material thickness and strength ratio, as well as to weld duc-
tility. The accuracy of the simulation, however, depends on the
availability of accurate mechanical properties for both the base
metal and the weld region. Methods for determining fusion zone
and HAZ properties by comparing experimental tensile tests with
simulation results have been proposed [16,17]; however, these
methods are only able to predict hardened fusion zone and HAZ
properties and do not provide a solution where HAZ softening is
observed. Rodrigues et al. [18] used finite element simulations to
evaluate the effects of a soft zone on the strength and ductility of
welds in high strength steels subject to tensile testing. Their work,
however, focused on thick sections in three-dimensional stress
states, and for thin sheets, the problem can be simplified to two-
dimensional stress states. Furthermore, they assumed mechanical
properties for the hardened and softened zones that are difficult to
determine in practice. Tomokiyo et al. [12] used FEM to clarify
the effect of a softened HAZ on the formability of laser welded
DP980 blanks. The material properties of the softened region were
evaluated by mechanical testing of thermally simulated coupons.
Their results showed that strain localization occurred in the soft-
ened HAZ, but they could not compare the analysis with experi-
mental results and they did not consider the effects of varying soft
zone width or degree of softening.

Among the material properties, the strain hardening coefficient
(n) has the greatest effect on formability in stretch forming opera-
tions. It is a measure of the ability of the metal to resist localized
strains and thus postpone the onset of necking/nonuniform defor-
mation. A sheet with a high strain hardening coefficient has a
better ability to uniformly distribute plastic strain, which leads to
a higher elongation in uniaxial tensile testing. It can be observed
that the n-value and elongation from a tensile test reflect the over-
all stretchability of a material in sheet forming [19]. Thus, a simu-
lative tensile test is the quickest and easiest way to analyze sheet
formability. This method can also be applied to welded blanks.

The objective of this study was to develop a numerical simula-
tion approach for modeling the formability of laser welded blanks
that have significant softening in the HAZ. Material properties for
the hardened and softened regions were determined by comparing
experimental results with a numerical analysis in uniaxial tensile
testing. The effects of mechanical properties in the weld region,
especially fusion zone hardening and HAZ softening, were char-
acterized in terms of the formability and strength of the joint. This
provided a clarification on the significance of the softened region
in the HAZ in terms of the effects on the global deformation
behavior of a tailor welded blank.

2 Experimental Procedures

2.1 Material Selection. Sheet metal selection is a critical
component of vehicle design, enabling versatility and manufactur-
ability. AHSS sheet can be stamped into inexpensive and complex
components at high production rates. In this work, a DP steel with
a nominal strength of 980 MPa (DP980) was selected for study
because of its high strength and good ductility. The sheet thick-
ness was 1.2 mm, with a galvanneal coating of 45 g/m? per side.
The chemical composition of this steel is summarized in Table 1.
The as-received microstructure of the DP980 used in this work
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Table 1 Chemical composition (wt %) of the DP980 steel
Type of steel C  Mn Mo Si Cr Al B Fe
DP980 0.135 2.1 035 0.05 0.15 045 0.007 Remaining

exhibited a ferrite matrix with a significant volume fraction of fine
martensite laths (49.4%) decorating the grain boundaries. The
martensite displayed a banded morphology, with the martensite
islands forming nearly continuous stringers along the rolling di-
rection [13].

2.2 Laser Welding. Two identical sheets were welded to-
gether in a butt joint configuration to create a blank, with the weld
line oriented perpendicular to the rolling direction. The sheets
were welded using both HPDL (diode) and Nd:YAG laser power
supplies. The sheets were tightly clamped in a fixture without
backing. The faying surfaces were prepared by shearing, and the
joints were arranged with the burred edge placed down, ensuring
a tight fit-up. Argon shielding gas was supplied to the top surface
at a rate of 14 I/min. The welding parameters were designed to
produce full penetration welds free of defects such as porosity and
cracking.

The heat input was varied with laser type and travel speed. The
diode laser had a higher power but a much lower power density
due to the larger spot size, limiting the welding to conduction
mode heat transfer. The required welding speed to maintain full
penetration was thus slower. The Nd:YAG laser power was lower;
however, the spot size was smaller, which enabled keyhole mode
welding at higher speeds. Keyhole mode welding is a character-
istic of power sources that produce a high power density, such as
Nd:YAG, CO,, and fiber lasers. As a result, the diode laser had a
higher net heat input relative to the Nd:YAG laser process, which
was considered a lower heat input process.

