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Sintered polycrystalline Cu-doped Ni-Zn ferrite specimens have been successfully prepared by a conventional
ceramic method using different pressure-temperature-time cycles. The studied samples, with an average grain
size of 5-25 pm and a porosity less than 0.20, exhibited a high effective complex permittivity-real part (s;ﬁ) and a
minimum dielectric loss above 1 GHz.

s;ﬁ was successfully calculated using the Bruggeman-Landauer equation for the lowest angular frequencies and

the Jayasundere-Smith equation for the highest one. To accurately predict the values of s;ﬁ, both equations must

be improved considering the Zheng approach. The need to change the model highlights the change in the po-
larization mechanism that occurs at high angular frequencies.

The two proposed modified equations allow predicting the s;?ff for a dense and half-dense ferrite from its

microstructure (porosity) and its constituent permittivities (grain and air).

1. Introduction

Nickel-zinc ferrites are magnetic materials of technological impor-
tance. Due to its high chemical stability, high resistivity, and excellent
electromagnetic properties, they have a wide variety of electronic and
magnetic applications, such as high-frequency communication compo-
nents [1], microwave devices [2], multilayer chip inductors [3], elec-
tromagnetic shielding [4], energy storage, photocatalysis and sensors
[5]. Furthermore, they are cost effective [6].

The fast progress of new electronic and mobile technologies requires
increasingly smaller and lighter high-performance electronic devices, as
well as inexpensive. In recent years, the ability of these materials to
retain both permeability and permittivity simultaneously over a wide
range of angular frequencies, has drawn the attention of the scientific
community [7-9]. Effective multifunctional electronic materials can
provide both capacitive and inductive performances, which are the key
features in electrical circuits.

Optimal devices require ferrites with high initial permeability, low
electrical conductivity and negligible eddy current losses [10]. Poly-
crystalline Cu-doped Ni-Zn ferrites are high-performance soft magnetic

materials, exhibiting, as required, high complex initial permeability, low
AC electric conductivity and appropriate permittivity over a wide range
of angular frequencies [11,12].

Both magnetic and electrical properties of polycrystalline Ni-Zn
ferrites are extremely depend to a great extent on the chemical
composition and microstructure of the sintered bodies (grain size, bulk
density, porosity, etc.), which in turn are determined by the preparation
process (particle size of the starting powder, shaping conditions, and
particularly sintering temperature, time and atmosphere) [5,10,19,
11-18].

Literature reports that the electrical properties of polycrystalline
solids depend on the microstructure of the bodies, especially their
porosity. However, very few studies can be found in the literature
establishing a mathematical relationship between microstructure and
electrical permittivity that is capable of accurately predicting the
effective dielectric constant. Furthermore, none of these models has
been tested over a wide range of porosities and angular frequencies.

The first studies were developed by Maxwell Garnett [20] and
Bruggeman [21] in the first third of the 20th century, and by Landauer
[22] in the early last quarter of the 20th century. These were focused on
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low porosity two-phase composites and proposed several mathematical
equations that relate dielectric properties to the volume fraction of the
pores and the matrix. In 2020 Zheng [23] modified these equations,
considering the Effective Medium Theory (EMT) and including an
additional empirical parameter.

Other authors have taken different approaches. Liu [24] in 2016
proposed a general model that relates the dielectric constant with the
porosity for any kind of porous material, but independent on the shape
of the pores when the size of the pore is much smaller than the elec-
tromagnetic wavelength. A structural factor, B, is included to consider
the through-hole and close-pore structure of the materials. This model
has only been validated at low angular frequencies ranging from 10° Hz
to 107 Hz. Jayasundere [25] in 1993 modified the Kerner equation [26]
to adapt it to high porosity ceramics taking into account the effect of the
applied field on the spheres and the surrounding.

