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Abstract: A wider interface bead width is required for laser overlap welding by increasing the
strength of the base material (BM) because the strength difference between the weld metal (WM) and
the BM decreases. An insufficient interface bead width leads to interface fracturing rather than to
the fracture of the BM and heat-affected zone (HAZ) during a tensile-shear test. An analytic model
was developed to predict the tensile-shear fracture location without destructive testing. The model
estimated the hardness of the WM and HAZ by using information such as the chemical composition
and tensile strength of the BM provided by the steel makers. The strength of the weldments was
calculated from the estimated hardness. The developed model considered overlap weldments with
similar and dissimilar material combinations of various steel grades from 590 to 1500 MPa. The critical
interface bead width for avoiding interface fracturing was suggested with an accuracy higher than
90%. Under all the experimental conditions, a bead width that was only 5% larger than the calculated
value could prevent the fracture of the interface.

Keywords: laser welding; interface fracture; high-strength steel; overlap welding; tensile—shear test;
carbon equivalent; hardness; interface bead width

1. Introduction

In the automotive industry, the use of high-strength steel is increasing, and the importance of a
lightweight car body is becoming more prominent because of CO, emission regulations. The most
recently developed high-strength steels utilize a martensite phase as the hardest steel phase [1-3],
and even fully martensitic steel, such as hot-press forming steel and martensitic steel, are being adopted
as materials of the central pillar, bumper beam, and several reinforcement parts [4,5].

Welding is the main joining process of an automotive steel structure [6], and resistance spot
welding, gas metal arc welding, and laser welding are the most frequently used welding processes
for automotive steel sheets. When welding a conventional mild steel, the weld metal (WM) and
heat-affected zone (HAZ) are subjected to a high cooling rate during the solidification and their
microstructures become harder than those of the base material (BM). For the case of high-strength steel
containing martensite, the strength difference between the WM and BM was reduced, even though the
WM can almost become fully hardened by laser welding [7]. Because the martensite fraction within
the BM increases, the strength of BM becomes higher. HAZ softening can be observed, owing to the
tempering of martensite even by laser welding, which is a low-heat-input process [8-11].

The hardness profile of the weldment can be adopted to predict the strength of the weldment
and crack susceptibility. Several carbon equivalents have been proposed to estimate the hardness
of the WM and HAZ. The international institute of welding adopted a carbon equivalent based on
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the Dearbon and O’Neil formula [12] for plain carbon and carbon-manganese steels in 1967. Ito and
Bessyo [13] suggested a critical metal parameter, Pcm, to estimate HAZ cracking susceptibility for
low alloy steel. A carbon equivalent suitable for a wide range of carbon contents was developed
by Yurioka et al. [14,15]. Kasuya et al. [16,17] evaluated various carbon equivalents to predict the
maximum hardness of HAZ. Carbon equivalents regarding laser welding have also been proposed in
previous studies. Kaizu et al. [18] and Taka et al. [19] simplified the Pcm formula using experimental
approaches and suggested carbon equivalent models dedicated to laser welding. Uijl et al. [20]
evaluated carbon equivalents for various welding processes including laser welding. The authors
modified Kaizu’s carbon equivalent equation [18] to extend the hardness prediction model such that it
would include boron steels [21].

The weldment hardness profile represents the local strength along the weldment. In a previous
study [11], the authors conducted a tensile test for laser butt-welded specimens with various grade
strengths from 340 to 1500 MPa. The fracture locations were in good agreement with the minimum
hardness location, except in the case of the 780 MPa grade, in which the HAZ was narrow enough
and the HAZ softening was relatively small, owing to laser welding. Additionally, for a tensile—shear
test, the hardness profile can be used to estimate the shear strength of the WM and the tensile strength
of the HAZ and BM. Because the shear strength of a material is 1.73-2 times lower than its tensile
strength, a higher hardness and/or wider interface bead width are required to avoid the interface
fracture (IF) in a tensile—shear test. In the laser welding of mild steel, the hardness of the WM is more
than twice as high as that of the BM [11,22] and BM fracturing is easily observed in the tensile—shear
test [23]. However, for ultrahigh-strength steel, such as hot-press-forming steel with a strength of
1.5 GPa, the welding parameters of BM or HAZ fracturing can hardly be obtained because the WM
will no longer be harder than the BM; laser welding will naturally be employed to reduce the heat
input and consequently the IF bead width [24].

