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Abstract: To optimize welding conditions that ensure the safety and reliability of laser welds, this
study established an evaluation method of the fatigue strength for the laser welds of steel sheets over
a short period of time. This study focuses on a fatigue limit estimation based on dissipated energy
which is caused by micro plastic deformation. As a result, the area at which the temperature changes,
due to dissipated energy, is locally high is the fracture origin of the laser welds. The fatigue limit of
the laser welds is almost the same as the stress amplitude at which a temperature change occurs due
to dissipated energy.

Keywords: fatigue; laser welding; dissipated energy

1. Introduction

Laser welding, using a high energy density laser beam, is a quick, high-quality, low-
deformation welding technique. Since laser welding is easier to automate and precisely
control than other welding techniques, it has been applied in various industrial fields.
However, weld defects such as undercuts and blowholes, are prone to becoming the
fracture origin for joints. To ensure the safety and reliability of welded joints, it is necessary
to clarify the fatigue characteristics of joints and to optimize welding conditions.

This study focuses on the fatigue limit estimation, based on dissipated energy [1].
Materials applied to cyclic loading show a temperature change via the thermoelastic effect.
The temperature change, caused by micro plastic deformation, can be measured using
infrared thermography and can be used to calculate the energy dissipation. The dissipated
energy can then be used to identify the fracture origin of materials and evaluate the fatigue
limit in a short time period. Fatigue limit estimation, based on dissipated energy, has been
reported for a wide range of materials [1,2]. However, few studies have considered welded
structures [3]. This study discusses the feasibility of a fatigue limit estimation for laser
welds based on a temperature change due to dissipated energy.

2. Materials

This study used cold-rolled steel sheets (JIS G3141 SPCC) with a thickness of 3 mm.
After the material was machined to provide dimensions of 70 mm × 100 mm, the steel
sheet surfaces in the longitudinal direction were butted and laser welding was carried
out. The laser welding was conducted under the conditions of electric power of 4.0 kW,
a welding speed of 1.5 m min−1, defocus length of 5 mm, and an advance angle of 5◦.
The laser welds were cut into a dumbbell shape with a width of 20 mm perpendicular
to the welding direction, as shown in Figure 1. Vickers hardness map was created with
an indentation load of 500 mN and an indentation time of 10 s at intervals of 0.3 mm for
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the welded area and its surrounding area. Fatigue tests were performed with a frequency
of 7 to 10 Hz and a stress ratio of −1 and 1 × 107 run-out cycles. The dumbbell-shaped
base metal specimen, shown in Figure 1, was prepared separately for the fatigue test. The
failure criterion was defined as the point of complete separation of joints.
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Figure 1. Shape and dimensions of specimen used in fatigue tests (units: mm).

To measure a temperature change resulting from the dissipated energy for joints, using
infra-red thermography, a staircase stress level test was conducted wherein the stress was
increased in steps. The test conditions were of a stress ratio of −1 and a loading frequency
of 7 Hz. The temperature change of the joints was measured for 3300 cycles for each stress
amplitude using infrared thermography. Irreversible heat generation, attributable to plastic
deformation, occurs close to the maximum tensile and compressive stresses in one loading
cycle. Hence, the frequency component corresponding to twice the loading frequency is
defined as a temperature change that occurs due to dissipated energy. Moreover, the phase
difference created between thermoelastic temperature change and temperature change
caused by the energy dissipation. A high phase difference contains a noise component
due to the harmonic components of the testing machine. The temperature change, which
is a result of the dissipated energy, was accurately measured by removing the noise
component, using the phase lock-in method [4].

3. Results and Discussion
3.1. Cross-Sectional Observation and Hardness Test Results for Laser Welds

Figure 2a shows an image of the center of the cross section that is perpendicular to
the welding direction. The corresponding Vickers hardness map is shown in Figure 2b.
These results show three types of microstructures in the laser welds. First, a weld metal
with coarsened grains, formed by the rapid melting and solidification of the base metal
during welding, appeared in the center of the welded area. Second, a heat-affected zone
formed around the weld metal. Lastly, the base metal, which was not affected by the laser
welding, appeared around the heat-affected zone. The Vickers hardness of the weld metal
is around 1.5 times higher than that of the base metal.
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3.2. Fatigue Test

Figure 3 shows the results of the fatigue test, was evaluated in terms of the stress
amplitude in the fracture region of the base metal specimens (black marks) and the laser
welds (white marks). The fatigue limit for the base metal specimens is from 130 to 140 MPa,
and the fatigue limit for the laser welds is the same as that of the base metal specimen.
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Figure 3. Fatigue test results (S-N curves).

Figure 4 shows the fatigue fracture morphologies for each specimen. The fracture
origins of both the base metal specimen and the laser welds are near the specimen surface.
The fracture origin of the laser welds is in the area of the base metal at the cross section.
This confirms that the Vickers hardness of the welded area is higher than that of the base
metal, and that the laser welds used in this study act as successful joints.
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Figure 4. Fatigue fracture morphology and fracture surface of (a) base metal specimen and (b) laser welds.

3.3. Fatigue Limit Estimation Based on Dissipated Energy for Base Metal and Laser Welds

The temperature change that occurred due to dissipated energy for the base metal
specimen and laser welds, was measured using a staircase stress level test. Figure 5a shows
the temperature change that occurs due to a dissipated energy distribution for the laser
welds. The area in which the temperature change occurs as a result of dissipated energy
is locally high is the initiation point of a fatigue crack in the joints. The measurement
results for the temperature change due to dissipated energy are shown in Figure 5b. The



Eng. Proc. 2021, 8, 6 4 of 5

evaluation area of the temperature change, due to dissipated energy, was 10 × 10 pixels at
the center of the minimum cross section for the base metal specimen. For the laser welds,
the evaluation area was 10 × 10 pixels in the fracture region. The temperature change,
that occurs due to dissipated energy, of the base metal specimens (black marks) and the
dissipated energy observed in the fracture region of the laser welds (white marks) increases
from 140 to 150 MPa. Therefore, the stress amplitude at which the temperature change
occurs due to dissipated energy approximately coincides with the fatigue limit of the base
metal and laser welds. Thus, the fracture origin and fatigue limit for laser welds for steel
sheets can be evaluated using dissipated energy. Moreover, a temperature change, due to
dissipated energy, at the minimum cross-section shows red marks in Figure 5b. The stress
amplitude at which the temperature changes due to dissipated energy rapidly increases is
170 to 180 MPa at the minimum cross section. This suggests that the fatigue properties of
the welded area are superior to those of the base metal.
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4. Conclusions

The feasibility of a fatigue limit estimation, based on a dissipated energy measurement
for laser welds on steel sheets, was experimentally investigated. The fatigue limit for a base
metal specimen and the laser welds in fatigue tests was around 130 to 140 MPa, respectively.
The fatigue limit of the laser welds in a fracture region was similar to that of the base metal
specimen. It was confirmed that the crack initiation point of the joints was in the base metal
region. These fatigue test results are mostly consistent with the stress amplitude at which
the temperature changes due to dissipated energy increases. The area with the highest
temperature changes, due to dissipated energy, is the crack initiation point in the joints.

Data Availability Statement: The datasets that support the findings during the current study avail-
able from the corresponding author upon reasonable request.
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