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For the present work, the fatigue behavior of laser-welded cold-rolled sheet metal (SPCEN)
was studied. Also, the thickness heterogeneity effect of weldment on the fatigue strength
and crack growth behavior was studied. The sheet metals of same thickness (0.9 mm) were
laser-welded (Case A), and the sheet metal of 0.9 mm thickness was laser-welded to the
sheet metal of 2.0 mm thickness (Case B). For both cases, fatigue tests were conducted
applying the load perpendicular or parallel to the welding line. Finite element analysis was
performed to determine the form of stress intensity factor as a function of crack length for
both cases. The results showed that the fatigue strength of Case A was 8.5% higher than
that of Case B when the loading direction was parallel to the welding line. However, the
fatigue strength of Case A was similar to that of Case B for the perpendicular fatigue
loading to the welding line. At the same crack length, the stress intensity factor of Case A
was greater than that of Case B. It was also found that for both cases, the crack propagation
rate decreased noticeably in the front of weld bead but increased rapidly in the weld bead.
The retardation of crack propagation was due to the increased hardness in the front of weld
bead, and the increased crack propagation rate was due to the reduced fracture toughness
in the weld bead. C© 2002 Kluwer Academic Publishers

1. Introduction
It is known that the laser welding is an effective welding
method to improve the realiability and productivity of
welded structure [1]. The advantage of laser welding
over the conventional welding method is in the high
welding speed, welding depth, and small deformation.
Therefore, in recent years, the use of laser welding has
increased significantly in the automobile industry [2, 3].
However, the current problem using the laser welding
is the formability and structural stability of the welded
structure. Accordingly, intensive research has been car-
ried out to determine the optimal welding condition for
the improvement of formability and structural stabil-
ity [4–6]. For the research of structural stability, most
of them have been related to the evaluation of fracture
properties, and a small number of studies have been
made to investigate the fatigue characteristics of laser-
welded structure [7–9]. Particularly, the research result
on the fatigue behavior of laser-welded structure of het-
erogeneous thickness is not available. However, it is
often required to weld the structures of heterogeneous
thickness in the automobile and shipbuilding industries.
Thus, it is essential to study the fatigue characteristics

of laser-welded structure of heterogeneous thickness in
order that the laser welding can be used in a wide range
as a welding method.

In the present work, the effect of thickness hetero-
geneity of weldment on the fatigue strength and crack
growth behavior was studied. The effect of loading di-
rection that can be parallel or perpendicular to the weld-
ing line on the fatigue behavior was also studied. Finite
element analysis was performed to determine the form
of stress intensity factor. The crack propagation rate
was plotted as a function of crack length. Weld surface
and fracture surface were examined by means of metal-
lurgical microscope and scanning electron microscope
(SEM) to determine the crack growth mechanism.

2. Experimental procedure
The material used in this study was SPCEN (KS D
3512) sheet metals of thickness, 0.9 mm and 2.0 mm.
The chemical composition of SPCEN is indicated in
Table I. The sheet metals of same thickness, 0.9 mm
were laser-welded to each other. The sheet metal of
thickness, 0.9 mm was also laser-welded to the sheet
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Figure 1 Schematic diagrams of for the fatigue strength test specimen (Type A, B, C and D).

T ABL E I Chemical composition of SPCEN (wt%)

Material C Mn Si P S

SPCEN 0.016 0.19 0.029 0.019 0.006

T ABL E I I Representation of test samples used for fatigue test

Thickness Loading vs. welding
Type (mm) direction Test

A 0.9 + 0.9 Parallel Fatigue strength test
B 0.9 + 0.9 Perpendicular Fatigue strength test
C 0.9 + 2.0 Parallel (”)
D 0.9 + 2.0 Perpendicular (”)
E 0.9 Base – Crack propagation test

Metal
F 0.9 + 0.9 Parallel Crack propagation test
G 0.9 + 2.0 Parallel (”)

metal of thickness, 2.0 mm to investigate the effect
of thickness heterogeneity on the fatigue behavior of
laser-welded structure. Laser welding was made by us-
ing CO2 laser under Helium (He) gas environment. The
welding condition was as follows: welding power 4 kW
and welding speed 5 m/min. Two kinds of test sam-
ples were made; one for fatigue strength test and the
other for fatigue propagation test. Figs 1 and 2 show
schematic diagrams of fatigue strength test sample and
fatigue propagation test sample, respectively. For a fa-
tigue propagation test, the pre-crack of 13 mm length
was made at the edge by using a wire cutting machine.
The samples used were summarized in Table II.

For the fatigue strength test, fatigue loading paral-
lel or perpendicular to the weld line was applied to
investigate the loading direction effect on the fatigue
crack growth behavior. Fatigue tests were performed
with an Instron machine (model: 8501) by applying a
constant amplitude load of zero load ratio (R = 0). A
sinusoidal loading shape and a loading frequency of

Figure 2 Schematic diagrams of specimen for the fatigue crack propa-
gation test.

