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Abstract— Magnetic hysteresis properties are sensitive to stress
in ferromagnetic materials. This suggests that magnetic
measurements are a potential method to evaluate residual stress in
steel products. Nevertheless, nondestructive inspection of residual
stress by using magnetic properties has been limited because bulk
properties over the entire sample are usually obtained in
conventional  hysteresis curve  measurements  through
electromagnetic induction; thus, local hysteresis properties are
not measured. However, the spatial mapping of local hysteresis
properties has been demonstrated recently by ultrasound focusing
and scanning. This technique is based on the generation and
detection of the acoustically stimulated electromagnetic (ASEM)
response. In this study, we investigate the stress dependence of local
hysteresis loops through the ASEM response using a tensile testing
machine and provide conversion coefficients to estimate tensile
stress from the values of local hysteresis properties. The results
indicate that hysteresis properties associated with coercivity,
remanent magnetization, and hysteresis loss are promising
parameters as an index for evaluating residual stress.

Index  Terms—Ultrasound, electromagnetic
nondestructive evaluation, residual stress, steel.
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l. INTRODUCTION

TEEL is a major component used in machines, automobiles,

buildings, and infrastructure. Undesirable residual stress is
usually introduced during the manufacturing of steel materials,
product fabrication, and welding. When service stress is
combined with initial residual stress, the concentration of
tensile stresses may damage engineering components [1]-[3].
To avoid the risk of damage, it is important to understand the
stress distribution in actual objects. This information allows
early repairs, and guides design and fabrication. Generally, the
residual stress is obtained by measuring strain relaxation using
the destructive sectioning method [4] or semi-destructive
hole-drilling method [5], [6]. X-ray diffraction is used for a
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nondestructive stress evaluation, but the method is limited to
steel materials with small crystal grains [7]-[9]. Although stress
inspection techniques using conventional ultrasound or
magnetic measurements have also been studied [10]-[14],
nondestructive quantitative evaluation of residual stress and its
spatial mapping are still being developed.

Ferromagnetic materials exhibit hysteresis in the variation of
flux density B with magnetic field H. Hysteretic properties,
such as permeability, coercivity, remanent magnetization, and
hysteresis loss, are sensitive to stress produced in the
ferromagnetic materials [15]-[17]. Consequently, magnetic
measurements could be used to evaluate residual stress in steel
materials. However, the use of magnetic properties for stress
evaluation has been limited because bulk properties over the
entire sample are obtained in conventional hysteresis curve
( B—H -curve) measurements through electromagnetic
induction; thus, the local hysteresis properties are not probed.

However, the spatial mapping of local magnetic hysteresis
behaviors has become possible by ultrasonic focusing and
scanning [18]-[20]. This technique is based on the generation
and detection of the acoustically stimulated electromagnetic
(ASEM) response. In the ASEM method, the specimen is
locally interrogated with ultrasound which modulates the
magnetic polarization [18]-[22]. The electromagnetic response
emitted from the ultrasonic focal spot is detected using a
narrow-band tuned antenna. The first harmonic component of
the radio frequency (rf) equals the ultrasonic excitation
frequency. One of the advantages of this method is that the
spatial resolution is determined by ultrasonic focusing, not by
magnetic field focusing. Thus, well-defined spatial mapping of
magnetic properties is achieved. The signal intensity of the
ASEM response is expressed by a piezomagnetic coefficient,
dioc, in the acoustically excited local area of the object
[18]-[20]. The hysteresis curve of the ASEM intensity
corresponds to that of d,.(H). Thus, we assume that the
ASEM hysteresis curve is sensitive to tensile stress. In this
study, we clarify the tensile stress dependence of the ASEM
hysteresis curve in steel and provide guidelines for quantitative
stress evaluation by using the ASEM method.

Il. METHOD

A. Theoretical background

Because the acoustic pressure is on the order of 10 kPa, the
stress-induced magnetization shows a linear response [18].
Biased magnetostriction is phenomenologically equivalent to



piezomagnetism in the linear response regime [23], and we do

not distinguish them in this discussion. The linear response

equation for magnetomechanical coupling is expressed as (i, j =
,6andk,m=1,2, 3)

= (0s; /aT) -+ (0S;/0H,,) rHp,
(aBm/aTl)HTL + (aBm/aHk)THk, (1)

where S, T, H, and B are the strain, stress, magnetic field, and
magnetic flux density components, respectively. The
coefficients relating the quantities d,,; = (0B,,/9T;)y and
Umi = (0B, /0H, )y are the piezomagnetic constant and
permeability constant, respectively. The magnetic flux density,
B, is expressed by a nonlinear hysteresis function, B(H,T).
When the acoustic stress, T(t), is applied to a ferromagnetic
material, the magnetic flux density, B(t), is temporally
modulated through Egq. (1). Consequently, an alternating
dipolar field is emitted to the surrounding environment [18].
Therefore, the ASEM signal voltage, V;,, detected with a tuned

loop antenna, is
Vsig = 1(dBp,/dt) = ndp; (dT;/dt), )

where 7 is the detection efficiency in the measurements.

