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Abstract: The results of electron-beam processing of Mn-Zn ferrite samples using pulsed and continuous
electron beams in the forevacuum pressure range (10 Pa) are presented. We find that continuous electron-beam
processing leads to surface structuring of the ferrite, changes in elemental composition on the surface, and
electrical property modification. The degree of ferrite parameter changes exhibits a threshold behavior. For
surface processing temperatures below 900 °C, changes are barely noticeable, while for temperatures over 1100
°C the surface resistance decreases by more than an order of magnitude. Electron-beam processing with
millisecond pulse duration and pulse energy density exceeding 15 J/cm? results in the formation of low zinc
content melt islands, while the remaining surface area (outside the islands) elemental content and ferrite
properties remain largely unchanged. The thickness of the modified layer depends on the processing mode
and can be controlled over the range 0.1-0.5 mm. Because of its low resistance, the modified layer can be
utilized to enhance the RF-absorbing properties of the ferrite.

Keywords: Mn-Zn ferrite; electron beam processing; gradient structures; electromagnetic radiation;
reflection coefficient

1. Introduction

Mn-Zn ferrites have a wide range of applications due to their combination of low cost and
unique properties, including high magnetic permeability, resistivity, dielectric permittivity, temporal
and temperature stability, and more [1-2]. Mn-Zn ferrites are categorized as soft magnetic materials
and possess low coercive force, enabling easy modulation of their magnetization [3]. These materials
are used in the production of magnetic cores, transformer cores, high-frequency inductor coils, and
as components in microwave devices [4-8], where frequency requirements are below 2 GHz.

The properties of Mn-Zn ferrites depend significantly on synthesis method [9-11], composition
and quantity of doping impurities [12-16], and post-surface treatment method [17, 18]. Progress in
materials science has led to the development of various ferrite synthesis methods, differing in source
materials, duration, energy efficiency, morphological, and magnetic properties of the ferrites
produced. The most widespread methods of ferrite synthesis include sol-gel [19-22], traditional
ceramic fabrication [23-24], solid-phase reaction [25-26], self-combustion [27-28], laser deposition [29-
31], radiation-thermal sintering [32-34], and others. Ferrite synthesis techniques are continually
improving through the introduction of new additives [35], optimization of sintering temperature
regimes [36-38], and the combination of soft and hard magnetic ferrites [39].

In contrast to improving ferrite properties through various sintering methods, energy flux
treatment of finished products allows controlled modification of their surface properties (electrical
conductivity, wear resistance, etc.) and microstructure, with minimal impact on the internal
structure. Regions with enhanced electrical conductivity and developed microstructure formed on
the surface greatly influence the RF-absorbing and -scattering properties of ferrites [40]. The
development of methods for modifying the structure of ferrite products has become an important
task.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Structural modification of ferrites involves thermal treatment, laser-induced etching [41-42],
electron beam irradiation [43-46], and ion beam irradiation [47-48]. Etching in a gaseous environment
using laser irradiation allows the formation of sharp-edged grooves for use in magnetic heads. The
dimensions of etched areas are on the order of tens of micrometers, limiting the applicability of this
method for changing properties over a large surface area. Gamma irradiation of the surface of
Mn1Zn0.3Fe204 ferrite nanoparticles, as reported in [49], results in changes in cation distribution
proportional to the gamma radiation dose. Reduction in lattice constant, physical particle size, and
increase in saturation magnetization were observed, which could be beneficial for medical
applications such as targeted drug delivery, gene therapy, hyperthermia, and MRI thermometry.
High energy irradiation of bulk ferrite results in morphological changes and structural-phase
transitions, negatively affecting the preservation of the structure and properties of these materials
[50]. Irradiation with high-energy ions leads to the formation of a "dead" layer, thereby affecting the
ferrite magnetic properties.