The Nuvonyx 4 kW diode laser was mounted as the end effec-
tor of a Panasonic welding robot. The beam was rectangular in
shape, with minimum dimensions of 12X 0.9 mm? The beam
had a focal length of 80 mm and was focused on the top surface of
the sheet. The shielding gas was supplied at the leading edge of
the laser spot. The blanks were welded within a speed range of
0.7-1.9 m/min. Welding slower than 0.7 m/min led to excessive
weld size and sag, while speeds faster than 1.9 m/min resulted in
partial penetration welds.

The Haas HL3006D Nd:YAG laser employed fiber optic beam
delivery from a remote laser system to the delivery optics. The
full power of 3 kW was used for the welding trials, and the beam
size at the focal point was 0.6 mm in diameter. The focal length
was 200 mm, and the beam was focused on the top surface of the
sheet. Operating speeds were within the range of 1-6 m/min to
obtain full penetration. Welding speeds less than 1 m/min led to a
cutting of the material, and speeds above 6 m/min led to an in-
complete penetration.

2.3 Microstructure and Microhardness Analysis. Weld
characteristics were evaluated using metallographic examination
and microhardness measurements. Sections were cut from the la-
ser welded specimens, mounted, and polished as per standard met-
allographic procedures to observe the microstructure of the fusion
zone and HAZ. The polished specimens were etched with a 2%
nital solution (2 ml HNO;, 98 ml ethanol) and were observed
under an optical microscope. Cross-weld microhardness tests were
conducted on the etched specimens along a straight line diago-
nally across the weld at an interval of 0.3 mm using an indenter
load of 500 g and a duration of 15 s.

2.4 Tensile Testing. Subsize uniaxial tensile testing speci-
mens were machined from both the welded blanks and the as-
received parent metal with a width of 6 mm and a parallel length
of 32 mm, as per ASTM E8 [20] (Fig. 1). In the case of the
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Weldment :

Fig. 1 Subsize tensile test specimen

welded blanks, the weld line was located at the center of the
tensile specimen and was oriented perpendicular to the load direc-
tion. Tensile testing was performed using an Instron Universal
Testing machine (Model 4206) at a crosshead speed of 2 mm/min.

Since the width of the fusion zone was very small in both diode
and Nd:YAG laser welds, the standard ASTM ES8 tensile specimen
could not be used to give the tensile properties of the independent
fusion zone. Longitudinal samples, which are a composite of the
fusion zone, heat affected zone, and base metal properties, have
been used by some [21,22] to characterize the weld metal proper-
ties. This application, however, is complicated by the presence of
a softened region without known properties and cannot be used.
Hence, a smaller minitensile specimen, as shown in Fig. 2, was
used to obtain the mechanical properties of the fusion zone ex-
perimentally. The geometry was derived as per the tensile split
Hopkinson bar (TSHB) test [23].

The HAZ exhibited steep property gradients and widths that
varied with process parameters. It was impossible to prepare uni-
form samples for mechanical testing that represent the HAZ prop-
erties. The properties of the hard inner-HAZ were assumed to be
similar to the fusion zone; however, the mechanical properties of
the softened outer-HAZ could not be determined experimentally
but were evaluated from the finite element analysis. Due to the
heterogeneous nature of the mechanical properties across a weld,
variations in strain were expected along a transverse weld tensile
sample, i.e., with the weld oriented perpendicular to the load di-
rection. Local strain in the transverse tensile sample after defor-
mation was measured using the circular grid method. The method
consisted of two stages: (i) application of uniform grids on speci-
mens prior to deformation and (ii) visual detection to measure grid
sizes at the completion of testing. A uniform circular grid was
etched onto the tensile specimens by passing an alternating cur-
rent through an electrolytic solution. The grid pattern was applied
along the length of the tensile sample (which includes the weld
and HAZ), as shown in Fig. 1. The undeformed grid size was
calibrated by taking the average size of several circles. Smaller
grid sizes are able to capture a higher gradient of strain in the
material; hence a circular grid size of 2.0 mm diameter was used.
With a grid smaller than 2.0 mm, it is expected that the shape and
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Fig. 2 Minitensile specimen used to determine the properties
of weld (all dimensions are in mm)
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size become increasingly inconsistent. After the tensile test was
complete, the deformed elliptical grids were measured to calculate
the major strain along the length of the specimen and to obtain a
strain distribution.

