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~Presented on 6 January 2004!

This paper reports on results taken to validate the extension to the theory of the magnetomechanical
effect reported recently. This theory is based on a ‘‘law of approach’’ but the underlying equations
have been generalized to include linear and nonlinear terms which are analogous to those in the
well-known Rayleigh law of magnetization. It is shown that the generalized theory can be applied
to materials with negative magnetostriction, such as nickel, and that the stress dependent model
parameters can be determined from experimental measurements. It has been found that the results
show improved agreement with experimental observation compared with the more restricted
previous exposition of the model. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1687200#

INTRODUCTION

Development of an accurate model description of the
magnetomechanical effect becomes increasingly important in
the application of stress sensors using magnetostrictive ma-
terials and applications of magnetic measurements to evalu-
ation of stress in materials. One of the major challenges to-
day is to provide reliable models for nonlinear and hysteretic
effects in materials. The fundamental theory of the magneto-
mechanical effect is based on the ‘‘law of approach.’’1 This
has recently been refined by including a linear term in the
model equation, which relates to reversible changes in mag-
netization with stress, as described in a previous paper.2 Al-
though measurement of magnetomechanical effects in mate-
rials with positive magnetostriction had been performed
before, there are few experimental data on materials with
negative magnetostriction such as nickel that were taken to
examine the relationship between the magnetic induction and
stress under constant magnetic field.

Selection of model parameters for different materials
with positive or negative magnetostriction can be difficult.3

In order to verify the validity of the generalized model, a
series of experiments have been performed on nickel samples
which have different magnetostrictive properties. Both ex-
perimental and theoretical investigations on nickel samples
have been carried out as part of this study in order to deter-
mine the relationship between model parameters and mate-
rial properties. The experimental data have been used to
evaluate the generality of two aspects of the new model
theory, namely the model parameter determination and mag-
netomechanical effect simulation.

MODEL THEORIES OF MAGNETOMECHANICAL
EFFECTS

As shown previously, the effect of stress on the magne-
tization can be approximated as an effective field described
by

Hs5
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m0
S dl

dM D ~cos2 u2y sin2 u!, ~1!

wheres is the stress which is negative for compression and
positive for tension,l is the magnetostriction,M is the mag-
netization of the material,m0 is the permeability of free
space,u is the angle between the axis of the applied stresss
and the axis of the magnetic fieldH, andn is Poisson’s ratio.
Then the total effective fieldHeff including the stress contri-
bution is

Heff5H1aM1Hs , ~2!

wherea is a dimensionless mean field parameter represent-
ing interdomain coupling. In the isotropic limit, supposing
that applied stress and magnetic field are applied coaxially,
the stress dependence of the anhysteretic magnetization
curve can be determined based on the generalized Langevin
function as
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wherea5kBT/m0m in which kB is Boltzmann’s constant,T
is the temperature, andm is the magnetic moment of a typi-
cal pseudodomain. The choice of a function for the anhyster-
etic magnetization must depend on the details of the particu-
lar material chosen. The model using the above anhysteretic
magnetization equation, which applies to isotropic materials,
works satisfactorily for soft magnetic materials such as iron
and nickel. However other analytic anhysteretic functions are
possible.4

Based on the irreversible, reversible, and anhysteretic
components of magnetization, the differential equation for
the total magnetization is

dM
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whereE is the relevant elastic modulus,c is the reversibility
coefficient,M irr presents the irreversible component of mag-
netization,« is the rate of approach parameter which has
been defined previously,1 andh is a coefficient which repre-
sents the reversible change in the magnetization with the
action of a stress.5 In this work, Eq.~3! has been used for
modeling of anhysteretic magnetization and Eq.~4! has been
used for modeling the stress dependence of magnetization.

