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In the present work, a detailed thermodynamic consideration for the magnet-
ic free energy of the composite material consisting of the ferromagnetic pow-
der particles embedded into a polymer matrix is given. We estimate their
magnetostatic interaction energy and its dependence on the microscopic dis-
tribution of the magnetization and the magnetic field in the composite mate-
rial. We also define the hydrostatic component of the mechanical force devel-
oped in a composite and the volume change effect caused by the magnetostat-
ic interactions in such composites.
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B maniii poboTi gaeThed AeTaJbHA TEPMOAUHAMIUHA aHATi3a MarHeTHOI BiabHOL
eHeprii KOMIIOBUTHOTO MaTepPisaay, 0 CKJIaZaeTheA 3 hepoOMarieTHUX IIOPOIII-
KOBUX YACTHUHOK, BTiJIeHUX y IPYKHIO IIOJiMepHY MaTpUIlio. Mu g1aeMo OIfiH-
Ky iXHBOI eHeprii MarseTHoOl B3aeMozii Ta ii 3aJeKHiCTh BiJl MiKPOCKOIIiYHOTO
pOsIoMisly HaMarHeTOBAHOCTHY Ta MATrHETHOTO IIOJA BCepeAuHi KOMITO3UTHOTO
Marepisanay. Mu TakoK BU3HAYAEMO TiAPOCTATUUYHY KOMIIOHEHTY MEXaHiuHUX
HAIIPYKEHb, 110 PO3BUBAIOTLCI Y KOMIIO3UTi, Ta epeKT 3sMiHMN 06’eMy, 3YMOB-
JeHUII MarHeTOCTATUYHOIO B3a€EMOI€I0 MOPOIIKOBUX YACTUHOK Y TAKUX KOM-
MO3UTaX.
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B nanno# paboTe maércsa geTalbHBINA TePMOINHAMUYECKUI aHAIN3 MATHUTHOMN
CBOOOIHOI SHEPTUY KOMIIOSUTHOTO MaTepuajia, KOTOPbBIH cocTouT u3 Geppo-
MATHUTHBIX IIOPOIIMKOBBIX UACTHIL, BHEAPEHHBIX B YIIPYT'YIO HOJUMEPHYIO MaT-
puny. MbI 1aéM OIlEHKY WX 9HEePruyd MATrHUTHOI'O B3aUMOIEHCTBUSA U €€ 3aBU-
CUMOCTHA OT MHKPOCKOIIMYECKOrO paciipelesieHus HaMarHMYeHHOCTH W Mar-
HHUTHOTO TOJIS BHYTPM KOMIO3UTHOrO MaTepuaja. MBI TaK:Ke omIpeaeiseM
TUAPOCTATUYECKYI0 KOMIIOHEHTY MeXaHWUYEeCKUX HaINpPAKeHNI, KOTOphle pas-
BMBAIOTCA B KOMIIO3UTE, 1 9PPEeKT uamMeHeHuA 06 bEMa, 00yCIOBIEHHBIN Mar-
HUTOCTATHYECKNMU B3aMMOAENCTBUAMI HMOPOIIKOBBIX YACTHUI[ B TAKUX KOM-
IO3UTaX.

KaroueBble caoBa: MarHUTOMEXaHUUYECKUH o(PHEKT, MarHUTOCTPUKIIUA,
yIpyrue IoJauMepsl, heppOMarHUTHLIE IOPOIIIKY, KOMIIO3UTHBIE MATEPUAJILI.
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1.INTRODUCTION

In the last years, the study of heterogeneous materials consisting of
magnetic micro- and nanoparticles imbedded into a nonmagnetic ma-
trix has been increasing due to its importance for understanding mi-
cromagnetic interactions in these systems as well as for possible appli-
cations[1, 2]. When the magnetic particles are magnetized and the ma-
trix material is elastic, an elastic magnet is obtained. This material
may exhibit elastomagnetic effects [3, 4], and it can be used for sensors
and actuators [5, 6]. In order to have optimum performances for the
mentioned applications, the material must have a high content of mag-
netic particles.

During these years, several different materials were tested: magne-
toelastic composite with the filling particles made of magnetostrictive,
hard or soft ferromagnetic material [7, 8]. Some possible applications
in the airplane and car industries as actuators or antifriction compo-
nents [9], heat-shrinkable elastic ferromagnets with the variable mag-
netic and conductive properties [10] were discussed. Those papers were
dealing with a similar kind of materials and focusing on the theoretical
and experimental correlation of the material elasticity with its mag-
netic behaviour.