3 Finite Element Simulation

3.1 Theoretical Background. The transverse weld specimen
was a heterogeneous structure with different material properties
across the various regions of the weldment, such as fusion zone,
inner- and outer-HAZ, and base metal (Fig. 3). Figure 4(a) shows
the measured cross-weld microhardness profiles for typical diode
and Nd:YAG welds. The profile was relatively flat across the fu-
sion zone with an average fusion zone hardness of 413Hy and
429Hy in the respective diode and Nd:YAG welded samples. The
inner-HAZ near the fusion boundary also exhibited high hardness,
decreasing toward the unaffected base metal. A softened zone was
observed in the outer-HAZ where the hardness was significantly
lower than the base metal. Figure 4(b) depicts a schematic over-
view of half the symmetrical tensile test sample with three differ-
ent zones within the gauge length, where l(l), 19, and 12 are the
initial lengths of the hardened zone (i.e., fusion zone and inner-
HAZ), the initial length of the softened zone (outer-HAZ), and the
initial length of the base metal, respectively. The final length of
each region will be different not only due to the different initial
length of each region but also due to differences in strain in the
individual weld regions during deformation. The final length of
the above regions after plastic deformation was defined as /4, /,,
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Fig. 4 Formation of three different zones in laser welding: (a)
cross-weld hardness profiles and (b) schematic representation
of three different zones in a transverse tensile test
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and /3, respectively.
The initial total length of the sample is represented as

Ly=L+15+1 (1)
and the final length as

I=1+1L+1; (2)
The total true strain is given as

. l (i +1h+13)

€ =1nl—= T

0 T+ 5L +13)

Since stress is assumed uniform along the sample, each zone is
governed by its own constitutive equation,

3)

Kiel'=Kel=Kzeh =0 4)

where K; and n;, K, and n,, and K3 and nj are the strength
coefficients and strain hardening exponents of the hardened zone,
softened zone, and base metal, respectively. As the cross-sectional
area is initially the same in all regions, the stress will initially be
uniform throughout the sample. However, due to differences in
mechanical properties (K- and n-values), each region will undergo
different deformations, which will lead to nonuniform strain.
For each zone the strain will be as follows:
e ki .
g/=In-; where i=1-3 (5)
1

Using Egs. (3)—(5), we get

KN 1 (K Loy g
P+0+10 ©
1+ h+ 1

e’=In—=In
0

From this equation, it can be understood that the displacement and
force developed in each region is governed by its strength coeffi-
cient, strain hardening exponent, and initial length. Hence, with a
FEM simulation of the heterogeneous transverse weld specimen,
the effect of the strength and size of the HAZ on overall mechani-
cal properties can be studied.

3.2 FE Modeling. Numerical simulation of a tensile test was
performed with the LS-DYNA-971 FEA software package (this
solver handles material and geometrical nonlinearities in solving
the quasistatic sheet metal forming process very well) [24]. The
model was created and meshed by quadratic 2D shell elements
using five-integration points with the help of the commercially
available preprocessor called Hypermesh. Belytschko—Tsay thin
shell elements were used to lower the computational time [24].

The following assumptions were used in the development of the
model:

1. The transverse weld tensile sample consists of three distinct
zones including the hardened zone, the softened zone, and
the base metal.

2. The hardened zone consists of the fusion zone and the inner-
HAZ.

3. The material properties in each zone are uniform.

4. The tensile sample is symmetric about the longitudinal and
transverse directions.

Each region of the tensile specimen model was joined with the
adjacent region by the merging of common nodes. As the sample
was symmetric in both the longitudinal and transverse directions,
only a quarter of the whole sample was modeled. The weld center
(seam) coincided with the transverse symmetrical line. The solu-
tion domain was discretized by 5263 quadrilateral shell elements.
A refined mesh was used in the weld and HAZ areas to account
for the rapid change in stresses in these areas (shell element di-
mension of 0.1 X 0.1 mm?) [25].

