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Al-optimized angled multimode interference splitter with buried sin waveguide for high-
performance O-band photonic networks

Dror Malka
Faculty of Engineering, Holon Institute of Technology (HIT), Holon 5810201, Israel
drorm@bhit.ac.il

Abstract: Traditional 1 x 2 multimode interference (MMI) splitters often encounter challenges such as high back reflections and limited
output flexibility, which typically require additional structures like tapers or S-bends. These constraints limit their performance in advanced
photonic networks. To overcome these issues, we propose an Al-optimized angled multimode interference (AMMI) splitter featuring a buried
silicon nitride (SiN) core with silica cladding. By employing an angled propagation path, the device minimizes reflections to the source and
allows greater adaptability for waveguide interconnections in dense photonic circuits. The design optimization was performed using a
combination of artificial intelligence (Al) algorithms integrated with full-vectorial beam propagation method (FV-BPM) and finite-difference
time-domain (FDTD) simulations. Al-driven parameter scanning enabled efficient exploration of the design space, improving device
performance and robustness compared to manual optimization. The proposed AMMI splitter achieves an excess loss of 0.22 dB and an
output imbalance of 0.001 dB at 1.31 um, with total device length of 101 um and thickness of 0.4 um. Over the full O-band (1260-1360 nm),
performance remains stable, with excess loss below 1.57 dB and imbalance below 0.05 dB, while maintaining back reflections as low as —40
dB. The compact CMOS-compatible design demonstrates high tolerance to fabrication deviations, making it highly suitable for large-scale
integration. With its Al-enhanced optimization process, the proposed splitter supports high-speed, low-loss transmission for O-band

photonic networks and data-center interconnects, offering scalability and reliability for next-generation optical systems.
KEYWORDS: ANGLED MULTIMODE INTERFERENCE; Al ; SILICON NITRIDE; BACK REFLECTION

1. Introduction

Microscale integrated photonics enables task-specific optical
systems by interconnecting devices with complementary guiding
physics and materials [1]-[4]. Common waveguide cross-sections
include strip, slot, and buried profiles for tight field confinement
and routing [5]-[7]. These building blocks support lasers, sensors,
amplifiers, fiber transmitters, and reflectors across near-infrared
windows, notably the C- and O-bands [8]-[14], with O-band links
widely deployed in modern data centers [15], [16]. Multimode-
interference  (MMI) couplers leverage Talbot self-imaging to
replicate field profiles along the propagation axis, and serve as the
kernel for WDM de/multiplexers, power and polarization splitters,
and photonic logic [17]-[21]. Silicon photonics offers CMOS-
process compatibility that yields compact footprints, low cost, and
robustness to fabrication spreads while maintaining low loss at
telecom wavelengths [22], [23]. Within this family, angled-MMI
(AMMI) geometries tilt the access waveguides with respect to the
multimode section, suppressing detrimental back reflections
compared with conventional MMIs and AWGs, which is
advantageous for reflection-sensitive O-band sources and links [14],
[24], [25], [28]. Splitters remain fundamental primitives for
distributing power to multiple channels, and their early placement
and stability strongly influence system-level performance [26], [27].
Device behavior is further shaped by geometry-driven beat length,
propagation loss, index contrast management, and reflection
control, as well as doping and process complexity [29]-[32]. Silica
provides low optical absorption, while SiN offers favorable thermo-
optic and tolerance properties with intrinsically low back
reflections; both are mature and CMOS-compatible through thermal
oxidation and LPCVD or PECVD flows.
We introduce an Al-optimized angled MMI 1x2 splitter with a
buried SiN core in silica for O-band operation. An Al controller
couples full-vectorial BPM and FDTD solvers to drive
multiobjective search over the AMMI geometry, including body
length and width, input/output tilt and offsets, slab thickness, and
transition regions. The pipeline blends Bayesian optimization with
evolutionary refinement to minimize excess loss and output
imbalance while constraining back reflection and footprint.
Surrogate models are retrained on-the-fly from BPM sweeps, then
validated by high-accuracy FDTD to enforce physical consistency
and accelerate convergence beyond manual or grid-based scans.
The outcome is a compact, manufacturable splitter that sustains low
loss, near-equalized ports, and strongly suppressed return power
across the O-band, consistent with CMOS-foundry tolerances.
Beyond data-center photonics, the same low-reflection fan-out
benefits wearable neurotechnology. When co-packaged with EEG
front-ends, the splitter can distribute O-band light to fiber-coupled
photonic sensors and interferometric probes that capture

physiological correlates of attention and arousal. Fusing these
optical channels with EEG spectral features [33-34] enables Al-
based estimation of cognitive states, including mind-wandering
detection [35-36], in real time. This positions the device as a bridge
between high-performance optical interconnects and Al-enhanced
cognitive monitoring systems, while preserving the scalability,
stability, and integration advantages of SiN-on-silica photonics.

2. AI-AMMI splitter Structure

A single-mode tapered input waveguide was implemented to
facilitate coupling between the Gaussian, monochromatic, quasi-TE
polarized laser beam and the MM region, ensuring efficient optical
power transfer. A multilayer cross-sectional stack was designed,
consisting of a silicon nitride (SiN) guiding core shown in blue, and
silica cladding layers above and below displayed in white. Figure 1a
presents the schematic in the x—y plane, illustrating the material
layout by their chemical formulas. The vertical thickness of the
device, maintained uniformly along its propagation length, is
denoted as H. The tilt angle, 6, specifies the intentional
misalignment of the tapered access and therefore the propagation
trajectory of the guided mode.

Figure 1b illustrates the x—z plane schematic of the complete
1 x 2 AMMI power splitter, including the tapered input waveguides
with gradual width transitions. The total width of the multimode
region is represented by Wy, while the separation between the two
output channels is indicated as Wg. The longitudinal extent of the
input access waveguides along the z-axis is marked as L. The
effective length of the multimode section itself is defined as Ly,
with the two output ports designated as Port 1 (right side) and Port 2
(left side).

Y

.

Nsilica

@) (b)

Figure 1. Schematic sketch of the AMMI splitter: (a) x—
y plane, (b) x-z plane.
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For the chosen simulation, the wavelength of 1.31 um was
analyzed. For this NIR wavelength in the O-Band communication
spectral range, the refractive indices of SiN and silica were set by
RSoft-CAD to the values of 1.994 and 1.447, respectively.
Although the width of the MMI core does not undergo changes in
the direction of propagation, for the single mode access waveguide
a tapered structure is introduced in which width changes from
narrow width (W) to broad width (W,) for the input and by a similar
matter is inverted for the output.

The input and output tapered access waveguides serve as a
source-MMI and MMI-forward couplers, respectively, in which a
mode spot size conversion is achieved. To exploit the advantages of
the stated low back reflections and to gain adequate optical field
progression, the input access waveguide is tilted in an angle to the
direction of propagation, which also causes the output ports, which
are equal but inverted to the input access waveguides, to be tilted at
the same angle due to the now tilted optical path.

3. Simulation Results

For the simulation of the proposed 1 x 2 AMMI splitter, the
RSoft Photonics CAD suite was employed together with the
BEAMProp solver. This solver applies the full-vectorial beam
propagation method (FV-BPM) to numerically approximate
solutions of the wave equation, tracking energy evolution along the
propagation axis while accounting for both primary and secondary
field components. Using this platform, we designed and modeled
the device, simulated light transmission for the input
monochromatic wavelength, and obtained results for modal
solutions, propagation dynamics, and power distribution. Material
definitions and geometric parameters were integrated into the
simulations, allowing accurate evaluation of device behavior. To
enhance this process, Al algorithms were incorporated into the
workflow, linking RSoft solvers with optimization routines. Al was
applied to guide parameter selection, accelerate convergence, and
predict high-performance regions of the design space beyond
conventional parameter sweeps. Device optimization was further
refined with the MOST module, and post-processing of simulation
data was carried out with MATLAB scripts.

A single-mode SiN waveguide core was analyzed to
determine the optimal vertical dimension (H) for stable mode
confinement. The thickness was set to 0.4 um, as shown in Fig. 2,
normalized to an input power of 1. At this thickness, the
fundamental mode is well supported, enabling efficient propagation.
Large deviations from this value may result in increased
propagation loss, modal distortion, coupling mismatches, or the
need for longer devices.

A wide range of thicknesses was tested to assess tolerance.
Simulation results revealed nearly lossless power transmission at
the chosen value, with only ~0.035 dB excess loss at the limits of
+0.04 um (£40 nm). Minor deviations showed even lower losses,
confirming robustness. Al-assisted optimization verified these
outcomes, providing additional confidence in manufacturability.
Modern CVD-based deposition technologies possess the precision
necessary to achieve the suggested thickness range, ensuring stable
fabrication of the proposed splitter.

0.998

0.996

0.994

Normalized Power (a.u)

0.36 037 038 039 04 041 042 043 044
H (um)
Figure 2. SiN waveguide core transmittance as a function of
core thickness H (normalized).

We also simulated a straight, non-tilted and non-tapered
single-mode access waveguide in order to resolve the supported
quasi-TE mode. The optical field distribution was characterized in
terms of lateral size, core confinement, evanescent decay, and the
corresponding transverse refractive index profile. The excitation
source was defined as a Gaussian-shaped monochromatic beam at
1.31 pm, which was consistently used for all simulations unless
otherwise specified. The horizontal dimension of the waveguide,
denoted as W, was selected to ensure strong confinement of optical
power in the SiN core and was set to 0.7 um, as shown in Fig. 3a.
The results confirmed stable single-mode operation in the proposed
geometry. The simulation further yielded an effective refractive
index of neg =~ 1.64. Figure 3b presents the normalized power
distribution of the guided mode along the y-axis.

During propagation through the tapered access region, the
guided mode undergoes a gradual spot-size transformation as the
waveguide width changes. At the junction between the taper and the
multimode region, the waveguide width was set to 1.1 um, while
the taper length along the z-axis, L, was designed to be 21.45 pm.
As illustrated in Fig. 3b, the mode power is concentrated around a
vertical position of 0.2 pm, coinciding with the physical center of
the SiN core in the y-direction.
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Figure 3. (a) The fundamental quasi-TE mode solution in the x-y
plane with normalized power color coded scale. (b) Mode power
distribution in y-axis.

The theoretical optical path length along the z-axis and,
consequently, the bulk length of the MMI section were derived
from Egs. (1)—(3), assuming an intended multimode width (WMMI)
of 4.5 um. From Eq. (3), the effective width was calculated as 5.04
um. Using Eq. (2) with p = 1 to represent the first repetition cycle
(corresponding to the shortest possible imaging length) and a beat
length of 42.3 pum obtained from Eq. (1), the estimated multimode
length was 63.45 um for N = 2. These theoretical values served as
starting points for defining the final device dimensions.

In general, splitters with geometric asymmetry introduce a
degree of preference toward one port, leading to small variations in
power balance between the outputs. Figure 4a presents the



SECURITY & FUTURE ISSUE 1/2025

simulated dependence of device performance on the multimode
length LMMI, where excess loss (orange, open squares) and
imbalance (blue, open circles) are plotted on the right and left y-
axes, respectively.

To evaluate robustness against fabrication tolerances, a
variation of 2 pm was applied to the MMI length. Within this
range, the maximum observed excess loss and imbalance were 1.4
dB and 0.1 dB, respectively. An optimized multimode length of
58.5 um was selected, offering the lowest combined losses and
aligning closely with theoretical predictions.

Similarly, the impact of varying the SiN bulk width was
studied, as shown in Fig. 4b. The chosen WMMI value of 4.5 um
provided minimal losses, with excess loss of 0.21 dB and imbalance
of 0.001 dB. However, across a tested width range of +0.2 um, the
splitter exhibited higher excess loss exceeding 4 dB and imbalance
increasing to nearly 3 dB, highlighting sensitivity to lateral
dimension deviations.

0.08 114
, @
) 12 =
2.0.06 w
- 11 0
o
(=1
o g
] 0.8
S 0.04 o
2 0.6 &
E F
= 0.02 ,
5
565 57 57.5 58 585 59 59.5 &0 60.5
@
0.1t )
—_ )
D .08} =
= , @
@ ° 3
2 0.06 A
i w
o 2w
£ (.04 a
£ &
® o0} LS
4.25 4.3 4.35 4.4 445 4.5 4.55 4.6 4.65 4.7
W (HM)
(b)

Figure 4. Output ports imbalance and excess loss for (a) MMI
length Ly, (b) MMI width Wy,

To identify the most suitable tilt angle for the input and output
access waveguides, a series of simulations was performed across a
range of angles in order to balance two main objectives: minimizing
back reflection and reducing insertion loss. Introducing this angular
offset effectively transforms the structure into a functional AMMI
device. Since the tilt angle directly modifies the optical path length
of the guided mode, it also influences the overall device size,
particularly along the z-axis. Figure 5 illustrates the variation of
excess loss and output imbalance as functions of the tilt angle 0.

Device performance was assessed over a tolerance window of
+2° to evaluate the impact of angular deviations on transmission.
The chosen operating value of 6 = 5° yielded an excess loss of 0.21
dB and an output imbalance of 0.001 dB. Although this
configuration does not provide the absolute minimum excess loss, it
represents a balanced solution once secondary dependencies such as

MMI length and width adjustments are taken into account. At the
extreme ends of the tested range, the losses and imbalance were
measured at 0.53 dB and 0.021 dB, respectively.

As expected, the device sensitivity to optical loss increases
proportionally with the tilt angle, but the overall variation remains
moderate within the examined range. While selecting a smaller tilt
may slightly improve transmission efficiency, it would also
compromise the goal of achieving ultra-low back reflection and
could enlarge the device footprint, particularly in scenarios where
multiple splitters or cascaded couplers are integrated. Thus,
adjusting 6 provides useful design flexibility for tuning z-axis
dimensions while maintaining stable operation.

(=]
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Figure 5. Output port imbalance and excess loss as a function of
the tilt angle, 6.

Figure 6a illustrates the final interference distribution of the
transmitted optical field across the device, together with the
corresponding color-coded power scale, where the input power is
normalized to 1. The optimized quasi-TE mode was launched into
the final geometry, which incorporates adiabatically tapered access
waveguides at both input and output. These tapered sections act as
spot-size converters, are angled relative to the MMI body, and
couple into the multimode region to form the AMMI 1 x 2 splitter.

