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Abstract The magnetic properties and hyperthermia effect were studied in a magne-
torheological fluid (MRF) containing iron particles of lpumto5 pm in diameter. The
measurements showed that the magnetization in the saturation state reaches a value
of 171 A - m? - kg~! with very small values of coercivity and remanence. They also
showed the ferromagnetic behavior in the system together with a value of the magnetic
susceptibility of 1.7. Theoretical and experimental results of the calorimetric effect
investigation under a changeable magnetic field of high frequency (f = 504 kHz) in
an MRF will be presented in the article. The sample was subjected to an alternating
magnetic field of different strengths (H = 0 to 4 kA - m™!). It results from a theoret-
ical analysis that the heat power density (released in the MRF sample) referenced to
the eddy current is proportional to the square of frequency, the magnetic field ampli-
tude, and the iron grain diameter. Experimental results indicate that there are some
reasons for the released heat energy such as: energy losses from magnetic hysteresis
and eddy currents induced in the iron grains. If the magnetic field intensity amplitude
grows, the participation of losses connected with magnetic hysteresis is increased.
From the calorimetric measurements, the conclusion is as follows: for a magnetic
field H < 1946 A - m~!, the eddy current processes dominate in the heat genera-
tion mechanism, whereas hysteresis processes for the total release of thermal energy
dominate for higher magnetic fields. Both mechanisms take equal parts in heating the
tested sample at a magnetic field intensity amplitude H = 1946 A - m~!. The specific
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absorption rate referenced to the mass unit of the MRF sample at the amplitude of the
magnetic field strength 4 kA - m~! equals 24.94 W -kg~! at a frequency f = 504 kHz.

Keywords Eddy current losses - Heating effect - Hysteresis losses -
Magnetorheological fluid - Specific absorption rate

1 Introduction

The magnetorheological fluid (MRF) consists of ferro- or ferri-magnetic particles
on the order of micron size dispersed in a viscous oil. These particles are multi-
magnetic-domain grains and they have no permanent magnetic moment [1]. There
is no mutual magnetic attractive force between the particles in the MRF without
an external magnetic field, and no particle coagulation occurs without an applied
external magnetic field. The aim of the research is to estimate which mechanism is
responsible for heating iron multidomain particles in an alternating RF magnetic field.
Experimental results indicate that there are some reasons for released heat energy
such as: energy losses from magnetic hysteresis and eddy currents induced in the iron
grains. Simultaneously, in view of a large grain diameter size (circa 1jum to 5 um), the
energy loss caused by magnetic relaxation does not appear. It results from a theoretical
analysis that the heat power density released in the MRF sample referenced to the eddy
current is proportional to the square of frequency, the magnetic field amplitude, and
the iron grain diameter. According to our theoretical analysis (see Appendix, Eq. 24),
the effective power loss in the mass unit of the sphere, caused by eddy currents induced
in the grains,

_ (muoRfH)?

P
¢ 5PFep

(1a)

where R is the radius of an iron grain, f is the magnetic field frequency, p is the the
iron electrical resistivity, and pg. is the iron density.

In the case of a polydispersion system where the mean square of the grain diameter
is (d?), the effective power loss (P,) released, in mass units, equals

H)?

(Py) = M <d2>. (1b)
20pFep

The mean square of the grain diameter (dz) may be calculated from the following

expression:

<d2> = d2 . exp(2 - B2, (o)

where d, and g are parameters of the log-normal function.

The second mechanism responsible for iron multidomain particle heating in an
alternating RF magnetic field is energy loss from magnetic hysteresis. Hysteresis
losses are mainly due to the domain wall motion [2,3], and their value is given by the
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Fig. 1 (a) Appearance of MRF iron particles with the help of the scanning electron microscope and (b)
log-normal function of the particle sizes

area of the hysteresis loop in an applied AC field. The coercivity H. is usually strongly
size dependent [4]. In this case, the power loss density depends on coercivity, and it
is proportional to the frequency as is shown in the following expression:

P= f,uojé MdH, (2)

where (1o = 47 x 1077 H - m™~! is the permeability of free space, M is the magneti-
zation, and H is the magnetic field strength amplitude.

