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Abstract: This study established a rapid estimation method for the fatigue limit of laser welds
of aluminum alloys in order to optimize welding conditions, an important factor in ensuring the
safety and reliability of laser welding. This study focused on an estimation method of fatigue limit
based on the dissipated energy. Dissipated energy is the temperature change caused by local plastic
deformation. The stress amplitude at which the temperature change due to dissipated energy rapidly
increased in the laser welds was defined as the estimated fatigue limit, and it was almost consistent
with the fatigue limit of the joint.
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1. Introduction

In line with CO2 regulations regarding global warming, automobiles and such trans-
portation equipment are required to be made lighter in weight and become more fuel-
efficient. To address these requirements, new body structures using lightweight materials
such as aluminum alloys to replace conventional materials are being developed, and the
establishment of highly efficient joining technologies is becoming increasingly important.
In particular, laser welding has been employed in a wide range of materials as a joining
technology that minimizes heat deformation due to localized heat input [1]. The high
reflectivity and thermal conductivity of aluminum alloys have been considered to be un-
suitable for laser welding because of their high susceptibility to welding defects such as
porosity and solidification cracks. However, as high-power fiber lasers and disk lasers have
become available for use in practical applications, laser welding of aluminum alloys has
been widely researched [2]. The applicability of joining technology to actual structures
requires a high degree of safety and reliability. It is necessary to evaluate fatigue, the main
cause of failure. Recent rapid technological innovations require the development of a rapid
evaluation method for fatigue strength. This study focuses on fatigue limit estimation
based on dissipated energy. The dissipated energy is a small amount of heat generated
by the dissipation of energy due to local plastic deformation. Following changes in the
dissipated energy enables visualization of fracture locations and rapid estimation of fatigue
strength for a wide range of materials and their welds [3]. In recent years, the development
of highly sensitive infrared sensors and lock-in data processing has led to the widespread
application of fatigue limit estimation based on dissipated energy in industrial fields under
consideration [4]. This study examines the feasibility of a fatigue limit estimation method
based on dissipated energy for laser welds of aluminum alloys.
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2. Principle of Measuring Dissipated Energy by Infrared Thermography

Applying a sinusoidal load, the temperature change in thermoelasticity is sinusoidal
in the reverse phase, with the same frequency as the load frequency. In contrast, even if the
stress variation is within the elastic deformation, irreversible heat generation may occur and
gradually increase the temperature. Such irreversible heat generation is called temperature
change based on dissipated energy. The temperature change due to dissipated energy
occurs when maximum tensile stress and maximum compressive stress are applied with
one cycle of sinusoidal loading, and is observed in infrared thermography as a temperature
component twice the frequency of the sinusoidal loading [5]. The temperature fluctuation,
which has a frequency twice that of the load signal due to dissipated energy, is a synthesized
waveform that includes noise due to the harmonic component of the testing equipment.
Thus, a phase lock-in method is employed to remove noise components, including phase
information of harmonic components of the testing equipment, by correlating with a
sinusoidal waveform having a phase difference of dissipated energy to extract only the
positive correlating values.

3. Experimental Method
3.1. Specimen of the Laser Welds of Aluminum Alloys

The material used in this study was an AA5052 sheet with a thickness of 3 mm. The
two AA5052 sheets were butted together with a gap of 0 mm and laser-welded under the
welding conditions shown in Table 1. The specimens were then cut into dumbbell-shaped
specimens with a width of 20 mm perpendicular to the welding direction, as shown in
Figure 1. Since the shape of the welded area affects fatigue strength, polish joints were
prepared by polishing both sides of the specimens and compared with the as-welded joints.
The base material specimen of the AA5052 sheet was also evaluated.

Table 1. Laser welding conditions.

Electric
Power
(kW)

Welding
Speed

(m/min)

Drag
Angle
(deg.)

Focus
Length
(mm)

Defocus
Length
(mm)

Ar Shielding
Gas

(L/min)

6.0 15.4 30.0 165.0 0 20.0
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Figure 1. Shape and dimensions of the specimen (units: mm).