The rotation of the specimen during the tensile-shear test makes it more difficult to predict the
fracture location [25,26]. Ono et al. [27] established an analytic model to predict the fracture location
based on the given tensile strength of the BM, measured hardness of the WM, and IF bead width.
Furisako et al. [26] classified the fracture location into a BM, WM, and curvature portion between
the BM and WM, and suggested an analytic fracture model based on the hardness measurement and
a regression model for the rotation angle [23,26]. Benasciutti et al. [25] established a simple model
by considering the rotation angle and weldment properties. Their model was thereby expanded to
include circular beads. Various numerical models have also been reported, with a consideration of
complex loading conditions and with the objective of predicting the behavior of the specimen and the
fracture mode during the tensile-shear test of a laser lap-welded specimen. Terasiki et al. [28] proposed
the numerical model to predict the static fracture strength of a laser lap-welded specimen. Also,
by using finite element analyses, the ductile fracture initiation and necking phenomena were simulated
during the tensile-shear test of high strength low alloy steel sheets [29,30]. Ha et al. [31] developed a
failure criterion under combined normal and shear loading conditions for laser welds by experimental
approaches and numerical analyses. Ma et al. [32] numerically simulated the tensile-shear test of the
high strength dual phase 980 steel weldments considering the hardened and the softened zones within
the specimen.

For industrial use, a simple and analytic model rather than a numerical model is preferred, as long
as the prediction accuracy is guaranteed to some extent [33]. In this study, an integrated model is
proposed to predict the hardness of the weldment and the fracture location in the tensile-shear test of
a laser lap weldment. Extensive material combinations of overlap welding were considered by using
high-strength steel grades between 590 MPa and 1.5 GPa. The hardness of each weld was measured and
was additionally estimated by a carbon equivalent that was calculated by the chemical compositions
of the mill sheets supplied by the mill makers. The fracture locations that were observed in the
tensile-shear test were predicted by an analytic model and compared with the experimental results.
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2. Experimental Procedure

Laser overlap welding was applied to various grades of high-strength steel. The specimen
was machined with a width of 120 mm and length of 150 mm. All the sheets had a thickness of
1.2 mm, except for the HPF 1500 steel, which had a thickness of 1.1 mm. For all dissimilar joints,
the lower-strength steel sheets were placed on top. Uncoated sheets were chosen to eliminate the
influence of the coating layer’s chemical composition. The chemical compositions of the applied
materials, such as that of the mill sheet provided by the steel makers, are presented in Table 1.
The carbon content increased by increasing the strength, except for the 1180 CP steel. In this study,
a total of 15 combinations of the five BMs was considered to obtain the various carbon equivalent
conditions (Table 2). The welding speed (1672 mm/s) and focal position (0-20 mm) were variably
combined to obtain a diverse bead width at the interface. Laser weldments were fabricated for six cases
per material combination with various combinations of welding speeds and focal positions (Table 3).

Table 1. Chemical composition of base materials listed on the mill sheet from the steel maker (wt. %).

Base Materials C Si Mn P S Cr B
590 DP (1.2 mm) 0.078 0.363 1.808 0.011 0.001 - -
780 DP (1.2 mm) 0.070 0.977 2.264 0.010 0.015 - -
980 DP (1.2 mm) 0.170 1.340 2.000 0.016 0.001 - -
1180 CP (1.2 mm) 0.110 0.110 2.790 0.019 0.004 1.040 -

1500 HPF (1.1 mm) 0.216 0.240 1.255 0.002 0.002 0.001 0.003

Table 2. Material combination for case study; (a) similar and (b) dissimilar.