In particular, they analysed a composite of particles uniformly dis-
persed inside the matrix material: a) the particles having an asymmet-
ric shape, preferably with a main anisotropy axis; b) the particles,
which were soft ferromagnetic or small permanent magnets; c) the
composites having an elastic behaviour, due to the matrix properties,
up to a relative deformation. In these conditions, a strong coupling
acts between magnetization axis and the main shape anisotropy axis of
the particles. Therefore, a change of the magnetizing field along an
axis different from the easy magnetization one gives a rotation of the
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particles due to the mechanical torque, in order to align the magnetic
moments with the applied field [4]. The macroscopic effect of these lo-
cal rotations can be a deformation of the whole material. The inverse
effect [11] consists in the change of magnetization axis due to a defor-
mation of the elastic material. As an example, an elongation of the
elastomagnetic material produces a rotation of each particle and a con-
sequent rotation of its magnetic moment because it is strongly coupled
with the particles geometry. This also gives a variation of the magneti-
zation component along the elongation axis. In conclusion, the inverse
elastomagnetic effect can be used to have a strain sensor detecting de-
formation by means of the induced magnetization changes at constant
temperature and magnetizing field [3, 12, 13].

A general target of the present work is to produce a detailed ther-
modynamic consideration for the magnetic free energy of the compo-
site material consisting of the ferromagnetic powder particles embed-
ded into a polymer matrix. We estimate their magnetostatic interac-
tion energy and its dependence on the microscopic distribution of the
magnetization and the magnetic field in the composite. We also define
the hydrostatic component of the mechanical force and the volume
change effect caused by the magnetostatic interactions in such compo-
sites.

2. MAGNETIC FREE ENERGY, MAGNETIC FORCES, AND STRAIN
EFFECT IN POLYMER COMPOSITES CONTAINING
FERROMAGNETIC PARTICLES

Generally, the magnetic forces can be produced in any ferromagnetic
material when it magnetizes. Everything depends on the fact, if the
material is deformable and if the magnetic free energy per unit volume
F™*8(h, ¢) is dependent not only on the external magnetic field h, but
also on the strain of the material €. Here, we have defined the magnetic
free energy to be zero at h = 0. So, it represents only a magnetic part of
the total free energy of the material F"*¢(h, €) = F(0, &) + F**¢(h, €). In
such a case, both the macroscopic magnetization of the material m(h, €)
and the field-induced magnetic forces ¢™*(h, €) can be represented on
the basis of the general thermodynamic relationships as follows:

mmag(h,s)=—%Fmag(h,e)j . 6™ (h,¢) =—[§;Fmg(h,s)j Y

h

In absence of the magnetic field, any deformable material can be
strained elastically or unelastically applying the external mechanical
load o. In that case, the strain response of the material can be repre-
sented by its zero-field stress—strain relationship ¢ = ¢°(¢). In general
case, when both the mechanical forces and the magnetic ones are ap-
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plied, they work altogether simultaneously, and a corresponding
strain effect can be found from the following force balance equation:

o + o™ (h, o) = 6°(¢). (2)

So, in two partial cases o = 0 and h = 0, we obtain very similar relation-
ships:

o™ (h,¢) = 6°(¢) and o =c°(¢), (3)

where the first one defines implicitly the magnetic-field-induced
strain (MFIS) effect in a particular ferromagnetic material, which is
generally dependent both on its magnetic properties and also on the
mechanical behaviour of the material represented by its zero-field
strain—stress relationship o = 6°(¢). For instance, in the ordinary mag-
netostrictive materials, it is given by a well-known linear and com-
pletely reversible Hook’s law. In other recently discovered large MFIS
systems like ferromagnetic shape-memory NiMnGa alloy, the straining
mechanism is not elastic and based on the field-induced twinning oc-
curring in these systems.

3. HYDROSTATIC MAGNETIC FORCES AND VOLUME CHANGE
IN POLYMER COMPOSITES CONTAINING FERROMAGNETIC
PARTICLES

Here, we will apply the previously discussed idea to understand what
the hydrostatic magnetic forces can be developed in systems consisting
of the multiple ferromagnetic particles imbedded into some elastically
soft polymer matrix and what the volume changes can be expected in
similar materials.