In previous investigations, authors have stablished some mathe-
matical correlations between the magnetic behaviour of a CuNiZn ferrite
and its microstructure [27-30]. The aim of this paper is to establish a
quantitative relationship between the real part of the effective complex
electrical permittivity (s;ff) and the microstructure of this sintered

polycrystalline ferrite to obtain bulk solids with a targeted permittivity,
according with the well-known materials science triangle. A deeper
study of the microstructure-permittivity relationship in Ni-Zn ferrites is
shown, applying different theoretical models, comparing and improving
them to incorporate the effect of the relative density (¢) in a single
equation that could predict e;ff. The robustness of the mathematical

model is the most remarkable characteristic given the wide range of
porosity (between 0 and 0.5) and angular frequency at room tempera-
ture (from 10° to 2.5-10° Hz) in which it has been tested.

2. Experimental procedure

An homogeneous polycrystalline ferrite of chemical composition
(Cuyp.12Nig.23Zng 65)Fe204 (Fair-Rite Products Corp.; purity, 99.7 %) was
used as starting powder. Fig. 1 shows its X-ray diffraction diagram which
corresponds to the spinel crystalline structure according to the sets of
ICDD (International Centre for Diffraction Data) powder diffraction files
(PDF-4"). In all the sintered samples, a single phase corresponding to the
same spinel crystal structure was identified, showing an XRD dif-
fractogram similar to that shown in Fig. 1.

Commercial powder consists of spray-dried granules, with an
average size of 175 pm, made up of particles with an average size of 1-2
pm and a narrow particle-size distribution. Real density value of 5380
kg/m°® was determined by helium pycnometer.

Cylindrical and toroidal test specimens (3 mm thick and 19 mm
external diameter; 6 mm internal diameter for the toroidal test speci-
mens) were shaped by uniaxial dry pressing and sintered by the con-
ventional air solid-state method in an electric laboratory furnace.

Six compaction pressures, (50, 75, 200, 150, 200 and 300 MPa), ten
sintering temperatures (900, 950, 975, 1000, 1025, 1050, 1075, 1100,
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Fig. 1. X-ray diffraction pattern of the studied ferrite, corresponding to the Cu-
Ni-Zn spinel crystalline structure.
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1150 and 1200 °C) and eleven sintering times (0, 5, 10, 20, 30, 45, 60,
120, 300, 900 and 1800 min) were used to obtain 594 samples (see
Supplementary Tables 1-6) covering a wide range of relative densities
and average grain sizes. This high number of samples was used in pre-
vious studies to determine the sintering kinetics of the ferrite and the
mass transfer mechanisms that govern densification and grain growth
[31]. These data have allowed to design an optimal thermal cycle
(enhancing densification and controlling grain growth) to obtain the
targeted sintered polycrystalline microstructure [32-34]. The authors
have also developed a general procedure for determining the optimal
thermal cycles of any ceramic based on the fundamentals of solid-state
sintering [35].

Bulk densities of samples were measured according to Archimedes
principle. Relative density (¢) of each sample was calculated as the ratio
between bulk density and real density of the starting powder (5380 kg
m~%), from which porosity can be calculated as P = 1 — ¢. A scanning
electron microscope (FEG-ESEM Quanta 200 F) was used to observe the
microstructure of the ferrite specimens. Average grain size (G) was
measured from the grain size distribution, determined by image analysis
of the cross-sectional area of the rectangular thermal etched surface of
each cylindrical sintered specimen, observed by scanning electron mi-
croscopy (SEM). The complex permittivity (real ¢ and imaginary &’
parts) was obtained in an Agilent E4991A RF impedance/material
analyser in a frequency range between 10 Hz and 2.5-10° Hz, using an
Agilent 16453A dielectric material test fixture.

A more detailed experimental procedure can be found in the authors’
articles mentioned above.