30 Hz were used. Fatigue strength was determined as
the stress when the sample was fully fractured. For the
fatigue propagation test, fatigue loading was parallel to
the weld line while crack propagation was perpendicu-
lar to the weld line. Similar to the fatigue strength test,
the fatigue propagation tests were performed with an
Instron machine and the same conditions were applied
except for a loading frequency that was applied at a
frequency of 10 Hz. Fatigue tests were conducted at
room temperature. Crack length was measured based
on ASTM E647 by means of a travelling microscope
(100×) to an accuracy of 0.01 mm. Fracture surface was
examined by using a scanning electron microscope. The
hardness variation across the weld surface was also de-
termined by means of the Micro Vickers hardness test.
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Figure 3 Weld surface morphology of Type A specimen.

3. Results and discussion
3.1. Results of fatigue strength test
Fig. 3 shows the weld surface of “Type A” specimen
taken by a metallurgical microscope. As shown in the
figure, the weld bead is clearly visible in the middle and
its width was about 0.8 mm. In order to determine the
effect of laser welding on the microstructure of SPCEN,
the microstructure of base metal, heat affected zone
(HAZ), and weld bead was examined.

Fig. 4 shows the microstructures of base metal (a),
HAZ (b), and weld bead (c) taken by a metallurgical
microscope. It can be seen that the microstructure of
base metal is different from that of weld bead. The typ-
ical grain shape and its boundary of SPCEN are shown
in the base metal while the grain shape and its boundary
are collapsed in the weld bead. Particularly, it can be
seen that the boundary line between the base metal and
the weld bead was clear with a narrow HAZ. This in-
dicates that the HAZ was minimized, which represents
the advantage using the laser welding. The reason why
HAZ is minimized when the laser welding is applied is
that most of the welding energy is concentrated to the
local area.

The hardness measurement of base metal, HAZ, and
the bead was made from the Micro Vickers hardness
test at regular intervals of 0.25 mm along the weld
surface. Fig. 5 shows the variation of hardness along
the base metal, HAZ, and the weld bead. As shown
in the figure, the hardness did not change in the base
metal and HAZ. However, it increased significantly at
the weld bead. Specifically, the hardness of base metal
was 85 HV and that of weld bead was 192 HV, which
was 2.3 times higher than the hardness of base metal.
The abrupt increase of hardness in the weld bead was
due to the narrow HAZ as described earlier.

The effect of loading direction on the fatigue strength
was determined. Fig. 6 shows a comparison of fatigue
strength of “Type A” and “Type B” cases (welded struc-
ture of same thickness). As shown in the figure, the
fatigue strength of “Type B” specimen was lower than
that of “Type A” specimen. Fig. 7 shows a comparison
of fatigue strength of “Type C” and “Type D” cases
(welded structure of heterogeneous thickness). Similar
to the case of same thickness, the fatigue strength of
“Type D” was lower than that of “Type C”. That is,
the specimen loaded parallel to the weld line resulted
in higher fatigue strength than the specimen loaded Figure 4 Microstructures of base metal (a), HAZ (b) and weld bead (c).
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Figure 5 Variation of hardness along the base metal, HAZ and the weld bead.

Figure 6 Effect of loading direction on fatigue strength for the welded
structure of same thickness.

perpendicular to the weld line. The phenomenon can
be explained by considering where the crack was ini-
tiated and final fracture occurred. For the specimens
loaded perpendicular to the weld line (“Type B” and
“Type D”), crack was initiated in the base metal and
the final fracture also occurred in the base metal. For
the specimens loaded parallel to the weld line (“Type
A” and “Type C”), however, crack was initiated in the
weld bead and the final fracture occurred in the base
metal. The crack initiation of “Type B” and “Type D”
cases in the base metal was attributed to the higher fa-
tigue resistance of weld bead than the base metal. The
crack initiation of “Type A” and “Type C” cases in the

Figure 7 Effect of loading direction on fatigue strength for the welded
structure of heterogeneous thickness.

weld bead was attributed to the strain constraint caused
by strength discontinuity that was due to the hardness
discrepancy between the weld bead and the base metal.

In order to determine the effect of thickness hetero-
geneity on the fatigue strength, the fatigue strength of
“Type A” case was compared with that of “Type C”
case. Fig. 8 shows the comparison of fatigue strength
results. As shown in the figure, the fatigue strength of
“Type C” was about 8.5% lower than that of “Type A”.
Specifically, the fatigue strength of “Type A” was a
290 MPa and that of “Type C” was a 265 Mpa. The
lower strength of “Type C” was attributed to the notch
effect. That is, the discontinuous face due to different
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Figure 8 Effect of heterogeneity on the fatigue strength.

thickness worked as a notch at the interface and in-
duced a higher stress concentration, which resulted in
the decreased fatigue strength.

Fig. 9 shows the photographs of fractured specimen
of “Type A” (a) and “Type C” (b). For a specimen of
“Type A”, crack was initiated from the flat area in the
middle that was a weld bead. Then, the crack propa-
gated symmetrically to both sides of the base metal.
For a specimen of “Type C”, crack was initiated in the
weld bead. However, the crack did not propagate sym-
metrically but grew more in the thicker base metal. The
unsymmetrical crack propagation of “Type C” was at-
tributed to the large strain constraint effect as described
earlier.