One of the emerging methods for modifying the structure of ferrite products is electron-beam
treatment using low-energy electron beams in the forevacuum pressure range (pressure of order 1-
100 Pa) [51]. Electron beam propagation at these pressures creates a "beam-plasma", positive ions
from which effectively neutralize the negative charge brought by the electron beam to the irradiated
non-conducting surface [52]. Additionally, higher working pressures compared to pressures
customarily used in high-energy electron beam treatment with electron energies of several hundred
keV allow for controlling the stoichiometric composition of ferrites during irradiation through
working in an oxygen environment. A promising method for ferrite surface modification by electron
beams could be pulsing the treatment, thereby attaining higher specific beam power than in
continuous mode. Previous studies have shown that treatment of the surface of Mn-Zn ferrite with
low-energy electrons leads to surface recrystallization of the original ferrite, forming prismatic
hematite Fe2O3 crystals [53]. Here we describe our investigation into the influence of electron-beam
treatment in continuous and pulse modes, on the structural and electro-physical properties of Mn-
Zn ferrites.

2. Materials and Methods

Ferrite rings with diameter 16 mm and thickness 5 mm, designated as 2000NM, were used as
the material for the study. The chemical composition of the ferrite is Mn0.6Zn0.4Fe303. The selection
of this material was based on its high initial relative magnetic permeability and its significant
absorption capacity in the high-frequency electromagnetic range. The principal electro-physical
parameters of the material are shown in Table 1.

The investigation of the structure, elemental composition, and the surface of substrates after
electron-beam treatment was performed using a Hitachi S-3400N scanning electron microscope
(Hitachi Science & Technology, Japan) equipped with a Bruker XFlash 5010 energy-dispersive X-ray
analysis attachment (Bruker AXS Microanalysis, Germany).

Table 1. Parameters of 2000NM Ferrite.

Parameter Mn0.6Zn0.4Fe303

Initial magnetic permeability 2000
Amplitud ti bility,

mplitude magnetic permeability 3000

HUa
Density, g/cm? 4.7
Working frequency range Up to 10 MHz
Saturation induction, mT (at 25°C) 350
Remanence, Br, mT (at 25°C) 100

Coercive force, H,, A/m (at 25°C) 16
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Curie temperature T, °C (at 25°C) 200
Specific electrical resistivity, o, 5
Ohm/m

A SEM image and the elemental composition of the surface of the non-irradiated ferrite are

Figure 1. SEM photograph of the surface of unprocessed 2000NM ferrite.

As evident from the image, the unprocessed surface of the 2000NM ferrite exhibits a
homogeneous structure composed of grains of non-uniform size. The SEM image also indicates that
the sample possesses relatively good microstructure with low porosity. The energy-dispersive X-ray
analysis data of mass and atomic percentages of elements (Table 2) demonstrates that the elemental
composition is closely aligned with the stoichiometric values.

Table 2. Parameters of 2000NM Ferrite.

Element [norm. wt.%] [norm. at.%]
Carbon 14 3.8
Oxygen 26.9 54.9
Manganese 13.8 8.2
Iron 49.7 29.1
Zinc 8.2 4.1

3. Methodology of Electron Beam Processing of Ferrites

3.1. Continuous mode processing

Electron beam processing in the continuous mode was conducted using a low-energy electron
beam with energy ranging from 2 to 10 keV and beam power 50 to 400 W, on an experimental setup
in an oxygen atmosphere at a pressure of 10 Pa. A focused electron beam was generated by a
forevacuum-pressure plasma-cathode electron source based on a hollow cathode glow discharge [54].
A schematic representation of the experimental setup is shown in Figure 2.
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Figure 2. Experimental setup for electron beam irradiation of ferrites in continuous mode.

A forevacuum plasma electron source was installed on the upper flange of the vacuum chamber.
The main components of the source include a cylindrical hollow cathode, a flat anode, and a conically
shaped extractor. When applying a voltage Ua between cathode and anode, a glow discharge with
current ls up to 1 A is ignited. Electron emission is through an emission window in the anode, which
consists of a tantalum plate of thickness 1 mm with an emission aperture of diameter 0.7 mm. Beam
accelerating voltage U. is supplied from a Spellman SR6 high-voltage source and is set in the range
2-10 kV. The specialized design of the source accelerating section allows the formation of a
continuous electron beam with current I. up to 100 mA at a pressure of 10 Pa in both the source and
vacuum chamber. The beam is focused magnetically and can be controlled by adjusting the focusing
coil current.

