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ABSTRACT 
The first part of this paper is presents a method for producing the composite which shows ferromagnetic, highly-elastic 
and electrically-conducting properties. This composite consists of ferromagnetic particles of the size 0.15-0.25 mm 
made of the chemically pure iron. The mentioned particles were dispersed in the elastic porous silicone the matrix with 
pores of the size 0.15-0.25 mm. Colloidal graphite particles of the size not exceeding 0.5 µm were added to the matrix 
to increase electrical conductivity. The production method consist in mixing particles of iron, graphite and sodium 
chloride with non-polymerized silicone and rinsing salt particles by water after the matrix polymerization. In its second 
part the paper provides a description of the measurement system for longitudinal magnetostriction and the Hall voltage. 
The magnetic field with the induction of ± 8 T produced by the Bitter type magnet was applied to the composite samples. 
The supplying voltage was applied to these samples and the Hall voltage was measured at the electrodes glued to them. 
The longitudinal magnetostriction was measured by means of the capacitor with a variable capacity placed at the upper 
surface of these samples. The linear magnetostriction exceeding ± 6 % and the Hall voltage reaching ± 5.5 nV were 
detected by the conducted measurements. Both the longitudinal magnetostriction and the Hall voltage show nonlinear 
changes and hysteresis lopes during the magnetic field application and the supplying current flow. The coupling of 
these changes and other regularities observed in the investigated composites and especially their non-linearity and 
hysteresis, are discussed in the final part of the paper. 
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1. Introduction 
The mechanism of magnetostriction involves the changes 
in the dimension of the magnetized body as a result of 
its magnetization when placed in the external magnetic 
field [1,2]. The Hall effect refers to the potential differ-
ence on the opposite sides of an electrical conductor 
through which an electric current is flowing, created by 
a magnetic field with induction perpendicular to the cur-
rent flow [3,4]. In normal conductors each of these phe-
nomena appears to occur independently and thus is dis-
cussed independently. The paper aims to present both 
the measurement results of the longitudinal magne-
tostriction and the Hall voltage. These measurements 
have been obtained using the samples of elastic porous 
ferromagnetic composite. 

2. The Preparation of Samples 
For the measurements, the samples in a cuboid shape, 
size: 35 mm long, 21 mm wide, and 21 mm high, were 
used. The sample dimensions in horizontal cross-section 

were restricted by the Bitter magnet aperture. The mag-
net with the 43 mm aperture was used to create a mag-
netic field. The width-to-length ratio of 5:3 of a sample 
measuring approximately 35 by 21 mm, was assumed. 
The structure of the samples produced is presented in the 
cross-section in Figure 1 [5]. Prior to the sample produc-
tion, the composites containing ferromagnetic particles of 
chemically pure iron, size 0.15-0.25 mm, as well as the 
particles of colloidal graphite of the size not exceeding 
0.5 µm, were produced first. The pores in the samples 
were produced through resolving and rinsing sodium 
chloride grains of the size 0.15-0.25 mm. The particles of 
iron and sodium chloride of desirable sizes were obtained 
as a result of grinding and sieving. 

In order to produce the composites, chemically pure 
particles of iron, sodium chloride particles and colloidal 
graphite particles were measured in appropriate propor-
tions. The quantity of the particles used for the mixture 
was determined by the filling factor ps [6,7]. The filling 
factor is defined as the ratio of the volume of a given  
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Figure 1. Structure of the elastic, porous, ferromagnetic com- 
posite presented in cross section: 1—particle of chemically 
pure iron with dimensions 0.15-0.20 mm, 2—particle ofcol-
loidal graphite with dimensions not exceeding 0.5μm, 3— 
pore with dimensions 0.15-0.20mm, 4—silicone matrix 

component Vs to the total composite volume Vk, which 
can be expressed by the general formula: 

s
s

k

Vp
V

=                    (1) 

The volumes of particles were mixed together for 15 
min. 

A bonding substance was added to the mixture which 
constituted the composite matrix. The substance con-
tained non-polymerized silicone available commercially 
as the adhesive/sealing mass. The silicone has a gel con-
sistency and is sold in hermetically sealed tubes as it 
contains polymerization initiator which is easily acti-
vated by atmospheric air. The particles were mixed with 
a measured quantity of silicone for 20 min. The mixture 
obtained in the process was formed into cuboid shape at 
the above mentioned sizes. 

