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It was determined that samples of styrene-butadiene rubber (SBR), containing highly aromatic oil, exhibit memory effects giving
rise to dynamic elastic modulus, damping and internal stresses degree which can be tailored depending on the applied electric field
strength. The capability and stability of the interaction process between aligned neighbor dipoles for exhibiting a memory effect,
once the aligning electric field was removed are studied. It is determined that depending on the spatial arrangement and the amount
of electric charge of the dipoles, this interaction is able to promote a memory effect which keeps the alignment between them. This
electrostatic interaction plays the role of a counteracting effect for keeping the alignment, which was called electroelasticity. The
results from the developed model were applied successfully to SBR composite samples for explaining the memory effects recorded
from dynamic mechanical analysis (DMA) measurements under electric field. In addition, the model of the electric inclusion based
on the inclusion theory for continuous media, was applied to determine the degree of internal stresses in the dielectric composite
material due to the external applied electric field. In addition, from the coupling between the model developed here and simple
issues related to the mechanical properties of composite materials, a procedure for determining the maximum possible gap between
the electric dipoles in composite dielectric materials is also shown.

Keywords: Modeling; memory effect; dynamic mechanical analysis; electric interaction; polymer matrix composite with electric

inclusions.

1. Introduction

In a recent work, a mesoscopic description of magnetite-filled
polymer composite materials has been performed in the
continuous media by considering the interaction between
magnetic and mechanical forces.! Magnetomechanical inter-
action is caused by both the magnetic forces between two
adjacent particles trying to align them and an elastic defor-
mation of the matrix which is counteracting. Theoretical
predictions are successfully explained in a qualitative mode
where the memory effect in magnetite-filled polypropylene
composite is under the application of a direct magnetic field.'
As it was also highlighted in Ref. 1, the mathematical
formalism developed can be extrapolated to the case of
electric materials.

In addition, the electrostriction effect was studied by
means of the theory of inclusions,”* giving rise to the so-
called electric inclusion model.*® The model allows deter-
mining the behavior of internal stresses promoted by the
electrostriction phenomenon by monitoring the behavior of
the misfit coefficient and the transfer process of elastic en-
ergy.*® In fact, the electric inclusion model considers that
applying an electric field to a dielectric material leads to the

stretching of dipoles giving rise to the appearance of inclu-
sions. They promote the development of internal stresses in
the dielectric material, whose electromechanical equilibrium
condition is determined from the inclusion formalism for
continuous media.*°

In the present paper, it was discovered that styrene-
butadiene rubber (SBR), containing highly aromatic oil
(HAO), under electric field, transforms to a composite in-
volving electric inclusions; which exhibits memory effects. It
gives rise to dynamic elastic modulus, damping and internal
stresses degree which can be controlled depending on the
applied electric field strength. The driving force giving rise to
the memory behavior is related to the retention of electric
dipoles in the HAO. Therefore, we have modified and
adapted the model for describing memory effects in magne-
tite-filled polypropylene composites' to explain the electric
memory behavior which takes place in HAO. The results
from dynamic mechanical analysis (DMA) under electric
field on SBR containing HAO were correlated with the be-
havior of the viscosity under electric field on HAO.

The model of the electric inclusion based on the inclusion
theory for continuous media was also applied to determine
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the degree of internal stresses in the dielectric composite due
to the external applied electric field.

Moreover, from the coupling between the theoretical
model developed here for memory and simple issues related
to the mechanical properties of composite materials, a pro-
cedure for determining the maximum possible gap between
the electric dipoles in the composites dielectric is also shown.

2. Experimental
2.1. Materials

Rubber samples were prepared with raw SBR (styrene-bu-
tadiene rubber, cold emulsion polymerization, 23.5% bound
styrene). Two different grades of SBR were used: SBR 1502
(typical Mn 140000 Da, Mw 500000 Da) and SBR 1712
(typical Mn 210000 Da, Mw 710000 Da, 27.5% added ex-
tender oil). The latter contains a highly aromatic oil, HAO,
from the type DEA (distilled aromatic extract), with typical
composition: 38% aromatic carbons, 26% naphtenic carbons,
36% paraffinic carbons (according to ASTM D2140), and
viscosity value of 32 cSt (at 373 K). Rubber compounds were
prepared in an open mill according to ASTM D3182 and
subsequently vulcanized. More details on the sample prepa-
ration procedures are given in Ref. 4. Indeed, the HAO in
SBR 1712 is the only material different from those included
in SBR 1502 formulation, then SBR 1712 samples will be
called hereafter composite samples.

Samples of vulcanized SBR 1502 and SBR 1712 were cut
with a bistoury in a single pass in parallel direction to the
rolling direction. Samples after the cut were examined with
magnifying glass (X100) in order to check the sharpness of
the resulting cut. Sample dimensions for DMA studies were
around 40 mm length, 9 mm width and 2 mm thickness.

2.2. Characterization methods

DMA tests, loss tangent (damping or internal friction), tan(¢)
and dynamic shear modulus, G’ were measured as a function
of the applied electric field, E, in a mechanical spectrometer
working in torsion at temperature of 300.0 K (£0.3 K), in air.

Damping was determined by measuring the relative half
width of the squared resonance peak for a specimen driven
into forced vibration using Eq. (1)’

Wy —

t = 1
an(s) = 22O (1)
where o, is the resonance frequency, and ®; and ®, are the
frequencies at which the amplitude of oscillation has fallen to
1/y/2 of the maximum value. The errors of tan(¢) and G’,
being proportional to the squared oscillating frequency, f, are
less than 1%.
The relation between f and G’ is given in Eq. (2
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where k is a constant which depends on the ratio b/a, Il is the
moment of inertia of the oscillating system, [ is the length of
the sample and « and b are the half-thickness and width of the
sample, respectively.

The maximum oscillating strain on the surface of the
sample was 1 x 10—, The electric field was produced by two
electrodes placed at the sample position, lying in parallel
direction to the torsion axis of the spectrometer, i.e., the
resulting electric field is perpendicular to the torsion axis.
Electrodes were connected to a variable DC high-voltage
power supply, giving rise to E values up to 1000 kV/m at the
sample location.

