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Physical properties study of ferromagnetic Permalloy thin films

Ahmed Kharmouche
Laboratory of Surfaces and Interfaces Studies of Solid Materials (LESIMS), Faculty
of Technology, Ferhat ABBAS Sétifl University, Sétif, 19000, Algeria
kharmouche_ahmed@univ-setif.dz, kharmouche_ahmed@yahoo.fr

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

Co, Fe, and Ni transition metals are considerably used in
spintronics as anisotropic devices in numerous magnetic tools [1-6].
Iron-Nickel alloys, and particularly the so-called Permalloy (Py)
Fe20Ni80, present excellent ferromagnetic properties, chiefly null
coercivity and magnetostriction and very low magnetic anisotropy
added to a giant permeability [7-11]. Py is mostly used in functional
materials, as spin-valve and magnetoresistive devices. As thin films,
Py has been produced by electrodeposition, thermal evaporation as
well as DC, and RF magnetosputtering [12-15]. This work aims to
explore the impact of the thickness on the electrical and magnetic
properties of Py thin films, produced using thermal heating under
vacuum. We present, in section 2, the home-made evaporation
chamber, as well as the various characterizations tools used in this
study. In section 3, we present the main experimental results and
discussions. The quantifications measurements of the films are
presented in section 3.1. The structural properties carried out using
X-ray diffraction (XRD) method are summarized in section 3.2, and
section 3.3 is devoted to the electrical properties carried using Hall
Effect measurement system (HMS-5300) based on the Van der
Pauw method under an excitation magnetic field (B=0.56T) and an
intensity current (I=1mA). In section 3.4, we present the
magnetization curves recorded using Vibrating Sample
Magnetometer (VSM) tools, and discuss the impact of the layer
thickness on the spontaneous magnetization and the coercivity. A
conclusion is presented in section 4.

2. Experimental procedures
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
evaporation until the end of the degassing process. This operation
contributes not only to improve the quality of the deposited films,
but also to control and regulate the required duration of the
evaporation. Two pumps constitute the vacuum pumping group, a
primary vane pump, and a secondary oil diffusion pump, cooled by
a system of water circulation coil. To deposit our thin Py films, we

set the base pressure as 107 mbar, and the working pressure better
than 10°® mbar. The electric current intensity was fixed at 280 A,
which ensures an evaporation rate of the materials estimated at 2
A/s. More details regarding the thin film deposition process may be
found in previous works [16-20].

3. Results and discussion

3.1. Quantifications of the thin films

The surface morphology, thickness and chemical compositions were
carried out by means of a scanning electron microscope (SEM,
JSM-7001F from JEOL, Japan) coupled to energy dispersive X-ray
analyzer facility (EDS, E2V Scientific Instruments, model 8700-
2014A). The operating voltage was fixed at 15 kV. The estimated
compositional analysis confirm that the weight percentage (wt%)
ratio of Ni and Fe is near the initial powder with a deviation not
exceeding 2% to that of Permalloy (Ni81Fel9%) material, the
thickness of the Py films being 15, 20, 25, 30, 40 and 50 nm.

3.2 Structural properties

In figure 2, we display X-ray diffraction (XRD) spectra, performed
for all Py/Si(111) samples. We analyzed the diffraction diagrams
with X Pert High Score Plus software which allows an estimation of
the intensity and the position of the peaks. After stripping
analytically, the contribution of Ka, line and the instrumental
contribution (Binstrumentar) from all profiles in order to identify the
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.

3.3 Electrical properties

Measurements of electrical resistivity and mobility of the Py thin
films were performed with an Ecopia HMS 5300 Hall Effect
Measurement System and Van der Pauw geometry, at room
temperature beneath the experimental conditions defined in section
2. The average values of the electrical resistivity and mobility, for
the Py films, are presented in Table 1. The electrical resistivity p is
obtained by the product of the sheet resistance R and the film
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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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Fig.4 Mobility as a function of Py thickness
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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) [ 7
05+ 4
Hj/
; 0.0
2 :
DBAPy(3Onm%
2 0 u[
05 3 b
/ / T8 w2 6 0 6 1 1B
o
10 ‘M_:..:.-v-"f—.‘ P |H(k(.))| A

0 60 4 20 0
H(Oe)
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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+ Experimental
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Fig.6

Spontaneous saturation magnetization as a function of Py thickness

8k + Experimental
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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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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.
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Figure 2. SiN waveguide core transmittance as a function of
core thickness H (normalized).
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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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1
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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
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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.
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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
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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
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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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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.
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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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ELECTROMAGNETIC SPECTRUM.

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.,
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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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I/I3c.11ez(BaHe Ha H3HOC0yCTOﬁ‘{HBOCT Ha HABAPE€HU NYIJICKCHU CTOMAaHU CJIE
MOBBPXHOCTHA XUMHUKO-TEPMUYIHA oﬁpaﬁoTKa

Investigation of wear resistance of welded duplex steels after surface chemical-thermal treatment
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Texuuuecku YHuBepcureT BapHa, E’bJ‘[FapI/IHl,
Icholakov0782@gmail.com; radyankova@abv.bg; plamen_2002@abv.bg.

Abstract: Austenitic-ferritic stainless steels, better known as duplex steels, are increasingly important in modern engineering practice due to
their unique complex resistance, providing high strength, good ductility, excellent corrosion resistance, as well as remarkable
characteristics in aggressive environments. When duplex steels are operated in areas with increased friction, abrasion or mechanical wear,
it is necessary to improve the wear resistance of the surface without compromising corrosion stability. This article presents the results of
wear tests on duplex stainless steel 1.4410 (X2CrNiMoN25-7-4) in the untreated state and after surface improvement by hardfacing and
subsequent nitriding. The nitriding process was carried out in both gas and ionic environments. The wear was carried out using the “pin-on-
flat” method. It was found that under the applied wear conditions, the best wear resistance was recorded in the friction pair with the sample
subjected to ion nitriding. This confirms the effectiveness of the chemical-thermal treatment in improving the wear resistance of the steel.
Keywords: DUPLEX STAINLESS STEEL, THERMOCHEMICAL TREATMENT, WEAR RESISTANCE, MICROSTRUCTURE, HARDNESS

1. Yeoo

B Hacrosimara pabota GOKyChT € IOCTaBEeH BHPXY AYIUICKCHA
cromana 1.4410 (X2CrNiMoN25-7-4), kosATo € mpencTaBUTeN Ha
BHCOKOJICTHPAaHH IYIUIGKCHH cToManu - Super Duplex Stainless
Steel, UNS S32750/S32760) ¢ tumnuueH XxuMu4eH cbcTaB: 25.8%
Cr, 7.0% Ni, 3.8% Mo u 0.30% N, PREN wungexc nag 40,
rapaHTHpall W3KIIOYUTENIHA YCTOWYMBOCT Ha IUTHHIOBA U
MEXIYKPHCTAJIHA KOPO3Hs JOPU B arpeCUBHU XJIOPHIHH CPEIH.
MexaHUYHUTE CBOWCTBA BKJIIOYBAT TPAHUIIA HA MPOBIaYBaHe >550
MPa, sxoct Ha onbH ~750-800 MPa u tBBpHOCT OKOMO 300 HV B
otrpsato cbcrosiune. Ctomana 1.4410 ce oTnu4yaBa ¢ ONTHMAIHO
CHOTHOIICHHE MEXIy ayCTeHHT M (EepHuT, KOETO BOIU IO
OalaHCMpaHW  MEXaHHYHHM  XapaKTepUCTHKA U HOZO0OpeHO
noBeieHHe Tpu 3aBapsiBane. [1, 2]. Tlpumara ce mpu arpecHBHH
YCJIOBHS U C€ XapaKTepH3HUpa MOBUILECHN M3UCKBAHHUS KbM KOHTPOJ
Ha TOIUIMHHHS BXOJl M TocjenBama oOpaboTka, 3a ga ce m3berHe
oOpasyBaHe Ha HexenaHu (a3u. B 30HH C TIOBHIIEHO TpUEHE,
abpa3usi WIM MEXaHWYHO M3HOCBaHE, BB3HHKBAa HEOOXOAMMOCT OT
monoOpsiBaHe Ha MOBBPXHOCTHATa HM3HOCOYCTOHYMBOCT, 0e3
KOMIIPOMHC B KOPO3MOHHATa CTaOWIIHOCT. [IBa OCHOBHHM 1MoX0/a 3a
nopoOpeHre Ha MOBBPXHOCTHHUTE CBOMCTBA ca MEXaHH3MPaHOTO

HaBapsiBaHE C  YCTOWYMBM Ha  W3HOCBAaHE  CIUIABH U
HHCKOTEMIIepaTypHaTa  XHMHKO-TEPMHUYHAa  oOpaboTka,  mo-
cnenuanHo asotupaHero. [lpm azormpane moxm S00°C B

IYTUIEKCHUTE CTOMaHH ce (GopMupa CHelnuasHa MeTacTaOmiHa S-
(haza — CBpbXHACHUIIEH ayCTCHHUT C 30T, KOSATO MPOSABSIBA TBBPIOCT,
MHOTOKPaTHO MO-BUCOKa OT Oa3oBara CTpykTypa. TBbpaocTTa Ha S-
(bazata e cpu3MeprMa WIH JOpH HaJBWIABA Ta3H HA THIIMYHHS
HHUTpUJIEH clo, oOpasyBan npu Temmneparypu Hax 500 °C, kato
CBILEBPEMEHHO C€ 3aIa3Ba yCTOWYMBOCTTA Ha KOPO3HS — OCHOBHO
MpPEeIMMCTBO NpU JYIUIEKCHUTE Marepuanu. Ta3u mnoBuILEHa
TBBPJOCT CE JABJDKU Ha a30THA KIACTEPU3alUs U MUKPOIUIACTHYHU
nebopmaruu B aycTeHuTHara (asa. ATOMHTE Ha as3oTa ce
BHEZpSBAaT B pelieTkara Ha y-(asaTa (ayCTEHUT) M MPEAU3BHKBAT
pasmupsiBane Ha FCC pemerkara. [3, 4, 5]. Bompekn ToBa,
Majkata jaeOenmHa Ha S-CIosl Ch3JaBa INPEIU3BHUKATENICTBA IIPH
KOJIMYECTBEHA OIlleHKa Ha edexTa BbpXY H3HOCBAHE IPH pEaHU
HaTOBapBaHUA.

HaCTOﬂLU,aTa CTaTus NPEACTaBd PpeE3yJTaTH OT H3MNUTBAHE Ha
W3HOCBaHE Ha JAyIUIeKCHA HepbxkIaema cromaHa 1.4410
(X2CrNiMoN25-7-4) B u3xoaHO (HeoOpabOTEHO) CHCTOSHHE U CIE]
mojoOpeHre B TOBBPXHOCTHHS CJIOH, dpe3 HaBapsBaHe W
rmociesiBamo azoTupane. HaBapsBaHETO € M3IMBIHEHO Upe3 PHIHO
SJICKTPONBIOoBO HamacTsBaHe (mpomec 111) ¢ enekTpomn
MOAXOMAAINN 3a IyIMIeKcHH croMaHu. IIporechT Ha azoTupane e
MPOBEICH KAaKTO B ra3oBa, Taka U B oHHa cpexa mpu T 490°C c
npoabmkuTeHocT 134, M3HOCBaHETO € MPOBEAEHO M0 METOA Pin-
on-flat, KOiTO MO3BOJIIBA CUMYJMpPaHE HA CyXO IUIB3rallo TPUCHE
IIpU TOCTOSIHHM TapaMeTpH - HOpMajHa CHJa, CKOpPOCT H
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KOHTaKTHa TeoMeTpus. l3moms3BaH € CTEeHI 3a HM3NUTBaHE Ha
nzHocBane Glomro BXT-MAR306, B pexxuMm Ha CyXo TpHUECHE —
¢ur.l. 3a ma ce oueHH e(QEKTHBHOCTTa HAa JONBIHUTEIHUTE
obpaboTky Ha cTomaHa 1.4410 B KOHKpPETHH EKCILIOATallHOHHH
YCJIOBHS € U3II0I3BaHa TPUEIla JIBOIKa, B KOSITO KOHTPATSJIOTO € OT
UJICHTHYEH MaTepual B HeoOpabOTEeHO ChCTOSHUE.