Figure 5 shows the TWB tensile specimen along with the
boundary conditions. In order for the quarter model to represent
the full specimen, both X and Y constraints were imposed on the
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Constant displacement applied
in the end nodes on x-direction

Transverse symmetrical line
(weld centre line) constrained x-axis

Fine mesh
in the weld and HAZ

Y Longitudinal symmetrical line
constrained y-axis
X

Fig. 5 FE meshes for the quarter model transverse tensile
specimen with constraints in the XY plane

nodes along the transverse and longitudinal symmetry lines, re-
spectively. Displacement in the X-direction was applied to the
nodes at the end of the grip portion. This displacement is equal to
one-half of the final displacement obtained during the tensile test.
The model was considered as a deformable body with appro-
priate yield criterion and stress-strain relations during nonlinear
plastic deformation to account for strain hardening. The yielding
behavior of the blank material was considered as per the von
Mises yield criterion. The simplest way to represent this criterion
is f(I,)=1,=C, where I, is the second invariant of the stress tensor
and C is a material constant. The second invariant (/,) of the stress
tensor can be expressed in terms of the stress deviator tensor as
I,=(1/2)S;;S,;, where, the Einstein summation convention is used.
In this case, the von Mises criterion for plastic flow can be ex-
pressed as SijSij=(2/3)a'§p, where oy, is the yield stress of the
material in uniaxial tensile testing [26]. This quadratic yield con-
dition in the Cartesian principal stress (o, 0, 03) space is repre-
sented by the following equation in terms of principal stresses:
1 172
[5{(0'1—0'2)2+(0'2—0'3)2+(0'3—(71)2} =0y, (7
where 0,0,, and o are the principal stresses in three directions
and oy, is the yield strength of the material. For a uniaxial tensile
test, it can be simplified to

o1 =0y, (8)

The stress-strain relationship during deformation was approxi-
mated by the following constitutive equation in the numerical
model:

o,=Ke"=K(e,,+&")" 9)
where (Ty=ﬂ0W stress, sypzstrain to cause yield, &’ =effective
plastic strain, K=strength coefficient, and n=strain hardening co-
efficient. This takes the nonlinear work hardening behavior of the
material into account.

The elastic strain at yield can be found in [24]

REAEE
Eyp = %

The K- and n-values of the base metal were obtained by fitting a
power law function to the true stress and true strain curve ob-
tained from experiment. It was done by calculating the log true
stress and log true strain values in the uniform plastic deformation
range (between YS and UTS), and using linear regression (least
squares method), a best fit was plotted. The slope of this line gives
an n-value, and a Y-intercept gives log K [27].

In the case of the hardened zone, the material did not obey the
power law of hardening, and the true stress and true strain curve
was imported for that material model by the help of a subroutine
including the stress-strain data in the program. The LS-DYNA-971
solver has the ability to evaluate stress and strain for the material

(10)
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Table 2 Measured width of hardened and softened zones in laser welds

Laser Weld speed Laser specific energy Experimental softened Experimental hardened
(m/min) (X10% kJ/m?) zone width (mm) zone width (mm)
Diode 0.7 381 4.0 35
Diode 1.3 205 2.5 32
Diode 1.9 140 2.0 32
Nd:YAG 3.0 100 0.75 0.75
Nd:YAG 6.0 50 0.5 0.5

at each stage of deformation by interpolating from the data points
that were imported for the stress-strain curve [24]. It was assumed
that the softened HAZ obeys the power law of hardening during
deformation.

As previously discussed, an experimental determination of the
strength coefficient and strain hardening exponent for the HAZ
was not possible. For simulation purposes, these values were ob-
tained through a pragmatic process optimization until the load-
displacement curve of the whole sample matched the experimental
result (by comparing the load-displacement curve obtained from
both the experiment and FE simulation, the K- and n-values were
best fitted with the experimental load versus displacement curve).

4 Results and Discussion

4.1 Hardness and Microstructural Analysis. Table 2 shows
the effect of welding speed, type of laser, and laser specific energy
on hardened and softened zone widths (laser specific energy
=P/Vd, where P, V, and d are laser power, welding speed, and
width of the beam transverse to the welding direction, respec-
tively). The width and hardness of the softened outer-HAZ were
affected by the weld heat input. With the Nd:YAG laser, the lower
heat input resulted in a narrow softened zone and a small drop in
hardness. The high heat input of the diode laser produced a wider
and more severe softening effect. With the significant increase in
the welding speed employed when using the Nd:YAG laser, the
width and degree of softening were both reduced compared with
those when using the diode laser. This is due to the difference in
the beam dimension transverse to the welding direction (d
=0.9 mm and 0.6 mm for diode and Nd:YAG laser beam, respec-
tively) and the welding speed, which together influence the laser
specific energy. The width and hardness of the softened zone were
also affected by the change in welding mode from a conduction to
a keyhole mode for the diode and Nd:YAG power sources, respec-
tively. This agrees with the hardness results in which the mini-
mum hardness was lower in the diode laser welds than in the
Nd:YAG welds (Fig. 4(a)).