From Refs. [5-8], it follows that for particle systems with ferromagnetic behavior
(i.e., hysteresis), a power of three is found at low field amplitudes (for Rayleigh losses).
Thus, hysteresis losses, for so-called Rayleigh loops, may be well described by a third-
order power law. In that case, it can be written as P o< H 3. The authors selected this
kind of medium for the experimental investigation because of the larger diameter
sizes of iron magnetic grains (1 wm to 5 wm); the presence of energy losses for eddy
currents is larger than in nanoparticles. Figure 1a presents an image of iron particles
which are the constituents of the MRF with help of the scanning electron microscope.
In turn, in Fig. 1b, the course of a log-normal function of the size of the iron particles
is shown. The log-normal function is described by two parameters: d, = 2.35um
and B = 0.3455. The obtained mean magnetic diameter (d) = 2.495 um, and the
standard deviation of particle size o = 0.888 um. The mean square of the grain
diameter (d?) = 7.01 - 10712 m?,

MREFs are quite often used in industry for construction of vibration dampers. As we
can find out from a leaflet producer, the MR fluids are suspensions of micron-sized,
magnetic particles in silicone oil. This carrier liquid is a perfect electrical insulator in
practice.

2 Experimental Methods
2.1 Magnetic Properties

The magnetic measurements were carried out by a SQUID magnetometer of Quantum
Design in an external magnetic field up to 3 T at 293 K. The hysteresis loop of the
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magnetorheological fluid MRF-336AG is presented in Fig. 2. The measured
magnetization in the saturation state is 173 A - m? - kg~!. This value is smaller than
the value for bulk pure Fe reported in the literature as 213 A -m? - kg~! [9], and it cor-
responds to a magnetic volume concentration of 81.2 % assuming that the saturation
magnetization for bulk pure Fe is 213 A - m? - kg~!. The remanent magnetization is
39A-m? - kgL

The measured coercivity was 1.81 mT which means that the value was higher than
for the bulk material (0.101 mT). Some possible reasons for the higher coercivity
of iron particles are the presence of impurities, defects, and an oxide layer on the
iron particles. It is known that such defects can cause domain pinning, and thereby
increasing the coercivity.

Measurements of the dynamic properties of the magnetorheological sample were
carried out by AC Susceptometer DYNOMAG of Imego AB. At all frequencies mea-
sured in the range up to 10° Hz, a constant value of the real part susceptibility of 1.7
was observed. It maybe meant that no agglomeration of particles takes place, which
can support the fact of the small value of the coercivity.

2.2 Calorimetric Experiments

Calorimetric investigations were performed in the testing system presented in Fig. 3.
The tested medium was MagnetoRheological Fluid MRF-336AG produced by LORD
Corporation. Two vials with an MR fluid and with silicone oil were placed in the
air gap (I = 0.01 m) of the magnetic system composed of ferrite with a transverse
intersection of 0.0018 m?. To the magnetic ferrite core coil with 12 turns of copper
winding (inductance L, = 100 wH), there was connected in series a capacitive decade
to the power amplifier (AL-300-HF-A) with 300 W power. The capacitive decade is
used in order to compensate for the inductive reactance.

For the condition of series voltage resonance, both (inductive and capacitive) reac-
tances diminish and the current reaches its maximum value. Then the magnetic field
also attains its maximum value. One turn of winding was applied to be observed and
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Fig. 3 Schematic diagram of experimental setup for measuring hyperthermal effect

to monitor the time path of the voltage which is added to the magnetic ferrite core.
The second winding was used for amplitude detection and induced voltage amplitude
measurement. This voltage is proportional to a magnetic flux value flowing in the
magnetic system. It can be proved that the magnetic field intensity amplitude H, in
the air gap equals

= L 3)

27 f Sre o

where U, is the voltage amplitude induced through the magnetic flux in one turn
of winding placed in the air gap, and Sk is the transverse intersection surface of the
ferrite.

The same winding placed on the magnetic ferrite core indicates more flux than in
the air gap because magnetic flux scattering appears in the vicinity of the gap. The
temperature was measured in a differential system with the help of a thermometer
with two fiber optic temperature sensors produced by FISO Technologies Inc. The
measurement uncertainty of the magnetic strength amplitude is equal to 30 A - m~!,
whereas the uncertainty of the temperature is equal to 0.1 K.

The measurements were carried out at a frequency of f = 504 kHz for some
selected magnetic field intensity values.

In Fig. 4, time plots of the temperature difference between the vials with different
MR values of the magnetic strength amplitude are presented. The magnetic field was
switched on in 30 s.

H,

3 Analysis

For the experimental data (in the 30 s to 150 s time range), the exponential function
was fitted in the following form:

T(t) = AT (1 - exp(_%)) , 4)

where AT is the difference in temperature between two vials with MR fluids and with
silicone oil at a steady state (at# —> 00), and t is the time constant in the heating
process.

The initial value of the expression (d7'/df);—o = AT /7 [10].