The simulations confirmed effective power division at the
target wavelength, yielding an excess loss of only 0.22 dB and an
extremely small imbalance of 0.001 dB. The overall footprint of the
device is 101 pm x 7.8 um, with an inter-port separation (Wg) of
3.57 pm.

Figure 6b presents the calculated excess loss and imbalance as
functions of wavelength across the O-band spectrum, providing
insight into device performance under wavelength shifts of the input
signal while keeping the physical design unchanged. At the
operating wavelength of 1.31 pum, the splitter achieves optimal
transmission  characteristics, consistent with its optimized
parameters. Even at the spectral edges of the O-band, the coupler
remains functional, with maximum excess loss limited to 1.57 dB
and imbalance not exceeding 0.05 dB.
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Figure 6. (a) Overall device interference pattern and light path
(left) with normalized colored power scale (right) at the x-z plane.
(b) Spectral response for O-band in terms of imbalance and excess

loss.

The altered optical path results from tilting the access
waveguide at the junction between the input source and the main
device. This adjustment was introduced to suppress back reflection
to extremely low levels, thereby minimizing the amount of optical
power returning into the source. In doing so, the passive coupler
exerts less influence on the transmitter, ensuring stable and reliable
operation of the source within a telecommunication system.

Figure 7a shows the FDTD simulation contour obtained using

the FUllWAVE solver. To further evaluate reflections, an additional
input waveguide segment (orange) with the same dimensions was
inserted ahead of the elongated access region, and an anti-forward
monitor (green) was placed to detect any backward-propagating
light that might otherwise couple back into the source.
The simulation results confirm that the designed AMMI splitter
achieves very low back reflection, with a measured value of —40.96
dB at the central operating wavelength and up to —39.67 dB across
the O-band, as presented in Fig. 7b. These values are consistent
with theoretical expectations for angled MMI structures employing
SiN cores. Such performance underscores the device’s suitability
for data-center environments, where stable and predictable optical
distribution is critical for high-capacity and low-loss operation.

4. Conclusions

This work presented further exploration of the geometric innovation
within the AMMI coupler family, focusing on tilting the single-
mode access waveguide and redirecting the input signal at an angle
relative to the multimode interference region. The investigated
structure employed a silicon nitride (SiN) core with a thickness of
0.4 pm and silica cladding, where the access waveguide was
inclined by 5° with respect to the propagation axis. The multimode
section dimensions were defined as 58.5 pm in length and 4.5 pm in
width, resulting in a compact overall footprint of 101 pm x 7.8 um.
The device was designed for operation at the O-band central
wavelength of 1.31 pm, with an output port spacing (Wg) of 3.57
pm. Simulation results demonstrated efficient power transfer,
yielding an excess loss of only 0.22 dB and an almost negligible
imbalance of 0.001 dB. Across the full O-band, the splitter
maintained strong performance, with maximum excess loss of 1.57
dB and imbalance of 0.05 dB. Back reflection was exceptionally
low, measured at —40.96 dB. Among all tested tolerances, variations
in the multimode section width were found to have the greatest
influence on excess loss, confirming its sensitivity compared to
other parameters. The chosen dimensions, effective mode
conversion, compact footprint, robust interference properties, and
suppressed reflections aligned well with theoretical predictions and
compared favorably with other devices of its class. Beyond classical
optical communication systems, the device is especially attractive
for data-center integration, where its reduced segmentation,
compact design, and stable multi-channel transmission capabilities
enable high-speed, low-loss operation in dense computing

environments. A key contribution of this work was the integration
of Al into the design and optimization cycle. Al-assisted routines,
coupled with BPM and FDTD solvers, accelerated parameter
exploration, predicted performance trends, and identified optimal
configurations more efficiently than traditional iterative sweeps.
This approach ensured minimal excess loss and ultra-low reflection
while maintaining manufacturability within CMOS-compatible
tolerances.
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Figure 7. (a) FDTD analysis power distribution of the device (left)
with normalized colored power scale (right) at the x-z plane with
added waveguide segment (orange) and a monitor section (green).
(b) Power back reflection spectral response.
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Quantum Cone - Nano Source of Light with Dispersive Spectrum Distributed Along Height
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Abstract: A quantum cone is a structure consisting of a large number of quantum dots with a gradually decreasing diameter from the base to
the top of the cone. This distribution of quantum dots leads to a dispersive radiated spectrum. The red edge of the spectrum is determined by

the band gap of the bulk semiconductor, and the blue edge by the quantum confinement of excitons on top of the cones. We observe the
kinetics of photoluminescence, obeying the stretched exponential law, from quantum cones formed on the surface of DLC. They are
explained by an increase in the lifetime of excitons along the height of the cone from the top to the base of the cone and an increasing
concentration of excitons at the base due to their drift in the quasi-built-in electric field of the quantum cone. Such time dependence of the
photoluminescence spectrum gives the possibility of its discrimination spectrum on time. The possible visualization of the quantum cones of
DLC using irradiation by a UV light source is shown. A quantum cone is a new type of nano light source, as it replaces two elements in a
conventional spectrometer — a light source and a dispersive element: an ultra-fast monochromator. These features will make it possible to
build a spectrometer to measure the absorption spectrum of individual nanoparticles or viruses.

KEYWORDS: QUANTUM CONE, LIGHT, DISPERSIVE SPECTRUM, Si, Ge, SiGe SOLID SOLUTION, DLC, PHOTOLUMINESCENCE

1. Introduction

Light plays a crucial role in the existence of humanity and nature.
The primary light source on Earth is the Sun. Still, artificial light
sources that improve our daily life, equipment, and technologies
have also appeared with improving modes of life, such as heated
bodies, plasma, lamps, lasers, LEDs, etc. The tendency to reduce
the size of artificial light sources allowed the use of such sources in
microelectronics, medicine, and biology to study micro-objects. At
the same time, the requirements for improving the quality of such
sources, increase in intensity, and expansion of the spectrum of
radiation, its uniformity, and controllability of its parameters have
increased. The importance of this trend is confirmed by the
appearance of international conferences and monographs in this
direction. Spectroscopy research of microscopic objects, for
example, microbes, molecules, and blood cells, requires non-
traditional research methods, for example, optical prob because the
size of such objects is smaller than the wavelength of visible light;
therefore, the micro-object neither absorbs nor scatters it
effectively. The study of a micro-object requires a light source
much smaller than the object itself, such as quantum dots - OD.

The award of the 2023 Nobel Prize in Chemistry to Munga J.
Bawendi, Louis E. Brus, and Alexei I. Ekimov “for the discovery
and synthesis of quantum dots” confirms that the quantum
confinement effect is a major focus in solid state physics today.
Therefore, one of the main tasks of scientists is to develop new
optical and electronic devices and technologies based on quantum
dots. As you know [1], a quantum dot has one line in the
luminescence spectrum, the so-called monochromatic radiation. A
new quantum system called quantum cones [2, 3] on the surface of
a Ge single crystal irradiated by a Nd:YAG laser was found. These
cones possess unique optical properties: a huge “blue shift” of the
photoluminescence (PL) spectrum by 1.1 eV, an increased intensity
of more than a million times, and a "red shift" of the frequency of
the LO-phonon line by 6 cm™® in the Raman spectrum. The
symmetry of the PL band and the sharp LO phonon line in the
Raman scattering spectrum are proof of the presence of the cone-
like quantum dot. This is a disadvantage, monohromatic radiation,
of a single quantum dot for use in spectroscopy. To measure the
absorption or reflection spectra of an object, it is necessary to have
a light source with a broad and preferably continuous radiation
spectrum. Such requirements can be met by a set of quantum dots

with a gradual change in diameter, for example, a Quantum cone
[4], or by a quantum dot changing its diameter over time due to
changing temperature or pressure. Decreasing semiconductor
elements to nano size has led to a quantitative change in all
electronic devices. At the same time, decreasing the semiconductor
crystal size has led to a qualitative change in the properties of
materials. So, the statement "every material has a nonchanging
absorption and luminescence spectra” is not valid. For example,
depending on the size of the Si crystal quantum dot, the PL
spectrum can change in the region from 1pm to 300 pm, depending
on its diameter. In comparison, bulk Si crystals have a maximum in
the PL spectrum at 1 um. All physical properties of matter are
changing. This provides the possibility to construct new electronic
and optical elements and devices. Therefore, this study aims to
elaborate principally on a new nano light source with a dispersive
broad spectrum. It was shown that irradiation of the SiO,/Si
structure with a Nd:YAG laser led to the formation of nanocones on
the Si surface that have a unique PL spectrum: a "blue shift" on 1.2
eV, asymmetric broadband from 1.1 eV to 2.3 eV with a gradual
decrease PL intensity in the red part of the spectrum, a rainbow-like
spectrum, and a maximum PL intensity increase of more than a
million times, as shown in Fig.1a [5]. These properties of the PL
spectrum are characteristic of a graded bandgap semiconductor.
This means that a quantum cone with a solid angle of less than 60°
at the top is a one-dimensional system ID with a gradual decrease in
diameter from the base to the top of the cone, as shown in Fig.1b.
Therefore, where the cone's diameter is equal to or less than the
Bohr radius of an electron or an exciton, the quantum confinement
effect takes place [1, 6, 7]. A colossal increase in the PL spectrum
intensity and a shift of its maximum to the blue part of the spectrum
occurs due to the transformation of the Si crystal from indirect to
quasi-direct and the confinement of the electron-hole pairs (EHP) in
the quantum cone.

On the other hand, the cone can be considered a set of dots with
gradually decreasing diameter from the base to the top of the cone.
Theoretically, the paper [8] shows that the lifetime of an exciton in
a quantum dot decreases with the decreasing diameter of the
quantum dot. Therefore, in the case of the quantum cone, the
lifetime of EHPs must depend on the height of the cone due to a
change in the overlap of the ¥ functions of electrons and holes. This
means that radiation from the quantum cone is discriminated by the
frequency too.
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Fig. 1. (a) PL spectra of the irradiated SiO,/Si structure at a laser radiation intensity of 2.0 MW/cm? (curve 1) and after removing of SiO,
layer (curve 2) and PL of the nonirradiated surface (curve 3). (b) A schematic image of a nanocone with a gradually decreasing diameter
from the Si substrate to the top of the cone; (c) The calculated bandgap structure of Si as a function of the nanocone diameter [9].

This property is significant for optical communication systems. A
colossal increase of the PL intensity spectrum and a shift of the
maximum in the blue part of the spectrum takes place due to the
transformation of Si crystal from an indirect band to a quasi-direct
one due to the confinement of the EHPs in the quantum cone. These
facts speak to the possibility of a gradual decrease in the lifetime of
EHPs or excitons from the base to the top of a cone. This means
that a long quantum cone is a source of light with a dispersive
spectrum - gradually increasing the energy of a photon from the
base to the top of the cone. For example, for a Si crystal height of a
cone up to 10 nm [10], estimation of the quasi-build-in electric field
in a graded bandgap structure gives an intensity of approximately E,
= e'dEy/dz =12 MV/cm. So, a strong electric field can cause
ionisation and exciton polarisation in the quantum cone [11, 12].
Such a colossal electric field can influence the radiative

recombination process in the quantum cone, which means having an
impact on the EHPs or excitons lifetime and, therefore, on the
intensity and spectral range of luminescence, which is a very
important task for new fundamental knowledge in the field of solid-
state physics. Therefore, the use of the kinetics of the PL method for

(d)

(e)

studying time dependence radiation of cone along height is a very
important task and will be shown experimentally below.

2. Experimental

The last of our experiments on diamond-like carbon (DLC) films
[13] with cones on the surface have shown that the properties of the
cone are the same as those formed by laser radiation on surfaces of
Si, Ge, and CdTe [2-7], for example, the "blue shift" of the PL
spectra. Studies of the PL kinetics of DLC films with nanocones with
a diameter of 100 nm at the base, 2 nm at the top, and a height of 60
nm were formed by magnetron sputtering (more technological details
are in [13]). PL spectra and decays of the studied samples were
measured using a streak camera and 5-th harmonic of femtosecond
Yb:KGW laser at 213 nm (10 kHz). The AFM measurements (Fig.
2a, b, c) show an increase in cone height and population
enhancement in sample 3A vs. samples 1A and 2A. The fluorescent
microscope images show that nanocones also emit blue light from
tops more intensively at UV excitation obtained from filtered Xe
lamp (Fig. 2d, e, f). This method can used for visualization of nano-
scale semiconductors, for example, Si cantilever in AFM.

(f)

Fig. 2. AFM images of DLC samples: 1A (a), 2A (b), and 3A (c). Fluorescent microscope images of 1A (d), 2A (e), 3A (f) samples at UV

excitation.
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Fig. 3. PL spectra of DLC sample 3A with a time delay of 0.05 ns,
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Fig. 4. PL intensity dependence on delay time at E = 3.31 eV, 2.75
eV, and 2.30 eV energies.

Figure 3. demonstrates that the intensity of the PL spectra of
DLC sample 3A depends on the time delay of 0.05 ns, 0.3 ns, 1.5
ns, and 3 ns which is unusual behaviour. The maximum intensities
of the PL spectra are shifted to the red part of the spectra with time,
as shown by the thin black line. For example, the maximum of the
PL spectrum for sample 1A is usually at E = 2.5 eV and does not
change position with time [13]. This peculiarity is explained by the
drift of EHPs in a quasi-build-in electric field from the top to the
base of the cone in a graded band gap structure [14], as shown in
Fig.1 c. Evidence of this phenomenon is demonstrated in Figure 4.
The speed of EHPs recombination with a delay time is significant
for photon energy, 3.31 eV, slow for 2.75 eV, and it becomes
negative for 2.25 eV (at least in the region from 0.05 nm to 1.5 nm).
This means that an additional concentration of EHP appears at the
base of the cone after laser irradiation of the sample due to the drift
of EHPs. A comparison of PL decay profiles and rates for the three
samples at the highest energy of a photon quantum (blue edge) and
the lowest energy “red edge” is shown in Figure 5. These curves
coincide only for sample 1A, but for samples 2A and 3A, “red
edges” are at higher IPL in comparison with “blue edges”. The
fitting formula for PL kinetics l1r.= 1y exp (—(t/To)) is the stretch
exponent, and the corresponding parameters are listed in Table 1.
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Fig. 5. PL Kinetics of samples 3A, 2A, and 1A on the edge PL
luminescence spectrum at 1.2 mJ/cm? excitation.