EXPERIMENTAL PROCEDURES

Hysteresis loop and magnetization versus stress mea-
surements were made on samples under various applied
stresses within the elastic limit using a servohydraulic In-
stron mechanical testing system. The samples used for these
measurements were nickel rods 140 mm in length and 8 mm
diameter. All the measurements were conducted within the
elastic limit in order to ensure a completely reversible me-
chanical process. An initial measurement was carried out to
obtain the stress–strain curve for the material and for the
purpose of obtaining preliminary hysteresis data under both
tensile and compressive loading conditions. During the mea-
surement the sample was magnetized using a solenoid. The
magnetic fieldH was measured using a Hall sensor mounted
on the sample surface. The output of a search coil wound on
the sample was integrated to obtain the hysteresis loop. Mag-
netostriction was measured using strain gauges mounted on

the sample surface. The stress–strain curve of the sample
was also measured to determine the mechanical properties
such as the Young’s modulus for use in the simulations.

RESULTS AND DISCUSSION

The experimental data include hysteresis parameters
such as the coercivity, remanence, initial permeability, and
maximum differential permeability. Stress-induced changes
in magnetization were calculated using the improved model
equation. The theoretical parameters were determined from
measured hysteresis loops and magnetostriction curves under
various applied stresses using the previously published inver-
sion algorithm.6 Hysteresis loops were modeled under zero
stress levels using different sets of parameters for both as-
received and annealed nickel samples.

Good agreement was observed between the experimental
and modeled hysteresis loops in the low field regime~that is
at field strengths below the coercive field!. But the modeled
hysteresis curves also showed deviations from the experi-
mental results in particular at the knee of the hysteresis
loops. A possible explanation is that at the knee of the hys-
teresis loop the magnetization reversal processes involve
mainly reversible rotation of domain magnetization towards
the applied field, as indicated by the small hysteresis in high
field regime of the experimental loops.7

FIG. 1. Magnetic inductionB vs stress curve for as-received nickel sample
at a field of 1 kA/m along the initial magnetization curve. The nickel sample
was subjected to 200 MPa first and then reduced to 0 MPa.MS

5530 000 A/m,a56500 A/m, k52700 A/m, a50.036,c50.1.

FIG. 2. Magnetic inductionB vs stress curve for annealed nickel sample at
a field of 1 kA/m along the initial magnetization curve. The nickel sample
was subjected to 50 MPa first and then reduced to 0 MPa.MS

5530 000 A/m,a5400 A/m, k5600 A/m, a50.0009,c50.4.

FIG. 3. Magnetic inductionB vs stress curve for as-received nickel sample
at a field of 1 kA/m along the initial magnetization curve. The nickel sample
was subjected to2200 MPa first and then reduced to 0 MPa.MS

5530 000 A/m,a56500 A/m, k52700 A/m, a50.036,c50.1.

FIG. 4. Magnetic inductionB vs stress curve for annealed nickel sample at
a field of 1 kA/m along the initial magnetization curve. The nickel sample
was subjected to250 MPa first and then reduced to 0 MPa.MS

5530 000 A/m,a5400 A/m, k5600 A/m, a50.0009,c50.4.
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Figures 1 and 2 show the measured and modeled com-
parison for the as-received and annealed nickel under tensile
stress. For the initial part of the magnetization curve, the
modeled results show good agreement with the experimental
observations both for as-received and annealed nickel
samples. But along the reverse part of the curve of annealed
nickel the model calculations did not agree so well with the
measured results.

Similar results for the compression test on the as-
received and annealed nickel samples were obtained follow-
ing the same method in Figs. 3 and 4. It can be seen that
better agreement between theory and experiment was ob-
tained.

CONCLUSIONS

A modification of the ‘‘law of approach’’ for the magne-
tomechanical effect was achieved by taking into account
both linear and nonlinear terms. In order to verify the gener-
ality of the improved model, a series of experiments were
made on two different nickel samples. The new model equa-

tion gave results that were better agreement both qualita-
tively and quantitatively with observations. However, the
model did not reproduce the experimental results accurately
in all of the situations examined and further refinement of the
model may still be needed.
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