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Abstract Cobalt manganese nanoceramics with nominal
composition Coj — yMn,FeyO4 (x = 0.00, 0.15, 0.30, 0.45,
0.60, 0.75) were synthesized by a chemical coprecipitation
technique. The X-ray diffraction patterns revealed the cubic
spinel structure. The average crystallite size from the Sherrer
formula was in the range of 28 nm—56 nm. The lattice pa-
rameter increased with a concentration of manganese. Scan-
ning electron microscopy (SEM) was used for microstruc-
tural study. The electrical properties such as electrical resis-
tivity (p), drift mobility (uq), and activation energy (AE)
were measured using a two-probe apparatus in the temper-
ature range 323-573 K. The electrical resistivity decreased
with temperature and manganese concentration. The dielec-
tric constant (¢’), loss factor or imaginary loss (¢”) and di-
electric tangent loss (tan §) were measured at room temper-
ature using a LCR meter in the frequency range 100 Hz to
5 MHz. All the dielectric parameters decreased with increas-
ing frequency. The AC electrical conductivity (o,c) was cal-
culated from the dielectric measurements. It increases with
increase of frequency and manganese concentration. The in-
crease in electrical conductivity may be attributed to the for-
mation of Co™® and Mn™3 from Co*? and Mn™3, respec-
tively, at both A and B sites.

T. Javed (X)) - A. Magsood

Thermal Transport laboratory, School of Chemical and Materials
Engineering (SCME), National University of Sciences and
Technology (NUST) H-12, Islamabad, Pakistan

e-mail: sunotasawar @hotmail.com

A. Magsood
e-mail: tpl.qau@usa.ne

T. Javed - A.A. Malik

Department of Metallurgical and Materials Engineering,
University of Engineering and Technology (UET), Lahore,
Pakistan

Keywords AC conductivity - Coprecipitation - DC
resistivity - Dielectric constant - Nanoceramics

1 Introduction

Synthesis of nanoparticles with controlled size has always
been a challenge for the scientists and engineers. Many tech-
niques, like sol-gel [1], sonochemical [2], micro emulsion
[3], combustion [4], hydrothermal [5], etc. have been em-
ployed. The chemical coprecipitation method is economical
and easy to commercialize. Soft magnetic ferrites are tech-
nologically very important industrial materials. These have
good chemical inertness, high mechanical strength, excel-
lent corrosion resistance, high resistivity, high Curie’s tem-
perature, and good magnetooptic properties. Nanoferrites
have become of considerable attention during the last few
years. The quantum confinement phenomenon becomes well
pronounced in these materials. Co—Mn nanoferrites are very
important because they present better magnetic and dielec-
tric properties. They are also good candidate materials for
applications like negative temperature coefficient thermistor
[6], inductor cores in TV circuits, generators, rotors, stators,
microwave devices, and data storage devices.

2 Experimental Procedure

The nanoferrite powders with the composition Coj — yMn,
Fe>O4 (with 0.0 < x < 0.75) were prepared by the chemical
coprecipitation method. The chemical used were: Fe(NO3)»-
9H,0, Co(NO3)2-6H,0, and Mn(NO3),-4H,0O. All the
chemicals were of high purity and analytical grade. The
precipitating agent was NaOH. The aqueous solutions
of the chemicals Fe(NO3),-9H,0, Mn(NO3),-4H,0, and
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Co(NO3)2-6H>0 in their stoichiometry (100 ml of 0.2 mo-
lar Fe(NO3)2-9H,0, 100 ml of 0.015 Mn(NO3);,-4H;0,
and 100 ml of 0.085 molar Co(NO3),-6H,0 in case of
Cop.8sMng 15Fe204 and similarly for other values of x)
were prepared in de-ionized water and heated to 70 °C with
continuous stirring. The aqueous solution of the coprecip-
itating agent (200 ml of 1.5 molar NaOH) was made sep-
arately in deionized water and heated to 90 °C with con-
stant stirring. The metal salts solutions were then mixed and
stirred for 2 hours to obtain a homogeneous mixture. The
NaOH solution was added to the salt solutions in a continu-
ous stream with constant stirring of 300 r.p.m. The reaction
temperature was kept at 90 °C and PH was maintained at
12 to ensure the complete precipitation. After 40 min, the
heating was stopped and stirring continued for 2 hours. The
samples were then washed 5-6 times with de-ionized water
and dried in an electric oven at 100 °C for overnight. The
samples were calcined at 850 °C for 8 hours in a box fur-
nace and allowed to cool in the furnace. The powder sam-
ples were then grinded in a cleaned agate mortar and pestle
for 1 hour. Finally, the powders were formed into pellets
shape by using hydraulic press, applying a constant pressure
of 68 KN for 3 minutes in each of the compositions and
the pelletized samples were sintered at 450 °C in the same
furnace.