(@)

Specimen. Top Plate Top Plate
56/6 CR 590 DP CR 590 DP
58/8 CR 780 DP CR 780 DP

510/10 CR 980 DP CR 980 DP

S12/12 CR 1180 CP CR 1180 CP

515/15 HPF 1500 HPF 1500
(b)

Specimen. Top Plate Bottom Plate

D6/8 CR 590 DP CR 780 DP

D6/10 - CR 980 DP
D6/12 - CR 1180 CP
D6/15 - HPF 1500
D8/10 CR 780 DP CR 980 DP
D8/12 - CR 1180 CP
D8/15 - HPF 1500
D10/12 CR 980 DP CR 1180 CP
D10/15 - HPF 1500

D12/15 CR 1180 CP HPF 1500
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Table 3. Specification of the applied laser beam depending on the focal position, and heat input at a
differential welding speed.

Parameters Level 1 Level 2 Level 3 Level 4 Level 5 Level 6
Focal position (mm) 0 5 10 10 15 20
Laser spot size (mm) 0.3 0.34 0.46 0.46 0.55 0.65
Apparent power density (W/mm?) 13,440 10,463 5716 5716 3999 2863
Welding speed (mm/s) 70 60 48 37 26 20
Heat input per unit length (J/mm) 54.3 63.3 79.2 102.7 146.2 190.0

A continuous mode Yb:YAG disk laser HLD 4002 (Trumpf, Ditzingen, Germany) was applied
to the welding. The laser beam was delivered through an optical fiber with a diameter of 200 um
and optic system PFO33 (Trumpf, Ditzingen, Germany). The delivered beam was collimated (length
of collimation: 150 mm) and focused (focal length: 450 mm), which resulted in a focal diameter of
0.6 mm with a beam quality (beam parameter product) of 8.5 mm-rad. The beam was irradiated
perpendicularly onto the workpiece under 3.5 kW of laser power. Shielding gas was not provided
during the welding [34].

After the laser overlap welding, each specimen was polished and etched with 1% of nital solution
to measure the width of the interfacial surface. The tensile—shear test specimens were obtained from
the overlap-welded specimen. Additionally, the dimensions of each workpiece were prepared with a
gage length of 60 mm and a parallel width of 25 mm, as shown in Figure la. Each tensile—shear test
specimen was tested three times and the average value was calculated.

Top plate

. Weld metal Spacer M\_ Weld metal Spacer
el ¢ , 9 P — i — = 1
Spacer |<—>| —— Bottom plate S Spacer |, B
30 mm P | 30 mm | —— Bottom plate
- N ) —l - ~ »
25 mml l% R25 40 mm 6 mm 1%l R6 20 mm
- v
I(— 60 mm —> L [ 25mm |

f——— oomm ————| |e——n—— t00mm ———

(a) (b)

Figure 1. Schematic of prepared specimen to (a) measure the strength and (b) observe the rotation
angle during the tensile—shear test.

To measure the rotation angle during the tensile—shear test, a digital image correlation (DIC)
technique and high-speed camera UX50 (Photron, San Diego, CA, USA) were used. The specimen was
machined based on the ASTM ES8 standard for a subsize specimen with a gage length of 25 mm and
a parallel width of 6 mm (Figure 1b). During the tensile—shear test, DIC was applied to the analysis
of the three-dimensional deformation of the upper surface. The high-speed camera was installed to
obtain a side-view video with a frame rate of 50 frames per second. The Vickers hardness values were
measured in all cases, and a line profile was obtained with a step size of 200 um and load of 0.98 N,
according to the ASTM E384-99 standard.

3. Results and Discussion

3.1. Laser Weld Characteristics under Various Welding Conditions

The bead width is subject to welding parameters such as the laser power, welding speed, and focal
position. In the experiments, the laser power was fixed at 3.5 kW. The focal position was set from 0
to 20 mm at intervals of 5 mm, and the welding speed was set between 20 and 70 mm/s to achieve a
fully penetrated bead for the given focal position. A larger IF width was produced at slower welding
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speeds, in comparison to that produced at faster welding speeds (Figure 2). Although a wide WM and
HAZ were generated under lower-welding-speed conditions because of the relatively high heat input,
the average hardness within the WM and minimum hardness within the HAZ, which determines the
HAZ failure, were almost constant regardless of the heat input (Figure 3). These results are in good
agreement with the study of Han et al. [7].

