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Abstract

The effect of welding heat input on the fatigue life of a quenched boron steel and ferrite-bainite (FB) steel lap joint was investigated.
Boron steel was quenched and welded with FB steel in heat input ranging from 0.29 to 0.67 kJ/mm. Boron, which can increase hardena-
bility, affected the microstructure and hardness of the weld metal and heat affected zone (HAZ). The hardness of the weld metal and
HAZ increased with decreasing welding heat input, and the high hardness of the weld metal and boron steel HAZ prevented the initiation
of cracks in the stress concentration area around the bead. The bead width increased with increasing heat input, and the results of finite
element method (FEM) showed that the maximum stress in the notch of the weld joint decreased when the bead width was increased.
That is to say, the fatigue life increased when the weld joint had wider bead width. Finally, while the fatigue life was affected by the re-

sidual stress, the variation of the welding heat input used in this study had hardly any affect on the residual stress distribution.
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1. Introduction

Boron steel is widely used in the automobile industry due to
its high tensile strength above 1400 MPa after hot stamping
[1]. When boron steel is used for body parts, such as bumpers,
center pillars, side rails, and door beams, a high strength is
only required for stiffness and crashworthiness. However,
when boron steel is used for chassis parts, high fatigue life can
be a more important factor than high tensile strength.

In general, the fatigue characteristics of quenched boron
steel are outstanding, because the fatigue limit is known to
increase with the tensile strength almost linearly [2]. In addi-
tion, since the plastic strain decreases when increasing the
yield strength at a given total strain amplitude in a low cycle
fatigue test, the fatigue life increases when the plastic strain
energy per cycle is decreased [3, 4]. However, chassis parts
are manufactured with ultra high strength steel, like quenched
boron steel, and high strength steel, like ferrite-bainite (FB)
steel, and assembled using gas metal arc welding (GMAW).
Therefore, to apply boron steel to chassis parts, not only
should the fatigue characterization of boron steel itself be con-
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sidered, but so should the fatigue life of the weld joint. When
steel is welded to steel, stress concentration and tensile resid-
ual stresses in the vicinity of the bead dominate the fatigue life
of the weld joint, and the fatigue resistance of the weld joint
generally does not increase with an increase in base metal
tensile strength [5]. Therefore, the fatigue life of chassis parts
is governed by the characteristics of the weld joint between
quenched boron steel and dissimilar steels.

Many studies showed that the tensile residual stress and
stress concentration around the bead are the major parameters
affecting the fatigue life of a weld joint [6-10]. In addition, the
fatigue life of a weld joint is also affected by the microstruc-
ture and strength of the weld metal and HAZ, as fatigue cracks
normally initiate around the bead. When boron steel is used
for weld joint, a different microstructure is formed in the weld
metal and HAZ during welding when compared to a similar
steel without boron. Devletian et al. [11, 12] reported that the
microstructure of the weld metal and HAZ is strongly affected
by the boron. During welding, boron, which can increase
hardenability, transfers from the boron steel to the weld metal,
thereby affecting the microstructures of the weld metal and
HAZ. Moreover, the peak temperature and cooling rate which
are significant parameters affecting the microstructure of the
weld metal and HAZ are affected by the welding heat input.

Few studies have considered synthetically the effects of the
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Table 1. Chemical composition of base metals used in lap joint (wt%).

Materials| C | Si {Mn| P | S | Cr [ Mo | Ni | B | Fe

Boron | 0.24 | 022 | 1.19 | 0.01 [0.002| 0.14 |0.001 [ 0.007 | 0.002 | Bal.

FB 0.08 | 0.09 | 1.52 | 0.02 [0.002| 0.01 |0.002|0.008| - | Bal

Table 2. Welding conditions used in present study.

Group no. Current Volt Welding velocity | Heat input
(A) V) (mm/s) (kJ/mm)

1 160 18 10 0.29

2 220 20 10 0.44

3 230 20 10 0.46

4 240 20 10 0.48

> 240 21 10 050

6 240 2 10 0.53

7 280 24 10 067

microstructure, residual stress, and bead geometry according
to welding heat input on fatigue life of the weld joint when
boron steel is used. Accordingly, in this study, a lap joint,
which is normally used to join chassis parts, was made by
GMAW using quenched boron steel and FB590, and the effect
of the welding heat input on the microstructure, bead geome-
try, residual stress, and fatigue life of the weld joint was inves-
tigated.