3 Results and Discussion
3.1 XRD Analysis

X-ray diffraction (XRD) analysis confirmed the single phase
cubic spinel structure of the synthesized samples. XRD pat-
terns of all the samples are shown in Fig. 1. The (311) peak
was observed to be the most intense peak in all the XRD
patterns. The average crystallite size was determined using
Sherrer’s formula [7]. The crystallite size [8] decreased with
increasing concentration of manganese. The crystallite size
was in the range 28-56 nm. The lattice parameter (a) was
also calculated from the results. It increased with increasing
manganese substitution. The lattice parameter as measured
was in the range 8.3783-8.4474 A and is listed in Table 1.
The increase in lattice constant was due to the larger ionic
radius of Mn*2 ions (0.80 A) as compared to Co*t (0.72 A).
A partial substitution of cobalt with manganese increases the
unit cell dimensions, and ultimately unit cell parameter and
volume increases.

3.1.1 Measured Density

The measured density (o, or D) was determined using the
following standard formula [9]:

m
m = ey

T nrlh
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where m is the mass, r is the radius, and / is the thickness
of the sample.

The variation of measured density and porosity with
manganese concentration is shown in Fig. 2. The measured
density was found to increase from 2.760 to 3.315 g/cm>.
The increase in density may be attributed to diffusion of Mn
ions to the lattice and the increasing reactivity of the fine
grains of the materials which subsequently coalesce to form
bigger grains. Resultantly, there is a reduction in the number
of pores.

3.1.2 X-ray Density

X-ray density was measured using the formula [9].

&M

Dx= Na3

@
where “M” is the molecular weight of the samples, “N” is
the Avogadro’s number and “a” is the lattice constant.

The X-ray density of all the samples is listed in Table 1.
The X-ray density of all the samples decreased with man-
ganese content and was in the range 5.300 to 5.103 g/cm?.
This was due to the fact that atomic weight of the manganese
is less than that of cobalt. It was observed that X-ray density
of each sample is greater than its corresponding measured
density. This was due to the pores present in the prepared
materials.

3.1.3 Porosity

The porosity for all the samples was measured using the for-
mula [8].

P=1-— 3)

where Dp,, Dy are the measured and X-ray densities, respec-
tively.

The value of porosity decreases with manganese concen-
tration. It varies from 0.478 to 0.450. The values of poros-
ity for all the compositions are listed in Table 1. The de-
crease in the porosity was expected as described above. As
the manganese content increases, the number of pores is re-
duced due to increase of grain size. Smaller grains coalesce
to form larger grains and resultantly grain to grain contact
area increases and porosity decreases.

3.1.4 Surface Area
The specific surface area (m?/g) of ferrites was calculated

from the relation [9].
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Fig. 1 aIndexed XRD patterns of Co; — ,Mn,Fe,O4 (peak at 20 = 24 degrees in x = 0.60 is the impurity Fe,O3). b Enlarged (311) XRD peaks

for Co; _ yMn,Fe>O4

where ‘¢’ is the diameter of the particles in nm and Dy, the
measured density in g/cm?.

The surface area increases with increase in manganese
and is listed in Table 1. The inverse relationship between the
surface area and diameter of the particles is confirmed by
results.

