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Magnetoelastic Villari Effect in Ferrite Materials for Force
and Stress Sensors Working in Low Magnetizing Field Region
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The following paper presents the original results of investigation on the magnetoelastic properties of ferrite
materials magnetized in low field region, which could be utilized in development of force and stress sensors.
The objects of investigation were two ferrite materials (manganese–zinc Mn–Zn and nickel–zinc Ni–Zn). The
magnetoelastic characteristics of the materials were investigated with the special measurement system, allowing
measurement of magnetic parameters of the ferrite materials magnetized with low fields under the influence of the
compressive stress. The obtained results indicate that there is a strong correlation between the magnetic properties
of the material in low magnetizing field region, and applied mechanical stress, which allows development of the
magnetoelastic stress or force sensor with ferrite core working in low magnetizing field region.
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1. Introduction

Metal-oxide materials known as ferrites are one of
the most important groups of ferromagnetic materials in
modern technology and science. They are often utilized
as ferromagnetic cores for many inductive components
in electronics including transformers, filters, chokes, etc.
Ferrites are ceramic materials chemically composed of
iron oxide Fe2O3 and one or more metallic elements
(manganese, nickel, zinc, etc.) [1]. They are classified
as ferrimagnetics, so their atoms are organized within
two crystal sublattices exhibiting opposing magnetic mo-
ments. These atomic moments are not equal and they do
not compensate each other completely, so the material
still exhibits spontaneous magnetization, unlike antifer-
romagnetic.

The magnetoelastic Villari effect is a physical phe-
nomenon involving changes of the magnetic properties of
the ferromagnetic (or ferrimagnetic) material under the
influence of the external mechanical stress [2–4]. This
creates the possibility of ferrite materials utilization in
measurements of mechanical force or stress. However,
previous researches in this field were performed with high
magnetizing fields, in saturation region [5]. It is very in-
teresting to study the behaviour of ferrite materials un-
der the influence of mechanical stress in low magnetizing
fields. From the point of view of sensorical application,
reduction of the amplitude of magnetic field magnetizing
the core could result in significant reduction of the energy
consumption of the sensor.

The following paper presents the results of studies on
the magnetoelastic properties of ferrite materials in the
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region of low magnetizing fields, known as the Rayleigh
region, where magnetic characteristics of the material
could be approximated with second degree polynomial
equation.

2. Rayleigh law of magnetization
The Rayleigh law of magnetization was developed by

British physicist lord John Rayleigh in 1887 [6]. Rayleigh
discovered that for low magnetizing fields, significantly
lower than coercive field in saturation region, the depen-
dence between magnetic flux density B and magnetizing
field H during the initial magnetization could be approx-
imated with the second degree polynomial equation know
as the Rayleigh law of magnetization [6]:

B(H) = µ0µiH + µ0αRH
2, (1)

where two material coefficients: initial magnetic perme-
ability µi and Rayleigh coefficient αR are introduced and
µ0 is magnetic permeability of free space.

The initial relative magnetic permeability µi is a pa-
rameter characterizing the reversible elastic deflections of
the magnetic domain walls [7] resulting in linear changes
of magnetic flux density Bunder the influence of mag-
netizing field H. The Rayleigh coefficient αR describes
the irreversible translations of the domain walls, which
results in nonlinear changes of magnetic flux density B
and is the source of magnetic hysteresis phenomenon in
the Rayleigh region.

The magnetic hysteresis loop in the Rayleigh region
(so-called Rayleigh loop) exhibits characteristic lenticular
shape, which could be approximated with two intersect-
ing parabolic curves described by the system of equations

B(H) = µ0

[
(µi + αRHm)H ± αR

2
(H2

m −H2)
]
, (2)

where Hm is the amplitude of magnetizing filed. Inter-
section points of the parabolic curves are vertices of the
Rayleigh loop.
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On the basis of previous researches [8] it may be
expected that material coefficients introduced in the
Rayleigh law of magnetization will be affected by the
mechanical stress applied to the certain volume of the
ferrite material. Thus, changes of the coefficients values
can be utilized in force or stress measurement.

3. Object of investigation

The objects of investigation were two metal oxide ma-
terials exhibiting ferrimagnetic properties. The first one
was based on manganese and zinc (Mn–Zn) and the sec-
ond one was based on nickel and zinc (Ni–Zn). The chem-
ical composition and basic physical and magnetic prop-
erties of the materials are presented in Table I. Magnetic
parameters of the materials were measured for high mag-
netizing fields in the saturation region.

TABLE I

Chemical compositions of the investigated
ferrite materials (A — Mn0.58Zn0.36Fe2.06O4,
B — Ni0.36Zn0.67Fe1.97O4) and their magnetic
parameters measured in the saturation region.

Material A B
average density [mg/m3] 4.74 5.05

maximum magnetic
flux density [T]

0.320 0.260

coercive field [A/m] 35 95
magnetic remanence [T] 0.110 0.087

initial magnetic
permeability

1500 250

magnetostriction [µm/m] –0.31 –2.04

Both materials were formed into frame-shaped sam-
ples. Each sample had two symmetrical columns, on
which magnetizing (10 turns) and sensing (40 turns) coils
were wound. The shape of the sample allowed to obtain
closed magnetic circuit within the material and nearly
uniform distribution of applied mechanical stress in the
columns of the sample.

4. Measurement system

During the performed experiment, special digitally
controlled measurement system was used. The schematic
block diagram of the system is presented in Fig. 1. The
setup is composed of two subsystems: system for inves-
tigation of magnetic characteristics of ferromagnetic ma-
terials and system for mechanical stress generation.

