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Abstract: During the last years, there has been a growing interest in studying the heat dissipation of magnetic
nanoparticles on exposure to electromagnetic fields. This is of particular importance for their subsequent use in
the constitution of ferrofluids for magnetic fluid hyperthermia (MFH). This study presents the synthesis and
characterization of a cobalt ferrite sample with a nanoparticle diameter of 13.65 nm. The AC loss ability of the
sample in the frequency range 100 to 250 kHz has been assessed. For this purpose a customized self-oscillating
induction heater has been constructed. The details of the construction and calibration of the alternating
magnetic field are described in this work. The maximum field intensity H achieved by this assembly is 3.5
(kA/m) in the frequency range 100 to 250 kHz. This miniature working coil was used for heating magnetic nanopowders via relaxational losses. The rise in temperature with time of the sample over the specified frequency
range is depicted. The sample showed a temperature rise of 82 ᵒC and a field of 244.6 kHz at a field intensity of
3.5kA/m. Therefore, the designed induction heater proved to meet the requirements for future use in MFH.
Keywords: AC losses, Brownian loss, Cobalt ferrite,Induction heater, magneticnanoparticles,Neel loss

I.

Introduction

Cobalt ferrite is one of the promising candidates for magnetic fluid hyperthermia [1-2]. Its preparation
via a variety of routs has been the interest of several authors [3]. Co-precipitation method is utilized here [4-5]
as it has the capability of producing fine particles [6] in a narrow size distribution suitable for the purpose of
heating via relaxational losses [7]. Cobalt ferrite has an inverse spinel structure [8] that is known for its
remarkable properties including high chemical stability [9], biocompatibility [10] and tunable magnetic
properties [11].
Induction heating refers to the heating of an object inserted in a working coil through which time
varying current is passed. Several applications in research and industry are based on this phenomenon [12]. Few
applications include induction welding, cooking, sealing, brazing and heating of metals in induction furnaces
[13-14]. Thermal energy dissipated in metallic samples on exposure to an alternating electromagnetic field
(AEMF) is attributed to one or more of several mechanisms including Eddy currents, hysteresis, and relaxational
losses. These mechanisms utilize the alternating magnetic component of the applied AEMF and the prevailing
loss mechanism is determined by the sample properties.
The current study presents the design and construction of a moderate power induction heater with a
miniature working coil. The synthesized cobalt ferrite sample is utilized in this study to prove the applicability
of the device and test the feasibility of the future use of the sample for magnetic fluid hyperthermia.
The induction heater is a modified form of the Royer type resonant oscillator invented and patented by
George Royer in 1954 [15]. The aim of theinvented circuit at that time was to convert direct current (DC) to
alternating current (AC). The circuit was very simple as it utilized two transistors, a center tapped transformer
with identical windings, feedback windings a saturable core and a secondary winding[16]. This self-oscillating
[17-18] push-pull converter gave a square pulse on the secondary windings of the transformer. A push–pull
converter refers in general to any converter with bidirectional excitation of the transformer. The frequency f of
the output square signal depends on the DC input voltage (V in) that is applied across the center tap with similar
windings, each with a number of turns (N) and B w is the operating magnetic induction intensity (T), SN is the
magnetic core effective cross- sectional area. The frequency f of the output is calculated from the following
relation [9]
Vin
1
f=
4NBw SN
This square output voltage in the Royer oscillator is not required; instead, a high sinusoidal AC current
flowing in the working coil at a specified frequency is desired to heat the material via one or more of the
previously mentioned mechanisms. Therefore, the circuit is modified to meet our needs as shown in section 2.2.
Heat dissipation in metals and metal oxides on exposure to AEMF is generally attributed to one or more of the
following mechanisms:
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1) Eddy currents loss, the electrically conductive material responds according to Faraday’s and Lenz’s laws
and the dissipated power is given by [20]:
PED =

μπdfHo
20ρ

2

2

where μ, d and ρ are the permeability, diameter and resistivity of the material respectively.
2) Hysteresis loss is given by equation (3) [21] where M is the magnetization of the sample and μ o is the
permeability of free space.
3
P = μo MdH

3) Relaxational losses constitute two mechanisms namely Brownian rotation and Nell relaxation. Brownian
rotation refers to the rotational of the particle as whole against a viscosity barrier in the alternating magnetic
field AMF with a relaxation time given by [ 22]:
3ηV H
4
τB =
kT