W3HOCEH YYACTBK

<

TECTOB OBPA3EL

@uz. 1 Cmeno 3a usnumeane Ha UHOCEAHE

A) Hpunyunna cxema; 5) Cmeno 3a uznocéane Glomro BXT-MAR306

2. Pesynmamu u ouckycusn

OtuereHa € MHUKPOTBBPAOCT HV1 1Mo MOBBpXHOCTHUS CIIOW Ha
npoOHUTE 00pa3ny, IMpU KOETO € YCTAaHOBEHO, Ye CTOIHOCTTa ce
yBeIMYaBa 3HAYMUTENHO CJIeA JONBIHUTEIHHTE 00paboTKu-
HaBapsIBaHE U a30TUpaHe — ¢ur.2.

MukpoTebpgoct HV Ha ctomaHa EN 1.4410 (X2CrNiMoN25-7-4),

UNS $32750
1198
1015
715
393
cnep, HaBapAaBaHe u
M3XO[HO CbCTOAHME  C/IefL H cnep, 1 WOHHO asoTUpaHe

rasoso a3oTuvpaHe

@uz.2 Mukpomevpoocm HV na cmomana EN 1.4410 (X2CrNiMoN25-7-4),
UNS §32750 6 uzxo0no cvcmosinue u cied Ha8apAsane u a3omupate.
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Cnen mpolieca Ha  €JNEKTPOJBIOBO HaBAapsBaHE HA H3XOIHUS
obOpasen, mukporBbpaoctra HV ce moBumasa ot 393HV o
715HV. Tlpu pombBIHUTENHATA XUMHUKO-TEPMHYHA 00paboTKa,
MHUKpOTBBpIocTTa goctura 10 1015HV mpu razoBoTto a3oTupane u
1198HV npum iHoHHOTO a3oTHpaHe. ToBa nOTBBpXKIAaBa
MOIUGHUINPAHETO Ha ayCTCHHUTHATa CTPYKTypa, Upe3 HACHIaHE C
a3or u ¢opmupane Ha S-¢haza, KOSATO € KIIOYOB (axkTop 3a
mojoOpsBaHe Ha TBBPJAOCTTA U  HM3HOCOYCTOHYMBOCTTa Ha
JYIUIEKCHUTE CTOMaHH Clie]] a30THPaHe.

B ompeneneHd eKCIUIOATAMOHHN YCIIOBHUS, TPHUeEIIaTa IBOHKA
Ce ChCTOM OT MaTepHay C Pa3iuvHa TBBPAOCT U KOSHHLIUCHT Ha
Tpuene. Ilpu cyxo T[UIb3raHe Ha METAJHH TMOBBPXHOCTH
KOe(DUIIMEHTHT Ha TpPUEHE ¢ H3HOCBAHETO Cca CBBpP3aHH
HHIUPEKTHO. [l0-BHCOK KOE(QHIMEeHT Ha TpHeHe, OOMKHOBEHO
O3HayaBa MO-TOJSIMA TAHTCHIMANHA CHIAa W HOTCHIMAl 3a MO-
rojsiMO MexaHu4yHo wus3HocBawe. [6, 7, 8]. Cuen asorumpane,
CTOMHOCTTA Ha Koe(uIMeHTa Ha TpueHe mpu super duplex stainless
steel EN1.4410 (UNS S32750) OOMKHOBEHO C€ HamalsiBa WU
crabumnm3upa, OJiarofapeHe Ha IOBMIIEHATa TBBPAOCT U
obpasyBanero Ha 3amuthu cioese. [9, 10]. Ilpu TecroBere Ha
HM3HOCBaHE Ca M3IMON3BaHH NPOOHH 00pasiu ¢ pazmepu 80%20x12
mm, ¢ WICHTHYHA HayajHa TpalaBOCT, IIOTUTHAaTa 4Ype3
numdosane. OOpasern 6 € MOUTOKEH Ha JOMBIHUTENHA 00paboTKa
SJIEKTPOBIOBO HaBapsiBaHE M IIOCIEIBAINO a30THpaHe, B ra3oBa
cpema, a OOpazenr 14 — Ha  eNEKTPOABrOBO HaBapsiBaHE U
MOCIIEIBAI0 WOHHO a30THpaHe. [IpOTHBOTAIOTO € M3paboTeHO OT
eTaJIoHHUs Matepuan ctoMaHa 1.4410 (X2CrNiMoN25-7-4) B
H3XOMHO cChcTosiHMe. Ilo BpeMe Ha Tecta 3a H3HOCBAHE,
oyc(epUIHOTO MPOTUBOTSIIO ¢ AaMeThp 10 mm ce HaToBapBa C
1,0 kg u ce mwp3ra no npoGHUst oOpaser ¢ Tpaekropus oT 60 mm n
ckopoct 60mm/s. UW3Bbpmienu ca Ttpu cepust ot 2 000 nukbia ¢
o0y T Ha M3HOCBaHe S=360m. M3cienBaHo € MOBEIEHUETO Ha
HM3XOIHHsI 0o0Opasenl B KOHKPETHHUTE YCIOBHS Ha TPHOOIOTHYHOTO
n3nurBane. CTemeHTa Ha M3HOCBAHE CE OMPEAENs MO TETJIOBHHS
METOJl, Ype3 W3MOJ3BaHe HA aHAJIUTHYHA BE3Ha C TOYHOCT JIO
0,0001 g., KaTO MPOTHUBOTSIIOTO CE MOYKCTBA, U3CYIIaBa U MPETETIIs
B HAYaJIOTO U B KPasi HA BCSIKA CEPUs OT H3IMUTBAHMSI.

Taonuuya 1: Ilapamempu na usHoceane HA NPOMUGOMANO OM  CMOMAHA
1.4410 (X2CrNiMoN25-7-4).

Bpoii Huxkin 2000 4000

6000

IIsT Ha H3HOCBAHEe S, m 120 240

360

Ilpomueomsano c Oopazey 14

3ary0a Ha Maca Ha
IIPO THBOTANIO

Am, mg 2.6

W
%]

3ary0a Ha oOeM Ha
TP O THBO TAJIO

AV=Am /p, m3 2E-10| 3E-10 5E-10

C-KOPOCT Ha N3HOCBAHC Ha
IIPOTHBOTAIIO

[FAm/S, mg/m 0.011 0.011 0.011

Ilpomusomano c Oopaszey 6

3aryba Ha Maca Ha
PO THBOTSATIO
Am, mg

0.9 1.8

[

3aryba Ha 0O6eM Ha
[P O THBOTATO

AV =Am /p, m3 1E-10| 2E-10| 2.3E-10

C-KOPOCT Ha N3HOCBAHC Ha
IIPOTHBOTAIIO

I=Am/S, mg/m 0.008 0.005 0.005
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IMpomsinaTa B Macara Ha mpo0ara ciei W3NHUTBAaHE, [03BOJIIBA
Jla ce OIpemenu CTeNeHTa Ha u3HocBaHeTo.  OmperneneHo e
MacoBOTO H3HOCBaHE Am u 00eMHOTO u3HOCBaHe AV Ha
IpOTUBOTAIOTO. [lomydeHu ca CTOMHOCTH 3a CKOPOCT Ha H3HOCBaHE
I, npencraBisBamia OTHOIIEHUETO MEXKIy MAacOBOTO H3HOCBaHE U
M3MHUHATHS BT Ha U3HOCBaHe — Tabm.1.

VYcraHOBEHO €, 4e B IPIIIOKEHATE YCIOBHS Ha M3HOCBAaHE Haii-
roisMa 3ary0a Ha Maca B IIPOTHBOTSUIOTO, H3pa00TEHO OT M3XOMHHS
MaTepHan ce perucTpupa B TpHellaTta JBOiKa ¢ oOpasera,
MOJUTOKEH Ha HoHHO azotupane (OOpasen 14) u npu TpuTe pexxuma
Ha wm3nuTBane — ¢wur.3. ToBa MOTBBpKIaBa e(PEeKTHBHOCTTA Ha
XHUMUKO-TepMHUYHATA obpaboTka 3a noao0psiBaHe Ha
HM3HOCOYCTOMUYMBOCTTa Ha CTOMaHata. B Tpuemara 1Boiika ¢
O6pazen 14 ce HaOMOaBa IMHEHHA 3aBUCUMOCT MEKIY MacOBOTO
W3HOCBaHEe M BT Ha M3HOCBaHE Ha IPOTHBOTSUIOTO, KAaTO IIPH
yaBosiBaHe Ha mhTs oT 120 mo 240 m, macoBara 3aryba Ha
IPOTUBOTAIOTO ChUIO ce yaBosBa oT 1.3 mg mo 2.6 mg. B
Tpuemiata [BOiika ¢ oOpaseny 6, 3arybata Ha Maca Ha
MPOTHBOTSIOTO HE PACTe MPONOPLUHOHAIHO Ha IIBTA HA N3HOCBAHE.
3a mppBHSA PEXUM C IBT Ha W3HOcBane 120 M., ce permcrpupa
3ary6a Ha maca ot 0.9 mg. Ilpu Bropus pexxum 3arydaTta HapacTBa C
04 mg, a mpu Tperuss pexuMm — HapactBa ¢ 0.5 mg. B
HNPOTUBOTSUIOTO ce HaOyojaBa THUNWYHA TPUOOJOTMYHA KpUBa C
0Bp30 HAUYATHO U3HOCBAHE M IPEX0A KbM PaBHOMEPHO M3HOCBAHE C
MO-HUCKA CKOPOCT.

CkopocTTa Ha HM3HOCBaHE Ha NPOTHBOTSIOTO CE 3amasBa B
Tpuemara aBoiika ¢ OOpasen 14 m ce mMoHIMXaBa B TpuelaTa
nBoiika ¢ O6pazen 6 — ¢ur.4. 3a KOHKpETHHTE MapamMeTpu Ha
M3IUTBaHE, H3HOCBAHETO € B CTALIMOHAPEH €Tall, B KOWTO CKOPOCTTA
Ha HM3HOCBaHE CTaBa HPHOIM3UTEIHO JIMHEHHA, CIPSIMO ITBTS Ha
IUTB3TaHe.

3aryba Ha mMaca Ha NpoTHBOTANOTO

P
L

@uz.3 3azyba na maca Am (NQ) Ha npomusomsiomo 6 mpuewsa 060UKA ¢
asomupanu odpasyu.

CKOpOCT Ha M3HOCBAHE Ha MPOTUBOTANOTO

2000 Linknn 4000 Uuknn 6000 Lnknn

0.012

o
o
=

o o
o o
S S
& &

o
E

CKOPOCT Ha M3HOCBaHe mg/m
(=]
b=
(=3
=]

0

m Co6pazel 14 -iHOHHO a30TUpaHe m C ofpazey 6-razoso a30TMpaHe

@uz.4 Cropocm wa usmoceane 1(Mg/M) na npomusomsiomo 6 mpuewa
0801iKa ¢ azomupany oopasyu.
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ToBa € Hal-IBATMAT W MpPEACKAa3yeM €Tall, BaXeH 3a
eKCIUIOATALIMOHHMS XMBOT Ha JeTainute. 3a mepuon ot 6000
LUKbJIa C BT Ha H3HOCBaHe 360M. He ce HabIOAaBa U3MEPUM
W3HOCEH OTHeYaThbK B OOpasmure ¢ JONBJIHHUTENHA O00paboTKa
HaBapsBaHE W a30THpPaHEe, KOETO ITOKa3Ba 3HAUUTENIHO IT0-BHCOKATa
HM YCTOMYMBOCT Ha TpHueHe. VIOHHOTO a30THpaHE YCKOpSBA
nubys3usnTa Ha a30T U GOPMHUPAHETO HA IUTBTEH U YCTOHYUB cioi (S
(aza), KOWTO yBeIH9IaBa TBHPAOCTTA ITO MOBBPXHOCTTA M ITOBHIIABA
3HAYUTENTHO YCTOMUMBOCTTA Ha aXE3UBHO U aOpa3sHMBHO M3HOCBAHE.
Bucoxkara TBepaocT Ha oOpaselia ¢ HaBapsiBaHE 1 HOHHO a30THpaHe
BOJM 0 HaMaisiBaHe Koe(uIleHTa Ha TpueHe. ToBa oOyciaBs U
3HAYUTENTHO MO-BHCOKAaTa CTEMEH HAa H3HOCBAHE HA MPOTHBOTSIIOTO
B Ta3u TpHUella ABOMKA.