@ Springer



660 Int J Thermophys (2013) 34:655-666
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The dependence of (d7'/dt),;—o on the alternating magnetic field strength amplitude
H at a frequency f = 504 kHz for the MR sample is presented in Fig. 5.
For the experimental data (e), the function was fitted in the form [11],

dT H\"
(a)tzo = (3) ’ ®

where a and n are the parameters obtained from the fit of the exponential function to
the experimental data. For the case when only ferromagnetic particles (multidomains)
are used in the experiment, the value of the exponent (index) ought to be three. Because
in our experiment n = 2.64, we can suppose that eddy currents are also the reason
for that. So in that case, we can write an expression which includes both sources of
released heat energy.

Taking into account additively the principle of energy, we may write that the released
power of losses proportional to (d7 /dt),;—o consists of two components:

().~ (5) = () - (5)- ©
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where e and h are parameters from the fit which are adequate in describing losses for
the eddy currents and hysteresis phenomena.
After the fitting procedure, we can write the previous expression in the following

way:
dT H 2.645 H 2 H 3
I G e € R G R
dr J,_ 13958 36597 13762

In Fig. 6, the contribution of eddy currents and hysteresis processes to the total release
of thermal energy for the MRF-336AG sample as a function of the magnetic field
amplitude was presented. At a magnetic field intensity H = 1946 A - m~! for the
tested sample, both processes of eddy currents and hysteresis have equal participation
to the total release of thermal energy.

Calorimetric measurements performed with MR fluids containing iron multidomain
particles subjected to alternating magnetic fields of several intensities and frequency
f =504 kHz allow calculation of the initial linear rise at temperature (d7 /dt),;—o.
This quantity allows one to determine the specific absorption rate (SA R) which refers
to the mass unit of the sample and can be calculated from the relation,

el er ()L e () ()
SAR| —— | =Cp | — =Cp|{—) +|— ) (3)
8sample dr /o e h

where C, is the specific heat capacity of the sample.

With the growth of the magnetic field intensity amplitude, the participation of losses
connected with magnetic hysteresis is increased. SAR is referenced to the mass unit
of the MRF sample at the amplitude of the magnetic field strength H = 4 kA - m~!
which equals 24.9 W - kg~! at room temperature.

In our case, we may express the function in the following numerical form:

sar=cp (L) —oes| (-2 2+ oy’ )
~M\a ), 36597 13762) |
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Fig.7 SAR referred to mass 50
units of the MR sample versus
magnetic field strength 0] MRF-336
n=2.64489 hysteresis
g =504 kH
23] / z
= eddy currents
g:(' 20 ]
9]
10 4
0 o
0 2500 5000
H, Am’

Table 1 Calculated parameters d7'/dr and SAR referenced to the sample with its components and theo-
retical values of the effective loss power (P,) in mass units for some selected values of magnetic strength
amplitude

HA-m™) dr/dt SAR SARgC SARpyst (Po) (theory)
K-s7h  W-kgTh  WekeTH o WekgTh o WekegTh

1000 0.937 0.64 0.51 0.26 0.0018

2000 5.863 3.99 2.03 2.09 0.0074

3000 17.135 11.65 4.57 7.04 0.0165

4000 36.671 24.94 8.12 16.70 0.0294

5000 by extrapolation 66.167 44.99 12.69 32.61 0.0459

which is presented in Fig. 7 together with its components. The SAR defined as the
thermal power dissipation divided by the mass of a magnetic material can be expressed
as

c T
SAR = —PPS (—) , (10)
MFEe dr t=0

where C, = 680 J - kg~! - K~! is the specific heat capacity of the sample, p; =
3446 kg - m~3 is the MRF density, pre = 7870 kgm 3 is the iron density, ¢, = 0.367
and ¢, = 0.8202 are, respectively, the volume and mass concentration of iron, and
mpe = 2888kg - m~3 is the mass of the magnetic material in the 1 m? sample. The
following values of C,, ps, ¢y, and ¢, were provided by MRF producers. In Table 1,
values which were calculated for some selected values of the magnetic strength ampli-
tude are presented.

The theoretical dependence of the effective power loss (P,) referenced to a mass
unit of the sample (as a function of magnetic field intensity) is shown in Fig. 8.

For the following parameter values (d) = 2.495um, f = 504kHz, p = 9.6 x
10782 - m, and pre = 7870kg - m~3, we obtained at H = 4kA - m~! the theoretical
power loss value (P,) = 0.0294 W - kg~
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In turn, S A Rgc from our experimental results (referred only to a component caused
by eddy currents) for H = 4kA - m~! is equal to

H 2
SARgC = 0.68 (W) =8.12W- kg . (11)

Astonishingly, the theoretical value of the heat power ((P,) = 0.0294 W - kg~ !, at
H = 4kA - m~") is smaller than the value obtained from the experiment (SARgc =
8.12W - kg_1 and SARota = 24.94W - kg_l). It is possible that in real conditions
the electrical current flows in a longer circuit than in one iron grain [12]. Deriving a
formula (Eq. 24), it was assumed that the induced current in an iron grain flows only
in one grain. This condition may not be fulfilled in a real experiment. Moreover, the
shape of the magnetic hysteresis is quite different for RF ranges than the one measured
at static conditions.