Sample 3A features the sharpest cones and demonstrates the
shortest decay time to= 0.35 ns and lower 3 = 0.55 in comparison to
sample 2A (19=0.6 ns and B =0.56). Such differences in PL
kinetics are explained by the difference in surface morphology of
the samples. The presence of nanocones leads to the stretch
exponent of PL kinetics and a sharper cone corresponds to lower 3
and . The near coincidence of both curves for sample 1A means
that, indeed, PL Kkinetics obeys the exponential law in the absence of
cones. Very often in the literature for the kinetics of PL, the stretch
exponent law is used to explain the properties of the disordered
system [15]. Samples 2A and 3A are very ordered. Corresponding
to theory [8], the smallest excitons are at the top of every cone, and
the size of the excitons gradually increases to the base of the cone.
Therefore, the stretch exponent law is applicable to PL kinetics due
to 1o gradually increasing from the top to the base of the cone.
Parameters of quantum cones as sources of light are in the spectral
range of AA= 350 - 550 nm; the active part of the nano cone h = 16
nm; the linear dispersion of the quantum cone dh/dA = 0.1 (a height
0.1 nm contains the spectral range of 1 nm); the relaxation time T =
10 ps. An expression nano source of light or nanolight source [16]
is very often used in literature due to the study of nanostructures,
and elaborating nanotechnology is the main strim in up-to-date
science. Very often, the nano does nothing changes in fundamental
physics compared with the micro, only decreasing the light source's
volume [17]. Still, our quantum cone is a fundamentally new type
of nano source of light because the quantum cone is a light source
with a dispersion spectrum distributed along the coordinate and
time due to the Quantum confinement effect [1-7]. Possible
applications of the quantum cone as a nano source of light are as
follows: it can be the main part of a spectrometer - a
monochromator. Such a light source would replace two elements in
a conventional spectrometer - a light source and a dispersive
element. Another application of this research is in the visualization
and estimation of the diameter of the invisible tip of the nanocone.
This is an essential task for the user and manufacturer, for example,
for measuring the diameter of a cantilever in an atomic force
microscope.
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Table 1. Exponential fitting parameters for three samples.

Red edge Blue edge
Sample Tp NS B Tp, NS B
1A 1.2 0.7 1.2 0.7
2A 1.1 0.56 0.6 0.56
3A 0.5 0.55 0.35 0.55

3. Conclusions

This study shows the possibility of constructing a nano source of
light quantum cone with a dispersive spectrum distributed in time
and along cone height. Different semiconductors (Ge, Si, and DLC
crystals) and cone growth methods, such as laser processing and
magnetron sputtering, can be used. The range of the dispersive
spectrum depends on the material of the cone and its parameters.
The red edge of the spectrum is determined by the band gap of the
bulk semiconductor and the blue edge by the quantum confinement
of electron-hole pairs on top of cones. The Kkinetics of
photoluminescence from cones obeys the stretch exponential law
and is explained by the increase in the lifetime of electron-hole
pairs/excitons with the height in the cone from the top to the base of
the cone and increasing the concentration of excitons at the base
due to their drift in the quasi-build-in electric field of the quantum
cone. The visualization and estimation of the diameter of a non-
visible nano cone's top is a very important task for the user and
producer, for example, the diameter of a cantilever in an AFM. A
quantum cone as a nano source of light with a dispersive spectrum
distributed in a coordinate is a basic part of a spectrometer -
monochromator. It is principally a new type of nano source of light
because a quantum cone substitutes for two elements in
conventional spectrometer — the source of light and the dispersive
element.
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Abstract. The goal of this investigation was to research the nature of the formation of gradient and composite zones near non-metallic
inclusions during laser treatment of the steels. The materials for investigation were commercial steels containing different non-metallic
inclusions. The specimens of different steels were exposed to laser beaming on the installations GOS-30M. The research methods were
applied: petrography, X-ray microscopy (MS-46 Cameca, "Nanolab - 7") and optical microscopy (Neophot-31) to study steel matrix near
non-metallic inclusions and to identify of the inclusions. Nanohardness of the steel matrix near inclusions ("Nano Indenter 1) was analyzed.
Peculiarities of saturation of the steel matrix by elements of non-metallic inclusions during different regimes of laser action were
investigated. It was shown the role of that process in the formation of local structure of steel matrix near non-metallic inclusions. The
features of the formation of gradient and micro composite saturation zones of a steel matrix under conditions of abnormal mass transfer from
nonmetallic inclusions during laser processing are discussed. The difference in the rates of abnormal mass transfer of chemical elements of
non-metallic inclusions into a steel matrix at the moment of laser melting is shown.

KEYWORDS: NON-METALLIC INCLUSIONS, STEEL, MICRO COMPOSITE ZONES, ABNORMAL MASS TRANSFER, LASER

TREATMENT, STRENGTHENING, NANOHARDNESS

1.Introduction

Laser processing is widely used for surface strengthening
of steels and steel products [1]. It is known that the mechanism of
laser strengthening of steels is associated with a number of factors
that create a total strengthening effect [1, 2]. First of all, these are
high-speed phase transformations, thermoplastic  stresses,
microchemical heterogeneity, partial or complete dissolution of
carbides and non-metallic inclusions, etc. High-speed shear phase
transformations in the steel matrix generate stresses from high-
temperature and phase hardening during rapid heating and cooling,
including the local influence of inclusions on these transformations.

Non-metallic inclusions that are present in any steel affect
the local processes occurring during laser treatment. In process of
laser treatment non-metallic inclusions are fully or partly melted
down or are remained hard [2 - 7]. In spite of short-term treatment
energy of laser ray turns out sufficient for melting of the high-
melting and low-melting inclusions, and also for the development of
mass transfer processes which lead to enrichment of steel matrix by
the elements of inclusions and also transfer of matrix elements to
the surface zone of the inclusions. In the vicinity of non-metallic
inclusions due to microalloying, areas appear that are supersaturated
by inclusion elements solid solutions [4 - 6]. The level of the
strengthening of steels near non-metallic inclusions depends on
some factors: chemical composition of steel and non-metallic
inclusion and also character of speed structural and phase
transformations which flow in steel matrix, phase, deformation and
high temperature hardening. It was found that the strengthening
zones of the steel matrix near non-metallic inclusions have different
structures and phase compositions [ 3 - 7]. At the same time, the
nature of the formation of these zones is not always clear. The goal
of this investigation was to research the nature of the formation of
gradient and composite zones near non-metallic inclusions during
laser treatment of the steels.

2. Materials and Procedures.

Samples of different steels (R7, 08Yu, 08T, 08Kp,
08Ch18N10T, ShChi15, NB-57, 12GS, E3) were laser treated by
GOS-30M installation with parameters: an excitation voltage of 2,5
kV, pulse energy of 10...30 J, heating rate of 10° °C / s, cooling rate
of 10° °C / s, action time of (1,0...6,0) - 10°s. Identification of non-
metallic inclusions was carried out by metallographic (Neophot-31),
X-ray microspectral and petrographic methods [3]. Distribution of
the elements by X-ray microanalysis (MS-46 “Cameca”, "Nanolab -
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7") and nanohardness of the steel matrix near non-metallic
inclusions ("Nano Indenter 11") were analyzed.

3. Results and discussion.

Some transformations in non-metallic inclusions and steel
matrix under laser action took place. The type of inclusion
determines of their behavior at the time of laser beam action. High-
melting non-metallic inclusions (oxides Al,Os, Cr,05, SiO,, TiO,
MnO.Al,O;, MgO.Al,03, MnO.Cr,0Oz, TiCN) are melted or
remained hard during laser treatment. Some low-melting inclusions
(iron-manganese silicates and sulfides) are melted under laser action
and spread over a surface under shock wave [8]. The components of
inclusions penetrate into steel matrix and saturate it [2 - 7]. In the
process of laser action between a non-metallic inclusion and a steel
matrix, a high-speed exchange of atoms occurs through the interface
under conditions of an abnormal high mobility of the atoms that
does not meet the conditions of classical diffusion (abnormal mass
transfer) [9 - 12]. The processes of mass transfer during laser
exposure are facilitated by the following factors: heating to high
temperatures and high-speed movement of the defects in the crystal
structure that occur during thermal shock; the possibility of
formation of a thermally nonequilibrium plasma; the appearance of
convective and wave flows in the melt [13]; relaxation of
thermoplastic stresses arising during irradiation; melting; electronic
and electromagnetic interaction of inclusions and matrix [3];
formation in the surface areas of the inclusions of zones with an
increased density of dislocations [3, 8].

Analysis of the oversaturated areas of steel matrix near
non-metallic inclusions was shown that their structure is
heterogeneous. There are a few versions of their structure revealing
by heat etching under laser action. It may be one zone, or two
zones, or three zones (Fig. 1). The number of saturation zones near
the inclusions did not depend on the type and state of the inclusion
at the time of laser exposure, however, it depended on the laser
processing mode: the higher the pulse energy and the longer the
exposure time, the greater the tendency for the appearance of
multilayer formations. This is due to the activation of the process of
mass transfer of elements from the inclusions to steel matrix with an
increase in the energy of the laser pulse and an increase in the
possibility of its implementation with an increase in the duration of
exposure. By that in non-metallic inclusions the surface zone
saturated by the element of steel matrix may or may not be
available.



SECURITY & FUTURE ISSUE 1/2025

The number of saturation zones near the inclusions did
not depend on the type and state of the inclusion at the time of laser
exposure, however, it depended on the laser processing mode: the
higher the pulse energy and the longer the exposure time, the
greater the tendency for the appearance of multilayer formations.
This is due to the activation of the process of mass transfer of
elements from inclusions to the steel matrix with an increase in the
energy of the laser pulse and an increase in the possibility of its
implementation with an increase in the duration of exposure.

Oversaturated areas of steel matrix near non-metallic
inclusions are differed by distribution of chemical elements. At
presence of one oversaturated zone near inclusion the gradual
decrease of quantity of elements of non-metallic inclusion by
removing from inclusion was observed (Fig. 2, a, b). At presence of
two or three oversaturated zones in each of them gradual decrease
of quantity of elements of non-metallic inclusion by removing from
inclusion was observed but quantity of elements in second zone was
less than in first zone and also quantity of elements in third zone
was less than in the first and second zones. Thus at the presence of a
few oversaturated zones in steel matrix the cascade of elements
concentration near non-metallic inclusion with gradual decrease of
quantity of the chemical elements in each zone were observed (Fig.
2,0).

It is known that under shock compression pressure, the
normal stresses in steel exceed the yield point, while shear stresses
become higher than the critical value and the material flows [14].
As aresult, dislocations multiply, dislocation reactions occur, which
contributes to the appearance of vacancies and an increase in the
dislocation density in the laser impact zone up to 10°...10%% cm™
[20]. New mobile dislocations appear, their movement is associated
with the relaxation of thermoplastic stresses arising during

e
Figure .1. Zones of interaction between non-metallic inclusions and steel matrix under laser treatment: a - SiO, steel E3; b - Al,O3,
MnO-A41,03, R7, ¢ - TiCN, R7, d - (Fe,Mn)O, R7, e - FeS-(Fe,Mn)S, steel NB-57, f - Al,O5, 08Yu.

irradiation, which contributes to the implementation of anomalous
mass transfer [15 - 17].

Stress relaxation in the zone of laser action is carried out by plastic
shears and rotations, as well as by twinning [20]. Microplastic
processes of stress relaxation are localized near non-metallic
inclusions, where zones of shear-rotational deformation are
observed. Laser exposure is essentially thermal shock. During
abrupt heating to high temperatures, the high pressures develop in
shock waves, which create a concentration of thermal and
deformation stresses near the inclusions. For the relaxation of these
stresses there is an extremely short time of shock compression. The
described conditions provoke an avalanche relaxation of stresses
near the inclusions (Fig. 3, a, b), where complexly deformed zones
appear (Fig. 3, c), indicating high-speed shear-turn plastic
deformation processes with elements of a wave nature. In some
areas of these =zones, there are signs of recovery and
recrystallization high-speed processes (Fig. 3, d, e). And yet, despite
the rather significant heating temperature, the main mechanism of
stress relaxation is high-speed plastic deformation [18]. During
thermal shock near non-metallic inclusions, the wave relaxation of
stresses occurs [18, 19]. It can be assumed that stress relaxation
waves accompany abnormal mass transfer of inclusion components
into the steel matrix (Fig. 3, f): the first wave is the farthest; the
second one is shorter in the distance of action from the inclusion
and is superimposed on the zone of action of the first wave; the
third one is correspondingly even shorter and is superimposed on
the zones of action of the first and two waves. It should be noted
that plastic relaxation near non-metallic inclusions occurs against
the background of their dissolution and melting, leading to local
saturation of the steel matrix with inclusion elements, which
undoubtedly affects the mechanism and rate of the processes under

study.
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Figure 3. Plastic stress relaxation near inclusions under laser action

A detailed analysis of the curves of the gradient cascade
distribution of elements near the inclusions (on the example of R7
wheel steel) made it possible to reveal some of their features. They
are related to the fact that, along with clear drops in the radiation
intensity of elements in the presence of two or three saturation
zones, there are cases of mismatch of these drops for different
elements near one inclusion (Fig. 2, d, e). The boundaries of the
first, second and third saturation zones were determined by the most
active chemical element that penetrated to the maximum distance
from the initial inclusion

Within the indicated saturation zones, Mn atoms penetrate
to the greatest distance from the initial inclusion, then Si atoms, and
finally S atoms. At the same time, Ca atoms, as a rule, penetrate a
short distance from the initial inclusion, and in the presence of two
or three saturated zones, only in the one that is adjacent to it. These
data indicate the different rates of migration of atoms of various
elements in molten steel in the laser melting zone.