4.2 Tensile Testing. The standard tensile properties of 0.2%
offset YS, UTS, percent elongation, strain hardening coefficient
(n), and strength coefficient (K) for the DP980 base metal and
fusion zone are shown in Table 3. Results showed that the DP980
had fair strength and reasonable ductility for automobile part
manufacturing. Figure 6 shows the engineering stress—engineering
strain curve obtained from the tensile tests for the base metal and
weld zone. Typical log o-log ¢ plots for the base metal and weld
zone are shown in Fig. 7. In the case of the base metal, a linear fit
was successfully applied (after a 2.5% strain). The slope of this
line was the n-value, and the Y-intercept was the log K-value. In

the case of the weld metal, a good linear fit could not be attained,
which indicated that it changed the slope (n-value) during defor-
mation. Hence, the weld metal did not appear to obey the power
law of hardening, and the strain hardening and strength coeffi-
cients could not be determined. The strength of the weld metal
increased compared with that of the base metal, as indicated by
the UTS and YS, which is related to the measured increase in
hardness.

A comparison of the FEM simulation results with the experi-
mental load-displacement curve for the DP980 base metal is
shown in Fig. 8. The predicted and measured curves matched
reasonably well with a small discrepancy in the initial portion of
the curve. This was a result of the approximation of power law
hardening by assigning a constant n-value throughout plastic de-
formation. In the measured curve, during the initial phase of plas-
tic deformation the n-value was not constant until a strain of
2.5%. This behavior of DP steel is due to the presence of two
different phases (ferrite and martensite), which localizes strain in
the ferrite and results in a high initial work hardening rate [28].

Figure 9 shows representative engineering stress-strain curves
from tensile testing of the base metal and the transverse welded
samples [10]. The YS and UTS of the welded samples were lower
than the base metal values. Furthermore, the overall specimen
elongation was reduced, as necking and failure occurred in the
softened HAZ in all welded specimens (Fig. 10). The Nd:YAG
laser welds had higher strength and ductility (elongation) com-
pared with the diode laser welds. This was due to a smaller soft-
ened HAZ width and a smaller drop in hardness with the Nd:YAG
laser. Hence, it was observed that the transverse strength and duc-
tility of laser welded DP980 depended on softened zone proper-
ties. To further understand the effect of softened zone character-
istics, it was important to estimate the mechanical properties (K-
and n-values) of the soft zone.

FE analysis of the welded samples was used to evaluate the
effects of softened zone properties. The hardened zone and soft-
ened zone dimensions were taken from the experimental results
and are shown in Table 2. The mechanical properties for the base
metal were modeled with the experimentally obtained parameters.
The material properties of the weld zone were incorporated by
importing the measured true stress—true strain curve into the LS-
DYNA-971 code. It was assumed that this curve was valid for all
welding parameters for both diode and Nd:YAG laser welds.
Table 4 gives the mechanical properties (K- and n-values) of the
softened zone for the diode and Nd:YAG laser welds, respectively,
obtained from curve fitting. To get the mechanical properties (K-
and n-values) of the softened zone, trial input parameters were
given and the output load displacement was matched with the
corresponding experimental results. When the curves matched, the

Table 3 Mechanical properties of the DP980 base metal and the hardened zone in laser welds

YS UTS  Elongation Strength coefficient  Strain hardening  Hardness

(MPa) (MPa) (%) K (MPa) coefficient n (Hy)

Base metal (DP980) 534 980 15.2 1510 0.14 283
Hardened zone 804 1361 12.1 - - 413-429
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Fig. 6 True stress—true strain curve obtained from the experi-
ment for base metal (DP980) and weld

corresponding K- and n-values were adopted as the mechanical
properties of the softened HAZ. Figure 11 shows the matching of
load-displacement curves obtained from experimental and numeri-
cal simulations for different welded samples.