HAO (type DEA) oil viscosity measurements under
electric field were performed in a vibration electromechanical
viscometer in torsion. An atactic poly-methyl methacrylate
(PMMA) parallelepiped reed oscillated in torsion along its
larger axis in the space between two electrodes, which pro-
duced the electric field. Electrodes were connected to a
variable DC high-voltage power supply from a Biddle
megohmmeter, giving rise to E values up to 1000 kV/m. The
reed and electrodes are immersed in the oil to be studied
which was contained in a cubic cell constructed in PMMA
with a volume of 350 cm®. The oscillating reed was driven
electromagnetically and the changes in viscosity were deter-
mined for measuring the square voltage (energy) to keep the
oscillation at a given constant amplitude.” The oscillation
angle for the reed was measured from a usual optical
system based in a mirror and a photodiode and it was 1 x
10~3 radians. The oil bath was thermalized at 300.0 K
(£0.3K).

3. Theoretical Background

3.1. Previous results

3.1.1. Magnetic memory effect in magnetite charged

polypropylene composite

The interaction mechanisms between magnetic particles
embedded in a polymeric matrix was described by the model
of Mocellini et al.' and it uses the following assumptions:
(i) The magnetic particles are considered as magnetic dipoles.
(ii) The particles (magnetic dipoles) are considered as spheres
of radius, r, which are separated by a gap, d,, Fig. 1. (iii) The
position of the magnetic particles in the polymeric matrix is
fixed and the only freedom of movement is a rotation. In fact,
the particles can rotate around their dipole centers (geometric
centers) for an alignment in the direction of the applied ex-
ternal magnetic field. (iv) Forces are acting on each dipole
caused by elastic properties of the matrix, by magnetic fields
of neighboring magnetic dipoles and by the external magnetic
field. Consequently, it is either possible that a dipole returns
to the original direction or it remains in a new direction when
the external magnetic field is switched off. (v) One of the
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Fig. 1. Geometric representation of the magnetic moments for the
equivalent dipole arrangement used in the mean field approximation
considered in the work from Ref. 1.

dipoles is fixed in a given direction, and the other one is free
to rotate for aligning.

Regarding the representation of magnetic dipoles shown
in Fig. 1, it was demonstrated that considering the two par-
ticles having their centers on the same plane does not
diminish the applicability of the model.!

In this model, three interacting magnetic and mechanical
forces are considered where by two are intrinsic of the ma-
terial and not dependent on the external magnetic field. The
first magnetomechanical interaction is caused by the mag-
netic forces between two adjacent particles trying to align
them, M,,. Secondly, as a consequence of the fixed positions
of the centers of the particles, the deformation of the matrix
during the rotation of the dipoles is taken into account. Thus,
the second interaction is promoted by an elastic deformation
of the matrix, M. As it can be inferred intuitively, the first
and second contributions are counteracting. If the magnetic
force tries to rotate a particle into a new position, the force
caused by the elastic deformation of the matrix will work
against the magnetic force. Finally, the third interaction is
caused by the external magnetic field acting on the magnetic
particle. The final direction of the particles is reached when
all forces are in equilibrium.

The total intrinsic interaction was given by the algebraic
sum of the magnetic interaction and the elastic contribution.
In algebraic sum, counteracting forces lead to opposite signs
of magnetic and elastic interaction. The positive sign for the
magnetic moment when the rotation is clockwise was chosen.
The calculated expression for the whole intrinsic magneto-
mechanical moment, My, is'

4qrr3

My = —11,6mr3Y0 — G 0+
C sin(f, — 0)

2 3/2
\% p"' 1 |:/) /ZI]/)-H _ COS(GO _ H):| /

3)

where p = d,/r (see Fig. 1), C = pg?/(4muor/2), p is the
magnetic pole strength, p is the permeability of vacuum, 6,
is the initial misorientation between two adjacent particles,
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6 is the rotation angle taken clockwise since 6, and Y and
G are the Young’s and shear modulus, respectively. The first
and second terms in the right side of Eq. (3) correspond to the
tensile and shear elastic response of the matrix, My, due to
the rotation of the magnetic particles embedded in the poly-
meric matrix, respectively. The third term corresponds to the
magnetic torsional moment, M,,, owing to the magnetic in-
teraction between two magnetic particles, see for more details
Ref. 1. The behavior of the moments mentioned above is a
function of the torsion angle as shown in Fig. 2. Also shown
in the figure is the behavior of the total intrinsic energy of the
dipoles system as a function of the torsion angle, E7, obtained
from the integral relation with the moment, £ = f Mdo. As it
can be seen from Fig. 2, at the critical angle 6., where the
total intrinsic moment (M7 ) is null, an unstable state of energy
occurs, as expected. In the top of Fig. 2, particle orientations
are schematically shown. At torsion angles higher than 6,
the particles will rotate as a consequence of the magnetic in-
teraction going to a parallel state (indicated by point B in
figure). This stage is represented by a minimum energy at
which the particles have reached a new equilibrium position.

It is convenient to be mentioned here that, the ordinates
in Fig. 2 are absent from numerical labels due to the fact that
the moments and energy plotted in the Figure were calculated
from arbitrary values of the parameters involved in the model.
Indeed, the absolute value for moments and energy will
change for different groups of parameter values to be chosen,
but the whole trend of the curves and their relationship among
them as a function of 8 are the same.

The third interaction process is related to the interaction
between the particles and an external magnetic field.

Then, the total magnetomechanical moment including an
external magnetic field is obtained by adding the magnetic

———r7 T T
EF - . ;TN S p
Z = 7= /,/ R4 .‘ / E
* //'/ o y‘ . -
< /7 - Jo
g AR 12
5 e ] ]
= Yo - 1 E
1
0 20 40 60 80 100

0[°]

Fig. 2. Dependence of the magnetic and mechanical moments
M,,,Mg,My =M,, — Mg) and the energy (Ey) on the rotation
angle 6. The curve of elastic moment M has been plotted multiplied
by (—1). In the top of Fig. 2, dipole orientations at various angles €
are schematically shown; taken from Ref. 1.

