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Abstract. Sea bed logging (SBL) is a new technique for detection of deep target hydrocarbon
reservoir. Powerful electromagnetic (EM) transmitter is required for the transmission of EM signal
underneath the seabed. New aluminum transmitter with yttrium iron garnet (Y3;FesO,;) based
magnetic feeders was used in a scale tank to increase the magnitude of the magnetic field. Yttrium
iron garnet samples were prepared using self combustion technique at different sintering
temperatures of 750°C, 950°C and 1150°C. Characterizations of Y;FesO,, samples were done by
using XRD, RAMAN, FESEM and Impedence network analyser. X-ray diffraction results revealed
that yttrium iron garnet phase with good crystallinity appeared at sintering temperature of 1150°C.
Nanoparticles size ranging from 60 to 110 nm was investigated. Raman results also confirmed
garnet structure of yttrium iron garnet at sintering temperature of 1150°C. Field emission scanning
electron microscopy (FESEM) was used to image the morphology of the Y;FesO;, nanoparticles.
Magnetic properties of Y3;FesO;, magnetic feeders illustrates that Ys;FesO;, has high Initial
permeability (58.054), high Q-factor (59.842) and low loss factor (0.0003) at sintering temperature
of 1150°C. Y3FesO;, magnetic feeders with high Q factor were chosen for new aluminum EM
transmitter. Experiments with a scale factor of 2000 were carried out in scaled tank. It was found
that Al transmitter with Y3;FesO,, magnetic feeders increased magnitude of magnetic field strength
up to 180%.

Introduction

Hydrocarbon exploration is very expensive, not perfect and can be harmful to marine life due to
large value of current used. A new technique of detecting hydrocarbon reservoirs has been
developed and is called “seabed logging”. Seabed logging is an application that uses controlled
source electromagnetic (CSEM) technique to detect and characterize hydrocarbon reservoirs in deep
water areas [1-3].

The transmitter is supplied with appropriate current and frequency for the transmission of EM
(electromagnetic) waves in the marine environment. Energy of the electromagnetic waves depends
on the voltage and current supplied to the transmitter. Arrays of receivers are placed on the sea
floor to measure both the amplitude and phase of the received signal. Different positions of the
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transmitter and receivers are used to determine model of seafloor resistivity. Hydrocarbon reservoir
has resistivity perhaps 10-100 times greater than seawater and other sediments. Transmitter that
transmits the wave is controlled by the source power generator. Electromagnetic waves generated
by the transmitter will be reflected and guided by the hydrocarbon reservoir because of its high
resistance [4]. The magnetic feeders are used to excite the TM wave field components such as H} ,
Ez, and Ep. When the magnetic feeders are used on the wire antenna (conductor), the magnetic flux
energy will be transfered from magnetic feeders to the current flowing along the antenna conductor.
The higher the Q value gives higher efficiency of the power which is delivered to the antenna
current. It was also reported that hysteresis losses and eddy current losses increases as the frequency
increases [5].

Yttrium iron garnet (Y3FesOj,) is a well known attractive magnetic garnet used for microwave
region as well as for circulators, optical isolators and many magnetic optical devices. Yttrium iron
garnet has large Faraday rotation and high saturation magnetization and due to these properties, it
has potential applications in electronic devices and in magnetic bubble domain-type digital
memories [6]. Magnetic properties such as initial permeability, relative loss factor, saturation
magnetization and remanence etc depend on the crystal structure and morphology of the garnet
materials [7].