The ferrite rings to be irradiated are positioned on individual holders, which are steel cylinders
with raised edges to secure the ferrites. To reduce thermal loss through conduction, the holders are
placed on 10 cm long and 4 mm diameter spikes. Holders for five samples are set on a translation
device, enabling sequential positioning of each ferrite in the region exposed to electron beam
treatment. A single loading in the vacuum chamber thus allows for the treatment of up to five ferrite
samples. The beam power density in the treatment area ranged from 200 to 850 W/cm?, adjusted by
modifying the beam current and diameter. The treatment process utilizes a tightly focused electron
beam with diameter up to 1 mm that is raster-scanned over a square scan area, with each side
exceeding the diameter of the treated ferrite by 1-2 mm; uniformity of treatment is thus achieved.

The temperature of the ferrite surface during beam irradiation was measured using a RAYTEK
1MH infrared pyrometer (Raytek Corp., Santa Cruz, CA, USA) with measuring range 550-3000 °C.
The temperature data were recorded by a computer. As per the user manual, the pyrometer's
measurement error is 0.3% of the measured value. This indicates that when measuring the maximum
temperature of 3000 °C the error is less than 10 °C.

3.2. Pulsed mode processing

For pulsed mode processing, a wide-aperture forevacuum plasma electron source based on an
arc discharge, operating in pulsed mode, was used. The design, operational features, and parameters
of the source have been described in detail elsewhere [55]. The pulsed electron beam source was
positioned on the vacuum chamber as shown in Figure 3. Generation of the pulsed electron beam is
achieved by pulsing the plasma generation while the accelerating voltage is held constant. The power
supply system for the electron source provides a constant accelerating voltage Ua and a pulsed arc
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discharge current I for the emission plasma from which electrons are extracted to form the beam. In
our experiments the accelerating voltage Ua was set at 9 kV.

Since precise measurement of beam current I» during sample treatment is complicated, I» was
measured via emission current I (total load current of the high-voltage power source Ua). Preliminary
measurements showed that the beam current Ir, measured using a Faraday cup, was 30% lower than
the emission current l.. The emission current l. = 14 A was regulated by the discharge current Ia. The
pulse duration ta was varied from 1 to 5 ms in the experiments, with a pulse repetition frequency of
0.5 Hz. Typical oscillograms of the discharge current Is, emission current L., and accelerating voltage
Ua are shown in Figure 4. The sag in voltage Ua over the emission current pulse is due to the voltage
drop across a ballast (protective) resistor installed in the source power supply circuit (not shown in

Figure 3).
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Figure 4. Typical oscillograms of discharge current (ls), emission current (Ic), and beam accelerating
voltage (Ua)

The processed ferrite samples were placed on a grounded, stainless-steel holder installed on a
moving system. This arrangement allowed multiple samples to be irradiated in one vacuum chamber
pump-down cycle (i.e., without requiring chamber re-evacuation). In a single vacuum chamber
pump-down cycle, two samples were processed. Once the forevacuum electron source reached the
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required beam parameters, the samples were moved out of the beam propagation region while the
electron source was adjusted to the required beam parameters. Subsequently, for pulsed electron
beam processing, the selected sample was placed on the symmetry axis of the beam using the
movement system. The ferrite sample was treated for a series of pulses. In the region where the
sample was located, the diameter of the electron beam was 4 cm.

4. Methodology of Electron Beam Processing of Ferrites

4.1. Continuous mode treatment results

Investigation of the effects of continuous electron beam treatment on the properties of ferrites
was conducted on samples that were heated through electron beam irradiation to different
temperatures, ranging from 900 to 1300 °C in increments of 100 °C. Table 3 shows the irradiation

conditions.
Table 3. Continuous electron beam treatment conditions.
Sample C1 C2 C3 C4 C5
Temperature, °C 900 1000 1100 1200 1300

Samples were heated for 15-25 minutes to the desired temperature, then held at that constant
temperature for 5 minutes, and cooled by gradually reducing the electron beam current over 10-15
minutes. The overall heating, holding, and cooling process took 30 to 45 minutes.