Source: Ref. 1.
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moment promoted by the external field to Eq. (3). As it can be
inferred easily, the effect of the external magnetic field leads
to a continuous movement of the dipole from its initial
position up to the aligned state without passing through
metastable positions.

3.1.2. Electric inclusion

In this section, the concepts and equations related to the
misfit of strain in composites or two-phase polymers for the
case of dielectric materials will be introduced. The electric
inclusion model takes the idea of partitioning the volume of
the sample in small elementary cubes in such a way that each
partitioned element is composed by a single phase, dipolar
or nonpolar in the polymer material we are dealing with.*
Figure 3 summarizes the main concepts for the case of di-
electric materials. It shows a (z,y) plane of the partitioned
sample at x = v, where the size of the partitioned matrix, over
each axis, was chosen equal to lop. The model now starts with
the following considerations:

(a) The volume element corresponding to a dipolar phase,
located at (v, m, j) of the whole partitioned matrix, which
is plotted by means of full fine lines in Fig. 3, is cut and
removed out of the matrix, leading to a cubic hole of
edge lo,,.

(b) An electric field is applied to this extracted dipolar zone,
then it stretches from lo, to lo,+ € lo,, with 0< € <I,
see broken lines in Fig. 3. It is easy to recognize that the
mismatch parameter € is the strain misfit promoted
thorough an electrostrictive phenomenon.'"!'? Indeed,
the application of the electric field gives rise to the

y
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=88 (v.mjj) E &
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Y 1

m Partition
y axis

A

Fig. 3. Equilibrium position of the boundary between the dipolar
inclusion and the matrix, after location of the stretched inclusion into
the matrix hole and release of its constriction. See explanation in
the text.
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appearance of an inclusion of larger size into the matrix,
plotted by means of broken lines.

(¢c) The inclusion of size lo,+ € lo, with 0< € <1, plotted
by means of broken lines, will be firstly compressed to fit
into the hole of the matrix and subsequently placed in.

(d) The inclusion is mechanically released and then the
boundaries of the hole, in the z-axis, displaced to a po-
sition lo, + B € lo,, with 0< 8 <1, where the equilibri-
um of stresses is achieved. The wide lines in Fig. 3
represent this state.

Therefore, by means of the above-described procedure,
the elastic misfit promoted by an electric dipole when an
electric field is applied, can be studied using the mathematical
formalism of the inclusions theory. In fact, § is the misfit
coefficient, which is related to the matrix strain caused by the
stretching of the dipole when the electric field appears, and it
takes the form*™°

1
() () !
M; Srm
where M is the Young modulus, f# is the volume fraction and
the sub-indexes m and i correspond to the matrix free of
electrostrictive effects and to the inclusion (stretched dipole)
elements, respectively. The volume fractions satisfy fr;+
fr,, = 1. The supra-index “z” indicates that the direction for
the study of the problem is the z axis. By working mathe-
matically, it was shown that S coefficient can be calculated,

despite not knowing the elastic modulus of the dipolar zone
(M;), from*

ﬁZ

P =frngg 5)
where M refers to the Young’s modulus of the whole ma-
terial when electrostrictive effects appear, i.e., the material
containing the matrix and the dipolar inclusions is stressed.
Indeed, Eq. (5) makes it possible to calculate the misfit co-
efficient in dielectric materials, or two-phase polymers,
knowing the elastic modulus of the matrix, free of electro-
strictive effects, its volume fraction and the elastic modulus
of the whole material, when the electrostrictive effects ap-
pear.*!3!4 Besides, the mechanical energy transfer related to
the electrostriction phenomenon is due to the movement of
the borders of the inclusion into the matrix from its initial
compressed state up to the achievement of the mechanical
equilibrium condition.* The expression for the ratio between
the elastic energy transferred to the matrix, W}, and
the whole available one, W2 (over the z-axis)'*'* takes the
form,*

Wi M, —Mfr, , |

_ mp2 ~
Wi . P (6)

The ratio given by Eq. (6) is very intuitive regarding the
competition of the moduli values between the inclusion and
the matrix, until the equilibrium condition is achieved.
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3.2. The new model

Considering the thermodynamic correlation between the
dielectric polarization and electric field vectors on the one
hand and magnetization (or magnetic polarization) and
magnetic field on the other hand, the results from the mag-
netic case shown in Sec. 3.1.1 can be straightforwardly ap-
plied to electric materials.'":'? Therefore, it could be possible
that in a dielectric liquid, the retention of electrical dipoles in
an aligned direction occurs due to the intrinsic interaction
between them.

Moreover, the equations for the magnetic case during the
dipolar orientation process can be straightforwardly extrap-
olated to the electrical case due to the parallelism between the
magnetic and electric mathematical structures.' Nevertheless,
the counteracting term from the elastic contribution from the
matrix must be replaced for an appropriate representation of a
viscous fluid without the elastic restoration behavior. '’

In the present work, our model describes the interaction
mechanisms between polar molecules in HAO type DEA oil
in SBR 1712 samples after the alignment between them has
occurred.

Straightforwardly to the model summarized in Sec. 3.1.1,!
it uses the following assumptions:

(1) Electrical dipoles will be considered as spheres of
average radius, r, with a superficial charge density, 4,
separated by a gap d; between them, Fig. 4(a). In order
to handle the mathematical expressions easily from the
point of view of applications in engineering, the dipolar
molecule will be considered as a single resulting dipole
which concentrates on the superficial charge density in
two punctual charges, g, located in opposite points over
the diameter of a sphere, which lies in the direction of
the real molecular dipolar axis, Fig. 4(b). This repre-
sentation will be called hereafter the average dipole
configuration. Therefore, from a view in a plane, a
geometrical representation similar to the considered one
for the magnetic case can be adopted, as shown in
Fig. 5. The mean field approximation for the concen-
tration of the superficial density of charge in two
punctual ones only implies a mismatch between both
representations of 2/ (see Appendix A), so, it does not
obstruct the subsequent analysis made in the present
work.

(i) The polar molecules are considered to be randomly
distributed in the viscous liquid.