Many authors have focused their study on the physical and chemical properties and on the
reduction of the particles size of the ferromagnetic garnet materials [8-9]. Non conventional
(chemical) methods have been found out by many researchers for the preparations of soft ferrite
with garnet structure. These methods have advantages over conventional methods were reported by
[10-12]. Chemical methods were investigated much better due to their large surface area of
nanoparticles relative to low sintering temperature with good homogeneity and high chemical purity
etc. Self combustion synthesis [13], sol-gel route [14], hydrothermal precipitation [15], glass
crystallization method [16], mechanical alloying [17], and chemical co-precipitation [18], etc are
non conventional methods used to synthesize the nanoparticles of the yttrium iron garnet. In recent
years, attentions have been made to develop a technique for the synthesis of well known iron garnet
nanoparticles at low sintering temperature [19]. Self combustion method has certain advantages
such as mixing of atomic scale with fast reaction rate at low sintering temperature.

Magnitude of electromagnetic (EM) waves for detection of hydrocarbon reservoir in marine
environment is very important in seabed logging. New carbon nanotubes (CNT) fibres/aluminium
based EM transmitter was developed and NiZn ferrite as magnetic feeders was used to evaluate the
presence of oil. Single phase of Nig76Mgo.04ZngFe,O4 was sintered at 700°C in air having [311]
major peak was obtained by sol gel method. FESEM results showed average diameters of
nanoparticles in ranges of 17-45 nm. High Q-factor (approximately 50) sample was used as
magnetic feeders for the EM transmitter. It was observed that the magnitude of EM waves of this
new EM transmitter increased up to 400% [20].

Seabed logging (SBL) has shown very promising results for the direct detection of hydrocarbon
by an active source using electromagnetic (EM) energy. However, powerful horizontal electrical
dipole (HED) which can generate powerful electromagnetic signal still remains a challenge.
Development of twin dipole antenna with yttrium iron garnet based magnetic feeder is reported in
this research work. The toroid shape yttrium iron garnet samples were prepared using sol gel
method. XRD results revealed best garnet cubic phase giving (4 2 0) plane of the Y3;FesO,
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crystallite appeared at 33.30. It was observed that by using the transmitter with the Y3;FesO,
magnetic feeder (UTP28), an improvement of peak to peak voltage of the EM detectors by more
than 400 % was found. It could be seen that twin dipoles were able to detect EM waves at more
than 70 meters. It was also observed that the dipole antenna has an ability to change from HED to
vertical magnetic dipoles (VMD) mode [21].

The present work focuses on enthusiastic and efficient investigations on the garnets having
chemical formula of Y;FesO;, with greater homogeneity by using self combustion method. X-ray
diffraction analysis, raman spectra, field emission scanning electron microscopy (FESEM) and
magnetic characteristics of Y3;FesO;, nanoparticles were examined. Magnetic feeders were also
fabricated using Y3;FesO;, nanoparticles. Al wire with Y3;FesO;, based magnetic feeders were used
as EM transmitter for the improvement of magnitude verses offset in a scaled tank.

Methodology

Experimental Set up. The raw materials iron nitrate [Fe(NO3);.9H,0], and yttrium nitrate
[Y(NO3)3;.6H,0] having 99.99% purity were used. All metal nitrates used for the synthesis of
Yttrium iron garnet (YIG) were dissolved in the aqueous solution of 160 ml of citric acid
[C¢HgO7.H,O]. The solution was stirred at 250 r.p.m for 10 days and was combusted on the hot
plate stirrer with gradual heating for 40 minutes until temperature was 110°C. The combusted
material was dried in the oven at 100°C for 2 days and dried powder was grounded for 6 hours. The
powder was sintered at 750°C, 950°C and 1150°C respectively for 4 hours. The yttrium iron garnet
nanoparticles sintered at 950 °C and 1150 °C were moulded to a toroidal shape using hydraulic
press at pressure of S0kN. 1% of zinc stearate acted as lubricant and 1% of PVA acted as binder
were added into nanoparticles of yttrium iron garnet. Y3FesO,; toroidal samples were then sintered
at 1050°C and 1250 °C for 5 hours and 10 hours in air respectively. The phase and structure of the
Y;3FesO, nanoparticles were examined by X-ray diffractometer (Bruker D8 advance). Raman
spectra were obtained for Y;FesOi, at different temperatures by using Raman spectroscopy system
with 514.5nm.The morphology and shape of the particles were characterized by using FESEM
(SUPRA 35VP). Magnetic characteristics were carried out by using impedence vector network
Analyzer (Agilent 4294 A) in the frequency range of 40 Hz — 110 MHz.