3.2. Experimental Methods

Vickers hardness map was created with an indentation load of 200 mN and an inden-
tation time of 10 s at intervals of 0.3 mm for the welded area and its surrounding area.
Fatigue tests were performed on a hydraulic servo pulse with a stress ratio of R = −1, a
loading frequency of f = 13 Hz, and run-out cycles of 1 × 107 cycles. Fatigue failure was
defined as the point at which the specimen completely separated into two parts.

The temperature change due to dissipated energy was measured by infrared thermog-
raphy in a staircase stress amplitude increase test in which the stress amplitude σa was
increased in steps. The loading conditions were the same as in the fatigue test: the stress am-
plitude was increased every 10 MPa, and the temperature change due to dissipated energy
was measured during 3600 cycles at each stress amplitude. The temperature change due to
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dissipated energy was measured by infrared thermography (FLIR Inc., Wilsonville, Oregon,
USA, SC7300L) with an MCT sensor of a measurement wavelength range of 7.7–9.3 µm.
The frame rate and the recording time were set to 431 Hz and 10 s, respectively. Noise
reduction was performed using the phase lock-in method to measure dissipated energy
accurately [4].

4. Results and Discussion
4.1. Observation Results of the Welded Area

Figure 2a shows the observation results of the cross section perpendicular to the
welding direction at the center of the welded area. Weld metal consisting of columnar
crystals was observed at the center of the welded area. A heat-affected zone (HAZ) was
observed around the weld metal, and a rolled structure of the base metal, unaffected by
laser welding, was observed around the HAZ. Figure 2b shows the results of the Vickers
hardness distribution of the corresponding cross section of the welded area. The Vickers
hardness of the weld metal is higher than that of the base metal.
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Figure 2. (a) Observation results of the cross section of the welded area; (b) Vickers hardness map of
corresponding welded area.

4.2. Fatigue Test Results

Figure 3a shows the fatigue test results of two types of laser welds and base material
specimens. The vertical and horizontal axes indicate the stress amplitude calculated by
dividing the force amplitude by the cross section of the fracture region and the number of
cycles to fracture, respectively. Both laser welds and base metal specimens fractured near
the minimum cross section. The fatigue limits of the as-welded joint, polish joint, and base
material specimen are about 40 to 50 MPa, 70 to 80 MPa, and 120 to 130 MPa, respectively.
The fatigue limit of both laser welds is lower than that of the base material specimen. The
fatigue limit of the polish joint is higher than that of the as-welded joint. Figure 3b,c show
the observation results of the fatigue crack in the as-welded and polish joints, respectively.
The fatigue crack in the as-welded joints was initiated at the boundary of weld metal and
HAZ and propagated along this boundary. On the other hand, the fatigue crack in the
polish joints initiated and propagated at the base material near the welded area.
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Figure 3. (a) S-N curves; the observation results of the fatigue crack in (b) as-welded joints and
(c) polish joints.

4.3. Fatigue Limit Estimation by Dissipated Energy

Figure 4 shows the measurement results of temperature changes due to dissipated
energy for two types of laser welds and base material specimens. The evaluation area of
temperature change due to dissipated energy was set to 10 × 10 pixels of the fracture initia-
tion point of the laser welds and of the minimum cross-sectional area for the base material
specimen. The solid line in the figure is the grouping result of the minimum residual sum
of squares. The low- and high-temperature groups were grouped by linear and quadratic
function approximation, respectively, and the boundary value of the two groups was de-
fined as the estimated fatigue limit. The estimated fatigue limits for the as-welded joints,
polish joints, and base material specimens were approximately 60–70 MPa, 70–80 MPa,
and 120 MPa, respectively. Consequently, the estimated fatigue limit was close to the
actual fatigue limit. Therefore, it was found that the fatigue limit estimation based on the
dissipated energy is possible for laser welds of aluminum alloy sheets. The temperature
change due to dissipated energy was lower in the polish joints than in the as-welded joints,
and the stress amplitude at which it increased was higher in the polish joints. Thus, the
temperature change due to dissipated energy also captures the effect of stress concentration
in the welded area.
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5. Conclusions

This study empirically investigated the feasibility of a fatigue limit estimation method
based on dissipated energy for laser welds of aluminum alloy. Consequently, the actual
fatigue limit and the estimated fatigue limit based on the temperature change due to
dissipated energy were almost consistent, and the temperature change due to dissipated
energy also caught the effect of stress concentration in the laser-welded area.
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