Figure 5 shows SEM images of the surface of the original ferrite and ferrite irradiated at different
temperatures. The most significant change in surface structure occurs starting from a temperature of
1200 °C. A crystalline structure forms on the surface. Pores become more pronounced, and their
quantity notably increases compared to other samples treated at lower temperatures. When the
temperature reaches 1300 °C (Figure 5 f), a noticeable change in surface structure is observed.

3 o
00KV Meg= 1.50KX SignalA = NTS BSI EHT=2000kV Mag =
WD= 90mm TitAngle= 0.0° iProbe= 10 WD= 90mm TitAngle= 0.0° (Probe= 1004

(a) (b) (c)

A
Po™ e r{;@;\
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WO~ 85mm TiAngle~ 00° iProbe= 1074 WO - 85mm TitAngle = 00 IProbe 107 WO- S0mm TitAmgie- 00° iProse= 10nA

(d) (e) (f)

Figure 5. SEM images of the surface of the original ferrite (a) and ferrite irradiated at different
temperatures: (b) 900 °C; (c) 1000 °C; (d) 1100 °C, (e) 1200 °C, (f )300 °C. Magnification: 1500X.
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In SEM images of the surface taken at other magnifications, as shown in Figure 6, for this sample,
secondary recrystallization and the formation of a periodic microstructure with a characteristic
period of about 10 um are visible. Simultaneously, the surface becomes smoother, and pores are filled
with a melt that upon further crystallization forms a flat surface. Such surface changes have been
observed before during electron beam treatment of NiZn ferrites [51]. However, the required
temperatures for the material presented in this article are 200 °C higher.

EHT=2000kV Mag= 1.00KX Signal A=SE1
WD=85mm TitAngle= 0.0° [Probe= 10nA

(@) (b)

EHT=2000kV Mag= 3.00KX Signal A= NTS BSD
WD= 90mm TitAngle= 0.0° |Probe= 10nA

Figure 6. SEM image of the surface of ferrite irradiated at a temperature of 1300 °C. Magnification:
(a) 1000X; (b) 3000X.

The change in surface structure is accompanied by a change in phase composition. The
results of measurement of elemental composition in the ferrite near-surface layer shown in

Table 4.
Table 4. Composition of ferrite irradiated under different conditions
Element C1 C2 C3 C4 C5
O, % 53.3 53.5 54.9 55.3 60.8
Mn, % 10.7 114 10.9 10.7 9.2
Fe, % 33.1 33.9 32.6 33.5 29.9
Zn, % 3.0 1.2 1.0 0.5 0

As a result of the treatment, the concentration of zinc decreases significantly in the near-surface
layer. At the same time, the concentrations of iron and manganese decrease, while the concentration
of oxygen increases. The loss of zinc leads to a significant increase in electrical conductivity of the
ferrite. Figure 4.3 shows the resistance of ferrite treated at various temperatures. Even for the lowest
treatment temperature, the resistance is significantly lower than in the original (untreated) state. For
the original ferrite, the resistance was 30 kQ, whereas at 900 °C, the resistance decreases by more than
an order of magnitude to 2.5 k() (see Figure 7). Note that the decrease in resistance, unlike the
structural changes, begins for samples treated at a temperature as low as 1100 °C. This dependence
is presumably linked to the change in zinc content, which starts to leave the sample already at the
minimum treatment temperature. The resistance on the untreated side of the ferrite has also
decreased, ranging from 3 to 3.5 kQQ.
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Figure 7. Resistance of manganese-zinc ferrite on the irradiated side for treatment at various
temperatures.