2. Experimental procedures and finite element (FE)
modeling

2.1 Experimental procedures

The materials used in this study were boron steel and
FB590 (512 MPa yield strength and 605 MPa tensile strength),
and the chemical compositions are presented in Table 1. Bo-
ron steel consists of ferrite and perlite, while FB590 consists
of ferrite and bainite. The boron steel and FB590 were 2.8 mm
and 4 mm thick, respectively, and cut into 250 mm X 250
mm plates. As boron steel is normally used after hot stamping,
the plates of boron steel were austenitized for 7 minutes at
9307, and then quenched with water to simulate hot stamp-
ing. The quenched boron steel, which included martensite, had
a tensile strength of 1551 MPa and yield strength of 1230
MPa.

The plates were fixed to a welding jig and a lap joint
welded using GMAW. The shielding gas consisted of Ar 80%
- CO2 20%, the welding wire was AWS A 5.18 ER70S-G (Fe
- 0.07C - 0.84Si - 1.95Mn - 0.31Mo - 0.17Ti) with a 1.2 mm
diameter, and the expected hardness of the weld metal was
about 200 Hv after welding. The welding heat input was used
as the main parameter in this study, and the welding condi-
tions are shown in Table 2.

The surface of the specimen was mechanically polished and
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Fig. 1. Welded specimen for tensile and fatigue tests (unit: mm).

etched, and the microstructure was then analyzed using an
optical microscope (OM). A hardness test of the HAZ and
weld metal Imm below the surface was carried out at 4.9 N
using a Vickers hardness tester (Tukon 2100). For the tensile
and fatigue specimens, the welded plates were cut by wire
electrical discharge machining (WEDM), and then machined
carefully using an NC machine to eliminate the HAZ created
by the WEDM. The final shape of the specimens is shown in
Fig. 1. All the tensile tests were performed at a constant veloc-
ity of 1.67x107 mm/s (I mm/min) using a displacement con-
trolled mode, while an extensometer was used to measure the
elongation accurately. The engineering stress based on an
initial cross-section of the boron steel was used to investigate
the mechanical behavior of the weld joint, and 0.2% offset
yield strength was used. All the fatigue tests were conducted
at 10 Hz, and the stress ratio was 0.1. All the specimens for
the tensile and fatigue tests were prepared as per KS B 0801
No.5, and the tensile and fatigue tests carried out using 100
kN servo hydraulic machine (MTS 810). A residual stress
tester (XSTRESS3000) was used to evaluate the residual
stress along the welding line direction and transverse direction
in the HAZ area.

2.2 FE modeling

One of main parameters determining the fatigue life of a
weld joint is the weld bead geometry. Thus, since the fatigue
life of a weld joint is affected by a combination of the micro-
structure, hardness, residual stress, and bead geometry, a fi-
nite element method (FEM) was adopted to investigate just
the effect of the bead geometry. As the bead width varies
with the welding heat input, a simulation was performed to
evaluate the stress concentration resulting from the variation
of the bead width. The bead width used in the simulation was
selected by a cross-section observation of the weld joint. The
bead geometries used in the FEM are shown in Fig. 2 and
Table 3. The simulation assumed a plane strain condition.
The size of the specimen made using the finite element model
was 60 mm and the size of the element was about 0.1 mm,
which was enough to express the stress concentration. One
end of the finite element model was fixed and the load used
for the fatigue test was applied to another end, then an elastic
simulation was performed. Young's modulus and Poisson's
ratio for both the boron steel and the FB590 was 210 GPa and
0.3, respectively, and finite element code MARC 2008 was
used.
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Table 3. Bead geometry used in FE model.

Bead geometry no. | Bead width (mm) | Radius of bead toe (mm)
1 45
2 5.5
0.5
3 6.5
4 7.5

Radius of bead loe

Head widlh

Fig. 2. FE model of plane strain condition for weld joint.

3. Results

3.1 Microstructure and bead geometry

In a lap joint, since fatigue cracks normally initiate around
the bead, the microstructures of both the weld metal and the
HAZ are important. The aspect of the microstructure distribu-
tion remained similar, regardless of the welding heat input, as
shown by the representative aspect for Group 4 in Fig. 3. The
lap joint consisted of six HAZ areas and the weld metal area
after welding. The boron steel HAZ was divided into
HAZ1(Boron), HAZ2(Boron), and HAZ3(Boron), while the
FB590 HAZ was divided into HAZ1(FB), HAZ2(FB), and
HAZ3(FB). HAZ1(FB) and HAZ2(FB) coexisted around the
bead toe area.