3.2 DC Electrical Resistivity

DC electrical resistivity of all the samples was measures
using two probes apparatus [10] in the temperature range
of 300 K to 573 K. The DC resistivity of all the samples
decreased with increasing temperature ensuring the semi-
conducting nature of the nano-ceramics. The DC resistiv-

ity measured at 413 K was in the range 0.42 x 10° to
10.02 x 10° Q-cm with 0.0 < x <0.75. The DC resistiv-
ity decreases with increase of manganese from 0.0 to 0.75.
The variation of resistivity with inverse of temperature is
shown in Fig. 3. The values for each composition are listed
in Table 1. The decrease in resistivity may be attributed to
distribution of cations at A and B sites and the fact that Mn
occupies A sites favorably. According to Kue Hong Kim et
al. [11] Coq — yMn,Fe>O4 ceramics show n-type conduc-
tion [12], as was explained by Seebeck coefficient measure-
ments [13], which is attributed to the formation Co™> and
Mn™3 ions from the doubly charged cations. So possibility
of charge transfers between valence states of +2 and 43 of
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Table 1 Average crystallite

size (1), lattice constant (a), Parameter Mn concentration
lattice volume (V), X-ray x=0.0 x =0.15 x=030 x=045 x=0.60 x=0.75
density (Dy), measured density
(Dm), porosity (P), specific t (311) (nm) £ 2 56 28 42 40 39 34
surface area (S), DC electrical a &) 83783 83974 83977 84055 84235  8.4474
resistivity (p), activation energy ‘3
(AE), correlation coefficient V (A 588 592 592 594 598 603
(R), drift mobility (uq), DC Dy, (g/cm3) + 0.001 2.766 2.771 2.785 2.823 2.951 3.315
conductw}ty (0dc), A_C ) Dy (g/cm?®) £ 0.001 5.300 5.250 5.238 5.207 5.159 5.103
conductivity (o,), dielectric .
constant (¢/) and tangent loss P (fraction) &£ 0.001 0.478 0.472 0.468 0.458 0.428 0.350
(tan$) of Coj — yMn,Fe;O4 S (mz/g) 39 77 51 51 42 53
(0.0=x §10-75) ferrite 0 (Q-cm) at 413 K x 10° 10.02 475 2.35 1.17 0.65 0.42
art;
flanoparticies fd (cm2V—1s71) 5 10710 43 8.9 18.0 38.0 56.0 97.0
AE (eV) £0.001 0.551 0.498 0.458 0.420 0.412 0.367
R 0.99 0.99 0.99 0.99 0.99 0.99
ode (Sem™1) x 1075 413 K 0.144 0.296 0.550 1.090 2.020 3.020
Oac (Scm~1)100 KHz x 1074 0.38 1.44 1.76 1.87 1.91 1.99
Oac (Scm~!) 2 MHz x 10~4 2.10 441 8.61 8.64 12.00 12.30
¢’ at 100 Hz x 103 0.317 5.21 11.08 15.04 24.67 32.51
¢’ at 5 MHz 12.4 13.8 14.5 14.5 15.8 16.8
tan$ at 100 Hz 1.99 4.04 5.55 6.37 6.99 8.34
tan$ at 5 MHz 0.079 0.101 0.110 0.167 0.179 0.246
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Fig. 2 Variation of measured density (g/cm?®) and porosity with Mn
content in Coj _ \Mn,Fe,Oq4

the cations at A and B sites may contribute to the decrease in
resistivity. If the +2 ions at A sites do not contribute to the
decrease in resistivity then it may be attributed to the incor-
poration of oxygen non stoichiometry [14] which produces
additional +2 ions at B site. The decrease in resistivity due
to the substitution of manganese is due to the fact that Mn
ions go preferentially to the A sites and Co ions to A and B
sites. When the concentration of Mn increases at A sites, the
concentration of Co ions at B sites decreases. This favors the
migration of some of the Fe ions from A to B sites.

As a result of this, the hopping between Fe*? and Fe™>
(which is responsible for the conduction in ferrites) in-
creases and resistivity decreases. In a true sense, resistivity

@ Springer

Fig. 3 Variation of DC resistivity (Inp) with inverse temperature
(1/kgT) for Coj — yMn, Fe 04

is the result of combined factors like microstructure homo-
geneity, crystal structure grain size, and imperfections in the
ferrites.

The activation energy [15], which is the energy responsi-
ble for hopping between +2 and 43 states of cations, and
hence the mobility, was calculated for Coj_ ,Mn,Fe,O4
0.0 < x <0.75. The activation energy was calculated from
the slopes of the linear graphs of resistivity and inverse tem-
perature using the well-known Arrhenius equation [16].

AE
P = poeXp kB_T ®)



J Supercond Nov Magn (2011) 24:2137-2144

2141

where kg is the Boltzmann constant, 7" is temperature ex-
pressed in Kelvin, and AE is the activation energy.