3 1 1 1 3 1 1 1
—— S6/6 —&—D6/8
—o—58/8 —®— D6/10
—A—510/10 D6/12
’g —¥—S12/12 ’g —¥—D6/15
——515/15 * ——D8/10
£ 2 £ 2 -\ —<4—D8/12
< <
e -
S S
2 2
® ®
o 11 o 14
m m
0 T T T 0 y T T
0 20 40 60 80 0 20 40 60 80
Welding speed (mm/s) Welding speed (mm/s)

(a) (b)

Figure 2. Bead width measured at interfacial surface according to welding condition; (a) similar
combination; (b) dissimilar combination.

600 " " 600 " "
S6/6 $10/10

400

Hardness (Hv)
Hardness (Hv)

2001 —&—70 mm/s

—F- 60 mm/s
—A— 48 mm/s
—/- 37 mm/s
—@— 26 mm/s
—-O- 20 mm/s
0 T T

0 1 2 3

Distance from weld center (mm) Distance from weld center (mm)

37.mm/s

—-O- 20 mm/s

@) (b)

Figure 3. (a) Measured Vickers hardness profile depending on welding speed: (a) 590 DP; (b) 980 DP.

The hardness profiles were determined by the thermal history and chemical composition of the
BM. The HAZ had a much lower hardness than the WM in all cases, and even lower hardness than the
BM, except for the 590 DP steel (Figure 4). The HAZ softened from 61 to 84% in comparison to the
BM, and originated from the tempering of martensite in high-strength steel [11]. For the 1500 HPF
steel with a strength of 1.5 GPa, which was designated to a hot-press forming process, the hardness

values of the WM and BM were similar. However, the hardness of the HAZ degraded to 61% of the
BM hardness.
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600 1 1 1 1 1
Hardness (Hv)

[ JwMm
DN HAZ
[ M

400

Hardness (Hv)

2004

N

590 DP 780 DP 980 DP 1180 CP 1500 HPF
Base materials

Figure 4. Measured hardness of weld metal, heat-affected zone, and base metal.

3.2. Fracture Mode Definitions for Overlap Welds

Figure 5 shows the classification of the overlap joint’s failure mode, which can be classified as a
BM fracture, IF fracture, or HAZ fracture, depending on the ruptured location. Because the load was
consistent along the longitudinal direction of a specimen, a comparison between the shear load on the
IF (Fwm) and tensile load on the BM or HAZ (Fgy or Fyaz) was conducted to determine whether an IF
fracture occurs, where Ty is the shear stress at the interface; 6 is the angle of the weld rotation; Lir is
the interface bead width; t and w are the thickness and width of the specimen, respectively; and opy
and oz are the tensile stresses of the BM and HAZ, respectively. Accordingly, the failure mode
could be predicted from the determined values of 6, Lir, tTwm, and opjaz, where w and t were fixed.

BM HAZ WM

Rotation
angle (6)

FBM= OBM XwXt

\ Rotation
./ angle (6)
P e

FWM = TwwMm XCOSGXWXL":

Rotation
angle (6
W () FHAZ=GHAZ XwXt

Load

Figure 5. Classification of failure mode and effective force to fracture depending on ruptured location
at (a) base metal, (b) interfacial surface, and (c) heat-affected zone.