The microstructures of the weld metal according to the
welding heat input are shown in Fig. 4. Martensite was ob-
served in Group 1 due to the low welding heat input, whereas
acicular ferrite and martensite were observed in Groups 2~7,
and the amount of acicular ferrite became larger when increas-
ing the welding heat input. In Groups 1~7, the aspect of the
microstructure distribution in the HAZ remained almost the
same, regardless of the welding heat input, as represented by
the microstructure for Group 4 shown in Fig. 5. In Fig. 5(a),
HAZ1(Boron) was austenitized above A3 and then rapidly
cooled, resulting in the formation of martensite. In. Fig. 5(b),
the temperature at HAZ2(Boron) was elevated above Al and
then cooled, resulting in the formation of multiple phases of
martensite, bainite, and ferrite. In Fig. 5(c), the temperature at
HAZ3(Boron) was elevated below Al and then cooled,
thereby tempering the martensite formed from the water

HAZ 1 [Baron]

HAZ 3 Boron) |

Weld metal

. .‘
HAZ 2 Boron s . HAZ1 LS _“"
e Hara
b3 ’
*, HAZZ[FBI 7
LY i

Fig. 3. Real and schematic cross-section view of welded specimen
from Group 4 (0.48 kJ/mm).

Fig. 4. Optical microstructures of weld metal : (a) Group 1 (0.29
kJ/mm); (b) Group 4 (0.48 kJ/mm); (c) Group 7 (0.67 kJ/mm).

Fig. 5. Optical microstructures of HAZ :
HAZ2(Boron); (c) HAZ3(Boron); (d) HAZ1(FB); (e) HAZ2(FB); (f)
HAZ3(FB).

(a) HAZI1(Boron); (b)
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Table 4. Cross-sectional geometries of bead.

Group no. Weld penetration Bead width Bead toe radius
(mm) (mm) (mm)
1 03 41 0.5
2 0.9 55 0.7
3 12 5.8 1.0
4 13 58 1.0
5 13 538 05
6 13 65 08
7 2.0 8.5 0.8

quenching. In Fig. 5(d), HAZ1(FB) was austenitized above
A3 and then rapidly cooled, resulting in the formation of
martensite and bainitic ferrite. In. Fig. 5(e), the temperature at
HAZ2(FB) was elevated above Al and then cooled, resulting
in the formation of multiple phases of non transformed ferrite-
bainite and transformed ferrite.

In Fig. 5(f), the temperature at HAZ3(FB) was elevated below
Al and then cooled, resulting in the formation of heat-affected
ferrite and bainite.

The results of cross-sectional observation are shown in Ta-
ble 4. The bead width increased with the welding heat input.
However, all the bead toe radii were within a range of 0.5~1.0,
and unaffected by the welding heat input. The weld penetra-
tion, which is the most important parameter for evaluating the
welding reliability, increased with the welding heat input and
was good (0.9~1.3 mm) for Groups 2~6, too shallow (0.3mm)
for Group 1, and too deep (2 mm) for Group 7.

3.2 Tensile strength and hardness

In the tensile tests, all the cracks initiated in area A with the
maximum stress concentration, and propagated along the
boundary between the weld metal and HAZ1(Boron). Multi-
ple stresses, including tensile and shear stresses, were gener-
ated in the lap joint during the tensile tests, as the axes of load-
ing did not correspond. As the stress and strain were relatively
higher in area A than in area B, all the cracks were initiated in
area A. Although the tensile tests were not performed in a
uniform tensile mode, the results were useful to evaluate the
relative bonding strength of the lap joint. Additionally, the
initial cross-section area of the boron steel was used to calcu-
late the engineering stress of the lap joint.

The results of the tensile test are shown in Fig. 6. The ten-
sile strength for Group 1 was slightly high, and this strength
gradually increased from Group 2 to Group 7. Martensite,
which has a high strength, affected the tensile strength of the
lap joint in Group 1 in spite of a shallow weld penetration. In
Groups 2~7, it was expected that the tensile strength would be
decreased, due to the increased amount of acicular ferrite and
the decreased volume fraction of martensite with a higher
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Fig. 6. Tensile test results for welded specimens.
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Fig. 7. Hardness test results for weld metal and HAZ.

welding heat input. However, the tensile strength increased in
the real test, as the resistance to deformation increased with
the weld penetration and bead width.

