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Abstract. The article presents the results of a study of the effect of mechanical load on the temperature
dependence of the initial permeability of LiTiZn soft ferrite ceramics. Regimes of mechanical load were
created by a steel non-magnetic ring with screws. In this work, four levels of mechanical load were
investigated: without load, with 1, 2 and 3 screws. For obtaining temperature dependences and exclude the

influence of prehistory on the initial permeability, the samples were heated to a temperature exceeding the
Curie point by 50 degrees, after which they slowly cooled to room temperature. The defects level was
determined by the ratio of the parameters f / o of the phenomenological expression, which describes the
experimental temperature dependences. It is shown that as the mechanical load increases, the defects level
of ferrite ceramics increases, and after load removing, it returns to its original level.

1 Introduction

In modern radio electronics, soft ferrites find wide
application for manufacturing magnetic amplifiers,
inductors, transformer cores, rotors and stators of high-
frequency motors [1, 2]. The most widely used is ferrites
synthesized by ceramic technology from a mechanical
mixture of oxides or carbonates. The process of ferrites
preparation on ceramic technology includes several
stages, the purpose of which is the homogenization of
the oxide mixture. The advantage of ceramic technology
is the low cost and relative simplicity of the
technological  cycle.  However, = homogenization
techniques used in ceramic technology lead to the
appearance of inhomogeneities of a different type, which
can have a negative effect on the magnetic
characteristics of ferrite [3]. Different methods such as
method of measure the true heat capacity, measure the
temperature  variation of magnetization in the
temperature range including the Curie point, and micro-
X-ray spectral analysis is used for registration defects
and evaluation the products homogeneity from soft
ferrite ceramics [4]. Studies of the temperature
dependences of the magnetic parameters of ferrites are
presented in the works [5, 6], an analysis of the influence
of the ferrite homogeneity on the sharpness of the drop
in the temperature curves is made. The disadvantages of
these methods are low accuracy, laboriousness, the
inability to quantify the changes in chemical
composition. For solving these problems, in the Tomsk
Polytechnic University is developing a method based on
measurements the temperature dependence of the
structurally sensitive characteristic of soft ferrites - the
initial permeability.

The purpose of this work is approbation the method
for evaluating the defects level of ferrite ceramics, based
on measuring the temperature dependences of the initial
permeability of samples with the mechanical load.

It was expected that an increase of the mechanical
load and associated elastic stresses would lead to an
increase in the defects level (B / a) of ferrite ceramics.

2 Experimental techniques

The object of the study is ferrite ceramics, manufactured
using classical ceramic technology. Chemical formula:
Lig sa0F €1 508Ti9.5Z1n92Mng 051Big00204. The test samples
were manufactured by the Ferrit-Domain Co. under
production conditions at T=960° C, t=8 h. After sintering,
the samples had the toroidal form with an external
diameter D=20.5 mm, an internal diameter d=10.9 mm, a
height h=3.5 mm.

Samples density and porosity were determined by
hydrostatic weighing on an analytical balance Shimadzu
AUW 220D.

The grain morphology was studied with a scanning
electron microscope Hitachi TM-3000. The average
grain size was calculated using the intercept method.

The saturation magnetization (Ms) was measured at
room temperature on a magnetometer with a vibrating
sample with a maximum field of 0,8 MA/m.

An installation based on an automatic bridge LCR-
819 and a measuring cell with a built-in heater was built
for the measurements. Measuring cell is shown in
Figure 1. The measuring cell consists of a stainless steel
cylinder (1), which is closed by a fluoroplastic lid (2). A
device holding sample (3) and thermocouple (4) is fixed
on the lid. Also on the lid, there are holes for the output
of conductors (5) from the winding of sample (7).
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Mechanical load is created by a specially designed ring
(8) of solid non-magnetic steel with three holes for
screws DIN 553. In the lower part of the cylinder there is
a pressed copper cup (12), at the bottom of the cup there
is a heater (9). The upper part of the cup is covered with
an aluminum heat shield (6) to increase the uniformity of
heating. All elements are located in an aluminum case
(11). The body has connectors that allow connecting the
ground wire and the wires that supply the heating
element. The body of the measuring cell is thermally
insulated with powder of light-weight fireclay bricks 10.
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Figure 1. Measuring cell: cylinder (1), fluoroplastic lid
(2), device holding sample (3), thermocouple (4), wire
outlet (5), heat shield (6), sample (7), steel ring (8),
heater (9), fireclay powder (10), aluminum case (11),
copper cup (12).

Measurement of the inductance L was carried out on
a low-frequency meter LCR-819 in an electromagnetic
field with a frequency of 1 kHz with strength of 8§ A/m.
Installation is shown in Figure 2.

Figure 2.Experimental installationl: 1 — voltmeter, 2 —
digital meter L, C, R, 3 — measuring cell, 4 — heater, 5 —
computer.

Ferrite toroid had a single-layer winding. Winding
was made of thin copper wire with fluoroplastic
insulation.

A non-magnetic steel ring with non-magnetic steel
screws was used for creating a mechanical load on
sample. Samples were placed into this ring as shown in
Figure 3. Mechanical load was created by alternately
screwing screws into the sample. Five measurement
regimes were chosen: off-load, with one screw, with two
screws, with three screws, and after removing the
mechanical load.

Figure 3. Soft ferrite sample with winding, placed in the
steel ring with screws.

The toroidal sample was placed in the measuring cell
shown in Figure 1. The sample was measured with a
slow cooling of the sample from a temperature 50
degrees above the Curie point using an installation based
on an automatic bridge LCR-819 and a voltmeter B7-78
/1. Temperature control was carried out using a
thermocouple of the chromel-alumel group (type K). The
measuring junction of the thermocouple was pressed
directly to the sample. The inductance data L from the
LCR-819 and the temperature T were supplied as a text
file to the computer using the LabVIEW software
package. Calculation of initial permeability values and
their mathematical processing took place in the program
Origin 9.