Where η is the viscosity of the dispersing material (solvent) and k is the Boltzmann constant, T is the
absolute temperature and VH is the hydrodynamic volume of the particle. Neel relaxation is the rotation of the
magnetic moments towards and away from the direction of magnetization with a relaxation time given by [23],
where VM is the volume of the magnetic core.
KVM
5
τN = τo e kT
Relaxational losses are the heating mechanisms responsible for heat dissipation in the obtained sample
with an equivalent relaxation time given by [24]. According to equation (11), the shorter time dominates.
τB τN
6
τ=
τB + τN
The power loss due to relaxational mechanisms is given by [25]
7
P = μo πχ′′ fHo2
where Ho is the applied field intensity at the frequency f and χ′′ is the imaginary part of the complex
susceptibility
ωτ
8
χ′′ =
χ
1 + (ωτ )2 o
whereχo is the DC susceptibility. Equations (7, 8) depictthe dependence of the dissipated power on the total or
the equivalent relaxation time τ.

II.

Experimental Work

2.1 Experimental procedure
Cobalt ferrite is prepared by the co-precipitation [4, 5, 9] method from iron and cobalt nitrate precursors with a
ratio of Co: Fe of 2:1 according to:
9
Co NO3 2 + 2Fe NO3 3 + 8NaOH → Co OH 2 + 2Fe OH 3 + 8 NaNO2
90 o C, pH =12.8

CoFe2 O4 + 8 NaNO2 + 4H2 O

The salts are dissolved separately in distilled water then added together. NaOH(precipitating agent) is
added drop by drop under continuous stirring until pH value reaches 12.8. Heating starts and the solution is held
at 90ᵒC for two hours till the formation of a black precipitate representing the desired magnetic phase. The
sample is subsequently washed several times with distilled water and dried.
2.2 Circuit design and operation
A Mazzilli inverterwas first proposed by VladimiroMazzilli[26] is a combination between Royer
oscillator and induction – capacitor metal oxide semiconductor L-C MOS oscillator [27]. It allows large currents
to oscillate back and forth between the capacitor and the working coil producing a large alternating magnetic
field in the working coil by which the sample is heated. Fig.1. shows the used induction heater which is
practically a Mazzilli inverter with the secondary coil removed.
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Fig. 1: the used induction heater as a modified Mazzili inverter
The working coil is a center-tapped transformer. Though working with center-taped transformers is not
as simple as regular transformers, it is necessary for the operation of the circuit. DC voltage from a rectified
source is applied to the center-tap of the working coil thus; current flows through both of its sides and equal DC
voltage appears simultaneously on the gates of both metal oxide semiconductor (MOSFETs) (T 1&T2) along with
the voltage supplied from the source via R1 and R2 to switch the MOSFETs on. As the two MOSFETs are not
be identical they have different response times causing one of them to switch before the other. The MOSFET
that is in the ON state (say T1) will deprive the other (T2) from the current leading the later to be in an OFF
state.
Each side of the capacitor is connected to the gate of the MOSFET on the opposite side; the MOSFETs
are fed with signals that are 180ᵒ out of phase at any instant. The orientation of thediode (D1) allows the
negative half cycle of the signal to reach the N-type gate to retain it in the ON state for this half cycle, whereas
T2 is retained in the OFF state. In the next half cycle no signal is fed to T1 whereas, T2 is fed with the negative
half of the signal which allows T2 to be switched ON for that half cycle. The process is repeated in the onset of
the next cycle by switching T1 to the ON state. The operation frequency f (the frequency of the large current in
the working coil) is the resonant frequency of the tank circuit and is given by:
f=