Obviously, there is some relationship between these results
and the difference in the diffusion coefficients of various alloying
elements in liquid iron [20]. Undoubtedly, the conditions under
which the indicated diffusion coefficients were determined are far
from those that are realized at the moment of pulsed laser action,
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when abnormal mass transfer occurs, rather than diffusion
processes. The authors of [20] showed that alloying elements
diffuse in liquid iron at rates that differ significantly from each
other, which is associated with their different solubility in clusters
and the disordered zone of the melt. In this work, alloying elements
are divided into three groups according to the degree of solubility in
liquid iron. Elements of the first group (Mn, Ni, Co, Pd, Pt) easily
dissolve in clusters, their diffusion coefficient D is close to the self-
diffusion coefficient of the iron atoms, they dissolve indefinitely in
liquid and solid iron. Elements of the second group (Cr, N, C, Zn,
Cu, Mo, V, Nb, Al, Cd, W, Ti, Zr, O, S) have an increased
solubility in the disordered zone. They are infinitely soluble in
liquid iron and sparingly soluble in solid iron. Their diffusion
coefficients fluctuate over a wide range relative to D of the iron
atoms. Elements of the third group (Na, Mg, Ca, H) are sparingly
soluble in both liquid and solid iron, their diffusion coefficients
depend on the atomic radius.

As for the conditions of pulsed laser exposure, the sharp
heating of the melt in a thin surface layer obviously violates its
equilibrium structure and also causes cluster polymorphism [20],
which should significantly and differently affect the nature of the
abnormal mass transfer of the atoms of various chemical elements.
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At the same time, there is a relationship between the rates of
diffusion of impurities in liquid iron with the rates of their abnormal
mass transfer in the melt under laser exposure. Relationships of
elements concentration in oversaturated zones were different and
were oscillated in interval 1,2 1,8 that connects with
heterogeneous field of temperatures and stresses and also with wave
character of speed mass transfer in the conditions of laser pulse.

There is another type of distribution of elements of non-
metallic inclusions in areas of steel matrix. By collective mass
transfer connecting with dissolution of nano-grains of non-metallic
inclusion [5, 6] “spot” distribution of elements of inclusion in areas
of steel matrix was observed (Fig. 2, f).

The results of distribution of nanohardness of steel matrix

were shown that its value (H') near non-metallic inclusions (one
oversaturated zone or first zone) is bigger than far from non-
metallic inclusions [3, 21]. Its value depends from chemical
composition and structure of steel defining degree of strengthening

by laser action. In the first (or sole) oversaturated zone values of H',
in 1,45 ... 1,8 times bigger then in steel matrix far from inclusion.
Coefficient K; is determined by the ratio of the nanohardness of the
steel matrix in the saturation zone to the nanohardness of the steel
matrix away from the non-metallic inclusion [4, 5]. These results
are closed to the results of determining the microhardness near
inclusions after laser exposure obtaining in [5, 6]. In the second and
third oversaturated zones values of nanohardness lower than in the

first zone but exceeds values of H , far from non-metallic
inclusions accordingly in 1,25 ... 1,64 and 1,1 — 1,3 times. Thus the
cascade of nanohardness values by removal from non-metallic
inclusions was observed. Value of nanohardness of steel matrix in
all oversaturated zones near non-metallic inclusions and value of
coefficient K; depends from the condition of non-metallic inclusion

and steel matrix in the moment of laser action. Values of H' and K;
are maximum by fusion of non-metallic inclusions and steel matrix,
they are decreased by fusion of steel matrix near hard non-metallic
inclusion and they are minimum in the cases of hard condition of
non-metallic inclusion and steel matrix. This connects with
phenomenon of maximum saturation of liquid steel matrix by fusion
or full melting of non-metallic inclusions. In cases of fusion of
oxides, sulfides, silicates in the moment of laser action
nanohardness of steel matrix near non-metallic inclusions bigger
then near hard non-metallic inclusions and values of coefficient K;
in all oversaturated zones increase. Saturation of steel matrix by the
elements of non-metallic inclusions and their fix in solid solution

promotes increase of Hi, and K; values. Degree of steel matrix
saturation in the second and third zones less then directly near non-
metallic inclusions (in the first zone) that is confirmed by difference

of H', and K; values. Dependence of nanohardness of the first (or
sole) oversaturated zone of steel matrix near non-metallic inclusions
has non-monotonic view for all laser action time [3, 21]. This
evidence about existence of certain ranges of laser beam energy
values that correspond to maximum strengthening of local layers of
steel matrix.

Main factor of laser strengthening of local areas of steel matrix is its
microalloying from inner sources - non-metallic inclusions. The
appearance of cascade saturation zones during the formation of
liquation strengthened areas contributes to formation of micro
composite layers near non-metallic inclusions. Structure of these
zones maybe single-phase (oversaturated solid solutions) but often
dispersal microphases and nanophases — “satellite” particles are
observed (Fig. 1, a, f ). The initial inclusion and composition of
steel matrix determine the chemical composition of “satellite”
particles [3 - 6].

4. Conclusions.

The possibilities of transformation of non-metallic inclusions how
sources of inside alloying of steel matrix are shown. Features of the
formation of gradient and micro composite saturation zones of the
steel matrix under conditions of abnormal mass transfer from non-
metallic inclusions during laser processing are associated with the
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formation of segregation-strengthened zones. Gradient saturation
zones with a cascade and "spot" distribution of elements and
nanohardness, dispersed zones, and zones with a combined structure
were formed. The formation of a cascade distribution of chemical
elements in the saturation zones is due to the wave nature of the
relaxation of thermo-deformation stresses near non-metallic
inclusions at the time of laser exposure. Signs of different rates of
abnormal mass transfer of chemical elements of non-metallic
inclusions into the steel matrix at the time of laser melting are
revealed
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ABSTRACT: There is a mixture of different types of radiation in space. It includes both electrically charged particle radiation, electrically
neutral particle radiation, and electromagnetic radiation. For this reason, building radiation shields for space equipment or vehicles is a
challenge. This work presents old and new solutions for radiation shields that have potential for use in space, along with their advantages

and disadvantages.
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INTRODUCTION

Radiation shields are a crucial structural element in areas exposed to
radiation. This applies to areas on the Earth's surface, beneath its
surface, in the atmosphere, and in outer space. They are important
not only for protecting living creatures (including humans) but also
for protecting various types of equipment susceptible to radiation
(including research equipment).

There are four categories of radiation important for safety: nucleus
and ionic, beta, neutron and electromagnetic radiation.

Nucleus and ionic radiation is radiation composed of various types
of atomic nucleus stripped completely or partially of their electrons.
If they are completely stripped of their electrons, we refer to them
as nucleus radiation. The most common type of such radiation is
alpha radiation. This radiation is helium nucleus stream. In space,
radiation composed of hydrogen nucleus is also important. When
dealing with atomic nucleus containing a certain number of
electrons, we refer to them as ionic radiation. Both types of
radiation have similar properties. They are characterized by a
relatively large mass of the radiation particles and a electric charge.
Beta radiation is divided into two types. Beta minus radiation is
radiation composed of electrons. This radiation has a negative
electric charge. Beta plus radiation is radiation composed of
electron antiparticles, i.e., positrons. This radiation has a positive
charge. Both types of beta radiation contain particles much lighter
than ions and atomic nuclei. This makes beta radiation much more
penetrating than radiation from atomic nucleus and ions.

Neutron radiation, as its name suggests, consists of neutrons.
Although neutrons have a mass similar to the hydrogen nucleus
(proton), they lack an electric charge. This explains their weak
interaction with matter and their high penetrating power. At the
same time, their large mass allows neutrons to carry significant
energy. This makes such radiation highly harmful.

Electromagnetic radiation is the alternating generation of electric
and magnetic fields. We observe it as electromagnetic waves or
particles called photons. These particles have no electric charge.
The penetrating power and harmfulness of electromagnetic
radiation strongly depend on its wavelength. For this reason,
electromagnetic radiation is divided into several types: radio (above
30 cm), microwaves (from 1 mm to 30 cm), terahertz (from 100 pm
to 1 mm), infrared (from 780 nm to 100 um), visible (from 380 nm
to 780 nm), ultraviolet (10 nm to 380 nm), X-rays (10 pm to 10
nm), and gamma rays (below 10 pm). Electromagnetic radiation
interacts significantly with charged particles [1-4].

RADIATION SHIELDS

Shields against radiation from atomic nucleus, ions and beta
Atomic nucleus (including the helium nucleus — the alpha particle),
ions, and beta particles are created during the radioactive decay of
heavy elements, which constitute the components of many planets
and other celestial bodies. They are also created during nuclear
fusion in stars. Additionally, free ions and electrons can be created
during lightning discharges (occurring both towards the surface of a
celestial body and towards space) and in the outer atmospheres of
many planets and moons under the influence of bombardment by
cosmic rays of various types and origins.

Because radiation from atomic nuclei, ions, and beta-rays contains
charged particles, the magnetic field around many planets provides
a natural shield against this type of radiation. On the other hand,

perturbations in the magnetic field on the surface of stars can cause
ejections of charged particles, increasing the intensity of this type of
radiation in space.

To stop radiation from atomic nuclei, including alpha ions, and
radiation from ions, a thin solid object, such as a sheet of paper, is
usually sufficient. In space, shields based on aluminum or titanium
are typically used. In this case, these shields prove fully effective,
and no additional radiation shielding is required.

When it comes to beta radiation, a thin layer of metal is usually
sufficient to absorb it. Here again, titanium and aluminum shields
for space objects prove effective. However, the shield's
effectiveness against beta radiation depends on the energy of the
radiation. At low radiation energy, a metal shield fully fulfills its
role. However, if we are dealing with high-energy beta radiation, X-
rays may appear on the metal shield structure during its
deceleration. Additionally, beta plus radiation consists of positrons.
Positrons, reacting with electrons during annihilation, will convert
into gamma photons. For this reason, in this case, additional X-ray
and gamma radiation shielding must be installed beneath the metal
shield [1-6].

Neutron radiation shields

Neutron radiation consists of neutrons produced during the
radioactive decay of heavy elements and the nuclear fusion
occurring in stars. Light elements, which contain negligible
amounts of neutrons, have the greatest cross-section for neutron
absorption. For this reason, hydrogen-rich compounds, such as
various organic compounds, are used to protect against this type of
radiation. Because neutrons are electrically neutral, and substances
containing large amounts of hydrogen tend to be low-density, a
thick layer of material is usually required to shield this radiation.
This poses a problem in space. For equipment launched into space,
it is important that the equipment be as light as possible and that as
much of it as possible be useful, not only as radiation shielding. For
this reason, it's worthwhile to use substances that are also useful for
other purposes as radiation shielding against neutron radiation. If
the equipment we're sending contains fuel (currently most often
oxygen and hydrogen), it can be placed just beneath the metal outer
shield. This will protect the interior of the object from neutrons and
simultaneously provide propulsion. Similarly, if a spacecraft carries
humans, it must carry the water they need for life. Placing this water
in tanks in the vehicle's outer layer will provide radiation shielding
without compromising its usefulness for sustaining life on board.
High-energy neutron radiation can result in secondary gamma
radiation, which also requires protection [1-6].

Shields against radio, microwave and terahertz radiation

Radio and terahertz radiation are usually harmless to living
creatures, including humans. However, microwave radiation causes
significant heat production in water due to the vibrations it induces
(we utilize this phenomenon in microwave ovens). Because living
creatures contain large amounts of water, exposure to microwave
radiation can cause serious injury.

All three types of radiation described in this section can also cause
uncontrolled electric currents to flow through the electronics of a
spacecraft via Faraday induction, causing damage. Such radiation
caused a global power outage in Canada in 1989. This radiation was
secondarily generated by a coronal mass ejection from the Sun.
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On Earth's surface, electric lines are distributed throughout the
entire surface, so special fuses are required to protect them. Small
electronics can be shielded using a Faraday cage, which is also used
in space. This involves a Faraday cage. To be effective against
various types of electromagnetic radiation, the Faraday cage is
made as a solid metal box. A similar shielding solution for space
vehicles is a conductive outer shield made of titanium or aluminum.
It should be noted, however, that windows may not provide such
protection. Therefore, a thin conductive coating can be applied to
such windows, which can block the types of radiation mentioned
here without significantly impairing visibility [1-5, 7-8].

Shields against infrared, visible and ultraviolet radiation.

In small amounts, infrared, visible, and ultraviolet radiation are
usually harmless to both humans and equipment. However, infrared
radiation heats the substance it hits. Excessive intensity can cause
burns in humans, and overheating or melting in equipment. Visible
and ultraviolet radiation can degrade certain substances, such as
yellowing and embrittlement of some plastics, and can trigger the
uncontrolled photoelectric effect (causing static electricity and
possibly electrical current). Metal layers provide effective
protection against these three types of radiation. They reflect most
of this radiation (this phenomenon is exploited in the production of
mirrors). However, it should be remembered that the ability to
reflect electromagnetic radiation depends on the metal's
characteristic plasma frequency, which is the characteristic
frequency of an electromagnetic wave. If the wave has a frequency
lower than the plasma frequency, it will reflect from the metal
surface. If its frequency is higher than the plasma frequency, the
wave will pass through the metal. At sufficiently high radiation
frequencies, above the plasma frequency, the metal becomes
transparent. For example, if a shield is made of brass, gold, or
copper, such a shield may be ineffective against ultraviolet, blue, or
green light. This is because their plasma frequency is in the visible
light spectrum. This is where the color of non-ferrous metals comes
from. To provide the broadest possible radiation protection, shields
for space equipment and spacecraft should be made of silver metals
(their plasma frequency is in the ultraviolet) with the highest
possible plasma frequency, e.g., aluminum [1-5, 7-8].

X-ray and gamma radiation shields

Metals with the highest plasma frequencies have them in the
ultraviolet range. Therefore, there are no substances that reflect X-
rays or gamma rays. The attenuation of X-rays and gamma rays in
materials occurs differently and is based on three physical
phenomena: the Compton effect, the photoelectric effect, and the
creation and annihilation of electron-positron pairs.

The Compton effect is the scattering of X-rays or gamma rays by
free or weakly bound electrons in valence shells. This phenomenon
changes the photon's momentum and the resulting electromagnetic
wavelength. This phenomenon plays a dominant role in the
attenuation of electromagnetic radiation with photon energies
ranging from tens of keV to several MeV.

The photoelectric effect occurs when gamma radiation quanta
incident on the atoms of a substance are absorbed by their electrons.
As a result, the atoms undergo ionization. The energy required for
this reduces the photon's energy, which usually also reduces its
harmfulness. When such an electron recombines, the photon is
emitted in a random direction, resulting in scattering of the
radiation.

The creation of electron-positron pairs involves the creation of
particles: an electron and a positron from a high-energy gamma
photon, assisted by an atomic nucleus. Upon gamma radiation
entering matter, creation occurs. The resulting electrons are
decelerated, and the positrons annihilate back into a gamma photon
with the electrons of the substance. This process results in the
scattering of the gamma radiation.