The cuboids which were obtained from the mixture 
were left to remain at the temperature of 20 ºC for 48 
hours, during which time a complete polymerization of 
silicone occurred. Subsequently, pores were produced 
through resolving and rinsing sodium chloride. To obtain 
this effect, the cuboid was submitted to the water flux 
and was periodically kneaded with hands. The successive 
resolution and rinsing of sodium chloride were conducted 
for 3 hours. Following the process of pore formation the 
samples obtained in the process were dried up in the flux 
of hot air produced by the supercharger at the tempera-
ture of 35 ºC. 

3. The Measurement System 
The way of establishing connections between the com-
posite sample and the measurement process is outlined in 
Figure 2. In the centers of the two opposing walls which 
make squares at 21 mm at one side, the ends of wires a-a 

 
Figure 2. Preparation of the connections of sample to meas-
urements: a-a—ends of the supply Voltage wires, b-b—ends 
of wires for the Hall voltage measurement, c—pad made 
ofTeflon, d—movable capacitor plate, e—immovable ca-
pacitor plate, f-f—ends of capacitor plates 

were glued as a means for supplying voltage. Impacted 
by the voltage activity, an electric current flowed through 
the sample causing the Hall effect. To glue the ends, gra- 
phite glue composed of colloidal graphite and non-po-
lymerized silicone was applied for better contact and 
conductivity, with a volume filling factor for graphite of 
0.6. 

Then, in the centers of the two opposite sides making 
rectangles of 35 by 21 mm at the sides, the ends of wires 
b-b were glued for measuring the Hall voltage. The same 
graphite glue was applied to attach the ends. At the top of 
the sample, the pad c made of 1 mm thick Teflon, was 
applied to the sample with a pure non-polymerized sili-
cone. An electrode d in the form of a rectangular strip of 
copper foil was also glued with pure silicone. 

The electrode consisted of a movable plate of the con-
denser with a variable capacity, which was employed to 
measure magnetostriction [8]. Non-movable plate e of 
the condenser was a rectangular strip of copper foil of the 
identical size as the movable plate. Into the edge of each 
of the plates, the ends of wires f-f were soldered to con-
nect them to the capacity meter. The end of wire con-
nected to the movable pad was made of a flexible mate-
rial such as lice and supplied with a loop. Such a solution 
allowed for an easy adjustment of the necessary distance 
between the capacitor plates. 

The setup applied for the simultaneous measurements 
of the Hall voltage and longitudinal magnetostriction is 
presented in Figure 3. A sample of elastic porous ferro-
magnetic composite 1 of the dimensions provided above 
was placed on a horizontal insulation base plate 2 of tex-
tolite. The base plate was fastened into two vertical brass  
rods 3 and inserted into the aperture of the Bitter magnet 
coil 4. The ends of wires for the voltage supply a-a as  
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Figure 3. Construction of the measurement system: 1—sam- 
ple of elastic, porous, ferromagnetic composite, 2—basis, 3— 
brass rood, 4—winding of Bitter magnet coil, 5—insulating 
plate; the remaining letters have the same significance as in 
caption under Figure 2 

 
well as the ends for measuring the Hall voltage b-b were 
glued into the sample. The sample was fixed with a pad c 
of Teflon and a movable condenser plate d. Above the 
sample on the rods 3 an isolation plate 5 cut out from an 
electrical insulating material—textolite was placed, to 
which immovable capacitor plate e was attached. The ends 
f-f were soldered into each of the capacitor plates con-
necting them into the bridge specially designed for mea- 
suring capacitance. The sensitivity of the bridge amounted 
to 0.01 pF. 

The Bitter magnet at the International Laboratory of 
the High Magnetic Field and Low Temperatures in Wro-
claw was employed to generate the magnetic field in 
which the sample was placed. The magnet could practi-
cally create the magnetic fields with the maximum in-
duction 8 T, with an option to invert their direction. The 
supply voltage of 3000 V came from the constant current 
generator. To disperse the Joule heat produced by the cur- 
rent flow, the magnet coil was cooled with water flowing 
along axial direction. 