3. Results and discussions
3.1. Microstructural considerations about ferrite bodies

Properties of Ni-Zn ferrites are determined not only by their chemical
composition [16] but also by their microstructure, i.e. grain- and
pore-size distribution, total porosity (or relative density) and
grain-boundary characteristics. Final microstructure of specimens is
given by the green body forming (conditioned by the particle size dis-
tribution of the starting powder [15]) and the sintering conditions (at-
mosphere, peak temperature and dwell time). The wide range of
sintering conditions previously studied has yielded a large number of
specimens with very different microstructures. By way of example,
Fig. 2a and b show the various microstructures obtained using different
pressing pressures, peak sintering temperatures and dwell sintering
times. Fig. 2a shows the microstructure development for 30 min sin-
tering time at two sintering temperatures (1000 and 1150°C) and six
pressing pressures, while Fig. 2b shows the microstructure development
for 60 min sintering time and 50 MPa pressing pressure at eight sintering
temperatures. As noted above, sintering involves two simultaneous
competitive processes: densification and grain growth. The higher the
pressure, the temperature and/or the dwell time the higher the densi-
fication and grain growth. The kinetic equations of densification and
grain growth were obtained from the experimental data of relative
density and average grain size of each specimen. Furthermore, it was
established that the boundary diffusion mass transfer mechanism con-
trols the densification process and that grain growth is governed by
surface diffusion pore drag control [31-34]. The established mathe-
matical relationships allow the design of a suitable thermal cycle for the
manufacture of ferrite pieces with maximum relative density (around
0.95) and limited grain growth (average grain size less than 25 pm) and,
therefore, good electromagnetic properties [34,35].

The occurrence of crystalline precipitates was found when high peak
sintering temperatures and/or dwell sintering times were used due to
oxygen deficiency. This oxygen deficiency in turn depends on the
microstructure of the sample. Thus, when the pore size distribution is
finer and narrower, and the network formed between the particles is
more tortuous, oxygen access becomes more difficult, reducing the



N. Vicente et al.

Journal of the European Ceramic Society 42 (2022) 965-972

100 Mpa

1000 °C

150 Mpa 200 Mpa 300 MPa

' 1100°C |

t
L1y

Fig. 2. a SEM images of the polished and etched cross-section areas of the sintered specimens uniaxial pressed at 50, 75, 100, 150, 200 and 300 MPa and two
temperatures (1100 and 1150 °C) for 30 min. b SEM images of the polished and etched cross-section areas of the sintered specimens uniaxial pressed at 50 MPa and
different temperatures (975, 1000, 1025, 1050, 1075, 1100, 1125 and 1150 °C) for 60 min.

oxygen concentration within the sample. Fig. 3 correspond to a cross-
sectional SEM micrograph showing the sintered microstructure, with
well-drawn grain boundaries, of a sample with crystalline precipitates.
As concluded, initially rounded crystals are precipitated at the triple
points, then at the grain boundaries and, finally, when the grain
boundaries are saturated, within the grains. Smaller elongated crystals
then precipitate around the previously formed ones. The former were
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Fig. 3. Cross-sectional SEM micrograph showing the microstructure and grain
boundaries of a Cug 12Nig 23Zng ¢sFex04 sintered specimen with zinc oxide and
copper oxide(s) crystal precipitates.
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identified as zinc oxide (ZnO) and the latter as copper oxide (CuO and
Cuz0) [36,37]. In all cases, crystal precipitation occurs when the
average grain size is greater than 25 pm, worsening the electromagnetic
performance of these ferrites.

The microstructural properties and complex electrical permittivity
(real part e;ff) at the four angular frequencies tested (106, 107, 10® and
10° Hz) of the 594 tested specimens of the sintered polycrystalline Cu-
doped Ni-Zn ferrite are displayed in the Supplementary Tables 1-6.
Only the 464 pieces that have an average grain size of less than 25 mi-
crons (and in which the devitrification mentioned in the previous
paragraph has not occurred) have been used for the study presented in
the following sections.

3.2. Qualitative analysis of electrical permittivity

Fig. 4a plots the experimental values of the electrical permittivity
(real s'eﬁ and imaginary parts, e'e’ff) of the Cug,12Nig.23Zng ¢s5Fe204 ferrite
versus the angular frequency (from 106 to 2.5-10° Hz). Only three curves
are plotted, by way of example, corresponding to specimens with three
different porosity ranges (0—0.1, 0.1-0.2 and 0.2—0.45 of porosity).
Fig. 4b plots the experimental values of the dielectric loss tangent or
dissipation factor (calculated as the ratio tans, = e, /e,) versus the
angular frequency. It should be noted that the 464 specimens tested
show a similar behaviour to the three specimens depicted in Fig. 4a and
b, highlighting the dependence of electrical permittivity and dielectric
loss tangent with porosity.

