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In magnetic substances under oscillating stress due to the application of acoustic waves �such as
ultrasonic waves�, an oscillating anisotropic field may be generated by the inverse effect of
magnetostriction. If this magnetic field oscillation can be detected, the stress state inside the
magnetic substance can be determined. Based upon this principle, we have set up an apparatus for
stress measurements, applied it to Ni plates with different residual stresses, and have obtained output
signals corresponding to different stresses. This measuring technique makes it possible to know the
stress state in structures before the formation of cracks, and hence offers a very promising
nondestructive testing device. © 2008 American Institute of Physics. �DOI: 10.1063/1.2830641�

I. INTRODUCTION

Long-term usage of structures is very beneficial, in view
of both economics and environmental considerations. In or-
der to realize such long-term usage, structural safety must be
checked periodically by nondestructive testing.

As nondestructive testing methods for structures, the
pulsed ultrasonic method and the electromagnetic induction
method are usually used to measure the position and size of
flaws in structures.1–3 However, structural security hazards
will be detected much earlier if the fatigue level of the struc-
ture can be measured before cracking.

When a magnetic substance has internal residual stress,
the magnetoelastic energy is localized according to the mag-
nitude of the stress and produces a magnetic field. Although
this magnetic field is very small, it has been shown in a
previous study4 that induced electromotive force �emf� is
generated corresponding to the magnitude of the magnetic
field due to the residual stress. A high-frequency magnetic
field has been generated by the inverse effect of magneto-
striction by applying ultrasonic waves to specimens. Using
the induced emf generated by this method, it should be pos-
sible to measure the fatigue level of structural building ma-
terials containing magnetic substances such as steel before
crack formation.

II. PRINCIPLE OF MEASUREMENTS

When a surface acoustic wave, such as those used in
ultrasonication, is applied to the surface of an object, the
longitudinal wave propagates through the object forming
compressive-tensile regions inside. In magnetic materials
such as steel, magnetoelastic energy is generated by the in-
verse effect of magnetostriction in compressive-tensile re-
gions and an anisotropic magnetic field is induced. For pla-

nar magnetic specimens, it is expected that the magnetic flux
generated by the magnetic moment due to the anisotropic
field will leak from the surface of specimens.

Figure 1 illustrates the magnetic moments on the surface
of a specimen, through which a longitudinal wave is propa-
gating. The magnetic moment H� due to the anisotropic
magnetic field induced by magnetoelastic energy from ultra-
sonic waves rotates depending on the sign of magnetostric-
tion � and stress �. For ��0, H� lines up perpendicularly in
the compressive region ���0� or parallel in the tensile re-
gion ���0� to the direction of wave propagation. H� at a
given location in a specimen thus oscillates according to the
propagation of the applied wave. The total sum of magnetic
moments can be observed with a sensing coil as a change in
the oscillating magnetic field. The magnitude of H� is esti-
mated to be very small, but it can readily be measured, since
the induced emf increases in proportion to the frequency of
ultrasonic waves.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Based on the foregoing discussion, the induced emf was
measured for Ni plates with different residual stresses.
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FIG. 1. Model for stresses and magnetic moments in a specimen under
propagation of a longitudinal wave

JOURNAL OF APPLIED PHYSICS 103, 07E706 �2008�

0021-8979/2008/103�7�/07E706/3/$23.00 © 2008 American Institute of Physics103, 07E706-1

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2830641
http://dx.doi.org/10.1063/1.2830641
http://dx.doi.org/10.1063/1.2830641


Figure 2 shows the B-H curve �a� and the magnetostric-
tion curve �b� for a Ni rod sample after removing the residual
stress by annealing. The B-H curve shows the induced elec-
tromotive force, measured with a flux meter, that was gener-
ated in the coil wound around the sample when a magnetic
field was applied with an external electromagnet. Moreover,
the magnetostriction curve shows the measured resistance
change of the strain gauge attached to the sample �KFN2-
350-D20-11, Kyowa� as the magnetic field was applied with
the electromagnet. The resistance was measured using a
Wheatstone bridge. This figure shows that the magnetostric-
tion of Ni was saturated with the applied field as the B-H
curve was saturated.

A. Experimental method

Figure 3 shows a schematic diagram of the experimental
apparatus, composed of an ultrasonic transducer, a power
supply for magnetization, a coil for the bias magnetic field, a
square wave pulse generator, a sensing coil, and a signal
amplifier. A longitudinal ultrasonic wave was generated from
the ultrasonic transducer by signals from the pulse generator,

and was incident on the specimen at an angle of 60° from the
normal. The incident longitudinal ultrasonic wave propa-
gated on the surface of the specimen as a Rayleigh wave
accompanying a transverse wave. The induced emf due to
propagating waves was measured with a sensing coil. The
sensing coil was composed of a ferrite core of 1 mm in di-
ameter and 6 mm in length and a wire of 600 turns. The
separation between the ultrasonic transducer and the sensing
coil was 70 mm.

At the measuring point, the ac anisotropy magnetic field
H���� occurs by ac stress ���� by an ultrasonic wave �an-
gular frequency, ��. The following formulas define H���� as
a function of ����.5

H���� =
− 3�����cos2 �

I
, �1�

where I is magnetization and � is an angle of � and I.
H���� is compounded with the dc bias magnetic field

Hdc, and forms the magnetic field HS���. Therefore, the in-
duced emf by H���� in the measuring point changes depend-
ing on �, H����, and Hdc. If � and Hdc are known, the stress
state of an observation point can be estimated from the in-
duced emf.

B. Experimental results

Ni plates �length, 300 mm; width, 40 mm; thickness,
3 mm� were used as specimens for measurements. The sens-
ing coil was placed at the center of each specimen. The fre-
quency of the ultrasonic wave was 1 MHz.

Figure 4 shows the relation between the bias magnetic
field and emf for a specimen before and after heat treatment.
The annealing effect is clearly seen in the figure. The curve
before heat treatment shows a smaller peak and a larger
value of bias field at the peak position, in comparison with
the curve after heat treatment. In each case the specimen was
demagnetized before measurements, and consequently it is
suggested that the observed difference is caused by the pres-
ence and absence of residual stress. In general, specimens
before heat treatment have residual stresses, and stresses are
removed by heat treatment. It is predicted therefore that the
peak of the induced emf decreases and shifts toward higher
bias values with increasing residual stresses.

Figure 5 shows the bias magnetic field versus induced
emf characteristics for Ni plates heat treated and then rolled

FIG. 2. B-H curve �a� and magnetostriction curve �b� for a Ni rod.

FIG. 3. �Color online� Schematic diagram of experimental apparatus.

FIG. 4. Bias magnetic field vs induced emf curve for a Ni plate before and
after annealing.
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at different rolling rates �0%–2.27%� to increase the residual
stress gradually. The figure shows that the induced emf var-
ies with the bias magnetic field as a function of rolling rate.
The peak value of induced emf decreases with increases in
the rolling rate, while the value of bias magnetic field at the
peak increases. This shows that the observed change is due
to the increase of residual stress by rolling.

IV. CONCLUSIONS

A nondestructive testing method using the inverse effect
of magnetostriction generated by application of ultrasonic
waves has been proposed, which enables us to measure the
stress state in planar specimens with a relatively simple ap-
paratus. To measure the stress state in structures by this non-
destructive method and to predict possible failure regions
should be a very useful technique. The present apparatus will
be also useful as a simple system to measure the distribution
of magnetic moments in planar specimens.
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FIG. 5. Bias magnetic field vs induced emf curves for Ni plates with dif-
ferent rolling rates.
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