3. 3aknrouenue

e [IlpoBeneHuTe H3NMTBAaHUS  IOTBBPXKIABAT, 4e
MOBBPXHOCTHaTa  00paboTKa  upe3  a30TUpaHe,
3HAYUTEITHO MOBHIIaBa TBBPAOCTTA u
M3HOCOYCTOHYMBOCTTAa Ha JIyIUICKCHAaTa HepbkIaeMa
ctomana 1.4410, ocobeHO TmpH ChYETaBaHE C
e OopMaIOHHO HaBapsBaHe.

e  HOHHOTO a30THpaHe OCHIypsiBa I0-BUCOKA TBBPIOCT
Ha S-(hazaTa U MO-HHCKA UHTEH3MBHOCT HA M3HOCBAHE
CIIPSIMO T'a30BOTO, KAaTO CBHIIEBPEMEHHO 3aIa3Ba II0-
JoOpe CTpyKTypaTa B 30HHTE, IIOJJIOKCHH Ha
JMHAMUYHO TpueHe. PexxuM Ha HOHHO a3oTupaHe
npu 490 °C 3a 13 yaca Ha gyruiekcHa ctomasa 1.4410
¢ nebemuua 12 mm, ocurypssa 100bp OanaHc MEXTY
TBBPAOCT U U3HOCOYCTOHYHUBOCT.

e  Bucokara TBppaoCcT Ha cToMaHa 1.4410 cien razoBo
WIM HOHHO a30THpaHe HaMmajsiBa Koe(HIMeHTa Ha
TPHEHE M BOJIH JI0 3HAYMTEIIHA CTETICH Ha H3HOCBAHE B
Tpuella ABoWKa C U3XOIHHS MaTepal.

L4 AHaTU3BT TMPEaOoCTaBsd HACOKH 3a NMPUJIOKEHUETO Ha
AYIUICKCHU HEPBXKAAaCMH CTOMaHU B HWHXXCHCPHU
KOMIIOHCHTHU, KDUTUYHHU 34 U3HOCBAHETO.
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ABTOpHTE W3Ka3BaT CBOsATa OJNarojapHocT 3a
MOJKperaTa Ha HayYHOHM3CIIeI0BaTeICKu poeKT [1]]
15/2025, <¢uHaHCHpaH 1ENEBO OT JIbPKaBHHSA
OIO/DKEeT, B paMKHTE Ha HayYHOM3CIIe[OBaTEJICKaTa
nertHoct Ha TY-Bapna.
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N3cnenBane HA BJIAMSIHUETO HA TepMHU4YHAa 00padoTKa BbPXY cToMaHa S355J2:
3akajigBaHe U mocjaeaBan OTNyCK Npu pa3sjiudHi TeEMIIEpaTypu
Investigation of the Effect of Heat Treatment on S355J2 Steel: Quenching and
Subsequent Tempering at Different Temperatures

umk. Jlroqmun Yonakos, Maructsp, IWE/EWE, Pumakem EOO/, 1cholakov0782@gmail.com
Eng. Lyudmil Cholakov, MSc, IWE/EWE, Rimakem Ltd., Icholakov0782@gmail.com
urk. Crparumup J[uMoB, Maructsp, , Pumakem EOO/I, s.dimovl@mail.bg
Eng. Stratsimir Dimov, MSc, Rimakem Ltd., s.dimovi@mail.bg

Abstract

This study investigates the effect of tempering temperature on the microstructure and mechanical properties of low-carbon
structural steel S355J2 after quenching. Commonly delivered in the normalized condition with a ferrite—pearlite
microstructure, S355J2 was subjected to a heat treatment process consisting of full austenitization at approximately 880 °C,
followed by water quenching and tempering at three different temperatures: 250 °C, 450 °C, and 600 °C. Four samples with
dimensions of 22 x 22 x 85 mm were prepared—one in the as-received (untreated) condition and three heat-treated at the
specified tempering temperatures.

The experimental methodology involved microstructural characterization via optical microscopy after standard
metallographic preparation and Nital etching, Brinell hardness measurements, and Charpy-V notch impact testing. The
tempering process is expected to result in a progressive transformation of the as-quenched martensitic structure into tempered
martensite, troostite, or sorbite, depending on the applied temperature. Tempering at 250 °C is anticipated to reduce internal
stresses while maintaining high hardness. At 450 °C, partial carbide precipitation is expected to improve the balance between
strength and toughness. Tempering at 600 °C is likely to produce a sorbitic microstructure, offering enhanced impact
toughness with a reduction in hardness.

The aim of this investigation is to evaluate the influence of tempering temperature on microstructural evolution, hardness,
and impact resistance of quenched S355J2 steel. The results are intended to support the optimization of mechanical
performance for dynamic or safety-critical applications by identifying the most suitable tempering conditions that balance
strength and ductility.

Keywords

S355J2, heat treatment, tempering, quenching, hardness, microstructure, impact toughness, martensite, sorbite, structural

steel.

L Bwveeoenue muH (uecto ~0,5—-1 yac 3a neraitn ~30 mm) —

JIOCTaThYHO BPEME, 3a JIa CE U3PABHU TEMIIeparypara B

Cromanara S355J2 e HUCKOBBIJIEPOHA 1esust 00EM | JIa Ce Pa3TBOPAT KapOUAHUTE (asu.

KOHCTPYKIMOHHA cToMaHa ¢ npudinsutenHo 0,20% C Iperpsisaneto Hax 920°C He € KeNaTenHo, Thi KaTo

(makc. 0,22% 1o ladle ananus) u oxono 1,5% Mn, o BOJIM JI0 M3JIMIIHO HAPACTBAaHE HA AyCTEHUTHOTO 3bPHO U

cranaapt EN 10025-2. OGuKHOBEHO Ce J0CTaBs B TOHIKEHa yIapHa JKUIABOCT cliel 3akanssane. Cren

HOpMalM3upaHo cheTosiHue (0603HaueHue “+N”), npu TeMIIEpUpaHe Ha 3a/la/ieHaTa TEMIIEPATYpa, AETAMIBT ce

KOETO nMa @epHTHO-HCpHHTHa CTPYKTYypa C TBbPAOCT M3BaXKJia 3a MOCJeaBalll0 OXJIaXX1aHE

oxoiio 150-190 HB. S355J2 mputexaBa MUHHMAaIHA (3akansBane).[1,2,3,]

rpanuna Ha nposnayaHe 355 MPa u 100pu cBolicTBa Ha

ynapsa xunasoct (27 J npu -20°C). Huckoro Il. Teopemuuna uacm

ChIbpXKaHUE Ha BHIVIEPO] 1 JICTHPALIHN €IeMEHTH
(ocHOBHO Mn) 00ycnaBs 1oOpa 3aBapsieMOCT, HO Oxtazaa1M CPe/Ii M CKOPOCT Ha oXIa1aHe

CPaBHHUTENHO OTrpaHNYeHa MpokanseMocT. ToBa 03HayaBa,
. Bona: ocHOBHa cpefia 3a 3akaisBaHe Ha S355

4e Ipu 00EMHO 3aKaJIsIBaHe MOXeE Jla He ce TONTyqn o
TIpU MacUBHU JieTaiimm. OcurypsiBa

M3IBUI0 MAapTEH3UTHA CTPYKTYpa B IEHS cpe3 Ha
1 . P p6yK ypasm P Heo0xo[uMaTa CKOPOCT 3a U30ArBaHe Ha
eTaiim ¢ mo-roysivMa febennHa.
a . (eputHO/MIEpIHTHO NpeBpBInane. [Ipu ~30 mm

AyCTeHl/ITI/ISI/Ipaﬂe (TeMnepaTypa Ha CEUYCHUEC rapanTupa II’LIIGO‘II/IHHO MpOKaJIIBaHE

3aKaisBaHe). 3a 00eMHO 3akansgBaHe S355J2 meTalrbT 4ype3 Obp30 NpeMHUHABaHE NP3 KPUTUUHHS

O,
IIBPBO C€ HArpsBa [0 TEMIEPATypa HaJ KPUTHYHATA 32 Temrneparypen nrrepsai (~600-300°C).

oOpasyBaHe Ha aycTeHUT (Acsz ). [IpemmoppuBar ce Bbhpeku prucka OT HalpeKeHUs U

TeMIepaTypy Ha ayCTEHUTU3ALMA B JUana3zoHa ~860 — Ziepopmann, HICKOTO ChABPKatHe Ha C

< 0,
920°C. OGUKHOBEHO ONTHMAHATA TEMIIEPATYPa € OKOJIO (=0,22%) HamansiBa ONacHOCTTa OT MyKHATHHH.

880-900°C, mocrarbuno Hag Acz (~820°C 3a tasu e Macio: no-cabo OXIaxAalo oT BOATA.
CTOMaHa) 3a Jia C€ MOJIy4YH €HOPOAEH APEOGHO3BPHECT THonxonsuio mpy Hys/1a OT paBHOMEPHO
ayCTeHUT. 3aIbp>KaHEeTO Ha Ta3M Temieparypa e ~30—-60 OXJIAXk/IAHE ¥ M0-HUCBK PHCK OT Je(opMalni.
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IIpu ~30 mm ceyenue Moxe Jja € TPaHUYHO —
ChplLIEBUHATA MOXeE J]a HE C€ OXJIau
JOCTaTbhyuHO 32 opMHUpaHe HA MAPTEH3UT.

e  Bwn3ayx He no3BoisiBa hopMHUpaHE HA
MapTeH3uT B S355J2. [punara ce camo npu

CopueBnHa (~15 mm): Haii-6aBHO oxnakaaHe.
BeposiTHa cTpykTypa — ojeH OeHHUT ¢
BKJIIOYBAHUS OT (eput/nepnut. Jopu npu
BOJIHA 3aKaJIka He Ce TapaHTHpPa ITbJICH
MapTeH3HT B ChPIIEBUHATA.

HOPMaJIM3alUOHHO OTTPsIBaHE.
Crnent 3aKansBaHe MaTepHaNbT € TBBPJ, HO KPEXBK.

3aroBa ce npenopbuBa HUCKOTEMIIEPATYPHO OTBPBIIAHE

e  Ckopoct Ha oxJaxaane: 3a popMupaHe Ha
MapTEH3UT, CTOMaHara TpsioBa Obp30 1a
npemuse nox Ms (~400°C). S355J2 uma
yMepeHa npokasieMocT mopanu ~1,3-1,6%

(200-300°C) 3a pexylupane Ha HAIPEKECHHUATA C
MHHHMMaJHa 3ary0a Ha TBBPIOCT. AKO € HEOOXOIHM

Mn, HO M3MCKBA BHCOKA KPHTHYHA CKOPOCT. Gastatc Mexily TBBPAOCT M XKUIIABOCT, 110-106p0

BomroTo oxnakaane ot ~880-950°C dopmupa cpenHoTemIeparypHo orBpsbinane (450—-600°C), koeto

OCHOBHO HIJIECT MApTEH3HT C MAJIKO BEHHUT — Bb3CTAHOBSBA XUITABOCTTA.

0CO0CHO B 1T0-0aBHO OXJIaK/Jalliara ce

3akaneHo u oTBbpHaTo cherosiHue: ReH 1o 550-700 MPa
chpueBrHa. [Ipu MaciieH 3akaj, JenbT Ha

u Rm 1o 800-1000 MPa (cripsamo 355 MPa ReH B
HOPMAJIH3UPAHO ChCTOSHHUE), T.€. IKOCTTA HApacTBa ¢ 50—
60%, npu ymepena 3aryba Ha miactuaHocr.[7,8,9]

OCHHHUT U QEePUT € TO-TOJSAM ITOPaAJIH T10-
6aBHOTO OXJaxnane.[4,5,6]

ITpokassieMOCT M 04aKBaHA CTPYKTypa N m—

S355J2 uma orpaHruYeHa POKAIIEMOCT — TP JIcOCTHHA

I ; .
~30 mm ce GopMHpa rpagueHT Ha CTPYKTypara: y pe/ TepuiHa 06padoTka: heputho

nepiuTHa cTpykTypa (~20—30% mepaur, ~150—

e  TlospxHocT (~5—-10 mm): bpp30 oxnaxnane 180 HB), uecto ¢ nenrouanoCT.