The results of the hardness tests are shown in Fig. 7. The
hardness of the weld metal decreased when increasing the
welding heat input for Groups 2~7, which was expected based
on the microstructure observation. Plus, the maximum hard-
ness of the boron steel HAZ and FB590 HAZ decreased when
increasing the welding heat input. This was because the high
cooling rate and low peak temperature with a low welding
heat input resulted in the formation of fine grains and sup-
pressed the tempering effect.

The hardness at HAZ1(Boron) was higher than the hardness
at HAZ1(FB) due to the hardenability effect of boron and
solid solution strengthening by the carbon contained in the
boron steel. As fatigue cracks normally initiate around the
bead, especially at the notch in area A, a higher hardness for
the weld metal and HAZ1(Boron) can prevent the initiation of
fatigue cracks. As the hardness at the bead toe radius in the
FB590 was low (about 200 Hv), the fatigue life of the lap joint
would be decreased if a stress concentration occurred and
fatigue cracks were initiated in this area.

3.3 Residual stress

The residual stress measurements were performed using
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Fig. 8. Residual stress distribution for welded specimens (a) Group 2
(0.44 kJ/mm); (b) Group 4 (0.48 kJ/mm); (c) Group 6 (0.53 kJ/mm).

Groups 2, 4, and 6, which had a good weld penetration, and
the results are shown in Fig. 8. The distribution of residual
stress was almost the same in all three Groups. The peak ten-
sile residual stress along the welding line direction was gener-
ated at HAZ1 in all three Groups, and the magnitude de-
creased when leaving the weld line. The difference between
Fig. 8(a), (b) and (c) near the weld line was considered a
measurement error. The residual stress along the transverse
direction was shown as a symmetrical shape, so the dissimilar
steels did not affect the distribution of residual stress. How-
ever, the tensile residual stress along the transverse direction at
HAZ1(FB) was higher than that at HAZ1(Boron). As a high
tensile residual stress at HAZ1(FB) can promote crack initia-
tion, it is expected that fatigue life of the lap joint would be
decreased if fatigue cracks were initiated in this area.

Fig. 9. Effective stress distribution of Bead geometry no. 2 (5.5 mm
bead width and 0.5 mm bead toe radius specimen).

1000
e ——
._E_ 900 + ————
£
[
@ 800
g ¢ Area A
» = Area B
o
2 700}
]
=
7}
» 600 ‘-\
T
=

500 - -

4 5 6 7

Bead width (mm)

Fig. 10. Maximum effective stress for 0.5 mm bead toe radius speci-
men according to bead width, when the applied load was 9.8 kN.

It has been reported that tensile residual stress is increased
when increasing the welding heat input [13], however, the
distribution and magnitude of residual stress remained almost
the same, as the variation in the welding heat input used in this
study was not significant.

3.4 Finite element analysis

The stress concentration changes with the bead geometry,
which in turn varies according to the welding heat input.
However, as the variation of the bead toe radius with the weld-
ing heat input was minimal, it was assumed that the bead toe
remained the same and only the effect of the bead width on
the stress concentration was investigated by FEM. The bound-
ary condition was the bead geometry no. 2 (bead width of 5.5
mm and bead toe radius of 0.5 mm) and the applied load was
9.8 kN (the maximum load in a plane strain condition when
the fatigue test was performed under 8.820 kN). The results of
the simulation are shown in Fig. 9.

When comparing the stress concentration in areas A and B,
the maximum stress in area A was approximately 1.5 times
higher than that in area B. The variation of the effective stress
with the bead width when the applied load was 9.8 kN is
shown in Fig. 10. While the maximum stress in areas A and B
decreased when increasing the bead width, the rate of decrease
in area B was higher than that in area A. Conversely, while the
maximum stresses in areas A and B decreased when decreas-
ing the applied load in case of bead geometry no. 2, the rate of
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Table 5. Fatigue test results for Groups 2 (0.44 kJ/mm) and 6 (0.53
kJ/mm).

Table 6. Microstructures of B-free and B-added steels according to
cooling rate.