The values of the initial permeability were calculated
from the formula:

L-107 @)

2-h-N?In()

where L — coil inductance (H); N — number of coil
turns; h — samples height (m); D, d — external and
internal diameters of samples (m).

Phenomenological expressions (2, 3) were used for
the mathematical analysis of the experimental
temperature dependences of the initial permeability [7]:
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In expression (2) the coefficients a, P, and y are
determined by the relations:
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Where ¢ — the average level of elastic stresses, N, —
demagnetization factor, and g and r are specified
according to the selected magnetization reversal
mechanism [7]. In our work indicators g, r=2 was
chosen according to the Smith and Wijn model, which is
used for polycrystalline ferrites [4].

With positive values of y and 6 functions (2, 3)
describe an asymmetric peak shape, characteristic for
typical dependences p;(T).

The least-squares method (the Levenberg-Marquardt
algorithm) of the Origin 9 software was used to process
the experimental temperature dependences of initial
permeability.

3 Experimental results

Figure 4 shows the X-ray diffraction patterns of a ferrite
ceramics sample obtained under the sintering regime
T=960 °C, t=8 h. Also in this figure there are the values
corresponding to the diffraction peaks. The X-ray
diffraction patterns of the test sample confirmed the
formation of a single-phase homogeneous cubic spinel
structure.
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Figure 4. The X-ray diffraction pattern for soft 3SCH18

ferrite ceramic with sintering regime T=960 °C, t=8 h.

A micrograph obtained by scanning electron
microscopy on Hitachi TM-3000 is shown in Figure 5.

35CH-18 0001 10:24 H  De.1 x500 200 um

S980C 8hours

Figure 5. SEM micrograph of soft 3SCH18 ferrite
ceramic with sintering regime T=960 °C, t=8 h.

Figure 5 presents that the investigated ceramics is
characterized by a polycrystalline structure with well-
formed grains.

Table 1 presents the average grain size, density, and
porosity of soft ferrite ceramics 3CH18.

Table 1. Parameters of soft 3SCH18 ferrite ceramic with
sintering regime T=960 °C, t=8 h.

Average grain | Density :
size (um) (em’) Porosity (%) M; (G)
47,2 43 44 1930

As can be seen from Table 1, in spite of the large
grain size, the test ferrite has a high density, which
reaches 96% of the X-ray density for this material and a
sufficiently low porosity.

The temperature dependences of the initial
permeability soft ferrite ceramics samples with different
mechanical load regimes are shown in Figure 6.
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Figure 6. The temperature dependences of the initial

permeability soft ferrite ceramics samples with different

mechanical load regimes: 1 — off-load; 2 — with 1 screw;

3 — with 2 screws; 4 — with 3 screws.
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As can be seen from Figure 6 the initial permeability
near the Curie point for all ferrite samples has the sharp
decrease. As shown in the works [5, 6, 8], this behavior
of the curve is characteristic of the single-phase, the
chemically homogeneous structure of ferrite ceramics.
Thus, the test soft ferrite ceramic has good homogeneity.

The obtained temperature dependences are
characterized by two stages of growth. The first stage is
characterized by a gradual increase in the initial
permeability from room temperature to 250 °C. The
second stage is characterized by the Hopkinson peak,
which is a sharp increase with the pass of an acute
maximum and a sharp fall in the values of the initial
permeability near the Curie point. This behavior is
associated with the domains transition to a
superparamagnetic state, which is inherent in the single-
domain state in the case when the domain size and the
average grain size coincide, for example, in the case of a
nanoparticle [9-11].

The highest maximum of the dependence of the
initial permeability on temperature is characteristic for
the sample off-load mechanical load. The value of the
maximum of the initial permeability decreases with
increasing load on the test sample. Therefore, this
parameter can be used to estimate the level of
mechanical stress and the associated level of elastic
stresses in the material.

Table 2 presents the results of mathematical
processing of the temperature dependences of the initial
permeability of soft ferrite ceramics samples with
different levels of mechanical load wusing the
phenomenological expression (2).

Table 2. Results of mathematical processing

Mech.
load o B N T, p/a
regime
Off- 0,132 | 6.28E-6 | 0.0020 266.32 4.8E-
load 5
! 0,120 | 5.47E-5 | 0.0024 264.76 4.6E-
SCrew 4
2 0,121 1.54E-5 | 0.0020 265.67 1.3E-
screws 4
3 0,127 | 1.09E-4 | 0.0026 268.78 8.6E-
SCrews 4
Aftera | 103 | 81986 | 00020 | 27346 | O7F
load 5

As can be seen from Table 2, with increasing
mechanical load, the parameter § / a increases due to the
increase in elastic stresses and defects level in the
sample. After removing the mechanical load, the B / a
ratio returned to its original value. The demagnetizing
factor Ny is similar for all regimes of mechanical load
and practically does not change.

4 Conclusions

Thus, in this paper, the influence of the mechanical load
on the temperature dependences of the initial
permeability of ferrite ceramics was investigated.

It is shown that as the mechanical load increases, the
structurally sensitive parameter of the phenomenological
expression B / a increases, which is caused by the growth
of elastic stresses and defects level in the sample. After
the load is removed, the parameter f / a returns to the
original level, which indicates that there are no
irreversible changes caused by the mechanical load. The
maximum of the temperature dependence of initial
permeability can be used for estimates of the mechanical
load level and the associated elastic stress level in the
material.

Thus, in this paper, a method for estimating the
defectiveness of soft ferrite ceramics samples subjected
to mechanical load was approbated.
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