Fig. 4a shows that:

. s;ff decreases with porosity
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Fig. 4. Electric permittivity (real 5; 7 and imaginary ec}f parts) of Cug 12Nig.23Zng ¢sFe204 ferrite versus the angular frequency (a) and the dielectric loss tangent or

e, ¢ is nearly constant at angular frequencies lower than 1 GHz, for all
ranges of porosity, and it decreases sharply at higher frequencies
(around 1.5 GHz), although the drop is less marked for the samples
with high intragranular porosity (porosity in the range 0.2 — 0.45)

. E;ff is always higher than 5 in the range of angular frequencies of
10%- 10% Hz

. eéff shows successive peaks at angular frequencies above 1.5 GHz,
caused by the change of polarization mechanism

This electrical property of the studied polycrystalline ferrite is a
macroscopic reflection of the electronic polarization under the effect of
the applied electric field. Typically, in polycrystalline ferrites, the
electronic mechanism of polarization occurs due to electron jumps be-
tween Fe?* and Fe>" cations located at B-sites of the spinel crystalline
lattice [38,39]. As a result, rotational displacements of Fe?t/Fet di-
poles can align themselves with the direction of the alternating field,
explaining the constant value of e;ff up to almost 1 GHz in Fig. 4a.
However, at angular frequencies above 1 GHz, the exchange of electrons
cannot follow the applied alternating field, so the polarization becomes
determined mainly by the concentration of Fe2*/Fe>* jons in the B-sites
[12,18,23].

As shown in Fig. 4a, e;}f exhibits relatively steady curves in the
angular frequency range of 10° to 108 Hz, while it increases at higher
angular frequencies showing a sharp peak above 10° Hz, usually
attributed to the relaxation phenomenon [19]. Mathematically, the
maxim value of éeff is observed when the condition wer = 1 is fulfilled,
where 7 is the relaxation time and w is the angular frequency calculated
as @w = 2exef. This relaxation peak shifts towards lower frequencies
when the average grain size (G) and / or the relative density (¢)
increases.

Fig. 4b shows that the dielectric loss tangent increases with porosity
(although it has also been found to increase with decreasing grain size
[40]) and with angular frequency, up to a maximum, beyond which
polarization falls off. This illustrates that the relaxation phenomenon is
observed again around 1 GHz. The relaxation phenomenon or Debye
relaxation is explained by the fact that the frequency of the applied
electric field becomes approximately equal to the hopping frequency of
the charge carriers, which means that a maximum transmission of the
electrical energy to the electrons is taking place, appearing the loss
peaks at resonance [18,41].

Hereinafter reference will only be made to the complex permittivity
—real part values, since, as mentioned above, the curve remains virtually
constant between 10° and 10® Hz. Additional information can be found
in Supplementary Tables 1-6.

968

3.3. Quantitative analysis of electrical permittivity

Fig. 4a and b also reveal that electrical properties of the studied
ferrite strongly depend on its heterogeneous microstructure and subse-
quently on the processing steps: synthesis of the powder, shaping tech-
nique, thermal sintering cycle, etc. There are several mathematical
models in literature relating permittivity to porosity in polycrystalline
materials [10]. Considering the CuNiZn ferrite studied as a two-phase
composite (grains plus pores containing air) and the relatively high
angular frequency tested in this work, only three models (previously
mentioned in the introduction of this paper) can be remarked: Maxwell
Garnett, Bruggeman-Landauer and Jasandure-Smith models, or MG, B-L
and J-S models, respectively. All of them are based on the following
assumptions:

a) specimen is composed of quasi-spherical crystalline particles and a
gas phase (ferrite and air in our case), so it can be considered a dual-
phase composite;

b) particle phase (ferrite particles) has a complex permittivity-real part
of €}

¢) gas phase has a complex permittivity-real part of ¢, (¢, = 1 for air);

d) the volume fractions of the particles and the porous are (1 — P) and P,
respectively, fulfilling (1 —P)+ P =1;

e) when an electric field is applied to a polycrystalline material, the
dielectric spheres are polarized and each one can be represented by a
dipole moment which locally modifies the applied field in the sur-
rounding medium according to the effective medium theory (EMT).