Group 2 Group 6 Cooling rate B-free steel B-added steel
Load range
(kN) Fatigue life Fracture Fatigue life Fracture . . Primary ferrite (small)
. . Primary ferrite . .
(cycles) location (cycles) location Low . .. . Accicular ferrite
Widmanstitten ferrite Martensit 1
9.702 137055 | AreaB 23,629 Area A artensite (small)
Primary ferrite
8.820 137,853 Area B 46,579 Area A _ Widmanstitten ferrite ‘
High .. Martensite (almost)
7.938 164,587 Area B 195,118 Area B Bainite
Martensite
7.056 228,667 Area B 301,571 Area B
6.174 428,393 Area B 1,063,498 Area B
joint was remarkably low when the fatigue fractures occurred
1000 in area A. The fatigue life of the specimens from Group 6,
= 00| which were made with a high welding heat input, was higher
£ 500 than that of the specimens from Group 2 when a fatigue frac-
= r .
P ture occurred in area B.
73 ® Area A
% 700 |- = Area B
2 ool A
3 4. Discussion
£ 5001
2 4.1 Effect of microstructure and hardness on fatigue life
: L
300 = L L 7 In this study, fatigue fractures were generated in all groups

Applied load (kN)

Fig. 11. Maximum effective stress of Bead geometry no. 2 (5.5 mm
bead width and 0.5 mm bead toe radius specimen) according to applied
load.
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Fig. 12. The comparison of fatigue life between Groups 2 (0.44
kJ/mm) and 6 (0.53 kJ/mm) according to load range.

decrease in area A was higher than that in area B (Fig. 11).

3.5 Fatigue life

The fatigue test was performed using specimens from
Groups 2 and 6, which had good weld penetration, and the
results are shown in Fig. 12 and Table 5. Fatigue fractures
occurred in area B in all the specimens from Group 2. How-
ever, for the specimens from Group 6, fatigue fractures oc-
curred in area A in the case of a high applied load over 8.820
kN, whereas fatigue fractures occurred in area B in the case of
a low applied load below 8.820 kN. The fatigue life of the lap

at the boundary between the weld metal and HAZI, and the
microstructure, hardness, and residual stress of the weld metal
and HAZ were changed by the welding heat input. Acicular
ferrite and martensite were both generated in the cases of
Group 2 (0.44 kJ/mm) and Group 6 (0.53 kJ/mm). The
amount of acicular ferrite increased and the volume fraction of
martensite decreased when increasing the welding heat input.
Yet, the fatigue life of the specimens in Group 6 increased
under an applied load of 7.938 kN.

It has already been reported that the formation of acicular
ferrite is controlled by the welding heat input, and if the weld-
ing heat input is higher, the content of acicular ferrite will be
lower. However, the welding heat input used in this study was
low, so acicular ferrite was formed in most groups. Plus, the
presence of acicular ferrite in the weld metal is usually as-
sumed to be good for strength and toughness when compared
with other types of ferrite (pro-eutectoid ferrite or polygonal
ferrite), and the fine grain size of acicular ferrite provides a
high resistance to fatigue crack propagation [14, 15]. Yet, in
this study, the fatigue life increased with an increase in the
acicular ferrite grain size, implying that the residual stress and
bead geometry had a much higher effect on the fatigue life
than the microstructure of the weld metal.

The microstructure of the weld metal is affected by the bo-
ron content and cooling rate. The effect of the cooling rate is
shown in Table 6, and the optimal boron content is
0.0015~0.003% to increase the hardenability effect [11, 12].
In this study, the boron content was about 0.002%. Also,
martensite is formed in boron steel with a high cooling rate
and acicular ferrite formed with a low cooling rate. The results
from the study by Devletian et al. agreed with the results of
this study, as martensite was formed in Group 1, while acic-
ular ferrite was formed in Groups 2~7. Although the welding
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wire used in this study did not include boron, the microstruc-
ture of the weld metal was similar to a microstructure of boron
including the welding wire, indicating that boron had been
transferred from the boron steel to the weld metal.

HAZ1(Boron) was austenitized due to the welding heat in-
put, and rapidly cooled in the atmosphere resulting in the for-
mation of matensite. HAZ1(FB) underwent a similar tempera-
ture history, resulting in a multiple phase of bainitic ferrite and
martensite. Martensite was formed at HAZ1(Boron), as the
hardenability was increased and the martensite start tempera-
ture (Ms) was lower due to the boron, whereas bainitic ferrite
and martensite were formed at HAZ1(FB), as there was no
boron at that area. In addition, the amount of carbon, which
increases the solid solution strengthening, was about three
times higher in the boron steel than in the FB590.