The rotation angle 8 during the tensile—shear test is related to the ductility of the weldment and
was observed using a DIC system and high-speed camera for the tensile-shear test of the 590 DP and
1180 CP specimens. The test results of the IF fracture are presented in Figure 6. In the experiments,
the 590 DP steel showed the highest ductility. In the test of the 590 DP specimen, the specimen
reached the yield point when the rotation angle was 18.1° (Figure 6) and deformed plastically with a
rotation angle of 24.1° until it finally ruptured (Figure 6¢). Regardless of the relatively high elongation,
the measured value of cos(0) exceeded 0.951 at the yield point. In the DIC images of the 1180 CP steel
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that ruptured at the interface, the rotation angle at the maximum tensile-shear load was confirmed
as 8.2°, and cos(0) was almost 1 (Figure 6e). This means that the high-strength steel specimen barely
rotated during the tensile—shear test. After the fracture, the rotation angle recovered to 3.1° and
insignificant deformation was also observed in the DIC images (Figure 6f). In the DIC and high-speed
camera images, the tensile-mode strain was observed to be negligible and the specimen mainly
exhibited shear mode fracturing.

o]
o
o

——56/6 (ruptured at IF)
——S512/12 (ruptured at IF)

600

400+

2004

Tensile-shear strength (MPa)

Displacement (mm)

Interfacial surface failure specimen (S5/5)

Displacement:
0.0mm |

Major strain
[%]

1° I 25
cos(0) =1 cos(0) = 0.951 cos(0) = 0.913 0.0

(a) (b) ()

Interfacial surface failure specimen (S11/11)

Displacement:
0.0 mm

Displacement:
0.34 mm

Displacement:

0.39 mm Major strain

[%)]

7.50
6.75
6.00

+5.25
4.50
3.75
3.00
2.25
1.50

0.75

cos(0)=1 cos(0) = 0.990 cos(0) = 0.999 0.00
(d) (e) ®

Figure 6. Digital image correlation (DIC) and high-speed camera images during tensile testing.
The observed positions are indicated on the strength—-displacement curves of the interfacial surface
failure specimen of 590 DP at the (a) initial state, (b) displacement by 0.34 mm, and (c) displacement
by 0.39 mm; and the specimen of 1180 CP at the (d) initial state, (e) displacement by 0.69 mm,
and (f) displacement by 0.75 mm.
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The fracture mode changed from IF to BM (or HAZ) by increasing the IF bead width (Figure 7).
The IF bead width and tensile stress for the transition varied according to the strength of the materials.
For the 590 DP steel, the fracture location moved from the IF to the BM by increasing the IF bead
width. While in other cases, it moved from the IF to the HAZ, which had the lowest hardness, as can
be observed in Figure 4. For dissimilar material combinations, a wider IF bead could prevent the IF
fracture. For a sufficient IF width, whether the fracture location was the BM or HAZ was predominantly
affected by a lower-strength counterpart steel (Figure 7b). In the case of the combination with 590 DP
steel, the fracture location moved from the IF to the BM by increasing the IF bead width while the
others were fractured at the HAZ.

1200 " " i 1 " i 1 PRNTST R Y alaaas
. —a— S6/6 HAZ fragture
D“.S {-®-S88/8 :
S —A— S10/10
< 10004 —v--S12/12 i
s —o—S15/15
m |
8
o 800+ -
7]
o | Interface BM fracture
B fracture \
o .
1 600_ ) -
2 &
) ~ solid: HAZ or BM fracture
= hollow: interface fracture
400 T T T T
0.5 1 1.5 2 25 3
Bead width (mm)
(a)
1200 " 1 " i 1 PRNTST R Y 1
- —=—D6/8 HAZ fracture
© | —-e--D6/10 AR | ,
% —a— D6/12 ; e
< 1000- D6/15 i ._,-"/ ik
s —e—D8/10 /.ﬁﬁf' i
o0 D8/12 A :
c —»— D8/15 7 i
o) 4 )
800 - --¢--D10/12 ./ AL F
7 —*—D10M5 /3
g |-e-- D12/15£' 5 BM fracture
" ,Q" A : R = :
2L 600 o I .
|CI_J / solid: HAZ or BM fracture
hollow: interface fracture
400 T T T T
0.5 1 1.5 2 25 3
Bead width (mm)
(b)

Figure 7. Tensile stress of base materials at failure and failure location according to bead width at the
interfacial surface of (a) similar and (b) dissimilar material joints. The solid symbols indicate the failure
location at the base metal or heat-affected zone, and the hollow symbols indicate the interface fracture.