1

10

2π LC

where L is the inductance of the coil and C is the capacitance of the capacitor.It is apparent from the
operation of the circuit that this oscillator is a zero voltage switch (ZVS), this means that switching of the
MOSFETs occurs with almost zero voltage across them. This soft switching in contrast to hard switching, leads
to remarkably less switching losses. This property is very important especially at high frequencies as the power
loss increases with frequency [11]. The circuit is a self-oscillating converter [17, 18], thanks to the presence of
the capacitor C that constitutes a resonant circuit with the working coil which enables the circuit to act as a ZVS
oscillator. ZVS has proved to be efficient in a variety of applications [28-29] due to the enhanced efficiency and
the reduction in the number of used components [30] thus making the circuit less costly and more compact. The
positive feed-back ensures circuit stability as it is possible to feed-back the proper amount of voltage for
constant amplitude oscillations because if the oscillations increase, the biasing of the gate increases and
consequently decreases the gain leading to a decreased gate biasing in the next cycle in a robust manner.
MOSFETs perform well in ZVS circuits because they possess inherently low ON resistance (Rds (on));
when they are in the OFF state they are open circuit and when they are ON they are almost a short circuit with a
very little resistance (few milliohms) [31] .The timing of the circuit is a crucial matter for stable operation. If
both transistors are ON, this definitely leads to a short circuit and if they are both OFF high voltages appear due
to back EMF. Using fast transistors as is the case of (MOSFETs) does not allow enough time for the back EMF
to charge the capacitor of the transformer (inherent in the windings) and the body diode of the MOSFET to high
voltages. The MOSFETs T1 and T2 used in this study are IRFP250N purchased from International Rectifier
with static drain to source resistance RDS (on) =75mΩ, and maximum drain current ID=30 A also, the voltage
rating of the MOSFET is four times the power supply.
For optimized performance, other components are added to the circuit. Resistance R1 and R2 are used
to limit the gate current thus protect the MOSFETs. They should not be too large as this will slow down
switching of the gate. These resistors also should be high power resistors to withstand large currents through
them. In this circuit 220 ohm, 0.6 watts ceramic resistors are used. The diodes D1 and D2 are responsible for
discharging the gates which implies that they should have low forward drop to attain efficient discharging of the
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MOSFET that is in the OFF state before the onset of the next cycle. The voltage rating of the diodes should be
high as the voltage in the tank circuit rises considerably. Diodes used here are IN4007. The choke coil L2
protects the power supply unit (PSU) from the frequency oscillations [32], and also protects the gates from the
sudden rise in current due to its capability of storing energy. The value of the inductance of the choke coil is
chosen such that the reactance is large at the operation frequency. The coil is made by winding a thick wire
around a ferrite core, some experimentation is necessary to achieve a suitable coil or the circuit may fail to
oscillate.
It should be noted that the tank circuit is the part of the circuit with the highest heat dissipation.
Therefore, the capacitors and the working coil should both be properly selected to withstand the rise in
temperature. Concerning the capacitor, polyester capacitors are utilized as they have a high dielectric constant
and dielectric strength. They also have excellent self-healing properties and good temperature stability [33].
Also parallel combinations of small capacitors to give the required capacitances help to divide the large currents
and consequently decrease the heat dissipation in each capacitor. The range of the capacitances used is 300-900
nF for frequency range of 100 to 250 kHz.
It is also important to state that the circuit employs large currents and voltages; therefore caution is
required to avoid electrical shocks. The MOSFETs T1 and T2 are separately mounted on heat sinks. The drain is
in contact with the heat sink therefore, the two sinks should never be brought in contact. This is in addition to
using thick enough wires and making them as short as possible with proper soldering.
2.3 Working coil design and experimental set up
A cross section for the setup containing the working coil, its jacket, the sample within the glass holder
and the IR thermometer used in this experiment are shown in Fig. 2(dimensions shown). The coil used is a
copper tube with inner diameter of 0.4 cm to allow cooling water current to flow. For a coil with number of
turns n and diameter of each turn D in cm, the magnetic field H in kA/m can be calculated knowing the
current I (A). In finite solenoids in general, the field intensity H is inversely proportional to the coil diameter D.
The chosen diameter is the minimum diameter suitable for enclosing a test tube insulated by polystyrene jacket.

Fig. 2: cross section for experimental set up
Magnetic field calibration in the coil is performed against a DCTeslameter (PhyweTeslameter1361093, Germany) for low DC currents; up to 6 A. The plot of DC magnetic field strength H versus I showed a
linear dependence. Current I is calculated knowing that the tank circuit operating at a certain frequency f
utilizes a capacitor with capacitance C. Assuming that the capacitor discharges all its charge Q in the coil at I
=Imax giving
11
Imax = Q max ω
or
Imax = 2ΠfC( 2Vrms )

12

Where Vis the AC voltage measured across the coil. Accordingly, two values of the applied current, 32
and 45 A were obtained. A linear relation was obtained between the magnetic field B in mT and the coil current
I in ampere with a slope of 0.983. This implies that the field H (A/m) =77.46 I. Therefore, the values of the two
applied fields are H1= 2.4 kA/m and H2= 3.5 kA/m.
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To plot a temperature profile of the cobalt ferrite nanoparticles, 2 grams of the sample in powder form
are contained in a glass test tube that is inserted axially in a polystyrene foam jacket inside the working coil [3436]. Polystyrene foam is made of expanded polystyrene beads which is a good thermal insulator material due to
the abundance of trapped air molecules 98% of the volume, in addition to the fact that the large polystyrene
molecules are good insulators. The coefficient of thermal conductivity k is very low (0.033 W/ (m·K )[37].
An infrared (IR) thermometer (FLUKE 62 Mini IR thermometer, China) is mounted over the test tube
to measure the temperature (±1% of the reading). IR thermometers are applicable here as they not affected by
electromagnetic radiation, the circuitry can be affected at higher fields than those utilized here. This is in
contrast to thermocouples that are heated up by electromagnetic radiations giving misleading results. The IR
thermometer is calibrated against an alcohol thermometer to adjust the emissivity value and the mounting
position, which is also a routine check.
2.4 Characterization
The powder XRD pattern was obtained using a PHILIPS® X’Pertdiffractometer, which has the Bragg-Brentano
geometry and copper tube (Lambda = 1.54 A), the operating voltage was kept at 40 kV and the current at 30
mA. The size and morphology were studied using a FEI, Tecbai, G20, transmission electron microscope (TEM)
operating at 200kV. TEM micrographs and selected area electron diffraction (SAED) pattern were obtained by
dispersing nanoparticles in water for 30 min by ultrasonic agitation. The aqueous dispersion was dropped on a
carbon coated copper TEM grid.