Figure 9 Photographs of fractured specimens: Type A (a) and Type D (b).

Figure 10 Fatigue crack propagation behavior of welded structure of
the same thickness.

3.2. Results of fatigue crack
propagation test

In order to determine the laser-weld effect on the crack
propagation behavior, the crack propagation of welded
structure was compared with that of base metal. Fig. 10
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shows a comparison of crack propagation rate versus
crack length for a “Type E” (base metal, 0.9 mm)
and a “Type F” (welded structure of same thickness,
0.9 mm + 0.9 mm). The crack propagation rate was de-
termined from the seven point method [10]. As shown
in the figure, the specimen of “Type E” exhibited
a typical crack propagation behavior. The specimen
of “Type F” also exhibited a normal crack propaga-
tion behavior before the crack reached the weld bead.
However, a crack retardation occurred when the crack
reached the weld bead. Then, the crack propagated fast
along the weld bead and resumed a normal crack prop-
agation behavior again once it passed through the weld
bead. It seems that the crack retardation was attributed
to the strength discontinuity and residual stress at the
weld bead. It can be seen in the figure that the crack
propagation of “Type F” was similar to that of “Type E”
before and after the weld bead. This indicates that the
effect of HAZ and weld bead on the fatigue behavior is
not significant in the laser welding.

The crack propagation rate of “Type F” speci-
men was compared with that of “Type G” speci-
men (welded structure of heterogeneous thickness,
0.9 mm + 2.0 mm) to determine the effect of thick-
ness heterogeneity. Fatigue load was adjusted for the
specimen of “Type G” in order to apply the same stress
given to the “Type F” specimen to the thin plate and
the thick plate. Fig. 11 shows the comparison of crack
propagation rate for both specimens. It can be seen in
the figure that the crack retardation also occurred at the
weld bead for the specimen of “Type G”. It can be also
seen that the crack propagation rate of “Type G” speci-
men was the same as that of “Type F” specimen until the
crack propagated 2 mm where the initial crack length
was a 13 mm. After the crack propagated 2 mm, the
crack propagation rate of “Type G” specimen was lower
than that of “Type F” specimen. The reason for the low

Figure 11 Fatigue crack propagation behavior of welded structure of
heterogeneous thickness.

crack propagation is that the specimen of “Type G” has
a discontinuous thickness. The discontinuous thickness
worked as a notch and led to a smaller load application
to the thin plate.

Finite element analysis was performed for “Type F”
and “Type G” specimens to determine the stress inten-
sity factor as a function of crack length because the
crack propagation rate can be related to stress inten-
sity factor. For the present study, the stress intensity
factor was determined from CTOD method by neglect-
ing the residual stress. Fig. 12 shows the finite element
meshes at the crack tip used for “Type F” and “Type G”
specimens.

Fig. 13 shows the variation of stress intensity fac-
tor with crack increase for both specimens. As can be

Figure 12 Finite element meshes at the crack tip.

Figure 13 Variation of stress intensity factor as a function of crack length
for Type F and Type G.
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Figure 14 Photograph of cracked weld-surface of Type F.

seen in the figure, the stress intensity factors of both
specimens are similar when the crack length is short.
Then, as the crack propagates more, the stress inten-
sity factor of “Type G” specimen becomes smaller than
that of “Type F” specimen. This agrees well with the
experimental results that the crack propagation rate of
“Type G” specimen was lower than that of “Type F”
specimen.

The cracked weld-surface was examined by means
of optical microscope to investigate the crack shape
around the weld bead. Fig. 14 shows the cracked weld-
surface of “Type F” specimen. As can be seen in the
figure, the crack shape in the weld bead is different
from that before the weld bead. The width of crack was
wide before the crack reached the weld bead. However,
the crack became narrow in the weld bead. The narrow
crack was attributed to the increased hardness in the
weld bead. Thus, it can be explained that the crack
retardation in the front of weld bead was caused by
wide crack, and the fast crack propagation in the weld
bead was caused by the decreased fracture toughness
due to the increased hardness.

4. Conclusion
In this study, the thickness heterogeneity effect on the
fatigue strength and crack growth behavior in the laser

welding was investigated. The loading direction ef-
fect on the fatigue behavior was also investigated. Fol-
lowings are the conclusions obtained from the present
study.

1. The specimen loaded parallel to the weld line
resulted in higher fatigue strength than the specimen
loaded perpendicular to the weld line.

2. Fatigue strength was affected by the thickness het-
erogeneity of weldment. The fatigue strength of hetero-
geneous thickness case was about 8.5% lower than that
of same thickness case. The lower strength of heteroge-
neous thickness case was attributed to the discontinuous
face that worked as a notch.

3. The crack propagation rate of heterogeneous
thickness case was lower than that of same thickness
case. For both cases, the crack retardation occurred in
the front of weld bead and the fast crack propagation oc-
curred at the weld bead. The fast crack propagation was
attributed to the decreased fracture toughness caused by
the increased hardness.
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