BOJIH JIO TIOYTH H3ILSUIO MapTEH3UTHA
cTpykrypa. Teppmocrra mocrura ~360-400 HV
(~35-40 HRC), cripsimo ~160 HB B
HOPMAJU3UPAHO CHCTOSHUE.

o Cnez[ 3aKaJIsIBaHE: ayCTCHUTBHT CE
TpaHchopMHUpa B MApTEH3UT (TBBpPAA, UIJIECTa
CTPYKTYpa).

e  Crnen orBpbluane (~450°C): nonyuasa ce
e  [Ipexonna 3oHa (~10-20 mm): CmeceHa A OTBPBIIAKE ( ) Y
N OTITyCHAT MapTEH3MT (TPOOCTUT/COPOUT) —
MapTeH3UTHO-OCHUTHA CTPYKTYypa. Mn

o (hepuTHA MaTpUIA C TUCTIEPCHH KapOHIH.
(~1,5%) noxnomara ob6pa3yBaHe Ha TOJIE€H
ot CrpykTypara ce CTabuIU3upa, TBBPIOCTTa
nmoctura ~280 HB, a MexannuHHTE CBOMCTBA

3HauMTENHO ce mopobpsear. [1,2,3,4,5,6]

Tadnanua 1: [IpenopbunTe/IHE NapaMeTPH Ha 3aKajisiBaHe U OTBpbIIaHe 3a S355J2 (ne6eanna 30 mm)

B (0] /
Etan Ha o0padoTka Temnepatypa (°C) pene 1a Oxnaxnane HaKGaa TERPACE
3abpiKaHe MuKpocTpyKTYpa
A B 360—400 HV (=35-40 HRC);
yCTeHUTH3aws (32 860-900 30-60 0J1a WIIX MAcIIo ( F );
3aKaJisiBaHe) (6Bp30) MapTEeH3UT + MaJIKO OEHHUT
o 3ama3eHa BUCOKa TBHPIOCT;
TBPBILAHE —
PRIl 200-300 ~1 ygac Braayx YACTUYHO HAMAJIEHUA
HHUCKOTEMITepaTypHO
HaNpPEeXKCHUsT; HUCKA )KUJIABOCT
o 250-300 HV; temnepupan
TBPBIIAHE —
oIl 450-500 1-2 vaca Bo3ayx MapTEH3UT/TPOOCTHUT; TO0OBD
CpeIHOTEMITepaTypHO
OaslaHC TBBPJOCT—KUIIABOCT
o ate 200-240 HV; copoutHa
'TBPB HEC —
PoIlL 550-600 1-2 yaca Bo3ayx CTPYKTYpa; OTINYHA )KUJIABOCT,
BHCOKOTEMIIEPaTypHO
0-HHUCKA TBBPAOCT

I11. Memoouxa na excnepumenma LOCTABEH B HOPMAIU3UPaHo cheTosiHue (TN), ¢

THIMUYHA (EPUTHO-NIEPIUTHA CTPYKTYpa U

e  Marepuaa u npodou TBBpHOCT ~160 HB.
3a excrepuMeHTa ca U3MOI3BaHN S TPOOHN
Tena, u3psa3anu ot S355J2 mo EN 10025-2, ¢
pasmepu 22x22x85 mm. Marepuanst €
Tabanua 2. Xumudex
c [ [ W [ P [ 5 [ N [ & [ o [N [ o o
0.017 0.19 1.48 0.025 0.004 0.011 0.05 0.04 0.02 0.041
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HOpMaJIN3HUPAHO CHbCTOSHUEC.

Reh Rm A v KV1-40° | KV2-40° | KV3-40° o
N/mm2 N/mm2 % ] J J a
385 506 26 157 170 141 160 0.39

PEXHUM CIPSMO U3XOAHOTO CHCTOSHHE, C AKI[EHT BHPXY
CTa0mIM3anysiITa Ha CTPYKTypaTa U MOCTHraHe Ha OaaHc
MEXJIY TBBPAOCT U MIACTUYHOCT.

1V: Pesynmamu u ananus3.

e  JIpoBeneHUAT KOMIUIEKCEH aHaIM3 Ha cToMaHa S355J2 cnen
" 00EeMHO 3aKaJisIBaHe M OTBPBIIAHE IIPH PA3IUIHH
it TeMIEepaTypy pa3KpHBa ICHO U3pa3eHa KOpesalus MeXay
TIPWIOKEHNTE TEPMUYHHU PEXHUMHU, popMupaHara
@ur. 1. 3arotoBku 0T cToMaHa S355J2 npenu pa3iIuyHU PEKUMHU Ha
TepMHYHA 00paboTKa

MHKPOCTPYKTypa 1 MOIyIEHUTE MEXaHIYHU CBONCTBA.
e B U3X0IHO CHCTOSHME MAaTepPHANBT IEMOHCTPHPA TUIIMIHA

CPUTHO-TICPIIMTHA CTPYKTYpPa C JICHTOBUIHA MOP(HOIIOTHS,
[ Tepmuuna o0padoTka ep P PYKIYP pd
XapaKkTepHa 32 HOPMaJIM3HPaHU HUCKOBBIVIEPOIHH CTOMAaHH.
Enna oT mpoOuTe ¢ 0cTaBeHa B U3XOAHO ChCTOSTHHE (KOHTPOIHA),
Hauamnara tBbproct e npubmmsurendo 160 HB, ¢ Bucoka
a OCTaHAJIUTE YETHPU ca MOJIOKEHH Ha 00EMHO 3aKajsiBaHe.
o IUIACTUYHOCT, HO OTPAaHMYEHHU SKOCTHHU MOKa3aTelH.
IIponecsT BritouBa Harpsiade 10 ~900°C ¢ u3oTepMUYHO .
e  Cunen aycrenntusarms npu ~900°C u 6bp30 OXJIaKAaHe BbB
3agppkaHe oT 60 MUHYTH U ITOCIIEABAIIO OXJIAXK/IaHE BbB BOJA
N BOJIa, MUKPOCTPYKTYpaTa B IOBBPXHOCTHHUTE CJIOEBE CE
TIPH CTai{Ha TeMIeparypa.
TpaHc(OpMHUpa B HIVIECT MapTEH3UT, KOETO BOIH 10
Crent 3aKaisiBaHeTo, TPUTE oOpasela ca MOoI0KEHH Ha

OTBPBILAHE TIPH CIIEHUTE PEKHMH:
° IIpo6a 1: 200°C / 1 gac

3HAUYNTEHO MMOBHIIaBaHe Ha TBHpaocTTa (10 41 HRC). B
TIpexXo/{HaTa 30Ha ¥ ChpLIEBUHATA CE PErNCTPHpa HAIUYKE Ha
OeHHHT 1 OCTaTh4eH (PEPHUT MOpaan HaMalleHaTa CKOPOCT Ha

OXJIaXXOaHE, CbOTBETCTBAIllA HA TUIITMYHUTC OI'PAaHUYCHUS B
e IIpoGa 2:400°C / 1 uac flaHe, » p

npokaisieMocTTa Ha S355J2.

° IIpo6a 3: 600°C / 1 wac e  Ortspsumarnero npu 200°C Boau 10 hopMHpaHe Ha OTITyCHAT

MapTeH3UT C YaCTHIHO PA3CesTHU KapOuaM M JacTHIHA

OTBpBIAHETO ¢ U3BBPIICHO C MOCIE/IBAIIO OXTTAXK/IaHE Ha peslakcalus Ha BTpEIIHUTE HanpeskeHus. TBbpaocTTa

BB3YyX. ocrasa Bucoka (~38 HRC), nokaro ynapHara >xunaBocT

mocrtura 123,1 J/cm?.

MeTtoan na msnurBaHe: Cren TepMuyHaTa 00paboTKa ca

e  IIpu orBpbmane Ha 400°C ce HabmogaBa CTPYKTypa OT
W3BBPIICHH: P PRIl A PYKTYP

TeMIepUpaH MapTEH3UT (TPOOCTHT), XapaKTEPU3UPAILA CE C
e  Meranorpadcku anaiaus: U3roteeHn ca MEKpOULTU(OBE XOMOTeHHa (hepHTHA MaTPHIIa U GHHO MCTICPTHPAHH
kapOunu. ToBa CHCTOSHUE OCHTYpSBA ONTHMAJEH 6anaHc

mexy TBbpaocT (~28 HRC) u xunasoct (195,3 J/em?), karo

OT HaIPEYHO CEYCHUE HA BCHYKU 00pasii (BKIJI. U3XOICH).
Cren numndoBaHe 1 ONMHUPaHE, CTPYKTYPUTE Ca CBAHH C

3% pasTBOp Ha HN03 " HaGHlO}laBaHl/I MO OTITHYEH IIOKa3Ba HaI/I-ﬂ06pa KOM6I/IH3.III/I}I OT AKOCT U IINTACTHYHOCT.

Mmukpockor npu yBenmuerns 200x, 500x u 800x e Orspomanero npu 600°C mHyIMpa COPGHTHA CTPYKTYPA C
u3paszeHa cheporaanuszaius Ha kapouaHara da3za, Boaenia 10

e  MH3mepBane Ha TBBpAOCT: V3BbpIlIEHH ca U3MEPBAHUS 110 3HAYUTENHO MOI00pEHa MIACTUYHOCT U xuiaBoct (170,4

meroza Pokyen (HRC) Ha Besika oT 06paboreHuTe J/em?), HO cBIIPOBOZEHA C peAyKIUs Ha TBhpAOCTTA (~150-165

MOBBPXHOCTH. HB).

e M3nuTBaHe Ha y1apHa KWiIaBocT: Benuku oOpaboreHn
o0pasny ca IMoyIokeH! Ha u3nuTBane 1mo Charpy-V,

e [Iles Ha excnepuMeHTa
IlenTa e na ce u3cenBa BIMSIHUETO Ha TPUTE
TEMIIEpaTypHU PEXHMa Ha OTBPbBLIAHE BbPXY
MHUKPOCTPYKTypaTa ¥ TBbPIOCTTa Ha ctoMaHa S355J2 cnen
obemHo 3akansBaHe. CpaBHsBa ce epeKTHT Ha BCEKH
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1 5

®ur.2 MuKpocTpyKTypH Ha cToMaHa S355J2 mpu pa3iniuyHu peXXUMH Ha
TepMu4YHa 00paboTka,(1)-3akansiBane + orBpbinane npu 200°C, (2) npu
400°C u (3) npu 600°C, (4) 3axaysBane 6e3 OTBpBIIaHE H (5)
HOPMaJIU3UPAHO CHCTOSTHHE.

MOBLPXHOCTHA TEBLPACCT (HRC) MpU PasnnyHu pesmu
40
35
30
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15

MosbpxHocT (HRC)
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]
o™ pan® 200°C a00°C go0°C
wnpet® T ger

n

Hop!e

PesumM Ha TepmuyHa obpaboTka

®@ur. 3. IloBbpxuoctHa TBHpAOCT (HRC) Ha S355J2 mpu pasmuanu
PEXHM Ha TepMUIHA 00paboTKa

VaapHa xunagoct (KCU) Ha S355)2

KCU [Jfem?]
15
3

e are
o o greoe

o 200°C
nmw@a"‘u B

200C
PexumM Ha TapMuyHa obpaboTka

®ur. 4. Ynapua xunasoct (KCU) Ha cromana S355J2 npu pasindnu
PSXHMM Ha TepMHUYHA 00paboTKa.
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@ur. 5. IIpodun Ha TBEpROCTTA B ABI00YHMHA HA cToMaHa S355J2 mpu
Pa3IMYHY PEKUM Ha TEPMHYHA 00paboTKa

V H3e00u:

Tepmuunara 06paboTka Ha ctomaHa S355J2 oka3Ba ChIIECTBEHO
BIIMSIHUE BBPXY MUKPOCTPYKTYPHATa MOP(OIOrUs U CHOTBETHUTE
MEXaHWYHU XapaKTePHCTHKH.

Aycrennrnzanusra mpu 900°C ¢ MocneaBamoTo oxXIaxaaHe BbB
BOZIa BOJAT 10 (hOpMHpPaHE Ha OBPXHOCTEH MaPTCH3HUT H
CTPYKTYPHpPaH IPaIMeHT B JbI0O0YNHA, BKIIOUBAIL OCHHHUT U
depurt.

Ortspbiuanero npu 200°C yacTHYHO peayupa BbTPEIIHUTE
HAIPEKCHIS, 3aI1a3Baliki BUCOKA TBBPOCT, HO C YMEPEHO
BB3CTAHOBSIBAHE HA JKMIIABOCTTA.