The activation energy values are listed in Table 1. The
calculated activation energy values were in the range 0.551
to 0.361 eV for 0.0 < x < 0.75. The activation energy val-
ues decreased with an increase of manganese substitution.
It is fact that conduction in ferrites is due to the hopping
of the electron between Fe*? and Fet? at octahedral sites
and the activation energy is responsible for the hopping. So,
activation energy determines the conductivity and resistiv-
ity. The change in Arrhenius slopes may be attributed to the
change of the conduction mechanism in the ferrite samples.
The Fet?—Fet3 hopping are responsible for the conduction
at low temperatures while the conduction at high tempera-
ture is due to the polaron hopping. A similar kind of behav-
ior has been reported by Vijaya Puri et al. [17].

Drift mobility (uq) [18] for the synthesized compositions
Co1 — xMn,Fe;04 0.0 < x <0.75 was calculated using the
relation.

1
o= ©)

nep
where e is the charge of electron, p is the electrical resistiv-
ity and n is the concentration of charge carrier and can be
calculated from the famous equation [19].

N Dy, Pre
n=——

I; @)

where N, Dp,, and M have already been defined above and
Pre is the number of iron atoms in the chemical formula of
the respective ferrites.

The drift mobility increases with increasing manganese
contents and is shown in Fig. 4. The drift mobility was found
in the range 4.3 x 10710 t0 97 x 10719 cm? V=1 s~! with
0.0 < x <0.75. It has been observed that there exists an in-
verse relationship between resistivity and drift mobility.

DC conductivity was also calculated from the resistiv-
ity measurements. The DC conductivity values varied in the
range 0.144 to 3.02 x 105 S/cm at 413 K with 0.0 <x <
0.75. The reasons for the increase in DC conductivity have
been explained above. The graphs for DC conductivity are
shown in Fig. 5.

3.3 Dielectric Properties

The dielectric constant (&) for the compositions Co; — ,Mn,
Fe>O4 0 < x <0.75 was calculated by the relation [20].

, Cd
e=—
g0A

®)

where C is capacitance in Farad, d is the thickness of the
pellets in m, A is the cross-sectional area of flat surface of
the pellets in m?, and & is the permittivity of free space.
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Fig. 4 Temperature dependence of drift
C01 _anxF6204
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Fig. 5 DC conductivity (o4c) as a function of temperature for
CO] _anxF6204

The dielectric constants measurements were done in the
range 100 Hz to 5 MHz using WAYNE KERR LCR ME-
TER (6500B). The values for dielectric constant at differ-
ent frequencies are listed in Table 1. The plots of dielec-
tric constant against frequency are depicted in Fig. 6. Di-
electric constant increases with increasing concentration of
manganese and decreases with increasing frequency. This
dependence upon frequency is because of the interfacial po-
larization as predicted by Maxwell-Wagner [21]. Accord-
ing to the Maxwell-Wagner model, the dielectric structure
of a ferrite material is assumed to be made up of two layers;
the first layer being a conductive layer that consists of large
ferrite grains and the other being the grain boundaries that
are poor conductors. According to Rabinkin and Novikova
[22], the polarization in ferrites is through a mechanism sim-
ilar to the conduction process. By the electron exchange be-
tween Fe12 and Fet3, the local displacement of electrons
in the direction of the applied field occurs and these elec-
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Fig. 6 Frequency dependence of dielectric constant (¢’) for
C01 — anxFe204

trons determine the polarization. The large value of dielec-
tric constant (&) at lower frequency is due to the predomi-
nance of species like Fe>* ions, interfacial dislocations pile
ups, oxygen vacancies, grain boundary defects, etc., while
the decrease in (¢’) with frequency is natural because of the
fact that any species contributing to polarizability is found to
show lagging behind the applied field at higher and higher
frequencies. The decrease in dielectric constant with an in-
crease in frequency is due to the fact that the polarization
decreases with increasing frequency and then reaches a con-
stant value. By increasing the frequency beyond a certain
frequency limit, the electron hopping cannot follow the elec-
tric field fluctuations; this causes a decrease in the dielec-
tric constant. According to the Koop’s model, the dielectric
constant at low frequency comes from the grain boundaries
which have a high dielectric constant due high resistivity at
the grain boundary region. The dielectric constant at high
frequency comes from the grains which have a small di-
electric constant values due to low resistivity. It was con-
cluded that the electron exchange between Fe*? and Fet3
ions results in the direction of an electric field, which is re-
sponsible for electrical polarization in ferrites. For the Co—
Mn ferrites, the incorporation of Mn*? in the octahedral (B)
site may decrease the concentration of Fet3—Fe*? ion pairs.
The magnitude of exchange depends on the concentration of
Fet3—Fet? ion pairs present at the B site. The higher value
of dielectric constant at low frequency is due to voids, dis-
locations and other defects.