To validate the model, the strain distributions obtained from
experimental results and FEM simulations were compared. Figure
12 shows a comparison of the local strain for the experimental
results and numerical analysis. The simulated distribution
matched reasonably well, and it was seen that major plastic strain
had taken place only in the softened HAZ (Fig. 13). For the simu-
lations, the major strain values were calculated at the Gauss point
and then extrapolated to the nodes, which had a high density in
the softened HAZ. However, in the experimental specimen, the

30
—e— Base metal (DP980)
—a—Weld zone 3.15
3.1 4
2
3051 @
]
(2]
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Fig. 7 Log true stress—log true strain curve obtained from the
experiment for base metal (DP980) and weld zone
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Fig. 8 Comparison of load-elongation curves obtained from
experiment and numerical simulation for DP980 steel
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Fig. 9 Comparison of the stress-strain behaviors of the base
metal and transverse welded blanks

softened HAZ is contained within the span of only one circular
grid point, and only one major strain value was obtained. In both
experimental and numerical results, the major plastic strain is less
than 8% in both the hardened zone and base metal, while in the
case of the softened zone it is above 35%. The fusion zone and
base metal in both the numerical and experimental distribution did
not experience significant plastic deformation. Strain was local-
ized in the softened zone, resulting in a final fracture.

Weld fusion zone

Failure in the soft zone

Fig. 10 Localized failure in the softened zone during tensile
testing of transverse welded specimens (diode laser weld)

Table 4 Simulated K- and n-values of the softened zone as
compared with those of the base metal

Softened zone

Properties Base metal Nd:YAG laser Diode laser
n-value 0.14 0.17 0.19
K-value (MPa) 1510 1408 1290

8

L LT S

Load (kN)

- - - = Numerical 6m/min Nd:YAG

= Experimental 6m/min Nd:YAG
Numerical 1.9m/min Diode

s Experimental 1.9n¥min Diode
— - - Numerical 0.7m/min Diode

® Experimental 0.7nmymin Diode

1 15 2 25
Displacement (mm)

Fig. 11 Comparison of experimental and numerical results for

load versus displacement in diode and Nd:YAG laser welds of
DP980
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Fig. 12 Comparison of experimental and numerical major

strain distributions in the transverse welded tensile specimen
(diode laser weld)

4.3 Effect of Softened Zone Material Properties and the
Softened Zone Width on the Overall Strength and Elongation.
The effects of both material properties and size of the softened
zone were studied individually. Tabor estimated that the best cor-
relation between Vickers hardness, Hy, and the flow stress occurs
at a strain of 8% as follows [29]:

Hy=Coyg

where C is a material constant.
In the work hardening region, the stress-strain curves follow
Holloman’s equation,

(11)

(12)

where ¢, is the plastic deformation, K is the strength coefficient,
and n is the hardening exponent.
For £=0.08 the flow stress should be

— n
(T—Kep

00,08 = K(e,008)" (13)

where g, 03=0.08-g,, with g, being the elastic strain.
From Egs. (11) and (13) the relation between hardness and
strength coefficients is obtained,

H,= CK(Sp,o.os)n (14)

In the next simulation experiments, different softened zone K
values (1510 MPa, 1450 MPa, 1410 MPa, 1370 MPa, and 1300
MPa) were used to indirectly vary the hardness of this region
while keeping the width of the softened zone constant at 0.5 mm.
Figure 14 shows the effect of the softened HAZ strength on the
maximum load and displacement of the transverse weld uniaxial
tensile test sample. It was found that with decreasing strength
(hardness) of the softened zone, the overall load bearing capacity
of the welded joint decreased along with the overall displacement.

3.862e-01
3.476e-01
3.090e-01
2.703e-01 _
Plastic strain contours s
1.931e-01
1.545e-01
1.15%e-01
7.724e-02
3.862e-02

0.000e+00
Failure

Fig. 13 Strain localization in the softened zone observed in
both experiment and FEM simulation
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Fig. 14 Simulated maximum load and displacement with re-
spect to the decrease in the softened zone strength for a
welded sample with a 0.5 mm softened zone width of HAZ

Figures 15 and 16 show the plastic strain contours for two differ-
ent softened zone strengths at different times during deformation.
It was seen that in the case of the lower strength coefficient (K
=1300), there was no uniform strain distribution and strain local-
ization took place in the softened HAZ. However, in the case of
the higher strength coefficient (K=1450), the strength of the soft-
ened zone increased with strain hardening, which in turn arrested
strain localization and resulted in a more uniform distribution in
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Contours of Effective Plastic Strain Fringe Levels
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(a)
b)
Fig. 15 Plastic strain contours in the different weld zones for

softened zone strengths of (a) 1300 MPa and (b) 1450 MPa at
time=0.1996 s of deformation
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Fig. 16 Plastic strain contours in the different weld zones for
softened zone strengths of (a) 1300 MPa and (b) 1450 MPa at
time=3.1996 s of deformation
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Fig. 17 Simulated maximum load and displacement with re-
spect to the softened zone width (with softened zone strength
of 1300 MPa) of HAZ

the base metal. Thus, premature failure of the specimen in the
softened zone was avoided, increasing the overall ductility of the
welded tensile specimen.