X-ray and gamma radiation attenuation in a radiation shield is more
effective the more electrons the atoms of the substance comprising
it have, are more concentrated, and are more numerous. For this
reason, passive X-ray and gamma radiation shields must be thick
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and high-density. This causes such shields to be very massive. This
poses a serious problem for space vehicles. Therefore, work is
underway on active shields against this type of radiation that
combine smaller mass with greater efficiency [1-5, 7, 9-10].

SUMMARY AND CONCLUSIONS

All the types of radiation mentioned in this paper are present in
space. Aluminum-based metal shields are sufficient for protection
against most types. However, X-rays and gamma rays, either
present in space or generated by the braking of high-energy charged
particles on our radiation shield, pose a problem. Therefore, an X-
ray and gamma radiation shield must be placed beneath the metal
shield. Due to the large mass of such shields and the difficulty of
transporting them into space, work is currently underway to develop
active (lighter) shields of this type. Placing a layer of water or fuel
within or just beneath the shield structure will provide a radiation
shield against neutron radiation [1-10].
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Features of structure formation and properties of cast titanium bronzes obtained using thermally
synthesized powder ligatures

Bagliuk G.A., Voropaiev V.S., Fedoran Yu.O., Molyar O.H. *, Demydyk O.M.,
Sydorchuk O.M., Radchenko O.K.
I.M. Francevich Institute for Problems of Material Science, NAS of Ukraine, Kyiv *
G. V. Kurdyumov Institute for Metal Physics of the NAS of Ukraine, Kyiv

Abstract: The study of the effect of heat treatment regimes on the structure and physical and mechanical properties of smelted titanium
bronzes showed that after quenching castings from 800 °C, their structure of cast alloys has a significantly dendritic character and
significantly lower hardness compared to the as-cast state. A significant increase in the level of hardness and strength of the alloys is
achieved by aging at a temperature of 400 °C. The highest level of hardness and strength is characterized by the Cu — 2,7 % Ti alloy without
aluminum. The dependence of the electrical conductivity of bronze additionally alloyed with 0,5 % Al and 3,0 % (wt.) Ni on the titanium
content is extreme: the maximum conductivity (~33 % IACS) is observed for the alloy with 1,5 % (wt.) Ti. The alloying of titanium bronze (3
% Ti, 0,7 % Ni, 0,03 % B) and heat treatment of quenching at 900 °C, aging at 450 °C with isothermal holding for 0,5 h, contributed to an
increase in the complex of physical and mechanical properties (tensile strength 870 MPa, yield strength 830 MPa, and hardness 106 HRB).

Copper-based alloys are widely used in the electrical and
electronic industries, as well as in mechanical engineering, to
manufacture various electrical wires and cables, transformer coils,
breakaway and sliding electrical contacts, heat sink substrates for
electrical appliances and computer equipment, electrodes for spot
welding, etc. The wide range of their industrial use is due to the
harmonious combination of high thermal and electrical conductivity,
strength, ductility, and hardness [1-3]. A special place among
copper-based alloys is occupied by high-strength copper alloys,
among which the most commonly used are Cu-Be alloys, which are
characterized by high mechanical and electrical characteristics [4-6].
However, the high cost of beryllium, as well as the high toxicity and
harmfulness to the human body of beryllium vapors formed during
the melting of Cu-Be alloy, limits its processing and wider industrial
use [7]. As a result, research areas devoted to the development of
copper alloys that can replace Cu-Be alloys and efficient
technologies for their production have become extremely relevant. In
recent years, alloys of the Cu-Ti system have been attracting more
and more attention due to their increased mechanical strength,
satisfactory electrical conductivity, relatively low cost, and
environmental friendliness compared to Cu-Be alloys [7-10]. The
problems that arise in the manufacture of titanium bronzes include
the high affinity of titanium for oxygen, nitrogen, and hydrogen.
This necessitates the protection of titanium metal when it is
introduced into the copper melt during alloy smelting. In addition,
there are certain difficulties in obtaining a homogeneous melt due to
a significant difference in the density of copper and titanium (almost
twofold) and the difference in melting points: 1089 °C for copper
and 1668 °C for titanium. To overcome these problems, titanium
bronzes are smelted using a number of complex technological
operations that significantly complicate the process. In particular, the
stirred casting method or the technology of triple melting of the alloy
is used to increase the homogeneity of titanium distribution over the
casting volume. At the same time, there are examples of successful
application of powder metallurgy methods to produce titanium
bronzes [11], which provide high homogeneity and dispersed
structure of the alloy by sintering at relatively low temperatures
compared to melting technologies.

Given the above, the aim of the study was to evaluate the
possibilities of using powder metallurgy methods in the manufacture
of cast titanium bronzes by using the scheme of alloying copper melt
with powdered titanium-containing ligature.

Powders of titanium hydride TiH, (< 63 um), obtained by
hydrogenation of a titanium sponge, and electrolytic copper with a
particle size of 63 um were used as starting components for the
synthesis of the titanium-containing ligature. The use of titanium
hydride as a titanium component instead of commercial titanium
powder is due to the fact that during sintering it provides a
significant activation of diffusion processes due to the increased
density of the hydride crystal lattice, as well as the possibility of
additional cleaning of interfacial boundaries due to atomic hydrogen
released during the decomposition of hydride. The cost-effectiveness
of using TiH2 is also due to its lower cost compared to standard
titanium powders. The initial powder mixture required for the
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synthesis of TinCum intermetallic in the required proportions was
mixed in a ball mill. From the charge obtained by co-grinding,
pressings were formed on a hydraulic press in the form of cylindrical
briquettes with a diameter of 40 mm, the relative density of which
was about 70% (to ensure the removal of hydrogen and water vapor
formed during the decomposition of titanium hydride and the
reduction of oxides on the surface of powders by hydrogen during
sintering). The actual thermal synthesis of the titanium-containing
ligature was carried out by sintering in a vacuum furnace at a
temperature of 750-850 °C. The titanium-containing ligature
briquettes obtained by thermal synthesis were introduced into the
copper melt during the melting of the alloy in an induction furnace
using argon as a protective atmosphere. The first stage involved
heating the furnace to a temperature of 1200 °C and melting copper,
followed by introducing the ligature and holding the melt at 1300 °C
for 10 minutes. The resulting melt was poured into a cast iron ladle.
Experimental melts for the smelting of titanium bronze ingots were
carried out for three calculated compositions of bronzes: Cu — 2,7 %
Ti;Cu—-27%Ti—05%AIl;Cu—27%Ti%-1,0% Al

The structure and microanalysis of the phase components of
the obtained ligatures showed that as a result of thermal synthesis,
Cu-Ti intermetallic grains of 20-60 pm in size are formed in the
alloy, with the titanium content varying mainly from 20 to 60 %. No
grains of pure titanium were found in the alloy structure. At the same
time, the results of microanalysis in the formed intermetallic grains
indicate that heterodiffusion of titanium and copper in the process of
thermal synthesis is incomplete. According to the results of local
microanalysis of the structure, the distribution of elements across the
cross-section of most intermetallic grains is markedly gradient: the
outer layers of the grains are enriched in copper, the concentration of
which decreases along the depth of the grain cross-section, while
their central zones are predominantly enriched in titanium. Similar
results were reported in [11], where the effect of forming the layered
nature of Ti-Cu intermetallic grains in the structure of sintered
titanium bronze obtained by the SPS method from a mixture of
copper and titanium powders was noted.

In further experiments, we used a ligature with a titanium
content of 70 % (wt. %) and ligatures of the copper-titanium-
aluminum system obtained by a similar thermal synthesis
technology. As shown by the results of experimental melts, the
structure of the obtained alloys is expected to consist of a copper
matrix phase with evenly distributed inclusions of copper-titanium
intermetallic grains with a size of 2-8 um.

After quenching from 800 °C, the microstructure of the cast
alloys is essentially dendritic. As shown by the results of the studies
(Table 1), due to the fact that during quenching the excessive o
phase of Cu4Ti does not have time to be released in sufficient
quantities, the alloy consists mainly of a supersaturated solid
solution and is marked by a significantly lower hardness compared
to the as-cast state (without heat treatment) for all three studied
alloys. At the same time, the highest level of hardness, both for the
cast state and after quenching, is observed in the Cu — 2,7% Ti alloy
without aluminum in its composition.
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Table 1: Effect of heat treatment modes of cast materials on hardness

Content of alloying elements, Hardness, HRB
% (wt.) Lithuania Hardening Aging Aging
(without heat treatment) 800 °C 400 °C* 400 °C**
27Ti 86 42 72 86
2,7Ti+0,5Al 75 32 72 84
27Ti+10Al 80 33 70 84

* - isothermal exposure for 3 hours, ** - isothermal exposure for 5 hours

An aging operation is used to increase the hardness and
strength of copper-titanium alloys after quenching. The influence of
the aging regimes of cast alloys after quenching on their mechanical
properties was studied by evaluating their hardness values after
appropriate heat treatment. Aging at 400 °C of alloys previously
quenched and increasing its duration from 3 to 5 hours leads to a
significant (up to 2 times or more) increase in the level of hardness.

The mechanical properties of titanium bronzes after
quenching and subsequent aging at 400 °C for 5 hours are shown in

Table 2: Basic mechanical properties (at room temperature) of titan

Table 2. As can be seen from the table, similar to the hardness
characteristics, the highest strength level is observed for the Cu —
2,7 % Ti alloy without aluminum with a sufficiently high level of
ductility (d = 26 %, ¥ = 41 %). The introduction of 0,5 %
aluminum into the alloy leads to a decrease in strength
characteristics and a slight increase in ductility, while an increase in
Al content to 1,0 % causes a more noticeable decrease in strength
and a significant deterioration in ductility compared to the alloy
without aluminum.

ium bronze after quenching at 800 °C and aging at 400 °C for 5 hours

Content of alloying Tensile strength, Yield strength, Relative Relative
elements, % (wt.) MPa MPa elongation, % narrowing, %
27Ti 581 360 26 41
2,7Ti+0,5Al 537 342 32 43
2,7Ti+10Al 493 329 17 16

The work was continued with the smelting of titanium
bronze ingots with the following chemical composition (%, wt.): 3
% Ti; 0,7 % Ni; 0,03 % B; the rest Cu. After extrusion (bar
diameter 33 mm) and cold drawing (bar diameter 29 mm), samples
of the studied alloy were quenched at a temperature of 900 °C with

an isothermal holding time of 1 hour and cooling in water. The
results of microhardness (HV) are presented in Table 3.
Subsequently, the aging of the studied alloy was carried out at
different temperature conditions and isothermal aging (Table 4).

Table 3. Microhardness of bronze (3 % Ti, 0,7 % Ni, 0,03 % B)

Technological Bar diameter, Microhardness, (center of the Microhardness, (at the edge
process mm sample), HV of the sample), HV
Extrusion 33 250
Drawing 29 270
Hardening* 29 140

* - at 900 °C, isothermal exposure for 1 hour

Table 4. Mechanical properties (at room temperature) of
bronze (3 % Ti, 0,7 % Ni, 0,03 % B)

Aging at Isothermal exposure, Hardness, Hardness,
temperature, °C hours (sample center), HRB (at the edge of the sample), HRB

425 0,25 103-104,5 101-103
0,50 105-106 105-107
0,75 105,5-106 104,5-107
1,00 106-107 106,5-107
1,25 105-106,5 106,5-107
1,50 105,5-106 105,5-106

450 0,25 106-107 105-107
0,50 105-106,5 106-107
0,75 101-106 105-106,5
1,00 105-106 105-106
1,25 106-107 106,5-107
1,50 105,5-106 104,5-106,5

475 0,25 103,5-107,5 105-106
0,50 105,5-106 104-105,5
0,75 104,5-105 104,5-105
1,00 105 105
1,25 104 103,5
1,50 103-104 103-103,5

As a result of the experimental work, it was found that it is
optimal to age bronze (3 % Ti, 0,7 % Ni, 0,03 % B) at a
temperature of 450 °C with an isothermal holding time of 0,5 hour
(Table 4), which increases the set of mechanical properties: tensile
strength of 870 MPa, yield strength of 830 MPa, and hardness of
106 HRB.
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Conclusions

1. According to the results of local microanalysis of the
structure of the ligature thermally synthesized from a mixture of
titanium hydride and copper powders, it was found that
heterodiffusion of titanium and copper was incomplete during the
thermal synthesis process. The distribution of elements across the
cross-section of intermetallic grains is markedly gradient: the outer
layers of the grains are enriched in copper, the concentration of
which decreases with the depth of the grain cross-section, while
their central zones are predominantly enriched in titanium.

2. The structure of the cast alloys obtained using powder
ligatures consists of a copper matrix phase with evenly distributed
inclusions of copper-titanium intermetallic grains of 2-8 um in size.
After quenching from 800 °C, the microstructure of the cast alloys
is essentially dendritic.

3. The highest level of hardness and strength is
characterized by the Cu - 2.7 % Ti alloy without aluminum in its
composition.

4. The dependence of the electrical conductivity of
titanium bronze additionally alloyed with 0,5 % Al and 3,0 % (wt.
%) Ni on the titanium content is extreme: the maximum
conductivity (~33 % (IACS)) is observed for an alloy with 1,5 %
(wt. %) Ti. A further increase in the Ti content in the alloy leads to
a significant deterioration in electrical conductivity.