Dielectric loss factor (¢”) was also calculated from di-
electric tangent loss (tan §) using the relation [23]

"
tand =D =" )
€

where ¢” is the imaginary part of the dielectric constant and
is a measure of the absorption of energy by the dielectric
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Fig. 7 Dielectric loss (¢”) as a function of frequency for
CO] _anxF6204
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Fig. 8 Dielectric loss tangent (tand) as unction of frequency for
C01 _anxF6204

from the alternating field, § is the loss angle and &’ is the
real part of the dielectric constant.

The dielectric loss (¢”) or imaginary part of the dielectric
loss and tangent loss (tand) decrease with increase of fre-
quency and then become constant at higher frequencies. The
values or both the factors at different frequencies are tabu-
lated in Table 1. Figures 7 and 8 show the plots for imaginary
loss and tangent loss, respectively. Both the factors decrease
continuously at low frequency with increasing Mn*? con-
centrations. The decrease in dielectric loss (¢”) with increas-
ing frequency is attributed to the decrease in the polarization
of the sample because the dipoles cannot follow up the field
variation. The dielectric tangent loss (tand) also decreases
with increase in frequency and decrease in manganese con-
centration. The decrease in loss tangent with frequency may
be attributed to the Maxwell-Wagner polarization and con-
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duction mechanism in ferrites. The decrease in loss tangent
with Mn may be attributed to the increase in structural inho-
mogeneity due to incorporation of the Mn into the lattice.

The AC conductivity (o,) was also calculated by using
the relation oac = 27 fe'egtand where f is frequency and
all other factors have been described above. The values of
AC conductivity are listed in Table 1. Figure 9 shows that
AC conductivity increases with increase in frequency and
manganese contents. Frequency dependence of AC conduc-
tivity may be attributed to the structural parameters in the
ferrites like grain boundaries, dislocations, density, etc. AC
conductivity behavior is in accordance with the earlier stud-
ies [24, 25].

3.4 Scanning Electron Microscopy (SEM)

The average grain size was determined using the relation
[26].

_15L

G, = —
T MN

(10)
where L is the total test line length; M the magnification;
N is the total number of intercepts. Scanning electron mi-
crographs for the two samples x = 0.0 and x = 0.75 are
shown in Fig. 10. The estimated average grain size for the
two end members was 0.15 um and 0.40 pum, respectively. It
has been observed that the grain size increases with increase
of manganese concentration. The increase in grain size may
be attributed to the enhanced solid state solubility of man-
ganese in the reaction at higher concentrations.

4 Conclusions

Coprecipitation comes out to be a simple and economical
method for the preparation of nanoferrites with controlled

0008 10 50 SEI

20kV  X10,000 1pm

0008

10 50 SEI

Fig. 10 SEM images for Coj — yMn,Fe;04 ax =0.0,bx =0.75

diameter. Substitution of manganese in Coj — yMn,Fe;04
0.0 < x < 0.75 produces useful structural, electrical, and
dielectric changes. Lattice parameter and measured density
increase linearly. Crystallite size and porosity fraction de-
crease with Mn concentration. DC electrical resistivity and
activation energy decrease; drift mobility and DC conduc-
tivity decrease with Mn. Resistivity also decreases at higher
temperatures. The dielectric constant decreases appreciably
at higher frequencies and increases with Mn. The high value
of the dielectric constant might be very useful in capacitors
used in the electronic devices like memory cards, comput-
ers, and many other components. Co-Mn ceramics may also
prove very useful materials for microwave applications and
other small scale electronics (microelectronics) and may be
good candidate materials for the miniaturization of modern
electronic components. Electromagnetic properties are also
enhanced to a great extent by substitution of manganese.
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Co—Mn may also prove useful for negative temperature co-
efficient thermistors. The quality factor is also improved by
the substitution of Mn.