3.3. Estimation of Hardness with Carbon Equivalent

The hardness of the weldment was determined by the chemical composition and thermal history.
Laser welding enables a low heat input during welding and the hardness of the WM can be increased
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similarly to that of a water-quenched specimen [7]. As shown in Figure 3, the average hardness
within the WM and the minimum hardness of the HAZ were maintained, even for different welding
speeds and resultant heat inputs. Therefore, in this study, the hardness of the WM was only estimated
by the chemical compositions of the BM rather than by the thermal history. The carbon equivalent
proposed in the authors’ previous study [21] was adopted in order to estimate the strength of the
welds Equation (1). This was established based on Kaizu’s equation, which was derived from laser
welding, and modified to consider the boron in the hot-press forming steel. The prediction of the
Vickers hardness (Hown) was carried out with a consideration of the carbon equivalent, as expressed
by Equation (2), [7]. For a dissimilar material combination, the carbon equivalent assumed that the
two steel sheets were diluted with a ratio of 1:1.

CE;g=C + Si/50 + Mn/25 + P/2 + Cr/25 +14B (1)
where C, Si, Mn, P, Cr, and B represent the weight percentage of carbon, silicon, manganese,
phosphorus, chrome, and boron, respectively.

Howm =701 CErg + 281 2)

The predicted hardness values obtained from the carbon equivalent were compared with the
experimental values (Figure 8 and Table 4). The average prediction error was 2.3% and the maximum
prediction error was 7.8%. The discrepancy was relatively high for similar and dissimilar material
combinations with 1180 CP steel.

Table 4. Estimated hardness values of weld metals for (a) similar and (b) dissimilar material joints
using carbon equivalents.

(a)

Specimen S6/6 S8/8 $10/10 S12/12 S$15/15
Measured hardness (Hv) 390.0 388.8 480.0 399.9 492.7
Predicted hardness (Hv) 391.4 407.1 475.0 431.0 499.7

CErp 0.157 0.180 0.277 0.214 0.312

Error (%) 04 47 1.0 7.8 14

(b)

Specimen D6/8  D6/10 De6/12 D6/15 D8/10 D8/12 D8/15 D10/12 D10/15 D12/15
Measured hardness (Hv) 386.6  432.2 3904 434.0 429.4 396.4 445.6 446.0 478.4 4422
Predicted hardness (Hv)  399.3 433.2 411.2 445.5 4411 419.0 453.4 453.0 487.4 465.3

Error (%) 33 0.2 5.3 2.6 2.7 5.7 1.8 1.6 1.9 5.2

500 Predicted \(flue
= -z \t P
I 400 »
g 4 Max. error: 7.8 %
£ Measured value Avg. error: 2.3 %
% 300°

S

-
e
<

Figure 8. Comparison of measured and predicted hardness values.
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After the laser welding, a differential amount of HAZ softening was observed according to the
strength of the BM (Figure 4). The HAZ softening could be predicted in a more sophisticated way,
in comparison to the WM hardness prediction. The HAZ consisted of three phases; namely, martensite,
bainite, and ferrite/pearlite. The hardness of the HAZ (Hupaz) could be estimated by using the
rule of mixtures [35] for three phases, by using the volume fraction of each phase and its hardness,
as expressed by the following equation:

Hopgaz = HmVm + HpVp + prpr ®3)

where Hy,, Hyp, and Hy, represent the hardness values of martensite, bainite, and ferrite/pearlite in the
HAZ, respectively; and Vi, V3, and pr represent their volume fractions in the HAZ, respectively.