As shown in the hardness test, the hardness at
HAZ1(Boron) was about 400 Hv, while the hardness at
HAZI1(FB) was 200~250 Hv. Thus, it would appear that the
martensite at HAZ1(Boron) increased the fatigue life of the
weld joint.

In the fatigue test under an applied load of 7.938 kN, the fa-
tigue fractures were all generated in area B, instead of area A
with the highest stress concentration. This was because the
martensite and high hardness at HAZ1(Boron) suppressed the
initiation of fatigue cracks in area A. Meanwhile, in the fa-
tigue test under an applied load of 7.938 kN, the fatigue life of
Group 6 was superior to that of Group 2, which was contrary
to expectations, as it was anticipated that the fatigue life of
Group 6 (low cooling rate) would be lower than that of Group
2 (high cooling rate) due to the increased bainitic ferrite and
decreased hardness. However, the real test results implied that
the fatigue life of the lap joint was more affected by stress
concentration due to the bead geometry than the microstruc-
ture and hardness when fatigue cracks occurred in area B.
That is to say, if fatigue fractures occur in area B, controlling
the bead geometry is the most effective way to increase the
fatigue life of the lap joint.

In the fatigue test with an applied load over 8.820 kN, fa-
tigue fractures were generated in area A in the case of Group 6
and in area B in the case of Group 2. As shown in Fig. 10, the
hardness and microstructure at HAZ1(Boron) decreased when
increasing the welding heat input, although the maximum
effective stress in area A was hardly affected by the bead
width. Thus, the fatigue cracks were initiated in area A in the
case of a high welding heat input. In Fig. 11, the maximum
effective stress in area A increased rapidly when increasing
the applied load compared to that in area B, which led to local
plastic deformation at the notch in area A. As a result, fatigue
cracks were initiated at the boundary between the weld metal
and HAZ1(Boron).

Plus, since the fracture toughness of the martensite gener-
ated by the water quenching was low, when fatigue cracks
were initiated, the cracks rapidly propagated to a final fracture.
Thus, the fatigue life of the weld joint was decreased. There-
fore, since quenched boron steel after a hot stamping process

is normally used without tempering, the welding line should
be designed to avoid a stress concentration in area A.

4.2 Effect of residual stress and bead geometry on fatigue
life

Residual stress is one of the main parameters affecting the
fatigue life of a lap joint. It has already been reported that the
fatigue life is decreased when increasing the tensile residual
stress, yet increased when increasing the compressive residual
stress [16, 17]. The residual stress after welding was affected
by the welding heat input, and the variation of the welding
heat input affected the cooling rate at the weld metal and HAZ.
Thus, the microstructure and mechanical properties of the
weld metal and HAZ were changed [18].

In this study, in the case of Groups 2~6 with a good weld
penetration, the maximum tensile residual stress was gener-
ated along the welding line direction at HAZ1. Plus, the distri-
bution of the residual stress according to the welding heat
input was almost the same. However, the tensile residual
stress along the transverse direction was a little high at
HAZ1(FB) when compared to that at HAZ1(Boron).

It has been reported that materials expand and shrink during
welding and cooling, resulting in the generation of residual
stress [13]. However, in this study, since there was no signifi-
cant change in the level and distribution of residual stress, this
implies that the range of the welding heat input used was not
high enough to affect level and distribution of residual stress.

The residual stress generated after welding is considered
one of the main factors affecting the fatigue life of a lap joint.
However, in this study, since the residual stress was not sig-
nificantly affected by the variation of the welding heat input, it
would appear that the fatigue life of the lap joint was mainly
affected by the bead geometry, microstructure, and hardness.
Nonetheless, the higher tensile residual stress at HAZ1(FB)
than at HAZ1(Boron) may have moved the crack initiation
point to HAZ1(FB), thereby decreasing the fatigue life of the
weld joint. When welding dissimilar materials, like stainless
steel and carbon steel, the residual stress distribution is not
symmetric based on the weld line [13]. Yet, the residual stress
distribution was symmetric after welding the boron steel and
FB steel, implying that the added boron in the boron steel did
not affect the residual stress.