Ortspbiuanero npu 400°C ce ornMyaBa KaTo Haii-e()eKTHBEH
TEPMHYCH PEXKUM, OCHTYPSIBALL ONTHMAIHO ChOTHOIICHUE SIKOCT—
IUIACTHYHOCT 4pe3 (popMupaHe Ha CTabUIN3UpaHa TPOOCTUTHA
MHUKPOCTPYKTYpA.

Temneparypu Ha oTBpbIane oT 600°C GraronpusTcTBaT
COpOUTH3ALITA U IIACTHYHOTO IIOBEJCHIE, HO C [IeHaTa Ha
MOHIKEHA TBBPAOCT, KOCTO OrPaHHYaBa PUIIOKCHUETO IIPH
BHCOKO HAaTOBapBaHE.
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Regeneration of filter elements for cleaning hydrocarbon compounds from powdered
polyethylene particles
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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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Densification and formation of structure and properties of inconel 625 alloy during direct
powder forging
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Abstract: This study investigates the compaction and deformation behavior of Inconel 625 powder using direct powder forging at
temperatures of 950 °C and 1150 °C. Finite element modeling was conducted and validated with experimental data. The residual porosity
after deformation was 6.5% at 950 °C and 2% at 1150 °C. Samples forged at 1150 °C demonstrated superior mechanical properties,

including a bending strength of 1750 MPa and fracture toughness of 42 MPa-m'”. In contrast, lower temperature deformation resulted in
poorer grain boundary quality and reduced mechanical performance. Post-deformation annealing at 950 °C enhanced microstructural

integrity through recrystallization, improving strength to 1540 MPa and toughness to 30.9 MPa-m'”. Flow stress at 700 °C ranged from 450
to 650 MPa, confirming the material’s suitability for high-temperature aerospace applications. The findings indicate that 1150 °C is the
optimal forging temperature for producing dense, high-strength components from Inconel 625 powder.

Keywords : DIRECT POWDER FORGING, DENSIFICATION, MODELLING, INCONEL 625, STRUCTURE

1. Introduction 2. Materials and experimental procedure

One of the most important components of aircraft is the power Spherical Inconel 625-type alloy powder was produced by
unit—turbine or engine—whose performance is determined by the plasma rotating electrode process (PREP). The sprayed powder, in
elements of hot section structures: turbine blades, disks, nozzles, the required amount, was poured into a cylindrical steel container,
and other parts that withstand enormous thermal and mechanical followed by hermetic pressing at 450 MPa ( Fig. 1). Forging of
loads. Based on the tasks assigned to UAVSs, the turbine (engine) prepared samples in containers with the heat-resistant powder alloy
design aims to minimize its weight and dimensions [1-3]. The  was carried out on an FB1732 a screw press with a force of 1.6 MN
selection of optimal heat-resistant materials should ensure the and a kinetic energy of moving parts at the end of the acceleration
maximum possible temperature in the combustion chamber to stroke of at least 6.18 kJ. The ram speed during densification was
achieve the highest thermal efficiency (minimum fuel consumption 0.35 m/min. A semi-closed die with an upper flash was used for
per unit weight). forging. Forging of Inconel 625-type alloy powder was performed

Ni-Cr based alloys are widely used in aircraft engines, offering at temperatures of 950 and 1150 °C. Heating was carried out by
a combination of relative affordability and efficiency. Examples immersing the sample in a furnace preheated to the required
include various modifications of Inconel alloys [4-6]. However, in temperature with argon atmosphere and holding at this temperature
the cast state, these alloys tend to develop dendritic structures and for 20 minutes. After forging, cone-shaped samples with a flash of
segregation zones. The production of heat-resistant structural 42 mm diameter and 10 mm height were obtained (Fig. 1). Some
elements typically involves casting-deformation technologies. samples underwent thermal treatment after deformation—annealing
Given the challenges of post-processing finished products at 1030 °C with a holding time of 60 minutes, followed by rapid
(achieving the required shape and dimensions), manufacturing cooling.
proves to be quite lengthy and costly. To overcome this drawback,
recent studies have proposed using additive manufacturing (AM) to
produce components in the required shape by 3D printing [7, 8].

Yet, even in this case, significant post-processing is required to
achieve the necessary structure and properties [9]. Furthermore,
additive technologies are characterized by low productivity. Among
various powder metallurgy methods, those based on hot pressure

processing are gaining traction, as, unlike free sintering, they avoid Fig. 1. Steel container with Inconel 625 powder before and after
residual porosity [10 — 13]. Methods of dynamic hot deformation processing by the DPF scheme.

allow, under optimal technological conditions, the production of

highly dense samples with a homogeneous fine-grained structure at Sample density was determined by the hydrostatic method, and
relatively low temperatures [14, 15]. electrical resistivity was measured by voltage drop on the

An alternative to AM technology is being developed at the experimental and reference samples. The material structure and
Frantsevich Institute for Problems of Materials Science National ~ fracture surface were examined using a JEOL Superprobe-733
Academy of Science of Ukraine—a powder technology known as  scanning electron microscope. Bending strength and fracture
DPF (Direct Powder Forging) [16-18], where the desired product toughness were measured at room temperature at a loading rate of 1
shape is formed at the stage of cold and hot deformation of ~ mm/min using a CERAMTEST SYSTEM testing machine on
powders, and the required final structure is achieved by optimal ~ samples of 25x5x5 mm with a support span of 20 mm. To assess
thermomechanical treatment. fracture toughness, notches were made on samples using an electric

The aim of this work is to model the distribution of flow discharge wire with a diameter of 0.1 mm. Compressive strength
deformation characteristics and porosity changes during hot powder ~ Was measured on samples of 5x3x3 mm at temperatures of 20 and
forging, with the development of thermomechanical processing 700 °C using a UTM-100 universal testing machine.
regimes for Inconel 625 powder alloy to achieve an optimal set of The continuum rheological approach to analyzing the flow

mechanical properties over a wide temperature range. process of a porous bOdy allows Significant SimpliﬁCatiOﬂ of the
computational base and provides a reliable overview of the
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deformation process, taking into account the influence of
technological parameters. The development of a technological
scheme for hot forging involves analyzing the evolution of stress,
strain, and porosity distribution throughout the deformed billet.
Calculations were carried out using modern computer software
packages—DEFORM 2D/3D. The container used in the modeling
was made of steel 15 (DIN-C15). The physical and mechanical
properties of the container material and the heat-resistant Inconel
625 alloy were provided by the DEFORM 2D/3D database. To
clarify the uneven distribution of porosity throughout the billet,
computer simulation of the densification process for the initial billet
was performed. The resulting porosity distribution was then used in
the primary calculations.

3. Results and discussion

Figure 2 presents calculated dependencies of deformation force
on the displacement of the moving part of the tooling for two
forging temperatures. As shown in [18], regardless of the chosen
scheme and deformation temperature, the densification process of

the powder body can be divided into three stages (Fig. 2).
1800 1800

1600 + 950°C 1600  1150°C
1400 1400 | ©mm
Z 1200 Z 1200
1000 1000 | @\
E 800 E 800 -
3 600 3 600
400 400
200 200 |
0 1 0 1 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5

Stroke, mm Stroke, mm
Fig. 2. Calculated loading force curves as a function of the
displacement of the moving part of the tooling during die closure at
temperatures of 950 and 1150 °C.

At the first (initial) stage of deformation, as the loading system
moves, the main force is absorbed by the die case. The loading
force required at this stage for compaction of the billet depends on
the deformation temperature, primarily due to differences in the
high-temperature properties of the die case material. Notably, the
contribution of the porous billet to the overall deformation stress at
this stage is insignificant: the change in porosity during the first
stage at both forging temperatures does not exceed 5% (Figs. 2 and
3, position 1).

1150 °C

950 °C ‘

O ®

©) ©)

O|'# ®
Fig. 3. Calculated distribution of relative density in the Inconel 625

powder sample during deformation at temperatures of 950 and
1150 °C.

The second stage is the densification of the porous billet. In Fig.
2, its onset is marked by a stress jump. The duration of this stage

can be calculated assuming that further reduction in the stamping
volume occurs solely due to a decrease in the billet’s porosity. Since
the flow stress of the heat-resistant alloy significantly depends on
temperature, accounting for the compaction rate of the powder body
and depending on the applied stress, the porosity values at the end
of the second stage, according to the densification curve, differ
substantially—16% and 10% at deformation temperatures of 950 °C
and 1150 °C, respectively (Figs. 2 and 3, position 2).

The third (final) stage essentially represents final densification,
which occurs simultaneously with flash formation, sharply
accelerating the increase in stress depending on the ram
displacement. At the third stage, the stress sharply rises up to the
moment when the maximum load of 1650kN is reached. The
calculated final porosity of the sample forged at 950 °C is 7%, while
for the sample forged at 1150°C it is 2%, which is in good
agreement with the experimental values (Table 1). The porosity
distribution across the section at the last stage (Fig. 3, position 3)
indicates that by the end of the third stage, the sample deformed at
1150 °C is practically free of porosity. This is confirmed by the
microstructures in Fig. 4. The sample deformed at 950 °C shows
noticeable non-uniformity of porosity across the cross section. In
the peripheral area of the sample (closer to the die case), porosity
remains at about 10% (Fig. 3, position 3). The residual porosity is
mainly concentrated in the regions of triple junctions of the primary
spherical powder particles (Fig. 4). The spherical pores, as a rule,
end with planar defects of considerable length (Fig. 4), which can
significantly affect the ultimate low-temperature strength due to the
increase in the size of the critical defect leading to fracture.

SRR 5 s M 008152 10jm
Fig. 4. Structure of Inconel 625 powder alloy after deformation
processing at temperatures of 950 and 1150°C.

The theoretical calculation performed enables evaluation of the
total deformation of the sample, which mainly occurs due to the
change in porosity and the formation of flash. A simplified version
of this calculation was proposed in our work [18], where the
Skorokhod formula [19] was used for deformation analysis:

=2 H']? —91: );
€ g(!ﬁ: fin 1)

where Bin Bfin is initial and final

respectively.

porosity,

However, this approach does not take into account the
distribution of stresses and strains, which can be accounted for
using the DEFORM 2D/3D software package.



MATERIAL SCIENCE ,NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2025

At the end of the third deformation stage, the sample forged at
950 °C attains a maximum true strain (strain intensity) of 0.3, while
after forging at 1150 °C it reaches 0.55 (Fig. 5).

1150 °C

950°C
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Fig. 5. Calculated distribution of relative density in the Inconel 625
powder sample during deformation at temperatures of 950 and
1150°C.

The physical and mechanical properties of the forged samples
of the heat-resistant Inconel 625 alloy, presented in Table 1, are
determined by structural changes that occurred in the powder
material during deformation. The electrical resistivity of the sample
forged at 950°C is somewhat higher due to greater residual porosity
and the presence of slit-shaped pores. These structural defects have
the most significant effect on the low-temperature strength under
bending tests. The bending strength of the sample after forging at
950°C is 310 MPa, and after densification at 1150°C it reaches 1750
MPa, which is close to the strength of cast Inconel 625 alloy. The
low strength of the sample deformed at 950°C is associated with
high residual porosity and the large size of critical defects.
However, even with a large artificially introduced crack (fracture
toughness tests), the sample forged at the lower temperature fails at
lower loads (K. = 8 and 42 MPa-m'? respectively, for 950 and
1150°C), since after low-temperature forging, the samples have
lower strength of interparticle contacts, which illustrates the
interparticle nature of the fracture, Fig. 6. The fracture toughness of
the sample forged at 1150°C approaches the properties of cast
analogs; however, the fracture surface shows a mixed mode—
intergranular with signs of dimple fracture, Fig. 6.

Table 1. Physical and mechanical properties of Inconel 625 powder
alloy after DPF and heat treatment.

Temperature Porosity| Electrical | Bending st\r(el ﬁlgc:h Fracture
DPE Heat % resistivity, |strength, ©.2), toughnefg,
treatment uQ-cm MPa MPa MPam
950 — 6.5 149 310 — 8
1030 °C| 5.2 139 1540 1200 30.9
1150 — 1.9 135 1735 1070 42.4
1030°C| 1.1 135 1750 1035 59.2

&).Pl'_‘)ilb 3C

88 + afdnealing 1030

Fig. 6. Fracture surface of Inconel 625 pdwder alloy produced by
DPF at 950°C and 1150°C, as well as after annealing at 1030°C.