Other electrical parameters, measured at the standard frequency of 1000 Hz, do not change as
much. Figure 8 shows the dependence of inductance L, impedance Z, and quality factor Q of ferrite
rings on the treatment mode. Sample C0 is the untreated ferrite.

224
20+
18+ [ [
16- | pA
144 [ o

121
10+

CO CI C2 C3 C4 Cs
Sample number

Figure 8. Electrical parameters of manganese-zinc ferrite at various temperatures.

The inductance of the original sample is 3 mH, and is changed by processing to 2.3-3.1 mH;
however no clear dependence on temperature is observed. The quality factor increases slightly from
5 for the original sample to 7 for the sample processed at 900 °C; the low value of quality factor
indicates a significant attenuation of oscillations in the coil wound for measurements on this ferrite.
The impedance varies over the range 15 to 20 ohms, and reaches its maximum value at a processing
temperature of 1100 °C.

4.2. Pulse mode treatment results

Pulse treatment regimes for the 5 samples are shown in Table 5. For all samples, the emission
current le was 20 A (14 A electron beam current), the electron beam energy was 9 keV, and the pulse
repetition frequency was 0.5 Hz. With increase in pulse duration, the energy density ] increased,
which should affect the surface structure.

Table 5. Parameters of 2000NM Ferrite.

Sample No Pulse duration t¢, Number of pulses Energy density ]
ms N in pulse, J/cm?
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9
P1 1 750 10
P2 1.5 500 15
P3 2 500 20
P4 3 500 30

The surface structure of the ferrite after pulse treatment differs from that treated in continuous
mode, as shown in Figure 9. For sample P1, no significant changes in surface structure are observed.
With increase in pulse duration, the formation of spread-out areas resembling small droplets can be
observed, with the droplet sizes growing as the pulse duration increases. For pulse duration 1.5 ms
(J = 15 J/cm?), the droplet sizes do not exceed 20-30 um. For pulse duration 3 ms (J = 30 J/cm?), the
surface exhibits larger droplets with characteristic size up to 200 pm, as well as smaller formations
with sizes 50-100 um. Further increasing the pulse duration while maintaining the current and
accelerating voltage at the same level leads to destruction of the ferrite. Therefore, samples treated
with t> 3 ms (J > 30 J/cm?) were not investigated.

It is evident that during pulsed electron beam irradiation, the ferrite surface is heated to its
melting temperature and possibly higher. Due to capillary forces, the molten layer accumulates into
droplets, which subsequently serve as regions of concentrated molten material. To confirm the
possibility of heating the surface to melting temperatures, temperature calculations were performed,
which will be presented in the following section.

Figure 9. SEM images of the surfaces of ferrites irradiated under different conditions. Circles and
squares indicate areas for elemental composition measurements. Magnification 500X.

Changes in surface structure are also reflected in its elemental composition. Table 6 shows the
variation in elemental composition of the near-surface layer of Mn-Zn ferrite after pulse electron
beam treatment at different surface temperatures. Measurement points for composition are marked
with circles in Figure 9. As seen from Table 5, with increase in pulse duration the oxygen content
increases slightly in Zone I and the zinc concentration decreases. The most significant change in zinc
content is observed in droplets solidified on the surface. Data were obtained from areas marked with
squares in Figure 9. The zinc content decreases by more than an order of magnitude, indicating high
temperature in these regions.

Table 6. Composition of ferrite pulse-irradiated under different conditions.
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Element P1 P2 P3 P4

Zonel Zonell Zonel Zonell Zonel Zone Il

C, % 7.0 2.0 1.9 1.4 1.5 21 1.9
O, % 25.3 25.6 27.6 254 17.6 26.1 30.6
Al % 0.3 0.1 0.9 0.2 0.4 0.2 0.2
Si, % - 0.0 0.0 0.0 0.2 0.1 0.1
Mn, % 12.9 14.2 17.8 14.2 22.2 13.6 16.2
Fe, % 46.8 50.7 51.5 51.9 57.5 51.3 50.5
Zn, % 7.6 7.9 0.9 6.8 0.6 6.8 0.6

Unlike continuous mode treatment, the resistance of the surface after pulse treatment was found
to be dependent on the points of probe application. Figure 10 shows the dependence of ferrite
resistance on treatment mode. The resistance on the untreated side ranged from 25 to 30 kQ.