The width of the softened HAZ was then varied (0 mm, 0.5
mm, 1.5 mm, 2.5 mm, and 4.0 mm), while the strength coefficient
was held constant at 1300 MPa. Figure 17 shows the effect of the
softened zone width on the maximum load and ductility of the
transverse welded specimen. It was found that the load bearing
capacity and ductility decreased sharply as soon as the width of
the softened HAZ increased above zero (i.e., no softening). With
further increase in the softened zone width, the maximum load
decreased, but the displacement was nearly constant. Figure 18
shows stress contours in the Y-direction (Y-stress) developed
within the softened zone during deformation. In the hardened zone
and the base metal, there was zero Y-stress component. The stress
in the softened zone changed from a uniaxial to a biaxial stress
state, but the hardened zone and the base metal remained in a
uniaxial stress state. Deformation was localized in the softened
HAZ, and due to the transverse strain component, the width of the
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o

Fig. 18 Y-stress distribution (in GPa) in the softened zone (of
4 mm in width) due to the development of constraint force dur-
ing deformation
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Fig. 19 Comparison of Y-stress developed in the welded
specimen

sample tended to decrease. The adjacent regions (base metal and
hardened zone) resisted the transverse strain in the softened zone,
which produced constraint force and stress in the Y-direction (Fig.
18).

The magnitude of the stress component depended on the soft-
ened zone width. Figure 19 shows that this Y-component de-
creased as the softened zone width increased from 0.5 mm to 4.0
mm. The hydrostatic stress (mean stress) component, (1/3)0y;,
within the softened zone increased with increasing Y-stress com-
ponent. Hence, a relatively larger tensile force was required to
deform the thinner softened HAZ and overcome the higher hydro-
static stress component. The hydrostatic stress component, how-
ever, does not cause plastic deformation. It was found that the
strength of the welded specimen with a very narrow softened zone
width was close to the base metal.

The simulation results show that both the softened zone size
and the hardness (strength) have a significant influence on the load
bearing capacity of the welded blank. In terms of ductility, the
overall elongation of the sample decreases with decreasing
strength in the softened zone; however, it is relatively unaffected
by increasing softened zone width. In real welds, the severity of
softening and the softened zone width both increase with increas-
ing heat input. As a result, these two factors must be considered
simultaneously. Figure. 11 shows the effects of heat input on the
strength and ductility of the transverse weld tensile sample. Both
the maximum load and the displacement were significantly lower
in the high heat input diode welds than in the low heat input
Nd:YAG welds. The diode welds exhibited a wider and softer
HAZ than the Nd:YAG welds. When the weld speed was de-
creased from 1.9 m/min to 0.7 m/min with the diode laser, the
width of the softened HAZ increased; however, the hardness in
the softened HAZ was nearly constant. At high heat inputs, the
martensite was fully tempered and the hardness does not change
with increasing heat input. As a result, the maximum load of the
tensile samples decreased with increasing heat input; however, the
sample elongation was relatively unaffected.

5 Conclusions

The transverse tensile strength and ductility of laser welded
blanks are significantly degraded in a DP980 steel, which exhibits
softening in the HAZ. When strained to failure, fracture is coin-
cident with the location of the softened HAZ. The weld strength
and ductility are affected by the width and severity of the softened
region, which are functions of the heat input and vary with
changes in laser type, power, and speed.

The mechanical properties in the softened HAZ are difficult to
measure experimentally; however, they can be assessed by a com-
parison of experimental results with simulated uniaxial tensile
tests.
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A finite element analysis shows that the strength of the joint
decreases significantly with the formation of a softened zone. As
the strength of the softened zone decreases, the strength of the
joint decreases as well.

Numerical results show that increasing the width of the soft-
ened zone with a constant strength results in a decrease in the
overall joint strength, while the elongation is unaffected. This is a
result of increased hydrostatic constraint stress with decreasing
soft zone width.
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