In general, the piezomagnetic coefficient can be extended to
a complex number [20]. When the acoustic stress, T(w,) =
Toe "ot is applied to a local area in material, the induced flux
density is written as B(w,, H) = Bye~{®0t=6() \where §(H)
is the phase delay of B with respect to T. From the ratio of
B(wy, H) and T(w,), the local piezomagnetic coefficient,
dioc(H), at w, is expressed as

o()

igy

dloc (H)

[cos6(H) + isin6(H)]
=d’ (H) + id"(H). (3)

The phase delay, 6, gives rise to the imaginary part, d”,
characterizing the energy loss at wy.

Next, we describe the relation between ASEM signals and
the complex piezomagnetic coefficients. From Eq. (2), the

ASEM signal, Vg, is written as
dB(t, H)
Vsig(t, H) = "
1~ .
= nﬂf (—iw)B(w, H)e “tdw . @)

The Fourier component, Vs;q(w, H), is written as

Vsig(w, H) = —inwB(w, H)
= —inwd(w, H)T(w)
= nw[d"(w, H) — id'(w, H)]T(w), (5)
where Vi (w, H) has a quadrature phase shift with respect to
B(w, H) induced in a material. Consequently, for a sinusoidal
wave, T(wy) = Toe '@t | the first-harmonic component of
Vsig(w, H) is expressed as

Vig(w, H) = nwBo(H)e™(ot=0Uh=+m/2)  (6)
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Fig. 1. (a) Schematic of the in situ measurement setup in tensile testing. (b)
Schematic of the configuration of the transducer and loop antenna. (c) Tensile
stress-strain curve of a steel plate (S25C). (d) Block diagram of the numerical
PSD scheme.

where ¢ is the adjustable phase shift attributed to the
measurement system. Using a phase-sensitive detection (PSD)
scheme, we separate Vs;s(w, H) into the in-phase component,
Vx (real part), and the quadrature component, V5 (imaginary
part). When ¢ is tuned to /2, these components are written as

Vx =nwoBy(H) cos §(H) = nw,Tod'(H), @)
Vy = nwoBo(H) siné (H) = nwTod" (H). (®)

The in-phase component (x « d') is a quasi-static loss with
respect to magnetomechanical effects. The quadarature
component (Vy ocd”) is attributed to energy dissipation
processes, such as microscopic eddy current effects induced by
domain wall movement [19], [24]-[26].

B. Sample preparation

Tensile testing samples (size: 490 x 70 x 6 mm) were
machined from 25-mm-thick carbon steel plates (S25C, JIS
G4051:2009). Recrystallization and grain deformation occur
during the rolling process of steelmaking and the magnetic easy
axis in individual grains tends to be aligned along
rolling direction R [27]-[29]. The alignment of grains may
cause the mechanical and magnetic anisotropies. Thus, we
prepared two samples (Sample I,, and 11, ). Rolling directions
R of Samples 1, and II, were parallel and perpendicular to the
longitudinal direction of the steel plate, respectively. A
reference sample was also prepared for the destructive
measurement of the stress-strain curve, in which the rolling
direction was parallel to the longitudinal direction of the plate.

C. Measurement setup

Schematics of the in situ measurement setup for tensile
testing are shown in Figs. 1(a) and 1(b). ASEM measurements
were performed using a 4 MHz focusing transducer (Japan
Probe Co., Ltd.) with a delay line (27-mm-long polystyrene
pillar) for separating the transducer excitation pulse from the
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Fig. 2. (a) Real-time echo waveform. (b) Real-time ASEM waveform. (c) The
in-phase component, Vyx (solid line), and the quadrature component, Vy
(dotted line), after numerical PSD.