4. The Discussion of Results 
While using the setup described above, the measure-
ments of the Hall voltage UH and longitudinal magne-
tostriction—measured by the relative elongation Δl/l0 on 
dependence of the magnetic induction of B the applied 
magnetic field—were conducted. The magnetic field in- 
duction was changed from 0 T to + 8 T and to – 8 T, and 
eventually to 0 T. The measurements were carried out for 
the samples with varied filling factors for ferromagnetic 
particles of chemically pure iron pf, and for colloidal 

graphite particles pg, with the filling factor for ferromag-
netic particles amounting to 0.3, 0.2 or 0.1 and corre-
spondingly for graphite particles to 0.2 or 0.3. However, 
the porosity factor pp amounted to 0.2 and remained con-
stant for all the samples. In sum, five samples were in-
vestigated. The results of the Hall voltage dependencies 
UH and longitudinal magnetostriction Δl/l0 on the value 
of the magnetic induction B are presented in Figure 4-8. 
To obtain the curves as presented in the figures, the least 
square method was applied [9]. 

When analyzing the charts it is easy to observe that the 
dependences of both the Hall voltage UH and longitudinal 
magnetostriction Δl/l0 on the value of the magnetic field  
induction B have a non-linear character. A review of the 
hitherto known cases of the occurrence of the Hall effect 
in conductors and semiconductors, the Hall voltage re-
vealed a linear dependence on the value of the magnetic 
field induction B [7]. The evidence of non-linearity as-
certained in our investigation can be regarded as some-
thing of a novelty. Together with the increase in the mag- 
netic field induction B, there is an increase in the Hall vol- 
tage UH and longitudinal magnetostriction [10,11]. The 
extreme Hall voltage amounting to 5.5 nV in the mag-
netic field with the induction of 8 T was found in the sam- 
ple with the following filling factors: pf = 0.3, pg = 0.2, pp 
= 0.2 and in the sample with the filling factors: pf = 0.2, 
 

 
Figure 4. Dependences of longitudinal magnetostriction Δl/l0 
and the Hall voltage UH on the magnetic induction B for 
sample with filling factor for with ferromagnetic particles pf 
= 0.3, filling factor for graphite particles pg = 0.2, porosity 
factor pp = 0.2. The intensity of supply current I = 0.2 A 
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Figure 5. Dependences of longitudinal magnetostriction Δl/l0 
and the Hall voltage UH on the magnetic induction B for 
sample with filling factor for ferromagnetic particles pf = 
0.2, filling factor for graphite particles pg = 0.2, porosity 
factor pp = 0.2. The intensity of supply current I = 0.2 A 
 

 
Figure 7. Dependences of longitudinal magnetostriction Δl/l0 
and the Hall voltage UH on the magnetic induction B for 
sample with filling factor for ferromagnetic particles pf = 
0.2, filling factor with graphite particles pg = 0.3, porosity 
factor pp = 0.2. The intensity of supply current I = 0.2 A 

 
Figure 6. Dependences of longitudinal magnetostriction Δl/l0 
and the Hall voltage UH on themagnetic induction B for 
sample with filling factor for ferromagnetic particles pf = 
0.1, filling factor for graphite particles pg = 0.2, porosity 
factor pp = 0.2. Theintensity of supply current I = 0.2 A 
 

 
Figure 8. Dependences of longitudinal magnetostriction Δl/l0 
and the Hall voltage UH on the magnetic induction B for 
sample with filling factor for ferromagnetic particles pf = 
0.3, filling factor with graphite particles pg = 0.2, porosity 
factor pp = 0.2. The intensity of supply current I = 0.1 A 
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pg = 0.3, pp = 0.2. 
The extreme value of longitudinal magnetostriction 

Δl/l0 amounting to 6.1% was found in the  sample with 
the filling factors pf = 0.2, pg = 0.3, pp = 0.2 with the 
magnetic field induction 8 T. The ascertained value of 
magnetostriction may be compared with a gigantic mag-
netostriction which is found in the alloys of rare earth ele- 
ments such as dysprosium and terbium [1,2]. Yet, there is 
a real difference between these materials. The dyspro-
sium and terbium alloys have a significantly more meas-
ures of the Young’s modulus than the samples of the com- 
posite under investigation. For that reason, the potential 
energy of elasticity which has been accumulated in the 
deformed sample is far smaller than the energy of elas-
ticity in the alloys of rare earth elements or nanocompo-
site materials [12,13]. The difference may prove to be 
important in the case of application of the investigated 
composite, e.g. in the construction of electromechanical 
transductions and sensors. 