(iii) The position of the average dipoles in the viscous liquid
is fixed and the only freedom of movement is a rotation.
In fact, the average dipoles can rotate around their
dipole centers (geometric centers) for an alignment in
the direction of the applied external electric field. This
assumption, even if it is restrictive for the movement of
dipoles in a viscous liquid, has the sole object of sim-
plifying the mathematical study of the rotational
behavior and it does not diminish the obtained results.

J. Adv. Dielect. 8, 1850018 (2018)

.ng

(b)

Fig. 4. (a) Spherical dipolar molecules in the dielectric liquid,
exhibiting a superficial density of charge 4,. (b) Average dipole
configuration obtained by concentrating the two charges punctually
on opposite positions over the diameter of the dipolar sphere. See
explanation in the text.
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Fig. 5. Two-dimensional view of the average dipole configuration.

Indeed, the resulting expressions also allow considering
the effect from the movement of dipoles along a line
undergoing the dipolar centers.

As it can be inferred from Fig. 5, by applying an external
electric field, the average dipoles will rotate around their
dipole centers until an alignment in the direction of the ap-
plied external electric field is achieved. In addition, let us
assume that once the alignment has been achieved, the av-
erage dipoles are retained in an aligned manner between them
after the electric field is switched off.

The expression for the intrinsic electric moment for
keeping the alignment between the two average dipoles,

1850018-5
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M, has the form of the last term in Eq. (3), thus

C sin(8, — 6)
Mg = 5 ’ (7)
FUVPHT [2n 32
o1 — cos(b, — 0)

where p, 8 and 6, have the same meaning as in Eq. (3), see
Fig. 5, and C for the present electric case equals
q*/(2rm2e4/2), with € the permittivity of medium. This value
is similar to C constant for the magnetic case, but for the
electric case it is divided by the factor 2/m, which comes from
the charge concentration procedure from A, in the average
dipole representation.

Moreover, as our present study is performed once the
alignment state was achieved, so, 8, = 0 (see Fig. 5) and then
Eq. (7) can be rewritten as

C sin(0)
My = — . 8
E Vo+T [0 3/2 (8)
S — cos(6)

The electrostatic interaction given from My has the capa-
bility of being a counteracting effect for keeping aligned the
dipoles in the liquid against some external perturbations as
for instance, mechanical stress or increase in temperature,
etc., which lead to an increase in the dipolar vibration. The
aligned dipoles can rotate or oscillate clockwise or counter-
clockwise around the alignment direction in such a way that the
electrostatic interaction plays a role alike the counteracting
elastic effect, then, this behavior will be called hereafter elec-
troelasticity. Indeed, the behavior of Mg (Eq. (8)) as a function
of the rotation angle, Fig. 6, shows a positive or negative
counteracting response depending on the direction of dipole
rotation promoted by an external perturbation, clockwise or
counter-clockwise, respectively; in agreement with the above
exposed. As it can also be seen from the figure, the capability
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0.06 '2.0 '1.0 ? 1.0 2.0 3.0
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0 (radian)

Fig. 6. Electrical moment, My as a function of the rotation angle,
0, (Eq. (8)) for different values of p = d,/r.
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for restoring the dipoles to the aligned position decreases as
p = dy/r increases due to the decrease in the electric interac-
tion as the gap between molecules increases as expected.

The HAO type DEA oil has no counteracting contribution
in order to keep either aligned or misaligned dipoles because
the elastic modulus is null in a viscous liquid.'> However,
the viscosity of liquid modifies the dynamic response of the
system. %17

By using the general equation for the relation between
energy and the electric moment, My, with respect to the ro-
tation angle (E = — [ M d0), the energy, Ep, takes the form

e sin(0) dO
VRS / V]a—cos(0)] ®)

where a = (p/2+p+1)/(p+1). Integrating Eq. (9) we
have

Eg

Ep = < 2 +A (10)
£ VPFT Ja—cos(6)
wherein A is the integration constant. On assuming that for
the angular position where the moment is null, the energy
equals zero, A can be calculated thus
2C

Ao ()

Therefore, Eq. (10) can be rewritten as

EE:

2C 1 1
_\/,O—l—l{\/a—cos(@)_\/a—l}. (2

The behavior of Ep as a function of the torsion angle
around the equilibrium angular position, in the aligned state,
for different p values is shown in Fig. 7. It can be seen from
the figure that the minimum energy occurs for the aligned
position and that the whole values of Ep decreases as

0 (degree)
002520 100 10 20 30
-— p=0.7
0.02[ ]
—
5 0.015F .
I-IJLIJ
7
0.01[ e
AN J/
ooosf N\ / ]
N\ /
0 S Nt

-04 -02 0 0.2 04 0.6
0 (radian)

Fig. 7. Energy, Er as a function of the rotation angle, 6, (Eq. (12))
for different values of p = dy/r.
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p increases, in agreement with the behavior shown by My
in Fig. 6.

Besides this, the electrostatic force, F, between two
neighbor average dipoles lying in the aligned state can be
written from the usual form'!'?

2

Fp = (13)

5%

1
de
In order to obtain the electrostatic force as a function of 8,

the cosine theorem is applied in relation to d; such that
(see Fig. 5)

d? = (d,+r)>+r>—=2(d, +r)rcos(6, — 6).  (14)

By working mathematically, Eq. (14) can be written as
d}=r(p+1)2+1—-2(p+1)cos(d, — ).  (15)
Then, the electrostatic force as a function of 6 results,

_1 e
7 2¢ 272
o 1
[(p+1)24+1=2(p+1)cos(d, —0)]"

The behavior of F as a function of the torsion angle
around the equilibrium angular position in the aligned state,
for different values of p, is shown in Fig. 8. The maximum
electrostatic force is achieved for the aligned state, as it could
be assumed intuitively.

It can also be inferred from Eq. (16) that dipoles are
subjected to a state of compression mechanical stresses
among them, as shown by means of fine arrows in Fig. 9. The
compressive stresses among aligned dipoles decrease the
capability of movement of the dipoles in the liquid giving rise
to an increase in its viscosity, as discussed in the following

(16)
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Fig. 8. Electric force, Fg, as a function of the rotation angle, 0,
(Eq. (16)) for different values of p = dj/r.
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paragraphs. In addition, compressive internal stresses also
take place inside each dipole.