4 Conclusions

H" denotes a law-type dependence of SAR (where n = 2.645 is the power) at the
amplitude of the magnetic field that demonstrates the heat energy losses in the sample
were generated by eddy currents and hysteresis mechanisms.

Both processes of eddy currents and hysteresis to the total release of thermal energy
have equal participation at the magnetic field intensity H = 1946 A-m~! for the
tested sample.

The hysteresis mechanism of releasing heat energy dominates for a larger magnetic
field strength amplitude (H > 1946 A - m™!).

The experimental value of the heat power is larger than the value obtained from
theory which may mean that the diameter of the loop with an electrical current includes
some neighboring iron particles.
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Appendix: Evaluation of Energy Heat Losses in the Sphere with Radius R
Placed in AC Magnetic Field as a Result of Eddy Currents

Let us consider the single spherical iron multidomain particle (Fig. 9) which is placed
in an AC magnetic field with instantaneous values of intensity,

h(t) = H sin (wt) . (12)

For a layer circle with thickness dr in a plane perpendicular to the line of magnetic
field H, radius A is equal to

A=+R?-r2, (13)
Hence, the magnetic flux in the layer limited by a circle with radius 4 is
@y = h’ o H sin (wf) . (14)

From Faraday’s law, it results that the instantaneous electric voltage induced in a
conductive circle layer with radius # is equal to

do
Up = d—th — wh®uoH cos (ot) . (15)

We can say that the electrical field strength exists in this perimeter:

Un whoH cos (wt)

ey =—=—"—"—"—"=nfhu,H cos(ot). (16)
27k 2 Fhita
Fig. 9 Auxiliary illustration for R dn an
calculation of the effective loss [~ -
power density in the sphere as a i R ] ]
result of eddy currents under the R r
influence of AC magnetic field j[h A Ay A
7 +
B H A d R
i dr e dr
_..-/
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Therefore, the effective electrical field strength is

Emax _ 7w fhuoH

NG

The flow of an electric current with an effective density (Jy,) is caused by such an
electrical field strength:

(En) = a7

Jmax <Eh> ﬂfh/LoH
J = = = s 18
W =m T V2p 4o

where p = 9.6 x 1078 Q - m is the iron electrical resistivity.
The effective power density in the torus layer with radius 4 is equal to

hpoH)?
(Pa) = (En) () = (”f2+) (19)

The effective power calculated in the whole circle layer with radius A = (R?—r2)0
and thickness dr is

\4 h=A " H By
(PA)z/P(h,r)dV= / (nsz)brdrdh, (20a)
0

0

where V = 27 Adr is the volume of the disk.

Hexdr HY? 4t
(Py) = (ﬂfﬂo )? mdr /h3dh T (fMo ) ot (20b)
P 4y
0
H 2
(Py) = Mdr (Rz_,Z) . (200)
4p
The effective power calculated in the whole sphere is
r=R 3 H 2 2 3 H 2 R 2
<P>=2/ T Rt (JroH) (Rz—rz) dr:—n (JoH) /(Rz—rz) dr
4p 2p
r=0 0
(21a)
R R
/ P =/ — 2R 4 ) dr (21b)
0 0
R
5 3 r5 2R5 R5 8R5 )1
= — 2R —+ —| = —t—=—.
" 35, 37571 @l
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Therefore, the final effective power calculated in the whole sphere is

_ (o)’ B8R ATR (fpoH)?

(P)
2p 15 15p

(22)

Taking into account the volume V = 47 R3/3, the effective power density in the
sphere is equal to

(P) _3-4m°R° (fuoH)® _ (WRfpoH)’

Alts = 23
v 15047 R3 50 23)

In turn, a power P, in mass units of the iron sphere is equal to

» [W} _ (P 3 4ATRN(fuoH)? _ (mpoRfH)
°| kg Vppe 47 R3pEe 150 5pFep
RfH)?
Py = M (24)
SPFep

For a polydispersion system of magnetic grains where the mean square of the grain
diameter is (d?), the effective loss power P, released in mass units is equal to

_ (muofH)? <d2>_

P,) = 25
(Po) = 50— (25)
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