454
40
35
30+

S 254
& 20+
154
10
5<

OA

P1 P2 P3 P4 -
Sample number

Figure 10. Resistance of Mn-Zn ferrite on the pulse-treated side for different treatment modes.

The variation in resistance values in this case exceeds 30%, which could be attributed to the fact
that zinc-depleted regions are discretely distributed on the surface and don't form a continuous layer
as in the case for continuous treatment.

4.3. Thermal field modeling

Modeling allows calculating the temperature on the ferrite surface and within the material. The
calculations used tabulated thermophysical data for Mn-Zn ferrite 2000HM as shown in Table 7.

Table 7. Thermophysical parameters of ferrites

Parameter 2000HM Mn-Zn ferrite
Density, kg/m? 4500
Thermal conductivity, W/(m-K) 650

Specific heat, J/(kg-K) 2.8
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Unsteady heat conduction is generally described by the Fourier-Kirchhoff equation. For a
complete description of the heat conduction process in a specific case, it is necessary to specify the
boundary conditions. Geometric conditions define the shape and dimensions of the object, while
physical conditions are determined by the thermophysical properties of the material, including
density, specific heat, and thermal conductivity. Due to the symmetry of the sample with respect to
its axis, the Fourier-Kirchhoff equation in cylindrical coordinates was used for calculations. Since
sample irradiation in this study occurs in a vacuum, heat transfer through convection was not
considered. The unsteady heat exchange process in a vacuum is described by the two-dimensional
heat conduction equation:

6T &°T &°T
P T e

where T is temperature, ¢ is time, p is the material density, c is the specific heat of the material, A is

M

the thermal conductivity of the material, and r and z are coordinates.

For a complete description of the process, geometric, physical, initial, and boundary conditions
were defined. To determine the boundary conditions, radiation from all surfaces of the sample was
considered. A uniform electron beam irradiated one of the cylinder's faces, while the other face was
placed on a massive crucible. At the initial moment in time, the temperature of the entire sample was
at room temperature, which is 30°C.

The irradiation scheme is depicted in Figure 11. Points R1 and R2 in Figure 11 represent the inner
and outer radii of the ring, respectively. The origin of the coordinate system was placed at the center
of the irradiated face.

(I (I [
Electron beam

Z

v

Figure 11. Irradiation scheme.

Electron-beam treatment of the ferrite ring in pulsed mode was carried out at a frequency of 0.5
Hz. The emission current of the electron source was I. =24 A, the accelerating voltage was Ua=9 kV,
and the diameter of the electron beam was 10 mm. The pulse duration and number of pulses were as
in Table 5. The parameters of the electron beam during continuous mode treatment were accelerating
voltage 8 kV, beam current 20 mA, and beam diameter 10 mm. The heat conduction equation was
solved using the finite difference method.

Figure 12 shows the calculated temperature distribution profiles through the thickness of the
sample during irradiation with a continuous electron beam under different conditions. The modes
were selected to achieve surface temperature ranging from 900 °C to 1300 °C in 100 °C increments.
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Figure 12. Temperature distribution during continuous electron beam treatment with different
power densities: (1) 150 W/cm?; (2) 190 W/em?; (3) 210 W/em?; (4) 250 W/em?; (5) 400 W/em?2.