Annealing at 1030°C with rapid cooling slightly increases the
grain size in the samples, which results in a decrease in yield
strength; however, fracture toughness noticeably improves due to
enhanced contact quality between particles and recrystallization of
the prior powder boundaries (PPB). Thus, the experiment
demonstrated that the optimal hot deformation temperature for
Inconel 625 is 1150°C, where the samples have low porosity and
high mechanical properties comparable to cast analogs.

As a result of additional annealing, the precipitation of
dispersed particles occurs, which positively affects the heat
resistance. As shown in Table 2, annealing led to an increase in
compressive yield strength at both room temperature and the test
temperature of 700°C. The yield stress at this temperature, reaching
450 MPa, indicates the potential of this manufacturing method for
producing Inconel 625 parts intended for high-temperature
applications in the aerospace industry.

Table 2. Yield strength of Inconel 625 alloy after deformation
processing and annealing.

Temperature, °C Yield strength, MPa
test forging | annealing|  op01 Go,2
950 - 748 967
20 1150 - 432 525
1150 1030 459 585
950 - 510 638
700 1150 — 385 449
1150 1030 467 516

34

4. Conclusions

The compaction behavior during deformation of Inconel 625
powder was modeled at temperatures of 950 °C and 1150 °C. The
simulation results were confirmed by experimental data. The
residual porosity after deformation was 6.5% at 950 °C and 2% at
1150 °C. The proposed deformation scheme for powder compacts
based on direct powder forging proved to be effective: the material
deformed at 1150 °C exhibited high strength (1750 MPa) and
fracture toughness (42 MPa-m!/?). Deformation at 950 °C did not
provide sufficient grain boundary quality, resulting in lower
mechanical properties. However, annealing reduced the porosity of
samples deformed at the lower temperature and improved grain
boundary quality through recrystallization of prior powder
boundaries. As a result, the strength increased to 1540 MPa and
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fracture toughness to 30.9 MPa-m'/2. The flow stress at the test
temperature of 700 °C ranged from 450 to 650 MPa, indicating the
potential of this processing method for manufacturing Inconel 625
parts intended for high-temperature aerospace applications.

Thus, the conducted experiments demonstrated that the optimal
hot deformation temperature for Inconel 625 is 1150 °C, at which
samples exhibit low porosity and high mechanical properties
comparable to those of cast counterparts.

5. Acknowledgements

The present work was financially supported by the National
Research Foundation of Ukraine under Grant No. 2025.06/0096,
"Development of an innovative thermomechanical processing
technology for powders for the production of hot-section
components of turbojet engines."

6. References

1. Large, J., & Pesyridis, A. (2019). Investigation of micro gas
turbine systems for high speed long loiter tactical unmanned air
systems. Aerospace, 6(5), 55.

2. Dutczak, J. (2016, September). Micro turbine engines for
drones propulsion. In IOP Conference Series: Materials Science and
Engineering (Vol. 148, No. 1, p. 012063). IOP Publishing.

3. Coban, S., & Oktay, T. (2018). Unmanned aerial vehicles
(UAVs) according to engine type. Journal of aviation, 2(2), 177-
184.

4. Wee, S., Do, J., Kim, K., Lee, C., Seok, C., Choi, B. G,
Kim, W. (2020). Review on mechanical thermal properties of
superalloys and thermal barrier coating used in gas turbines.
Applied Sciences, 10(16), 5476.

5. Cunningham, C. S., Ransom, D., Wilkes, J., Bishop, J.,
White, B. (2015, June). Mechanical design features of a small gas
turbine for power generation in unmanned aerial vehicles. In Turbo
Expo: Power for Land, Sea, and Air (Mol. 56796, p.
V008T23A021). American Society of Mechanical Engineers.

6. Kommel, L. (2017). Microstructure and properties
characterization of polycrystalline Ni-Fe-Cr-based superalloy EP-
718E after electric upsetting. Key Engineering Materials, 721, 467-
472.

7. Radhika, C., Shanmugam, R., Ramoni, M., Gnanavel, B.
K. (2024). A review on additive manufacturing for aerospace
application. Materials Research Express, 11(2), 022001.

8. Waugh, 1., Moore, E., Greig, A., Macfarlane, J., & Dick-
Cleland, W. (2021, March). Additive manufacture of rocket engine

35

combustion chambers using the Abd R-900Am nickel superalloy. In
SP2020 Virtual Conf (pp. 17-19).

9. Ojo, O. O, & Taban, E. (2023). Post-processing
treatments—microstructure—performance interrelationship of metal
additive manufactured aerospace alloys: a review. Materials science
and technology, 39(1), 1-41.

10. Brooks, J. W. (2000). Forging of superalloys. Materials &
design, 21(4), 297-303.

11. Park, N. K., Kim, I. S., Na, Y. S., & Yeom, J. T. (2001).
Hot forging of a nickel-base superalloy. Journal of Materials
Processing Technology, 111(1-3), 98-102.

12. Laptev, A. V., Tolochin, A. I., Kovalchenko, M. S., Evich,
Y. I, & Okun’, I. Y. (2016). Structure and properties of Ni3Al
intermetallic under vacuum impact sintering. Powder Metallurgy
and Metal Ceramics, 54(9), 554-567.

13. Tolochyna, O., Tolochyn, O., Bagliuk, G, Podrezov, Y.,
Zgalat-Lozynskyy, O., & Okun, I. (2023). Effect of Heating Rate
and Hot Forging Temperature on Phase Formation and Complex
Physical and Mechanical Properties of Powdered Iron Aluminide:
Tolochyna, Tolochyn, Bagliuk, Podrezov, Zgalat-Lozynskyy, and
Okun. JOM, 75(3), 825-836.

14. Pérez, M., Dumont, C., Nodin, O., & Nouveau, S. (2018).
Impact of forging direction on the recrystallization behaviour of
nickel base superalloy AD730 billet material at subsolvus
temperatures. Materials Characterization, 146, 169-181.

15. Alabort, E., Reed, R. C., & Barba, D. (2018). Combined
modelling and miniaturised characterisation of high-temperature
forging in a nickel-based superalloy. Materials & Design, 160, 683-
697.

16. Tolochyn, O. I., Tolochyna, O. V., Podrezov, Y. M.,
Danylenko, V. I., & Bagliuk, G. A. (2025). The Role of Deformation
Conditions and Mo-Doping on the Evolution of Structure and
Mechanical Properties of Powdered Iron Aluminide. JOM, 1-14.

17. Tolochyn, O., Tolochyna, O., Bagliuk, G, Yevych, Y.,
Danylenko, V., & Podrezov, Y. (2024). Mechanical behavior of
powdered iron aluminide Fe—28Al manufactured by direct powder
forging. Intermetallics, 175, 108537.

18. Tolochyn, O., Kyryliuk, S., Bagliuk, G, Podrezov, Y., &
Tolochyna, O. (2025). Multilevel analysis of deformation and
structure formation processes in powdered iron aluminide products
obtained by different technological schemes of direct powder
forging. International Journal of Material Forming, 18(1), 1-14.

19. Skorokhod, V. V. (1972). Rheological basis of the theory
of sintering. Naukova Dumka, Kiev, 146 p. (in Russian)



MATERIAL SCIENCE ,NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2025

Anatase or Rutile TiO, Nanolayer Formation on Ti Substrates by Laser Radiation:
Mechanical and Photocatalytic Properties
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Abstract: A laser-induced oxidation method for the formation of a TiO, layer on a Ti substrate was used. The TiO, phase can be controlled
by an Nd:YAG laser with fundamental frequency at an intensity | = 52.8 MW/cm? and three different doses. Dose

D1 = 3.1x10% phot/cm? forms a TiO, layer in the anatase phase, which possesses the highest photocatalytic, antibacterial and adhesion
properties. As the laser dose increases, the TiO, layer thickness increases from 40 nm to 100 nm, but the photocatalytic decomposition
reaction constant decreases. The observed super-linear increase of the TiO, layer thickness with the laser dose is explained by the presence
of positive feedback during the irradiation process. The temperature rises with increasing of the thickness due to the interference-caused
decrease of the reflection coefficient. As the thickness increases, TiO, on Ti structure adhesion decreases from 800 mN to 400 mN due to the

formation of a layer with a mixture of phases.

KEYWORDS: TiO, ON TI, RUTILE, ANATASE, LASER RADIATION, PHOTOCATALYS, HARDNESS

1. Introduction

Titanium (Ti) and its alloys boast excellent properties, including
high corrosion resistance and an optimal balance of strength and
ductility.

In particular, titanium dioxide in the form of powder or thin
coatings has attracted attention in space applications due to its high
chemical and radiation resistance, ability to protect surfaces from
corrosion and ionizing radiation, as well as photocatalytic properties
that can reduce contamination accumulation and improve the
durability of materials in outer space conditions [1, 2]. Recently,
their use has also been extended to biomedical applications, such as
implants, due to their low allergenicity and high compatibility with
bone tissue [3, 4]. Titanium (Ti) is coated with a layer of titanium
dioxide (TiO, ), and its alloys are increased in corrosion resistance
and biocompatibility. Photocatalytic activity is provided, and the
material's radiation resistance is increased, which is especially
important for use in space conditions [5 - 8]. TiO, has various
polymorphic phases, including rutile, anatase, and brookite. On
the macroscopic scale, rutile is thermodynamically more stable than
the other two phases due to its smaller Gibbs free energy [9].
Moreover, an anatase layer on a Ti implant improves its
compatibility with bone [5, 6, 10]. Furthermore, anatase and
composites of anatase + rutile and anatase + brookite exhibit high
levels of photocatalytic activity [11, 12]. Thermal oxidation in a gas
atmosphere is a simple and economical method to synthesize a
TiO, layer on Ti. TiO, layers synthesized by
thermal oxidation adhere well to Ti substrates. In addition, thermal
oxidation can be used for Ti substrates with complex geometries.
Many reports have examined the formation of the rutile phase by
thermal oxidation of Ti [13].

The anatase phase of TiO, is preferable for use in medicine owing
to its antibacterial property [3-8]. Additionally, it is the preferred
phase for photocatalytic processes such as hydrogen generation at
water dissolution [14] and organic molecules disrupting in water or
air [15]. On the other hand, TiO, in the rutile phase is preferable for
use in optoelectronics devices such as UV photodetectors [16] and
UV light sources [17]. Such strong application-dependent
preferences are due to the different physical properties. First, the
band structure is phase dependent. A TiO, crystal is an indirect
semiconductor in the anatase phase, but it is a direct one in the rutile
phase [18]. Therefore, the absorption coefficient of a TiO, crystal in
the anatase phase is somewhat lower than that in the rutile phase in
the range of 3 to 5eV [19]. Second, the electron lifetime in the
anatase phase of a TiO, crystal is 100-times higher than that in the
rutile phase, which leads to different chemical and biological
activities. For example, the anatase phase has better photocatalytic
properties than the rutile one. Specifically, the anatase phase has a
100-times larger bipolar diffusion length [18], [20]. Due to the long
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lifetime of electrons in the anatase phase (greater thanl ps),
the electron diffusion reaches lengths of more than 10 um, which
are much longer than those in the rutile phase (100 nm) [20].