ASEM signals [21]. The diameter of the focal spot size was
about 1.7 mm. The signal was detected by a resonant loop
antenna tuned at 4.1 MHz. The tensile testing samples were
subjected to external magnetic fields along the longitudinal
direction of the plates by using a commercial electromagnet.
The external magnetic fields were calculated from H = NI /L
where N, I, and L are the total number of turns (400 turns), the
applied electric current, and the length of a magnetic circuit
composed of the electromagnet and the sample (470 mm),
respectively.

The stress-strain curve measured in the reference sample is
shown in Fig. 1(c). The yield stress point, Ty, for the reference
sample was estimated to be 290 MPa.

Typical real-time waveforms obtained by in situ
measurements are shown in Fig. 2. The echo signal from the
surface of steel was observed at 7., = 24.4 ps (Fig. 2(a)). The
direct rf signal, Vs;g(t), of the ASEM response was observed at
half of the echo delay time (Tecno/2 = 12.2 ps) (Fig. 2(b)). Using
a PSD scheme (Fig. 1(d)), the direct rf signal was numerically
converted to the PSD signal. The ASEM waveforms after PSD
are shown in Fig. 2(c).

In the hysteresis measurements, the signal voltages for
Vsig(£), Vx(t), and Vy(t) were plotted as the time-averaged

intensities, the amplitude, || =/ (Vx)? + ()% , the
in-phase component, Vx, and the quadrature component, V,
integrated between Techo/2 and Tecno/2 + At [19], [20]. The
integration time, At, was set to 2 ps. In the initial state of the
hysteresis measurements, the specimen was demagnetized by
applying an alternating current with the electromagnet.

I11. RESULTS AND ANALYSIS

Figures 3(a)—3(f) show the hysteresis curves of the amplitude,
|Veig|. Obtained for the in situ measurements of SampleI,,.
Plastic deformation behavior was observed when the stress was
fixed at 333 MPa, where the strain continued to increase even
though the applied stress was fixed. Thus, the yield stress point

for Sample 1, T;//, was between 292 and 333 MPa, which
agrees with the value of the reference sample. Similarly, the
yield stress point for Sample II T;Il, was between 250 and
292 MPa for the in situ measurements and was similar to that of
Sample 1,,. Because the original steel plate from the steel
manufacturer was relatively thick (thickness: 25 mm), The
alignment of grains arising from rolling was probably small in
the prepared samples. The hysteresis curve clearly depended on
the applied tensile stress (Figs. 3(a)-3(f)). The stress
dependence would be clearer in the loop structure of the
in-phase component, ¥ (H) . Figures 3(g)-3() show the
hysteresis curves of Vyx(H) and ¥, (H) for individual fixed
stresses. Because the quadrature component, Vi, is negligible in
the samples, we focus on hysteresis parameters obtained from
the Vx loop.

The hysteresis parameters are defined in Fig. 3(g). The
coercivity, H., and the remanent magnetization signal, V., are
determined from the intercepts of the transversal and
longitudinal axes in the Vx(H) hysteresis loop, respectively.
The signal voltage, V;, is the ASEM intensity arising from the
remanent magnetization. We introduce two further parameters,
the area of the hysteresis loop, W, and the initial slope of the
initial magnetization curve, m,. The area is written as W =

= / _ £(2B ~ 4 —
$Vy(H)dH « §d'(H)dH = gﬁ(dT) dH ~ < § BdH =
;—TWB_H, where Wy_,, corresponds to the hysteresis loss in the

standard B — H curve. Similarly, the initial slope is written as
mgy = % x %d’(H) = %B ~ %u’(T), where y' is the
real part of the complex permeability.

The stress dependence of the coercivity, H.(T), is shown in
Fig. 4. No significant difference between SamplesI,, and II,
was observed in the stress dependence. The coercivity, H.(T),
decreased quadratically in the elastic region as tensile stress
increased. Thus, a well-defined conversion function from
coercivity to tensile stress was derived. Beyond the yield stress
point, the hysteresis curve was insensitive to the stress. We
explain this result as follows. In the plastic region, the
deformation continues to increase as the internal stress is
released, and thus the internal stress no longer increases as
externally applied stress is increased.