The hardness and volume fraction of each phase were determined by the thermal history and
chemical composition of the BM. In this study, lon’s mathematical model [35] was employed in the
calculations. The phase fraction and its hardness were calculated for each BM and are presented in
Table 5a. The carbon equivalent increased as the strength of the BM increased. Then, the fraction
of the martensite phase that was calculated from the carbon equivalent also increased. The average
error was 6.5%, and the standard deviation was 5.7%. The maximum error between the measured and
predicted value was 13.9% in the case of the 1500 HPF. The hardness prediction for the HAZ was less
accurate in comparison with the WM, owing to the limitations of the mathematical model, because the
theoretical model did not consider the initial state of the materials, such as the primary grain size, and
manufacturing processes such as the rolling and heat treatment. The prediction models of the HAZ
are steadily evolving and will be improved in future work.

Table 5. Estimated hardness values of the heat-affected zone for used materials: (a) calculated phase
fractions and hardness values based on Ion’s equations; (b) comparison of experimentally obtained
hardness values with mathematically obtained results.

(@)

Phase fraction Hpn Hy, H¢ Vm Vb Vep
590 DP 357.95 290.27 151.67 0.44 0.06 0.50
780 DP 371.86 292.97 125.34 0.47 0.03 0.50
980 DP 473.84 337.26 117.19 0.55 0.02 043
1180 CP 383.16 321.56 201.17 0.53 0.01 0.46

1500 HPF 479.80 349.89 173.57 0.54 0.04 0.42
(b)

Base metal 590 DP 780 DP 980 DP 1180CP 1500 HPF
Measured hardness (Hv) 264.2 252.2 286.8 299.7 303.6
Predicted hardness (Hv) 250.2 247.2 317.7 298.2 345.8

Error (%) 53 2.0 10.8 0.5 13.9

3.4. Critical Interface Bead Width (Lir)

The critical IF bead width (L¢c) to avoid the IF fracture was provided by the analytic model.
The relationships between the load, stress, and geometry are shown in Figure 5. Additionally, Lc could
be calculated by the force balance, as follows:

L.= [min (TSHAZ/ TSBM) X t] / [Tmax,WM X COS 9] (4)

where Tmax ww is the shear strength of the WM; and TSyaz and TSgy represent the tensile strengths
of the HAZ and BM, respectively.
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When the yield occurred at the WM during the tensile—shear test, the cosine value of the
rotation angle was over 0.95, as shown in Figure 6. In the calculation, cos(6) was approximated
as 1. The measured tensile strength of the BM (TSgy) was provided to the mill sheets. The tensile
strength, TS, could be estimated from the Vickers hardness, Hv, by TS = 54 4+ 2.2969 x Hv [36]. TSpaz
was calculated based on the HAZ hardness prediction, as was previously suggested in Section 3.3.
The shear strength of the WM (Tmax,wm) Was derived as follows:

Tmax WM = 1TSwm/ \/3 = (54 4 2.2969 x HUWM)/ \/3 (5)

where TSwy and Howy are the tensile strength and Vickers hardness of the WM, respectively.
The strength of each weld was obtained by applying the formula presented in Table 6. The strength
of the HAZ increased linearly as the strength of the BMs increased.

Table 6. Estimated tensile strength of base materials and heat-affected zone and shear strength of the
weld metal: (a) similar material combination; (b) dissimilar material combination.

(a) Similar Material Combination

Specimen Se6/6 S8/8 S$10/10 S12/12 S15/15
TSBM—as recieved 609.0 816.5 1023.3 1272.7 1545.0
TSHAZcalc. 817.4 807.4 1037.8 974.0 1129.5
Tmax, WM—calc. 738.2 767.8 895.9 812.9 942.4
(b) Dissimilar Material Combinations
Specimen D6/8 D6/10 D6/12 D6/15 D8/10 D8/12 D8/15 D10/12 D10/15 D12/15
TSBM - as received 609.0 816.5 1023.3 1272.7
TSHAZcale. 817.4 807.4 1037.8 974.0
TWM-—calc. 753.1 8170 7755 840.2 831.9 790.4 855.1 854.4 919.2 877.6