Bead geometry is also a major factor affecting the fatigue
life of a weld joint, similar to residual stress, as the stress con-
centration is affected by the bead geometry. As shown in Fig.
9, the stress was concentrated in areas A and B when an exter-
nal load was applied to the lap-jointed fatigue specimen. Plus,
the maximum stress in area A was 1.5 times higher than that
in area B. Thus, if the lap joint has the same microstructure,
hardness, and residual stress, the possibility of fatigue crack
initiation of the weld joint would be expected to be higher in
area A than in area B due to the higher stress concentration in
area A. However, in most fatigue tests, the fatigue fractures
were generated in area B, as the microstructure and hardness
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in area A were superior to those in area B, thereby improving
the fatigue life. The microstructures around the notch in area
A, where the fatigue cracks were initiated, were the boundary
of the martensite at HAZ1(Boron) and the acicular ferrite in
the weld metal, and the minimum hardness of the boundary
was about 320 Hv. In contrast, the microstructures around the
notch in area B were multiple phases of bainitic ferrite and
martensite at HAZ1(FB), multiple phases of ferrite and bainite
at HAZ2(FB), and acicular ferrite in the weld metal. The
minimum hardness between HAZI1(FB) and HAZ2(FB),
where the fatigue cracks were initiated, was about 200 Hv.
Therefore, the microstructure and hardness had a higher effect
on the fatigue life than the stress concentration, meaning that
most of the fatigue fractures occurred in area B.

In the fatigue test under an applied load of 7.938 kN, all the
fatigue fractures occurred in area B, and the fatigue life of
Group 6 with a high welding heat input was superior to that of
Group 2. Many researchers have reported that the fatigue life
of a weld joint is increased when increasing the bead toe ra-
dius due to a reduced stress concentration [6-8]. However, in
this study, there was no clear relationship between the bead
toe radius and the welding heat input, although the bead width
increased when increasing the welding heat input. As shown
in Fig. 9, when the lap joint maintained the same bead toe
radius, the maximum stress in area B was decreased when
increasing the bead width. In the fatigue test under an applied
load of 7.938 kN, in spite of the low hardness in area B caused
by the high welding heat input, the expanded bead width de-
creased the stress concentration, thereby increasing the fatigue
life of the lap joint. The results in Fig. 6, where the tensile
strength increased when increasing the welding heat input,
except in the case of Group 1, support this circumstance. That
is to say, the expanded bead width increased the deformation
resistance, thereby increasing the tensile strength. Thus, it
would appear that the effect of the bead geometry on the
strength and fatigue life was as high as the effect of the micro-
structure and hardness.

In the fatigue test under an applied load over 8.820 kN, fa-
tigue fractures occurred in area A. As shown in Fig. 11, the
higher the applied load, the higher the stress increase in area A,
resulting in plastic deformation at the notch in area A, as the
ductility and fracture toughness of the notch in area A were
inferior due to the microstructure of the boundary between
HAZ1(Boron) and the weld metal. Furthermore, since the
maximum stress in area A was higher than that in area B, the
propagation life was decreased when fatigue cracks were initi-
ated in area A. Thus, the total fatigue life was decreased.

5. Conclusions

The effect of the welding heat input on the fatigue life of a
boron steel and FB steel lap joint was studied and the follow-
ing results obtained:

(1) In a lap joint of boron steel and FB steel, the fatigue life
was increased when increasing the welding heat input and the

fatigue cracks were initiated at the bead toe radius of the FB steel,
whereas the fatigue life was decreased under a high applied load
when the fatigue fractures occurred at the notch in area A.

(2) Acicular ferrite and martensite were formed in the weld
metal due to the diffusion of boron from the boron steel into the
weld metal part, thereby increasing the fatigue life of the lap joint.

(3) After welding, martensite was formed throughout
HAZ1(Boron), due to the increased hardenability effect of
boron. The high hardness of the martensite at HAZ1(Boron)
then suppressed the initiation of fatigue cracks and increased
the fatigue life of the lap joint.

(4) The maximum tensile residual stress occurred in HAZ1,
and the distribution and level did not change according to the
welding heat input. Thus, it would appear that the variation in
the welding heat input used in this study was not high enough.

(5) The results of FEM showed that the maximum stress
was generated in the notch (areas A and B) of the weld joint
and the value was affected by bead width, which changed
according to welding heat input. An increase in bead width
reduces the stress concentration of the weld joint notch.

(6) As fatigue fractures occurred at the bead toe radius in
the lap joint when the applied load was low, increasing the
bead toe radius and bead width is recommended to improve
fatigue life. Additionaly, the welding line should be well de-
signed to reduce the maximum stress at the notch in area A.
The propagation life was very short when fatigue cracks were
initiated in area A, resulting in a sudden fracture.
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