Claus Hammerl et al. [21] and Elver Juan De Dios Mitma Pillaca et
al. [22] used high-fluence oxygen ion implantation to demonstrate
the formation of a TiO, layer consisting of a-, B-, 3-TiO, rutile
TiO,, and Ti3Os on a Ti substrate. Unfortunately, these methods do
not form the anatase phase. Moreover, they cannot control the
anatase/rutile phase ratio, which is a very important parameter
for photocatalysis, environment purification, etc. To date, laser
technology is not often employed in such fine processes as the
phase transformation from rutile to anatase [23] or color
center formation [24]. One exception is a study where the fourth
harmonic of Nd:YAG laser was used for formation of black
TiO, after  irradiating a  TiO, suspended  solution [25].
The XRD patterns suggest that the anatase phase of TiO, tends to
transform into the rutile phase under a relatively high dose of laser
radiation because the rutile phase is more stable athigh
temperatures and high pressures induced by pulsed laser irradiation.
However, an opposite result, where the rutile phase transforms into
the anatase one when irradiating a TiO, single crystal by a
femtosecond Ti cor laser under ablation condition, was reported
in [26]. Crystals smaller than 50 nm tend to be in the anatase phase,
whereas those larger than 50 nm tend to be in the rutile phase. This
phenomenon can be explained by the high pressure produced by
a femtosecond laser pulse, although theoretical
calculations [9] indicate that the anatase phase is more stable at low
pressure. Very often CO, laser radiation is used for annealing after
TiO, layer deposition by the sol-gel method [27] or electron
beam evaporation at 200 °C on glass [28]. In these cases, laser
radiation is similar to annealing in a furnace. In paper [29],
spherical TiO, nanoparticles with diameters 4-35 nm were formed
by pulsed laser (A =1064 nm) ablation of Ti target in water. An
advantage of this method is a narrow range of size distribution
of nanoparticles, but a disadvantage is their conglomeration. In
paper [30], the possibility to transform white TiO,to black
TiO, nanoparticles using Nd:YAG laser radiation (A =532 nm) in
water was shown. At the same time, the phase transformation from
anatase to rutile takes place. Therefore, such a TiO, powder can be
used in optoelectronics, but, as a photocatalytic, it exhibits low
activity [18, 19] due to the decrease of optical band gap and
lifetime of electron-hole pairs. Advantages of this method are low
cost and limited usage of toxic  reagents. In
paper [31], photocatalytic water splitting of TiO, colloids after an
irradiation by nanosecond laser (A =532 nm) was studied. It was
shown that the efficiency of hydrogen production increases up to a
factor of three due to some structural changes in these colloids. This
is an unusual effect, since a phase change from anatase towards
rutile was also observed, but the efficiency of rutile is known to be
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lower than that of the anatase [32]. In paper [33], TiO, layer on
glass was prepared by spin—coating
technique using nanopowder P25. The structure was irradiated by
Nd:YAG laser (A =266 nm) at intensity | = 7.1 MW/cm? followed
by a thermal annealing in air for 1 h at T =450° C. The irradiation
of the structure has led to a transformation of TiO, layer from
anatase to rutile phase, as in the case of annealing in furnace [34].
As a result of this treatment, the TiO, layer became dark. The
authors have explained this effect by a decreasing of size of TiO,
particles. This effect can be more plausibly explained by a surface
oxygen depletion, because TiO,becomes dark when it is
transformed into TiO,, and the same effect of black TiO, synthesis
in water by a laser-based method was observed in papers [7], [35].
Irradiation of Ti foil by Nd:YAG laser in water [36] leads to
formation of a nanoporous black TiO,. Analysis of surface
morphology has shown a certain dependence of surface structure on
intensity and number of the pulses. Thus, cracks appeared on
the irradiated surface of TiO, at low intensities and small number of
laser pulses, whereas pits were formed at intensities above
300 MW/cm?.  The specific accumulated fluence for formation
of nanopores is about 100 J/cm?. The enhancement of the quantum
photocatalytic efficiency of TiO,/Ti/PtNps structure formed by
Nd:YAG laser radiation in water is explained as an effect of
electron scavenging by the Pt nanoparticles [37]. Advantages of
such a technology are its economy, stability, abundance, non-
toxicity and high quantum photocatalytical efficiency. In distinction
from the reviewed here laser-based methods, we have examined a
possibility to form TiO, layer on Ti substrate directly by a laser
oxidation of Ti plate in air. Because this laser technology is
relatively simple, quick, and environmentally friendly, the

D1

D2

formation of TiO, by laser oxidation has a great potential for
practical applications. The aim of this study is to demonstrate that
the phase of TiO, layer formed on a Ti substrate by laser oxidation
method, can be controlled by irradiation intensity and dose.

2. Experimental

2.1. Laser-induced oxidation method

Prior to the experiments, a pure titanium plate was cut into samples
with dimensions about 40.0 x 15.0 x 0.3 mm®. These samples were
washed in isopropyl alcohol via an ultrasonic bath and then dried
under a dry air flow. TiO, thin films on Ti substrates were formed
by a laser irradiation method using pulsed Nd:YAG laser radiation
(A=1064 nm, pulse duration t=6ns, with |=52.8 MW/cm?).
Scanning of the laser beam was performed normally to the Ti
surface with the different hatch spacing distances 700 um, 550 um
and 400 um resulted in different doses applied on the Ti surfaces:
D1 = 3.1x10% phot/cm?, D2 = 3.9x10% phot/cm?, or
D3 = 5.4x10% phot/cm?, respectively at constant scanning speeds of
the laser (v =1 mm/s). The laser beam diameter was 6 mm. Optical
microscope images of TiO,/Ti structure after irradiation by the laser
are shown in Fig.l. Experiments were performed under an
atmospheric pressure of 1 atm at 20 °C and 60% humidity. Kinetics
of methyl orange photo degradation by TiO2 formed by laser

radiation on Ti substrate with doses D1, D2, D3 are shown in Fig.2.

2.2. Sample characterization

A Raman back scattering spectra identified the phase structure of
the TiO,/Ti samples after laser irradiation with doses D1, D2, and
D3 are shown in Fig. 3.

Fig. 1. Optical microscope image of TiO,/Ti structure after irradiation by the laser doses D1, D2, and D3 at laser intensity 52.8 MW/cm?.

Irradiating with doses D1, D2, and D3 form a 40-nm, 70-nm, and
100-nm thick TiO2 thin film, respectively.

The Raman spectra were measured by a Renishaw InVia90Vv727
micro-Raman spectrometer with a He-Ne red laser excitation at
A =633 nm. The Raman spectraof Ti in the spectral range of
100 cm™ — 1000 cm* after laser irradiation with different doses
(Fig. 4) were used for the phase determination.
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Fig. 3. Raman spectra of TiO, thin film on Ti plate formed by the
laser radiation with doses D1, D2 and D3.

2.3. Testing of the photocatalytic properties

The photocatalytic TiO, layer properties were evaluated by the
bleaching of amethylene orange (MO) solution with a
concentration of 10 mg/L under UV-A irradiation. Each sample was
placed in a beaker and 20 mL of the MO solution was poured over
the top. To minimize evaporation, a PS plate was placed on top of
the beaker. The samples were then irradiated with a 125-W mercury
vapor lamp (365-nm peak wavelength) at a distance of 10 cm. To
ensure that the lamp did not heat up the samples, a constant air flow
was supplied and the temperature was monitored throughout the
experiment. After each hour, 1 mL of the MO solution was
extracted to determine the concentration via UV/V is spectroscopy
(ThermoScientific, Genesys 10S). After the measurement, the
aliquot was returned to the test beaker. Fig. 2 plots the kinetics of
MO photodegradation by the samples.

2.4. Scratching method to study TiO; on Ti adhesion

The resistance to delamination was investigated by the scratching
method (CSM Micro-Combi Tester) using a conical diamond
indenter (Rockwell). The scratch force on the scanning indenter was
gradually increased from 10 mN to 3.0 N. Fig. 4 shows the critical
loads of delamination of TiO, thin film on Ti for samples D1, D2
and D3.
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Fig. 4. Critical load of the sample’s delamination.

Increasing of the thickness causes a decrease of TiO,/Ti structure

adhesion (critical delamination force) from 800 mN for D1 to 400
mN for D3 due to the formation of a nonhomogeneous TiO, layer.
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3. Results and discussion
In this study, the impact of the laser radiation on the surface
morphology was examined. Irradiating neither does affect the
surface smoothness and uniformity nor does form defects or cracks.
However, the Ti samples turn dark blue (Fig. 1) after the irradiation
by Nd:YAG laser. This change of color is connected to the
increased thickness of TiO, layer, modifying the picture of
interference. Irradiating with doses D1, D2, and D3 form a 40-nm,
70-nm, and 100-nm thick TiO, thin film, respectively.
According to the MO bleaching experiment (Fig. 2), the first order
reaction constants are 3.2 x10*min?, 1.1x10*min!, and
8.0 x 10® min™* for laser doses D1, D2, and D3, respectively. The
D1 dose yields the highest decomposition ratio, while the sample
treated using the D3 dose has the lowest decomposition ratio. This
can be explained by the decrease in the TiO, anatase phase as the
laser dose increases.
The analysis of XRD patterns revealed the formation of TiO, Ti,Os,
anatase TiO, and very small amounts of rutile TiO, depending on
irradiation dose. The most intensive peaks are attributed to Ti,
which was observed due to substrate. The most intensive anatase
peak is (10 1) at 25.3° which was observed after D1 irradiation
only. The anatase peak disappeared after irradiation by D2 and D3
doses and peaks of Ti,O3; compound became weaker with higher
irradiation dose as well. Meanwhile, the intensity of TiO peaks
increased with irradiation dose. The simultaneous presence of two
phases, as shown in Fig. 3, indicates a TiO, heterostructure, having
better photocatalytic properties in comparison with the pure anatase
or rutile phases, as shown in [11, 12].
The phases change dependence on irradiation dose were evaluated
by applying Rietveld deconvolution. The results showed that
TiO, anatase (which was fixed after D1 irradiation only) constitute
about 1.6%. The tendencies showed that the amount of TiO
increased from approximately 1.4% to 6.3%, while the amount of
Ti,05 compound decreased from approximately 7.3% to 2.8% after
the irradiation doses D1 and D3 respectively. The rutile peaks were
not included in these calculations due to very weak intensities. The
amounts of Ti and O compounds detected are relatively small due to
the effect of bulk Ti substrate.
Fig.3 shows the Raman spectra of the three samples after the D1,
D2, and D3 doses. The Raman active modes at 148 cm™*, 238 cm ™%,
445 cm™?, 610 cm, and 829 cm ' are associated with rutile single
crystals, according to [38, 39]. An important property of the anatase
and rutile phases in the Raman spectra is the ratio between the band
at 148 cm *and the band at 610 cm ™. For the anatase phase, the
ratio is greater than one, but is less than one for the rutile
phase [40]. In our experiments, after the D1 dose, this ratio is ~ 6,
suggesting the presence of the anatase phase. However, the Raman
spectrum changes after the D2 and D3 doses. The ratio of bands
decreases and a new band appears at 232 cm™, which may be
associated with the rutile phase and the increased laser dose. The
small regular peaks in regions of 150 cm*— 300cm *and
500 cm * — 700 cm ' are related to the disorder induced scattering
or second order processes [41]

. 4. Conclusions

In this paper, the laser oxidation of Ti plate has been investigated.
The thickness of TiO, layer increases from 40 nm to 100 nm with
the laser dose. A positive feedback during the irradiation process is
observed: the temperature rises with the increase in the thickness of
the TiO, layer due to the interference-caused decrease of the
reflection coefficient. The thickness of TiO,/Ti layer rises by
increasing the laser irradiation dose from D1 to D3, but adhesion
(critical delamination force) of the TiO,/Ti structure reduces from
800 mN for D1 to 400 mN for D3 due to the formation of a
nonhomogeneous TiO, layer at doses D2 and D3. This behavior can
be explained by mixing of the phases in TiO, layer. At D1, the
TiO, layer is mostly in the anatase phase. However, at D2 and D3,
the TiO, layer partially transforms into the rutile phase. This
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transformation, at least partly, can be explained by the rise of the
maximal temperature in the TiO, layer at larger doses, as suggested
by our calculations, based on the modified Wagner oxidation
model. It can be also explained by the deficit of O atoms deeper
than 50 nm in Ti substrate at doses D2 and D3 due to the low
diffusion of O atoms in Ti.
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Quantum Cone - Nano Source of Light with Dispersive Spectrum Distributed Along Height
Artiirs Medvids
Riga Technical University, Paula VValdena 3/7, Riga LV 1048, Latvia.
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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 with a gradual change in diameter, for example, a Quantum cone
[4], or by a quantum dot changing its diameter over time due to
Light plays a crucial role in the existence of humanity and nature. changing temperature or pressure. Decreasing semiconductor
The primary light source on Earth is the Sun. Still, artificial light ~ elements to nano size has led to a quantitative change in all
sources that improve our daily life, equipment, and technologies electronic devices. At the same time, decreasing the semiconductor
have also appeared with improving modes of life, such as heated crystal size has led to a qualitative change in the properties of
bodies, plasma, lamps, lasers, LEDs, etc. The tendency to reduce materials. So, the statement "every material has a nonchanging
the size of artificial light sources allowed the use of such sources in absorption and luminescence spectra” is not valid. For example,
microelectronics, medicine, and biology to study micro-objects. At depending on the size of the Si crystal quantum dot, the PL
the same time, the requirements for improving the quality of such spectrum can change in the region from 1um to 300 um, depending
sources, increase in intensity, and expansion of the spectrum of on its diameter. In comparison, bulk Si crystals have a maximum in
radiation, its uniformity, and controllability of its parameters have the PL spectrum at 1 pm. All physical properties of matter are
increased. The importance of this trend is confirmed by the  changing. This provides the possibility to construct new electronic
appearance of international conferences and monographs in this and optical elements and devices. Therefore, this study aims to
direction. Spectroscopy research of microscopic objects, for  elaborate principally on a new nano light source with a dispersive
example, microbes, molecules, and blood cells, requires non- broad spectrum. It was shown that irradiation of the SiO,/Si
traditional research methods, for example, optical prob because the structure with a Nd:YAG laser led to the formation of nanocones on
size of such objects is smaller than the wavelength of visible light; the Si surface that have a unique PL spectrum: a "blue shift" on 1.2
therefore, the micro-object neither absorbs nor scatters it eV, asymmetric broadband from 1.1 eV to 2.3 eV with a gradual
effectively. The study of a micro-object requires a light source decrease PL intensity in the red part of the spectrum, a rainbow-like
much smaller than the object itself, such as quantum dots - OD. 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.

