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Abstract—Tensile residual stresses combined with an applied
tensile stress can reduce the reliability of steel components.
Nondestructive evaluation of residual stress is thus important to
avoid unintended fatigue or cracking. Because magnetic hysteresis
properties of ferromagnetic materials are sensitive to stress,
nondestructive evaluation of residual stress through magnetic
properties can be expected. The spatial mapping of local magnetic
hysteresis properties becomes possible by using the acoustically
stimulated electromagnetic (ASEM) method and the tensile stress
dependence of the hysteresis properties has been investigated in
steel. It is found that the coercivity H. and the remanent
magnetization signal V.. monotonically decrease with increasing
the tensile stress. In this work, we verified the detection of residual
stresses through the ASEM response in a welded steel plate.
Tensile stresses are intentionally introduced on the opposite side
of the partially welded face by controlling welding temperatures.
We found that H. and V. clearly decrease in the welded region,
suggesting that the presence of tensile residual stresses is well
detected by the hysteresis parameters.
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I. INTRODUCTION

Residual stress is an important factor in terms of life time
and failure of steel products. Residual stress occurs during
fabrication process such as welding, which may greatly impair
the strength of steel components. When an applied stress is
combined with initial residual stresses, the concentration of
tensile stresses often damages engineering components [1], [2].
To avoid the risk of damage, it is important to evaluate the
residual stress in actual objects. This information allows to
optimize design, fabrication and welding process. Although
several stress inspection techniques have been reported [3]-[7],
quantitative nondestructive evaluation of residual stress and its
spatial mapping are still under development.

Magnetic hysteresis curve contains a number of independent
parameters of ferromagnetic materials (coercivity H,, saturation
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Fig. 1. (a) Coordinates of the opposite side of the partially welded face
(measurement side) in a steel plate. The blue region indicates the area
discolored by welding in which tensile residual stresses are introduced. (b)
Cross sectional view of the welded steel plate. (c) Schematic of ASEM
measurement setup.

magnetization or permeability). These hysteresis parameters are
sensitive to stress produced in the materials [8], [9].
Consequently, the hysteresis measurements are expected to
evaluate residual stress in steel materials. However, the use of
magnetic properties for stress evaluation has been limited
because conventional hysteresis measurements through
electromagnetic induction obtain the bulk properties averaged
over the entire sample. Namely, the local hysteresis properties
are not probed. However, the spatial mapping of local magnetic
hysteresis properties has become possible by ultrasonic focusing
and scanning [10]-[13]. This technique is based on the
generation and detection of the acoustically stimulated
electromagnetic (ASEM) response through the
magnetomechanical coupling. Recently, the tensile stress
dependence of the hysteresis properties has been investigated by
using the ASEM method. It is found that the coercivity H, and
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Fig. 2. (a) Real-time echo waveform. (b) Real-time ASEM waveform. (c) The
in-phase component, Vx (solid line), and the quadrature component, Vy
(dotted line), after numerical PSD.
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Fig. 3. ASEM hysteresis curves of the welded specimen. The in-phase
component, Vy (H) (solid line), and the quadrature component, V%, (H) (dotted
line). The black, blue, and red lines represent the initial magnetization curve,
the downward-field curve, and the upward-field curve, respectively.

the remanent magnetization signal 1, monotonically decrease
with increasing the tensile stress [14].

In this work, we verified the detection of residual stresses
through ASEM response in a welded steel plate. Tensile stresses
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Fig. 4. Spatial distribution of (a) coercivity H. and (b) remanent
magnetization signal V; along the X axis on the back side of the welded steel
plate.

are intentionally introduced on the back side of the welded parts
by controlling the welding temperatures. Reduction of the H,
and V. was observed on the back side of the welded parts.

II. METHOD

A steel specimen (size : 490 mm x 70 mm X 6 mm) was
prepared from a 25-mm-thick carbon steel plate (S25C, JIS
G4051:2009) by a machining process (Fig 1(a)). As seen in Figs.
1(a) and 1(b), one face of the steel plate is partially welded by
controlling the temperatures so that it does not exceed 550 °C on
the other face to avoid the phase transformation of crystals. In
this heating processes, tensile stresses are introduced on the
opposite side of the welded region in the steel plate (the blue
region in Fig. 1(a)). The magnetic hysteresis properties were
measured on the opposite side of the welded face by using the
ASEM method. The ASEM measurements were carried out by
using a 4 MHz transducer with an acoustic delay line
(polystyrene pillar) (Fig. 1(c)). The signal was picked up
through a resonant loop antenna tuned to the ultrasound
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frequency. Magnetic fields H were applied along the
longitudinal direction of the steel plate by using an
electromagnet.

Figure 2 represents typical real-time waveforms of echo and
ASEM signals. The echo signal from the surface of the specimen
was observed at Techo = 24 pus (Fig. 2(a)). The direct rf signal,
Vsig (t), of the ASEM response was observed at half of the echo
delay time (Techo/2 = 12 ps) (Fig. 2(b)). Using a phase-sensitive
detection (PSD) scheme, we numerically converted Vg (t) to
the in-phase Vx(t) and quadrature Vy(t) components (Fig.
2(c)).

In the ASEM hysteresis measurements, the signal
voltages Vx(t) and Vy(t) were plotted as the time-averaged
intensities, Vx and Vy, respectively [13]. Before starting the
ASEM measurement, the specimen was demagnetized by
applying an alternating current using the electromagnet.

III. RESULTS AND DISCUSSION

Figures 3 shows the ASEM hysteresis curves of Vx (H) and
Vy(H). Because the quadrature component, ¥y, (H), is negligible
in the specimen, we focus on hysteresis parameters obtained
from the in-phase component Vyx(H). We determined the
coercivity, H., and the remanent magnetization signal, 1, as the
intercepts of the transversal and longitudinal axes in the Py (H)
hysteresis loop, respectively.

Figure 4(a) and 4(b) represent the spatial distribution of H,
and V. along the X axis on the opposite side of the welded face,
respectively. The results measured along the X axis at Y =
+10 mm are plotted as reference data at positions shifted from
the welded region. We found that the hysteresis parameters H,.
and V}. are reduced directly under the welded region, indicating

that the intentionally introduced tensile stresses are well detected.

Using the conversion coefficients from hysteresis parameters to
tensile stress[14], the residual stress at (X,Y) = (0,0) is
roughly estimated to be about 300 MPa. In this specimen, excess
heat is applied at the welding start point (X,Y) = (4+100,0).
The minimum observed at (X,Y) = (+100,0) suggests that
plastic deformation occurs due to the excess heat.

IV. CONCLUSION

To verify the detection of residual stresses, we prepared a
welded steel plate in which tensile residual stresses are
intentionally introduced on the opposite side of the welded face.
We measured the spatial distribution of ASEM hysteresis curves
on the opposite side of the welded face. The hysteresis
parameters H, and V. were distinctly reduced in the welded
region. This feature is reasonably explained by the tensile stress
dependence of H, and V. measured by tensile testing.
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