5. Alloying additives of 0,7 % nickel and 0,03 % boron in
the chemical composition of titanium bronze (at 3 % Ti by weight),
taking into account the optimization of heat treatment (quenching
temperature 900 °C, aging 450 °C with isothermal holding for 0,5
hours), contributed to an increase in the complex of physical and
mechanical properties.
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Physical properties study of ferromagnetic Permalloy thin films
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Abstract. We fabricated Permalloy thin films of different thicknesses, using thermal evaporation under vacuum, onto Si (100) substrates. We
examined the influence of Py thickness on their physical properties. The surface morphology, structure, microstructure, chemical
compositions and electrical properties, are performed by atomic force microscopy (AFM), X-ray diffraction (XRD), scanning electron
microscopy equipped with an energy dispersive X-ray analyzer (SEM-EDS), and the Hall Effect measurement system (HMS-5300). The
analyses of X-ray diffraction spectra confirmed the formation of the NisFe phase and inferred that all the films crystallize in a CFC structure
with a preferential <111> orientation. The crystallites size and the lattice parameter, computed from the dominant (111) X-ray diffraction
peak, decreased with increasing Py/Si film thickness. Also, the lattice parameter values, obtained for all samples, were fairly close to the
bulk value. SEM micrographs of the samples clearly exhibited a non-uniform distribution of quasi-spherical aggregates on the granular
surface of the Py/Si films, as well as the presence of micro-cracks for the thickest film. Furthermore, AFM images indicated the formation of
crystallites according to Stranski-Krastanov mode for the Py/Si films, with roughness values ranging from 0.2 to 2.5 nm. Electrical
measurements revealed that the electrical resistivity decreased with increasing film thickness whereas the mobility increased. The
spontaneous magnetization increases with thickness from 600 to 760 emu/cm?®, and the coercivity decreases following a t™ Néel law.
KEYWORDS: PERMALLOY FILMS; XRD; RESISTIVITY; MAGNETIZATION; COERCIVITY

1.Introduction set the base pressure as 107 mbar, and the working pressure better
than 10°® mbar. The electric current intensity was fixed at 280 A,

Co, Fe, and Ni transition metals are considerably used in which ensures an evaporation rate of the materials estimated at 2

spintronics as anisotropic devices in numerous magnetic tools [1-6].  A/s. More details regarding the thin film deposition process may be

Iron-Nickel alloys, and particularly the so-called Permalloy (Py)  found in previous works [16-20].

Fe20Ni80, present excellent ferromagnetic properties, chiefly null

coercivity and magnetostriction and very low magnetic anisotropy 3. Results and discussion

added to a giant permeability [7-11]. Py is mostly used in functional

materials, as spin-valve and magnetoresistive devices. As thin films, 3.1. Quantifications of the thin films

Py has been produced by electrodeposition, thermal evaporation as

well as DC, and RF magnetosputtering [12-15]. This work aims to The surface morphology, thickness and chemical compositions were

explore the impact of the thickness on the electrical and magnetic ~ carried out by means of a scanning electron microscope (SEM,

properties of Py thin films, produced using thermal heating under JSM-7001F from JEOL, Japan) coupled to energy dispersive X-ray

vacuum. We present, in section 2, the home-made evaporation analyzer facility (EDS, E2V Scientific Instruments, model 8700-

chamber, as well as the various characterizations tools used in this 2014A). The operating voltage was fixed at 15 kV. The estimated

study. In section 3, we present the main experimental results and compositional analysis confirm that the weight percentage (wt%)

discussions. The quantifications measurements of the films are  ratio of Ni and Fe is near the initial powder with a deviation not

presented in section 3.1. The structural properties carried out using exceeding 2% to that of Permalloy (Ni81Fel9%) material, the

X-ray diffraction (XRD) method are summarized in section 3.2, and thickness of the Py films being 15, 20, 25, 30, 40 and 50 nm.

section 3.3 is devoted to the electrical properties carried using Hall

Effect measurement system (HMS-5300) based on the Van der 3.2 Structural properties

Pauw method under an excitation magnetic field (B=0.56T) and an

intensity current (I=1mA). In section 3.4, we present the  In figure 2, we display X-ray diffraction (XRD) spectra, performed

magnetization curves recorded using Vibrating Sample  for all Py/Si(111) samples. We analyzed the diffraction diagrams

Magnetometer (VSM) tools, and discuss the impact of the layer with X Pert High Score Plus software which allows an estimation of

thickness on the spontaneous magnetization and the coercivity. A the intensity and the position of the peaks. After stripping

conclusion is presented in section 4. analytically, the contribution of Ka, line and the instrumental
contribution (Binstrumentar) from all profiles in order to identify the
2. Experimental procedures present phases and the preferential orientation, we present the X-ray

diffractogram patterns for these thin films in the reduced diffraction
angle range 30-55°. The prepared samples display high intensity
peaks at 20 = 44.05°, corresponding to (111) diffraction plane with
an fcc FeNis crystal structure and associated to space group Pm-3m.
The increase in thickness is accompanied by an increase in the
height of the Bragg (111) diffraction peak an improvement in
crystallinity. These results indicate that the films are polycrystalline
and grow according to a normal deposition geometry in which the
dominant peak is (111) and the preferred orientation in all cases is
along <111> direction.

Thin films deposition process

The experimental setup of the working evaporation
chamber is exhibited in figure 1. In this chamber, we elaborated
series of Py thin films, under vacuum and at room temperature.
These materials are evaporated onto Si (111) substrates. The
working chamber is made of a glass bell, were we put the desired
quantities of the mixed powders to be evaporated. Nickel and Iron
powders are placed inside a boat made of tungsten enrobed with
alumina, above which we set a metallic shelter, manually dirigible
from the outside. The substrate holder is fixed just above this cover.
This metal shelter protects the substrates before the beginning of  \easyrements of electrical resistivity and mobility of the Py thin
evaporation until the end of the degassing process. This operation films were performed with an Ecopia HMS 5300 Hall Effect
contributes not only to improve the quality of the deposited films,  njeasurement System and Van der Pauw geometry, at room
but also to control and regulate the required duration of the  temperature beneath the experimental conditions defined in section
evaporation. Two pumps constitute the vacuum pumping group, @ 2 The average values of the electrical resistivity and mobility, for
primary vane pump, and a secondary oil diffusion pump, cooled by the py films, are presented in Table 1. The electrical resistivity p is
a system of water circulation coil. To deposit our thin Py films, we  qptained by the product of the sheet resistance R and the film

3.3 Electrical properties
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thickness t. The variation of the computed resistivity p of the
deposited Py material as a function of film thickness with an
accuracy equal to 3%, is depicted in figure 3. The bold spheres are
the experimental data while the continuous line is a fitted curve.
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Fig.2 X-ray diffractions spectra for all the Permalloy films.

Tablel Electrical resistivity, p, mobility, u, saturation
magnetization, Ms, and coercivity, He, as functions of thickness t

t(nm) P u Ms Hc
(1Q.cm) (cm?/V.s) (emu.cm?) (Oe)
15 42.2 5 600 7.5
20 375 8 650 5
25 33.2 115 708 35
30 25.9 135 735 2.7
40 15 19.5 752 2.2

50 7.5 26 760 2
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Fig.3 Electrical resistivity as a function of Py thickness

As clearly seen in figure 3, the resistivity decreases linearly
increasing  film  thickness, following the  well-known
Fuchs/Sondheimer Model [21]. This might be probably due to the
reduction of continuity of electron percolation consequently to the
decrease of metallic nanogranular dimensions. More, this linear
decrease of p may be attributed to the actions of the scattering of the
conduction electrons relating to the grain boundaries due to the
increase of the crystallite size with thickness, and consequently, the
decrease of the number of the grain boundaries.

Figure 4 exhibits the evolutions of electron mobility versus the
thickness of the Py film. A linear increase of p is clearly observed
as the thickness of the film increases. Since electrical resistivity and
conductivity are inversely proportional, their individual variations
are thus also inversely proportional. The electrical conductivity and
the electron mobility are closely linked. This behavior is in
agreement with the curves exhibited in figures 3 and 4. This
behavior of the mobility may possibly be due to the improvement of
crystallinity of the evaporated Py thin films with thickness.
Comparable results have been reported by other authors [10,22].
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3.4 Magnetic properties

Under the experimental conditions described in section 2,
we recorded magnetizations curves for thin Py films, at room
temperature. The external magnetic field was applied in the film
plane (longitudinal configuration), and perpendicularly to the
surface of the film (polar configuration). In figure 5, we exhibit a
specimen of hysteresis loops for the 30 nm Py film, in the
longitudinal configuration, and in the inset we present the hysteresis
loop in the polar configuration. For the longitudinal configuration, it
was very easy to reach the saturation after applying an external field
of = 50 Oe. As for the polar configuration, the saturation is not
reached after applying a field of intensity as high as 18 kOe.
Further, the quasi-rectangular shape of the longitudinal
configuration-and the oblong shape of the poler configuration- infer
that the easy magnetization axis lies in the film plane. From the
recorded hysteresis loops and the volume of the samples (surface of
the film x thickness), we computed the spontaneous magnetization
and present its evolution as a function of Py film thickness in figure
6. Ms increases from 600 emu/cm?®, for the 15 nm Py film, and
reaches 760 emu/cm?, for the thickest 50 nm Py film, close to the
spontaneous magnetization of the bulk material. Similar results
have been reported by other authors [23,24].

10 T T T T

—
—— Py(30 nm) / /°’
05+ 1
Hj/
g 0.0
2 :
DBAPy(3Onm %
2 0 u[
05 s 4
/ / W s 0 s B ow
o
10 ‘M_:..:.-v-"f—.‘ P |H(k(.))| A
-80 -60 -40 -20 0 20 60 80
H(Ce)

Fig.5 Hysteresis curve for Py(30 nm) in the longitudinal
configuration(Hy). In the inset, the polar configuration (H,).

From the recorded hysteresis loops in the longitudinal
configuration, we extracted the coercive field values for all the
samples and present these values in tablel. In figure 7, we display
the evolution of the coercive field as a function of the film
thickness. As can be observed in figure 7, Hc decreases from 7.5
to 2 Oe as the magnetic layer thickness increases from 15 to 50
nm, suggesting an inverse proportionality, following a t" Néel law
[25]. On another hand, if these values of Hc are somewhat higher
than the standards values of Py, it is because the surface of the film
is not smooth, the rough mean square roughness being equal to a
few nm.
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Fig.7
Coercive field as a function of Py thickness

4. Conclusion

Permalloy thin films have been produced by means of the thermal
evaporation technique under vacuum. We explored the impact of
the layer thickness on the electrical and magnetic properties of these
materials. The electrical resistivity has been found to decrease with
thickness, while the electron mobility increases. Spontaneous
magnetization increases with increasing thickness from 600 to 760
emu/cm?®, where it reaches the bulk value for the thickest 50 nm Py
film. Coercivity decays with increasing thickness following t™ Néel
law. These results add to the database of physical properties of Py
and thus contribute to a better understanding of the behavior of this
material.
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Abstract: The article presents information on the regeneration of filter elements (filter components) made of tin-phosphorus bronze powders
that were tested during polyethylene production in the unloading unit of the ethylene polymerization reactor for cleaning hydrocarbon
compounds from polyethylene powder particles. It was found that during the testing period, the filter elements met the requirements specified
in the equipment regulatory documents. After completing the tests, two thermal regeneration cycles were carried out: at LLC "Stavrolen"
and at O.V. Roman Powder Metallurgy Institute. It was found that in the first case, the filter element throughput was restored to 67.5% of
the initial value, and in the second case, to 97.2%, which indicates the multiple regeneration possibility of spent powder filter elements when
used to clean hydrocarbon compounds from polyethylene powder particles.

KEYWORDS: FILTER POWDER ELEMENTS, HYDROCARBON COMPOUNDS, SEPARATION OF POLYETHYLENE PARTICLES,

THERMAL REGENERATION OF FILTER ELEMENTS.

1. Introduction

Polyethylene is the most mass plastic in packaging material
production. It refers to the oldest polymers and remains today
indispensable for the production of special films, bags, containers,
cans etc. [1, 2]. Polyethylene production is inextricably linked to
the negative impact on the environment. Generation of toxic waste,
sewage pollution and gaseous emissions accompany the
technological process of production at all stages. Polyethylene
producers, like all petrochemical industry enterprises, carry out
environmental management in three main areas: protection of water
resources; protection of atmospheric air; waste management [3].

Among the enterprises producing polyethylene in Russia, one
of the leading companies is LLC «Stavrolen», a member of
«LUKOIL» group and the second largest producer of low-pressure
polyethylene in Russia [4, 5]. One of the technological challenges
related to the protection of ambient air is the purification of the
hydrocarbon compounds flow from the powdered polyethylene
particles in the discharge unit of the polyethylene polymerization
reactor. The problem is currently being solved at the plant with
PSS-type metal-ceramic filter elements manufactured by Pall Fuels
and Chemicals from corrosion resistant steel. It is of interest to test
the use of less costly tin-phosphorus bronze filter elements for this
purpose, while exploring the possibility of regenerating
contaminated filter elements for reuse.

In relation to the cleaning process under consideration, the most
appropriate is the use of thermal regeneration of contaminated filter
elements, which is associated with heating (calcination). It serves
mainly to remove organic contaminants and is possible in the case
where the filter element has sufficient thermal stability [6, 7]. Its
effectiveness is evidenced by the results given in patents [8, 9],
obtained during the regeneration of filter elements contaminated
with synthetic resins. The quality of regeneration can be assessed
by changes in a number of operational indicators of the product [6],
in the case under consideration it is preferable to assess it by the
throughput capacity restoration.

The purpose of the work is to study the possibility of
regenerating powder filter elements after their use for cleaning
hydrocarbon compounds from powdered polyethylene particles.

2. Materials and research methods

To carry out the research, the Engineering Center «INNO»,
Ramenskoye  (Russia) has designed and manufactured
16 experimental long-dimensional tubular filter elements, which
have been awarded the label F-M-CSZ-72-68-10 INNO by the
developer. The filter elements were obtained by rolling sintered

porous plates of 3 mm thickness from tin-phosphorus bronze powder
of the BrO10F1 brand, produced by O.V. Roman Powder Metallurgy
Institute, Minsk (Belarus). The pilot filter elements were installed in
the "Polymerization of Ethylene" workshop of LLC "Stavrolen" in the
discharge unit of the ethylene polymerization reactor to replace the
standard filter elements type PSS at the plant of LLC «Stavrolen». The
tests were carried out for two months, during which the rate of gas
pressure relief was monitored monthly (produced through the gas
discharge unit: the pressure peak at injection was 1900-2100 kPa, the
time of the pressure value rise from the initial (87-137 kPa) to the
maximum value in all cases was 1 min), during which the time period
of the drop from the maximum pressure to the initial value was
monitored. According to the technology regulations, the time of
pressure relief should not exceed 2 minutes, which corresponds to the
good throughput capacity of the material of the filter elements. At the
same time as diagnosing the throughput on the operability of filter
elements, the pressure relief procedure actually ensures their
regeneration without the equipment disassembling.