The dominant cause of a giant magnetostriction in the 
investigated composite is the deformation of porous sili-
cone matrix after it has been placed in the magnetic field. 
In a model way, it was presented in Figure 9. Ferromag-
netic particles undergo magnetization and tend to pitch in 
such a way that the directions of their easy magnetization 
follow the magnetic field lines. As a result of this, the 
magnetized particles act at the matrix causing its elonga-
tion. The porosity of the matrix is the factor which helps 
its elongation, as the fine walls of the matrix are apt to 
yield to bending and tension easier [14]. Some contribu-
tion to the sample magnetostriction is also made by the  
 

 
Figure 9. Structure of elastic, ferromagnetic porous com-
posite after elongation presented in cross section: l0—initial 
length, Δl—elongation, B—value of the magnetic field in-
duction decisive significance for creation of magnetostric-
tion in investigated composites the remaining symbols have 
the same significance as in caption under Figure 1 

magnetostriction of the particles and the matrix them-
selves. Yet, this contribution is insignificant.  

The maximal values of the Hall voltage UH and lon-
gitudinal magnetostriction Δl/l0 depend on the composi-
tion of the composite sample. When analyzing Figure 4-6, 
it is evident that a decrease in the content of the che- mi-
cally pure iron particles, measured by coefficient pf from 
0.3 to 0.1 has caused a reduction of the maximal value of 
the Hall voltage from 5.5 nV to 3 nV and reduction of the 
maximal value of magnetostriction from 1.27 % to 1.03 
%. In turn, an increase in the content of graphite particles 
measured by the increasing factor pf from 0.2 to 0.3 
caused an increase in the maximal Hall voltage from 3 
nV to 5.5 nV (see Figure 6 and 7). 

The increasing maximal value of magnetostriction with 
the increase in ferromagnetic particles content can be ex- 
plained by the fact that the samples with greater ferro-
magnetic particles content interact with the magnetic 
field more strongly. These samples undergo greater de-
formation in the same magnetic field, which signifies 
greater magnetostriction. Subsequently, an increase in the 
maximal Hall voltage value together with the growth of 
both ferromagnetic particles content and graphite parti-
cles content can be easily explained by the increase in the 
electrical conductivity of the samples [14]. 

Both the Hall voltage UH and longitudinal magne-
tostriction Δl/l0 show hysteresis, manifested in the decel-
erations of changes of their quantities in ratio to changes 
of the magnetic field induction. The hysteresis loop of 
magnetostriction shows a form which resembles an el-
lipse, however hysteresis loop of the Hall voltage has a 
form of an inclined number eight. 

5. Conclusions 
The conducted investigations of the porous magnetor-
heological composite enable to formulate the following 
conclusions: 

1) The measured longitudinal magnetostriction Δl/l0 
and the Hall voltage UH show a non-linear dependence 
on the induction of the applied magnetic field B. This 
non-linearity is characteristic of inhomogeneous media 
such as composites and mixtures, for example [15,16]. 

2) The maximal achieved values of the longitudinal 
magnetostriction Δl/l0 and the Hall voltage UH are de-
pendent on the filling factor of the composite by ferro-
magnetic particles, graphite particles and its porosity fac- 
tor. Influences of these factors are competitive. 

3) Both the longitudinal magnetostriction Δl/l0 and the 
Hall voltage UH show hysteresis lopes. The main differ-
ence between these lopes lies in the zero value of the 
Hall voltage UH for the zero value induction of the mag-
netic field B and the non-zero value of the longitudinal 
magnetostriction Δl/l0 for this B value. One possible case 
of this hysteresis appears to be the interaction at inter-
faces between particles and the matrix and the interrup-
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tion of their connection [14,17]. 
4) The magnetic interaction of iron particles with the 

magnetic field and the elastic susceptibility of silicone 
matrix are of decisive significance for creation of the 
magnetostriction in the investigated composites [18]. 

5) The detected values of the longitudinal magnetos- 
triction Δl/l0 in the investigated composite are compara-
ble with values of the giant magnetostriction in the al- 
loys of rare earth elements and nanocomposite materials 
[12,13], but this composite shows a significantly smaller 
Young modulus and accumulation of a smaller elastic 
energy during deformation. 
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