Because the signal voltage of the ASEM response depends
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Fig. 3. Hysteresis curves of Sample I,,. (a)—(f) Vsig(H). (9)-(I) The in-phase component, Vx(H) (solid line), and the quadrature component, Vi, (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 data in (f) and (I)
show the hysteresis curves in the plastic region beyond the yield stress point.
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without stress and (b) under tensile stress.

on acoustic pressure or the incident angle of ultrasound
irradiation, the ASEM intensity is sensitive to the measurement
setting. We should note that the coercivity does not depends on
the signal voltage of ASEM response and the conditions of
ultrasound irradiation. However, it is necessary to keep the
conditions of ultrasound irradiation constant in the whole
mapping area when we attempt to obtain the stress mapping
from the values of V.. The conditions can be confirmed by
measuring the echo delay time and echo signal intensity. A
mechanical feedback system that adjusts the distance and angle
of the probe via echo signals will be needed for the stress
mapping through V.. Here, we discuss the stress dependence of
V. (T), W(T), and my(T) by using the normalized ASEM
intensity divided by the value at zero stress (Figs. 5 and 6).

As with the coercivity, the remanent magnetization signal,
V.(T), is a decreasing function of tensile stress. Accordingly,
the hysteresis loop area, W (T), also monotonically decreases
with increasing tensile stress. The initial slope, my(T), tends to
increases with increasing stress.

IV. DISCUSSION

We obtained the stress dependence of local magnetic
hysteresis in steel from the ASEM response. Particularly, the
coercivity is the most promising hysteresis parameter as an index
of the quantitative evaluation of stress. The coercivity is usually
affected by micro defects and domain wall motion. In the
elastic deformation region, no new defects are introduced by
applying stress. Thus, domain wall motion plays a dominant
role in the stress dependence of coercivity.

Here, we discuss domain wall motion under tensile stress
qualitatively based on the Gibbs free energy, as proposed by
Landau and Lifshitz [30]. The domain structure of a material
results from the minimization of the Gibbs free energy,
consisting of exchange energy, magnetostatic energy,
magnetoelastic  anisotropy  energy, = magnetocrystalline
anisotropy energy, and Zeeman energy. When stress is a
variable, the magnetoelastic anisotropy energy, E;, is an
important term in the total free energy. The magnetoelastic
anisotropy energy is expressed as E; = —3/2 ATcos?8 for
isotropic magnetostriction, where T (> 0) is tensile stress, 4 is
the magnetostrictive coefficient, and 6 is the angle between the



magnetization and stress direction [31], [32]. Because of the
positive magnetostriction (4 > 0) in steel, applying tensile
stress reduces Er. In addition, when the tensile stress is applied
in the direction of the external magnetic field, the
magnetization tends to be oriented to the direction of the tensile
stress (i.e., 8 — 0) owing to the minimization of E [32], [33].
Therefore, under tensile stress, the volume of the 180° domains
increases, whereas that of the 90° domains decreases (Fig. 7)
[32]-[34]. Because the movement of the 180° domains occurs at
lower magnetic fields compared with that of the 90° domains
[35], [36], the extension of the 180° domains decreases H,, V;,
and W and increases the initial slope m,.

The conversion coefficients between these hysteresis
parameters and tensile stress, T, are necessary for quantitative
stress evaluation. We fitted the stress characteristic curves of
the normalized hysteresis parameters, H./H.(T =0) ,
V./Vi(T = 0), W/W(T = 0), and my/my(T = 0) (Figs. 4-6),
to a function of the power of stress, 1 + C;T + C,T?, with a
single fitting parameter as C; = 0 for H, and C, = 0 for the
other parameters. The stress evaluation in the elastic region
near the yield stress point is the most important for practical
applications. In the measured sample, it was between 150 and
250 MPa. The best-fit parameters in the elastic region were
evaluated to be C, = —5.83 x 1078 Pa~2(-5.42 x 10718
Pa2) for H., C; = —1.11 x 10™° Pa~!(—1.52 x 107°
Pa Y forV, C; = —1.02 x 107 Pa~1(—1.54 x 107° Pa™?!)
for W, and C; = 3.29 x 107° Pa~%(1.42 x 107° Pa™?) for
m, for Sample 1,, (Sample II, ). The coercivity, H,, is the most
suitable parameter for quantitative evaluation in the elastic
region. In contrast, the drastic drop of V. and W at the yield
stress point may be suitable for identifying plastically deformed
areas in steel.

V. CONCLUSION

We have measured the stress dependence of magnetic
hysteresis properties in carbon steel using the ASEM method.
The hysteresis parameters, such as the coercivity and remanent
magnetization signal, decreased monotonically as a function of
tensile stress in the elastic region. When the tensile stress
exceeded the vyield stress point, the hysteresis parameters
decreased drastically. We obtained the conversion coefficients
for converting the hysteresis parameters to tensile stress.
Probing the local hysteresis properties via ultrasound excitation
provides a new method for the nondestructive evaluation of
residual stress.
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