After the completion of production tests, two stages of thermal
regeneration were carried out under different processing conditions: in
the «Polymerization of Ethylene» workshop of the LLC «Stavroleny
and in the experimental production of O.V. Roman Powder
Metallurgy Institute; After each regeneration, the product permeability
factors were investigated to determine the regeneration degree.

3. The results of experiment and their discussion

The filter elements tests for cleaning hydrocarbon compounds
from powdered polyethylene particles were carried out between
12.01.2023 and 07.03.2023. In accordance with the factory program
tests once a month (13.01.2025, 10.02.2025, 06.03.2025) carried out
above-described monitoring of gas pressure drop rate. During the
monitoring process, the time of release never exceeded 2 minutes and
was in an interval of 1.55-2.0 minutes, which indicates a good
throughput of the filter elements material throughout the test cycle.
This led to the conclusion that the developed filter elements
of F-M-CSZ-72-68-10 INNO type are not inferior in performance to
products of PSS type produced by Pall Fuels and Chemicals.

After the production tests completion, filter elements type
F-M-CSZ-72-68-10 INNO were removed from the ethylene
polymerization reactor discharge unit and subjected to thermal
regeneration. Figure 1 shows the removal of the cap with filter
elements mounted on it from the working capacity.
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Fig. 1. Filter elements removal from reactor diébharge unit

As noted above, thermal regeneration of filter elements was
carried out in two stages: the first stage was carried out in the
«Polymerization of Ethylene» workshop of the LLC «Stavroleny,
the second - on a pilot production of O.V. Roman Powder
Metallurgy Institute. After each step, the product permeability
coefficients were determined in order to assess the degree of
regeneration. Details of heat treatment regimes and research results
are given in Table 1.

Table 1: Heat treatment regimes and results.

Processing modes Permea- | Regeneration
bility degree, %
Place of heat . coefficient,
treatment Temperature, | Time, |Atmosp m?, x 10%
°C min here
LLC 450 60 | Air | 1013 67,5
«Stavrolen»
0. V. Roman
Powder Dissoci
Metallurgy ated
Institute 700 60 |ammon| 145.9 97,2
ia

" - the regeneration rate was defined as the ratio of the filter element
permeability after regeneration to the filter element permeability before
testing

As can be seen from the data in Table 1, studies of the heat
treatment process have established that after the first stage of
regeneration the filter cell capacity was restored to 67.5% compared
to the original, in the second - to 97.2%. The data obtained indicate
the possibility of spent powder filter elements multiple regeneration
when used to clean hydrocarbon compounds from polyethylene
powders.

After the first heat treatment phase, there was a change in
colour (darkening) of the filter elements due to the material contact
with the air. After the second stage of heat treatment, the original
color was restored by using a restorative atmosphere (dissociated
ammonia). Deformations and integrity of filter elements as a result
of heat treatment not detected at any stage.

At the same time, at the end of the tests, a crack was observed
in the circumferential zone of three filter elements (=19%). The
presence of these defects is due to high pressure surges during gas
pressure relief operations and load cycles. In order to eliminate the
occurrence of such defects, it is necessary to adjust the modes of
welding and to tighten the method of strength tests when checking
with 100% products coverage.

4. Conclusion

Information on the efficiency and regeneration of filter elements
of powder tin-phosphorus bronze, tested during polyethylene
production in the discharge unit of the ethylene polymerization reactor
for the purification of hydrocarbon compounds from powdered
particles of polyethylene. It was established that the filter elements
had a good flow rate throughout the test period and met the
requirements set out in the regulatory documents for equipment. After
completion of the tests, two cycles of thermal regeneration were
carried out: in the conditions of LLC «Stavrolen» and in the
conditions of O. V. Roman Powder Metallurgy Institute. In the first
case, the capacity of the filter elements was restored to 67.5% from
the original, in the second - to 97.2%, This shows the possibility of
multiple regeneration of spent powder filter elements when used to
clean hydrocarbon compounds from polyethylene powders.

It was also established that after the first stage of heat treatment, a
change in color (darkening) of the filter elements was observed as a
result of product material contact with air. After the second stage of
heat treatment, the original color was restored by using a reducing
atmosphere (dissociated ammonia). Deformations and damage to the
integrity of the filter elements as a result of heat treatment were not
detected at any of the stages.

When using structures associated with the presence of welded
seams on the working surfaces of filter materials, increased
requirements should be imposed on the strength tests of the
manufactured products, taking into account of their operation features.
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Abstract: This comprehensive report explores the intricate relationship between modern laser metal processing techniques and the non-
equilibrium phase transformations they induce in a wide range of materials. The central thesis is that methods such as laser cutting, welding,
and additive manufacturing are not merely thermal processes, but rather precise engineering tools that fundamentally alter a material’s

state by subjecting it to extreme conditions.

Introduction

The focused, high-energy input of a laser creates an incredibly
localized thermal event, which is defined by heating and cooling
rates that can reach an astonishing 104 to 107 K/s, along with steep
temperature gradients from 106 to 107 K/m [4, 5]. These extreme
conditions are what prevent a material from ever reaching
thermodynamic equilibrium, leading to the formation of unique
microstructures and properties that are simply impossible to achieve
with conventional, slower thermal methods. By manipulating these
non-equilibrium phenomena, engineers can create materials with
tailored properties for high-performance applications. The
document outlines the fundamental principles governing this
process, explores specific material responses through a series of
case studies, and discusses the critical role of advanced
computational modeling and characterization in predicting and
controlling the outcomes. It concludes with an outlook on future
research directions in this field, which the author refers to as
"kinetic materials science."

1. The Unique Thermal and

Fundamentals of Laser Processing

The unique thermal environment created by laser processing is a
direct consequence of the laser beam's inherent properties,
specifically its exceptional directivity and monochromaticity [1].
The high-power density of a focused laser beam can heat a small
volume of metal to its melting point in a fraction of a second [2].
This highly localized energy input, often concentrating 1013 W or
more in a spot as small as 0.01 mm in diameter [17, 18], generates
steep spatial and temporal temperature gradients. As the laser
moves and the molten spot cools rapidly due to the surrounding
cooler bulk material acting as a heat sink, the material’s response is
governed by kinetics rather than equilibrium thermodynamics [8].
There is simply not enough time for atomic diffusion to occur at a
rate sufficient to keep pace with the lightning-fast thermal changes,
which is the very essence of non-equilibrium phenomena [6, 19].
The versatility of laser processing is evident in its wide array of
applications, including laser cutting [37], welding [35], and additive
manufacturing [32]. A particularly significant example is Laser
Powder Bed Fusion (LPBF), a method where the thermal conditions
are most extreme. During LPBF, cooling rates typically range from
105 to 107 K/s, and temperature gradients are as high as 106 to 107
K/m [3]. These extreme conditions prevent atoms from settling into
their lowest-energy, equilibrium states, instead of forcing them into
metastable configurations [34]. This kinetic limitation is the direct
causal link between the unique thermal conditions of laser
processing and the prevalence of non-equilibrium phase
transformations.

Landscape

2. Non-Equilibrium Phase Transformations: A

Materials Science Perspective

Non-equilibrium phase transformations are fundamentally distinct
from the equilibrium transformations that are traditionally
represented on standard phase diagrams. While equilibrium
transformations occur in a system at a state of minimum free
energy, non-equilibrium transformations take place when a system
is kinetically constrained and has not reached its lowest energy state
[6]. This results in the formation of metastable phases, which exist
at a higher energy level than the true equilibrium but are not
unstable. The ability to "freeze" a material in this metastable state is
highly valuable for materials science, as it allows for the creation of
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unique properties, such as the exceptional hardness and strength of
martensite in steels [20, 31].

The formation of these non-equilibrium phases is a direct result of
rapid cooling rates, typically in the range of 105 to 108 K/s [4].
These high rates lead to a significant degree of undercooling, which
in turn increases the thermodynamic driving force for nucleation
[71. The most well-known example is the martensitic
transformation, a diffusionless, crystallographic shear-based phase
change that occurs upon very rapid cooling from a high-temperature
parent phase like austenite. Because martensite is a non-equilibrium
phase, it does not appear on conventional equilibrium phase
diagrams [9, 10]. To effectively predict the outcome of such rapid
thermal events, traditional phase diagrams are insufficient. The
paper highlights the critical importance of Time-Temperature-
Transformation (TTT) and Continuous Cooling Transformation
(CCT) diagrams, which incorporate the dimensions of time and
cooling rate. CCT diagrams are particularly relevant for laser
processing because they accurately map the transformation products
as a function of continuous cooling rates [9]. For instance, the
complete conversion of austenite to martensite in low carbon steels
requires a critical quenching rate exceeding 1200 °C/s, a rate that is
practically unachievable with conventional thermal processing but
is a routine outcome of laser processing [21].

A crucial aspect of this process is rapid solidification, which occurs
at cooling rates ranging from 103 to 106 K/s [4]. This rapid cooling
leads to a high degree of undercooling and promotes the formation
of a much finer grain structure [11, 12]. A key phenomenon
associated with this is "solute trapping," where alloying elements do
not have enough time to diffuse away from the solidifying interface
[13]. This effect results in a more uniform distribution of alloying
elements, effectively mitigating microsegregation and significantly
improving the material’s overall homogeneity.

3. Case Studies and Impact on Material Properties
The paper uses several case studies to illustrate how laser
processing induces these non-equilibrium phases and their
subsequent impact on material properties. In steels, the rapid
cooling rates trigger a martensitic transformation, forming a
diffusionless, crystallographic shear-based phase change that is
known for its exceptional hardness and strength [20]. The research
highlights that low carbon steels, for instance, need a critical
quenching rate of over 1200 °C/s to fully convert austenite to
martensite, a rate easily reached with laser processing but not with
conventional thermal treatments [21].

For titanium alloys, particularly Ti-6Al-4V, the high cooling rates
experienced during Laser Powder Bed Fusion (LPBF) are
responsible for the formation of acicular alpha-prime (o) martensite
[3]. The study finds that the combination of this (a’) martensitic
phase with low porosity is a major contributor to the material's high
fatigue strength [23, 27]. However, the directional nature of laser
processing can also lead to non-homogeneous and anisotropic
properties, a critical challenge that the paper explores [15].

The paper also examines aluminum alloys, such as AlSil0Mg.
Here, rapid cooling during LPBF leads to a refinement of the
primary a-Al grains and a stronger solute capture effect, which
reduces microsegregation and enhances homogeneity [12]. In the
case of nickel-based superalloys, the rapid solidification during
laser cladding and Selective Laser Melting (SLM) can result in fine
grains, but it also introduces significant challenges like
solidification and liquation cracking. These defects are an
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unfortunate consequence of the steep thermal gradients and rapid
solidification conditions [24, 25].

The non-equilibrium microstructures created by laser processing
have a profound impact on a material's performance. The formation
of martensite in steels, for example, dramatically increases hardness
and strength, making it ideal for applications requiring high wear
resistance. However, this enhanced strength often comes with a
trade-off: a notable reduction in ductility and toughness [26]. The
presence of non-tempered martensite is a key factor that is
identified as limiting ductility [27, 26].

A significant challenge posed by laser processing is the introduction
of substantial residual stress. These stresses arise from the large
temperature gradients and rapid cooling, and they can cause
deformation or even failure [28, 29]. The paper notes that these
stresses typically need to be managed with post-processing heat
treatments [22, 28]. Conversely, techniques like Laser Shock
Processing (LSP) can be used to intentionally create beneficial
compressive residual stresses that improve a material's durability
against fatigue or stress corrosion cracking [29]. Another area
where non-equilibrium processing excels is in surface engineering.
Laser cladding can be used to apply protective coatings that
improve wear, corrosion, and thermal resistance [30]. The ability to

localize the energy input means that these beneficial non-
a 100 . . . . .
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equilibrium transformations can be confined to the surface,
allowing the bulk properties of the material to be preserved while
the surface is enhanced [30].

4. Advanced Characterization,

Modeling, and Future Outlook

The dynamic and complex nature of laser-induced non-equilibrium
transformations ~ makes  advanced  characterization  and
computational modeling essential for this field of research.
Techniques such as Electron Backscatter Diffraction (EBSD) are
used for detailed microstructural analyses at multiple length scales,
and X-ray diffraction (XRD) is employed to accurately measure
residual stresses [28, 29]. Because direct experimental observation
of these transient processes is extremely difficult, computational
models are indispensable [11]. The paper highlights the use of
Computational Fluid Dynamics (CFD), Phase Field (PF) models,
and Cellular Automata (CA) to simulate complex solidification
processes and predict microstructure evolution [11, 28]. This
integrated approach is vital for establishing a predictive link
between processing parameters and final material properties,
thereby reducing the need for extensive physical testing and
accelerating the development of new materials.

Computational

ion and melting of polyethylene

A deeper understanding of this interplay has significant implications for advanced manufacturing.

By precisely controlling laser parameters, engineers can effectively
design the microstructure itself, creating materials with localized
and custom-tailored properties, such as a hard surface combined
with a ductile core [32]. Post-processing heat treatments are also a
crucial part of this process. Since non-equilibrium phases are
metastable, heat treatments can be used as a "second stage" of
engineering to carefully modify properties, such as improving
ductility or relieving residual stress [22]. The paper also addresses
defect mitigation and outlines future research directions. The same
extreme thermal conditions that create beneficial non-equilibrium
phases can also cause defects like cracking and residual stress [25,
28]. The research explores strategies such as beam oscillation or the
use of grain refiners to minimize these issues [25]. Looking ahead,
the paper suggests that future research will likely focus on multi-
material processing, Al-driven process optimization, and the design
of novel non-equilibrium materials [33]. This represents a
significant shift towards what the author calls "kinetic materials
science," where the processing path becomes a primary design
variable, opening new possibilities for high-performance materials.
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Effect of chromium on the microstructure of AlSi7Mg alloy with increased iron content
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Abstract: The need to protect the environment by reducing the energy intensity of production, the amount of waste, and reducing greenhouse
gas emissions, as well as shrinking bauxite resources, means that secondary raw materials are playing an increasingly important role in
aluminum alloy smelting. However, the increase in the proportion of scrap results in a higher content of various impurities, the worst of
which is iron in the group of metallic ones. It is well known that manganese is one of the most commonly used additives to neutralize
morphologically unfavorable -AlsFeSi phases. However, there is little information about the effects of other transition elements, such as
chromium. Accordingly, the study’s results concern the effect of chromium on the microstructure of AISi7Mg alloy with increased iron
content (from 0.4wt.% to 1.4wt.%, in 0.2% increments). Based on SEM/EDX and XRD studies, it was found that the addition of chromium
causes the transformation of the lamellar-needle phase p-AlsFeSi into the a-Al3(Fe,Cr),Sis phase with a dendritic morphology (so-called
“Chinese script”). However, care should be taken not to exceed the permissible value of the chromium/iron quotient (Cr/Fe ~ about 1/3).
Otherwise, the morphology of the a-Ali3(Fe,Cr),Si4 phase changes from more “fluffy” to massive polygons. This is accompanied by an
unfavorable increase in the slime ratio from about 1.6 to more than 3.0%.