A proportional value to an effective modulus related to the
electroelastic behavior, for the aligned state after the sup-
pression of the electric field, can be calculated from the de-
rivative of Mg, Eq. (8), with respect to the rotation angle,
that is,

oMy  C cos(6)
0  Vp+1) [ 3/2
p+ [p /Z:fﬂ B cos(@)}
2 |:ﬂ2/;i{1+1 _ COS(9)1| 5/2
Evaluating Eq. (17) at 8 = 0, we have
OMg, _ C 1 (18)
8(9 6=0 \/erl [ /)2 :|3/2 ’
2(p+1)

Considering that r = d,/p and replacing the value for the C
constant in Eq. (18), it results in
Mg q*(p+1)
00  2d,mep?

(19)

In fact, we have obtained the value of an effective elec-
troelastic modulus around the aligned angular position from
the slope of My at around 8 = 0, as it is usual in the theory of
the crystalline solids.'®!? However, this value of effective
electroelastic modulus comes from the electrostatic interac-
tion of electric dipoles, which is in contrast to the attractive
and repulsive contributions from the potentials theory in
crystalline solids through Condon-Morse curves.'®!? More-
over, this effective modulus has a local effect in the region
close to the dipoles, so, it cannot be extrapolated to the whole
fluid due to the nature of the liquid. '3

The electric dipoles in a highly aromatic mineral oil
are mainly located in the zone of the bonding between
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Fig. 9. Internal stresses state of the dipoles which remain in aligned
state after the electric field is switched off. Compressions stresses
occur inside each dipole and also between neighbor dipoles which
leads to a whole compressive effect of the liquid. Circles in full lines:
Dipoles prior to suffering the compression stresses. Circles in broken
lines: Dipoles suffering the compression stresses.
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the hydrocarbonated chains and the aromatic rings."?!
By rotating the polar groups in a dielectric oil due to the
application of an external electrical field, the hydro-
carbonated chains will suffer stretching or compressing giv-
ing rise to an increase in their free energy. It decreases the
mobility among the chains which is equivalent to an increase
in the viscosity of the whole liquid. In addition, the com-
pression stresses among dipoles, located at different chains,
promote an increase in the coordination and connection be-
tween chains leading also to an increase in the viscosity.
Consequently, we could assume that locally around two
neighborhood dipoles, the electroelastic effective modulus
can be represented from a parallel with the theory of elasticity
of the continuous media through an apparent shear modulus
Gapps that is (see Fig. 10);

T

G = tan(y)

; (20)

app —

where 7 was considered as the ratio between the mechanical
applied force, F, and the half of the sphere surface for the
dipoles. F' and/or 7 are external perturbations which attempt
to misaligning the dipoles. For small # angles and working
mathematically, we can write

273

F =Gy~

0. (21)

The equation for the mechanical moment, M, ., can be
easily obtained by replacing the value for the force from
Eq. (21) in the expression M .., = rF, then M., results

27r3

Mpech = Gapp 7 0. (22)

Taking the derivative of Eq. (22) with respect to the torsion
angle, we obtain

OM ech 273
=Gpppy——. 23
00 app P ( )

By relating Eq. (19) with (23), we obtain a local me-
chanical constrain around the neighbor zone to the dipoles,
through an apparent shear modulus promoted by the

o

~T

¢
ERS

Fig. 10. Electroelastic parallel: The negative charge for the dipole at
the right side from the figure moves from the aligned position (circle
in broken lines) toward a misaligned state (full circle). See expla-
nation in the text.
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electroelasticity, which equals

g p+1) p

Gyp = ———F .
WP 2d mep? 2mr3

(24)

Remembering that the dipolar moment, p, takes the form
1 =2rq,'""'? Eq. (24) can be written as
p> (p+1)

G = Tgr2r~ p2 &

From Egs. (24) and (25), it can be observed that the
electroelastic strength increases both as the amount of char-
ges in the dipoles increases and when the gap between them
decreases, as it could be expected. Therefore, an increase in
the strength of the apparent modulus leads to an increase in
the capability of linking between the dipoles lying on the
carbon chains (after they achieved the aligned state). It pro-
motes a decrease in the mobility of hydrocarbonated chains
giving rise to an increase in the whole viscosity of the HAO
type DEA oil. In fact, from a viscosity test as described in
Sec. 2.2, the rotating reed records the changes in the viscosity
of the fluid by measuring the change in the mobility of the
hydrocarbonated chains as a function of the applied electric
field.

The theoretical results obtained here about the change in
the viscosity in HAO type DEA oil, promoted by the electric
field, are applied in the next section to viscoelastic inclusions
of the same oil embedded in a SBR matrix for explaining
electric memory effects in SBR 1712 samples.

4. Results and Discussion

Figure 11 shows the behavior of both the dynamic shear
modulus, G’, for a composite SBR 1712 sample (full circles)
and the relative viscosity for HAO (type DEA) oil (full tri-
angles), as a function of the applied electric field strength;
measured during the increase in field. As it can be seen from
the figure, the dynamic modulus increases as the strength
in the electric field increases, because the electric field pro-
motes the stretching of dipoles (polar groups) along the direction
of the electric field; giving rise to the appearance of inclusions
(see Sec. 3.1.2).7~* In fact, as the electric field increases, higher
modulus values in the inclusion are promoted due to the increase
in the stretching of the dipoles until saturation. The orientation
phenomenon from the dipoles could contribute also to the in-
crease in the modulus. Indeed, an increase in the electric field
promotes stronger pinning of the oriented dipoles along the field
direction, so the larger anchorage of the dipoles leads to higher
torsion modulus of the inclusions, as the field increases.* Con-
sequently, the increase in the modulus of the inclusions, both by
stretching and/or rotation, leads to an increase in the modulus of
the whole matrix; as it is well known in the mechanical prop-
erties of composite and two-phase materials.”>

It is convenient to mention here that the viscosity of the
HAO (type DEA) oil is high enough at both the frequency
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Fig. 11. Dynamic shear modulus, G’, (left axis, circles) and relative
viscosity = viscosity as a function of electric field divided by the
initial value of viscosity at null field (right axis, triangles), as a
function of the external electric field, E. Full symbols: Measured
values during the electric field increase. Empty symbols: Measured
values at E' = 0 after having reached the maximum field value. Lines
are a guide for the eyes.