For that, we introduce the total magnetic free energy F of such a
composite system of a volume V and containing totally the volume V,,
of all ferromagnetic particles randomly distributed in the polymer ma-
trix. We also assume that the saturation magnetization M, of the bulk
ferromagnetic material per its unit volume is known and that the satu-
ration magnetization of each particular is the same.

In that case, F(V, V,,, h) can be represented in the following general
form:

F(WV,V ,h)=VEF, (%, hJ =VF (z,h), 4)

where F,(z, h) is the magnetic free energy per unit volume of the com-
posite, h is the external magnetic field, and z=V,/V is the volume
fraction of the ferromagnetic material in the composite. This gives us
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the possibility to define the hydrostatic pressure developed in a mag-
netic field as follows:

P (z,h) = a%(VFm [%hn =F (zh) - z(a—i F (2 h)j . (5)

We can also define the magnetization per unit volume of the composite
material accordingly:

0 v, 0
M(z,h) = —E(Fm (thv == (F,(2,h)), . (6)

4. MAGNETOSTATIC ENERGY IN POLYMER COMPOSITES

Generally, the total magnetic free energy of a composite material F
containing N ferromagnetic particles magnetized to its full saturation
consists of the Zeeman’s and magnetostatic (demagnetizing) energy
contributions. It can be represented as follows:

N
F=->v, (hmp+%hpmpj. (7

p=1

Here, v, are the particle volumes, m, =M _e,—their local magnetiza-
tions all fully magnetized parallel to the external magnetic field h, and
h, is the local demagnetizing field averaged over the particle volume.

The local demagnetizing field is produced by the surface magnetic
charges induced both at the external surface of the composite material
and at the particle interface, where normal magnetization components
have jumps. Therefore, it can be written in the following manner:

h, = -47Dm — 47D, (m, — m), (8)

where m, = M e,, m is the macroscopic magnetization of the fully satu-
rated composite material:

1 N N
mz—ZvaP =zMe,, V, =ZUP. 9)

V P=1 P=1
Here, D, D, are the demagnetizing matrices representing both the
composite material and the ferromagnetic particle dependent only on

their shapes. So, finally, for the magnetic free energy per unit volume
of the composite material, we obtain:

F (z,h) = %475(5})2 +(D - D,;)2*)(M,)* — zM h. (10)
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Here, D, D, are the components of the demagnetizing matrices par-
allel to the external magnetic field applied. It is important that D, is
defined as the average demagnetizing factor of the ferromagnetic par-
ticle system:

_ 1 N N
D, =—>v,D,, V, =Y v,. (11)
Vm P=1 P=1

In particular, it means that, if all the particles are randomly oriented,
then their average demagnetizing factor must be equal D, = 1/3 even
if all of them are not really the spherical ones. In other words, the fer-
romagnetic material distribution in the polymer matrix is statistically
isotropic in this case.

Using Egs. (5) and (10), one can also obtain the magnetic pressure:

P(z,h) = —%4n(D - D,)z*M?. (12)

The corresponding calculation results are represented in Fig. 1.

As follows from these results, the maximal magnetic force, which is
achieved in the completely saturated composite samples with the ran-
domly oriented particles, is strongly dependent on the volume fraction
of the ferromagnetic material and the demagnetizing factor of the
composite samples. It may have different signs as the demagnetizing

P(2)/P, = (D — D,)z?

0.6 Do

.1 Dp=1/3 Py = 2n(M,) =0
aF 1 D=0
Ol D=0.
P

QO 4 D=0
S 024 —
k=) : /D:O.f
g2 ] ————D=04
£ =S ————
g ] o ——D=0.1

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction z

Fig. 1. Dependence of the magnetic pressure developed in a fully saturated
composite containing the randomly oriented ferromagnetic particles at the
different demagnetizing factors D of the composite samples.
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factor changes within the range 0 < D < 1. In case D = 0 (the sample is a
long cylinder parallel to the magnetic field), the magnetic force will
produce a compression effect. In the other case D = 1 (the sample is a
thin plate aligned perpendicular to the magnetic field), the magnetic
force will cause an extension. A general characteristic scale of the
magnetic forces is defined by the material constant P, = 2n(M,)* pro-
portional to the saturation magnetization squared.