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 On the other hand, the cone can be considered a set of dots with
the LO-phonon line by 6 cm™ in the Raman spectrum. The  gradually decreasing diameter from the base to the top of the cone.
symmetry of the PL band and the sharp LO phonon line in the Theoretically, the paper [8] shows that the lifetime of an exciton in

Raman scattering spectrum are proof of the presence of the cone- a quantum dot decreases with the decreasing diameter of the
like quantum dot. This is a disadvantage, monohromatic radiation, quantum dot. Therefore, in the case of the quantum cone, the
of a single quantum dot for use in spectroscopy. To measure the lifetime of EHPs must depend on the height of the cone due to a

absorption or reflection spectra of an object, it is necessary to have  change in the overlap of the ¥ functions of electrons and holes. This
a light source with a broad and preferably continuous radiation means that radiation from the quantum cone is discriminated by the
spectrum. Such requirements can be met by a set of quantum dots 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,
0.3 ns, 1.5 ns, and 3 ns. The spectral resolution is 24 meV.
Excitation fluence is 1.2 mJ/cm?and wavelength 213 nm.
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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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The Interplay of Laser Metal Processing and Non-Equilibrium Phase Transformations

Nikolaos Papageorgiou
Ship propulsion plants Department of the Faculty of Engineering Nikola Vaptsarov Naval Academy

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-
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240
80 220
200

‘< 60 ~
[l OU 180
&, 40 = 160
o 140
& 120
oF 100

0 200 400 600 800 1000
Time (ms)
The q phase of fle duced cr

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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Abstract: Recovering antimony from secondary sources is increasingly important to ensure a sustainable and secure supply of this critical
metal. Industrial residues, waste materials, and by-products offer opportunities for recycling and reprocessing, reducing economic
dependence on primary ores. This paper reviews potential waste streams and processing methods for achieving high-yield antimony

recovery.
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1. Introduction

The strategic industrial use of antimony (Sb) in products such as
flame retardants for electronics, plastics and textiles, lead-acid
batteries, alloys, catalysts for polymers determine it as a key
chemical element, which is considered as a critical raw material by
the European Commission and the U.S. Geological Survey. The
antimony supply faces significant risk because of geographical
concentration of the natural ore deposits and global production
(mainly in China), environmental requirements for the toxic waste,
and little amounts of Sb that are mainly produced from lead, copper,
silver and gold minerals (Figure 1). That's why recovering Sb from
secondary sources is becoming increasingly important for ensuring
sustainable production of this critical metal. Secondary waste
sources of antimony include end-of-life products and waste
materials, industrial residues, and by-products from which Sb can
be recycled or reprocessed, rather than extracted Sb from primary
sources such as natural ore stibnite.

MINE PRODUCTION (TONS)

RESERVES(TONS)

ia ®Bolivia

Fig. 1 Antimony production and ores reserves. Data for 2014 are adapted
from [1].

In 2014, the European Commission classified antimony as a
critical raw material. This classification was based on several
factors, including the expected high supply—demand gap expected
for 2015-2030, the metal’s high economic importance, and the
heavy geographical concentration of production, with about 79% of
global output coming from China, which causes geopolitical
dependence for European industry (Fig. 1). Moreover, reserves of
primary natural resources are limited [1]. Antimony is mainly
produced from stibnite ore (Sb, S; ), other sources including oxide
ore (Sh, O3 ) and ores containing mainly lead, copper, zinc, silver,
and gold, that are known as primary sources. Secondary sources are
end-up products and manufacturing residues.

In industry antimony is used in the form of metal and as an
antimony oxide, Sh,03. Metallic Sb with high purity is used in new
materials with unique properties. Around 90% of Sh,05 produced is
used for incorporation in fire-resistant coatings, plastics and
electronics as a flame retardant. It shows synergistic effects with
brominated organic compounds, which reduces the necessity of
their amounts and increases the reliability of the electronic and
plastic items. Antimony is used as hardener in lead alloys that are
implemented as electrodes in lead-acid batteries for cars. Production
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of widely used polymer polyethylene terephthalate (PET) is
catalyzed by antimony compounds such as antimony oxide,
antimony acetate, antimony ethylene glycolate. Antimony-
containing catalysts are also applied to fluorination of chlorinated
hydrocarbons and catalytic cracking of hydrocarbons. Other uses
include additive for decolorizing optical glasses for cameras,
binoculars, photocopiers; dopant in phosphors in fluorescent lamps;
paint pigments; agents for vulcanizing red rubber; etc., that are
shown in Figure 2.

Flame retardant

* antimony oxide is used as a Flame retardant in plastics,
electronics, coatings

* this application takes up the majority of the world's production

Sb,0;

Sb(CH,COO0),

* compounds of Sh(lll) are used as a catalysts in production of
polyethylene terephthalate (PET)

 as a catalyst in fluorination of chlorinated hydrocarbons

* Sb is used as a hardener in lead alloys for electrodes in lead-
acid batteries

NaSbO; Additivein glass

* antimony acts as decolourizing agent for optical glass in
cameras, binoculars, photocopiers

Catalysts

Sb** ion Dopantin luminophours

* Sbis used in phosphors for fluoriscent lamps

* Sb is used as paint pigments (Sb,0,, Sb,S,, Sb,S;)
* in semiconductors (AsSb, GaSb, InSb)
* vulcanizing agents in red rubber production

Fig. 2. Industrial products contain different antimony species.

Herein, we review the importance of antimony for industry, the
types of secondary antimony sources, the possibilities for extraction
of antimony from various wastes and the applied methods of their
processing to achieve the Sb recovery in high yield.

2. Secondary waste sources

Secondary antimony sources include manufacturing waste
(mine process residues, scrap, slag, flue dust, anode slime,
electrolyte solutions) from production of lead, copper, gold and
antimony, and end-of-life products such as lead-acid batteries,
plastics and electronics, spent catalysts from production of PET
polymers and catalytic cracking, phosphor powders from spent
fluorescent lamps, landfills and incineration ashes.
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Manufacturing waste

These residues are formed during ores p

rocessing and different

steps of production line. Most manufacturing wastes are currently
discarded, causing environmental issues rather than being utilized
as valuable resources for antimony recovery by using different
methods, which strongly depend on the Sb content and its ratio with

other metals.

Production residues are accumulated

in different steps of

antimony production from stibnite, gold production from gold-

containing ores, copper production from
chalcopyrite, which often contain antimony,
impurities, lead production from mineral

copper ores such as
arsenic and bismuth as
galena, PbS and lead

recycling of lead alloys. Different residues containing antimony and
potential source of Sb extraction are shown in Figure 3.

Anode

capper
ore -gltag - ’ ‘illﬁg et S Giimes
. *Flue dus Pl «Flue dus electrore RS
smelting ng fining e

sAnode

*Dross

leadore WIIET o Pb 'SkirTI o
U «Residue X
smelting el [GILILEY *Flue dust ()
Au-Sb
residue Treatment with
Na.S-NaOH

Au residue

Cyanidation

Au solution

Sb solution

| Electrowinning

Electrowinning

‘ Process residues ‘

* Sb253 = oxidation to

Sh203

Flue
N

oxide reduction

Fig. 3. Manufacturing Sh-containing wastes from production

of copper, lead, gold and antimony.

Electronic and plastic waste

Antimony trioxide, Sb,O3; is incorporated into plastics,

electronics, textiles to reduce the flammab
retardant). Around 43% from the world
consumed for flame retardants, but recyc

ility of materials (fire
production of Sb is
ling methods are still
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limited. Sh,0; is combined with brominated organic compounds for
synergistic effect. During recycling of waste, separation of plastics,
brominated compounds and antimony oxide are the target products.

Lead-containing waste

Lead-acid batteries used in cars contain Pb-Sb alloy. Due to
similar physical and chemical properties of both metals, efficient
methods for their separation and purification are required. Lead
alloy and lead oxide, used as electrodes in the batteries, are
separated by mechanical processes. Lead oxide is reduced, and lead
is melted to produce secondary lead and by-products containing
antimony. It is extracted by formation of soluble compounds, when
the residue is treated with a mixture of aqueous Na,S and NaOH.
After that antimony is selectively oxidized to Sbh,0Oa.
Electrochemical recovery of antimony from a solution is often
applied.

Spent catalysts

Sb(lll)-containing catalysts are widely used in polymer
production of textile fibers and food PET containers. Antimony can
be recovered from spent catalysts by combustion of the waste and
extraction of antimony from the ash. Other methods use
hydrochloric acid for leaching antimony followed by its recovery
from leach solution by precipitation, ion exchange or extraction.

Lamp phosphor waste

Phosphors are powders coated the glass surface of fluorescent
lamps, that contain antimony as a dopant in halophosphates. The
latter compounds are dissolved in acidic solutions and then
antimony is extracted by ionic liquid with high selectivity.

Municipal incinerator waste

Heating of various Sb-containing end-up products at a
temperature of 800-1000 °C forms several products like boiler ash,
fly ash and residue. All of them contain antimony, but the highest
amount was found in fly ash due to volatility of antimony and its
compounds. Leaching of Sb can be carried out with acidic solutions
such as hydrochloric acid, nitric acid, citric acid and/or chelating
reagents (EDTA, etc.).

3. Methods for antimony recovery

Many methods are reported in the literature for recovery of
antimony. Hydrometallurgy and solvometallurgy are often applied
not only in industry for production of antimony from the ore
stibnite, but also in laboratory tested ways for antimony recycling
[2,3]. Additionally, pyrometallurgical methods for processing
secondary sources are rarely used due to high energy consumption
and environmental challenges for treatment of antimony and arsenic
compounds, that may be released in the exhaust gases. Methods for
extraction of antimony might be classified as follows: a)
hydrometallurgy  (leaching with alkaline sulfide solution,
dissolution with HCI, extraction with quaternary ammonium
chloride; b) Solvent extraction; c) separation by adsorption; d)
solvometallurgy (using of non-aqueous solvents (organic, ionic
liquids, supercritical liquids); ) bioleaching; f) microwave assistant
methods; h) vacuum distillation. A summary of these methods is
shown in Figure 4.
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* Leaching with alkaline sulfide solution

* Leaching with HCL

 Dissolution with NaOH, KOH

* Modified acidic or alkaline treatment at different
temperatures, time duration, addition of chelating
agents, etc.

Hydrometallurgy

* Hydrolysis
Recovery of Sb from leach * Selective precipitation
solution * Solvent extraction/lon exchange

* Electrowinning

*Use of non-aq| 1s sol! (organic
acidic alcoholic solutions

lonic liquids

Solvometallurgy sSupercritical water

*Solutions of quaternery ammonium salts
*Solutions of metal chlorides

Fig. 4. Methods for antimony recovery from secondary
sources.

4. Conclusions

The global ore resources of antimony are limited and gradually
being depleted, making it essential to develop technologies for
acquiring Sb supplies from alternative sources. This study provides
an overview of secondary antimony sources, including
manufacturing residues and end-of-life products, that could be
processed to extract additional quantities of this critical element.
Antimony-containing wastes—such as slurries, slags, flue dust, and
slimes—generated during the processing of copper, lead, and gold
ores remain generally unutilized at the industrial scale, although
various recovery methods have been explored in laboratory scale.
Among end-of-life products, only lead-acid batteries are currently
recycled on a large scale to recover lead and antimony from Pb-Sb
alloys. However, broader research to valorize waste and achieve a
more sustainable life cycle of antimony is still under development.
More efforts are needed to proceed towards a circular economy,
where waste is considered as a valuable resource and zero-waste
strategies are applied to the production and recovery of critical
elements such as antimony.
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