(~ 2Hz) and temperature 300.0 K (£0.3K) used in the
present work, in such a way that this phase in the SBR 1712
composite samples can be considered as a viscoelastic
solid.*!¢

The behavior of tan(¢) curves as a function of the applied
electric field for SBR 1712 composite samples follows the
usual trend earlier reported for DMA experiments conducted
under high electrical field.*® Thus, the higher the increase of
modulus values as the field strength increases, the higher the
decrease of tan(¢) values. This behavior of tan(¢) is in
agreement with the above mentioned regarding the develop-
ment of internal stresses in the polymer matrix promoted
by the electric field. The increase in internal stresses in
the polymer matrix acts like obstacles which difficult the
movement of its chains leading both to the decrease in the
damping values and to the increase in the modulus
values, 14-6:17,23,24

The viscosity of HAO (type DEA) oil increases as the
strength in the field increases due to the stretching, rotation
and rearrangement of dipoles located in the oil. As said be-
fore, the electric dipoles in a highly aromatic mineral oil are
mainly located in the zone of the bonding between the
hydrocarbonated chains and the aromatic rings.”’->!' The
stretching of dipoles promotes an increase in the internal
stresses in the region of oil between the electrodes and then
the mobility of the hydrocarbonated chains decreases leading
to the increase in the viscosity of the oil in such zone. In
addition, the rotational and rearrangement effects of dipoles
controlled by the electric field are another two overlapped
effects contributing to an increase in the viscosity of the
liquid. In fact, the rotation of dipoles promotes stretching or
compression stresses along the hydrocarbonated chains
leading to the decrease in their capability of movement,

J. Adv. Dielect. 8, 1850018 (2018)

giving rise to an increase in the viscosity. Moreover, dipoles
can be moved by the field in order to increase the mutual
overall interaction among them in the oil by decreasing their
gap, giving rise to higher degree of correlation among chains,
leading to an increase in the viscosity.

On the other hand, the DMA response for SBR 1502 does
not exhibit change in both G’ and tan(¢) as a function of the
field strength. So, the electrostrictive effects in SBR 1712 are
promoted by the HAO (type DEA) oil in agreement with
previous work.*

It should be highlighted that after reaching the maximum
electric field value (1000 kV/m) and subsequently remeasur-
ing at null field both the modulus in the composite SBR 1712
sample and the viscosity in the HAO (type DEA) oil, a be-
havior of memory was found out. In fact, the modulus and
viscosity are different from zero exhibiting a hysteretic effect;
see empty symbols in Fig. 11. In addition, the tan(¢) values
also exhibit memory behavior, retaining smaller values than
the starting one, prior to the beginning of the field increase
(results not shown in Fig. 11); in agreement with the above
mentioned. In contrast, for maximum electric field values up
to 420kV/m, a memory behavior in both the damping and
the modulus was not found, i.e., measured values during the
decrease in the field intensity are in good agreement with
those measured during the field increase. It is in agreement
with previous results obtained in SBR 1712 samples up to
field strengths of 420kV/m.* Besides this, for HAO (type
DEA) oil, the appearance of a memory behavior once
returned to null field after having reached 420 kV/m could not
be assured due to both the small change in viscosity at this
field strength and the error bandwidths.

The memory behavior found in both G’ and tan(¢) in
composite SBR 1712 samples after subjecting the samples at
the highest electric field, points out that the increase in the
internal stresses in the inclusions promoted by the electric
field is the result of overlapping the effects of stretching and
rotation of dipoles. In fact, after switching off the electric
field, the stretch behavior on the dipoles disappears but the
remainder orientation process between dipoles can take place.
Moreover, it is in agreement with both the memory behavior
found for the viscosity of HAO type DEA oil shown in
Fig. 11 and with the model developed in Sec. 3.2. The ro-
tation of dipoles lying mainly in the zone of the bonding
between the hydrocarbonated chains and the aromatic rings,
for mineral oils, promotes stretching or compression stresses
along the chains leading to the decrease in their capability of
movement. It gives rise to an increase either in the viscosity,
for the liquid,'> and in the modulus, for the viscoelastic
inClusion.Z,B,16,17,23,24

In order to explore the behavior of the internal stresses
during the field increase and after it is switched off, the be-
havior of f coefficient and the ratio W}, /W7, as a function of
the applied electric field, calculated by means of Egs. (5)
and (6), respectively are shown in Fig. 12. Plotted values start
from the first stage in the electric field, due to the electric
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Fig. 12. Misfit coefficient 8 (left axis) and W}, /W3 (right axis) as a
function of the electric field strength calculated for SBR1712
composite samples. Lines joining the points are a guide for the eyes.
Full symbols: Measured values during the field increases. Empty
symbols: Measured values at E = 0 after having reached the max-
imum field value.

inclusion model and can be applied after the appearance
of the inclusion promoted by the electric field application,
see Fig. 3 in Sec. 3.1.2. It has to be mentioned that in all the
calculations made in the present work, the dynamic elastic
shear modulus, G, instead of the Young modulus, has been
used. Nevertheless, it does not diminish nor obstruct the
subsequent analysis made here, since the material under study
is considered through a mean field approximation.'**!'>!4 Ag
it can be seen from Fig. 12, as the electric field increases,
p increases and W}, /WZ decreases. The increase in /£ values
indicates that the increase in the strain misfit is mainly ac-
commodated by the matrix, i.e., # — 1 leads to lo, + lo, €
B — lo, +lo, € (see Fig. 3). The electric field increase
promotes an increase in the modulus of the inclusion forcing
the matrix to accommodate higher strain misfit, leading to an
increase of ﬂ.4 Besides, an increase in the modulus of the
inclusion with respect to the modulus of the matrix leads to a
decrease in W}, /W%, see Fig. 12. It indicates that the work
done in compressing the inclusions from lo, + lo, € up to lo,
for being introduced into the matrix holes, see Fig. 3 in
Sec. 3.1.2, as the electric field increases, is larger than the
work done by the matrix. A larger work is required for
compressing the inclusion in a magnitude € as the electric
field increases due to the increase in the modulus of the in-
clusion promoted by the increase in the electric field.