5. STRAIN EFFECT PRODUCED BY MAGNETIC FORCES

As follows from Eq. (3), the relative volume change must be propor-
tional to the magnetic force developed in a composite material and re-
verse proportional to its effective bulk elastic modulus C(2).

%V — ¢ (zh) = K@)P(,h), K(2)=(C@) " (13)

Here, K(2) is obviously a bulk elastic compressibility of the composite
material. As follows from the mechanical testing experiments shown
in Fig. 2, the elastic moduli of the polymer composites containing the
rigid powder particles are strongly dependent on its volume fraction.
These results indicate that the bulk elastic modulus is sharply goes
up as the volume fraction of rigid particles increases so as the com-
pressibility decreases approximately linearly. Therefore, for some
practical reasons, we can use a following simple linear model for the

8
Experiment
6 ® C(2)C,
O K(2)K,

= Model
g (1 - 1.52z)1
g4 ——1-1.522
<
=
w1
=
€3]

T T T T T T T T T T
0,0 0,1 0,2 0,3 0.4 0,5 0,6
Volume fraction z

Fig. 2. Fraction dependence of bulk elastic modulus and elastic compressibil-
ity.
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elastic compressibility:
K()=K,1-2). (14)

It means that only the compressibility of polymer matrix K, gives a
contribution into K(z) proportional to its volume fraction (1 — 2). So,
finally, we obtain the field induced volume effect:

€, (2, h) = —2nK (M,)*(D - D,)z*(1 - 2). (15)

It is strongly dependent on both the sample and ferromagnetic parti-
cle shapes represented by the difference between their demagnetizing
factors. It is also strongly dependent on the volume fraction of ferro-
magnetic material. The general scale of the field-induced effects is de-
fined by the material constant proportional to the elastic compressibility
of the polymer and squared saturation magnetization of bulk ferromag-
netic material. The fraction dependent factor has a maximum at the vol-
ume fraction at about z=2/3. These final results are shown in Fig. 3.

6. CONCLUSIONS

The magnetic free energy of the composite material consists of the
magnetostatic energy of separate ferromagnetic powder particles,
their magnetostatic interaction energy, and the Zeeman’s energy. It is
strongly dependent on the volume fraction of magnetic powder and the

0104640 /€y = (D — D,)22(1 — z) _P=10
1D,= 1/3; 2= 2n(M)*/Cy~_D=09
0.08- / R
0.06 /// ,
1 o //
5 0-04 g
= //
= 0.02- -
K 1 )
S 0.004 -
-0.02- - T
1 - \‘\_v
~0.04+ a_
-0.06 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3. Elastomagnetic volume change effect and its dependence on the volume
fraction of ferromagnetic powder and demagnetizing factor of the composite
sample.
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magnetic field applied.

Both the macroscopic magnetization and the hydrostatic magnetic
forces can be obtained from the magnetic free energy as functions of
the volume fraction and the magnetic field applied by using the general
differential thermodynamic relationships.

The micromagnetic model of the polymer composite consisting of
the ferromagnetic powders and elastically soft polymer matrix devel-
oped here has given the expression for the magnetostatic energy and
the magnetic forces as functions of the volume fraction, magnetic field
and the macroscopic demagnetizing factors of the composite samples.
It has given a possibility to estimate the maximal field induced strain
effect and its dependence on the volume fraction of the ferromagnetic
material.

The experimental study of the elastic moduli of the polymer compo-
sites containing the different volume fraction of powder particles has
shown its strong dependence on the volume fraction of powder. One
can use these results to estimate the fraction dependence of the field
induced strain effect, its dependence on the volume fraction of the fer-
romagnetic material, and its maximal value.

Finally, we have concluded that the field induced volume effect is
strongly dependent on the sample and ferromagnetic-particle shapes
represented by the difference between their demagnetizing factors. It
is also strongly dependent on the volume fraction of ferromagnetic ma-
terial. The general scale of the field-induced effects is defined by the
material constant proportional to the elastic compressibility of the
polymer and squared saturation magnetization of bulk ferromagnetic
material. The fraction dependent factor has a maximum at the volume
fraction at about z=2/3.

This work has been supported by Science Technology Centre of
Ukraine (Project No. 5522).
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