Scale tank with a scale factor of 2000 was constructed to investigate magnitude of B field from
Al EM transmitter with and with out Y3;FesO;, based magnetic feeders in tab water. Aluminium
wire was used as EM transmitter with Y3;FesO,, based ferrite as the magnetic feeders in the scale
tank. Function generators were used to apply square wave with 20V peak to peak voltage to the EM
transmitter. Magnetic field generated by EM transmitter was detected by fluxgate magnetic field
sensors, Model Mag-03MSS100 (Bartington Instruments). Three magnetic sensors were placed at
equal distance from each other. The magnitude of EM waves was recorded by a Decaport data
acquisition system Model NI PXI-1042. Schematic diagram of lab scale with new EM transmitter
with three sensors is shown in Fig.1.
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Fig. 1, Schematic Diagram of a Scaled Tank with New Al transmitter with Y;FesO,, based
magnetic feeders.

Scale factor Equations. Scale tank was constructed to validate the increase in magnitude of B field
from new EM transmitter. Lab scale dimension (dj,») and full scale dimensions (dg) are related to
scale factor. In this case, water level of 1000m and overburden with also 1000m height replicates
the marine environment in the scaled tank. Scale factor in this scale experiments was 2000 [22].
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where f is the frequency of the transmitter, p is the conductivity of the medium, and d is height of
the resistive layer. It can be seen that full scale dimension is equal to n times of the laboratory scale
dimension.
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Results and Discussions

X-Ray Diffraction (XRD). X-ray diffraction with CuKa with wavelength of A=1.54056 °A was
used to find out the crystal structure of yttrium iron garnet samples. Diffraction patterns of samples
before sintering and sintering at 750 °C, 950 °C and 1150 °C are shown in Fig. 2.
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Fig.2, X-ray diffraction patterns of Y3FesO1, (YIG) samples prepared by self combustion method.

KA
wcosf “4)

D=

where,

K= varies with hkl & crystallite shape equal to 0.9.
0 = Bragg’s angle

o =Full width at half maximum (FWHM)

A = wavelength of incident radiation

From the diffraction patterns it has been shown that with out firing the yttrium iron garnet showed
no peaks but as we increased temperature from 750°C to 1150°C the peaks increased. A clear
diffraction line with sharp peak (420) designates high crystallinity of the Y3;FesO;, sintered sample
at 1150°C showed single phase YsFesO,, garnet structure. All peaks were exactly matched with the
standard JCPDS card 77-1888. Many authors have reported this peak for single phase yttrium iron
garnet structure [23]. The average crystallite size of the Y3FesO;; sintered samples were calculated
from broadening of [420] peak using the sherrer formula as given in (Equation 1). The crystallite
sizes showed variation from 60 nm to 100nm for Y3;FesO;, sintered samples as temperature
increased from 750°C, 950°C, and 1150°C respectively.

Raman Spectra. Raman spectra result of Ys;FesO,, sintering at temperatures 750°C, 950°C and
1150°C are shown in Fig. 3. Raman results also confirmed that as the sintering temperature
increased raman peaks increased. Maximum raman shift occurs at 263 cm™ which showed the
growth of the grains after sintering at 1150 °C. The major bands for Raman shift of Y3;FesO,, are

188,273, 329, and 510 cm™'[24].
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Fig. 3, Raman spectra results of Y3FesO;, (YIG) samples prepared by self combustion method.

ne :10:59:33 Date :14 Jan 2010 Time :11:19:06
Mag= 5.00 KX Universiti Teknologi PETRONAS Universiti Teknologi PETRONAS

EHT = 10.00 kV Signal A = VPSE Date :14 Jan 2010 Time
WD = 5.3 mm

EHT = 10.00 kV
WD = 5.4 mm

Fig. 4, FESEM micrographs of Y3FesO, ferrite powder at 750 °C (a) 5 KX (b) 10 KX (¢) 30 KX.