It should be pointed out that despite the error bandwidths,
the 8 coefficient and the ratio W7, /W3 exhibit a change in
slope at around 420kV/m. Moreover, the values for both f
and W}, /W5 at 420kV/m are near the values measured after
the field was switched off (see empty symbols in Fig. 12).
Therefore, we could assume that above 420 kV/m the driving
force controlling the electrostriction mechanism has changed.
Below 420 kV/m, both stretching and rotation of dipoles take
place, in contrast, above 420kV/m, the rotation of dipoles
lying in the hydrocarbonated chains could be the predominant
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driving force. This assumption could be in reasonable
agreement with the fact that larger stresses should be invoked
by the dipoles for stretching or compressing the hydro-
carbonated chains in the viscoelastic oil. Consequently, the
physical mechanism leading to the increase in the modulus of
the inclusion, which controls the behaviors in # and W}, /W3,
is not a misfit problem, as the one shown in Fig. 3 as it is
related to a modification in the internal stresses in the
inclusions for the stretching or compressing of the hydro-
carbonated chains. Therefore, the usual relation between the
strain and the square of the electric field strength in a di-
electric material, related to the electrostrictive phenomenon
goes fall.'""!? In fact, the mechanical configuration of dipole
rotation stretching or compressing the chains can be easily
considered as an electric torque working over a spring. Then,
the increase in internal stresses into the inclusion will exhibit
a linear dependence on the applied field, which results in
agreement with the behaviour of # and W7, /W7 over 420 kV/m
in Fig. 12.

As discussed above, the appearance of memory behavior
in the DMA response (modulus and damping), Fig. 11, and in
the internal stresses, Fig. 12, is related to the rotational effects
of dipoles through a retention process, as the one developed
in the model from Sec. 3.2. Indeed, the value of G’ for the
composite sample after the field switch-off can be related to
the value of the electroelastic modulus obtained for the
memory model for dielectric liquids, Eq. (7). By considering
that the applied external stress is transmitted uniformly
through the composite sample, i.e., the Reuss condition,” the
well-known relationship between the elastic modulus of
the composite, G’, and the moduli of the inclusion, G/} and the
matrix, G/,, can be written as

Gi=—" . (26)

As G/ is the elastic modulus for the inclusion exhibiting
retained dipoles, then we can relate it with Eqgs. (25) and (26),
thus

fri p* (p+1)

L AL RS =_rFr AT/
Gi*L_ (1=fr,) Gapp 1672r6c  p2 - (27)

G’ G

The theoretical model developed in Sec. 3.2 was perfor-
med for a liquid medium, so the sole driving force acting for
the appearance of the memory, i.e., to keep the alignment
between dipoles, is the electrostatic interaction between
them or the so-called electroelastic effect. However, in the
present study, the oil inclusion is considered as a viscoelastic
solid due to the frequency and temperature used in the
DMA tests. Thus, a counteracting effect from the viscoelastic
contribution during the aligning process overlapped with
the electric moment contribution could occur.! As it can be
easily assumed, this counteracting effect diminishes the
capability of aligning dipoles by the electric field, as shown
in Ref. 1.
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As it can be inferred from Eq. (27), the modulus of the
inclusion G/ is related to the electroelastic modulus, so, the
electrostriction effect is entirely related to the HAO. There-
fore, the permittivity (¢) in Eq. (27) corresponds to the HAO
medium and it is not related to the composite.

For electrical tests performed on the composite involving
direct current excitations, the whole permittivity could be a
pondered addition of the permittivities corresponding to the
matrix and the inclusion. In addition, electrical experiments
performed in the frequency domain could lead to different
relaxation processes appearing at different frequencies for
each component of the composite, as it was shown in pre-
vious work related to the dielectric relaxation in two phase
materials.>

Moreover, as it can be inferred intuitively, a viscoelastic
behavior from the inclusions of HAO (type DEA) oil in
the SBR matrix is in good agreement with the mechanical
representation for the rotation of dipoles which stretch or
compress the hydrocarbonated chains in the oil, as mentioned
above.

After the field is suppressed, the viscoelastic contribution
could play against the electroelastic contribution for keeping
the electric dipoles aligned, if the minimum energy config-
uration is achieved only for the internal stress state prior
to the application of the electric field.! It was shown in
Sec. 3.1.1 that a metastable minimum energy state could
occur even during the application of the field, which allows to
retain the aligned state for the dipoles, when a counteracting
elastic effect appears.' Then, if not all the dipoles are retained
due to the electroelastic interaction, the volume fraction of
electric inclusions will be smaller than the initial value con-
sidered in the electric inclusion model (Sec. 3.1.2). For a
given value of elastic modulus of composite SBR 1712
sample exhibiting memory, G’, the decrease in the volume
fraction of inclusions (fr;) leads to an increase in the values
of the elastic modulus of the inclusions exhibiting memory,
G/, Eq. (26), Fig. 13. Therefore, the calculated value for G
obtained with the whole value of fr; (27.5%, see Sec. 2.1),
i.e., all the volume fraction of inclusions exhibits memory
effects, is of maximum value.

Despite the three unknown incognita in Eq. (27), u = 2rq,
r and d,, from considering both an estimation of the dipolar
size from the shape of the chemical molecule and the dipolar
moment value reported for similar molecules, Eq. (27) can
be used for obtaining an approximate solution of the gap
among the dipolar moment arrangement in the dielectric in-
clusion. The procedure is as follows: (i) Figure 14 shows the
behavior of G,,, (Eq. (27)) as a function of p = d,/r, for
different values of dipolar moment, p, and for a dipolar radius
of 4A. This radius could be reasonable for large macro-
molecules like those involved in HAO (type DEA) oil.?%?!
(i) By taking into consideration that the memory value of G’
for the composite sample after the suppression of the
electric field (see empty circle in Fig. 11) is related to the G,
through Eq. (27), (iii) By calculating the value of G
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Fig. 13. Dynamic shear modulus for the inclusion as a function of
the inclusion volume fraction, calculated from Eq. (26).

from Eq. (26) corresponding to the memory value measured
for G'. (iv) By choosing a typical value for u for dielectric
compounds with aromatic rings (around 1.23 x 10~1°Cm
(0.37 D)).?"?! (v) Interpolating a curve for the chosen 1 value
among the whole set of G, versus p curves for different p
values, see the full line in Fig. 14, (vi) By taking the inter-
section of a horizontal straight line at the value of G} with the
interpolated curve for the electrical moment, see arrows in
Fig. 14. Finally, a value for p can be obtained. As said before,
by considering a possible change in the volume fraction in the
inclusion for the memory effect, the calculated value of p
represents a maximum value. So, the smaller the volume
fraction, the smaller the p value.