The Maxwell Garnett model [20] has been satisfactorily used to
predict the electrical permittivity-real part in composites in which the
volume fractions of the two phases differ greatly and one of the phases is
uniformly and randomly dispersed in the other according to the
following equation:

20’ + €5+ 2ePe(e’ — &)
2e6’ + €5 —Pe(e’, —€7)

€ cale :8’1' (1)

The Bruggeman-Landauer [21] model assumes that the typical
non-uniform length scale in the microstructure is much smaller than the
electromagnetic wavelength. Only the dipole interaction contributes to
the polarization and all the details of the microstructure are included in
the volume fraction parameter. According to this model, the calculation
of the complex permittivity-real part of a biphasic-composite is done by
the following equation:

5’1 _8’0310 572 _g’calc

1-P 2
( 3o’ + 208 1 2

3eg’) + 208 a1

The Jasandure-Smith model [25] is an improvement of the
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well-known Kerner [26] equation to estimate the dielectric constant
including the interactions between neighbouring spheres (which are
negligible only when porosity is very low), according to the equation:

3£’ -e’Z-P.
268’1 +€

(1 —P)'E,l +

{1 + 3-P-;Zfzf;_l}

€ cale =
(1 —P) +520k [1+3-P *}

2.6’ +€ £9+2e€")

3

In equations (1), (2) and (3):

€. calculated effective complex permittivity-real part of the ferrite
specimen

&: complex permittivity-real part of the pure ferrite

&,: complex permittivity-real part of air

In this case, ¢, corresponds to the air trapped inside the pores (&,
1), and ¢; has been calculated using Shannon’s equation for simple
oxides [42]:

3oV, + 8emrex

3oV, —4enmea )

€ =
Were « is the total dielectric ionic polarizability and V;, is the molar
volume in A3, For the Cug.12Nig 23Zng gsFe204 ferrite a = 14.47 (as the
average of polarizabilities of the components) and V,, = 73.07 A%,
Applying equation (4) a value of ¢; = 15.62 is obtained, which is in
agreement with the value of the sintered bulk spinel ferrites (¢;
15.80) [42].

a) Testing equations (1), (2) and (3)

Fig. 5a depicts the experimental values of e'eff (black dots) versus

porosity for all the 464 studied specimens at the angular frequency of
108 Hz, which is virtually the same for the angular frequencies of 10°
and 107 Hz because s;ff remains practically constant in the frequency
range of 10°-2.10% Hz. Fig. 5b shows the same representation at 10° Hz.
The corresponding experimental data can be found in the Supplemen-
tary Tables 1-6. Solid lines in Fig. 5a and b depict the calculated values
of ¢, by equations (1), (2) and (3), taking ¢ = 15.62 (obtained by
Shannon’s equation).

Calculated values are close to experimental ones for the densest
specimens and, mainly, for the angular frequencies of 106, 107 and 108
Hz. Equations (1), (2) and (3) start to fail fitting experimental data when
porosity is higher than 0.1 (Fig. 5a). At the angular frequency of 10° Hz,
equations (1), (2) and (3) do not fit experimental values (Fig. 5b). The
correlation coefficient, residue standard deviation and mean square
error, shown in Supplementary Tables 7-10, were employed to quantify
the differences between the measured and calculated complex
permittivity-real part. The observed deviations between the calculated
and experimental values could be explained by different reasons [43].
Higher total porosity result in a) higher trapped air, which has a low

(a) Frequency 108 Hz
20 k k . .
15)
- fo 10} J
5 L 4
0 Il 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
Porosity
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dielectric constant (e, = 1); b) lower number of grain-grain interfaces,
decreasing the accumulation of charges at the interfaces; and c¢) smaller
grain size. Consequently, the constant permittivity ¢; used in the EMT
models does not reflect the contribution of small grains to the effective
permittivity and a proper correction of ¢, is required.

b) Testing equations (1), (2) and (3) following Zheng proposal

Zheng [23] modified equations (1) and (2) introducing a dynamic
modifying factor to correct the permittivity of the solid phase taking into
account the grain size. Due to the close relationship between grain size
and porosity, Zheng supposed a variation of ¢; with porosity according
with the following equation:
8'1 = e;n o = s;n (1 fP)/' 5)
where:

&, complex permittivity-real part of a single crystal of solid phase

¢: relative density of the body

P: porosity

p: empirical correlation constant

Fig. 6a and c show again the experimental values of s'eff (black dots)
versus porosity for all the 464 studied specimens, at the angular fre-
quency of 10® Hz (which is virtually the same for the angular frequencies
of 10° and 107 Hz because eéff remains constant in the frequency range of
10°-2.108 Hz). Fig. 6b and d show the same representation at 10° Hz.
The plotted experimental data can be found in the Supplementary
Tables 1-6.

Solid lines in Fig. 6a-d depict the calculated values of &, by
equations (1), (2) and (3) using equation (5) to calculate gi. In equation
(5) ¢, can take the value of 15.62 (Fig. 6a and b) or be treated as an
adjusting parameter (Fig. 6¢ and d). A nonlinear least-squares method
has been used to fit data to equations (1), (2), (3) and (5), allowing the
estimation of constants # and ¢,, (if applicable), by minimizing the sum
of squared residuals. The calculated effective complex electrical
permittivity-real part can be estimated by substituting the previously
obtained # and ¢, (if applicable) constants in the corresponding
equations. As can be observed, the calculated values of the complex
permittivity-real part using equation (2) proposed by Burggeman-
Landauer, or equation (3) proposed by Jayasundere-Smith, and both
modified by Zheng, are in good agreement with the experimental results
in the wide range of porosities tested. Less satisfactory agreement was
found in the results obtained with equation (1) proposed by Maxwell
Garnett and modified by Zheng.

Table 1 shows the calculated values of ¢,, and $ to fit the experi-
mental data in the four tested angular frequencies. The value of g
changes in every model, remaining constant for the angular frequencies
of 10%, 107 and 10® Hz and increasing at the angular frequency of 10°,
due to the change in the polarization mechanism. Additional

(b) Frequency 10° Hz
20 T T T T
Experimental data
Maxwell-Garnett
151 —— Bruggeman-Landauer |
Jayasundere-Smith
- w% 10} ]
5t 1
0 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
Porosity

Fig. 5. s;ﬂ (black dots) versus porosity for all the 464 studied specimens, at the angular frequency of 10® Hz (a) and 10° Hz (b). Solid lines correspond to the

calculated values of &_,, by equations (1), (2) and (3), taking &; = 15.62.
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Fig. 6. e;” (black dots) versus porosity for all the 464 studied specimens, at the angular frequency of 10® Hz (a and c) and 10° Hz (b and d). Solid lines correspond to

the calculated values of ¢,

treated as an adjusting parameter (c and d).

information is found in Supplementary Tables 7-10.

Fig. 6 shows that the three models satisfactorily reproduce the
experimental data trend in almost the entire range of porosities and
grain sizes, and for the four angular frequencies tested, although a better
linear fit was obtained at low angular frequencies (106, 107 and 108 Hz).
Results improve when ¢,, is estimated instead of taking the value of
15.62, (Fig. 6a and c), yielding a very good agreement between the
calculated and experimental values. The best agreement is achieved
using the Burggeman-Landauer model modified by Zheng, equations (2)
and (5), with ¢, = 14.87. This ¢,, value corresponds to the largest de-
viation (Table 1) of the value calculated using the Shannon equation but,
even in this case, it is considered acceptable. In the angular frequency of
10° Hz, the Jayasundere-Smith model modified by Zheng (equations (3)
and (5)) provides the best agreement between the experimental and
calculated values, probably because it considers the interaction of
neighboring spheres.

Fig. 7a shows the values of the calculated complex electrical
permittivity-real part (using equations (2) and (5) and the correspond-
ing ¢,, and p values from Table 1) versus the experimental ones for the
angular frequency of 10® Hz (this plot is virtually the same for the

Table 1
Values of ¢, and g used for fitting experimental data at different angular
frequencies.