FESEM results. Field Emission Scanning Electron Microscope (FESEM) was used to measure the
dimensions of the grain size and morphology of the bulk and nanoparticles. FESEM graphs for
Y3Fes0;, samples sintered at 750°C, 950°C and 1150°C at different resolutions are shown in Figs.
(4-6). It has been observed from the results of FESEM that most of particles were agglomerated
with other particles in a uniform manner. This may be due to large surface area and high surface
energy of the Y3FesO;, nanoparticles [25]. The pores in Y;3FesO,; sintered samples at 750°C and
950°C prevented atoms from diffusing which results noncrystalline powder as confirmed by XRD
results. Porous features after sintering of the Y3;FesO;, samples indicated easy breaking of
agglomeration at higher temperature [26].There was no agglomerations in Y3FesO, sample sintered
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at 1150°C which shows uniform grain structure (Fig. 6). It was attributed that change in the particle
size and morphology of Y3FesO, samples sintered at 750°C, 950°C, and 1150°C was due to the
breaking and welding of particles. It was reported that Yttrium iron ions have large ionic radii
(0.892°A) than the ferrum ions (0.65°A). So ferrum ions went to tetrahedral and octahedral sites
where as yttrium ions goes to dodecahedral sites (2.40°A) [27]. The grain size of the sample also
increased as we increased temperature from 750°C to 1150°C. It was also investigated that the grain
size of Y3FesO,, prepared by self combustion method was less in sizes as compared to the samples
prepared by conventional method [28].

ate :14 Jan 2010  Time :11:56:34 m y Signal A = VPSE Date :14 Jan 2010 T 1:50:53
Universiti Teknologi PETRONAS ND = 5.0 mm Mag = 10.00 K X Universiti Teknologi PETRONAS

Fig. 5, FESEM micrographs of Y3FesO, ferrite powder at 950 °C (a) 5 KX (b) 10 KX (¢) 50 KX.
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EDX Analysis. The EDX results of YsFesO;, samples showed that the iron oxygen, and yttrium
elements were with atomic percentages of 22.41%, 67.18% and 10.41%, respectively as given in
Table 1. From Fig. 7 and Table 1 we can see that there is no impurity observed due to high purity of
the starting materials for the preparation of the Y;FesO;, nanoparticles. The higher peak of the
oxygen in the spectrum indicated high concentration as compared to the ferum element of the
Y3F€5012.
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Fig. 7, EDX spectrum of Y3FesO;, ferrite powder.
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Table. 1, EDX of Y3FesO, ferrite powder.

Element Weight% Atomic%
OK 33.05 67.18
Fe K 38.48 22.41
YL 28.47 10.41
Total 100.00

Initial permeability, Q factor and Loss factor. Series values of inductance, Ls and Q factor were
recorded from the lowest frequency to resonance frequencies from the impedence vector network
Analyzer (Agilent 4294 A). Initial permeability, Q-factor and relative loss factor (RLF) of Y3FesO1,
sintered at 750°C 950°C and 1150°C were calculated using network analyser. The formula for
Initial permeability p; is

i = 2w Ly
" N’u,tln(Do/Di) (5)