Lc was calculated for every material combination, as presented in Figure 9. From the experimental
results, the fracture mode transition region was determined between the IF bead widths of the IF and
BM (or HAZ) failure, and the transition regions are indicated by error bars in Figure 9. Above the
upper limit, rupture of the BM or HAZ occurred, whereas in the region below the lower limit, failure
of the IF was observed. The calculated values are in good agreement with the experimental results.
For a combination of similar materials, the required L¢ increased as the strength of the BM increased
(Figure 1a) since the strength difference between the WM and BM (or HAZ) was reduced. For a
combination of dissimilar materials, the Lc varied with the strength of the counterpart material. As the
strength of the counterpart sheets increases, a relatively high strength and hardness can be obtained
at the WM due to the dilution. Therefore, the fracture mode changed from IF to BM (or HAZ) even
in narrow Lir when the difference in strength between the materials was large. For example, the Lc
for D6/15 was lower than S6/6, D6/10 and so on. In some cases of a dissimilar joint with 1180 CP
steel, the estimated L¢ value deviated in the transition region because the WM hardness model of the
1180 CP steel had a relatively large error, as shown in Table 4. In some cases of a dissimilar joint with
1180 CP steel, the estimated L¢ value deviated from the transition region because the WM hardness
model of the 1180 CP steel had the largest error, as shown in Table 4.
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Figure 9. Calculated critical interface bead width: (a) similar material combination; (b) dissimilar

material combination. The error bars indicate the transition region of the failure mode from IF to BM or
HAZ during the tensile—shear test.

As shown in Figure 10, a comparison between the experiment and estimation was carried out
again to evaluate the accuracy of the estimation model. The hollow and solid symbols indicate the IF
fracture and the BM of the HAZ fracture, respectively. The failure occurred at the interfacial surface
when the ratio was less than 1. The BM and HAZ fracture occurred when the ratio was larger than 1.

The fracture mode was perfectly predicted except for the 5% transition region. Even for the 5%
transition region, the estimation was incorrect in only three cases. In all cases, if the Lir value was set
only 5% higher than the Lc value, the IF fracture would be avoided.
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Figure 10. Ratio of estimated interface bead width (Lir) to measured interface bead width (Lc).
The solid symbols indicate the failure location of the base metal or heat-affected zone; the hollow
symbols indicate the interfacial failure.

4. Conclusions

In this study, an analytic model for suggesting an adequate interface bead width was investigated
for the laser overlap welding of high-strength steel. The critical interface bead width was defined
as the minimum interface bead width required to avoid interface fracturing during a tensile-shear
test. An appropriate carbon equivalent formula for a laser-welded high-strength steel was selected,
and the hardness profile was predicted. Similar and dissimilar combinations were considered for 590
and 1500 MPa grade steels. The hardness values of the WM and HAZ were predicted with maximum
errors of 7.8% and 13.9%, respectively. During the tensile-shear test of high-strength steel, the cosine
value of the specimen’s rotation angle was higher than 0.95 at yielding, and the rotation angle was
disregarded in the calculation of the shear strength. The critical bead width could be predicted with an
accuracy higher than 90%. A model capable of estimating the fracture behavior of the tensile-shear
test and suggesting design rules for overlapping welds was successfully developed and evaluated.
The model was established based on the chemical composition and tensile strength on the mill sheet
supplied by steelmakers. Even without destructive tensile shear tests, a secure welded joint can be
achieved by using this simple and analytic model with an additional safety factor of 10% or more.
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Nomenclature

BM base metal

WM metals-304357

HAZ weld metal

IF interface fracture

DIC digital image correlation

Fsm tensile load on BM

OBM tensile stress on BM

Faz tensile load on HAZ

OHAZ tensile stress on HAZ

Fwm shear load on the IF

TWM shear stress on IF

0 angle of the rotation

w width of the specimen

t thickness of the specimen

Lir measured interface bead width

Lc critical bead width to change the fracture mode

CEig carbon equivalent proposed in [21]

Howwm predicted hardness value of WM

Houpaz predicted hardness value of HAZ

TSgm as received tensile strength of the BM

TSyaz calculated tensile strength of the HAZ

TSwm calculated tensile strength of the WM

Tmax WM calculated shear strength of WM
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