III.

Results and Discussion

3.1 Sample characterization
The diffraction pattern is shown in Fig.3 (a).According to ICDD 000030864 database, the pattern
shows a single phase spinel crystal structure with a lattice parameter 0.837822 nm. The crystallite size
determined using Debye-Scherer’s equation [38-39] was 13 nm. TEM micrographs and electron diffraction
pattern are shown in Fig. 3(b) and 3 (d)respectively. The pattern shows a high degree of crystallinity. The
particle size distribution is shown in Fig.3(c)and the count is fitted with a log-normal function according to:
13
1
ln2 (d/do
f d =
exp −
2
2σ
2πσd
where σ is the distribution width, do median distribution and the average diameter dav= do exp (σ2/2). The
average particle size is 13.56 nm with a standard deviation of 0.14. Since the crystallite size and the particle size
are in the same order of magnitude, it can be inferred that the particles are monocrystalline.

(a)

(b)

(c)

(d)

Fig. 3a) XRD pattern, b)TEM micrograph, c) size distribution of cobalt ferrite nanoparticles and lognormal fitting d)
electron diffraction pattern for the cobalt ferrite sample
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3.2 Assessment of AC loss
This section is concerned with proving the validity of the constructed circuit to heat small samples as
well as the feasibility of the prepared sample for subsequent use in hyperthermia. The temperature rise of the
cobalt ferrite sample is measured by applying the previously explained setup for an exposure time of 300
seconds. Fig. 4 shows the temperature rise with time of the cobalt ferrite sample at a field of 3.43 kA/m and
frequencies 146, 163, 170, 192.2 and 244.6 kHz and the recorded rise in temperature is 52.2, 57.4, 64.2, 66, 82
K respectively. The heating ability of the sample is shown to increase with increasing frequency. Fig. 5 shows
the effect of raising the field intensity H of the sample at 2.5kA/m and 3.5kA/m at a frequency of 163 kHz.

Fig. 4: rise in temperature with time for the
cobalt ferrite sample at different frequencies at
a field of 3.5 kA/m

Fig. 5: effect of changing the field intensity H
on the rise in temperature with time

This observed heat dissipation may be attributed to one or more of the above mentioned mechanisms.
Concerning Eddy currents loss (2); since cobalt ferrite used in this study is a semiconductor with high resistivity
and the diameter of the nanoparticles is small therefore, Eddy loss mechanism is excluded. The second
mentioned mechanism is the hysteresis loss given by equation (3). This loss mechanism is also negligible for
particles with diameters less than that of the single domain critical size (70 nm for cobalt ferrite [40] which
causes this mechanism to be excluded as well. This leaves out only relaxational losses which constitute two
mechanisms namely Brownian rotation (4) and Nell relaxation (5). The prepared sample is in powder form; the
samples are agglomerated which increases the hydrodynamic volume thus increasing the Brownian
characteristic time (4). According to equation (6); the shorter time dominates, this in addition to the fact of
lacking a viscosity barrier. For these reasons, the observed heat loss is attributed to Neel relaxation mechanism.

IV.

Conclusions

A cobalt ferrite sample 13.65 nm was prepared using co-precipitation. The AC losses for the samples
were successfully assessed using the constructed induction heater in the frequency range 100-250 Hz. The heater
provides field intensities in the vicinity of the working coil up to 3.5 (kA/m) in this frequency range. Thecircuit
has the advantages of being self-oscillating and only a DC power supply with an output of 30 V is required which
greatly simplifies the circuit and reduces the cost. It also provided a steady output and the applied frequency
could be varied in this range simply by varying the values of the capacitance. Moreover, a variety of samples as
magnetic powders and small metallic parts can be heated in the working coil.
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