In Figure 12, itis evident that as the beam power density increases, the sample temperature rises,
and the sample temperature rises, and the temperature drop across its thickness increases from 110
°C (at a surface temperature of 900 °C) to 300 °C (at a surface temperature of 900 °C) to 300 °C (at a
surface temperature of 1300 °C). The temperature gradually decreases from the side irradiated by the
electron beam to the non-irradiated side. In the case of pulsed mode treatment, the temperature
distribution pattern remains similar to the continuous case, but a greater temperature drop is
observed from the irradiated to the non-irradiated side. Figure 13 shows the temperature distribution
on the inner surface of the ferrite after irradiation with a single electron beam pulse and a series of
500 pulses at pulse durations of 1, 2, and 3 ms. For the single pulse case, the temperature is indicated
at the end of the pulse, while for the case of a series of pulses, it is indicated at the end of the 500th
pulse.
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Figure 13. Temperature distribution in ferrite samples irradiated with pulses of different duration,
after a single pulse (1, 2, 3), and after a series of 500 pulses (4, 5, 6). Pulse length: 1 ms (1, 4), 2 ms (2,
5), and 3 ms (3, 6).

We see from Figure 13 that with increasing pulse duration, both surface and bulk temperature
of the sample rise. Additionally, the temperature drop between the surface and a layer within the
sample, 0.3 mm in thickness, can reach as high as 900 °C for a single pulse and 750 °C after a series of
500 pulses. These values exceed those observed during continuous treatment. Moreover, the
temperature values on the surface of the ferrite already approach or exceed the melting temperature
(1567 °C) with pulse durations as short as 2 ms, as shown by curve 5 in Figure 13. This indicates the
potential for surface layer melting in the pulse-on time and recrystallization during the pulse-off time,
as observed in the form of solidified islands after melting (Figure 9 b-d). Note also that the
temperature distribution after continuous electron beam treatment is more homogeneous, with
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temperature reductions observed throughout the sample depth. Following pulsed electron beam
treatment, the main temperature drop is concentrated within a layer less than 0.3 mm thick.

The differences in surface layer structure and changes in ferrite parameters after continuous and
pulse treatments are attributed to variations in the nature of surface heating. Faster heating in pulse
mode leads to the formation of solidified and crystallized material islands with lower zinc content.
In contrast, in continuous electron beam treatment, the reduction in zinc content is observed across
the entire ferrite surface, as confirmed by the decrease in resistance. Within the sample volume, it is
apparent that zinc content also undergoes changes, as evidenced by the significant difference in
resistance between the irradiated and non-irradiated surfaces. Figure 14 illustrates the distribution of
zinc concentration within ferrite samples after continuous electron beam treatment under different
conditions.
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Figure 14. Distribution of zinc concentration in ferrite samples under different conditions of
continuous electron beam treatment.

The formation of a region with low zinc content indirectly indicates a decrease in resistance in
that area and the formation of a more electrically conducting layer. As known [56, 57], the
introduction of electrically conducting additives into the composition of ferrite, such as polymers
with relatively high conductivity like polyaniline, promotes more pronounced losses and REF-
absorbing properties. However, the most effective shielding efficiency is characteristic of materials
with low resistance compared to ferrites. By completely reflecting electromagnetic waves, it is
possible to reduce the intensity of electromagnetic radiation to zero. The presence of an electrically
conducting layer in the treated material can contribute to effective electromagnetic wave shielding
and expand the scope of electron beam irradiation in the creation of RF-absorbing and RF-reflecting
materials.

5. Conclusions

Electron beam treatment of the surface of Mn-Zn ferrite under low vacuum pressure conditions
results in microstructuring of the surface, changes in electrical properties, and alteration of the
elemental composition of the ferrite. In continuous mode treatment, the most significant changes are
observed when the surface temperature of the ferrite reaches 1100 °C and above. The resistance and
zinc content in the near-surface layer decrease by more than an order of magnitude. Pulse mode
treatment leads to the formation of solidified material particles on the surface in the form of droplets.
The resistance in such treatment undergoes insignificant changes. Numerical modeling of thermal
fields within the ferrite volume demonstrates that the majority of thermal energy from the pulsed
electron beam is concentrated within a thin near-surface layer of the sample with thickness of order
0.2- 0.3 mm. For the case of continuous mode treatment, this layer thickness is greater, measuring at
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least 0.3 mm. The reduction in resistance within the ferrite layer enables its utilization as an RF-
absorbing material, expanding the applications of electron beam technologies.
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