Acknowledgements The authors are greatly thankful to Ms. Hu-
maira Anwar (Research scholar) and Ms. Irum Pervaiz (Ph.D. student)
for their support in resistivity measurements. They are also thankful
to Mr. Kishwar Khan, Mr. Aftab Akram, and Ahmad Faraz for useful
discussions and moral support. The financial support of PSF through
Project No. 147 is also acknowledged.

References

1. Shobana, M.K., Sankar, S.: J. Magn. Magn. Mater. 321, 599-601
(2009)

2. Lv, W.-Z,, Liu, B., Luo, Z.-K., Ren, X.-Z., Zhang, P.-X.: J. Magn.
Magn. Mater. 321, 599-601 (2009)

3. Wang, J., Chong, PF, Ng, S.C., Gan, L.M.: Mater. Lett. 30, 217—
221 (1997)

4. Arjunwadkar, P.R., Patil, R.R., Kulkarni, D.K.: J. Alloys Compd.
463, 403-407 (2008)

5. Huo, J., Wei, M.: Mater. Lett. 63, 1183-1184 (2009)

6. Fawzi, A.S., Sheikh, A.D., Mathe, V.L.: J. Alloys Compd. 502,
231-237 (2010)

7. Mathur, P., Thakur, A., Singh, M.: J. Magn. Magn. Mater. 320,
1364 (2008)

8. Gul, L.LH., Abbasi, A.Z., Amin, F., Anis-ur-Rehman, M., Magsood,
A.: J. Magn. Magn. Mater. 311, 494-499 (2007)

@ Springer

10.

11.

12.
13.

14.
15.
16.
17.
18.
19.
20.

21.
22.

23.
24.

25.

26.

Gul, .LH., Amin, F.,, Abbasi, A.Z., Anis-ur-Rehman, M., Magsood,
A.: Scr. Mater. 56, 497-500 (2007)

Naeem, M., Shah, N.A., Gul, I.H., Maqgsood, A.: J. Alloys Compd.
487, 739-743 (2009)

Lee, D.H., Kim, H.S., Yo, C.H., Ahn, K., Kim, K.H.: Mater. Chem.
Phys. 57, 169-172 (1998)

Smit, J., Wijin, H.P.J.: Ferrites. Wiley, New York (1959)

Lee, D.H., Ryu, K.H., Kim, Y.Y., Kim, K.H.: Mater. Chem. Phys.
38, 377 (1994)

Gallaso, E.S.: Structure and Properties of Inorganic Solids. Perga-
mon Press, Oxford (1970)

Gul, LH., Ahmed, W., Magsood, A.: J. Magn. Magn. Mater. 320,
270-275 (2008)

Gul, LH., Magsood, A.: J. Alloys Compd. 465, 227-231 (2008)
Jadhav, R.N., Puri, V.: J. Alloys Compd. 507, 151-156 (2010)
Berchmans, L.J.: J. Magn. Magn. Mater. 279, 103 (2004)

Mott, N.F.,, Davis, E.A.: Electronic Proc. in Non-Cryst. Mat.
Clarendon Press, Oxford (1979)

Brockman, F.G., Dowling, PH., Steneck, W.G.: Phys. Rev. 75,
1440 (1949)

Wagner, K.W.: Ann. Phys. 40, 817 (1913)

Rabinkin, I.T., Novikova, Z.I.: Ferrites. Izv. Acad. Nauk USSR,
Minsk (1960), pp. 146

Magsood, A., Khan, K.: J. Alloys Compd. 509, 3393-3397 (2011)
Mahalakshmi, S., Srinivasa, K.: J. Alloys Compd. 457, 522-525
(2008)

Magsood, A., Khan, K., Anis-ur-Rehman, M., Malik, M.A.: J. Su-
percond. Nov. Magn. (2010). doi:10.1007/s10948-010-0956-9
Waurst, J.C., Nelson, J.A.: J. Am. Ceram. Soc. 55, 109 (1972)


http://dx.doi.org/10.1007/s10948-010-0956-9

	Structural, Electrical and Dielectric Properties of Co-Mn Spinel Nanoferrites Prepared by Co-precipitation Technique
	Abstract
	Introduction
	Experimental Procedure
	Results and Discussion
	XRD Analysis
	Measured Density
	X-ray Density
	Porosity
	Surface Area

	DC Electrical Resistivity
	Dielectric Properties
	Scanning Electron Microscopy (SEM)

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