Keywords: AlSi7Mg ALLOY; MICROSTRUCTURE, ALUMINUM SCRAP, IRON-RICH AND CHROMIUM-RICH PHASES

1. Introduction This work aimed to check how the increasing content of iron

One of the most common and harmful impurities found in cast ~ and chromium, as a so-called "morphological corrector" of the pB-Fe
aluminum alloys is iron. Its impact on mechanical properties, phases, affects the change in the microstructure of the AISi7Mg
especially plasticity, is particularly detrimental when it exceeds  alloy.
approximately 0.4% by weight (for gravity casting) [1-4] and

approx. 1.8% by weight (for die casting) [5-9]. This is because iron 3. Research material and methodology
has low solubility in the solid solution a(Al), i.e. from 0.052% at . . .
655°C to 0.0052% at 450°C [10]. For this reason, it has a strong The AlSi7Mg alloy was smelted from an AlSi20 alloy diluted

with pure aluminum (99.95% by mass) to achieve an approximate
content of 7% by mass of Si and alloying additives: AIMg10 (10%
by mass of Mg) and AICr50 (50% by mass of Cr). According to the
literature review [22], the chromium content was selected to be one-
third of the iron content. The feedstock components were melted in
a Balzers VSG 02/631 electric furnace in a 0.8-liter SiC crucible.
After aging in the furnace, the alloys were modified with AISr10
(10 wt.% Sr) master alloy and refined with Rafglin-3 in an amount
of approx. 0.05 wt.%. After reaching a temperature of approx.
740°C, the alloys were cast into a sand mold (93% quartz sand; 7%
bentonite; 3.5-4.5% water) in the shape of a cylinder with a
diameter of $=50mm and a height of h=100mm. The experimental
plan is shown in Figure 1.

tendency to combine with other elements to form intermetallic
phases of varying stoichiometry, morphology, and size [11, 12]. In
Al-Si-Mg alloys, in addition to the Mg,Si phase, there is a high
probability of crystallization of AlgFe,Si phases with a monoclinic
structure and AlgFeMgsSi; (p phase) with a hexagonal structure. In
addition, metastable ternary phases B-Al,FeSi (25.4% Fe and 25.5%
Si) and B-AlsFeSi (33.9% Fe and 16.9% Si) crystallize under
conditions of thermodynamic imbalance [2]. However, the most
undesirable phases are mainly oy-AlgFe,Si and especially B-
AlsFeSi (so-called B-Fe). Due to its low coherence with the matrix
and large size, the B-Fe phase increases the brittleness of the alloy,
hinders the mechanical processing of castings, and reduces tensile
strength [13-16]. In addition, its plate-needle morphology impairs
the castability, ductility, and corrosion resistance of aluminum The chemical composition of the castings was analyzed on the
alloys [1-3]. The morphology and size of these phases, which surface using a Foundry Master CCD 01100113 WAS-AG emission
depend mainly on the chemical composition and cooling rate [17, spectrometer (SpectroLab, Kleve, Germany). Ten samples were
18], can be changed by introducing various elements, such as Mn; taken, the two extreme ones were discarded, and the arithmetic
Co, Mo, and Cr. Due to the similarity of the crystallographic lattice mean was calculated from the remaining eight, rounded to two or
and lattice parameters to those of iron, these elements can alter the three decimal places.

morphology of the B-Fe phases from plate-like to so-called
“Chinese characters” or polyhedral solids, thereby increasing their
precipitation and making them smaller [19, 20]. The best described
and most popular alloying additive is manganese [6, 11, 17].
However, some studies indicate that chromium may be equally

Samples for metallographic testing were cut from the center of
the sand casting (at a height of approx. 80 mm). The surfaces of the
samples were ground and polished with polishing pastes according
to the standard procedure for preparing metallographic specimens.

effective [18, 21, 22]. Still, its effect on the change in the Microstructure observations were performed using a MeF2 light
morphology of B-Fe phases in Al-Si alloys with increased iron microscope (LM) and a Hitachi S-3400N scanning electron
content has not been thoroughly investigated. microscope (SEM) equipped with an energy dispersive X-ray

spectrometer (EDS) Thermo Noran and wavelength dispersion
2. Purpose and scope of the research (WDS) Thermo MagnaRay, as well as an INCA HKL Nordys I

(Hitachi  High-Technologies Tokyo, Japan) detector for
backscattered electron diffraction (EBSD) testing. For a better
indication of structural components, some of the specimens were
subjected to deep etching in 5% HF acid. X-ray testing was
performed using a Philips X'Pert diffractometer with a copper
e preparing AlSi7Mg alloy melts with increasing iron and anode tube (\CuKa -1.54178 A), powered by a current of 30 mA at

The study aimed to determine the effect of increasing iron and
chromium content on the microstructure of AlISi7Mg alloy cast by
gravity into a sand mold. To achieve this goal, the scope of the
research included, among other things:

Cr content according to the experimental plan (Fig. 1), a voltfige of 40 kV.' The recording was performed ysing the step-
e testing the chemical composition of AlISi7Mg alloy with scanning method with a step of 0.04° and a counting time of 10
varying iron and chromium content seconds, in the 20 angle range from 20° to 140°. The slit on the

incident beam was 1°, and on the diffracted beam, 2°. Sollera slits of

e  testing the microstructure of the alloy. e .
g y 0.04 mm were used. Qualitative phase analysis was performed
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using the ICDD database. The analysis was performed using the
DBWS 9807A program, and Pearson's VII degree function was
used to describe the diffraction line profile. Ten images were taken,
of which the ones presented here are representative images of the
microstructure of the tested alloy.

8 Co e AlFesSi

Sa,\';’;p'e content
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Fig. 1 Research plan for the AlSi7Mg alloy with increasing iron and Fig. 2 Microstructure of the AlSi7Mg alloy: a, ¢) without chromium; b, d)
chromium content. after the introduction of chromium; a, b) LM; c, d) SEM (magnification
x100).
4. Research results and their analysis
e
4.1. Chemical Composition Test Results

Fillscae cousls: 1248

M point 1 a(Al)
The results of chemical composition tests of AlSi7Mg alloy ="“'“ |
with increasing iron content before and after the addition of £ o
chromium are presented in Table 1. 2 ol |
Table 1: Chemical composition? results for AISi7Mg* alloy (arithmetic mean g_ o b
of eight samples). S Energ’yvke:/ oo
sampl Element content, wt.% L point 2 f(si) = point 3 AIFeCISi
a,\'}:)'?e Si | Fe ‘ Cr |Mg | Cu ’ Zn ‘ Ti ‘ Sr = Bl
Without added Cr i % -t
1. 6.79 | 0.47 0.41 | 0.03 | 0.014 | 0.059 | 0.015 5" | '™ J
2. | 688|058 042 | 0.03 [ 0.012 | 0.062 | 0.014 s : A |E\ fhn
3. 6.97 | 0.70 0.48 | 0.02 | 0.014 | 0.058 | 0.014 gy kev Energy, keV
<0.01
4. | 691|081 042 | 0.04 | 0013 | 0.061 | 0.013 S
Point 1 98.2 18 - -
5 6.79 | 0.90 0.44 | 0.04 | 0.014 | 0.064 0.014 Point2 | 26 | 974 | — =
Point 3 45.2 111 | 26.7 17.1
6. 6.89 | 1.01 0.46 | 0.03 | 0.013 | 0.060 0.013 at% | AFK | SiK | CrK | FeK
Point1 | 983 17 - -
After the addition of Cr (AICr) Pointz | 27 | 978 | ~ | -
Point 3 58.0 136 17.7 10.6

la. 6.84 | 048 | 0.156 | 041 | 0.02 | 0.013 | 0.053 | 0.014

2a. 6.94 | 058 | 0.193 | 0.42 | 0.02 | 0.013 | 0.060 | 0.014 Fig. 3 Microstructure and microanalysis results of the chemical composition
of the AISi7Mg alloy after the addition of chromium.

3a. 6.87 | 0.70 | 0.239 | 0.44 | 0.02 | 0.012 | 0.060 | 0.013

The results of microanalysis of the chemical composition of the
4a. 6.94 | 0.80 | 0.270 | 0.42 | 0.03 | 0.014 | 0.058 | 0.014

AISi7Mg alloy after the addition of chromium indicate that an

5a. 6.86 | 0.89 | 0.290 | 0.44 | 0.03 | 0.011 | 0.061 | 0.013 Aly(Fe;Cr)ySiz phase crystallizes. To identify it, XRD (X-ray
& 55 105 0355 025 005 501 6061 | 005 glffractlon) tests were performed, with the results shown in Figure
T the rest is aluminum,
2 _ other < 0.02. 100 o o —a(Al);
. L= B(Si);
4.2. Microstructure test results #* — o-Al3(Fe,Cr)aSia;
80 v — Mg:Si

Representative microstructures (LM) and (SEM) of the
AISi7Mg alloy without chromium and after its introduction are
shown in Figure 2.

To identify the components of the AISi7Mg alloy structure,
microanalysis of the chemical composition and X-ray diffraction
tests were conducted, with the results presented in Figures 3 and 4.
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Fig. 4 XRD pattern of AlSi7Mg alloy with chromium addition.

Previous studies of the microstructure of AlSi7Mg alloy without
chromium additive [23] show that, in addition to traditional
components, i.e. solid solution dendrites a(Al), silicon B(Si)
crystals, which are part of the eutectic a(Al)+ B(Si) and the Mg,Si
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phase, which is a component of the eutectic a(Al)+Mg,Si+p(Si), a
B-AlsFeSi phase was identified. Due to their plate-needle
morphology and length of up to 1000 pm — Fig. 2¢ (during gravity
casting), the B-Fe phase precipitates are brittle and constitute
privileged sites for stress propagation. After the addition of
chromium, the Aly3(Fe,Cr),Siy phase, known as the a-FeCr phase
(Fig. 4), with a dendritic morphology (Fig. 2d), was identified in the
microstructure of the AISi7Mg alloy, replacing the B-AlsFeSi phase.
The remaining components of the AISi7Mg alloy structure, with the
addition of chromium, are unchanged, regardless of the iron and
chromium content.

Studies of the microstructure of the AlSi7Mg alloy also showed
that with an increase in the iron (B-Fe phases) and chromium (a-
FeCr phases) content, the morphology of the chromium-containing
phases changes. The microstructure of the AISi7Mg alloy with
increasing iron and chromium content is shown in Fig. 5.

Fig. 5 SEM microstructure of AISi7Mg alloy for different iron and
chromium contents: a) 0.48 wt.% Fe and 0.156 wt.% Cr (sample 1a); b) 0.7
wt.% Fe and 0.239 wt.% Cr (sample 3a); c) 0.8 wt.% Fe and 0.27 wt.% Cr
(sample 4a); d) 1.0 wt.% Fe and 0.336 wt.% Cr (sample 6a) (magnification
x200).

The microstructures shown in Figure 5 indicate that the
increasing chromium content in the AlSi7Mg alloy causes a change
in the morphology of the Aljs(Fe,Cr),Si, phase from dendritic to
massive, interconnected solids. This phenomenon intensifies mainly
when the content of Fe exceeds approx. 0.8 wt.% and Cr exceeds
approx. 0.3 wt.%. These are probably particles of so-called
“sludge,” which, as shown by research [9, 18], is unfavorable,
especially during die casting. To determine the chemical
composition of the “sludge” particles, XRD tests were performed
again, with the results presented in Figure 6.
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Fig. 6 Microstructure and microanalysis results of the chemical composition
of the AISi7Mg alloy after the addition of chromium.
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Figure 6 shows that, in addition to Al, Si, Cr, and Fe, the
“sludge” particles also contain a small amount of manganese.
However, the exact identification of these particles requires further
XRD testing, which is beyond the scope of this article.

5. Summary

Even though manganese is a popular alloying additive causing
the transformation of the unfavorable B-AlsFeSi phase into the o-
Aly(Fe;Mn)ySi; phase (where: x=12; 15; 19; 20; Y=3; 5, Z=1, 2; 3)
is manganese [11,17], the present study has shown that chromium
can be equally effective. In technical gravity-cast aluminum alloys,
its permissible content is up to 0.15% by mass, and in die-castings —
up to 0.25% by mass. [22, 24]. At higher chromium contents,
different cooling rates, and different purity of feedstock components
(including the presence of iron), intermetallic phases of the
Aly(Fe;Cr)ySiz phases crystallize, having a star-shaped, dendritic
(so-called “Chinese writing”) or polygonal morphology [22-24].
The present study has demonstrated that the addition of chromium
promotes the crystallization of the Aljs(Fe;Cr),Si, phase, as
confirmed in previous studies [25]. Furthermore, this phase replaces
the morphologically unfavorable B-AlsFeSi phase.

Particular attention was paid to the iron and chromium content
in the AISi7Mg alloy. It was found that the content was
approximately up to 0.8 wt.% Fe and approx. 0.3 wt.% Cr (Fe/Cr
ratio = 1/3), the Alys(Fe; Cr),Si4 phase has a dendritic morphology
and effectively “eliminates” the B-AlsFeSi phase from the alloy.
However, when these values are exceeded, the Al3(Fe;Cr),Si,
phase changes its structure from dendritic to massive,
interconnected solids that form so-called “sludge” particles. This is
an undesirable phenomenon, as research [9, 18] shows that this
sludge reduces the mechanical properties, especially the ductility of
the alloy, and its removal from the alloy is difficult.

To more fully investigate the effect of chromium addition on
the change in the morphologically unfavorable
B-AlsFeSi phase, further research is required, mainly in terms of
evaluating the crystallization process of chromium-rich phases and
the performance properties of Al-Si alloys, which will be the
subject of future publications.
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