As a source of mechanical stress, acting on the sample,
the oil hydraulic press was utilized. The force generated
by the press is measured with strain-gauge force sensor.
The results are transmitted to the PC, where value of
stress acting on the sample is calculated.

The measurement system for investigation of magnetic
characteristics of ferromagnetic materials is described in
detail in [9]. It is composed of PC with data acquisition

Fig. 1. Schematic block diagram of the measurement
system.

card (DAQ) installed. The sinusoidal magnetizing wave-
form is generated by DAQ as voltage signal and then con-
verted into current waveform with bipolar voltage con-
trolled current source. The current waveform is driving
the magnetizing coil, which results in generation of sinu-
soidal magnetizing field acting on the sample. As a re-
sult of magnetization process, the magnetic flux density
within the material is changing, which leads to induction
of voltage in the sensing coil. On the basis of obtained
voltage waveform, the fluxmeter Lakeshore 480 is mea-
suring the magnetic flux density within the material. The
results are transmitted to the PC.

5. Experimental results

Each of the investigated samples was subjected to the
compressive stress σc of value from 0 MPa to 100 MPa.
For each value of applied stress, the initial magnetiza-
tion curve in the Rayleigh region and family of several
Rayleigh loops were measured. The selected Rayleigh
loops of investigated materials for constant amplitude of
magnetizing fieldHm and different values of applied com-
pressive stress σc are presented in Fig. 2 and Fig. 3.

As it can be observed, for both investigated materials
the hysteresis loops exhibit lenticular shape character-
istic for the Rayleigh region. For Mn0.58Zn0.36Fe2.06O4

ferrite constant decrease of the maximum magnetic flux
density Bm and the surface area of hysteresis loop with
the increase of applied compressive stress σc is clearly
seen, especially for high values of stress. In case of
Ni0.36Zn0.67Fe1.97O4 material, the initial increase of Bm

and surface area of the loop occurs up to about 20 MPa
of compressive stress σc. This value of σc corresponds
to the so-called Villari point [2], which is the maximum
point on the Bm(σc) characteristic and is connected with
the change of sign of the magnetostriction coefficient un-
der the influence of stress [10]. In Mn–Zn ferrite this
phenomenon is not observable due to the very low ini-
tial value of magnetostriction coefficient being only –
0.31 µm/m (Table I), so eventual increase of Bm would
occur for very low value of applied stress, which was not
measured. The observation of Villari point is possible due
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Fig. 2. Selected Rayleigh loops of
Mn0.58Zn0.36Fe2.06O4 ferrite material for amplitude of
magnetizing field Hm = 25 A/m.

Fig. 3. Selected Rayleigh loops of Ni0.36Zn0.67Fe1.97O4

ferrite material for amplitude of magnetizing fieldHm =
50 A/m.

to the consistent direction of the vector of magnetizing
field and the axis of applied mechanical stress σc.

On the basis of measured initial magnetization curves
and the Rayleigh loops, the values of material coefficients:
initial magnetic permeability µi and the Rayleigh coef-
ficient αR were designated for each value of compressive
stress σc applied to the sample.

Fig. 4. Dependence of: (a) initial magnetic perme-
ability µi and (b) Rayleigh coefficient αR on σc for
Mn0.58Zn0.36Fe2.06O4 material (lines are polynomial ap-
proximations of the characteristics).

Figures 4 and 5 present the results of measurement of
the material coefficients on the value of applied compres-
sive stress σc approximated with polynomial curves.

For both investigated materials, the behaviour of ini-
tial magnetic permeability µi under the influence of com-
pressive stress σc is similar. For high stress, there is a
significant decrease of the value of µi. The Villari point
being maximum value of presented characteristic is ob-
servable only for Ni–Zn material (Fig. 5a). As it was
explained before, for Mn–Zn material the Villari point is
not seen due to the low value of magnetostriction coeffi-
cient. However both characteristics presented in Fig. 4a
and Fig. 5a are generally similar.

On the other hand, significant differences are visible
in characteristics of the Rayleigh coefficient αR depen-
dence on the applied stress σc. The changes of αR in
Mn–Zn material are definitely stronger than in Ni–Zn
one. In both materials the maximum of αR(σc) charac-
teristic is not located in the Villari point, but occurs for
slightly higher stress. For Ni–Zn ferrite there are two
points about 30 MPa and 40 MPa, which exhibit sig-
nificantly lower values than neighbouring points. This
situation is probably the result of measurement inaccu-
racy, as it is relatively hard to properly measure such low
values of magnetic flux density as in the Rayleigh region.
The mentioned points may also result from some kind of
unidentified changes in the materials structure.



Magnetoelastic Villari Effect in Ferrite Materials for Force and Stress Sensors. . . 1059

Fig. 5. Dependence of: (a) initial magnetic perme-
ability µi and (b) Rayleigh coefficient αR on σc for
Ni0.36Zn0.67Fe1.97O4 material (lines are polynomial ap-
proximations of the characteristics).

6. Conclusions

In the paper the original results of investigation on
magnetoelastic properties of Mn–Zn and Ni–Zn ferrite
materials are presented. The measurement data indicate
that there is a strong correlation between magnetic pa-
rameters of the ferrite material in low magnetizing fields
and mechanical stress applied to it.

Comparing the two investigated materials it may
be observed that their behaviour under the influence

of compressive stress is generally similar. However there
are several differences in the presented characteristics of
the materials, especially in the dependence of Rayleigh
coefficient on the applied stress. This may be the result of
the imperfection of measurement methodology and fur-
ther research should be carried out in order to validate
the obtained results.

The results obtained during the investigation indicate
that there is a possibility to utilize the ferrite materials
for magnetoelastic cores of force and stress sensors work-
ing in low magnetizing field region.
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