The calculated value for G’ in the present study from
Eq. (26) was 5.6 MPa. As it can be deduced from Fig. 14, for
a given p, the larger p is, smaller is the dipolar radius, r.

Interpolation curve for p=1.23x 10°Cm

7 N Dipolar moment x 10%° (C m)
L N L I
E_AMT L vy ::8;’;
Gvaue OFT 1 Vv -A— 050
from eq. (27) [ 4\ —\— 067
5F

-¥— 1.00

Fig. 14. Electroelastic modulus or apparent shear modulus calcu-
lated from Eq. (27) as a function of the parameter p, for a dipolar
radius of 4 x 10~1%m, for different values of dipolar moment, y. Full
line: interpolated curve for u = 1.23 x 10~19Cm (0.37 D). Arrows
see explanation in the text.
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Fig. 15. p = dy/r (left axis) and d, (right axis) as a function of the
dipolar radius.

Figure 15 shows the behavior of p as a function of the
radius, r (left axis) for Goupp = 5.6 MPa, determined from a set
of G,p, versus p curves for different radii, r, following the
procedure described in Fig. 14. As a consequence of the
definition of p = d,/r, the value of the gap between dipoles,
dy, can be easily obtained. It is interesting to note that for
radius value larger than 3, the gap between dipoles is smaller
than the dipolar radius. Moreover, the behaviours of p and d,,
for values of r larger than 3, go to an asymptotic trend.
Therefore, we could infer that the maximum gap between
dipoles in HAO (type DEA) oil inclusions could be around
0.5 A.

It should be highlighted that the procedure described here
could be a useful tool for obtaining information about the
spatial arrangement of dipoles in different formulations of
dielectric composites or two-phase materials.

5. Conclusions

DMA studies performed under electric field have shown that
SBR 1712 composite samples, which contain highly aromatic
oil, exhibit memory effects giving rise to dynamic elastic
modulus, damping and internal stresses degree which can be
tailored depending on the applied electric field strength. In
fact, after applying an electric field of 1000kV/m, higher
elastic modulus, higher internal stresses and lower damping
values, than the ones prior the increase in the field strength,
are achieved. The driving force controlling this mechanical
response is the memory behavior which has taken place in the
viscoelastic oil inclusions. The memory effects are controlled
by the stresses from the stretching or compressing of the
hydrocarbonated chains promoted by the dipole rotation up to
the achievement of the aligned state and its subsequent
retained condition.

The model for describing the memory effect in dielectric
composite materials, due to the dipolar interaction of retained
aligned neighbor dipoles, located at the inclusions, was suc-
cessfully applied.
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Moreover, by coupling this model with simple issues re-
lated to the mechanical properties of composite materials, it
allows to determine the maximum possible gap between
the electric dipoles in the dielectric inclusions. Therefore,
the procedure described here could give a new mode for
obtaining information about the spatial arrangement of
dipoles in different kinds of composite dielectric materials.
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Appendix A

In order to obtain a value of the polarization of the molecule
concentrated as a discrete dipole lying on the real molecular
polarization axis, we will proceed as follows. Firstly, let us
consider a two-dimensional projection of the dipolar sphere,
Fig. 4(a), where we will take pairs of dipoles, of discrete
charge ¢,, symmetrically chosen (short dashed lines)
regarding the real molecular polarization direction (dotted-
dashed-line), Fig. A.1. In Fig. A.1, the case for only one pair
of symmetric dipoles around the real polarization axis is
shown for clarity. The resultant dipolar moment, p,p, for the
picture from Fig. A.l can be written as

DPap =2 2r gcos(6). (A.1)

Subsequently, from a tri-dimensional analysis in the
spherical dipolar molecule from Fig. A.2, the expression for
the resultant differential dipolar moment by considering the
projections over the real polarization molecular axis of both:
(i) a pair of symmetric moments having a 0 angle (regarding
the real polarization axis) and (ii) a pair of symmetric
moments having the azimuthal angle, ¢, (regarding the real
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Fig. A.1. Two-dimensional projection of two symmetric dipoles of
arbitrary charge, g,, around the real molecular polarization direction.

1850018-12



R. R. Mocellini et al.

Fig. A.2. Three-dimensional angular configuration around the real
molecular polarization direction for an arbitrary differential of
charge, d,,.

polarization axis) takes the form;

dpsp =2 -2 -2rdgcos() cos(y). (A.2)

Consequently, from the point of view of the electrostatic of
the continuous media, the resulting dipolar moment can be
obtained from the integration of the superficial density of
charge for the dipolar sphere, Ap, between 0 and 7/2 both for
6 and ¢, such that

p= 8r3id/2 cos(@)d@/2 cos(p)dep. (A.3)
0 0

Then, the electrical dipolar moment for the sphere, p, equals

p=8rii,. (A4)

By considering a density of charge like the ratio between a
concentrated charge g and the half surface of the sphere,
Eq. (A.4) can be written as

(A.5)

p=2(2rg).

™

It can be appreciated from Eq. (A.5) that the mismatch
which appears for considering a dipolar representation with
two concentrated charges, g, lying on the surface of the sphere,
instead of the density of charge 4,; is only a constant which
equals 2/m. Therefore, to make easier the study of the orien-
tation processes among electrical dipoles in the dielectric lig-
uid, the so-called average dipole representation will be
introduced in the present work, see Fig. 5. Indeed, the dipolar
spherical molecule will be considered as a single resulting
dipole which concentrates on the two charges punctually in
opposite points over the sphere diameter in the direction of the
real molecular dipolar axis.
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