® =10°,107, 0 =
. 108 Hz 10° Hz
Equations
e p B
(1) and (5) (Maxwell Garnett modified by 15.62  0.43 0.75
Zheng) 15.69  0.45 0.75
(2) and (5) (Burggeman-Landauer modified 15.62 -0.86 —0.86
by Zheng) 1487 -1.13 —0.68
(3) and (5) (Jayasundere-Smith modified by =~ 15.62  0.83 0.83
authors with Zheng equation) 15.67 0.85 1.13

970

by equations (1), (2) and (3) considering equation (5) to calculate ei ; in equation (5) Si can take the value of 15.62 (a and b) or be

angular frequencies of 10° and 107 Hz because ¢, remains constant in
the frequency range of 10°-2.10% Hz). Fig. 7a also shows the goodness of
the linear fit between ¢4 and €., with a slope-1 line passing through
the coordinate origin and a high correlation coefficient (see Supple-
mentary Table 9). As can be observed, the modified Burggeman-
Landauer model allows to reproduce the experimental data accurately,
giving a good random localization of the experimental data around the
slope-1 line.

Fig. 7b shows the calculated complex electrical permittivity-real part
values (using equations (3) and (5) and the corresponding e;n and g
values from Table 1) versus the experimental ones, for the angular fre-
quency of 10° Hz. Fig. 7b also shows the goodness of the linear fit be-

tween E‘;ff and ¢_,., with a slope-1 line passing through the coordinate

calc?
origin and a high correlation coefficient (see Supplementary Table 10).
As can be observed, the modified Jayasundere-Smith model allows to
reproduce the experimental data accurately, giving a good random
localization of data points around the slope-1 line.

The simulated dielectric constant results obtained for the modified
Burggeman-Landauer model at 10° Hz, for the modified Jayasundere-
Smith model at 108 Hz and for the modified Maxwell Garnett model at
108 and 10° Hz are shown in Supplementary Fig. 1. As can be seen in
these figures, although the results obtained for these four cases are quite
good, they are slightly worse than those obtained for the modified
Burggeman-Landauer model at 10 Hz and for the modified
Jayasundere-Smith model at 10°Hz (Fig. 7a and b). Therefore, the model
of Burggeman-Landauer, for low frequencies, and the model of
Jayasundere-Smith, for high frequencies, both suitably modified by
Zheng equation, have proven to be the best tool for predicting dielectric
properties of dense and half-dense ferrites.

4. Conclusions

Sintered polycrystalline Cu-doped Ni-Zn ferrite specimens have been
successfully prepared by conventional ceramic method using different
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Fig. 7. Calculated complex electric permittivity-real part values (using equations (2) and (5) and the corresponding ¢,, and f# values from Table 1) versus the
experimental ones for the angular frequency of 10° Hz (a) and (using equations (3) and (5) and the corresponding ¢, and f§ values from Table 1) for the angular

frequency of 10° Hz (b).

pressure-temperature-time cycles, yielding 594 bodies with a wide
range of porosities (from near-zero to 0.45) and average grain sizes
(from 1 to 150 pm). Of these 594 specimens, 464 have an average grain
size in the range of 5-25 pm, a porosity of less than 0.20, and a single
crystalline phase, corresponding to the spinel ferrite. Likewise, they
exhibit a high effective complex permittivity-real part, around 15 and
virtually constant in the angular frequency range of 10° — 10® Hz, while
the minimum dielectric loss is above 1 GHz.

The effective complex permittivity-real part of the studied ferrite has
been accurately calculated using the model of Bruggeman-Landauer,
suitably modified considering the Zheng approach, in the range of
angular frequencies of 10°-10® Hz. However, for the value of the angular
frequency of 10° Hz, the Jayasundere-Smith model, also including the
Zheng approach, allowed to reproduce more precisely the values of the
effective complex permittivity-real part. The need to change the model
beyond 10° Hz angular frequency highlights the change in the polari-
zation mechanism that occurs at high angular frequency.

The good behavior of both models in a wide range of porosities leads
to the conclusion that the effective complex permittivity-real part can be
predicted for a dense and half-dense ferrite from its microstructure
(porosity) and constituent permittivities (grain and gas phase, which are
ferrite and air in our case) in a wide range of frequencies. But, depending
on the polarization mechanism, the appropriate model must be used.
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