Where Ls is the parallel inductance, N is the number of turns, t is the thickness of toroid, y is the
permeability of free space (4n < 107 m/A), Dy is the outer diameter, and D; is the inner diameter of
the toroid, respectively. The initial permeability increases with increasing of frequency where
relative loss factor (RLF) decreases as the frequency is increasing are shown in Figs. 8(a,c).
Comparison of initial permeability, Q factor and loss factor at temperature of 750°C, 950°C and
1150°C are given in Table 2. It has been investigated by many researchers that ferrite materials have
higher Initial permeability due to bulk density and large grain size [29]. Bulk density increases due
to pores and also raises its spin rotational contribution which also contributes to increase
permeability [30]. Q factor of Y3FesO, sample sintered at 1150°C showed highest value (59.842) at
resonance frequency of 14 MHz than Ys;FesOj, sample sintered at 950°C (50.570) and 750°C
(36.489) as shown in Fig. 8(b). The initial permeability increased due to less interruption between
domain walls, which may be due to decrease in magnetic anisotropy, internal stress and crystal
anisotropy at higher temperature. The surface morphology, density, porosity, grain size, Fe'
content and single phase structure of the ferrite may affect the initial permeability. Relative loss
factor is the ratio of tand to initial permeability. Relative loss factor is measured from 1 kHz to 1
MHz as suggested by many authors [30-31]. The relative loss factor is seen to be decreasing up to
10 MHz and after this it remains smooth. The frequency at which relative loss factor decreases and
has minimum value is called threshold frequency. The low loss factor value indicates high purity of
samples obtained by non conventional (wet) method [31].
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Fig. 8, (a) Initial Permeability,(b) Q factor and (c) relative loss factor of Y;FesO;, (Y1G) magnetic

feeders at 750°C, 950°C and 1150°C.
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Table 2: Initial permeability, Q factor and relative loss factor of Y3;FesO;, at 750 °C, 950 °C and

1150 °C.
-fact
Initial permeability at Q :tc or Relative loss factor at
Samples 100 MHz 14 MHz 100 kHz 13 MHz
Y;Fes0y; at 750 °C 13.981 36.489 0.030 0.0020
Y;Fe;0y; at 950 °C 24.250 50.570 0.026 0.0009
Y;Fes0y, at 1150 °C 58.054 59.842 0.008 0.0003

EM transmitter comparison was done by Al wire transmitter without and with Y3;FesO;, based
ferrite as magnetic feeders synthesized at 1150 °C in a designed scale tank. Magnitude verses offset
of Al transmitter and Al transmitter with Y3;FesO;, magnetic feeders was measured to investigate
the effect of YsFesO,, based magnetic feeders in scale tank (Fig. 9). It has been observed that the
magnitude of magnetic field increased by using YiFesO;, ferrite based magnetic feeders with
aluminium EM transmitter. It can be seen that aluminuim transmitter with Y;FesOq, ferrite based
magnetic feeders gave (841nT) than without magnetic feeders (300nT) as shown in Table 3. It was
found that magnitude of B field increased upto 180% with Y3;FesO;,magnetic feeders.
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Fig. 9, Comparison of magnitude of B field vs source receiver offset of Al transmitter and new Al
transmitter with Y;FesO1, (YIG) magnetic feeders at 1150°C in lab scaled tank.

Table. 3: Comparison of MVO results of Al transmitter with and with out Y;FesO, magnetic
feeders

Al transmitter Al transmitter

with out with Y3F€5012
magnetic magnetic feeders
feeders

B-Field 3.0X10-7 8.41X10-7
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Conclusion

Nanoparticles of Y3FesO;, were successfully synthesized by using self combustion technique. XRD
result reveals that crystallization begins to start at sintering temperature of 950°C where as single
phase yttrium iron garnet structure with major peak [420] has been developed at low sintering
temperature of 1150°C. Raman results also shows confirmation of yttrium iron garnet phase at
sintering temperature of 1150°C. FESEM results showed that yttrium iron garnet has average grain
size between 60 to 110nm with better morphology at sintering temperature of 1150°C. It was
observed that high Initial permeability (58.054), Q factor (59.842) with low loss factor (0.0003)
shows yttrium iron garnet good nanomaterials for seabed logging application. It was investigated
that new Al transmitter with Y3;FesO, magnetic feeders has ability to increase 180% magnitude of
magnetic field.
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